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Automated home-cage monitoring has become one of the most significant technological
and methodological advancements in laboratory animal science over the last decade. By
enabling continuous, automated, and minimally invasive observation of rodents in their
familiar environments, it provides unprecedented opportunities to improve both the qual-
ity of research and animal welfare, thus directly addressing the principles of 3Rs. These
technologies allow for capturing richer behavioural and physiological data, enhance repro-
ducibility, and reduce the confounding effects caused by handling of the animals and
observing them for too short time under possibly stressful conditions.

The COST Action TEATIME (2021-2025) has united an international network of
researchers in behavioural neuroscience and laboratory animal science, veterinarians,
technology developers, and data scientists, to exchange expertise, promote harmonisation,
and establish best practices for automated monitoring in biomedical research with rodents.

This book, Home Cage Monitoring in Rodents: A Global Effort, will cover the scien-
tific, operational, and ethical dimensions of home-cage monitoring. The chapters explore
experimental design, data handling, and statistical approaches alongside practical consid-
erations such as training, communication, and the development of “do-it-yourself” sys-
tems. Together, these contributions demonstrate how the integration of technology,
welfare, and good experimental design can refine research practices and enhance transla-
tional relevance.

This book stands as both a summary of current achievements and a guide for future
progress. It exemplifies what can be accomplished through international collaboration and
interdisciplinary engagement—hallmarks of the TEATIME initiative. These insights will
serve as a valuable reference for researchers seeking to advance robust, ethical, and inno-
vative animal-based science.

Vootele Voikar
Chair of the COST Action CA20135—Improving biomedical research by automated
behaviour monitoring in the animal home-cage (TEATIME)
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Anna Kiryk, Aleksandra Bartelik, Sara Wells, and Hilary Gates

Abstract

This book presents the first comprehensive overview of Home Cage Monitoring (HCM)
in rodents, examining how these technologies may contribute to addressing some of the
key challenges in animal research. HCM systems provide a method for continuous,
automated observation of laboratory animals within their home environment, allowing
for reduced handling and environmental disruption. This approach supports efforts to
improve data quality and reproducibility in behavioural and physiological research and
aligns with the principles of Replacement, Reduction, and Refinement (3Rs). To facili-
tate knowledge exchange and methodological alignment among researchers using
HCM systems, the COST TEATIME Action (CA20135) was established.
This chapter presents the collective work of TEATIME Working Groups and

includes:

* A definition of HCM, developed through a structured conceptual framework.

* A literature review covering publications from 1974 to 2024.

* A catalogue of available HCM systems, both commercial and self-made.
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* An international survey of 279 professionals across research, facility management, ani-
mal care, and technology development.

Survey and literature findings indicate growing interest in HCM, but also highlight
common limitations, including high setup costs, challenges with group housing, and
data management workload. Despite this, continued development and standardisation
efforts are likely to drive wider adoption and application of HCM technologies in basic
and preclinical research.

Keywords

HCM - Animal research - Welfare - Reproducibility - Survey

1 Introduction: Can HCM Systems Improve the Reproducibility
of Animal Research?

Since the seminal work The Principles of Humane Experimental Technique by
W.M.S. Russell and R.L. Burch in 1959, the 3Rs principles (Replacement, Reduction, and
Refinement) have become a foundational ethical and methodological framework in
animal-based scientific research. These principles guide researchers not only in minimis-
ing animal suffering but also in enhancing the quality, reliability, and applicability of sci-
entific outcomes (Tannenbaum and Bennett 2015).

Yet, as we entered the twenty-first century, a major challenge to the credibility of bio-
medical research began to surface: concerns about reproducibility and replicability.
Alarmingly, studies have demonstrated that between 75% and 90% of basic and preclinical
experiments fail to be successfully replicated across laboratories. Although this issue is
often highlighted in the context of translational research, it originates much earlier in the
research pipeline. Basic research forms the intellectual and experimental foundation upon
which further translational and preclinical studies are built. Without robust and reproduc-
ible early-stage findings, the entire process of biomedical innovation is at risk (Begley and
Toannidis 2015).

Several interrelated factors contribute to this reproducibility crisis. These include insuf-
ficient experimental transparency, poor study design, suboptimal data quality, and inade-
quate reporting of methods and results. Each of these elements can severely hinder the
ability of other scientists to reproduce the findings (Cobey et al. 2024).

In animal research, the issue is compounded by a frequent lack of understanding of
species-specific behaviour. Misinterpreting natural behavioural patterns can lead to flawed
models of disease or treatment effects. Moreover, even in well-designed studies, behav-
ioural variation between litters of mice can significantly influence outcomes, sometimes
overshadowing the effects of experimental interventions themselves (Begley and
Toannidis 2015).

Moreover, even in well-designed studies, biological variability, such as litter effects in
young rodents or strain, sex, and environmental factors in adults, can significantly influ-
ence outcomes, sometimes overshadowing the effects of the interventions themselves
(Begley and Ioannidis 2015).
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This book presents the first comprehensive overview of Home Cage Monitoring (HCM)
in rodents, examining how these technologies may contribute to addressing some of the key
challenges in animal research. By enabling continuous, automated observation of animals
in their home environment, HCM reduces stress linked to environmental disruption and
human handling (Voikar and Gaburro 2020). These systems support long-term behavioural
monitoring, generating rich datasets that can increase both the sensitivity and reproduc-
ibility of behavioural measurements in laboratory rodents (Kahnau et al. 2023; Bains et al.
2023; Kohler et al. 2022; Singh et al. 2019).

However, the benefits of HCM, not only in the context of the reproducibility crisis,
depend strongly on appropriate implementation. The use of poorly chosen behavioural
tests or analysis strategies can lead to the collection of large, but ultimately uninformative
datasets, and may inadvertently increase the number of animals required. To address this,
comprehensive training in experimental design, methodology, and data interpretation is
essential, and should also include knowledge of the physiology and natural behaviours of
the species studied, while keeping in mind individual variability.

Recognising these challenges, the COST Action “CA20135—Improving biomedical
research by automated behaviour monitoring in the animal home cage (TEATIME)” cre-
ated a collaborative European network for researchers in this field (2021-2025). Its pri-
mary aim was to foster knowledge exchange and skill development among scientists
working with HCM systems, particularly in the context of rodent behaviour. The initiative
played a central role in building a network of behavioural scientists, promoting collabora-
tion and the exchange of expertise across the field. It actively organised workshops and
training sessions, both in-person and online, including webinars that were made available
through platforms such as the “COST TEATIME YouTube channel,” to ensure broad acces-
sibility for participants worldwide (see Chap. 11 for more details). Alongside these activi-
ties, comprehensive guidelines for HCM system users were developed, encompassing
complementary protocols and standardised formats for data analysis and presentation of
results (see Chap. 8 for more details). The initiative also assessed current needs for the
development of new bioinformatics tools and identified key stakeholders, establishing
effective communication channels. Platforms like “The Behaviour Forum” were leveraged
as additional spaces for discussion of experimental methods in animal behaviour, facilitat-
ing continuous knowledge exchange (see also Chaps. 9 and 12). Through these combined
efforts, the initiative significantly enhanced the transfer of knowledge and experience,
empowering users to implement best practices more effectively and with greater confi-
dence (Fig. 1).

2 HCM Definition

An essential step in fostering productive collaboration within the international network
was to establish a shared language and an objective, common understanding of what con-
stitutes HCM. Although the term is widely used, its interpretation varies depending on the
research context, system type, and institutional practices. To address this ambiguity, the
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improve transfer of
knowledge and experience

develop a network of
behavioural scientists /

establish stakeholders and
tq — communication channels

organize workshops TEATIME

and trainings \

l assess current needs in
regard to development of

new bioinformatics tools
prepare of guidelines for HCM system

users: complementary protocols and
common formats for analysis and
presentation of results

Fig. 1 Aims of the COST TEATIME Action 2021-2025

TEATIME network proposed a conceptual clarification of the term, aiming to build a foun-
dation for consistent communication and methodological alignment across disciplines and
scientists.

A useful tool for this purpose, which allows for collaborative editing, adding refer-
ences, and refining explanations, is the theoretical category-based knowledge representa-
tion model, Olog, described by Spivak and Kent (2012). Using this model, we constructed
a conceptual framework for the definition of HCM, which can be summarised as:

A system that collects information on an animal which lives inside an enclosure that provides
food, water, social contacts, safety from threat, and environmental enrichment.

The detailed nuances and clarifications that provide a more complete picture of HCM
are shown in the graphical representation (Fig. 2).

»
»

Fig. 2 (continued) communicates with software to capture or elicit the behaviour, or physiology of
an animal inside the enclosure. Hardware contains a sensor and an actor. These two elements may
not necessarily be present at the same time; “Behaviour and Physiology”: Behaviour is defined as
a collection of visible movements, while physiology may be any collection of biological processes
(e.g. heart rate, respiration); “Interval of time”: Animals must be housed in the HCM for at least
24 hin order for the system to be able to capture a circadian rhythm; “Limited Human Interaction”:
A key property of all HCM systems is the limited human-animal interaction they provide. The ani-
mal is left undisturbed for protracted stretches of time, in order to allow the system to capture natural
behaviour
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3 Knowledge to Date About HCM
3.1 Evolution of HCM Technologies and Their Scientific Applications

The interest in HCM systems for the continuous and automated assessment of animal
behaviour has grown markedly over time. Early studies, particularly before the 2000s,
relied heavily on manual testing procedures, involving the physical transfer of animals to
a novel test arena and labour-intensive scoring of behaviour. Monitoring was typically
short, often less than 12 h, which limited the ability to capture circadian patterns or subtle,
long-term changes in activity. However, the 2000s brought a pivotal shift toward 24-h
monitoring and increasing adoption of automated technologies. From 1974 to 2024, the
absolute number of HCM-related publications increased approximately 26-fold, from
about 1-2 publications per year in the mid-1970s to around 50-60 publications annually
by 2024 (Fig. 3). As awareness of animal welfare has grown, the value of HCM in captur-
ing complex, spontaneous behaviour over extended periods with minimal disruption to
animal life (“refinement” 3R rule) has become widely increased (see Chap. 3 for more
details).

Moreover, in the last decade, advances in sensor technology, data analysis, and artificial
intelligence have accelerated the development and application of HCM. Modern HCM
systems integrate a variety of sensors, including passive infrared (PIR) detectors, depth
cameras, radar-based motion sensors, and even microwave-based detectors, enabling the
capture of a wide range of behavioural and physiological parameters without disturbing

Number of HCM-Related Publications per Year (1974-2024)

100 2024: 89
80
60

40

Number of Publications

20

Q
v
D

Fig. 3 Trends in the use of HCM in rodent research. The decline in publications in 2022 and the
rebound-peak in 2024 may reflect delayed research and publication timelines caused by the
COVID-19 pandemic. PubMed search with keywords “home cage monitoring” AND “mice” OR
‘rats’ (record date 06 June 2025)
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Table 1 HCM application areas

Application Domain | Examples and Authors
Disease modelling Colitis (Zentrich et al. 2021)
Epilepsy (Jankovic et al. 2019)
Fragile X (Bonasera et al. 2017)
Huntington’s and Alzheimer’s (Bains et al. 2023; Ho et al. 2023)
LPS-induced sickness (Hasriadi et al. 2021)
Narcolepsy (Piilgaard et al. 2023)

Drug testing Paroxetine effects and discontinuation (Collins et al. 2023)

Ageing and frailty Age-related decline and frailty index (Ruby et al. 2023)
Neurobehavioural Circadian patterns, sleep behaviour, cognitive function, and locomotor
phenotyping activity in transgenic and wild-type mice (Steel et al. 2022; Voikar and

Gaburro 2020; Murphy et al. 2020)
Welfare assessment Quantifying stress responses to husbandry procedures such as timed
mating and cage changes (Fuochi et al. 2023; Moore and Brook 2022)

the animals. For instance, video-based platforms like MouseVUER (Salem et al. 2024)
and Al-powered systems such as RodentWatch (Hsieh et al. 2024) demonstrate how real-
time tracking of position, posture, and body temperature can be achieved using a single
camera paired with edge computing and deep learning algorithms. These systems not only
automatically recognise behaviours, such as drinking, resting, or climbing, but also pro-
vide high-throughput data collection, significantly enhancing scalability and minimising
the need for human intervention. Since 2020, more than 70 articles on HCM have been
published annually, reflecting continued rapid growth and establishing HCM as a key tool
for behavioural phenotyping and animal welfare assessment in rodent research.

Between 1974 and 2024, HCM systems have been applied across diverse research
domains. Table 1 provides a representative selection of these application areas and the
studies within them.

Unlike traditional behavioural tests that remove animals from their familiar environ-
ment and can introduce stress or bias, HCM allows for:

* Uninterrupted, long-term monitoring (Ho et al. 2023; Bonasera et al. 2017).

* Reduction of handling stress (Moore and Brook 2022; Zentrich et al. 2021).

* Naturalistic behaviour tracking (Bains et al. 2023; Balzani et al. 2018).

* High-throughput and scalable phenotyping (Murphy et al. 2020; Singh et al. 2019).

The range of behavioural and physiological parameters that can be assessed using
HCM is summarised in Fig. 4.

3.2 Current Limitations of HCM Systems
Despite its many advantages, HCM faces several limitations that can impact its broader

adoption and effectiveness, based on a review of 521 publications identified in the litera-
ture search to date (Kahnau et al. 2023). One key limitation is the variability introduced by
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Fig. 4 Key behavioural and physiological parameters measured by HCM

environmental factors such as cage position and lighting conditions, which can influence
activity patterns and circadian rhythms in rodents (Steel et al. 2022).

HCM studies have traditionally favoured male rodents, largely due to concerns that the
female estrous cycle may introduce unwanted variability (Kahnau et al. 2023). However,
this exclusion limits the scope and relevance of research, as many physiological and
behavioural traits differ between sexes. Recent efforts increasingly include female animals
to improve the translational value and completeness of behavioural phenotyping.

Individual housing has been commonly used in HCM to simplify tracking and data
analysis, but it neglects the social nature of many rodent species and can introduce stress-
related artefacts (Kahnau et al. 2023). Group housing better reflects natural living condi-
tions and improves welfare, yet presents technical challenges, such as distinguishing
individuals during continuous monitoring. New technologies like radio-frequency
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identification (RFID) and Al-based tracking are beginning to overcome these limitations,
enabling more accurate group-housed data collection.

Additionally, while automated data collection reduces experimenter bias and stress on
animals, it also limits the detection of subtle behaviours, especially those related to exter-
nal appearance or infrequent events, which often still require manual observation.
Furthermore, high setup costs and the need for specialised hardware or proprietary sys-
tems can be barriers for smaller laboratories, although open-source solutions are begin-
ning to address this gap (Singh et al. 2019).

Lastly, while artificial intelligence and machine learning have enhanced data analysis,
these approaches require technical expertise and robust validation to ensure accuracy and
reproducibility across different research settings.

4 Guide to HCM Systems: A Catalogue of Commercial
and Self-Made Solutions

Given the large number of HCM systems currently available for behavioural research, and

each utilising different data acquisition technologies and offering varying capacities to

capture behaviour, members of Working Group 2 of the TEATIME COST Action under-

took the task of compiling a structured catalogue of currently existing systems. The aim

was to create a resource that enables easy identification and comparison of equipment

based on key features such as:

* The underlying technology (e.g. RFID, video tracking, photosensors, DeepLabCut-
based pose estimation),

* The categories of behaviour they monitor (e.g. activity, memory, learning, feeding,
social behaviour, temperature, heart rate, and more),

* The system implementation (hardware, software, or both),

* The animal species for which the system is optimised,

* The type of cage the system supports (standard or modified).

The catalogue includes both commercially available systems and custom-built setups
developed by researchers for their specific experimental needs. It functions as an interac-
tive database with a filter system and includes links to additional resources. Contact details
for expert users, who have agreed to share their knowledge and expertise, are also included.
The complete, interactive version of the catalogue is available at (thebehaviourdatabase.
org). For a more detailed description of available HCM technologies, see Chap. 7.

As this compilation clearly shows, no single system currently captures the full range of
behavioural and physiological parameters in a comprehensive way. Therefore, it is essen-
tial that researchers selecting a system do so based on the type of data needed to answer
their specific scientific questions (and this is where the catalogue is an essential resource).
Moreover, as mentioned earlier, automated recording enables long-term experiments that
generate enormous amounts of data. This presents a further challenge for behavioural
scientists: how to manage, analyse, and interpret such complex datasets. The following
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chapters of this book aim to support that process by offering perspectives and reflections
on methodology to aid in a deeper understanding of the topic (Chaps. 7, 8, 9, and 10).

To further support the scientific community, researchers involved in the TEATIME con-
sortium have also created an open-access platform TheBehaviourForum.org, where users
can share their knowledge and experience, ask questions, and seek guidance related to
behavioural monitoring systems and experimental design.

5 Exploring HCM: Results from an International Survey

Members of Working Group 1 of the COST Action TEATIME conducted an international
survey to examine the current use, perceived benefits, limitations, and future potential of
HCM technologies. The survey was disseminated through networks linked to the
TEATIME in 2022, receiving 279 responses from 37 countries (31 European, 3 Asian, 2
North American, and 1 South American). Questions were tailored to professional groups:
researchers, facility managers, animal caretakers and welfare specialists, and equipment/
technology developers. These groups correspond to the role categories provided in the
survey, from which each respondent was asked to select the one that best reflected their
professional identity or responsibilities. The complete list of questions is attached as
Appendix 1.

Survey Results
Out of 279 survey respondents, the majority (72%) identified as researchers. Animal care-
takers and welfare specialists constituted 14%, facility managers 11%, and equipment/
technology developers 3%. This indicates a predominance of input from the research
community.

Nearly all respondents (99%) worked with rodents. Among these, 51% used only mice,
8% used only rats, and 40% used both species. This suggests that rodents and particularly
mice were mainly used in laboratory research involving HCM systems.

5.1 Perceived Demand for 24/7 HCM

A majority of all respondents (77%) reported seeing a demand for 24/7 HCM (Fig. 5).
However, only 42% used HCM systems in 2022 (Fig. 6).

Among the 58% who did not use HCM, 73% anticipate a future need to adopt the tech-
nology. Among HCM users, nearly all (98%) foresaw continued use, and 90% anticipated
expanding their use. These findings suggest a strong and growing interest in HCM tech-
nologies despite current limitations in adoption (see Table 2).


http://thebehaviourforum.org
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Fig.5 Perceived demand for
24/7 HCM (279 respondents)

| Currentlyuse HCM? |

Yes (42%) No (58%)

| Predict Continue: | | Predict Increase: | | Predict Start:

| Yes (98%) | No(2%) | |Yes(90%) | No(10%) | | Yes(73%) | No (23%) |

Fig.6 Current use and anticipated demand for HCM systems

Table 2 The limitations of Limitations of HCM systems % of

HCM ranked as % of responses (non-users) respondents

from non-users (n = 161) Cost of ownership 67%
Technical and IT support/data 47%
management support
Acceptance of new testing methods 35%
Facility space 32%
IT infrastructure limitations 30%
Awareness of capabilities 20%
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5.2 Opinions of Current HCM Users

The majority of HCM users predicted an increase in demand in coming years for this tech-
nology (90%). When asked about the current and future benefits of HCM systems, respon-
dents were to select the three most important attributes of HCM. The data are displayed
representing the % of respondents that included an individual answer in their selections.

The greatest benefits, as indicated by the higher percentage in green (Fig. 7), included
“Long-term continuous data,” “Reduced interference/disturbance,” and “Discovery of
novel phenotypes”. These were unique aspects created by HCM according to current
users. Additional benefits identified by users included the capacity to record multiple
behavioural parameters and to obtain welfare-related insights, thereby extending the scope
of information accessible through HCM systems.

The biggest constraints for current users, highlighted in red (Fig. 7), were primarily
“Financial aspects,” “Group housing requirements” (i.e. the technical and logistical chal-
lenges of monitoring multiple animals within the same cage), “Data analysis” and “Data
integration.” Technical specification was also noted as a limitation, for example, the need
for specific hardware or software compatibility.

5.3 Opinions of Non-Users of HCM Systems

For non-users, the main concern was “Cost of ownership,” marked by 67% of respondents
(Table 2). There was some overlap with the current users’ concerns about “Financial
aspects,” but it seemed to be more pronounced among non-users.

Long-term continuous data
Reduced interference/disturbance
Discovery of novel phenotypes
Recording different parameters
Welfare insights

Technical specification 22%

Data integration 24%

Data analysis 33%

Group-housed requirements 47%

Financial aspects

100 75 50 25 5 50 75 100

(=]

Percentage (%)

Fig. 7 Current and future benefits (green) and limitations (red) of using HCM as % of responses
from current users
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“Technical and IT support/data management support” was the second most significant
constraint for non-users, mentioned by 47%, which may correlate with the “Data analyt-
ics” (33%) and “Data integration” (24%) issues identified by current users, albeit at a
lower percentage level.

“Acceptance of new testing methods” at 35% and “Facility space” at 32% were further
unique concerns among non-users, suggesting hesitancy in adopting new technologies and
practical limitations of space.

“IT infrastructure limitations” and “Awareness of capabilities” (understanding what
HCM systems can actually do and their potential benefits) at 30% and 20% respectively,
were less important to non-users compared to other factors.

In summary, both users and non-users recognised the challenges associated with finan-
cial, analytical, and technical support. Additionally, non-users emphasised acceptance of
the new method and the practical limitations of the facility, pointing out the obstacles
associated with implementing new research methods. Despite these concerns, 62% of non-
users predicted that they would start to use HCM systems.

It should be noted that these projections may be influenced by the fact that the survey
was conducted among a community potentially already familiar with HCM concepts, and
therefore may not fully reflect the broader behavioural research community.

5.4  Assessment of the Suitability of Existing Out-of-Cage Systems

Respondents were asked to assess how the existing “out-of-cage” tools (conventional
behavioural testing methods conducted outside the animals’ home environment, such as
open field tests or maze-based arenas) satisfy their current needs in different types of
research (including toxicology, multi-morbidities, long-term studies, disease progression,
and translational data). A significant proportion of both HCM users and non-users reported
that the out-of-cage methods suited their studies “well” or “very well” (41% and 47% for
users and non-users, respectively).

However, it appears that there is significant room for improvement (Fig. 8). 22% of
HCM non-users and 27% of users indicated poor performance and around 30% of both
users and non-users indicated only a moderate suitability.

5.5 Research Needs Identified for HCM Systems

When asked what additional research data respondents would like to collect, there was
again no significant difference between current users and non-users of HCM systems.
These can be grouped into three main categories:
A. Social and behavioural monitoring:

¢ Social interactions (61%)

¢ Data of individual mouse in social context (60%)
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% response

VERY BADLY BADLY MODERATELY WELL VERY WELL
W Users M non-users

Fig.8 How did the existing out-of-cage tools satisfy research needs? This figure shows the reported
performance of out-of-cage tools as % of all responses (n = 279)

Social interactions

Data of individual mouse in social context

Body temperature

Body posture, e.g., stretch-attend posture, rearing, grooming
Continuous 24/7 data

Water/food consumption

Integrated parameters, e.g. ECG and motor activity
Urine/faeces composition/quantity

Fine motor activity

0 10 20 30 40 50 60
Percentage of Respondents (%)

Fig. 9 Additional parameters wish list as % of respondents (n = 279). Bar colours indicate how
often each parameter was selected: blue = most frequent, green = frequent, orange = moderate,
grey = least frequent

* Body posture (e.g. stretch-attend posture, rearing, grooming) (56%)

» Fine motor activity (37%)
B. Physiological and health indicators

* Body temperature (58%)

e Water/food consumption (56%)

¢ Urine/faeces composition and quantity (39%)

» Integrated physiological parameters (e.g., ECG and motor activity) (49%)
C. Monitoring continuity

¢ Continuous 24/7 data collection (56%)

The highest priorities were related to understanding social dynamics and individual
behaviour in group settings (Fig. 9).
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6 Discussion

The survey results highlight strong interest in expanding the use of HCM, but limited by
concerns about financial and infrastructure barriers. Despite current limitations, most
respondents, including those who do not use these technologies, anticipate wider adoption
of HCM technologies. The data suggest a need for validation of HCM systems, meaning
formal studies that demonstrate their reliability, accuracy, and relevance for specific scien-
tific or welfare-related applications. Additionally, efforts should focus on cost-reduction
strategies, and increased awareness of the benefits of HCM systems (see Table 3).
Mice are the predominant species in HCM use

The majority of survey respondents identified as researchers working with rodents,
with most current users of HCM systems employing them in mouse-based studies rather
than in rat models. This pattern appears to reflect the trajectory of HCM technologies,
which have been primarily tailored for mouse studies. In contrast, the development of
HCM methods for other species remains limited (see Chap. 13 for more details). These
findings suggest an opportunity to broaden the application of HCM technologies beyond
their current scope, particularly in areas such as animal welfare assessment, husbandry
practices, agricultural research, and studies involving alternative species, including rats,
fish, chickens, and larger laboratory animals. Expansion into these areas may be supported
by continued technological advancements and targeted dissemination efforts (see Chap.
12 for more details).
Out-of-cage methods are considered adequate by less than half of the respondents

The survey results highlighted dissatisfaction with the adequacy of existing non-HCM
tools to meet current research needs. More than 20% of participants rated such tools
poorly, and less than half considered them well-suited to their work. Both HCM users and
non-users expressed a desire for systems capable of capturing a wider range of behav-
ioural and physiological data, including social interactions, body attitudes, and welfare-
related indicators such as body temperature and food and water intake. These needs
indicate a demand for high-resolution, continuous monitoring of individual animals in a
social context—an application that remains technically challenging in standard cage
configurations.

However, the ability of HCM systems to meet these needs may support the partial
replacement of certain out-of-cage tests, particularly those associated with poor reproduc-
ibility, limited interpretability, and elevated stress responses. For example, standard open

Table 3 Examples of current and potential efforts to overcome barriers to HCM adoption

Barrier Example of Ongoing or Potential Efforts

High initial costs Modular, lower-cost systems; open-source hardware/software
Institutional barriers Cross-institutional training, outreach, and shared HCM platforms
Reluctance to adopt new Case studies demonstrating scientific benefits; user networks for

methods knowledge exchange
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field tests often produce variable results due to their sensitivity to environmental condi-
tions and handling-related stress. While such methods are not necessarily obsolete, their
utility may be enhanced by integrating them into a home-based behavioural framework. In
this context, HCM technologies may offer a complementary or, in some cases, preferable
alternative, depending on the research question and experimental design.
Cost is the primary barrier to HCM wider adoption

Financial constraints emerged as the most frequently cited barrier to adoption of HCM
systems, reported by both current users and non-users. Respondents noted that the initial
investment required for HCM, especially for high-end systems, can exceed the cost of
conventional cages or phenotyping equipment, placing a significant cost burden on institu-
tions. Despite this, comparisons between HCM and out-of-cage methods can overlook the
additional scientific value offered by continuous cage monitoring. In addition to financial
concerns, HCM non-users highlighted a broader reluctance to adopt new testing methods,
suggesting cultural or institutional resistance to change. In particular, current users empha-
sised the advantages of HCM in enabling 24-h, minimally disruptive monitoring and
detection of subtle or previously unobservable phenotypes. These perspectives suggest
that HCM systems may offer significant scientific advantages that are not fully accounted
for in cost-based comparisons with out-of-cages methods. Approaches to overcoming
challenges related to the implementation and management of HCM are explored in the
context of animal facilities (Chap. 2), scientific research (Chap. 4), and the pharmaceutical
sector (Chap. 5).
Data management and technical demands limit HCM adoption

Data management emerged as the second most frequently reported challenge to the
effective use of HCM systems. Respondents noted that the large volume and complexity
of data generated, including behavioural, physiological, and environmental parameters,
can be difficult to store, process, and analyse. These logistical burdens can be a barrier to
wider adoption, especially for institutions without dedicated infrastructure or expertise.
This technical challenge may also contribute to a general reluctance to adopt new testing
methods, as the high-throughput data obtained with HCM often requires scientists to adapt
their analytical and statistical processes. Such changes go beyond routine adjustments and
may be a difficult learning curve for some laboratories. Expanding collaboration among
institutions and user communities can facilitate collaborative learning and validation, and
support scalable integration of HCM across diverse research settings.

7 Conclusions

The survey conducted by COST TEATIME Action among diverse professional groups has
shed light on the usage and perceived usage (for non-users) of HCM systems and their
anticipated future trends:

* 42% of respondents were users of HCM (mainly Researchers using mice).
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* 58% of respondents did not use HCM (mainly Animal Care and Welfare Specialists,
Facility Managers, respondents using rats only).

* Benefits of HCM systems focus on improving research quality and ethical standards by
comprehensive rodents’ longitudinal data collection, minimising interference, discov-
ering new behavioural features, recording various experimental parameters, and gain-
ing insights into animal well-being.

* Less favourable aspects were mainly financial and technical support, housing require-
ments, data analysis, and integration issues. Non-users emphasised their concerns
about adopting new methods and the practical limitations of the facility’s space, point-
ing out the obstacles associated with implementing new research methods.

* Despite these concerns, 62% of non-users predict that they would start to use HCM
systems and 90% of current users foresaw an increased demand for HCM systems in
the forthcoming years.

* The existing out-of-cage tools only moderately meet the current needs of respondents,
indicating significant room for improvement.

* Potential future needs include the ability to study social behaviour and physiological
parameters using HCM systems.

Currently, HCM systems are recognised as significantly improving scientific rigour and
animal welfare in rodent research, which has led to growing popularity. To fully realise
their potential, future solutions must overcome existing barriers related to cost and techni-
cal support. HCM systems must also expand capabilities to meet new needs for monitoring
physiological and social behaviours.

Appendices

Appendix 1:
TEATIME-Home-Cage-Monitoring-Survey-Report-12-June-2024

A1.1 Exploring the Present and Future of Home Cage Monitoring:
A Comprehensive Survey

A1.1.1 Introduction

This survey was designed to explore the interest in Home Cage Monitoring (HCM) tech-
nologies for animal monitoring in their natural environment, aiming to identify the poten-
tial benefits and challenges for the biomedical community. The survey was sent to members
of the EU COST Action (TEATIME: https:/www.cost-teatime.org/) and further shared
through their networks, including various animal associations, scientific societies, and
mailing groups. It gained additional exposure at conferences like FELASA 2022, where
presentations and fliers helped spread the word. The survey ran for several months, attract-
ing 279 responses from 37 countries, with a diverse representation from Europe, Asia,
North America, and South America.
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A1.1.1.1 Survey Methodology
Work Group 1 of COST Action (20,135 TEATIME) created the survey to identify the
prevalence and use of HCM systems in science, application of the 3Rs and well-being
principles, views on current and future use, barriers to adoption, and the need to improve
HCM for scientific and welfare aims. The questions were developed by 11 WG1 members
during a face-to-face meeting in May 2022, and 20 WG1 members attending online.
Five to six questions were developed for four target groups:
. Researchers
. Facility managers
. Animal care and welfare specialist
. Equipment/technology developer
The complete list of questions is attached at Appendix 2. The survey was open for about
5 months, from 10 June 2022 (launched at the FELASA conference) to 31 October 2022.
Invitations for the survey were sent to TEATIME Action participants and their wider
network, promoted via social media (Twitter and LinkedIn), and further distributed
through emails from Action members to various institutions, researchers, and relevant
stakeholders. Additionally, it was featured in newsletters from LASA forum, EARA, and
The North American 3Rs Collaborative.
The survey (available at Google platform) received 279 responses, which were anal-
ysed in Excel. For multiple entries from the same person, only the latest response was
included in the analysis.

AW N =

A1.1.2 Surveyed Community

A1.1.2.1 Survey Respondent Distribution by Target Groups

The data collection from this survey was extensive, yet not all answers delivered clear
indications about the trends or opinions of the whole community. We have used further
categorisation in the analyses of some of the data to ensure that the responses from as
many people as possible were included in this report. This includes the roles of the partici-
pants (Fig. 10). Unless stated specifically, the numbers reported within the results below
do not differ according to roles or laboratory animal species.

These categories indicate a diverse range of professional backgrounds among survey
respondents. The distribution of survey respondents is shown in Fig. 10. The majority of
respondents categorised as researchers (72%), with animal care and welfare specialists
and facility managers forming 14% and 11% and a small number of equipment and tech-
nology developers (3%).

A1.1.2.2 Use of Laboratory Animals Species
Species used by the population surveyed: 99% used rodents of these 51% used mice only,
8% rats only and 40% used both mice and rats (Fig. 11).

The results of the survey indicate that HCM is mainly used in rodent (predominantly
mouse) research, as evidenced by the distribution of roles and species.
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Facility manager (11%):

+ Data manager

Consultant

Statistician

Biomedical service engineer

Scientific service unit (preclinical facility) Animal care and welfare specialist (14%):
«  Supervisor, Tutor for animal tech trainees *  Technician

* Veterinary surgeon

*  Veterinarian

« Laboratory animal veterinarian

Equipment/ Technology developer (3%):
+ Life science sales company

*  Service engineer

« Animal research equipment sales

Researchers (72%):

* Researcher working for biotech/pharma

«  Academic/clinical researcher

« PhDstudent, intern, researcher

* Workingin a Contract Research Organisation
+ Academic researcher + Facility manager

Fig. 10 Survey respondents by professional groups

Fig. 11 Rodent species used by survey respondents (researchers)
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Table 4 Users versus non-users of HCM systems

Home Cage Monitoring systems Users (%) Non-Users (%)
Overall respondents 42%, 118 individuals 58%, 161 individuals
Working with mice only 53% 47%

Working with rats only 14% 86%

Current Usage of HCM by role

120
106 Researcher
95
% 100 = Animal Care and
8 Welfare Specialist
5 80 u Facility Manager
o
7]
2 60
S
@
_g 40 30
S 23
" ; : .
0 I
Yes No

Fig. 12 Number of users/non-users of HCM systems by professional group (numbers on the top of
each bar represent total number of individuals of each role)

A1.1.3 Challenges and Opportunities

A1.1.3.1 Current Users Versus Non-Users of Home Cage Monitoring Systems

Survey respondents showed a ratio of 42% users to 58% non-users of HCM systems
(Table 4). It is noteworthy that 86% of those working with rats alone did not use HCM,
with only 14% using HCM. For those working with mice, 53% were using HCM and 47%
were not.

Likewise, a high proportion of animal care and welfare specialist (n = 30, 77%) and
facility managers (n = 23, 72%) did not use HCM (Fig. 12).

It is of note, that among “researchers”, the survey successfully collected information
from an equivalent number of researchers who “use” (n = 95, 47%), or “do not use”
(n = 106, 53%). Therefore, answers from users of HCM systems in this report are more
likely to closely reflect the views of researchers who make up 81% of the current user
respondents.
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A1.1.3.2 Opinions of Current HCM Users

The results in this section are mainly based on the responses of researchers, who accounted
for 81% of HCM users. Therefore, answers from users are more likely to closely reflect the
views of researchers.

Current users selected three most important advantages/limitations of HCM systems
from a pre-defined list. The data shows the percentage of respondents who selected each
attribute (Fig. 13).

The greatest benefits, as indicated by the higher percentage in green, include “Long-
term continuous data”, “Reduced interference/disturbance”, and “Discovery of novel phe-
notypes”. These are unique aspects created by HCM according to current users.

The biggest constraints for current users, highlighted in red, are primarily “Financial
aspects”, “Group housing requirements”, “Data analysis” and “Data integration”.

Despite these limitations, the majority of current HCM predicted an increase in demand
in coming years for HCM technology (90%).

A1.1.3.3 Opinions of Non-Users of HCM Systems

For non-users, the main concern is “Cost of ownership”, marked by 67% of respondents
(Table 5). There is some overlap with the current users’ concerns about “Financial aspects”,
but it seems to be more pronounced among non-users.

“Technical and IT support/data management support” is the second most significant
constraint for non-users, mentioned by 47%, which may correlate with the “Data Analytics”
(33%) and “Data Integration” (24%) issues identified by current users, albeit at a lower
percentage level.

Long-term continuous data
Reduced interference/disturbance
Discovery of novel phenotypes
Recording different parameters
Welfare insights

Technical specification

Data integration

Data analysis

Group-housed requirements 47%

Financial aspects 52%

100 75 50 25 0 =25 -50 =75 -100
Percentage (%)

Fig. 13 Current and future benefits (green) and limitations (red) of using HCM as % of responses
from current users
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Table 5 The limitations of Limitations of HCM systems % of

HCM ranked as % of responses (non-users) respondents

from non-users (n = 161) Cost of ownership 67%
Technical and IT support/data 47%

management support
Acceptance of new testing methods 35%

Facility space 32%
IT infrastructure limitations 30%
Awareness of capabilities 20%

“Acceptance of new testing methods” at 35% and “Facility space” at 32% are further
concerns among non-users, suggesting hesitancy in adopting new technologies and practi-
cal limitations of space.

“IT infrastructure limitations” and “Awareness of capabilities”, at 30% and 20%,
respectively, are less important to non-users compared to other factors. They may imply
difficulties in understanding the technical aspects and potential of the systems.

In summary, both users and non-users recognise the challenges associated with finan-
cial and technical support. Additionally, non-users emphasise acceptance of the new
method and the practical limitations of the facility, pointing out the obstacles associated
with implementing new research methods. Despite these concerns, 62% of non-users pre-
dicted that they would start to use HCM systems.

A1.1.4 Requirements, Needs, and Opportunities

A1.1.4.1 Suitability of Existing Out-of-Cage Systems
When asked to assess how the existing “out of cage” tools satisfy their current needs in
different types of research (including toxicology, multi-morbidities, long-term studies,
disease progression, and translational data), a significant proportion of both users and non-
users thought that the out-of-cage methods suited their studies “well” or “very well” (41%
and 47% for users and non-users, respectively).

However, it appears that there is significant room for improvement (Fig. 14). With 22%
of non-users and 27% of users indicated poor performance and around 30% of both users
and non-users indicated only a moderate suitability.

A1.1.4.2 Research Needs Identified for HCM Systems

When asked what additional research data respondents would like to collect, there was

again no significant difference between current users and non-users of HCM systems.
The community surveyed noted many parameters which they would like to include in

their studies, including behavioural parameters such as social interactions with individual

animals in a social context and physiological indicators such as body temperature and

food/water consumption, as selected from a pre-defined list (results in Fig. 15).
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Out-of-cage tests satisfying current needs

% response

VERY BADLY BADLY MODERATELY WELL VERY WELL
m Users mnon-users

Fig. 14 How does the existing out-of-cage tools satisfy current needs? This figure shows perfor-
mance of out of cage tools as % of all responses (n = 279)

Social interactions

Data of individual mouse in social context

Body temperature

Body posture, e.g., stretch-attend posture, rearing, grooming
Continuous 24/7 data

Water/food consumption

Integrated parameters, e.g. ECG and motor activity
Urine/faeces composition/quantity

Fine motor activity 37%

10 20 30 20 50 60
Percentage of Respondents (%)

Fig. 15 Additional parameters wish list as % of respondents (n = 279)

A1.1.5 Discussions and Further Opportunities

Action

Continue to proactively target other communities including welfare sector and those
working with species other than mice for interaction with the TEATIME network
over Years 3 and 4 of the ACTION (Nov 2023 to Oct 2025).

The majority of the respondents to this survey worked as researchers using rodents, with
the majority of those already using HCM working with mice, not rats. This reflects the
current state of HCM systems which have focussed their development for mouse research
purposes, while other fields are not necessarily seeing the same level of growth in uptake.
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There is a clear opportunity, especially with some of the developing technologies, to con-
tinue to expand the use of HCM into other fields such as welfare analysis (see below),
husbandry, agricultural research, and other laboratory models including rats, fish, chicken,
and larger species.

Action

Explicitly disseminate the huge number of advantages of HCM systems, with exam-
ples of their benefits to research widely to stakeholders (including funding bodies),
further targeting both scientific and animal management meetings over Years 3 and
4 (Nov 2023 to Oct 2025).

The number one and most significant challenge from current users and non-users of
HCM systems is the financial challenge of setting up a new system. Indeed, some sophis-
ticated systems are priced higher than existing caging/phenotyping equipment and repre-
sent a significant strategic outlay for institutes, universities, and companies. However, it is
possible that the whole picture is sometimes being lost in a comparison with more conven-
tional testing. A concern raised by non-users highlighted that the lack of acceptance of
new testing methods is a significant challenge. HCM systems are additive to other meth-
ods of phenotyping and welfare assessments, presenting a whole new range of long-term
and more continuous measuring that can complement phenotyping efforts. The potential
scientific benefits of HCM are exemplified in the survey by the HCM current users high-
lighting the advantages of 24-hour monitoring of subtle and novel phenotypes without
disturbing the animals.

Action

Expansion of WG3 to include a collaborative framework specifically to link up users
of similar systems or those analysing similar datasets to promote validation of HCM
systems in order to associate HCM indices with hard-core biological relevant data.

The second most significant challenge identified by this survey is that of data manage-
ment. The vast array of different parameters which can be measured by the HCM systems
is daunting, as well as logistically difficult, with some systems including high volumes of
data collection and processing prior to any biological analysis. TEATIME Working Group
3 has been focussing on some of the issues relating to current and further development of
HCM, in terms of data handling and analyses. Expanding the network to other potential
users and offering the opportunity of collaborative working with laboratories already
embracing these systems should be a future goal.

This survey indicates many opportunities that development and further adoption of
HCM systems could fulfil in the future. A significant proportion of responses indicated a
great dissatisfaction in the suitability of existing non-HCM systems (over 20%) with less
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than 50% indicating that their current tests worked well in meeting the current needs of
their studies.

Respondents, both current “users” and “non-users” of HCM systems, indicated a wish
to collect a range of behavioural indices and physiological parameters. The leading needs
related to collecting 24/7 data from individual mice in social context, including social
behaviours, body postures, but also welfare indicators, like body temperature and water/
food consumption.

This is clearly the most demanding technical challenge to overcome within the settings
of standard home cage rearing. Nevertheless, this may allow reduction of the use of some
of the currently used “out of the cage” tests that appear to be not suitable tools for pheno-
typing because of low replicability, high interpretational ambiguity, and/or high sensitivity
to unspecific stressors. However, this does not apply to all “out of the cage” tests, although
novelty-induced exploration can also be assessed when starting out from a home base to
better assess the organisation/progression of behavioural exploration (commonly as more
deterministic than stochastic) as reported for open field exploration.

A1.1.6 Concluding Remarks

The survey conducted by COST TEATIME Action among diverse professional groups has

shed light on the current usage of HCM systems and their anticipated future trends:

* 42% of respondents are current users of HCM (mainly Researchers using mice).

* 58% of respondents do not use HCM (mainly Animal Care and Welfare Specialists,
Facility Managers, respondent using rats only).

* Current and future benefits of HCM systems focus on improving research quality and
ethical standards by comprehensive rodents’ longitudinal data collection, minimising
interference, discovering new behavioural features, recording various experimental
parameters, and gaining insights into animal well-being.

* Less favourable aspects are mainly financial and technical support, housing require-
ments, data analysis, and integration issues. Non-users emphasise their concerns about
adopting new methods and the practical limitations of the facility’s space, pointing out
the obstacles associated with implementing new research methods.

* Despite these concerns, 62% of non-users predict that they would start to use HCM
systems and 90% of current users foresee an increased demand for HCM systems in the
forthcoming years.

* The existing out-of-cage tools only moderately meet the current needs of respondents,
indicating significant room for improvement.

* Potential future needs include the ability to study social behaviour and physiological
parameters using HCM systems.

Further Information

* Behavioural forum—https://www.cost-teatime.org/about/thebehaviourforum/
* HCM catalogue—https://www.cost-teatime.org/about/technologies/

* YouTube channel—https://www.youtube.com/@cost_teatime
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Appendix 2: TEATIME Home Cage Monitoring Survey Questions

Which of the following best describes your role?

O Academic/clinical researcher

O Researcher working for biotech/pharma
Equipment/technology developer
Animal care and welfare specialist
Facilty manager

Data manager

Working in a Contract Research Organisation

O OOO0OO0O0

Other:

Asked to all


http://www.cost-teatime.org/

Home Cage Monitoring: Where We Are and What We Need? 27

Which rodent species does your work focus on? Tick all that apply.

[] Mice
(] Rats
() other:

Asked to all

Most work on rodents has involved them living in one cage (their home cage) and
undergoing procedures or experiments in other environments. The idea of home cage
monitoring systems is to allow data collection from mice in their home cage by modifying
the cage to enable different kinds of measurements and observations.

Do you currently use home cage monitoring systems? *

O Yes
O No

Asked to all
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What do you mainly use for in vivo testing?

(O Conventional outside home cage tasts

(O Home cage monitoring systems

QO Both

Asked to those who answered “Yes” to Q3 (they currently use HCM)

In your opinion, what are the main benefits of home cage monitoring? Select up to
3

Reduced disturbance

Recording different and novel experimental parameters
Discovery of novel or subtle phenotypes

Welfare insights

Long-term continuous data that doesn't miss any part of the circadian cycle

(I I I O A

Other:

Asked to those who answered “Yes” to Q3 (they currently use HCM)
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In your opinion, what are the main limitations of home cage monitoring? Select up

to 3.

E] Technical specification, e.g. limited range of parameters

O

Technical reliability

(] Technical support

Data storage and back-up

Data integration from different systems
Single versus group-housed requirements
Space

Financial aspects

Data analysis

Maintenance and cleaning

Types of caging required

Using enrichment in the cage

Other:

0000000000

Asked to those who answered “Yes" to Q3 (they currently use HCM)

Do you predict a need to increase your use of home cage monitoring systems? *

O Yes
O No

Asked to those who answered “Yes" to Q3 (they currently use HCM)
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Do you predict a need to continue your use of home cage monitoring sysiems? *

O Yes
O No

Asked to those who answered ‘No” to Q7 (they don't predict increase)

Not everything we do can currently be done with mice in their home cage. What
procedures do you perform other than home cage monitoring?

I I I I I I I O

Additional handling (e.g. weight measurement)
No other procedures

Environmental perturbations

Surgery, including device implantation
Administration of drugs, gavage

Behavioural testing

Blood sampling

Other

Asked to those who answered “No” to Q7 (they dont predict increase)



Do you predict a need to start home cage monitoring?

Q Yes
O No

Asked to those who answered “No™ to Q3 (they don’t currently use HCM)

Not everything we do can currently be done with mice in their home cage. What
procedures do you perform outside of the home cage?

Surgery, including device implantation

Behavioural testing

Environmental perturbations

No special preparation

Additional handling (e.g. weight measurement)

Administration of drugs, gavage

Blood sampling

0000000

Other:

Asked to those who answered “No™ to Q3 (they don’t currently use HCM)

Do you currently see demand for 24/7 monitoring of animals in their home cags?

O Yes
O No

Asked to all
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In your opinion, what are the main obstacles to edopting home cage monitoring
technologies? Select up to 3.

g

0O

I I O I

Technical and IT support/data management support
Acceptance of new testing methods

Awareness of capabilities

Lack of qualified personnel

Facility space

Justification for use

Legislation

Cost of ownership

Difficulty of choice due to the large number of different systems available
IT infrastructure limitations

Procurement processes

Other:

Asked to all

What data are you mainly interested in?

O

O
O
O
O

Behaviour
Physiology

Both

None of the above

Other:

Asked to all
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Many researchers use a mix of studies in the home cage and outside the home cage. We'd
now like to ask about the out-of-cage methods you use.

For the following types of studies, how well do your current out-of-cage methods
suit your needs? Please only complete for those you have experience or an interest
in.

1-Very 3- 5-Very

badly Moderately 4 well N/A

Understanding

basic behaviour in O
animal models of

disease

O

O

O

O

O

Regulatory
testing/toxicology

Quality/validity
translational data

Disease
progression

Complex traits

Long-term data
on treatment
effects

Multi-morbidities

Complex traits

Long-term data
on treatment
effects

O O O o O O O O O
O O O O O O O O O
O O O O O O O O O
O O O O O O O O O
O O O O O O O O O
o O O O O O O O O

Multi-morbidities

Asked to all
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What additional research data would you like to obtain that your current tests are
missing?

Continuous 24/7 data

Social interactions

Urine/faeces composition/quantity

Data of individual mouse in social context

Fine motor activity

Water/food consumption

Body posture, e.g. stretch-attend posture, rearing, grooming

Body temperature

Inleyraled paramelers, e.y. ECG and molor aclivily

O000000o0o0Oo

Other:

Asked to all

Where do you see a clear impact of home cage monitoring on welfare? Rank from
most important to least important.

1 - Most important 3 - Least important
impact impact

O

Minimally intrusive O

O
24/7 monitoring O O O
O

Enabling group-
housing O

Asked to all



Home Cage Monitoring: Where We Are and What We Need? 35

How do you think using home cage monitoring could add to animal welfare
monitoring? Select up to 3.

E] Comprehensive 24/7 monitoring
Undisturbed by human presence
Objective and quantitative data

Early identification of humane end-points
Maximising data collection and analysis

Sharing data/dissemination of information

OO00000

Other:

Asked to all
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How important is it that the following automatic real-time notifications are

implemented in a home cage monitoring system to trigger timely response?

Pre-
identified
critical
behaviours

Technical
issues, e.g.
with food,
water,
flooding of
cage

Body
temperature

Birth

Notification
of humane
end-points
(e.g.
BW<15%)

Sudden
death

1-Very

unimportant Unimportant unimportant

O

2-

O

3 - Slightly

O

O

O

Asledtoall

4-
Slightly
important

O

5-

6 - Very

Important important

O

O
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What else would you like ahome cage monitoring system to provide with respect
to animal welfare? Select the 3 most important to you.

Monitor food and water intake

Identify abnormal behaviour (e.g. stererotypical behaviour)
Monitoring of reproduction (e.g. mating, birth, litters)
Regular body weight recording

Monitor social interaction and/or aggression

Other:

000000

Asked to all

Please rank the impact of the following points on animal welfare.

1 - Highest 4 - Lowest
impact impact

Non-enriched or

suboptimal O O O O

environment

Environmental
stressors caused

by the system O O O O

(e.g. ultrasonic
noise)

Single-housing O O O O
ID tagging O O O O

Asked to all
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|
N

Are there additional welfare challenges?

Your answer

Asked to all

N
w

Please write any additional thoughts or comments.

Your answer

Asked to all

N
|

What country are you based in?

Your answer

Asked to all



Home Cage Monitoring: Where We Are and What We Need? 39

If you would like to receive the final report prepared from the results of this survey,
please enter your email address here. It will not be usec for any other purpose.

Your answer

If you have provided your email address, would you also like to sign up to the
TEATIME newsletter?

O Yes
O No

Asked to all
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Abstract

Operational efficiency is a critical determinant of success in laboratory animal facili-
ties, shaping financial sustainability, research quality, and the well-being of both staff
and animals. This chapter focuses on how home cage monitoring (HCM) systems can
serve as a central driver of efficiency when integrated thoughtfully into daily opera-
tions. By enabling continuous, noninvasive data collection within the animals’ primary
environment, HCM systems support more strategic use of time, personnel, equipment,
and funding, ultimately enhancing scientific output while reinforcing ethical animal
care and improving workplace conditions.

When incorporated into routine workflows, HCM technologies help standardize
procedures, reduce redundant tasks, and streamline the flow of information. These
improvements lower operational costs, strengthen data integrity, and ease regulatory
compliance. Moreover, the precision and automation offered by HCM reduce delays,
minimize human error, and ensure consistent adherence to protocol requirements. Staff
benefit as well: by offloading labor-intensive or repetitive tasks to automated
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home-cage systems, employees experience reduced stress and increased opportunities
for professional development, including hands-on experience with advanced digi-
tal tools.

To provide practical guidance, this chapter highlights strategies for optimizing oper-
ations through HCM implementation, including the use of Six Sigma methodologies to
refine processes, sustainable practices to reduce environmental impact, and automation
technologies that simplify routine monitoring and husbandry tasks. It also outlines how
HCM can relieve operational burdens on researchers, allowing them to devote more
effort to scientific innovation and discovery. By integrating HCM with broader opera-
tional improvement strategies, laboratory animal research facilities can achieve a level
of operational excellence that advances scientific progress, supports humane and mini-
mally invasive animal care, and cultivates a resilient, motivated workforce.

This chapter explores strategies for enhancing operational efficiency in laboratory
animal facilities by examining process-optimization methods such as Six Sigma, sus-
tainability practices, and automation technologies like HCM to provide a comprehen-
sive framework for improving workflow and reducing burdens on scientists.

Keywords
Operational efficiency - Animal welfare - Research quality - Cost management - Staff
well-being

1 Introduction

1.1 Introduction: The Importance of Operational Efficiency
in Laboratory Animal Research Facilities

Operational efficiency is fundamental to the success of laboratory animal research facili-
ties, as it enables the effective and strategic use of key resources including time, personnel,
equipment, and finances to support high-quality scientific outcomes. By streamlining
workflows, standardizing procedures, and reducing redundancies, facilities can not only
lower operational costs but also enhance the precision and reliability of research data.
Moreover, an efficiently run facility fosters a supportive and less stressful work environ-
ment, which improves staff morale, job satisfaction, and retention. In contrast, operational
inefficiencies can lead to resource waste, increased expenses, inconsistent animal care,
and elevated stress levels among employees, all factors that can ultimately compromise
both scientific integrity and the welfare of animals and staff. Therefore, investing in opera-
tional efficiency is not just a matter of cost control, but a strategic approach for sustaining
excellence in research, animal care, and organizational health.
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1.2 Financial Implications of Operational Efficiency

Efficient operations in animal research facilities lead to significant cost savings. By opti-
mizing processes such as record-keeping, inventory management, and equipment mainte-
nance, facilities can reduce unnecessary expenditures. For instance, implementing a
comprehensive cost accounting system allows for accurate allocation of expenses to spe-
cific animal categories and services, enabling better financial planning and control.

Moreover, energy-efficient equipment and automation technologies can lower utility
costs and labor expenses. Investing in such technologies may have upfront costs but often
results in long-term savings and improved operational efficiency.

1.3 Enhancing Research Effectiveness Through
Operational Excellence

Operational efficiency directly influences the quality and timeliness of research outcomes.
Streamlined processes ensure that researchers can focus on experimental design and data
analysis rather than administrative tasks. Efficient scheduling, resource allocation, and
data management, reduces delays and errors, leading to more reliable and reproducible
results.

Furthermore, adherence to standardized protocols and best practices enhances the cred-
ibility of research findings. Facilities that prioritize operational excellence are better posi-
tioned to meet regulatory requirements and achieve accreditation, which are essential for
maintaining funding and institutional reputation.

1.4 Impact on Staff Job Satisfaction and Well-Being

A well-organized and efficient work environment contributes significantly to staff satisfac-
tion and morale. When operations run smoothly, employees experience less stress and are
more likely to find their work fulfilling. Efficient processes reduce the burden of repetitive
or unnecessary tasks, allowing staff to engage more deeply with meaningful aspects of
their roles.

Additionally, facilities that invest in staff training and development foster a culture of
continuous improvement and professional growth. Such environments not only retain
skilled personnel but also attract new talent, committed to high standards of animal care
and research excellence.
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1.5 Overview of Topics Covered

1. Process Optimization and Six Sigma Methodologies: This section discusses how apply-
ing Six Sigma principles can identify inefficiencies and implement data-driven solu-
tions to enhance operational workflows.

2. Sustainability Practices: An exploration of eco-friendly initiatives, including energy
conservation, waste reduction, and sustainable procurement, to minimize the environ-
mental footprint of research facilities.

3. Reducing the Burden on Scientists through Operational Improvements: Strategies to
alleviate administrative and operational pressures on researchers, enabling them to
focus more on scientific inquiry and innovation.

4. Automation and Technological Integration: An examination of how HCM can align
process optimizations, sustainability, and reduced administrative burdens to enhance
the overall operation.

By addressing these key areas, the chapter provides a roadmap for laboratory animal
facilities to achieve operational excellence, thereby enhancing research quality, ensuring
animal welfare, and promoting staff well-being.

2 Process Optimization and Six Sigma Methodologies

While Six Sigma is well established in manufacturing and commercial operations, its
application in laboratory and research animal facilities remains relatively novel. At its
core, Six Sigma is a data-driven methodology aimed at reducing variation, minimizing
errors, and enhancing operational efficiency. Built around a simple but powerful premise:
by identifying and eliminating the causes of defects or inconsistencies in a process, we can
improve the output quality and meet the expectations of stakeholders. The approach typi-
cally revolves around the DMAIC framework (Define, Measure, Analyze, Improve,
Control), a structured problem-solving cycle that drives continuous improvement.

When applied thoughtfully, Six Sigma methodologies can support implementations of
HCM solutions, where precision in data capture and timeliness in responses is critical
(Schweikhart and Dembe 2009). Reducing variability in routine processes can lead to
fewer errors, smoother operations, and more reliable outputs. In this context, the develop-
ment of meaningful key performance indicators (KPIs) becomes a logical next step, help-
ing to benchmark progress, identify drift, and guide ongoing refinement.

In sum, while laboratory operations, particularly in animal facilities, come with their
own unique complexities, the underlying goals of Six Sigma resonate strongly. As we
move into deeper process analysis and mapping, there is a real opportunity to adapt and
apply its tools in a way that suits our environment without compromising the flexibility
and responsiveness that often define our work.
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2.1 Process Mapping and Analysis

Understanding how a facility operates at a process level is essential if you want to identify
where improvements can be made. Process mapping is a powerful way to visualize the
flow of work, communication, and decision-making. It helps to reveal not only what hap-
pens but also when, by whom, and most importantly, why. In animal facilities, where
operations span from cage changes and health checks to data collection and equipment
sterilization, mapping these processes offers visibility into complexity we often take for
granted.

2.2 Identifying Current Processes

The first step is to document what is currently happening; not what should happen. This
often reveals a gap between assumed and actual practices. For example, one might think
cage change frequency is standardized, but a closer look could uncover variability tied to
staffing levels, researcher requests, or individual preferences. Starting with a few key pro-
cesses (e.g., cage changing, health checks, cage wash operations) and tracing them from
start to finish allows for a more accurate view of operational flow.

Process walkthroughs with staff are especially helpful. Observing daily routines, ask-
ing clarifying questions, and sketching out the steps in real-time often brings hidden work
and decision points to light, many of which are invisible on paper. Standard operating
procedures (SOPs), or detailed, written instructions that outline the exact steps required to
perform specific tasks or processes should be created and implemented to match expecta-
tions. Since SOPs are the guiding documentation in these operations, staff should be
knowledgeable and trained to execute accordingly.

2.3 Techniques for Mapping Workflows

* Basic Flowcharts—These are great for outlining tasks, decision points, and the order in
which activities occur. For example, a flowchart of the animal census process can reveal
whether double counting is happening or if data are being missed.

*  Swimlane Diagrams—Helpful when multiple teams (e.g., technicians, vets, admin) are
involved. Swim lanes show who does what and when, highlighting potential overlaps
or gaps in communication (See Fig. 1).

» Value Stream Mapping—A slightly more advanced tool that breaks down each step in
terms of value to the “customer” (researchers, animals, regulators, etc.). It helps distin-
guish between value-adding steps and non-value-adding activities (like waiting or
redundant recording).
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Fig. 1 Swimlane diagram showing an example of a census taking and billing procedure at an aca-
demic institution

24 Spotting Inefficiencies

Once the processes are mapped, it becomes much easier to begin spotting inefficiencies.

Th

ese may not be dramatic individually but can add up. For example:

Time-consuming elements—Are there steps that require significant time but offer little
return (e.g., manual transcription and physical delivery of data versus entry into digital
system)?

Critical path events—What steps must happen before others can proceed? A delay here
stalls the whole operation.

Redundancies—Are multiple people checking the same thing? Are data being entered
into two systems?

Bottlenecks—Where do things tend to pile up (e.g., dirty cage backlog, waiting for
approval, broken equipment)?

Rework—How often are tasks redone because something was missed or incorrect?
Reorganization—Identifying activity that may improve efficiency or save later activity
if completed first.

These findings often point directly to areas for improvement, and importantly, they help

move conversations from anecdotal complaints (“this takes forever”) to actionable insights
(“this step delays every other task by 20 min”).
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2.5 Tools Used

Even without specialized software, simple tools can be remarkably effective. Whiteboards
and sticky notes can facilitate collaborative mapping sessions. In facilities where digital
infrastructure is limited, using what is available and familiar to staff often works better
than introducing something entirely new.

For more complex or cross-functional processes, value stream mapping can offer
deeper insight. Though it originated in manufacturing, it is increasingly used in healthcare
and research settings to capture the full scope of operations. It can be particularly useful
when exploring processes like incoming animal shipments or emergency response
protocols.

Process mapping, when done right, is not about documenting everything perfectly; it is
about creating a shared understanding of how things really work. Once that clarity exists,
it is far easier to apply frameworks like DMAIC to drive meaningful change. With visibil-
ity comes the opportunity to reduce errors, to optimize resource use, and to build better
workflows that benefit both staff and animals.

2.6 Applying the DMAIC Framework

The DMAIC framework is a central pillar of Six Sigma. While traditionally associated
with manufacturing, it translates well into operational environments like animal facilities,
where consistency, quality, and efficiency are equally vital. Even if we do not formally
label each step, the structure provides a practical roadmap for tackling inefficiencies and
guiding change.

The following sections will describe each phase/step of DMAIC in detail:

2.6.1 Define

Every improvement project should begin with a clear understanding of what problem is
being addressed and for whom. In our context, there are usually two “customers”: research-
ers (who rely on accurate, timely data and well-maintained animals) and the animals them-
selves (whose welfare and environmental quality must be safeguarded).

Defining a project means answering a few key questions:

* What process or outcome needs improvement?
* Who is impacted by it?
* What would success look like?

For example, if we are addressing variability in health notification responses, the goal
might be to reduce response time to alerts while ensuring data integrity is maintained. For
this example, stakeholders could include technicians, researchers, veterinarians, and com-
pliance officers.
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A well-scoped project might sound like:

Reduce technician response time to automated welfare alerts by 20% over 3 months without
increasing false positive rates.

2.6.2 Measure
With the goal defined, the next step is to understand the current state, which means collect-
ing baseline data on performance. In a facility setting, useful metrics might include:
* Time taken from alert to resolution
* Number of false positives
e Error rates in manual data entry

Gathering these data often reveals unknown variability and assumptions. For instance,
two technicians might interpret the same welfare alert differently, leading to inconsistency
in documentation.

Reliable data do not have to be complex; they just need to be consistent and relevant.
Even simple tallies or time logs can highlight trends when tracked over a few weeks.

2.6.3 Analyze

Once we understand how things are currently working, we can start asking why. Why does
it take longer for some alerts to be addressed? Why is the animal census off by 5%
each month?

Analysis aims to identify the root cause(s) or fundamental underlying reason(s) for an
issue or problem to occur, rather than just the symptoms. Tools like the 5 Whys or Fishbone
Diagrams (also known as the Ishikawa diagram) can help drill down into the drivers of
inefficiency or error.

In one hypothetical scenario, a delay in response to health alerts might be traced to:
» Technicians do not see alerts quickly (lack of notification system)
* Confusion about who is responsible for addressing them
* Lack of proper triage or competing priorities

These kinds of insights allow for targeted, sustainable fixes.

2.6.4 Improve
With causes identified, it is time to develop and test solutions. This stage benefits from
input across roles; those doing the work often have the clearest sense of what might help.
Improvements could be:
* Technological: Link alerts to handheld devices or dashboards with clear ownership tags
* Procedural: Standardize response protocols so all staff know what steps to take
* Operational: Adjust technician schedules and implement triage hierarchy
The key here is to pilot changes, monitor the impact, and refine as needed. Not every
fix will work perfectly the first time. What matters is that changes are tracked and evalu-
ated against the original goals.
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2.6.5 Control
Finally, to make sure improvements stick, they need to be embedded into daily operations.
This could include:
* Creating SOPs for new procedures
* Automating reminders or alert escalations
* Adding new KPIs to monthly reviews
* Training or refresher sessions for staff

Control is the most important and essential part of the DMAIC methodology, as with-
out this control step, it is easy to slide back into old habits. The goal is not to add more
bureaucracy, but to make improved ways of working the new default.

2.7 Case Studies of Successful Six Sigma Implementation

While the principles of Six Sigma may seem abstract at first, their impact becomes clear
through real-world applications. In laboratory animal facilities, where even small ineffi-
ciencies can ripple out across teams and timelines, structured process improvement can
deliver measurable benefits. The following case studies highlight how applying Six Sigma
methods can improve both operational and data integrity outcomes, with potential take-
aways for our own practices.

2.7.1 Case Study: Standardizing Bedding Type and Cage Fill Volume)
A mid-sized academic facility undertook a Six Sigma project to address inconsistencies in
bedding type and quantity used for rodents across their various sites. Staff identified large
variations in the different types and fill volumes of bedding across the sites, despite using
similar style and size caging. The large variation in materials and standard operations
made for a very inconsistent program of care and created difficulty with staff cross training
and coverage. The project team began by collecting purchasing data, sampled bedding fill
volumes across the sites and sourced testimonials from various staff to better understand
the historical reasoning for why they used the material and/or corresponding fill volumes.
Using the DMAIC approach, they discovered several inefficiencies:
* Due to the large variety of bedding types utilized, the institution could not leverage its
size and scale to receive preferential pricing.
* The large variety of materials utilized meant that a greater amount of storage space was
needed to house the different products.
* A lack of standardized fill volumes created significant waste and even potential wel-
fare issues:
— Cages with too much bedding saw waste of the material and created an environment
where wet spots could accumulate faster.
— Cages with too little bedding saw cages that did not provide adequate liquid absorp-
tion and/or enough substrate for the animals to avoid walking on the cage bottom.



52 J.Bussell et al.

* Managing a large variety of bedding types also posed challenges when supply chain
disruptions occur (e.g., COVID). Needing visibility into multiple suppliers to foresee
potential disruptions and plan for contingencies made managing the operation extremely
challenging.

By analyzing the above measurements, the team was able to determine the following:

* Through discussions with staff and researchers, the project team determined that
cellulose-based bedding was preferred. In addition, the staff liked this bedding type due
to the lack of dust and the lighter weight per volume.

* Through literature review and internal testing, the team determined the optimal amount
of bedding to fill a cage.

* By converging on a particular type of bedding (cellulose), the team evaluated potential
options and ran tests to determine the best fit.

* Identifying a single bedding that met the above criteria enabled bulk discounts and
easier supplier management, allowing for greater consistency and reduced administra-
tive effort.

Implementation involved the following:

* Internal marketing and selling the idea of a standardized bedding option to researchers.

* Procurement, deployment, and training of all staff on use of standardized scoops to
ensure consistent bedding fill volumes across all sites.

* Planning and coordination of the shift in purchasing habits with the product distributor
to ensure the institution received the best and most consistent pricing possible.

Due to the thoughtful approach to the changes, the selected product resonated well with
the researchers, who readily bought into the option. Despite the product only making up
5% of the usage at the start, it quickly shifted to 85% + of the institution’s usage over the
next 6 months. In addition, this change saw a dramatic decrease in the overall amount of
bedding used, due to the standardized fill volume. The financial savings from these changes
were so staggering that once the change was implemented, it took 3 years of cost increases
and a 20% increase in cage census to achieve the same level of total bedding spending that
was seen before the switch.

2.8 Reflections and Insights

While each institution will have unique challenges and areas of focus, the principles of Six
Sigma can be universally applied to all programs. By leveraging the DMAIC framework
and other tools, programs can achieve the following objectives:

1. Streamlined Operations: Six Sigma tools help identify inefficiencies in daily routines,
leading to more efficient workflows and better time management without compromis-
ing animal care.

2. Improved Animal Welfare and Compliance: Standardization reduces process variability
and supports timely, consistent care. Six Sigma’s data-driven approach enhances com-
pliance with regulations and enables better adherence to SOPs.
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3. Improved Staff Engagement: Involving animal care and other staff in problem-solving
improves morale and encourages continuous improvement. Training in Six Sigma
empowers employees to suggest practical and impactful changes.

4. Data-Driven Decisions: Switching from anecdotal to data-based decisions improves
transparency, consistency, and collaboration across departments.

A thoughtful approach to the deployment of this methodology in an animal program is
essential for the successful adoption and realization of the benefits. By engaging staff to
evaluate the problems to help create and implement solutions, programs can best embody
the teaching of Six Sigma and shift the culture to that of continuous improvement.

3 Addressing Labor Challenges and Enhancing Staff
Well-Being

Laboratory animal caretakers play a vital and crucial role in the advancement of research
by ensuring that animals are treated humanely and ethically. The key responsibilities of
animal caretakers are to provide daily care, to monitor animal health and welfare, and to
provide experimental support. All tasks should comply with regulations and ethical stan-
dards. Additional tasks may cover, e.g., transport of animals and carrying out breeding
programs. The work requires a strong understanding of animal physiology and
pathophysiology.

Laboratory animal caretakers face physical and mental burdens due to the nature of
their work. The job involves physically strenuous activities such as lifting cages, crates of
water bottles, and restraining animals. Caretakers often spend long hours standing, walk-
ing, and performing repetitive tasks. The mental burden, however, may even be more chal-
lenging. Caretakers must deal with the caring-killing paradox (King and Zohny 2022).
This paradox describes the stress of nurturing animals while knowing they may be eutha-
nized as part of the breeding strategy or experiments. This can lead to feelings of guilt,
sadness, and moral distress (Murray et al. 2020).

Ultimately, the physical and mental stress experienced by caretakers may result over
time in compassion fatigue. An employee suffering from compassion fatigue will not be
able to contribute to the daily tasks that have to be carried out in a laboratory animal facil-
ity, either partially or fully. Reduced deployment comes with a risk: insufficient caretaking
may lead to unnecessary discomfort for the animals. Full deployment increases the burden
for the animal caretaking team and over time, this cycle of increased burden, reduced
capacity, and escalating stress can contribute to high staff turnover, as caretakers facing
compassion fatigue may feel unable to sustain the emotional and physical demands of
their roles (Jianchun 2024).

A high turnover rate in a team of animal caretakers can have several disadvantages:

1. Loss of experience and knowledge: frequent turnover means losing experienced staff
who have a lot of knowledge about the animals and the facility’s operations. This can
lead to a decline in the quality of care provided.
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2. Training costs: Frequent hiring and training new employees is costly and time-
consuming. New staff need time to become competent in their roles, which can tempo-
rarily reduce overall productivity.

3. Disruption of team dynamics: a high turnover rate can disrupt the cohesion and morale
of the team. It can create an unstable work environment where remaining staff may feel
overburdened and stressed.

4. Impact on animal welfare: consistency in care is important for maintaining the well-
being of animals. High turnover can lead to inconsistencies in how animals are handled
and cared for.

5. Increased workload for remaining staff: when positions are vacant, the remaining staff
often must take on additional responsibilities, leading to a vicious circle: an even higher
turnover rate.

It is the responsibility of the employer to minimize the risk factors for the onset of
compassion fatigue by providing adequate support for the employees. This support should
focus on two aspects:

1. Minimize physical strain by optimizing workflows and

2. Providing a Culture of Care: a positive work environment that supports animal welfare,
human well-being, and quality in science.

3.1 Streamlining Workflows

In animal research facilities, streamlining workflows involves eliminating unnecessary
steps to save time and effort. By analyzing each process, identifying redundancies, and
removing them, facilities can enhance efficiency. An example of an unnecessary step is
cleaning a rodent cage that technically does not yet need to be cleaned but is cleaned sim-
ply because other cages in the animal room are due for cleaning. Avoiding this step can
significantly cut down on physical work, allowing animal caretaking staff to focus on more
critical activities like monitoring animal health and welfare or carrying out experimental
procedures.

Streamlining workflows may also be done through adopting data-driven decisions and
consistent approaches. Collecting and analyzing data on KPIs such as number of pups
weaned per breeding mouse may support the decision of continuation of a breeding pair.
Developing and adhering to clear SOPs can streamline processes and ensure consistency.

3.2 Cross-Training Staff

Cross-training staff increases flexibility and coverage. Animal caretakers can, for example,
be trained to work in both the breeding unit and the experimental unit. Or they can be
deployed in both the rodent unit and the fish unit. This approach ensures that the workforce
can adapt to varying demands and cover for absences without disrupting operations. This
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approach has advantages, but it also has a downside: Cross-training can lead to variability
in performance. It is crucial to distinguish between straightforward tasks, which are less
impacted by human variability (e.g., changing a bottle), and critical tasks that require
minimal and clearly defined individuals to perform (e.g., body condition scoring or gri-
mace scale scoring).

Operational resilience may enhance job satisfaction as employees gain diverse skill
sets. If consistency is a requirement in tasks, the task should be assigned to a small group
of specifically trained colleagues.

3.3 Achieving Staff Buy-In

Whatever steps are being taken to achieve efficiency in workflows, an essential aspect is to
ensure that staff buy-in has been achieved. Implementing shifts and rotations that maxi-
mize productivity can significantly reduce labor demands. Versatile teams may play a sig-
nificant role in achieving daily goals. However, removing a group’s ability to determine
how tasks are organized and the sequence in which they are performed can result in resis-
tance. This effect may be even more pronounced in an academic environment where
greater value is placed on autonomy in task structuring. Effective communication and
involving staff in the preparatory phase of optimizing procedures can mitigate this issue.
Highlighting the benefits, such as reduced workload and improved work-life balance, can
help gain the support of the team.

34 Implementing Shifts and Rotations

Rotating staff through different tasks can prevent monotony and physical strain. It ensures
that no single employee is overburdened with repetitive tasks, which can lead to fatigue
and decreased productivity. In addition, rotation can help staff develop a broader skill set.
By working in different areas of the facility, employees gain a better understanding of
overall operations, which can improve teamwork and flexibility.

4 Reducing the Burden on Scientists Through
Operational Improvements

Implementing HCM systems in laboratory animal research environments addresses sev-
eral challenges faced by scientists, particularly in administrative tasks, data management,
and research productivity. By automating data collection and enhancing information
accessibility, HCM systems can significantly improve research efficiency and data quality.
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4.1 Streamlining Data Collection and Management

4.1.1 Automated Data Acquisition

HCM systems utilize technologies such as RFID, sensors, and video tracking to continu-
ously monitor animal behavior and physiological parameters within their home cages. For
instance, implantable RFID chips allow researchers to track movement, location, and tem-
perature of group-housed mice, providing real-time data without researcher interference.

4.1.2 Integration with Research Software

Modern HCM platforms are designed to integrate seamlessly with research software,
facilitating the transfer of collected data to analysis tools and databases. This integration
streamlines data management processes, reduces the need for manual data entry, and
ensures that researchers have timely access to relevant information.

4.1.3 Reducing Errors

Automation minimizes human errors by standardizing data collection processes and elimi-
nating manual transcription. Consistent data acquisition protocols enhance the reproduc-
ibility and reliability of research findings. Moreover, automated systems can flag anomalies
in real-time, allowing for prompt corrective actions.

4.2 Enhancing Accessibility of Information

4.2.1 Real-Time Data Access

HCM systems provide researchers with the ability to monitor animal behavior and envi-
ronmental conditions remotely, offering real-time insights into experimental subjects. This
capability enables timely interventions and adjustments to experimental protocols
as needed.

4.2,2 Customized Reporting

Advanced HCM platforms offer customizable reporting features, allowing researchers to
generate reports tailored to specific research objectives. These reports can include detailed
analyses of behavioral patterns, physiological changes, and environmental interactions,
facilitating comprehensive data interpretation.

4.2.3 Collaborative Platforms
By centralizing data storage and providing secure access, HCM systems support collab-
orative research efforts. Multiple team members can access and analyze data concurrently,
promoting interdisciplinary collaboration and accelerating research progress (Kos-Braun
et al. 2022).

In summary, the adoption of HCM systems in laboratory animal research environments
addresses key challenges related to administrative workload, data quality, and research
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productivity. By automating data collection, enhancing information accessibility, and sup-
porting collaborative efforts, HCM systems contribute to more efficient and reliable scien-
tific research.

5 Automated Animal and Cage Census Management
5.1 Importance of Accurate Census Data

5.1.1 Regulatory Compliance

Precise animal census data are fundamental in fulfilling both ethical guidelines and regula-
tory standards. Animal research facilities must comply with stringent regulations, includ-
ing directives from institutions such as the Association for Assessment and Accreditation
of Laboratory Animal Care International (AAALACI) and the Animal Welfare Act (AWA),
as well as the Federation of European Laboratory Animal Science Associations (FELASA)
under Directive 2010/63/EU. Accurate records of animal numbers, movements, and cage
occupancy are necessary to demonstrate accountability and to ensure that research prac-
tices adhere strictly to ethical guidelines. Failure to maintain accurate census data can
result in compliance violations, audits, fines, and significant reputational damage, which
can severely impact research continuity and credibility.

5.1.2 Operational Efficiency

Reliable census data directly impacts the efficiency of research facility operations.
Accurate and timely information about cage occupancy and animal counts is critical for
optimizing resource allocation, including staffing, cage cleaning cycles, procurement of
supplies (such as bedding, food, and enrichment items), and planning experimental sched-
ules. Miscounted animals or inaccurately tracked cage occupancy data can lead to over- or
under-utilization of resources, resulting in wasted effort, increased operational costs, or
even disruption of experimental timelines. Thus, precise census management ensures
smooth operational workflows, reduces unnecessary expenditures, and enhances overall
facility performance.

5.1.3 Challenges of Manual Census

Traditionally, animal census management has relied heavily on manual counts and visual
inspections performed by facility personnel. However, manual methods present significant
challenges, notably their time-consuming nature and vulnerability to human error. Manual
counts are often repetitive, tedious, and prone to inaccuracies arising from misidentifica-
tion, fatigue, or oversight. Additionally, manual data entry can introduce transcription
errors, causing discrepancies between recorded data and actual animal populations. These
inaccuracies can lead to significant operational inefficiencies, potential regulatory non-
compliance, and challenges in tracing animals accurately within the research environment.
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5.2 Automated Census Systems

5.2.1 Technologies Employed

Automated systems for animal and cage census management utilize advanced technolo-

gies to overcome the limitations inherent in manual methods. Examples of current solu-

tions include:

* Barcode Systems: Barcode labels affixed to cages enable rapid identification, simplify-
ing cage occupancy tracking and status management. Personnel can efficiently scan
cages, thereby can streamline inventory processes and reduce errors associated with
manual data entry.

* Radio Frequency Identification (RFID):

— Low Frequency (LF) RFID (134 kHz)—Animal Counting: Utilizes microchip
implants for accurate animal identification. This technology enables automatic
tracking of individual animals as they enter or exit cages, move across facilities, or
undergo specific procedures.

— Ultra-High Frequency (UHF) RFID (860-960 MHz)—Cage Counting: UHF anten-
nas integrated into labels or cage cardholders facilitate cage inventory through hand-
held devices or stationary antennas installed directly in animal rooms. This approach
allows instant counting of all cages present within the designated area. However, it
requires careful design of the reading areas to avoid capturing data from adja-
cent rooms.

— High Frequency (HF) RFID (13.56 MHz)—Real-time Cage Tracking: Implemented
via electronic boards within housing racks, HF RFID technology can automatically
read cage tags upon insertion. This technology provides continuous, real-time cage
tracking, offering enhanced operational insights beyond mere periodic census counts.

5.2.2 Benefits of Automation

Transitioning from manual to automated census systems brings substantial advantages:

* Enhanced Accuracy: Automation eliminates human counting errors, providing precise,
reliable census data essential for compliance and operational effectiveness.

» Time Savings: Automated systems significantly reduce manual workloads, allowing
personnel to focus on higher-value tasks, such as animal welfare, experimental support,
and facility improvements.

» Improved Traceability: Continuous, accurate tracking enhances traceability, facilitating
rapid audits and regulatory inspections. Improved data reliability supports robust docu-
mentation and accountability, strengthening institutional integrity.
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5.3 Integration with Management Systems

5.3.1 Seamless Data Flow

Effective census management relies on the seamless integration of automated cage and
animal census data with existing Laboratory Information Management Systems (LIMS),
Animal Management Systems (AMS), and Enterprise Resource Planning (ERP) plat-
forms. Integrated systems ensure that census data are automatically populated in central-
ized databases, streamlining information sharing across teams, departments, and
management layers. This seamless data flow empowers facilities to achieve comprehen-
sive operational visibility, supporting precise resource forecasting, experimental planning,
and regulatory reporting.

5.3.2 Burdens of Non-Integrated Systems

Without integration between automated census systems and LIMS, AMS, and ERP, auto-
mated census solutions risk creating data silos. These isolated data repositories require
manual intervention for data reconciliation and cross-referencing, resulting in inefficien-
cies, increased administrative workloads, and delayed decision-making. Non-integrated
systems can also lead to discrepancies between different departments or management
areas, complicating regulatory compliance, resource allocation, and traceability. Facility
managers face significant challenges in coordinating accurate reports, often encountering
duplications, inconsistencies, or incomplete data sets.

5.3.3 Case Study: Integration Resolving Facility Challenges

A mid-sized biomedical research facility previously relied on automated UHF RFID cen-
sus systems without integration into their primary animal management system. Although
cage counts were accurate, data resided in separate systems, requiring manual transfer and
reconciliation. This resulted in inefficiencies, delays in reporting, and periodic compliance
issues due to outdated or inconsistent records.

After implementing a full integration between the UHF RFID-based automated census
system and their central LIMS, the facility observed substantial improvements. The seam-
less data exchange reduced administrative workload by approximately 4 h/week, elimi-
nated reporting delays, and improved regulatory compliance scores. Real-time access to
accurate census data streamlined experimental scheduling, improved animal welfare
tracking, and significantly enhanced operational planning. This successful integration
exemplified the critical importance of a unified, automated census management approach
to achieve true operational excellence.
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6 Sustainability and Reducing Environmental Impact

Implementing HCM systems in laboratory animal research not only enhances animal wel-
fare and data quality but also offers significant opportunities to advance sustainability
goals. This comprehensive overview explores strategies to reduce the environmental
impact of research facilities through energy-efficient operations, waste reduction, and sus-
tainable practices.

6.1 Al Driven Optimization of Facility Operations

6.1.1 HVAC

Heating, ventilation, and air conditioning (HVAC) systems are among the largest energy
consumers in laboratory settings. Implementing Al-driven HVAC systems optimize air
change rates and temperature settings based on real-time occupancy and environmental
data. Air controls are aligned with actual needs of specific space, thereby greatly reducing
the overall energy usage without compromising animal welfare or human safety (Carli
et al. 2020).

6.1.2 Energy-Efficient Equipment

Newer HCM systems are designed with energy efficiency in mind, by integrating with
existing housing equipment. For instance, mouse cages utilize Individually Ventilated
Cage (IVC) technology that controls the animal environment at the cage level and modern
HCM systems leverage and enhances this existing system. In this way, airflow, tempera-
ture, and humidity can be better managed at this level, which can differ from the macro/
room level, while still allowing for continuous monitoring of the animals. This can greatly
reduce the utilities needs to balance air rates for animal welfare, while ensuring that the
macro environment is preserved for use by humans.

6.1.3 Minimizing Waste Generation

Reducing waste begins with evaluating and improving existing processes. Implementing
HCM solutions that not only track animal activity but cage level parameters can be utilized
to reduce unnecessary cage level activities. Tracking cage wetness or presence of ammo-
nia can assist staff in implementing performance-based changes, thus only changing bed-
ding when necessary. This implementation not only saves staff time, but reduces the
amount of bedding, enrichment, cage wash chemicals, and other inputs needed to provi-
sion fresh caging for the animals.
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6.2 Staffing and Business Continuity

HCM technologies enables a reevaluation of the roles and duties of staff that support
research animal facilities. By leveraging the continuous monitoring of animals and cage
parameters, staff will spend less time on the critical by mundane tasks of ensuring ade-
quate food, bedding, and health condition of the animals under their care. This reduction
in effort can be repurposed into developing and expanding other core responsibilities such
as research support, breeding support, and provisioning of health care. Such tasks require
an investment in the intellectual capital of the staff, leading to enhanced skill sets for a
cutting-edge research environment.

By further developing staff for these new opportunities, laboratory animal programs
can drive high level of engagement and overall staff retention, while providing enhanced
services to help drive research activities.

Implementing HCM systems in laboratory animal facilities enhances animal welfare,
data quality, and operational sustainability. By combining Al-driven HVAC optimization,
energy-efficient equipment, and cage-level monitoring, HCM reduces energy use and
waste without compromising care standards. Continuous monitoring also frees staff from
routine tasks, allowing them to focus on higher-value responsibilities, develop skills, and
improve engagement and retention. Overall, HCM advances efficient, sustainable, and
ethically robust research operations.

7 Enhancing Operational Efficiency Through
Integrated Systems

Implementing HCM systems in laboratory animal research facilities offers significant
advancements in animal welfare, data accuracy, and operational efficiency. This compre-
hensive overview delves into two critical aspects of HCM implementation: Integrating
HCM with facility management systems and leveraging real-time data analytics.

7.1 Integration of Home Cage Monitoring
with Facility Management

7.1.1 Centralized Control Systems

Centralizing control systems in animal research facilities streamline operations by unify-

ing various monitoring and management functions. By integrating HCM with centralized

platforms, facilities can achieve:

* Enhanced Operational Efficiency: A centralized system logs maintenance requests,
assigns tasks, and updates teams in real time, eliminating confusion and increasing
accountability.
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» Improved Data Accessibility: Centralized platforms facilitate the collection and analy-
sis of data from various sources, enabling comprehensive monitoring of animal health
and behavior.

o Streamlined Maintenance and Resource Management: Centralized systems can predict
system failures, reduce downtime, and optimize resource allocation, leading to cost
savings and improved facility operations.

7.1.2 Interoperability

Ensuring interoperability among different software and hardware systems is crucial for the

seamless operation of HCM systems. Key considerations include:

* Standardized Protocols: Adopting open standards and protocols ensures that various
devices and systems can communicate effectively, reducing integration challenges.

* Modular System Design: Modular HCM systems allow for flexibility in adding or
upgrading components, facilitating customization and scalability.

* Vendor Collaboration: Working closely with vendors to ensure compatibility and sup-
port for integration can mitigate interoperability issues and enhance system
performance.

7.2 Real-Time Data Analytics

7.2.1 KPIs

Identifying and monitoring KPIs is essential for assessing the effectiveness of HCM sys-

tems and facility operations. Important KPIs include:

* Animal Health Metrics: Continuous monitoring of vital signs and behavior provides
early detection of health issues, improving animal welfare and research outcomes.

* Ewnvironmental Conditions: Tracking temperature, humidity, and other environmental
factors ensures optimal living conditions for laboratory animals.

* Operational Efficiency: Metrics such as equipment utilization rates and maintenance
response times help in evaluating and improving facility operations.

7.3 Data-Driven Decision Making

Leveraging analytics enables informed decision-making, leading to enhanced research

quality and operational efficiency. Benefits include:

* Predictive Maintenance: Analyzing equipment performance data can predict failures,
allowing for proactive maintenance and reducing downtime.

* Resource Optimization: Data insights assist in optimizing resource allocation, such as
staffing and equipment usage, leading to cost savings.

* Enhanced Research Design: Real-time data allow researchers to adjust experimental
protocols promptly, improving study accuracy and reliability.
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7.4 Continuous Improvement

Continuous analysis of data collected through HCM systems fosters ongoing improve-

ments in facility operations and research practices. Strategies include:

* Feedback Loops: Implementing systems that provide continuous feedback enables
rapid identification and correction of issues.

* Benchmarking: Comparing performance metrics over time or against industry stan-
dards helps in setting goals and measuring progress.

* Training and Development: Data insights can identify areas where staff training is
needed, promoting professional development and operational excellence.

In conclusion, integrating HCM systems with centralized facility management and
leveraging real-time data analytics are pivotal in advancing laboratory animal research.
These strategies not only enhance animal welfare and research quality but also drive oper-
ational efficiency and continuous improvement within research facilities.

8 Overcoming Operational Challenges
with Process Optimization

8.1 Change Management and Staff Training

8.1.1 Engaging Stakeholders

Successful implementation of HCM systems requires the active involvement of stakehold-
ers across all organizational levels. Engaging animal care technicians, researchers, veteri-
narians, and administrative personnel fosters a sense of ownership and facilitates smoother
transitions. For instance, a facility addressed the issue of overfilling feed hoppers by
involving technicians in identifying the root causes and collaboratively developing solu-
tions. This participatory approach not only resolved the problem but also enhanced team
cohesion and morale.

8.1.2 Training Programs

Comprehensive training is pivotal for the effective adoption of HCM technologies.
Training programs should encompass both theoretical knowledge and practical skills, tai-
lored to the specific roles of staff members. For example, initiatives like the TEATIME
consortium (https://www.cost-teatime.org) have emphasized the importance of standard-
ized training to improve reproducibility and robust experimentation. Such programs often
include webinars, technology catalogues, and hands-on workshops to ensure that staff are
well-equipped to utilize new systems effectively.

8.1.3 Communication Strategies
Transparent and continuous communication is essential during the transition to HCM sys-
tems. Regular updates, feedback sessions, and recognition of staff contributions can
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alleviate apprehensions and build trust. In the aforementioned facility, management main-
tained open lines of communication through team meetings and one-on-one interactions,
providing positive reinforcement and addressing concerns promptly. This approach not
only facilitated behavioral changes but also established a culture receptive to future
innovations.

8.2 Cost-Benefit Analysis of Process Improvements

8.2.1 Evaluating Investments

Implementing HCM systems involves initial capital expenditures for equipment, software,
and training. However, these investments can lead to significant long-term savings. For
instance, transitioning to environmental health monitoring (EHM) methods, such as
exhaust dust testing, has been shown to reduce annual costs by approximately 26% com-
pared to traditional sentinel-based systems (Luchins et al. 2020). Savings stem from
decreased animal purchasing, maintenance, and technician time.

8.2.2 Return on Investment (ROI)

Assessing ROI is crucial to justify the adoption of new technologies. Facilities that have
implemented data-driven strategies, like optimizing cage utilization, have realized sub-
stantial financial benefits. Additionally, investments in automated systems, such as IVCs,
have demonstrated labor cost reductions by extending cage-changing intervals, thereby
increasing technician efficiency (Taylor et al. 2019).

8.2.3 Prioritizing Initiatives

To maximize impact, facilities should prioritize initiatives that offer the highest ROI and
align with institutional goals. Implementing standardized digital forms and centralized
data management systems can streamline operations, reduce errors, and enhance
compliance.

8.3 Case Study: Performance Based Cage Change

Collins et al. (2025) evaluated the use of machine learning and predictive Al to determine
cage change frequency for mice housed in IVCs. Traditional biweekly cage changes, often
based on visual inspection, can be subjective and lead to unnecessary labor and resource
use. The study developed an algorithm trained on human annotations of soiled bedding
and the Bedding Status Index (BSI), a digital measure of cage wetness. The Al reliably
identified soiled cages with >90% accuracy in standard-density cages and slightly lower
accuracy in single-housed animals (76%). Using this approach, the researchers were able
to extend cage change intervals, by implementing a system of visual indicators to perform
spot changes (Jones et al. 2022). These actions were performed without compromising
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animal welfare, reduce labor, and improve vivarium operational efficiency, demonstrating
how HCM systems can drive sustainable, data-driven management practices in research
facilities.

Implementation of the AI algorithm resulted in a ~ 50% reduction in cage changes
within the facility operations, saving significant labor and supplies. In addition, research-
ers were eager to adopt this practice, as it meant their research animals were less fre-
quently disturbed and enjoyed a more stable caging environment.

In summary, the successful implementation of HCM solutions hinge on strategic
change management, comprehensive staff training, and thorough cost-benefit analyses. By
engaging stakeholders, providing targeted training, maintaining open communication, and
carefully evaluating investments, research facilities can enhance animal welfare, improve
data quality, and achieve operational efficiency.

9 Future Trends in Operational Management

1. Embracing Lean and Kaizen: A Fresh Approach to Daily Work
Operational management in animal laboratory facilities is evolving. The need to work
smarter, more flexible, and with greater accountability makes Six Sigma essential for
cutting waste, simplifying processes, and fostering continuous improvement. Actively
involving the entire team empowers everyone to enhance daily operations.

2. Integrated Digital Platforms: Building Blocks of Innovation
At the heart of this transformation are digital platforms that link HCM with systems
such as AMS, BMS, and LIMS. This centralized control and real-time insight support
tech adoption even in existing setups, reducing barriers and protecting investments.

3. Data-Driven Decisions: From Information to Action
Making informed decisions is more critical than ever. Advanced analytics, dash-
boards, and alerts help managers and technicians act early, preventing issues from
escalating. Continuous monitoring of cage conditions, welfare, and resource utili-
zation transforms data into actionable insights that enhance productivity and ani-
mal care (Fuochi et al. 2023).

4. Evolving Roles and Skills: The Workforce of Tomorrow
The digital shift is redefining roles. Technicians and managers now require digital skills
to interpret and utilize data effectively. Emerging roles, such as Digital Vivarium
Managers and Automation Specialists, require ongoing training and internal champions
to foster a culture that confidently embraces technology.

5. Sustainability and Environmental Responsibility
Sustainability is becoming a priority, and HCM technologies support the identification
of high-impact opportunities. Continuous monitoring reduces the use of supplies, utili-
ties, and other consumables, cutting costs and minimizing environmental impact. These
tools support institutional and governmental environmental goals and help progress
toward carbon neutrality.
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6. Smaller, Smarter Facilities with Ethical Commitment
Digitally optimized facilities can function efficiently at any scale. Enhanced monitor-
ing leads to better welfare and scientific outcomes, reducing the number of animals
needed and upholding the 3Rs (Reduction, Refinement, Replacement).

7. Comprehensive Workflow Automation
Automation now goes beyond cage monitoring. It supports broader workflow optimiza-
tion, adjusting washing schedules by occupancy, tracking equipment with RFID or
quick response (QR) codes, and using robots for transport and cleaning. This stream-
lines operations, reduces errors, and frees staff to focus on more skilled work.

8. Managing Change: Overcoming Challenges Together
Reaching advanced standards requires managing change carefully. Digital transforma-
tion often meets resistance. Strong change management, thorough training, and trusted
internal advocates are key to building confidence in new technologies.

9. Animal-Centered Operational Planning
A shift toward animal-centered planning is underway. Using behavioral data to sched-
ule tasks, such as cage changes or maintenance, improves welfare and resource
efficiency.

10 Conclusion

The future of operational management in laboratory animal facilities lies in leveraging
HCM systems to create a digital, connected, and sustainable research environment. By
integrating continuous monitoring, automated data collection, and centralized platforms,
HCM enhances operational efficiency by reducing errors, optimizing resource use, and
freeing staff from repetitive tasks. These efficiencies allow personnel to focus on high-
value activities, improving workflow and supporting professional development.

HCM monitoring directly contributes to overall sustainability of the operation, by not
only lowering consumption of supplies and utilities, but through staff development and
engagement. By providing avenues for growth and career opportunities, HCM systems
enable staff to leverage their knowledge of these systems for future operational and
research employment opportunities. At the same time, continuous, noninvasive monitor-
ing improves animal welfare by providing more precise oversight of health and behavior,
enabling early interventions, and responsible use of animals in accordance with the 3Rs
(Replacement, Reduction, Refinement).

By combining smarter operations with ethical care, HCM systems strengthen research
outcomes, ensuring more reliable, reproducible, and timely data while positioning facili-
ties as leaders in efficiency, responsible innovation, and scientific excellence.
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Abstract

Home cage monitoring (HCM) is increasingly being used in scientific studies but its
application in the field of animal welfare is lagging. Advances in animal research are
predominantly driven by scientific projects whose primary goal is increasing scientific
knowledge but not animal welfare. Harnessing the potential of HCM to optimize ani-
mal welfare is clearly an ethical matter of Refinement, but it is also a prerequisite for
improved quality and replicability in science and acceptance in society. HCM develop-
ments allow for uninterrupted recording of various parameters, and their analyses can
be exploited for improved welfare monitoring. Here we provide an overview regarding
animal welfare measures used in HCM studies and describe new developments in dif-
ferent research areas based on new methodological developments. We point at the
importance of combining different readouts as integrative toolbox for an optimal
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severity assessment regarding experimental and/or humane endpoints as refinement to
reduce unnecessary and avoidable discomfort. Dynamical analyses are required because
for example alterations of circadian activity (fragmented sleep-wake cycles) require
discrimination of deviations during light and dark phase, e.g. hyperactivity during the
light and hypoactivity during the dark phase. Finally, we must be careful about the
changeover from physiology to pathology because basic knowledge about many mea-
sures in 24/7 HCM is not yet known. Most studies predominantly used young adult
animals and provide data originating from short-term experiments performed outside
the home cage. These cannot serve as gold-standard when it comes to animal welfare.
Many factors such as age, sex, and (sub-)strain can all affect HCM measures and require
further exploration to better understand the current physiology-pathology gap to sup-
port animal welfare assessment. Future perspectives of HCM technologies and their
potential applications for animal welfare monitoring are discussed.

Keywords

Animal models - Animal welfare - Physiology - Pathology - Refinement - Discomfort
assessment - Monitoring of breeding with discomfort

Abbreviations

Al

Artificial intelligence

BP  Blood pressure

CRF Corticotropin-releasing factor
ECG Electrocardiogram

EEG Electroencephalogram

EEP Experimental endpoint

HC  Home cage

HCM Home cage monitoring

HEP Humane endpoint

LPS Lipopolysaccharide

ML  Machine learning

T

1

Body temperature

Introduction

“Happy animals make good science.” This statement was coined by Poole (1997). He
concluded that “happy” animals are busy, confident, and behave normally. He went on to
say that good, kind treatment and simple humane training are beneficial both in reducing
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stress and in producing confident, cooperative animals that are easily handled. Subsequently,
these animals will also be the best subjects for scientific investigation. While the essence
of his account is still appreciated today, his choice of words is not well-received nowadays
due to its anthropomorphic nature and association with psychological well-being, whereas
animal welfare encompasses physical health, emotional state (psychological state), and
the chance to display natural behaviours in a proper environment. Ohl and Van Der Staay
(2012) argued that the general concept of animal welfare recognizes that an animal’s wel-
fare status at any given time lies on a continuum between negative welfare, i.e. suffering,
and positive welfare, i.e. well-being. This concept acknowledges that animals are active
participants in their environment, and they have the ability to adapt. According to this
concept, animal welfare is not threatened as long as an animal is able to meet (cope with)
environmental challenges. However, an animal’s welfare may be compromised if adverse
internal or external factors (or their interaction) challenge its adaptability to the extent that
it cannot adapt to the prevailing environmental circumstances to reach a state that it per-
ceives as positive (or at least neutral). Positive welfare implies that the animal has the
freedom and capacity to react appropriately (i.e. adaptively) to both positive and poten-
tially harmful (negative) stimuli. Lewejohann et al. (2020) extended the welfare concept to
include a more holistic, quality of life, approach focusing on good living rather than the
mere avoidance of adverse conditions through, for example, environmental enrichment by
toys and palatable food rewards for psychological well-being besides physical well-being
(see Chap. 9). Consequently, the core unit of animal welfare is the subjective perception of
an individual. This raises the important question of how to effectively assess animal wel-
fare, not just for the sake of the animal, but also to ensure the quality and reliability of the
scientific results obtained if sub-optimal welfare is not the topic under investigation but
may impact on the readout measures of this investigation. Here longitudinal automated
measures assessed in the home cage play a vital role as objective criteria of well-being (the
physiology), compromised states of well-being, and its (gradual or more sudden) turnover
to pathology.

In research facilities, rodents are kept in standard housing conditions comprising a
“shoebox” cage containing bedding, food and water, nesting material, and some form of
enrichment, such as a wooden block, cardboard house, or loft. In Europe (EU), the mini-
mum standards are set out in Appendix A of the EU Convention for the protection of ver-
tebrate animals used for experimental and other scientific purposes (ETS No. 123) and
Annex III of the EU Directive 2010/63/EU. According to the EU Directive, animals must
be provided with accommodation and an environment that is appropriate to their health
and well-being. This includes food and water. The minimum standards regarding cage
dimensions and provisions inside and outside the cage according to Appendix A of ETS
No. 123 are a compromise between what is practically achievable and acceptable within
the scientific context and what are considered appropriate housing conditions for the spe-
cies. Compared to conspecifics living in the wild, captive animals exhibit restricted behav-
ioural repertoires. However, it was shown with rats bred and kept in a laboratory setting
for generations that they have not lost the capability for more “wild-like” behaviours if
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released in the wild (Berdoy 2002). In accordance with the welfare principles described
earlier, laboratory rodents have adapted to the laboratory conditions and may have reached
a state that is perceived as positive. That said, different strains of mice and rats exhibit dif-
ferent behavioural repertoires that may require different provisions in the cage (Tam and
Cheung 2020; Dwinell et al. 2025) in line with article 33, 1 a. of the EU Directive 2010/63/
EU requiring that all animals are provided with accommodation, an environment, food,
water;, and care which are appropriate and b. requiring that any restrictions on the extent
to which an animal can satisfy its physiological and ethological needs are kept to a mini-
mum to their health and well-being. Daily checks of the environmental conditions in which
animals are bred, kept, or used are required by article 33, 1 c. of the EU Directive 2010/63/
EU and arrangements should be made to ensure that any defect or avoidable pain, suffer-
ing, distress, or lasting harm discovered is eliminated as quickly as possible (2010/63/EU
Art. 33, 1d.).

Mice and rats are nocturnal animals, which generally sleep during the daytime when
daily checks are performed. The prevailing view is that unnecessary disturbance of noctur-
nal animals does not contribute to their welfare. Therefore, it is not common practice to
carry out thorough daily checks on each animal. Instead, each animal will typically
undergo a physical check and be handled at least once a week, for example, during cage
cleaning. However, the EU Commission’s working document on a severity assessment
framework sets out general considerations for a severity assessment (Severity assessment
framework (2010/63/EU). Luxembourg: Publication office of the European Union; 2018.
p. 76.) explains that it should be a continuous process. This process begins with the initial
study design and continues through the day-to-day monitoring of animals during the proj-
ect and the actual severity assessment upon completion of the study providing opportuni-
ties to identify further refinement options for future studies. The working document
specifies the requirements for an effective severity assessment. Amongst these day-to-day
severity assessment systems, those that are appropriately tailored to the species, strain, and
project are listed. This includes informed and structured observations of animals at appro-
priate intervals and analysis of these observations to make an informed judgement on the
nature and level of suffering.

Recognizing abnormalities requires a good knowledge and understanding of what is
considered normal for the species, strain, and sex in question. Monitoring day-to-day
behaviour of laboratory animals and comparing time budgets allocated to different behav-
ioural domains is a feasible approach to analyse normal behaviour in laboratory rodents
(Lewejohann et al. 2020). Similarly, pain-associated behaviours have been identified in
rodent species (Roughan and Flecknell 2003; Leach et al. 2012; Wright-Williams et al.
2013). A comprehensive protocol for the welfare assessment of laboratory animals
includes assessment of behaviours that are associated with animal suffering (Hawkins
et al. 2011). However, detecting spontaneous behaviours in rodents that are associated
with pain or distress is complicated because mice and rats are prey animals that attempt to
elude the attention of predators, including humans, by concealing signs of weakness,
injury, or pain (Arras et al. 2007). The inclusion of easily visible indicators of welfare
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albeit indirect, like the appearance of the cage, the condition of the nest and the bedding,
and the organization and condition of the territory add to the validity of the welfare assess-
ment. Since the cage area of animals in a positive state of welfare should be clearly struc-
tured with obvious areas for defecation and sleeping. In contrast, direct indicators, such as
provoked behaviour assessment require direct interaction with the animal while body con-
dition, and posture can only be assessed when the animal is visible. As is the assessment
of the mouse or rat facial expressions according to the respective grimace scales (Langford
et al. 2010). Physiologic parameters such as heart rate, blood pressure and body tempera-
ture can be recorded over longer periods but require implanted telemetric devices (Wright-
Williams et al. 2013).

In a study aimed at identifying the most valid, reliable, and practical indicators of labo-
ratory mouse welfare, participants in a Delphi consultation survey ranked 59 welfare indi-
cators according to whether they were suitable for either a half-day (4 h) unit audit or a
daily welfare assessment. For each scenario, they identified ten key indicators (Campos-
Luna et al. 2019). For the daily welfare assessment, these were: (1) Hunched position; (2)
Coat condition; (3) Bite wounds/marks; (4) Exhibition of abnormal behaviour; (5) Room
temperature; (6) Wounds (other than bite wounds); (7) Exhibition of normal behaviour; (8)
Usage of nesting material; (9) Pups outside the nest; (10) Alertness. Behavioural indica-
tors were considered important with over 95% of the participants deeming the exhibition
of both normal and abnormal behaviour to be valid. However, fewer than 75% of the par-
ticipants assessed them as reliable, and around 80% as practical (Campos-Luna et al.
2019). This was in 2019, before Home Cage Monitoring (HCM) became more widespread
(Kahnau et al. 2023). HCM allows the recording and real-time analysis of animal activity
and behaviours 24/7 over extended periods by installing movement-sensitive plates under
the cage, often in combination with one or more cameras and neural network data analysis.
This enables the detection of activity and behaviours, as well as changes thereof, also at
times when mice and rats are most active and humans are least likely to be present, and
therefore, it went unnoticed until the introduction of HCM.

An animal’s behavioural response depends on the context, its species-specific behav-
ioural repertoire and its individual adaptability at any given moment (Ohl and van der
Staay 2012). By observing changes in an individual’s response to a given stimulus over
time and recognizing behaviours and activity patterns that are indicative of reduced wel-
fare, it is possible to assess an animal’s state of welfare. HCM provides continuous moni-
toring of behaviours and activities that are among the top ten of welfare indicators, thereby
achieving an unprecedented level of surveillance of laboratory rodents.

The main aim of this chapter is to provide an overview of the spectrum of measures that
can serve as readouts for HC animal welfare assessment, current methodological develop-
ments applicable in HCM animal welfare monitoring as well as limitations and future
needs for successful refinement of animal experiments.
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2 The Importance of Knowledge of Physiology and Its
Turnover to Pathology

In animal disease models, understandings of physiological systems provide the fundamen-
tal framework required to differentiate pathological processes. By knowing the range of
values of physiological functions, scientists can detect and quantify deviating values that
may be indicative of discomfort and/or disease. Understanding baseline physiological
functions and how these are altered under pathological conditions is essential for interpret-
ing experimental outcomes. This forms the basis to unravel systemic disruptions, their
molecular basis, and evaluate therapeutic interventions. Preclinical researchers must
therefore have a thorough knowledge of both normative biological processes and the com-
pensatory responses that emerge when these processes are dysregulated, to accurately
assess disease mechanisms and evaluate potential therapeutic interventions (van der Worp
et al. 2010). By monitoring baseline biological processes, scientists can detect deviations
indicative of disease, unravel molecular and systemic disruptions, and evaluate therapeutic
interventions.

In this context, accurate knowledge of physiological values (ranges) under undisturbed
conditions—such as within the home cage (HC)—is essential not only for detecting
disease-related deviations but also for evaluating animal welfare. Home Cage Monitoring
(HCM) systems offer a powerful, non-invasive means of continuously assessing spontane-
ous behaviours and physiological rhythms in rodents without the confounding effects of
human handling or exposure to novel environments. These automated systems can detect
objectively quantifiable parameters such as locomotor activity, circadian rhythm, feeding,
drinking, and sleep patterns in real time, providing robust longitudinal data under mini-
mally stressful conditions (Richardson 2015; Redfern et al. 2017). For instance, glucocor-
ticoids—steroid hormones released in response to stress—exhibit a circadian rhythm and
are tightly regulated under physiological conditions. Deviations from this baseline, such as
prolonged or excessive glucocorticoid secretion, can profoundly disrupt homeostatic
mechanisms and lead to long-term alterations in brain function and behaviour (McEwen
2007). In anxiety-related research, the hypothalamic-pituitary-adrenal (HPA) axis plays a
central role in mediating stress responses through the release of glucocorticoids such as
corticosterone in rodents. Home Cage Monitoring allows for the indirect assessment of
HPA axis activity by tracking behavioural correlates of stress, such as changes in circadian
locomotion or feeding suppression, while also reducing the confounding stress induced by
traditional testing paradigms (Balci et al. 2013). Circadian rhythms regulate a wide range
of physiological functions—including hormone secretion, immune activity, and drug
metabolism—and their disruption or neglect in experimental design can lead to mislead-
ing efficacy profiles that fail to replicate in human trials (Perel et al. 2007; Dallmann et al.
2014). For instance, HCM of circadian activity of male C57BL/6J mice has been per-
formed in the HC environments by different methods such as camera tracking (Hager et al.
2014; Loos et al. 2014), RFID sensors (Freund et al. 2013), movement detection (Lynch
etal. 2011), or capacitance sensing technology (Pernold et al. 2019). In general, nocturnal
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rodent species show a relatively characteristic activity pattern that is altered depending on
the group size, age, and sex of mice. Consequently, deviations from the circadian activity
pattern can have different directions depending on the phase of the day. Deviations can be
induced by mild stressors such as cage change or health checks leading to adrenergic acti-
vation (arousal) resulting in transient hyperactivity when commonly performed in the light
phase by animal care personnel (Pernold et al. 2019). This leads to increased arousal that
in the light (inactivity) phase leads to increased activity (e.g. novelty exploration after cage
change). In turn, during the dark phase, when rats and mice are generally more active,
emotional challenges such as shock exposure in aversive learning leads to a 2-h post-shock
activity suppression in C57BL/6J and 6N mice as index of altered affect respectively
increased anxiety (Hager et al. 2014). This effect can be explained by the bi-directional
effects of corticotropin-releasing factor (CRF), an early neuropeptide signal in the
hypothalamic-pituitary-adrenal cortex (“stress”) axis activation cascade resulting in a
transient corticosterone increase in rodents. Under habituated resting conditions in the
home cage, CRF increases locomotor activity by increasing arousal, whereas under chal-
lenged conditions, CRF reduces locomotor activity (Stiedl et al. 2005).

Locomotor activity changes triggered by novelty are generally accompanied by corre-
sponding heart rate, blood pressure and body temperature changes indicative of physiolog-
ical support of behaviour as shown in rats (Beerling et al. 2011). When these changes are
correlated with physical activity these changes reflect physiological functions and are
adaptive changes in response to altered metabolic demands. The situation becomes differ-
ent with emotional stressors that can elicit for example transiently tachycardia in the home
cage to a conditioned fear stimulus in the absence of increased physical activity.
Furthermore, the recovery (physiological readjustment) to baseline values may be pro-
longed/delayed after the offset of the stressor as shown for heart rate and blood pressure
after conditioned auditory cue exposure (Tovote et al. 2005) and for rats long after social
defeat with elevated heart rate despite low activity (Koolhaas et al. 2011). Even more pro-
nounced is the delay of stressor-induced hyperthermia (Beerling et al. 2011). Thus, HCM
with long-term recordings of physiological parameters is well suited to identify deviations
from the physiological state and draw conclusions on pathological changes. However,
interpretations about transient increases in physiological values due to physiological sup-
port of behaviour instead of potential pathological deviation must be taken care. Increased
locomotor activity during the light phase and decreased locomotor activity in the dark
phase are a starting point for more specific checks. An important issue here is the general
state of the animals such as posture (arched back, rough coat, facial expression, body
weight, etc.) as complementary indirect information about the general health status of
animals. Short recordings may provide additional information. However, linear methods
especially for cardiovascular measures of animals are inferior to assessment of heart rate
dynamics by nonlinear methods to identify pathological states but requires high data qual-
ity (Hager et al. 2025). In case of heart rate measures, this can currently only be obtained
in HCM by radiotelemetry, which has the disadvantage of being an invasive approach
requiring considerable postsurgical recovery times (Stiedl et al. 2004). However,
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near-infrared imaging allows to measure heart rate non-invasively (Pereira et al. 2019;
Mosch et al. 2023) besides providing additional valuable measures in HCM such as tem-
perature and respiration rate as described below.

In mouse models of neurodegenerative disease such as Alzheimer’s disease a frag-
mented circadian activity is indicative of a progressed pathological state (Sheehan and
Musiek 2020). In general, HCM allows to especially detect activity changes faster than
body weight changes as recently reported after SARS-CoV-2 virus exposure of mice
(Gaburro et al. 2022; Kaufmann et al. 2022). This can be exploited to detect deviant states
relatively fast so that decisions can be made about HEPs to limit the discomfort experi-
enced by laboratory animals. This provides a basis for the implementation of early HEP
decisions as important contribution to animal welfare refinement. When evaluating the
outcome of Dementia- and Alzheimer-related pathology in animal models, it should be
noted that normal aging process also can make some contribution to the cognitive decline.
Care is required in discriminating between cognitive impairment from emotional effects
such as increased anxiety on higher cognitive function (Diamond et al. 2007) with nega-
tive impact of adverse states on cognitive function as reported in mouse models of
Alzheimer’s disease such APPswe/PSEN1dE9-transgenice mice with elevated anxiety
(Abdollahi Nejat et al. 2024). Consequently, HCM approaches improve animal welfare
and scientific precision by reducing unspecific confounding stressors.

Environmental enrichment is widely recognized for its role in improving animal wel-
fare. Enriched environments and long-lasting HCM approaches reveal individual differ-
ences (Freund et al. 2013; Hager et al. 2014) that remain suppressed under standard barren
conditions (Wiirbel 2001). Essentially, enrichment is a form of experience-dependent
adjustment of the individuals’ response to any novel stimulus and avoids the general
hyperresponsiveness of naive unexperienced mice in many tests (Stiedl et al. 2004).
Interindividual differences can emerge especially in emotional responsiveness due to dif-
ferent coping styles, which are associated with different stress-susceptibility and turnover
from adaptive to maladaptive consequences. Higher vulnerability of proactive responders
is associated with increased aggression, impaired decision-making and/or increased
impulsivity (Koolhaas et al. 2017). Thus, environmental enrichment may increase the
interindividual differences (individuality) resulting in increased data variation depending
on the measures and the duration of behaviour tests. Variation in transfer latencies in pas-
sive avoidance latencies is lower in out-of-the cage tests compared to a HCM approach
(Hager et al. 2014). However, rather than treating environmental enrichment as a con-
founding variable, it should be seen as an opportunity to increase ecological and transla-
tional validity. Importantly, HCM systems provide a powerful platform to assess the
effects of environmental enrichment in real time and under minimally stressful conditions
and to monitor its effects on animal welfare under these refined housing conditions (e.g.
reduced stereotyped behaviour). By integrating environmental enrichment into HCM sys-
tems, researchers can systematically study how individual animals respond to complex
and dynamic environments over time, offering insights into resilience, adaptability, and



Enhancing Animal Welfare Through Home Cage Monitoring Systems 77

early behavioural markers of disease. We do not elaborate on environmental enrichment
here in more detail since this topic is covered more specifically in Chap. 9.

Finally, understanding physiology and its turnover into pathology is especially impor-
tant when considering the age of the animals used in preclinical research and its impact on
animal welfare. Most of the available studies are performed in young adult animals,
whereas the age-dependency of disease progression is frequently not investigated simply
for financial reasons. Studies on biological aging of mice by longitudinal HCM underscore
the importance of the investigations of sex- and age-related changes resulting in increased
frailty (age-related functional decline with increased physical vulnerability) with ageing
that is more pronounced in male than in female mice and accelerated by environmental
conditions such as Western diet (Santin et al. 2021, 2024). These results demonstrate the
impact of different factors such as age, sex, sub-strain, and added experimental and many
environmental variables on animal welfare, highlighting the need to create internal stan-
dards due to unavoidable idiosyncratic differences between animal facilities (see also
Chap. 13).

3 Identifying Reliable Clinical/Animal Welfare Symptoms
Through Continuous HCM

The predominantly used current daily monitoring of animal well-being by brief visual
inspection and its limitations (as mentioned in the Introduction) are a motivating factor to
improve animal welfare as important refinement in laboratory animal facilities. As dis-
cussed above, clinical scores provide valuable information about the general state of the
health status of laboratory animals. However, they only inform about obvious changes in
behavioural and physiological measures that can reflect pronounced alterations of the
affective state. By going beyond standard clinical scores and integrating more sensitive
parameters into a HCM concept, the affective/emotional state of the animals can be
assessed in more detail. This can take the continuous routine assessment of well-being and
severity in individual animals to a substantially improved new level of sensitivity. On the
other hand, such approaches provide a basis for a comparative assessment of severity,
which enables the refinement of models and techniques based on animal welfare consider-
ations and its comparative validation. In addition, HCM with multidimensional schemes
can support the classification of new models including new genetically modified lines and
their legal demands. Thereby, a better characterization of genetically modified lines for
potential breeding with hampered phenotype (Zintzsch et al. 2017) is possible with a range
of various candidate parameters described in more detail below. Therefore, HCM can
improve or augment the phenotyping of GA lines to the benefit welfare (assessment) and
science.

The dynamics of alterations in the readout parameters, as discussed above, needs to be
taken into account when working with chronic models. Age can have a tremendous impact
on the burden related to specific pathophysiological mechanisms and symptoms. This
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requires careful considerations with application of continuous monitoring concepts when
assessing cumulative severity in models with progressive disease states, neurodevelop-
mental disorder models, or age-related disorder models.

3.1 Activity-Related Measures (General Locomotion, Rearing,
Climbing, Nest Building, Burrowing, Grooming)

An obvious parameter that can be continuously assessed in an HCM system with auto-
matic tracking of animals via different technical approaches is locomotor activity.
Circadian rhythmicity needs to be considered in daily routine monitoring of the well-being
of animals. Among other parameters locomotion and activity-related behavioural param-
eters show pronounced circadian patterns (Bermudez Contreras et al. 2022; Perry et al.
2025). While bursts of activity and periods of resting occur during the entire day, higher
activity levels are characteristic for the dark phase and lower levels for the light phase. The
long-lasting hyperactivity during the light phase disrupting the sleep phase by the weekly
cage change and thorough health check is well documented (Pernold et al. 2019). Even
more importantly alterations in circadian rhythmicity can constitute a valuable readout
parameter. Post-surgical pain, tumour-related disease states, adverse effects of analgesic
drugs, chronic disorders, and tethered recording techniques can result in a loss of pro-
nounced circadian rhythms or an alteration of rthythms (Arras et al. 2007; Moller et al.
2019; Golini et al. 2020; Colwell 2021; Zhang et al. 2021b; Aulehner et al. 2022a). This
does not only apply to locomotion and activity but also other parameters changing in par-
allel with activity such as heart rate and body temperature (Arras et al. 2007). The adapt-
ability to cope with stressors has been shown by rats in a specific home cage (closed
economy) experiment. Rats deliberately changed their feeding patterns from nocturnal to
diurnal to avoid unpredictable foot shocks in the dark phase encountered in the area pro-
viding access to food and water. Thereby, the rats deliberately regained control resulting
in shock avoidance (Pellman et al. 2015).

Hyperlocomotion has for instance been described in models of neurological or neuro-
psychiatric disorders in GluA1 receptor subunit-deficient mice (Reiber et al. 2022c), and
in a series of genetic and induced epilepsy models (van Dijk et al. 2020; Reiber et al.
2022b). Hyperactivity can reflect an increased level of arousal or restlessness, which can
be associated with a transient and/or chronic distress situation for the animals, as they
might be more sensitive towards influencing factors such as cage changes or handling.
Hypolocomotion may be directly related to model- or intervention-induced motor deficits,
but more often to impaired general health and well-being, e.g. related to sickness behav-
iour, general distress, anxiety, and/or pain (e.g. in a colitis model (Zentrich et al. 2021)).
In this context, wheel running behaviour has also been validated as a well-being- and
severity-related readout parameter with alterations reported across different models and
paradigms including a colitis model, a pancreatic cancer model, and a restraint stress para-
digm (Hager et al. 2018; Weegh et al. 2020, 2021).
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The analysis of vertical activity with rearing, climbing, and cage lid hanging can be of
additional interest. Cage-lid hanging behaviour was the most interesting readout parame-
ter in the HomeCageScan® automated behavioural scoring system with alterations linked
to different types of pain and informative value confirmed by a response to analgesics in
different pain states (Zhang et al. 2021a).

HCM monitoring allows a comprehensive collection of data for parameters related to
innate behavioural patterns that are evolutionary determined but not necessarily essential
for survival in a laboratory animal facility. A reduction or alteration in such behavioural
patterns among others comprising social interaction, nest building, burrowing, or groom-
ing can be a consequence of a compromised general well-being for instance related to
disease symptoms, sickness behaviour or pain (Jirkof 2014; Turner et al. 2019; Aulehner
et al. 2022b).

Nest building activity can be analysed by measurement of the time to handle or inte-
grate nest material (Héger et al. 2015; Oliver et al. 2018). Moreover, the quality of the
constructed nest can serve as an indirect measure of nest building (Schwabe et al. 2020).
An impact of pain states and of sickness behaviour has been reported because of different
surgical interventions and disease models (e.g. Arras et al. 2007; Jirkof et al. 2013; Jirkof
2014; Aulehner et al. 2022b). According to Schwabe et al. (2020), who reported a pro-
nounced inter-facility variability, the impact of vendor, experience, exact animal strain
information, sex, and local environmental influences needs to be considered when inte-
grating this parameter in well-being and severity assessment schemes. However, this is
also relevant for other parameters.

Burrowing was identified as indicator of postsurgical pain states in laboratory rodents
based on a validation in mice (Jirkof et al. 2010). In this and subsequent studies by various
groups, a reduction in burrowing activity was observed in response to pain states with a
preventive effect of potent analgesics (e.g. Wodarski et al. 2016; reviewed by Turner et al.
2019; Aulehner et al. 2022b; Riedesel et al. 2023). Based on these findings the analysis of
burrowing activity has more recently been validated in the context of general severity
assessment in different disease models. A negative impact on burrowing activity has been
reported in various disease models and following interventions by different groups (Koska
et al. 2019; Seiffert et al. 2019; Boldt et al. 2021).

Along this line, a negative influence on grooming (generally autogrooming) activity has
been described in response to exposure to anaesthesia/analgesia and surgical procedures
(Oliver et al. 2018). Grooming can be analysed based on transfer of a fluorescent sub-
stance applied to the skin between the ears of mice (Grooming transfer test scoring, (Oliver
et al. 2018)) or based on an analysis of movement patterns. Grooming can lead to stereo-
typed (obsessive-compulsive-like) behaviour resulting in skin irritations of self and/or
cage mates (Feusner et al. 2009).
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3.2 Posture and Gait

Changes in posture and gait are commonly analysed to detect and classify pain in labora-
tory animals. The alterations largely depend on the type (somatic, visceral, neuropathic;
acute/chronic) and localization (body region and deep or superficial) of the pain. As an
example, abdominal pain can be associated with arching of the back, writhing, and press-
ing of the abdomen to the cage floor. Thus, it is of particular interest to not only assess
behavioural patterns but also monitor alterations in posture and gait of the animal.
However, gait change as observed in lipopolysaccharide (LPS)-induced neuroinflamma-
tion models is commonly performed outside the HC (Carregosa et al. 2024).

3.3 Grimace Scale

Since the first intense evaluation in laboratory mice by Langford and colleagues (Langford
et al. 2010), grimace scales have been intensely characterized and studied across different
laboratory animal species and various pain states (for detailed reviews see Turner et al.
2019; Aulehner et al. 2022b; Onuma et al. 2024). While the grimace scales can also be
affected by general sickness behaviour or by adverse effects of drugs such as anaesthetics
and analgesics, they have been well validated in the context of the assessment of acute pain
states (Onuma et al. 2024). Intense efforts have already been made to develop algorithms
allowing automated analysis of facial expressions in the home cage setting (Andresen
et al. 2020; Ernst et al. 2020a, b; McCoy et al. 2024).

3.4 Social Interaction and Vocalization

Among these parameters, social interaction is standing out as rodents are highly social
animals, which seek contact with other animals. Associated with model- or intervention-
associated distress or suboptimal husbandry conditions, animals might exhibit a reduction
in social interaction or an increased level of aggressive behavioural patterns. In this con-
text, the impact of sex and age requires consideration (Reiber et al. 2022a; Granza
et al. 2023).

HCM toolkits include the recording and analysis of vocalizations through the installa-
tion of microphones in the cage. Vocalizations are important in the communication of mice
and rats (Capas-Peneda et al. 2022; Agarwalla et al. 2023; Klaus et al. 2025) and will
contribute to the refinement of welfare assessment.

Long-term monitoring of vocalization in the HC is expected to contribute to refined
phenotypic characterization of social interactions in mice. Intraspecific communication
signals from mating to aggression range from lower-frequent (10 kHz) up to the ultrasonic
range (e.g. Hobson et al. 2020) and can also be picked up from mouse and rat pups after
birth (Hofer et al. 2001).
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3.5 Drinking, Feeding, and Body Weight

Drinking and feeding can be monitored by tracking in specific areas, including contact
with food or water bottles. More accurate information about the actual water or food
intake per unit of time requires measurement of remaining water or food at predefined
intervals. Both parameters can be affected by distress, suffering, and pain of the animals.
When interpreting the data, it must be carefully considered that thirst and hunger can also
be influenced by direct or indirect effects on specific brain regions (e.g. related to neuro-
stimulation or neuropathological alterations in a model of a neurological disorder or by
metabolic diseases).

Anhedonia-associated behavioural patterns can be assessed based on measuring sac-
charin or sucrose preference with exposure to two bottles, one filled with water, and the
other one with a sweet solution. A reduction in the preference for a sweet solution has been
described in different disease models, following interventions or related to specific hus-
bandry and housing conditions (e.g. Renner et al. 2016; Boldt et al. 2021; Kurogi et al.
2023). The lack of anticipatory behaviour in response to signalled palatable food reward
(appetitive conditioning) is one of the prominent symptoms of motivational deficits and
negative bias in a rat depression model (Von Frijtag et al. 2000).

In some HCM systems, a balance has been integrated to capture body weight informa-
tion about group-housed mice tagged with RFID chips, whenever they enter a specific area
such as a tunnel connecting two adjacent cages (Noorshams et al. 2017) or leading to the
food dispenser (Ahloy-Dallaire et al. 2019).

Near infrared-imaging has also been applied to monitor wound healing based on tem-
perature distribution profile in the wound area and to monitor inflammation-associated
regional alterations of the temperature in specific disease models (Pereira et al. 2019).

3.6 Heart Rate, Respiratory Rate, and Body Temperature

An integration of near-infrared imaging techniques in a HCM system can allow continu-
ous non-invasive assessment of vital parameters including body temperature, heart rate,
and its variability, and respiratory rate (Pereira et al. 2019; Mosch et al. 2023). Depending
on the model or intervention, these parameters are of relevance for health monitoring and
for determination of early (HEPs) endpoints. Increase in heart rate and its concomitant
decrease in heart rate variability occur in relation to arousal and various stressors due to
altered autonomous nervous system function regulating the response of the cardiovascular
system to demands (Stiedl et al. 2009; Koska et al. 2019; Buchecker et al. 2023; Hager
et al. 2025). In general, stressors result in fast parasympathetic withdrawal and slower
sympathetic activation to increase heart rate followed by a delayed recovery (return) to
baseline values in both mice and rats (Tovote et al. 2005).
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3.7 Selection of Parameters and Design of Multidimensional
Schemes for Monitoring of Health, Well-Being, and Severity

Taken together a variety of parameters and candidate parameters exist, which can be inte-
grated in HCM concepts aiming to continuously monitor the well-being of laboratory
animals. It is emphasized that not all of these parameters have so far been assessed based
on automated HCM with application in the context of animal welfare. Thus, further efforts
are necessary to design more complex smart HC systems applying well validated algo-
rithms to capture comprehensive information about an animal’s health and affective state.

Agreement exists that there is no single parameter providing sufficient information
about the level of pain or suffering of animals. A thorough assessment of the well-being of
animals requires a selection and combination of parameters tailored to the species, strain,
laboratory/husbandry conditions, model, and/or intervention. The design of composite
multidimensional schemes for monitoring of animal-welfare related alterations has pre-
dominantly focused on the development of ethograms for different pain states in various
laboratory animal species. As discussed above the alterations largely depend on the type
and localization of pain. Examples of ethograms suitable for assessment of pain states
have for instance been published (Roughan and Flecknell 2003; Leach et al. 2012; Oliver
et al. 2018). Studies applying the HomeCageScan software tool for automated analysis of
behaviours failed to clearly differentiate between groups of mice subjected to vasectomy
with and without post-surgery analgesia, but they provided evidence for chronic non-
evoked pain (Wright-Williams et al. 2013; Burand Jr. et al. 2023). These studies indicate
that it is not sufficient to apply general behavioural scoring tools but underscore the need
for a tailored design of the scoring schemes in combination with appropriate analgesic
dose as animal welfare refinement to lower animal discomfort.

It has been repeatedly demonstrated that combining selected parameters as a basis for
cluster analysis or ROC analysis can guide comparative severity assessment and can
increase the sensitivity of the monitoring approaches (Higer et al. 2018; Abdelrahman
et al. 2019; Tang et al. 2020; Wassermann et al. 2020; Mallien et al. 2022).

A bioinformatic workflow has been developed for the design of multidimensional com-
posite scoring schemes (CMS) suitable for assessment of well-being and severity (van
Dijk et al. 2020). An initial cross-correlation analysis identifies parameters with a high
level of correlation allowing to exclude parameters providing redundant information. This
pre-selection of parameters is followed by a principal component analysis allowing iden-
tification of the top parameters best distinguishing between experimental and control
groups of animals. Applying data sets for these top parameters to K-means based cluster
analysis allows a classification of individual animals to levels of severity and compro-
mised well-being. The workflow has initially been applied to rat data sets from various
epilepsy models. A more recent study validated the workflow by application to mouse
models of neurodevelopmental, neuropsychiatric, and neurological disorders (Reiber et al.
2023). An online tool (R package) has been shared, which provides a ready-to-use
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application of the bioinformatic workflow FOR assessment of well-being and severity
regardless of the models, interventions, and readout parameters (Reiber et al. 2023).

Another valuable tool has been developed by Talbot and colleagues (Talbot et al. 2022).
The RELative Severity Assessment procedure (RELSA) is an algorithm-based weighted
composite scoring system that can integrate information for various input variables. The
RELSA approach has been successfully applied to different models and interventions
resulting in a comparative severity grading in relation to predetermined reference data
(Mallien et al. 2022; Talbot et al. 2022, 2023, 2024; Schreiber et al. 2024).

4 Examples of Animal Welfare Improvements by
HCM Approaches

4.1 Early Detection of Compromised Welfare Through
Mobility Monitoring

The more relevant the markers the better, but general locomotor activity tracking appears
to be very informative by itself. Home-cage monitoring (HCM) systems enable continu-
ous, non-invasive tracking of locomotor activity in laboratory mice, offering a powerful
tool for early detection of compromised welfare. Immobility, particularly during the active
(dark) phase, is a sensitive indicator of distress or illness. A study on dextran sodium sul-
phate (DSS)-induced colitis demonstrates that mice exposed to higher DSS concentrations
exhibited significantly reduced activity and prolonged inactivity bouts, detectable before
overt clinical signs emerged (Zentrich et al. 2021). Similarly, Huntington’s disease (HD)
models showed that climbing and cage-floor activity declined as early as 8 weeks of age,
prior to visible motor deficits, highlighting immobility as an early behavioural marker of
disease burden (Bains et al. 2023). In narcolepsy models using orexin/hypocretin (HCRT)-
deficient mice exhibited fragmented activity patterns and an inability to sustain long activ-
ity bouts, which were detectable using HCM before full signs onset (Piilgaard et al. 2023).
In an LPS inflammation model, climbing, locomotion, and rearing were significantly
reduced along with increased immobility within hours of LPS administration. These
changes were evident in both short-term (5-min) and long-term (24-h) assessments, par-
ticularly during the dark phase when mice are most active. The system also detected asso-
ciated reductions in food and water intake and body weight, reinforcing its utility for early
welfare surveillance. In a Streptozotocin (STZ)-induced pancreatic p-cell destruction
type-1-like diabetes model, HCM monitoring corroborated the activity decline previously
reported by standard methods. Contrastingly, Alzheimer’s disease models showed
increased nocturnal activity (Sun et al. 2024).

Even routine procedures, including handling, weighing, and particularly cage changes
disrupted activity patterns, with effects lasting several hours among female mice, to days
in male mice (Pernold et al. 2019). These findings underscore the sensitivity of HCM
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systems to both pathological and procedural stressors, making them valuable tools for
early welfare assessment, enabling earlier intervention and refinement of care.

4.2 Continuous Monitoring for Disease Progression and Humane
Endpoint Detection

The high-resolution temporal data provided by HCM allow for tracking disease progres-
sion in real time, facilitating the early identification of humane endpoints (HEPs). In
oncology research, tumour bearing mice decreased their locomotor activity in the dark
phase as tumour development progressed. Mice undergoing chemotherapy exhibited
reduced nocturnal activity well before clinical signs were apparent (Terry et al. 2023). This
behavioural activity decline, captured continuously, provides a more humane and objec-
tive basis for endpoint decisions than traditional daytime scoring.

In neurodegenerative models, such as amyotrophic lateral sclerosis (ALS) and HD,
HCM detected progressive reductions in activity and increased rest fragmentation, corre-
lating with disease advancement (Golini et al. 2020; Bains et al. 2023; Moore et al. 2024).
Behavioural impairments persisted across both light and dark phases, with the most pro-
nounced effects during the dark phase in the LPS model (Hasriadi et al. 2021). In narco-
lepsy models, HCRT-deficient mice exhibited fragmented activity patterns and an inability
to sustain long activity bouts, which were detectable using HCM sub-clinically, i.e., before
full clinical symptom onset (Piilgaard et al. 2023).

These findings support the use of HCM to monitor disease trajectory and refine end-
point criteria since changes were not only consistent across time but also aligned with
known pathological milestones, supporting the use of activity data to refine endpoint cri-
teria and reduce unnecessary suffering.

4.3 Objective Biomarkers for Disease Models

An advantage of HCM is its potential to identify biomarkers—quantifiable, objective indi-
cators of disease state. Across multiple studies, specific activity metrics emerged as reli-
able proxies for disease burden. For instance, the “activity maintenance score,” calculated
as the ratio of long activity (=32 min) versus short inactivity episodes (<8 min), was vali-
dated in narcolepsy models as a robust marker of severity (Piilgaard et al. 2023). Similarly,
in HD models, the frequency and duration of climbing behaviour served as early indicators
of motor impairment (Bains et al. 2023). In an LPS model, reductions in mobile behav-
iours (climbing, locomotion, rearing), average speed, and distance travelled were strongly
correlated and inversely related to immobility. These metrics, captured in both short- and
long-term assessments, provide a behavioural fingerprint of sickness and pain-like states.
The authors also used ethograms and position distribution maps to visualize behavioural
shifts, offering a rich data set for biomarker development (Hasriadi et al. 2021). In colitis
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models, a binary classifier was applied combining activity data and body weight to catego-
rise animals into “burdened” and “non-burdened” states (Zentrich et al. 2021). This clas-
sifier mirrored the clinical course of colitis and outperformed traditional scoring in
sensitivity and objectivity. These examples illustrate how HCM-derived measures can
serve as early, reproducible biomarkers across diverse disease models, enhancing transla-
tional relevance and experimental rigour.

4.4 Predicting Optimal Timing for Humane
and Experimental Endpoints

The ability to continuously monitor behaviour enables researchers to predict the optimal
timing for HEPs and experimental endpoints (EEPs), thereby avoiding or reducing severe
discomfort. A critical issue here is the detection of precisely defined pathological condi-
tions in the continuum of often slowly progressive changes. Unfortunately, we generally
have only limited empirical circadian data on what constitutes the normal physiological
range and when the threshold for intervention has been reached. A narcolepsy study
(Piilgaard et al. 2023) showed that activity fragmentation and loss of sustained wakeful-
ness emerged within the first week of HCRT neuron degeneration, suggesting a narrow
window for early intervention. In colitis models, activity reductions preceded clinical
weight loss, allowing for earlier, more humane decisions regarding endpoint timing
(Zentrich et al. 2021). In the LPS model, behavioural impairments emerged within 3 h of
LPS administration and persisted for at least 24 h (Hasriadi et al. 2021). These early and
sustained changes in activity (generally hypoactivity) could be a key signal about the tim-
ing of interventions and/or HEP decisions, particularly in acute inflammation models or in
advanced stages of tumour growth in brain areas (brainstem, cerebellum) leading to
impaired motor coordination, potentially replacing laborious motor tests by more complex
HCM environments including climbing.

4.5 Monitoring Recovery and Refining Peri-Operative Analgesia

HCM also supports refinement of peri-operative care by enabling objective monitoring of
post-intervention (surgery) recovery. In a study involving intracranial surgery, HCM
detected reduced dark-phase activity and abnormal hyperactivity patterns in mice that later
died unexpectedly—signals not captured by body weight alone (Pernold et al. 2019). This
suggests that the system can serve as an early warning tool for post-operative
complications.

Moreover, the ability to detect subtle changes in rest/activity cycles allows for the eval-
uation of analgesic efficacy. For instance, in models where analgesia was administered
post-surgery, HCM could be used to assess whether normal activity patterns resumed,
providing a non-invasive measure of pain relief and recovery quality. For example, surgery
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for brain infusion of viral vector solution leads to a long-lasting reduction of locomotor
activity in the dark phase without affecting the overall circadian rhythm. Post-surgery
hypoactivity is prevented by buprenorphine but not carprofen treatment (Abdollahi Nejat
et al. 2024). However, buprenorphine is known to elicit hyperactivity by itself (Jirkof et al.
2015). In the LPS model, the system’s sensitivity to pharmacological intervention by
administering indomethacin, a non-steroidal anti-inflammatory drug was validated.
Indomethacin significantly improved locomotor activity, reduced immobility, and restored
food and water intake (Hasriadi et al. 2021). These effects were most pronounced during
the dark phase, aligning with the drug’s expected pharmacodynamics. This pharmacologi-
cal validation supports the use of HCM for screening analgesic and anti-inflammatory
compounds and determination of the necessary recovery period before actual experiments
and/or subsequent interventions should be started.

5 Limitations of Home-Cage Monitoring for Animal
Welfare Assessment

Despite its many advantages, HCM systems are not without limitations, particularly in the
context of animal welfare monitoring.

5.1 Lack of Individual Resolution in Group-Housed Settings

Most systems, including the DVC® platform (Tecniplast), LABORAS (Metris), and
LabMaster (TSE Systems), measure activity at the cage level. For optimal data quality,
animals are often singly housed, which may negatively impact welfare by disrupting social
behaviours. Although some studies have explored group-housing, the resulting data are
less precise and more difficult to interpret (Golini et al. 2020). This limits the ability to
assess individual animal welfare in group-housed settings, where the activity of multiple
individuals may mask a dominant or sick animal’s activity profile (Pernold et al. 2019;
Zentrich et al. 2021; Bains et al. 2023; Sun et al. 2024).

While some studies have used RFID or video tracking to overcome this, these
approaches require additional infrastructure and may introduce new variables. While
HCM effectively captured sickness and pain-like behaviours in the LPS model, it could
not distinguish between pain, fatigue, and motivational changes—all of which contribute
to the sickness phenotype (Hasriadi et al. 2021). The authors recommended combining
HCM with reflexive and other non-reflexive behavioural tests to improve specificity.
Additionally, they cautioned that some analgesics may alter locomotor activity indepen-
dent of pain relief, potentially confounding interpretation. For example, morphine may
increase activity, while gabapentin may reduce it. Therefore, drug effects on motor coor-
dination should be evaluated alongside HCM data to ensure accurate conclusions. This
limitation is particularly relevant when interpreting inactivity, which may reflect rest,
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sleep, or illness (Piilgaard et al. 2023). Thus, HCM primarily captures gross locomotor
activity and with basic monitoring (e.g. centre of gravity) cannot distinguish between spe-
cific behaviours such as grooming, eating, or quiet wakefulness. Unpublished DVC® data,
from a breeding facility in the Netherlands, demonstrate contradictory activity patterns
(hypoactivity vs hyperactivity) during breeding, once pups become active and leave the
nest. Thus, complementary readouts are required together in combination with activity-
based HCM to more reliably identify states of compromised animal welfare of an indi-
vidual with a group.

5.2 Data Analysis

While the technical details of HCM are described specifically in Chaps. 7 and 9, we would
like to point out some general aspects that are of high relevance for improving animal
welfare through HCM systems.

Based on experience with customized systems for HCM of fear learning (Hager et al.
2014) and the Phenotyper® (Loos et al. 2014) with data analysis systems partly developed
independently from the original vendor (Koopmans et al. 2017), it is obvious that quality
control of HCM data analysis is an important issue. Scientifically, this requires absolute
transparency on the raw data quality and editing, which are time-consuming and require
full access to code used for analysis for reproducibility and replicability in science where
“show me” must replace “trust me” (Kafkafi et al. 2018).

Video data are extremely valuable to assure proper quality control of automated HCM
data. However, this may lead to huge amounts of data (in the order of tera- to petabytes)
that must be stored and checked. Although algorithms, as for nest detection, can improve
behavioural resolution, they remain proxies and require validation against gold-standard
methods like EEG/EMG.

While HCM can detect fragmentation and immobility, it cannot reliably identify com-
plex neurological states such as cataplexy or REM sleep unless when combined with addi-
tional specialized electrophysiological monitoring systems. Attempts to infer cataplexy-like
episodes based on inactivity outside the nest found that these could not be distinguished
from normal quiet behaviours (Piilgaard et al. 2023). This limits the utility of basic HCM
system in models where such states are critical endpoints.

Finally, online data analysis is necessary to be able to act as soon as possible within
certain time limits upon detection of compromised welfare. The worse the welfare state,
the more urgent the required action. One consequence of more sensitive automatic 24/7
detection systems for welfare issues is that alerts are also received at night and at week-
ends. Timely follow-up of these alarms has implications for staff deployment and requires
strategic choices to be made. However, as in clinical monitoring, fast online analysis is
required to identify sudden activity drops that can emerge from unforeseen events to iden-
tify risks for fast action. Examples here may be bolus constriction by intraperitoneal ECG
leads when using radiotelemetry implants or unexpected septic shock. Despite being a rare
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event, to avoid that mice die in a painful state with severe discomfort, fast action is required
to apply a HEP as soon as possible after the detection of an expected (predefined) but also
unexpected health issue. This is possible with the DVC® system and its automatic notifi-
cation system. However, one should be aware of delays of automated emails by variable
server settings that should be checked beforehand (e.g. emails sent 1x/hour). Additionally,
new technical developments based on training of ML algorithms by experts can provide
support as a basis for alarms, which would be easier to handle during nights/weekends.

5.3 Costs and Infrastructure

Lastly, the initial investment in HCM systems and the associated data infrastructure can be
substantial. This may limit accessibility for smaller institutions or individual research
groups (Pernold et al. 2019; Piilgaard et al. 2023). Additionally, the ongoing costs for
analytical needs (personnel) and IT demands should not be underestimated (again see
Chap. 7 for more details).

6 Conclusions and Perspective

In summary, HCM is a powerful, non-invasive approach for welfare assessment and dis-
ease monitoring providing data of a much higher quality than brief visual observations
especially in the light phase. HCM and other assessment tools (see Sect. 3.1) contribute
significantly to improvement of animal welfare and description of phenotypes. These aug-
ment research data by adding to research quality (replicability, etc.). However, HCM limi-
tations must be carefully considered when focussing predominantly on activity-derived
measures. Complementary readouts, based on video analysis, and physiological monitor-
ing, remain essential for a comprehensive welfare assessment strategy. This is required to
generate a reliable clinical score to apply early EEPs or HEPs to avoid experimental mor-
tality with unnecessarily increased (up to severe) discomfort.

Besides performing experiments exclusively in a defined HC environment, the power to
start experiments from a home-base and the option to visit attached environments to
explore intrinsic deliberate motivation of novelty-seeking (Kas et al. 2011) cannot be
underestimated especially in behavioural neuroscience. This will allow to better combine
housing and testing needs, especially with the important refinement that unspecific stress-
ors can be avoided by bringing an experiment to the animal and not vice versa that is
important in view of the interaction between emotion and cognition, which has largely
been ignored in animal research despite contributing to limited replicability in science.

While we are convinced that HCM quality will further develop and evolve (Wells and
Members of the COST Action TEATIME CA20135 Welfare Group 2025), many aspects
from improvements of animal welfare monitoring to better science in HCM are still in a
relatively early developmental phase. Turnkey systems for all required options are not yet
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available, and customization of existing commercial systems is a complex and costly
effort, limiting its wider use. For many readouts, their normal circadian range (physiology)
and the threshold for identifying deviations (pathology) are yet to be determined. We need
to bridge this Physiology-to-Pathology gap by considering many variables and influencing
factors that play a role here, such as mouse and rat sub-strains, age, sex, food, housing
conditions, microbiome, and many more. In the long term, HCM will further develop as
(1) major contribution to refinement and (2) eventually is expected to contribute to a
reduction in animal numbers used in experiments, and (3) in combination with improved
data sharing (see Chap. 10) also a reduction in animal research. Since progress in animal
research is predominantly driven by the funding of research projects rather than animal
welfare improvements, it is essential to cooperatively merge these two areas for the ongo-
ing improvement of animal welfare in science. Animal welfare and research quality go
hand in hand.
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Abstract

This chapter provides a practical, science-driven guidance for establishing and scaling
HCM as a core facility service. We outline design choices that raise rigor and power:
longitudinal baselines aligned to light—dark cycles, pre-planned event tagging for hus-
bandry and interventions, and synchronization of brief arena assays to circadian peaks
revealed by continuous cage readouts. We show how to translate raw streams into
robust endpoints through standard metadata, FAIR-aligned storage, automated quality
control, and analysis templates for rhythms, rare events, and effect-size estimation.

For operations, we define an intake and governance framework covering protocol
suitability, welfare approvals, authorship and data rights, and a transparent fee model
that balances access and sustainability. A competency pathway for staff and users is
presented, with tiered training, skills checks, and reusable notebooks that lower the bar-
rier to high-quality analyses. Performance is tracked with a concise metric set: utiliza-
tion, repeat users, turnaround, data-loss rate, and scholarly output.
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Use cases from cognition, neurodegeneration, and pharmacology illustrate how
HCM exposes early sleep and activity shifts, optimizes assay timing, and detects treat-
ment effects that short tests miss, improving reproducibility and supporting 3Rs. We
close with a forward look at closed-loop paradigms, multimodal integrations, and vol-
untary test add-ons, positioning core directors to deliver scalable, high-value behavioral
phenotyping across disciplines.

Keywords
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1 Introduction

Home cage monitoring (HCM) is a transformative method in animal behavioral research,
allowing continuous observation of laboratory animals in their most familiar environment
(i.e., home/housing cage). This technology reduces human—animal interference, captures
naturally occurring behaviors in a longitudinal (24/7) manner, allowing analysis of circa-
dian behavior under otherwise undisturbed conditions. HCM can address some of the limi-
tations of conventional short-term (behavioral) tests. The adoption of automated HCM
systems has surged in the last two decades; a review noted a ~ 26-fold increase in HCM--
related publications from the 1970s to 2020 (Kahnau et al. 2023b). This reflects growing
recognition of HCM’s benefits for data quality, animal welfare, and reproducibility. HCM
provides rich longitudinal data on activity, physiology, and behavior, previously inacces-
sible with episodic out-of-cage assays. Integrating HCM into experimental workflows is
both an opportunity and a challenge for laboratory directors: enhancing behavioral studies
while developing necessary infrastructure and training.

This chapter offers guidance for directors and users implementing HCM in (core) facil-
ities. We discuss the principles of HCM-based phenotyping, strategies for combining
HCM with behavioral tests, internal user training, and operational guidance on infrastruc-
ture, workflows, governance, cost recovery, and performance metrics. Real-world exam-
ples illustrate best practices from core facility managers and researchers. By setting
prospective users’ expectations and building HCM competency, facility directors/manag-
ers can guide scientists to leverage HCM for more productive and reproducible research.
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2 Basic Principles of HCM Phenotyping

Traditional rodent phenotyping commonly depends on short behavioral assays that are
conducted outside the home cage, such as the open field test or the elevated plus maze
(EPM), which typically last only a few minutes. These assays are carried out in specifi-
cally designed experimental setups that require direct handling of the animals and often
elicit neophobia and anxiety, even when habituation protocols are applied to minimize
unspecific stressors (provide example or reference). A comparable issue arises when ani-
mals are exposed to new housing environments. For certain experimental procedures or
measurements, laboratory mice must be transferred to a cage that differs from their home
cage. In a recent study by Villiger et al. (2025), our group observed that mice did not
exhibit a reduction in stress levels in response to the new housing conditions, even after
undergoing a short-term intermittent habituation protocol. Standard tests for locomotion
and anxiety-like behavior (such as open field exploration and elevated plus-maze open--
arm time) leverage rodents’ natural aversion from novel and exposed spaces. Still, their
readouts may only capture a narrow snapshot of behavior. Brief, invasive tests often fail to
reflect the full complexity of an animal’s behavioral repertoire and internal state. Moreover,
the short-term aspect of such tests renders them more susceptible to unrelated factors like
the laboratory environment and handling methods that may confound the outcomes.
Studies have shown that even genetically identical mice from the same vendor do behave
differently across laboratories in identical test systems due to subtle environmental differ-
ences, undermining reproducibility (Crabbe et al. 1999). Moreover, the reproducibility of
outcomes from short-out-of-the-cage tests is notoriously low when examined across
experimenters or institutions. For example, one multi-lab study found that the results of
anxiety tests varied significantly between facilities despite using the same protocols, high-
lighting systemic issues with replicability in such “classical” assays (Grieco et al. 2021;
Kafkafi et al. 2018).

HCM directly addresses these challenges by flipping the experimental paradigm:
instead of bringing the animal to the test, HCM brings the test to the animal. In HCM
systems, rodents are monitored continuously in their home environment, often over days
or weeks, using sensors and automation to collect behavioral and/or physiological data.
This approach minimizes human intervention and novelty to the bare minimum, thereby
reducing unspecific stressor-related confounding effects. Even measurements that tradi-
tionally required animal restraint, such as core body temperature or heart rate, can be made
via implanted or remote sensors in the home cage, avoiding acute stress hyperthermia
caused by handling. By capturing behavior 24/7, including during the animals’ nocturnal
active phase, HCM allows to record intrinsically motivated behavior patterns, which can-
not be provided by commonly used short daytime out-of-the-cage tests. Mice are far more
active during the dark phase of their cycle than in light hours, a circadian effect that influ-
ences performance in open field tests. HCM experiments indicate deliberate exploration of
a test compartment starting out from a home cage compartment almost exclusively during
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the dark phase (Hager 2014). Even if short episodic tests have revealed some behavioral
traits, e.g., challenging experimental conditions will not capture the full behavioral reper-
toire, continuous monitoring also enables the detection of subtle or sporadic phenomena
(e.g., micro-movements, sleep disturbances, early signs of disease, stereotyped behavior)
that would likely go unnoticed in short-term observation. Ahloy-Dallaire et al. (2019)
demonstrated that automated home cage tracking of mouse feeding and weight can detect
health status changes sensitively. This allows continuous health assessment without
removing the animals from their cage. Since HCM provides a far richer and unbiased
behavioral dataset, it improves the signal-to-noise ratio and increases the chance of iden-
tifying actual relevant (more important than significant!) phenotypic differences (as
opposed to chance findings based on high data variability in short-term datasets).

From a core facility perspective, the fundamental advantages of HCM may enhance
rigor and reproducibility. Data gathered in the home cage tend to have higher within-group
consistency because animals are less perturbed. However, inter-individual differences can-
not be addressed (cage effect, Townsend et al. 2025) since many HCM systems work on
the group level as experimental units. Automated HCM indicates reliable strain differ-
ences in behavior across multiple labs, illustrating improved reproducibility through auto-
mation (Krackow et al. 2010). Additionally, HCM expands the scope of measurable
endpoints beyond what is feasible in brief tests, encompassing circadian activity patterns,
social interactions (still an emerging field), and physiological readouts continuously over
time (Horii et al. 2017; Kim et al. 2019). This comprehensive approach aligns with parts
of the principles of the 3Rs (Replacement, Reduction, Refinement) by refining how behav-
ioral data are collected and potentially reducing the number of animals needed (since each
animal yields more data over time). However, capitalizing on these strengths requires care-
ful experimental design and user training and competence. Researchers must understand
the functional meaning (biological relevance) of longitudinal data and how these home
cage metrics relate to classical human or experimental endpoints. The following sections
delve into how HCM can be integrated with traditional assays and how core managers/
directors may facilitate this.

3 Integrating HCM with Classical Behavioral Assays

While HCM offers a powerful alternative to conventional tests, it is often complementary
rather than a wholesale replacement of conventional/classical screening/phenotyping
approaches. Many researchers will wish to integrate HCM with established out-of-cage
behavioral assays, such as novel object recognition or rotarod, to enrich their phenotypic
assessments. Therefore, the following section discusses synchronizing HCM with classi-
cal tests, merging data streams for a holistic analysis and interpreting the findings com-
paratively. In a later section, possibilities of cage add-ons (to optimally exploit the animals’
motivational states based on deliberate choice) will be explored.
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Experimental Synchronization Planning is essential when incorporating continuous
HCM and discrete behavioral tests in the same study. One key consideration is timing.
Because rodents have circadian variations in behavior and physiology, the schedule of out--
of-cage tests should be chosen with the animals’ activity cycle in mind. To capture their
peak performance, tests should be carried out in their active phase (dark phase). On the
other hand, some tests intentionally occur in the light (when mice are naturally less active)
to provoke anxiety-like behavior, as in the case of light—dark (or better dark-light) box
tests, elevated plus maze or open field exploration. To leverage HCM effectively, research-
ers can use it to establish each animal’s baseline activity pattern and then schedule the
classical test at a meaningful time relative to that baseline. Importantly, the use of HCM
systems does not replace commonly used phenotyping baselines; rather, it should be
viewed as a complementary approach within an already established comprehensive pheno-
typing battery. For example, a behavioral core facility worked with a neuroscience research
group to investigate a novel anxiolytic drug. The researchers used HCM to monitor loco-
motor activity and sleep disruptions of mice for 1 week, establishing baseline behavior for
each animal before drug administration. HCM data during drug administration showed
that the drug resulted in slightly higher activity during the early dark phase compared to
baseline/controls. The scientists then conducted an elevated plus maze test at the onset of
the dark phase, when differences were expected to be maximal, rather than during the day.
This synchronized timing enabled a data-based interpretation of the drug’s effects.
Aligning test timing according to home cage activity insights may improve the detection
of experimental effects and provide potential explanations for their lack because of an
incorrectly selected time window of drug action and when to perform the tests. In addition,
the commonly used serial testing may increase inter-individual variation due to differences
in the exact time of testing within the circadian pattern. Individually housed C57BL/6 J
mice particularly show a high activity level in the beginning and at the end of the dark
phase. Another synchronization strategy is to use HCM as a pre-screen or post-test
observation period. For instance, animals might be continuously tracked in the home cage
before and after a specific (intermittent) behavioral challenge. This design allows research-
ers to see how a brief test or challenge (e.g., a stressor such as a foot shock or social defeat)
impacts subsequent home cage behavior (recovery time, sleep patterns, etc.), or conversely,
whether pre-test home cage metrics can predict performance in the test. In HCM, shock
exposure during contextual avoidance training results in profound post-shock activity sup-
pression in the dark phase (Hager 2014).

Moreover, automated HCM systems can also deliver stimuli or tasks parallel to classical
assays into their home cage. Some advanced setups include gated connections between the
home cage and a test apparatus, allowing animals to voluntarily enter a testing arena from
their home enclosure. This “brings the test to the animal” approach preserves the home
cage as a safe zone and may yield more ethologically relevant responses, particularly
because it is easier to start a new test in a novel environment that has the full attention of
the animals. With such a setup, human interaction can be kept to a minimum. Core
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facilities that can implement such hybrid setups (for example, an automated gate allowing
a mouse to move from its home cage into an adjacent open field arena) can offer scientists
a novel way to conduct behavioral tests (Hager 2014).

Comparative Interpretation Integrating HCM with traditional assays requires careful
interpretation, as the two approaches might not always yield congruent results, the ques-
tion arises as to what we consider as the gold standard testing method. Core scientists
should guide users in understanding why an animal’s standard behavior (out-of-the-cage)
test may differ from its behavior determined by HCM. For example, a mouse may exhibit
high anxiety in an open field test (rearing along the walls, reduced center exploration) but
appear quite active and exploratory in the familiarity of its home cage during nocturnal
periods. Rather than viewing these outcomes as contradictions, researchers are encour-
aged to interpret them as complementary facets of the phenotype, e.g., the fear of novelty,
neophobia, is not induced by pure basal increased locomotion. The discrepancy may illus-
trate context-dependent behavior: the classical test measures the animal’s acute reaction to
novelty-induced arousal due to many additional unspecific stressors, such as cage transfer
and handling, whereas HCM measures its behavior by avoiding these unspecific stressors.
Notably, continuous home cage data can help distinguish between a consistent low-activity
phenotype and a context-specific suppression of activity, e.g., reduced exploration of a
novel area that may be related to increased anxiety. Suppose experimental treatment (or
genetic modification) yields no change in open-field exploration, but HCM detects
increased voluntary running-wheel activity at night. In this case, one should infer that the
treatment (or genetic modification) effect emerges only in a familiar environment.
Conversely, HCM may reveal subtle but longer-lasting small differences with larger statis-
tical power that traditional tests cannot detect. Core unit managers/directors should edu-
cate users to consider factors like habituation, unspecific stressors, and intrinsic
motivational differences when comparing HCM data that relies on voluntary behaviors
and data that reflects the animal responses to the assay’s setup. It can be helpful to perform
habituation trials or repeated testing, if feasible, to gauge how quickly animals adapt to
novel tests, and to use HCM to evaluate if their home cage behavior changes after the test
(indicating residual stress or learning). The integration of these approaches ultimately
strengthens the overall conclusions: convergent findings build confidence in a result’s
robustness and replicability, while divergent findings spur deeper investigation into under-
lying mechanisms and/or contributing factors depending on different experimental vari-
ables. Data Integration Strategies A practical challenge in combined studies is
integrating the disparate data streams—continuous time-series data from HCM and point-
in-time measurements from behavioral tests. Core facilities should establish data manage-
ment and analysis pipelines that allow these datasets to be merged or compared on common
timelines. One approach is to mark events from classical tests on the continuous time-
series: for example, timestamp the exact period when an animal was removed for testing
and when it was returned to the home cage. Moreover, most HCM systems include built-in
surveillance, enabling continuous monitoring of the cage environment and facilitating the
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collection of information on potential confounders, such as planned or unexpected events
(e.g., cage changes, routine procedures, injections, apparatus inspections, fluctuations in
light or temperature, construction noise, and more). Although generally undesired, these
events cannot be avoided. This enables retrospective analyses of home cage activity imme-
diately before and after the test or the interruption. Researchers can then quantify the
stressor-induced deviation in home cage activity combined with other indicators of con-
founding events occurring during the performance of any test. Another approach is to
derive summary metrics from HCM data analogous to experimental endpoints in classical
tests (without temporal constraints such as short test duration). For instance, “time spent
in center vs periphery” is an open field measure of anxiety; similarly, one could use video-
based home cage tracking to calculate how often a mouse ventures into an open area of an
enriched home cage or how it distributes time across zones. Although the home cage lacks
the aversive properties (novelty, high light intensity) of an open field test arena, creative
analyses can yield comparable metrics for anxiety or exploration measured in the home
environment, e.g., by analyzing the dynamic changes in the cage exploration after intro-
ducing the animal to the new home cage or latencies to enter and explore an attached test
compartment. Core data scientists might also assist users with multivariate analyses incor-
porating both data types. Techniques like principal component analysis or machine learn-
ing models can combine features from HCM (e.g., circadian activity amplitude, bout
duration of activity, feeding frequency and timing, social interaction counts) with classical
outcomes (e.g., maze latency, distance traveled) to identify underlying factors or predict
phenotypic classifications or even inter-individual variation. For example, a machine
learning model could be trained to predict whether a mouse is in a high-anxiety or control
group based on a combination of its home cage metrics and open field test results, poten-
tially improving sensitivity over either measure alone. By guiding such data integration,
core facilities help researchers maximize the insight gained from each experiment and
thereby may support the reduction of mice needed for the experiment, e.g., when longitu-
dinal data can identify larger effect sizes.

Case example (scientist’s perspective): A neuroscientist is studying a transgenic mouse
model of Alzheimer’s disease. With assistance from the behavior core, she designs a study
where each mouse undergoes periodic, repetitive cognitive out-of-the-cage testing while
being continuously monitored in the home cage for general activity and sleep. HCM data
reveal subtle sleep disruptions and nighttime hyperactivity emerging in the transgenic
mice months before any cognitive deficit is detected in the object recognition test (Martin
et al. 2024). When cognitive impairments finally appear, the neuroscientist integrates the
two datasets and discovers that the extent of early sleep fragmentation (from HCM) pre-
cedes the emerging memory deficits (from cognitive testing). This combined approach
strengthens her findings by linking an early phenotype to a later outcome, something nei-
ther method alone would have uncovered.

In summary, integrating HCM with classical behavioral assays can provide a more
comprehensive picture of an animal’s phenotype than either approach alone. The core
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facility should serve as an interface/integrator between these methodologies, helping to
synchronize experimental timing, teaching users how to interpret context-dependent
behavior, and providing guidance with tools to merge and analyze complex datasets. When
executed thoughtfully, this integration enables scientists to draw nuanced conclusions
about behavior, yielding both robust results in controlled tests and longitudinal circadian
(home cage) activity data of high scientific value.

4 Strategic Integration Pathways for Core Facilities

Successfully adopting HCM in an animal facility requires more than just buying new
equipment—it demands a strategic plan that aligns technology implementation with the
needs of diverse stakeholders. Core directors must navigate questions of which systems to
adopt, how to incorporate HCM into existing workflows, and how to build user support
and creativity for new possibilities. This section outlines strategic pathways for integrating
HCM into core phenotyping workflows, focusing on stakeholder engagement, workflow
compatibility, data interoperability, and resource sharing.

Stakeholder Alignment and Needs Assessment Early in the integration process, core
directors should engage with the stakeholders of the core facility—principal investigators
(PIs), research staff, veterinarians, and institutional leadership—to assess the demand and
requirements for home cage monitoring. Understanding the scientific use cases research-
ers are most interested in, it will guide system selection and protocol development tailored
to the needs of the core facility and its users. For example, some groups may be interested
in HCM for high-throughput screening of locomotor activity or circadian rhythms. In
contrast, others might focus on specific behaviors like social interactions, learning tests, or
physiological functions. A collaborative requirement-gathering exercise ensures that the
chosen HCM platform and its configuration meet the broadest possible range of needs.
Animal welfare bodies are frequently interested in improved surgical recovery and moni-
toring of new mouse lines with potential discomfort. In practice, this might involve sur-
veys or workshops where potential users discuss what features (e.g., video tracking, RFID
individual identification, operant task capability) are most important. An example frame-
work is the “PhenoKey” concept, an informal strategy emphasizing cross-departmental
input in core design: by bringing together neuroscientists, pharmacologists, ethologists,
and data analysts, the core director can create a roadmap that addresses everyday research
needs and identifies any technical gaps. This proactive engagement builds a sense of com-
munity ownership of the new HCM system and helps manage user expectations (e.g.,
clarifying what HCM can and cannot measure reliably). Moreover, involving institutional
animal care committees or welfare officers at this stage ensures that any HCM protocols
align with animal welfare standards and regulatory guidelines. Initiatives at national and
international levels are also paving strategic pathways that cores can follow. For instance,
the COST Action “TEATIME” consortium in Europe has explicitly focused on improving
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biomedical research by automated HCM, bringing together experts across academia and
industry. Through TEATIME, best-practice guidelines and standardized definitions of
what constitute an HCM system have been developed (e.g., an online catalog of HCM
technologies and an ontology of home cage (COST-Action, TEATIME 2025). Core direc-
tors can leverage such resources to make informed decisions to shape their strategy, adopt-
ing internationally recognized standards. Another example is the UK’s NC3Rs-sponsored
CRACK IT Challenges, which have funded multidisciplinary projects to develop or vali-
date new automated monitoring technologies. By aligning with these broader efforts, a
core facility gains credibility and plugs into a network of expertise for troubleshooting and
future upgrades.

Workflow Compatibility and Implementation Integrating HCM should be done to
complement and improve existing core services, rather than disrupt them. A thorough
workflow compatibility analysis helps identify which traditional assays can be augmented
or replaced by HCM. A more detailed breakdown of the system can be found in Chapters
“Technologies for Home Cage Monitoring in Preclinical Research” and “Study Design
and Data Analysis in Home Cage Monitoring Experiments”. For example, if the core rou-
tinely offers conventional telemetry for recording vital signs, integrating telemetry into an
HCM system can streamline those studies. A valuable example is indirect calorimetry
systems such as Sable Systems Promethion Core System, which, combined with radiote-
lemetry, enables quantification of metabolic rate and, depending on the transmitters used,
measurement of additional parameters such as blood glucose levels, heart and respiratory
rate, or temperature. If the core conducts many nighttime behavior tests (e.g. running
wheel monitoring or metabolic assays), transitioning those into automated HCM systems
might increase throughput and consistency. Another example is RFID-based group housed
solutions, exemplifies the type of platform that can integrate into phenotyping workflows.
One example is the IntelliCage, which automatically allows group-housed mice to be
assessed for various behaviors (activity, drinking, learning tasks) within their home cage
via RFID-tagged individuals and computer-controlled operant corners. It was developed to
measure complex behaviors such as spatial learning and reversal learning in a fully auto-
mated fashion. For instance, Urbach et al. (2014) demonstrated automated phenotyping in
a Huntington’s disease mouse model using the IntelliCage by capturing cognitive and
motor readouts continuously without human intervention. Such longitudinal data sets can
help to determine early markers of diseases etiology and progression helping to identify
optimal intervention timepoints. By examining such cases, core directors can judge how
an HCM system can be used to perform assays that are originally performed manually
out-of-the-cage. It may emerge that some tests (like simple locomotor activity or prefer-
ence tests) can be transferred entirely into HCM setups, whereas others (like fine motor
coordination on a rotarod or specific motor coordination test [e.g., catwalk]) may still
require separate equipment and experimenter support. In the latter case, the core might
still use HCM to monitor animals before/after the rotarod to enrich the data, as discussed
earlier. In this case, HCM systems such as the DVC system are highly valuable because
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they function as typical IVC cage racks while also providing continuous monitoring of the
housed mice. Unlike many other HCM systems, this system can be seamlessly integrated
into daily laboratory and husbandry workflows due to its strong similarities to the widely
used IVC cage racks. Therefore, it can be seen as an HCM system, which truly comple-
ments a classical phenotyping battery since it offers the same standard cage environment
widely used in research. In addition, this approach allows to observe longitudinally to
determine age-related alterations, such as changes in activity in combination with poten-
tial disease etiology and progression. The goal is to weave HCM into the fabric of the
core workflow so that it adds value seamlessly. Piloting the new workflow with a small
project or an internal test run is an advisable strategy. This allows the involved team to
optimize settings, data handling, and animal acclimation procedures and prepare for data
analysis before advertising the service widely to users. During implementation, flexibility
is key: the core might start with offering a limited set of HCM-based assays and gradually
expand as staff and users become more comfortable.

Data Interoperability and Standards A significant aspect of strategic integration is
ensuring that the data generated by HCM systems can interface with the core’s data pipe-
lines and the researchers’ analysis tools. Different HCM technologies produce diverse data
types: RFID-based systems log timestamps and IDs for each interaction, video-tracking
systems output position coordinates and images. At the same time, pressure or capacitance
sensors generate continuous analog activity signals. Without a plan for harmonizing these
formats, the core (and the end-users) may struggle with data overload or incompatibility.
Adopting data standards and interoperability practices is therefore a priority. Wherever
possible, core directors should utilize or develop software that can import and convert
HCM data into standard formats (CSV, HDF5, EDF, etc.) and integrate it with existing
databases. The principles of FAIR data management—making data Findable, Accessible,
Interoperable, and Reusable—are highly relevant in this context. For example, a core
might require that all HCM study data be accompanied by metadata in a standard schema
(describing animal IDs, timestamps, variables recorded, etc.), which enables future re-
analysis or multi-study comparisons. Collaborative groups like the TEATIME consortium
work on bioinformatics tools for large-scale HCM data analysis, which core facilities can
adopt or contribute to. In practice, a core director may set up a centralized data storage
server for HCM outputs and provide users with analysis notebooks or pipelines (poten-
tially using cloud-based platforms for heavier computational tasks). Standardizing on a
limited number of HCM platforms in the facility also helps reduce complexity. If all data
comes from one or two systems with known data structures, it is easier to develop robust
analysis workflows and cross-compare results. Interoperability extends beyond data for-
mats and includes experimental protocols as well: cores should promote standardized pro-
tocols for standard HCM assays. If both labs want to use HCM to test circadian activity
under a drug treatment, the core can recommend a standard experimental design and data
reporting format. This makes life easier for scientists and builds a repository of compara-
ble datasets over time, enhancing the core’s scientific impact and comparability with avail-
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able data to better discriminate normal variation from real pathological changes, e.g., as
observed in a specific mouse line. Resource Pooling and Shared Infrastructure HCM
systems, especially high-end commercial ones, can be expensive and have considerable
long-lasting costs from IT (e.g., server capacity) to online software packages from vendors
(e.g., analysis software). A strategic approach for a core is to use a shared equipment
model to maximize utilization and cost-effectiveness. This model entails centralizing
HCM equipment within the core and making it available to all investigators on a schedule,
rather than individual labs purchasing their own systems that might sit idle. Some institu-
tions have pioneered this approach; for instance, a cardiovascular research core at Stanford
incorporated an HCM-based telemetry system as a shared resource, supporting multiple
studies on cardiac function in rodents (Bernstein 2003). By pooling resources, the core
facility ensures that the costly equipment serves many projects, improving the return on
investment. It also allows the core staff to maintain and troubleshoot the system, rather
than each lab struggling independently. When planning a shared HCM resource, core
directors should perform a cost-benefit analysis that includes maintenance costs, through-
put (how many cages can be run and how often), and the user pricing model. Often, sup-
plementary funding (via equipment grants or institutional support) is needed to acquire the
system, with the expectation that user fees will cover operating costs over time. Transparent
communication of the cost-recovery plan to users will help manage expectations—
researchers should understand, for example, whether they will be charged per cage per
monitoring day or experiment, and what technical support is included. Resource sharing
also opens collaboration opportunities: the core might encourage two labs interested in
similar HCM applications to run a joint experiment, thereby sharing data and costs. Such
cooperative use is beneficial when demand is still growing in early adoption phases.
Furthermore, the core can organize user groups or monthly meetings for HCM users to
share tips and experiences, effectively pooling knowledge in addition to equipment. This
community-building fosters a culture where HCM is seen not as a black-box service but as
a collaborative scientific endeavor, increasing its acceptance and successful integra-
tion. In summary, strategic integration of HCM into a core facility revolves around care-
ful planning and stakeholder collaboration. By aligning HCM capabilities with user
needs—ensuring compatibility and standardization in workflows and high data quality
(replicability)—and leveraging shared resource models, core directors can embed HCM as
a sustainable and valued component of their services. This strategic groundwork sets the
stage for the practical operational steps—infrastructure setup, training, and governance—
discussed in subsequent sections.

5 Infrastructure and Data Ecosystem Development

Implementing HCM in core facilities requires building a robust infrastructure and data
ecosystem to support continuous, high-volume data collection. This involves selecting
appropriate hardware configurations for housing and monitoring animals, establishing
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computational architecture for data handling, and employing software tools to analyze and
share results. In this section, we outline key considerations for infrastructure development,
drawing on current technologies and case studies of successful HCM implementations.

Modular Hardware Configurations Modern HCM systems have various hardware con-
figurations, each suited to different experimental needs. Broadly, we can classify these as
single-housing modules, social housing arrays, and hybrid environments. In single-
housing modules, one animal per cage is monitored in isolation. This setup is proper when
individual data without social interference is needed—for example, precise tracking of an
individual’s metabolism (Promethion Core), vital parameters (DSI radiotelemetry
implants), food intake (FED3) and water intake, or phenotyping of traits where social
interactions could be confounding (like measuring fine-grained locomotor patterns or
sleep in a single mouse). Single housing can also be advantageous in pharmacological
studies to avoid drugged animals affecting others. However, because many research ques-
tions and welfare guidelines favor group-housing, HCM vendors have designed systems
that accommodate small groups of animals together. Social housing arrays allow group-
housed rodents (often 4—5 per cage for mice, or 2-3 for rats, depending on the sizes of
animals and cage) to be continuously monitored while living together, thereby preserving
natural social behavior. These monitoring systems must solve the challenge of attributing
observed behaviors to the correct individual in a group. In some systems, this issue is man-
aged by defining the cage (group) rather than the individual mouse as the experimental
unit. Tecniplast’s DVC system, for example, can still detect differences between groups if
only one mouse is affected by disease or shows welfare impairment in a group of 3—4
mice, but it cannot identify the specific individual. Other companies, such as Olden Labs,
use cameras instead of electromagnetic fields and, with the help of color codes, can dif-
ferentiate individual animals within a group. Moreover, individual baselines can be estab-
lished. Another solution is to include RFID transponders implanted in each animal,
antennae or detectors at interaction sites (feeding stations, wheels, etc.). RFID-based
HCM systems, such as the Home Cage Analyzer, mouse matrix, and IntelliCage, can iden-
tify specific animals as they nose-poke a sensor or visit a corner, linking each data point to
an individual ID. This technology allows group housing with the resolution of individual
animal performance. Social housing is critical for studies of social hierarchy, dominance,
and collective behaviors, and simply increases throughput by monitoring several animals
at once. Some systems even enable competitive or collaborative tasks within the home
cage (e.g., two mice competing in an operant task for a reward) to study social aspects of
cognition. Hybrid environments combine features of home cage comfort with the scale
of an arena or specialized testing environment. One example is an enlarged home cage
enclosure that provides more complex space (sometimes called an “arena cage”, Mieske
etal. 2021). These hybrids allow animals to move and explore much more than a standard
cage still as controlled environment. Another form of hybridization is connecting home
cages to external devices via tunnels or gates (as mentioned earlier, Kahnau et al. 2023a).
For example, an automated gate can allow a mouse to leave its home compartment to enter
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a testing chamber (like a puzzle box or maze) deliberately, effectively making the animal
a voluntary participant in assays. In terms of hardware, implementing these hybrid setups
may require modifying rack systems or purchasing specialized enclosures that fit into
standard racks while providing extra capabilities (running wheels, maze compartments,
etc.). Core directors should consider whether their facility space can accommodate the
footprint of larger or custom cages and whether their vivarium husbandry practices (bed-
ding changes, sanitation schedules) can adapt to more complex cage structures and sensi-
tive sensors such as cameras, microphones, and others.

Computational Architecture and Edge Computing The data infrastructure is para-
mount alongside the physical hardware. HCM systems continuously generate large vol-
umes of data—video recordings, sensor logs, and more—which can demand considerable
computational resources if not managed well. A practical approach is to use edge comput-
ing, where initial data processing occurs on devices at the “edge” of the network (i.e., near
the data source) rather than sending everything to a central server as raw data. Many con-
temporary HCM platforms include on-board processors or local computers that handle
tasks like tracking an animal’s position from video in real-time, or summing beam break
counts in 1-min bins, thereby reducing the raw data stream to manageable features. For
example, Tannello (2019) describe a HCM cage rack using electrical capacitance sensors
that detect mouse movements through cage flooring; this system’s electronics compute
activity indices on the fly, dramatically cutting down the data that needs to be stored cen-
trally. By implementing edge processing, cores can avoid network bottlenecks and only
record salient processed data (with raw data optionally saved in a buffer if needed for later
re-analysis). Nonetheless, for specific applications like behavior sequencing or novel
behavior detection, saving raw video or high-resolution data may be necessary (e.g. for
validation or analysis refinements), in which case a robust storage and transfer setup is
required (e.g., a dedicated high-speed network-attached storage for the core). The core’s
computational architecture should include adequate data storage, backup, and processing
power. Continuous monitoring can produce terabytes of data in weeks, especially with
high-resolution video or ultrasound recordings. Establishing an automated pipeline where
data from HCM experiments are regularly offloaded from the acquisition PCs onto a cen-
tral server is advisable. Depending on the acquired data volume, this could be scheduled
daily or weekly to avoid data loss and free up acquisition system space. Data backup strat-
egies (to protect against disk failures) are essential, given the irreplaceable nature of exper-
imental data; RAIDs or cloud-based backup solutions can be employed. On the processing
side, having a local analysis workstation or a server with substantial CPU/GPU resources
will aid in running computationally intensive tasks like video analysis or machine learning
on behavior data. Suppose the institute has a high-performance computing cluster. In that
case, integrating core data with that resource can accelerate analysis (for example, training
a DeepLabCut; Mathis et al. 2018) neural network for pose estimation might be done on a
GPU cluster rather than on the core director’s laptop). A trend in recent years is also to
utilize cloud-based collaboration platforms for data sharing and analysis such as CalR
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(Mina et al. 2018). Core facilities might set up a secure cloud repository where users can
log in to view their HCM data, perform analysis via hosted Jupyter notebooks, and even
integrate their data with external datasets. This approach can be convenient for multi-
center collaborations or PIs who want to access data remotely. The computational archi-
tecture, whether local or cloud, should also be designed with data security and privacy in
mind, especially if any video data could show identifying features of animal caretakers or
contain sensitive experimental details.

Software and Data Analysis Tools The full potential of HCM is realized only when the
data is translated into biologically meaningful results. Thus, part of the infrastructure
investment must include software tools and analysis pipelines. Many HCM systems come
with proprietary software. For example, the Promethion Core system includes the Macro
Interpreter and CalR-compatible outputs, enabling the use of an open-source analysis
pipeline that allows the same type of data analysis as with a TSE system. Another example
is the DVC system, which can be used with DVC Analytics, a powerful tool that translates
artificial readouts from electrodes into meaningful activity or even behavioral patterns.
Similarly, DSI implants generate data that can be analyzed with Data Insights, and
IntelliCage provides IntelliCage Plus software for experiment configuration and basic
analysis of nose-poke data. Regardless of the manufacturer or software, core staff should
be well trained and continuously updated in these packages to effectively support users.
However, often the built-in software has limitations in analysis sophistication and/or flex-
ibility. Thus, complementary customized tools are frequently needed. Open-source soft-
ware has flourished in this domain. For instance, DeepLabCut is a popular open-source
tool that uses deep learning to track user-defined body points in videos, enabling detailed
behavior and posture analysis from home cage video data. A core can set up DLC and even
provide training data or pre-trained networks for common lab mouse behaviors, simplify-
ing life for scientists who want to classify behaviors from video. DLC has been success-
fully used to reduce human scoring variability in behavioral analysis and can reach
human-level accuracy in posture tracking with minimal effort (Mathis et al. 2018). Other
tools include motion-detection and circadian analysis programs, machine learning pipe-
lines for unsupervised behavior classification (such as Motion Sequencing or MoSeq for
identifying movement motifs), and data visualization dashboards. The core’s data scientist
or informatician might create standardized scripts (in R, Python, or MATLAB) to generate
reports for each experiment, for example, automatically plotting each animal’s activity
over time, average daily rhythms, correlation between metrics, etc. By providing these as
templates, users can quickly gain insights without needing advanced coding skills. A com-
mitment to interoperability also means ensuring that outputs from one system can feed
into others; if a user exports timestamps of certain events from the HCM software, the core
could have a script ready to integrate that with corresponding video files or external sensor
data (like synchronized EEG or metabolic data, if any). This cohesive data ecosystem
should be documented clearly so that users know what to expect: e.g., “At experiment end,
you will receive a dataset with X, Y, Z metrics and a set of graphs; raw data is stored at
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location Q and is accessible for further analysis for up to N months”. The inclusion of case
studies and technical exemplars can be helpful; for instance, the SCORHE system (System
for Continuous Observation of Rodents in Home cage Environment) is a case study high-
lighting how a simple hardware setup (a dual-camera unit mounted on a standard cage
rack) combined with intelligent software can yield valuable activity and behavior data.
Salem et al. (2015) described SCORHE as a low-cost, scalable solution that required mini-
mal cage modification and produced automated readouts of mouse activity patterns.
Learning from such examples, core facilities can adapt off-the-shelf tools or develop cus-
tom ones to fit their needs. In conclusion, establishing an HCM infrastructure in a core
facility is a multidimensional task covering physical equipment, IT resources, and analyti-
cal software. By choosing flexible modular hardware, ensuring strong data handling capa-
bilities (edge processing, storage, backup), and equipping the core with state-of-the-art
analysis tools, a core director creates the foundation for successful HCM-based research.
The next step is ensuring that people—both staff and users—are competent to use this
infrastructure effectively, which we address in the following sections on training and oper-
ational processes.

6 Operational Guidance for HCM Core Management

Deploying HCM as a core service involves scientific and technical aspects as well as
operational management to ensure the platform’s success and sustainability. This section
guides several key operational areas: project intake and workflow management, gover-
nance and ethics oversight, cost recovery and funding, and performance metrics for con-
tinuous improvement. A core director can run the HCM platform efficiently while meeting
users’ needs and institutional requirements by setting up clear processes in these areas.

Project Intake and Workflow Management Introducing HCM into a core’s portfolio
will likely generate interest from core users and new users with no prior experience in
automated behavioral monitoring. It is crucial to have a structured project intake process
that handles initial inquiries through to study completion. Typically, this begins with a
consultation phase where the core team assesses the project’s feasibility, design needs, and
resource requirements. The core can then advise on experimental design, suggesting modi-
fications if necessary (for example, recommending appropriate habituation time in the
HCM system or including control groups monitored in parallel). Once a project is
approved, an experimental plan (study plan or work protocol) is formalized, often as a
service agreement or protocol document, and as required legal animal research documen-
tation. This should outline the responsibilities of the core (equipment setup, data collec-
tion, preliminary analysis) and of the user (animal preparation, experimental treatments,
final data interpretation), along with a timeline. Clear communication at this stage sets the
tone for the project; users should know what data they will receive and when, while core
staff should know the critical experimental events to coordinate, i.e., events that affect the
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HMC, such as experimental manipulations, welfare assessments, and “out-of-the-cage”
assays. During the execution of the project, standard operating procedures (SOPs) are
vital. For instance, the core might have an SOP for habituating animals to the HCM sys-
tem. Another SOP might cover how often to check on the animals and system (since HCM
usually runs unattended overnight, clear instructions for daily animal welfare checks and
system status checks must be in place). Maintaining a project log or notebook for each
HCM system/study is advisable, noting any events such as system errors, animal remov-
als, or anomalies (e.g., “Day 3: animal #5 found chew damage to sensor, replaced sensor
pad”). Next to a project log, some HCM systems offer an environmental monitoring unit,
which automatically tracks the environment for sound, light, and other emissions. This and
personal documentation are essential for troubleshooting and transparency if results need
to be interpreted in light of a technical issue.

Governance and Ethical Compliance Operating an HCM core intersects with institu-
tional governance, including animal welfare regulations, data governance, and compliance
with cost accounting rules (for billing). First and foremost, any use of HCM in live ani-
mals must be covered by appropriate ethical approvals (Institutional Animal Welfare Body
or Animal Care and Use Committee, IACUC, in the United States or equivalent).
Fortunately, HCM aligns well with the refinement tenet of the 3Rs, as it is generally less
stressful than traditional testing, which committees often view favorably. Nevertheless,
considerations such as maximal monitoring duration, ensuring provision of food/water if
automated dispensers are used, and contingency plans for equipment failure affecting ani-
mal welfare need to be spelled out. Furthermore, some systems might require single hous-
ing, and depending on the authorities, this could limit the system. Additionally, core staff
must be trained in animal care within the HCM context, for example, recognizing signs of
distress in animals that might not be disturbed daily due to automated monitoring, or
knowing when it is necessary to remove an animal from an experiment early for humane
or experimental reasons. Data governance is another facet of oversight. The core should
define who owns the data generated by the HCM experiments and how data sharing is
handled. Typically, the researcher owns their experimental data, but if the core stores it
centrally, policies must ensure confidentiality and integrity of that data. Multi-user sys-
tems might inadvertently allow one user to glimpse another’s ongoing experiment data if
not properly access-controlled. Thus, IT measures should include data protection as
needed. If video recording is part of the monitoring and if any facility staff appear in those
videos (even peripherally during cage maintenance), privacy issues might arise—cores
may decide to position cameras or schedule personnel duties to avoid recording humans,
or to redact/blur any such instances if videos are to be shared. Regarding intellectual con-
tribution, if core staff significantly contribute to experimental design or analysis, author-
ship or acknowledgments in publications should follow institutional core guidelines to
ensure proper credit, a governance aspect that core directors should communicate to users
upfront.
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Financial compliance and governance are crucial for cost recovery, but broadly, the core
must operate in accordance with institutional policies for service centers. This often
includes undergoing periodic rate reviews or audits to ensure that billing rates align with
actual costs and do not generate undue profit (for federally funded institutions, for exam-
ple, this is mandated). In summary, governance in an HCM core context means staying
compliant with animal ethics, protecting data and privacy, and following administrative
policies, all foundational to running a trustworthy and accountable core service.

Cost Recovery and Sustainability With their advanced hardware and software, HCM
systems represent a significant investment for a core facility. To sustain operations, core
directors typically implement a cost recovery model whereby users are charged fees for
the services. Designing a fair and practical pricing model requires understanding the direct
costs (equipment depreciation, maintenance contracts, consumables like RFID tags or
bedding, staff time for setup and analysis) and indirect costs (facility space, utilities,
administrative support). One approach is a per-cage-per-day charge, which directly ties to
the capacity usage of the system. Alternatively, some cores may offer experiment-based
package pricing. Package pricing can be simpler for users to budget. However, the core
must pay attention to not underestimating required efforts and to be cost-neutral. Another
model is tiered pricing depending on the level of service—for example, a lower rate if the
user handles more of the work versus a higher rate if full service with core personnel doing
analysis is provided. In the initial stages, full cost recovery might not be immediately
feasible if user adoption is slow. However, surveys have shown that many academic cores
operate at 80-90% cost recovery, with some exceptional cores achieving near 100%
through high volume and efficiency (Turpen et al. 2016). The core director should strive
for a sustainable balance: underpricing might attract users but could lead to budget short-
falls, whereas overpricing could deter usage and result in idle equipment (which is equally
unsustainable). Regular review of finances is necessary—tracking metrics like utilization
rate, number of distinct user groups served, and revenue vs expenses. If utilization is low,
targeted outreach or workshops might be needed to drum up interest (often, investigators
are unaware of what HCM can do until they see examples). On the expense side, careful
maintenance is important; unexpected downtime due to equipment failure can be costly in
terms of lost revenue and credibility. Therefore, service contracts with vendors or stocking
of critical spare parts are usually justified for minimizing downtime of the HCM systems.

To bolster sustainability, core directors can explore supplementary funding avenues.
For example, adding an HCM component might make the core eligible for equipment
grants or instrumentation supplements from funding agencies. Collaboration with users on
grant proposals (where they budget for core service costs or even write the core into the
methods) ensures future income if those grants succeed. A fully sustainable HCM core is
one where the inflow of projects and funding covers the operational costs and allows for
maintenance and eventual upgrades; achieving this may take a few years of growth and
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adjustment. However, this is a long-term goal and therefore strongly depends on the size
of the core, the scientific directions of the core, and the researcher turnover at the core.

Performance Metrics and Continuous Improvement To guide the success of a core
facility, it is essential to define and track performance metrics and to use those metrics for
continuous improvement. A 2016 analysis by Turpen et al. outlined categories for core
facility performance evaluation, including financial health, user satisfaction, efficiency,
and scientific impact. Applying these to an HCM core, key metrics might include: utiliza-
tion rate, number of users and repeat users, turnaround time, publications, external fund-
ing, data quality/error rates, user satisfaction and training outcomes. By regularly reviewing
these metrics, the core team can identify areas for improvement. Importantly, a culture of
continuous improvement also means staying current with technological advances and user
needs. The core director should maintain awareness of new HCM technologies (through
literature, conferences, vendor demos). For instance, if a novel sensor could expand the
core’s capabilities (like HCM with EEG integration), it might be worth planning for.
Regularly soliciting user input on desired features can guide future development; maybe
users express interest in monitoring a specific behavior (e.g., ultrasonic vocalizations) that
the core does not yet support, this feedback could direct investment in new modules or
collaborations with developers. In essence, running an HCM core is an evolving process.
Setting clear operational guidelines and metrics ensures that day-to-day activities align
with larger scientific excellence and service quality goals. By paying attention to project
management, governance, finances, and performance indicators, a core director can adapt
and refine the core’s operations, thereby maintaining a high level of service for researchers
and sustaining the core’s value to the institution.

7 Training and User Adoption Strategies

The successful integration of HCM into a research environment depends as much on peo-
ple as technology. Both core staff and scientific users must develop new skills and under-
standing to make the most out of HCM systems. This section focuses on building internal
training frameworks, setting user expectations, and cultivating a culture that embraces
automated monitoring. We will cover competency-based training programs, data literacy
initiatives (especially around handling the large datasets and novel analysis methods HCM
produces), and strategies to encourage adoption through collaboration and
communication.

Competency-Based Training for Core Staff and Users Introducing HCM often means
that even experienced animal technicians or behavioral scientists must learn new methods.
Competency-based training ensures individuals attain specific skills and knowledge mile-
stones before operating the system independently. For core staff (technicians, technolo-
gists, or junior scientists in the facility), training might involve vendor-provided HCM
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hardware/software courses, followed by hands-on practice with dummy experiments. To
conduct dummy experiments an animal experiment license is needed, which might be hard
to get and training animals may be applied for in the ordinary experimental license
(depending on the country and the current legislation). Further, core staff should be profi-
cient in system setup, troubleshooting common issues, and basic data retrieval/analysis.
Cross-training among staff is valuable so that HCM expertise is not siloed—multiple peo-
ple should know how to maintain and run the system to cover absences and provide depth
of support (redundancy). For scientific users, training is equally important. Many may
be unfamiliar with continuous monitoring, or how to design experiments without the tra-
ditional “control vs test in a 5-min trial” mindset. The core should offer a tiered training
program: introductory seminars for broad awareness, followed by practical workshops for
those who intend to use the system, and one-on-one mentoring for initial projects. A nota-
ble initiative is the European TEATIME Training Schools, which provided instruction on
home cage technologies including experimental design, operant task setup, and data anal-
ysis for complex behaviors (details can be found in the chapter on Education and Training).
Inspired by such models, a core facility could host annual or semi-annual training courses
covering HCM theory and practice. For example, a two-day workshop might include mod-
ules on: Day 1—theory (capabilities of HCM, examples of studies, limitations, and con-
siderations like circadian factors); Day 2—hands-on (setting up a cage, configuring the
software for a simple task, and a demo of analyzing the output). Participants could receive
a certificate or simply be noted as “trained users” of the core. Impressing upon users the
importance of proper training is part of managing expectations—they need to know that
HCM is not a push-button magic box or “ready to use turnkey system”. Experimental rigor
and understanding of the system are still required for success.

Data Literacy and Analysis Skills HCM flips the data paradigm from sparse to rich,
meaning scientists must be prepared to handle and interpret large datasets. Many users
may initially not have the computational skills to fully analyze, for example, minute-by-
minute activity data over several weeks for dozens of animals. A core facility should thus
consider data literacy as part of its educational mission. This can range from basic training
in how to use analysis software provided by the system manufacturer, to more advanced
workshops on topics like statistical analysis of time-series data, machine learning for
behavior classification, or integrating HCM data with other data types. In recent years,
there has been a push to improve data skills in biology in general, often through workshops
or online courses in coding and analysis. The core can partner with bioinformatics or bio-
statistics colleagues to offer tailored sessions (for example, a short course on “Analyzing
Behavioral Time Series in R/Python”). Alternatively, if resources allow, the core might
develop user-friendly analysis templates. Imagine providing a Jupyter Notebook that a
user can run by simply pointing it to their dataset, and it will generate common analyses
and visualizations—this empowers those who are not coding experts to still glean insights
from HCM data. One particular area where data literacy is crucial is the application of
machine learning for behavior analysis. Video-based HCM yields particularly complex
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data (often requiring behavior to be classified from footage). Tools like DeepLabCut have
made it feasible for non-experts to apply deep learning to track animal movements.
However, using these tools still demands understanding concepts like training a network,
overfitting, and validating results. The core can help by pre-training some networks on
typical behaviors, maintaining them for users to apply, and teaching the underlying prin-
ciples at a high level. Hence, users trust and verify the outputs. For example, an interested
lab might want to track rearing behavior in the home cage. The core could provide a base-
line DLC model for mouse posture and show the lab how to refine it with a few annotated
video frames of rearing vs non-rearing, then use that model to process their entire dataset.
By doing so with guidance, the user gets their immediate result and learns the workflow
for future analyses, achieving competency that they carry forward.

Another facet of data literacy is ensuring users know how to interpret HCM outputs bio-
logically and meaningfully. As mentioned earlier, not every blip or change in an activity
plot equates to a significant behavioral event. The core should counsel researchers on
appropriate statistical analyses (for example, methods for repeated fluctuating measures
over time, circadian rhythm analyses like Fourier or Cosinor analysis, or more adequately
advanced nonlinear analyses with higher sensitivity and translational power (Hager et al.
2025). There may be cases where core analysts directly assist in higher-order analysis for
a fee or collaboration, akin to a bioinformatics support model.

Promoting Acceptance Through Collaboration and Success Stories No matter how
advanced the technology, a core will only thrive if researchers are motivated and con-
vinced to use HCM. Cultural adoption can be encouraged by showcasing the success sto-
ries and promoting collaborative publication. When early adopter labs achieve compelling
results with HCM, the core should work with them to disseminate these outcomes through
seminars, internal newsletters, or conference presentations. Providing concrete examples
of HCM leading to important scientific results providing scientific results. For instance, if
one lab could detect subtle early signs of neurodegenerative disease in mice via HCM of
disturbed circadian patterns, that story can be highlighted as a breakthrough that would not
be possible with conventional methods. It is effectively an advertisement for the added
value of HCM. Collaboration is a powerful incentive. Core directors can identify com-
mon interests among users and propose multi-group studies where the core might
coordinate a larger project. Multi-disciplinary projects (like pairing a behavioral neurosci-
entist with a data scientist to do an HCM-based behavioral phenomics study) could pro-
duce more impactful results which cannot ge generated by single labs. In terms of
publication, it helps to ensure core involvement is credited, either through co-authorship
or at least acknowledgment, as this encourages core staff to invest deeply in projects and
signals to the community the scientific contributions of the core. Some early HCM studies
have been collaboration between technology providers and biologists, leading to cross-
disciplinary publications. These papers also demonstrate how to report HCM data, setting
precedents in the literature (Golini et al. 2020, 2023).
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User expectations should also be managed by transparently discussing the capabilities and
the current limitations of HCM. For example, while HCM can capture “more natural”
behavior and reduce experimenter-induced variance, it is not inherently better at all types
of assessments. A frank discussion might explain that for certain questions (like precise
cognitive task performance), extensive training and particular hardware are needed, and
even then, classical tests might still complement the findings. By setting realistic expecta-
tions on various available techniques, users will approach HCM projects with proper plan-
ning and avoid discouragement from initial hurdles. It is helpful to emphasize a growth
mindset: automated monitoring may require a learning curve and some trial-and-error in
experimental setup. However, the outcome can be gratifying regarding data richness and
animal welfare improvement.

Role-Specific Example To ground the training and adoption strategies, consider two per-
spectives—the core director and the research scientist—in hypothetical case stud-
ies: Core Director’s perspective: As a director of a behavioral phenotyping core that just
acquired a HCM system he promotes adoption, and organizes an open house demonstra-
tion. They set up the HCM system with a few mice and project real-time data plots on a
screen, inviting researchers to drop by. Seeing live activity and even video of mice behav-
ing naturally generates a wider interest in the behavioral repertoire of the attending
researchers. A pharmacologist also shares a case study where the core staff partnered with
him to investigate a new anxiolytic drug: they ran a controlled study showing the drug
increased nocturnal activity while reducing anxiety-like behavior bursts, a nuanced find-
ing published in a high-tier journal. Following this, the director notices a surge in inqui-
ries. He established a mentorship program where his staff will closely assist the following
two labs to design and run HCM studies, in exchange for co-authorship and permission to
present the outcomes in institutional forums. Within a year, several labs have integrated
HCM into their grant proposals, citing the core’s capabilities as strengths.

Research Scientist’s perspective: A young investigator is intrigued by HCM but unsure
how it fits her research on metabolic syndrome in rats. After attending the core workshop,
she realizes HCM could continuously monitor feeding behavior, activity, and even body
temperature of her rat model, providing an integrated picture of metabolism and behavior.
Collaborating with the core’s data expert, she sets up a study where rats are fed either a
high-fat or control diet and are monitored 24/7 for 2 weeks using an automated system that
logs each feeding event and locomotor activity, along with periodic telemetry for tempera-
ture. The young investigator may be initially concerned about data overload. Luckily, the
core provides her with processed summaries showing clear patterns: high-fat diet rats have
more fragmented feeding across the circadian cycle, reduced overall activity, and a slight
elevation in nocturnal body temperature—indications of metabolic disturbance. These
data strengthen her hypothesis and are included in a successful grant renewal.

Through such examples, it becomes evident that training, supportive collaboration, and
communication of successes drive the adoption of HCM systems. Over time, as more
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scientists become proficient and share their experiences, HCM evolves from a “novel” to
a mainstream, even indispensable, part of the behavioral research toolkit.

8 Future Directions and Emerging Technologies in HCM

As HCM systems are increasingly established in laboratories, the horizon continues to
expand with emerging technologies and experimental paradigms promising to further
revolutionize behavioral phenotyping. Core directors and researchers should be aware of
these developments to future-proof their strategies and remain at the cutting edge. In this
section, we discuss several exciting directions: closed-loop experimentation, integration of
HCM with multi-omics and physiological data streams, and the fusion of virtual reality
with home cage systems to create enriched cognitive testing environments. These innova-
tions, some already in early use and others on the cusp, illustrate the concept of “cognitive
laboratories” of the future, where automated systems observe and interact with subjects in
real time.

Closed-Loop Experimentation Traditional experiments are mostly open-loop—we
observe the animal and later adjust conditions. Closed-loop experimentation, by contrast,
involves real-time modulation of experimental conditions based on the animal’s behavior
or physiology at that moment. HCM is ideal for closed-loop systems because it continu-
ously collects data and can be connected to actuators that deliver stimuli or interventions.
For example, imagine a setup that automatically triggers a stimulus like a mild tone, an
electric brain stimulation, or drug infusion to prevent a behavioral pattern (e.g., prolonged
inactivity that might indicate a seizure, stereotyped behavior, or the prevention of drug-
seeking). Such systems could aid in the prevention of compromised animal welfare or
enforce experimental conditions precisely (like delivering a stimulus exactly when a spe-
cific sleep stage is detected to prove its precise role in memory consolidation. Early ver-
sions of closed-loop HCM are being explored in pain and epilepsy research, where
feedback loops adjust stimuli in real time (e.g., the trigger of seizure activity is removed
or completely stopped once a critical (e.g., induction) threshold is reached). One practical
implementation could be in operant learning. If an animal reaches a criterion in a
self-training task at 2 AM, the system could immediately advance the task difficulty with-
out human intervention, thus using the animal’s timing and motivation to drive the experi-
ment forward. Even though they are not completely new from the technological perspective,
closed-loop approaches can reduce human-induced variability further and enhance the
depth of data and precision of conclusions, but they require robust detection algorithms
and fail-safes (Ho et al. 2023; Remmelink et al. 2017). As reported by some pilot studies,
these setups significantly reduce the need for experimenter intervention, which further
minimizes unspecific stressors and yields more reliable data (Richter 2020). However,
they also highlight a challenge: sophisticated closed-loop platforms can be technologically
complex and expensive, putting them out of reach for many labs. Core facilities may play
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a key role in popularizing closed-loop experimentation by hosting such advanced systems
and making them available as a shared resource. Multi-omics and Physiological
Integration While HCM primarily focuses on behavior, the next frontier is to link con-
tinuous behavioral data with underlying biological changes. Integrating multi-omics data
(genomic, transcriptomic, proteomic, metabolomic) with behavior is highly attractive for
understanding complex disorders. For instance, consider an experiment where mice are
monitored for behavior around the clock. At the same time, intermittent sampling or sen-
sors provide data on hormone levels, or where tissue samples (or blood microsamples) are
taken at key behavioral inflection points for transcriptomic analysis. Already, some studies
have combined telemetry (for electrophysiological signals such as EEG or ECG) with
HCM of activity, generating combined datasets of brain activity and behavior over long
periods (Coborn et al. 2019). Soon, we might see cages equipped with non-invasive bio-
chemical sensors—for example, to detect cortisol metabolites in urine or infrared spec-
trometers to gauge CO,/O, exchange for metabolic readings—synchronized with
behavioral outputs. Multi-omics integration might also occur at the data analysis stage:
behavioral phenotypes identified via HCM can be correlated with gene expression profiles
or genomic variants. With large enough datasets, machine learning could predict an ani-
mal’s molecular phenotype from its behavior or vice versa. Such comprehensive pheno-
typing would contribute to better understand the mechanisms behind observed behaviors,
moving the field toward a systems biology-focused approach. Core facilities venturing
into this area must collaborate closely with genomics/proteomics cores or have cross-
disciplinary staff. The data management challenge also grows, ensuring that timestamps
align across modalities and that analyses account for the multiple comparisons inherent in
multi-omics data. Nonetheless, the payoff is significant: a holistic view of an organism’s
biology. In a sense, HCM coupled with—omics could help realize the idea of an in vivo
phenotypic screen where behavior is another readout like a gene expression pattern, broad-
ening the phenotype definition in preclinical studies, successfully demonstrated by the
Mouse Phenotyping Consortium (Brown et al. 2018; Groza et al. 2023).  Virtual Reality
and Augmented Environments One of the more futuristic developments is using virtual
reality (VR) setups for rodents in combination with home cage living. VR for animals typi-
cally involves devices like head-mounted displays or projection systems around the cage,
and sometimes treadmills or ball platforms that allow a mouse to navigate a virtual space.
Researchers have begun to merge these with home cage contexts so that the animal can
seamlessly transition between a real home cage and a virtual environment. For example, a
system might allow a mouse to voluntarily climb onto a spherical treadmill (the Servoball
is one such device) placed adjacent to its home cage; once on the ball, motion sensors and
computer graphics create the illusion that the mouse is running in a boundless virtual cor-
ridor or maze. If the mouse can return to its home cage deliberately, the setup qualifies as
a home cage setup. Kaupert et al. (2017) demonstrated an approach where mice in a home
cage extension experienced a virtual spatial navigation task with minimal unspecific
stressor exposure, as they were neither handled nor restrained. Another approach by Kislin
et al. (2014) involved a flat-floored air-lifted platform (essentially a virtual reality arena)
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that allowed freely moving rodents to experience virtual stimuli while still moving natu-
rally, bridging classical experiments and HCM settings. These hybrid VR-HCM systems
enable complex cognitive testing (like navigational memory, decision-making in mazes,
etc.), which typically requires placing the animal in a specialized out-of-the-cage setup.
The implication for core facilities is significant: if VR systems become more accessible, a
core facility could theoretically host a “‘cognitive VR arena” where animals from different
studies rotate in. At the same time, their behavior is monitored in VR and their home cage
behavior is tracked before/after the voluntary behavioral test. If such systems are used on
multiple home cages and additionally 24/7 on a voluntary basis (e.g., combined with a
reward) this can save time and costs compared to the classical serial testing. Nevertheless,
there are challenges to overcome, such as ensuring VR does not induce unintended stress
(some argue that head-fixing mice for VR, as is sometimes done, is not ethologically
friendly, but newer free-moving VR addresses that). Also, not all animals will spontane-
ously engage with a VR interface; some training or habituation is needed but this can be
facilitated by increased motivation (e.g., by highly palatable food rewards after testing).
Nonetheless, VR offers a way to present stimuli and environments that are otherwise
impossible, greatly expanding what can be tested. As a concrete example, a mouse could
be tested on a complex foraging task in a VR forest environment, then immediately be
back in its home cage to eat and rest, effectively experiencing a “world” far larger than any
physical lab apparatus could provide, with all data logged.

Toward the “Cognitive Laboratory” of the Future When combining all these emerg-
ing trends—closed-loop control, multi-omics integration, VR, and advanced sensing, we
foresee a future cognitive laboratory largely automated, immersive, and data-rich beyond
current imagination. In such a lab, an animal might live in a smart home cage rig for an
extended period, during which it encounters various scenarios (some real, some virtual),
perhaps experiences automated challenges (like a sudden temperature drop to mimic envi-
ronmental challenges, or a puzzle to obtain a food reward), while an array of sensors
captures everything from behavior to physiology to molecular signals. The system could
adapt protocols on the fly (closed-loop), ensuring the animal is always appropriately chal-
lenged but not overloaded, resulting in reduced motivation. Data analytics, likely Al-driven,
would parse this firehose of data to detect phenotypic signatures or changes. For the
researchers, this means deeper and more exploratory experiments—instead of testing one
hypothesis with one assay, they could gather data to test numerous hypotheses concur-
rently (behavioral, metabolic, neurological, etc.). The role of the scientist shifts somewhat
from hands-on data collection to experimental design upfront and data interpretation after-
wards, guided by sophisticated HCM systems. However, it is essential to remember that
the remaining hands-on work and interaction with the animals are becoming increasingly
important, both for the experiment itself and for early-career researchers to gain a full
understanding of how an animal experiment is conducted. From a core facility perspec-
tive, the cognitive laboratory vision underscores the importance of keeping an eye on new
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technologies and thinking holistically. Core directors may eventually oversee integrated
platforms that cut across what are today separate core areas (behavior, physiology, genom-
ics). Early adoption of modular upgrades can pave the way, for instance, by adding a meta-
bolic monitoring capability (like indirect calorimetry) to existing HCM cages or
incorporating a few “VR-ready” cages into the standard rack for those who would benefit
from this technology in their experimental assays. Collaboration with engineers and soft-
ware developers might become a regular aspect of core operations to customize solutions.

Ethically, these advancements also push us to consider the welfare impact: an automated
system that can intervene in an animal’s environment must be carefully validated to truly
benefit the animal and not inadvertently cause harm or serve as an intermittent stressor due
to, e.g., false alarms. Fortunately, many of these innovations are being developed with
animal welfare as a priority (the idea of reducing human handling and providing enrich-
ment through VR, for instance, aligns with refinement goals).

To sum up, the future of HCM is poised to integrate cutting-edge technology to create
an environment where laboratory animals can be studied more humanely, comprehen-
sively, and rigorously. Core facilities will be instrumental in bringing these advances to the
broader scientific community, acting as incubators for new methods and providing access
to complex setups that individual labs might not manage alone. By staying informed and
adaptable, core directors can ensure that their playbook evolves in step with these emerg-
ing opportunities, guiding scientists through the next era of behavioral research.

9 Conclusion

HCM has moved from a niche innovation to a central component of modern behavioral
phenotyping, and its successful implementation requires a synergistic approach between
technology, people, and required processes. For core laboratory directors, establishing an
HCM platform is a technical acquisition and a strategic enhancement of their facility’s
capabilities. This chapter has provided a comprehensive overview for guiding scientists in
this journey, from understanding fundamental benefits of HCM to integrating it with clas-
sical tests, setting up the necessary infrastructure, training users, managing operations, and
looking ahead to future developments leading to a reduction of classical out-of-the-
cage assays.

In summary, HCM systems offer continuous real-time monitoring, which complements
traditional methods by capturing nuanced behavioral patterns and physiological parame-
ters that episodic tests cannot provide. This strength leads to improved reproducibility and
data richness in studies, as demonstrated by numerous examples where automated home
cage data revealed phenotypes or drug effects that were missed by conventional assays
(Sun et al. 2025; Theologidis et al. 2025). The core director’s role is pivotal in translating
these advantages into routine practice. By carefully planning integration
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pathways—aligning stakeholders, ensuring workflows and data streams are compatible,
and pooling resources for efficiency—core animal facilities can embed HCM into their
service lineup in a sustainable manner. Robust infrastructure, including modular hardware
and advanced data management pipelines, forms the foundation that core staff must main-
tain and continuously improve.

Equally important are the human factors: through competency-based training programs
and data literacy initiatives, core facilities equip researchers with the skills to optimally
design insightful experiments and interpret the complex data that are generated. Managing
user expectations and fostering a collaborative culture help in overcoming initial adoption
barriers. The chapter’s operational guidance highlights that clear project management,
governance compliance, and financial planning are essential to running HCM as a reliable,
highly valuable core service. Tracking performance metrics and iterating on processes
ensures the core remains responsive to users’ needs and accountable to its institution.

Real-world case studies illustrate how core directors and scientists can partner effec-
tively—the core providing expertise and support, and the scientists bringing domain-
specific questions to achieve results that push boundaries of scientific progress. As HCM
technology continues to evolve, incorporating closed-loop interactions, multi-modal data
integration, and even virtual reality, core facilities will likely be at the forefront of these
innovations. Embracing new tools and maintaining flexibility will allow core directors to
continue guiding their scientific users through increasingly sophisticated experimental
paradigms.

Finally, the “core director’s playbook” for HCM is one of integration—integrating new
technology with existing methods, integrating rich datasets with biological insight, and
integrating the efforts of core staff with the ambitions of researchers. When executed well,
the outcome is a robust platform that enhances both experimental outcomes and animal
welfare. This development educates and empowers a new generation of scientists in quan-
titative, systems-level behavioral research. HCM stands as a testament to how methodol-
ogy can drive discovery in combination with animal welfare improvements. With
knowledgeable core facilities leading the way, its full potential can be realized across
disciplines ranging from neuroscience and pharmacology to physiology and beyond.
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Abstract

Home cage monitoring (HCM) systems enable continuous, automated observation of
laboratory animals in their standard environment without human interference and are
aligned with the 3Rs principle (reduction, refinement, replacement). They provide a
variety of metrics, including locomotor activity, circadian patterns, feeding and drink-
ing behaviors, which can support the development of new drugs by early detecting
drug-related effects and potential toxicity.

In the context of harmonized and standardized drug development, digital measures
generated by HCM systems must undergo a process of validation, evaluating if they can
be used as surrogates to biomarkers or additional, enhanced, early metrics. This chapter
focuses on the relevance of HCM in preclinical studies in drug development, based not
only on literature but also on real-case studies.

The increased integration of HCM on a regular basis is expected in the following
years with the emergence of more examples highlighting its inputs and maybe a con-
sensus on how to use HCM technologies.
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1 Introduction and Context

In the evolving landscape of healthcare and biomedical research, terms like biomarker,
digital biomarker, and digital measure are frequently used. However, their overlapping
usage can lead to confusion. Understanding their distinct definitions is crucial for accurate
communication and application in clinical and preclinical research settings.

A biomarker is a measurable indicator of a biological state or condition. It is objec-
tively measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or responses to therapeutic interventions. Examples include blood pressure,
cholesterol levels, and specific genetic mutations (Califf 2018). A digital biomarker refers
to objective, quantifiable physiological or behavioral data collected and measured by
means of digital devices such as portables, wearables, implantables, or digestibles. These
biomarkers are used to explain, influence, and/or predict health-related outcomes
(Motahari-Nezhad et al. 2021). The term digital measure encompasses health-related data
collected through digital devices, including smartphones, wearables, or sensors. These
measures can include metrics like step count, heart rate, or sleep patterns. They offer
objective insights into an individual’s health status and can be used for monitoring and
assessing health outcomes (Coravos et al. 2019). These definitions are very applicable to
clinical research. Recently, Baran et al. (2025) provided definitions that can be more appli-
cable to preclinical research. Digital measures are defined as quantitative data continu-
ously collected from unrestrained and uninstrumented animals using digital in vivo
technologies, such as sensors embedded in the animal’s cage or environment. When a digi-
tal measure demonstrates objective, quantifiable responses to disease progression or thera-
peutic intervention, it may be considered a digital biomarker. If it further bridges preclinical
and clinical contexts, it may be classified as a translational digital biomarker.

In vivo science remains a crucial step in drug discovery. In our discipline, we strive to
adhere to the 3Rs principle: reduction, refinement, and replacement, as first articulated by
Russell and Burch in 1953 and repeatedly revised (e.g., Louis-Maerten et al. 2024).
Implementing Home Cage Monitoring (HCM) has the potential to reduce the size of ani-
mal experiment groups, thereby decreasing the number of animals used. Additionally,
automatic observations without human interference in a home cage setting reduce stress
for the animals, thus improving refinement. This is not only specific to applied in vivo sci-
ence in the industry but is equally important for academic research. In vivo science in the
industry is part of preclinical research and development (R&D) in drug discovery. It plays
a role in pharmacokinetic, pharmacodynamic, and efficacy studies during the research
stages. The latter two are particularly applicable for combining studies in this area with
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HCM. Obviously, in vivo studies are also required for toxicological and safety assess-
ments in the preclinical developmental stage. Although HCM certainly has the potential to
add value during the drug discovery stage, employing these techniques under Good
Laboratory Practice (GLP) may present challenges (see later in this chapter).

Although observing research animals in their natural living environment is not new,
recent advancements have significantly enhanced these observations. First, more afford-
able hardware solutions have made HCM systems scalable and integrable with standard
caging, potentially enabling the transition to digital vivariums where each animal cage is
digitally monitored. Secondly, Artificial Intelligence- (AI) and Machine Learning-based
(ML) algorithms now allow for swift and advanced analysis of the data generated by these
new technologies. Consequently, HCM systems have become commercially available in
recent years, and open-source solutions have also emerged, making these technologies
appealing to in vivo scientists across academic institutions, contract research organiza-
tions (CROs), biotech firms, and large pharmaceutical companies. Additionally, HCM sys-
tems can improve the quality and efficiency of animal care.

Preclinical R&D is followed by the clinical phase. Overall, the cost of drug R&D and
clinical development is continuously increasing. On average, to bring a new drug to the US
market, the cost of non-clinical R&D is estimated to be $11.8 million. Clinical trials are
significantly more expensive, ranging from $7.1 million (Phase I) to $21 million (Phase II)
and $89.3 million (Phase III). This brings the total average cost, including FDA approval,
to $131.5 million (Sertkaya et al. 2024). The probability of success (PoS) for clinical can-
didate drugs to achieve market approval varies significantly across therapeutic areas.
Vaccines and ophthalmology have relatively high success rates (33% and 32%, respec-
tively), whereas Central Nervous System (CNS) drugs (15%) and oncology drugs (3.4%)
are at the lower end of the success spectrum (Wong et al. 2019), based on data from trials
conducted between 2000 and 2015. When accounting for failures and the median capital-
ized research and development investment required to bring a new drug to market, the
average cost was estimated at $1141.7 million (Wouters et al. 2020).

Interestingly, Wong et al. (2019) also calculated the difference in PoS between clinical
trials that included biomarkers and those that did not, based on data from 2005 to 2015. In
oncology, trials from this period had a PoS of 1.6% when no biomarkers were included,
whereas the PoS was 10.7% in trials that did include biomarkers. During the same period,
CNS trials had a PoS of 6.2% without biomarkers, compared to a PoS of 8.3% in trials
with biomarkers. Given that HCM has the potential to reveal and validate digital biomark-
ers that can be translated to clinical settings (using wearables, smartphone applications,
etc.), the implementation of HCM technology has the potential to improve PoS in clini-
cal trials.

Over the last decade, many findings in preclinical animal research published in high-
profile journals have been deemed unreliable and irreproducible, leading to a so-called
reproducibility crisis. This crisis is attributed to poor scientific practices and neglect of
rigorous methods. Contributing factors include flaws in experimental design, execution,
statistical analysis, and reporting (Voehringer and Nicholson 2020). One of the execution
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factors has been demonstrated by Crabbe et al. (1999), who studied possible confounding
influences of the laboratory environment. In their multi-lab study, apparatus, test proto-
cols, and many environmental variables were rigorously equated. Despite standardization,
the outcomes differed markedly in all behaviors. One of the factors contributing to these
differences is likely the human experimenter, given that this human factor is hard to stan-
dardize. HCM does not rely on a human experimenter and, therefore, may result in more
reproducible results. This will contribute to increased trust in in vivo results and thereby
optimize the R&D processes and PoS in clinical development.

This chapter focuses on the use of HCM systems in R&D in pharmaceutical industries
and CROs, from the evaluation of these systems to their implementation and use of the
data obtained with these technologies.

2 Validation of HCM

2.1 Importance of Validating HCM-Derived Endpoints Against
Pharmacological and Behavioral Benchmarks

To standardize drug R&D, the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH 2025) issued guidelines on drug
development, including scientific and technical aspects. In the set of safety guidelines, the
organ systems that should be investigated and some associated biomarkers are even listed.
Regulatory guidelines, such as the one issued by the European Medicines Agency (EMEA
2017), rely on ICH’s guidelines for the evaluation of drug candidates and their transition
to first-in-human or early clinical trials. For preclinical studies, most ICH guidelines focus
on safety.

The ICH S7A guideline on pharmacology studies mentions that “data from unrestrained
animals that may be chronically instrumented for telemetry, other suitable instrumentation
methods for conscious animals, or animals conditioned to the laboratory environment are
preferable to data from restrained or unconditioned animals”. In the use of unanesthetized
animals, the avoidance of discomfort or pain is a foremost consideration. As HCM sys-
tems collect data from unanesthetized and unrestrained animals, they perfectly fit with the
guidelines on the test systems. However, as the studies are part of the development of
drugs meant for human use and can be included in market authorization, the digital mea-
sures collected by HCM systems need to be proven dependable. Therefore, it is crucial to
challenge and validate HCM systems’ data through a consensual framework (Baran et al.
2025). In studies supporting regulatory submissions, data quality and integrity should be
compliant with the principles of GLP to computerized systems (OECD 1995).

The validation process for HCM systems typically encompasses the following steps:

* Verification with reference compounds or models: assessing whether the system accu-
rately detects anticipated effects when challenged with established reference drugs or
validated models.
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» Comparative analysis against standard methodologies: evaluating alignment with data
obtained through conventional reference methods and determining relative sensitivity
between approaches.

* Assessment of added value: determining the practical benefits and scientific advantages
of integrating HCM systems into study designs.

2.2 Experimental Designs: Parallel Testing
with Conventional Assays

In the validation process, HCM data are compared to reference methods. It is usually done
by detecting expected effects of reference drugs (Tse et al. 2018; Robinson and Riedel
2014; Petersen et al. 2023; Piilgaard et al. 2023). According to Kahnau et al. (2023) in
their review on HCM systems used in laboratory mice and rats, the main measures col-
lected were locomotor activity, feeding, social behaviors, heart rate, and
electrocardiography.

Depending on the study design, it may be necessary to reconsider or refine the time of
drug administration, especially for studies with a limited observation/sampling window.
However, this should not impair the other measured biomarkers. Drug administration is
usually done in the morning, which enables close monitoring of the drug effect and
repeated samplings. If we follow up the locomotor activity of rodents with our HCM sys-
tem, a drug-induced hyperactivity will be well detected during the light phase, as rodents
are resting during the daytime. But a drug-induced hypoactivity may not be detected if the
effect lasts a couple of hours (see Fig. 1). Then, an administration at dusk would give a
better insight into the hypoactive effect, but may not be compatible with non-automated
sample collection.

This is a consideration that must be taken into account for acute monitoring in particular.

2.3 Strategies for Aligning HCM Data with Known Biomarkers
and Endpoints

HCM data must align with the parameters monitored during the study, which include:
* The choice of biomarkers, related to the organ systems that must be evaluated during
the study.
* The endpoints, which are pre-specified according to general ethical criteria and the
potential specificity of the model.
The evaluation of biomarkers and endpoints represents a picture of what’s happening at
a specific time and can be repeated. HCM data, on the other hand, are quantitative data
collected continuously. Even if we look at the same metric, manual data and HCM data
may not refer to the exact same thing.
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If we take the example of the evaluation of water consumption, one reference method
is to periodically weigh the bottle. Several HCM systems allow the evaluation of drinking
behavior. Some continuously register the water consumption due to a weight transducer
like the PhenoMaster. In this case, HCM data are comparable to the conventional measure
and even add the circadian rhythm of water consumption. Other HCM systems will evalu-
ate the water consumption not by weighing the water bottle but by counting when and how
long the animal is drinking. It is another way to evaluate drinking behavior (Robinson and
Riedel 2014; Petersen et al. 2023). Whether digital measures can replace or complement
conventional data depends on their application and its correlation with the refer-
ence method.

The COST TEATIME Action has compiled the current HCM technologies as well as
their associated metrics (TEATIME Action 2025). This compilation is a major help for
choosing the more relevant HCM system according to the needs identified.

24 Data Quality and Relevance

Evans already discussed in 1989 the importance of using home cage behaviors to detect
chemical toxicity in laboratory animals and the relevance of their inclusion in toxicity
screening (Evans 1989). One huge benefit of using HCM systems is to automatically col-
lect digital measures which could complement and/or replace already established bio-
markers, such as behavioral tests.

Among the benefits pinpointed for HCM data are automated, non-biased, enabling the
monitoring of the entire circadian rhythm, and can be applied to long-term studies. HCM
data may also be useful in the early detection of health degradation (Baran et al. 2020;
Vagima et al. 2020).

For rodents in vivo studies, HCM 24/7 gives access to the nocturnal activity patterns,
which are more sensitive than the diurnal activity patterns, as mice and rats are nocturnal
animals. With continuous data, HCM allows the confirmation or the unveiling of the tim-
ing of drug effects, the maximum effect but also potential delayed or rebound effects
which could not be detected during time-limited observations (Tse et al. 2018).

However, not all HCM systems provide the identification of individual animals. With
the refinement of the studies and the reduction of the number of animals used, this is a
challenge that needs to be addressed as group-housing is the standard. The ability to iden-
tify individual animals in group housed cage is a key feature to consider when purchasing
an HCM system.
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3 Key Performance Indicators (KPIs) and Metrics
3.1 Common Automated Behavioral Metrics and Linked KPIs

HCM systems automatically record a wide array of animal behaviors continuously in the

animals’ home environment, minimizing human interference (Grieco et al. 2021).

Automated metrics are the specific quantitative measures of behavior that HCM devices

collect (e.g., movement distance or feeding duration), whereas key performance indicators

(KPIs) are higher-level measures of experimental success or efficiency that these metrics

inform (e.g., time savings, data quality, or predictive power of a model). In other words,

metrics are the raw objective readouts, while KPIs reflect how those data improve experi-
mental outcomes. Establishing this distinction is important to evaluate how HCM technol-
ogy benefits translational research.

Common behavioral metrics captured by HCM include:

* Locomotor Activity: Continuous tracking of movement levels (distance traveled, speed,
bouts of activity vs. rest). This can be measured via video tracking, RFID-based track-
ing or sensors and provides a baseline of overall activity (Kahnau et al. 2023).
Locomotor activity is probably the best analytically validated parameter in HMC. High-
resolution activity metrics allow detection of changes in mobility or lethargy that might
indicate health deterioration, disease progression in animal models or drug effects.

* Circadian Rhythm and Rest Patterns: Because HCM is continuous, it captures diurnal
variations in behavior. Metrics like daytime vs. nighttime activity, sleep duration or
fragmentation, and phase shifts in routine are commonly derived. These reveal an ani-
mal’s circadian rhythm stability and any disturbances. For instance, HCM identified
that ALS model mice showed abnormal daytime activity (when they should be resting)
well before overt symptoms, reflecting sleep disturbances like those seen in patients
(Golini et al. 2020). Such metrics directly relate to KPIs like data richness and biologi-
cal relevance, since capturing full circadian cycles improves the translational validity of
the model, while rodents are assessed on their normal nocturnal schedule rather than
only during human working hours (Mingrone et al. 2020).

* Social Interactions: In group-housed settings, HCM can quantify social behavior met-
rics such as proximity between animals, frequency of interactions, or dominance
behaviors. Traditional tests assess social novelty or aggression in short sessions, but
HCM allows observation of natural social dynamics over days. While tracking indi-
viduals in groups is technically challenging, advances (e.g., RFID tags or multi-animal
video tracking) enable measuring time spent together vs. alone, social grooming, or
aggression bouts (Hohlbaum et al. 2024). These metrics inform welfare-related KPIs—
for example, ensuring animals can be group-housed while still collecting individual
data (Terry et al. 2023). Enhanced social behavior data can reduce the need for separate
social interaction tests, thus saving experiment time.
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* Feeding and Drinking Behavior: Many HCM systems log food and water intake using
hopper sensors or weight transducers. Metrics include the number of feeding bouts,
total food consumed, drinking frequency, etc. (Hohlbaum et al. 2024). Changes in feed-
ing patterns can be early signs of illness or drug side effects. Automating their measure-
ment yields KPIs of improved data quality (objective consumption data versus sporadic
weighing of food) and animal welfare (animals are not singly caged for metabolic tests
but can be monitored in a home cage). For instance, continuous monitoring of food/
water intake in home cages has revealed subtle changes in appetite that correlate with
drug tolerability (Terry et al. 2023), alerting investigators to potential toxicity sooner
than weekly body weight checks.

* Subtle or Complex Behaviors: HCM can detect micro-behaviors or composite metrics
that are hard to measure by human observation. Examples include grooming duration,
rearing events, nesting quality, or spatial patterns of cage use (such as preference for
corners indicating thigmotaxis). Sophisticated analyses can yield metrics like an ani-
mal’s use of cage zones (e.g., percentage of time along walls vs. center) or a “rest dis-
turbance index” quantifying abnormal activity during the usual rest phase (Golini et al.
2020). These nuanced metrics greatly increase sensitivity to changes reflected in KPIs
like earlier detection of on-set disease and more predictive modeling. Indeed, auto-
mated home-cage solutions has been shown to identify subtle changes (e.g., slight
increases in restlessness or repetitive motions) that precede overt clinical signs, thereby
improving the predictive power of preclinical models (Bains et al. 2018; Mingrone
et al. 2020).

Each of the above metrics drives improvements in experimental KPIs. Continuous
locomotor and circadian data translate to time saved and reduced labor, because experi-
ments run 24/7 without an experimenter present, and large behavioral datasets are gath-
ered without manual scoring. This automation also reduces handling of animals, an
important refinement that lowers stress and variability in results. Continuous longitudinal
metrics leverage more predictive models, as they capture treatment effects and disease
progression in greater detail over time. Social and subtle behavior metrics contribute to
data richness, giving a multidimensional view of an animal’s state (motor, social, cogni-
tive) in an integrated manner. In sum, by exploring these metrics, HCM technology feeds
into KPIs such as enhanced efficiency (continuous data collection, fewer personnel hours),
improved animal welfare (minimal disturbance, group housing), and increased transla-
tional relevance of the data (behavior measured in an undisturbed, naturalistic context).

3.2 HCM-Derived KPIs for Compound Efficacy Profiling and Early
Adverse Effect Detection

Unlike traditional end-point assays, HCM captures changes continuously, often revealing
drug effects that would be missed with infrequent observations. Below, we illustrate these
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advantages with examples across neurological, psychiatric, inflammatory, and aging-

related disease models:
Neurodegenerative Disease (ALS) In amyotrophic lateral sclerosis (ALS) models,
home-cage behavioral readouts have proven valuable for early disease onset signals. A
landmark study demonstrated that using running wheels in the home cage allowed daily
monitoring of motor function in SOD1-G93A ALS mice, detecting onset of decline as
early as around 40 days of age, the same time as the gold-standard rotarod test, but with
far less variability. The reduced variability meant researchers could use smaller group
sizes to achieve statistical power, thereby reducing the number of animals required
(Bennett et al. 2014). This exemplifies an HCM-driven KPI: improved sensitivity lead-
ing to both refinement (less manual testing) and reduction in animal usage, without
compromising detection of drug effects.
Psychiatric and Behavioral Models Automated HCM has been championed as a
way to improve the translational validity of psychiatric drug studies. Traditional tests
for anxiety or depression-like behavior are short and environment-dependent, often
failing to predict clinical results (Mingrone et al. 2020). In contrast, HCM allows lon-
gitudinal efficacy profiling of psychoactive compounds in a stable environment. For
example, in chronic anxiety models, an anxiolytic drug’s effect might manifest as a
gradual increase in nocturnal exploratory activity or more regular sleep patterns over
weeks. These are subtle changes that HCM can quantify, but standard tests might miss.
One study showed that home-cage monitoring after chronic antidepressant treatment
revealed increased regularity in daily activity cycles and reduced restlessness, changes
that aligned with therapeutic effects and occurred well before improvements would be
evident in a forced swim test (Kaffman et al. 2019). Thus, behavioral signatures over
time serve as KPIs for a compound’s efficacy profile: drugs can be differentiated by
whether they restore normal circadian rhythmicity, social interaction frequency, or
other sustained behaviors, rather than just acute test performance.
Inflammation and Disease Severity Monitoring In models of inflammatory disease
or chronic illness, HCM-derived metrics often track the course of disease and treatment
response more continuously than clinical scoring. For instance, in a colitis inflamma-
tory bowel disease model (Zentrich et al. 2021), automated activity monitoring detected
decreases in movement corresponding with disease onset and identified stress-related
behavioral changes due to handling of the animals. Researchers showed that an algo-
rithm combining HCM activity data with body weight could classify mice into “bur-
dened” (disease-active) vs. “not burdened” groups, matching the clinical colitis scoring.
This suggests HCM can potentially serve as an automated severity assessment tool, a
KPI relevant to both scientific rigor and animal welfare. HCM thus helps distinguish
effective vs. ineffective treatments in inflammation models by providing objective,
high-frequency readouts of disease severity and recovery. Similarly, HCM can catch
early signs of systemic adverse effects: for example, if an anti-inflammatory drug
causes malaise or pain, mice might show decreased nocturnal activity or abnormal
restlessness even before any weight loss occurs, alerting researchers to the problem.
The ability to quantify welfare conditions continuously is a transformative KPI and
studies can be adjusted in real-time (e.g., providing supportive care or euthanizing to
prevent suffering) and drug effects (beneficial or harmful) are not missed between
scheduled checks.
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Aging Models and Frailty Index Long-term HCM in aging studies has revealed
subtle changes in behavior that signify health span or emerging frailty, offering a win-
dow to evaluate interventions (Moore et al. 2024). For example, Moore et al. (2024)
tracked mice from middle age to old age in digital home-cages and found that overall
activity levels declined steadily up to ~14 months old, then unexpectedly rose again in
very old mice. This observation suggests compensatory hyperactivity or stereotypies in
aged animals. HCM thus enabled early detection of these maladaptive behaviors, high-
lighting a welfare concern (animals in prolonged housing developing repetitive behav-
iors) that could be mitigated. In terms of efficacy profiling, if testing an anti-aging or
neuroprotective therapy, scientists could monitor whether treated mice maintain a
younger activity pattern (e.g., sustained high dark-phase activity and solid rest during
light phase) compared to controls that might show fragmented rest or declining activity.
These metrics improve the predictivity of how an intervention affects quality of life, not
just lifespan, bridging clinical geriatric outcomes like sleep quality and daily activ-
ity levels.

4 Return on Investment (ROI) and Business Considerations
4.1 Detection of Rare Events

Animal models that exhibit pathological behavioral readouts occurring infrequently over
time present challenges for use in drug discovery. For instance, in Scnla+/A1783V (PFC)
mice, approximately one-third of the animals experienced spontaneous seizures, with a
frequency of 1.33 seizures per day (Riga et al. 2024). Manual observation, whether live or
via video recordings, is often impractical or prohibitively labor-intensive.

HCM, combined with appropriate data analysis algorithms, enables continuous track-
ing of pathological behaviors over extended periods, as well as assessment of pharmaco-
logical treatment effects. As such, HCM facilitates the use of animal models in drug
discovery even when behavioral abnormalities occur infrequently.

4.2 Refined KPIs: Impact on Predictivity, Animal Welfare,
and Project Outcomes (ALS Case Study)

Shifting to an HCM fundamentally changes key performance indicators for preclinical
studies. Instead of relying on sparse end-point measures, researchers obtain a continuous
stream of high-quality data, which can streamline workflows and improve decision-
making. Important KPIs that are refined by HCM include: personnel effort (full-time
equivalent, FTE) reduction, data richness and quality, facility utilization efficiency, speed
of decision-making, predictive validity, and animal welfare improvements. We illustrate
these with a head-to-head case study of an ALS drug efficacy experiment run with and
without HCM, as shown in Figs. 2 and 3.
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This experiment in Fig. 2 outlines a 40-week ALS mouse study design using traditional
assessments only. Timepoints for periodic functional tests (FT1, FT2), such as grip strength
and gait analysis, imaging sessions, and biological sample collections (blood, CSF, histol-
ogy), are indicated. The table below shows the approximate hands-on time required for
each task type per week and per month, summing to ~192 hours/month of labor (~1.2
FTE). Over a 6-month span, the study demands ~1150 hours (~7.2 FTE) of the research-
er’s time. Because data are only collected during weekly tests or periodic imaging, the
overall dataset is relatively sparse (“single snapshots” of behavior) and important changes
between timepoints may be missed. In this scenario, several KPIs are suboptimal:
Resources: The study is time-consuming, with significant personnel hours dedicated to
handling mice for tests and measurements. Data Quantity: Each mouse yields limited data
(e.g., one score per week for a grip strength test), leaving gaps in the disease timeline.
Data Quality and Variability: Results can vary depending on technician skill and the ani-
mals’ stress during handling, potentially reducing reproducibility. Clinical Translatability:
Intermittent tests provide a narrow view of the disease, which may not capture symptoms
like disrupted sleep that are relevant to patients. Animal Wellbeing: Mice must be repeat-
edly removed from their cage and trained for tasks, which elevates stress. The process thus
imposes a burden on the animals, and signs of disease onset might only be recognized after
they become pronounced, potentially delaying interventions to reduce suffering.

In the HCM-enhanced design of Fig. 3, animals are continuously monitored in their
home cages throughout the 40-week study, in addition to the same periodic tests and end-
points as the control scenario. The DVC® home-cage activity monitoring system, for
example, logs movement 24/7 without human intervention. The table of task times shows
a stark reduction in effort for certain endpoints: because behavior is tracked automatically,
the reliance on some manual tests or long imaging sessions is reduced (here, the frequency
or duration of tasks like FT1, FT2, Image 1/2 can be cut in half). Total labor drops to
~101 hours/month (~0.6 FTE), amounting to ~607 hours over 6 months (~3.7 FTE),
roughly a 50% reduction in personnel time compared to Fig. 2. Several refined KPIs
emerge in this scenario: Resource Optimization: Only half the staff time is needed, freeing
researchers to conduct other tasks and/or allowing more studies to run in parallel. This
improved efficiency directly lowers costs and speeds up research timelines. Data Quality
and Quantity: Instead of single data points per week, the experiment yields a rich behav-
ioral dataset comprising continuous activity measures, circadian rhythm profiles, etc., for
each cage. This leads to an increased statistical power and potentially reduces the number
of animals needed to detect effects, because each cage serves as its own control over time

2w 26W Jow 3w 8w 4w
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- WT et

Fig.2 Conventional ALS Study without HCM
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Fig.3 ALS study with HCM

with many repeated measures. Enhanced Sensitivity and Predictivity: Continuous moni-
toring means early subtle changes (like an emerging limb weakness at 18 weeks, or an
unusual activity drop at night) are recorded immediately. This improves predictive model-
ing: researchers can foresee which animals are starting to decline or respond to treatment
before conventional measures signal it. In our ALS example, HCM activity data could
show the therapeutic benefit of a drug (e.g., treated mice maintain normal nightly activity
levels) weeks before a conventional clinical score difference is apparent. Such sensitivity
facilitates early decision-making, allowing investigators to adjust dosing or cull ineffective
compounds sooner in the pipeline. Higher Translatability: The mobility metrics captured
continuously have higher analogs in human clinical observation (such as actigraphy for
patient activity). This alignment offers better clinical relevance. As noted in the HCM
figure, continuous activity monitoring improved detection of disease onset and provided a
more continuous disease readout, which correlates better with how human neurodegenera-
tive diseases progress, and can be considered as a translational digital biomarker. Animal
Welfare Gains: Perhaps most importantly, the HCM approach keeps mice in their home
environment for assessments, drastically reducing handling stress. Mice are monitored
in-cage, which minimizes distress and avoids the confounding effects of handling on
behavior. Additionally, welfare alerts mean that if an animal’s condition worsens, research-
ers can identify this and implement humane endpoints or treatments promptly, rather than
waiting for the next scheduled check. In summary, the HCM-integrated study achieves
scientific and operational excellence: more data of better quality, gathered with less effort
and animal strain.

To achieve meaningful reductions in animal numbers and cage usage when using HCM
technology, it is essential to apply an appropriate study design tailored to its capabilities.
This includes considerations such as randomization, blocking, and leveraging continuous
behavioral data, which together allow for more efficient group sizes and reduced experi-
mental burden without compromising scientific quality.

The upper panel of Fig. 4 illustrates a conventional four-week study involving 84 mice
housed in 21 cages, with three animals per cage. Experimental groups are defined by sex
(female and male) and genotype (wild-type and knockout), with seven cages per group.
Behavioral testing is conducted manually once per week over four sessions, with imaging
in weeks 1 and 4 and histological analysis at study end. The design lacks randomization
and blocking, and behavioral data are limited to discrete timepoints. Manual testing
requires repeated animal handling and transfers to specialized equipment, increasing labor
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n= 84 mice (3 x cage)
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Fig. 4 Traditional vs. HCM integrated study designs in a neurodegenerative mouse model.
Comparison of two experimental study designs evaluating behavioral and physiological outcomes in
a neurodegenerative mouse model, one using a traditional approach and the other integrating HCM
technology

needs and potentially introducing stress-induced variability, which is particularly prob-
lematic in neurodegenerative disease models.

The lower panel of Fig. 4 presents a refined study design that incorporates HCM to
continuously monitor spontaneous activity in the home cage. In this setup, the number of
animals is reduced from 84 to 40, a 52% reduction, and the number of cages from 21 to 10,
also a 52% reduction. Each group contains five cages with two animals per cage. The
design includes proper randomization and blocking. Behavioral testing is reduced to two
sessions, while longitudinal behavioral data are captured automatically without disturbing
the animals. Imaging and histology follow the same schedule as in the traditional design.

The difference in cage usage and consumable demand between the two designs has
notable implications for operational efficiency and return on investment. Over the four-
week period, the traditional setup shown in the upper panel requires 84 cage-weeks, cal-
culated as 21 cages over 4 weeks. Assuming each cage consumes 150 g of food pellets and
100 g of bedding per week, the total material use reaches approximately 12.6 kg of food
and 8.4 kg of bedding. With cage changes performed every 2 weeks, the 21 cages require
42 cage change events over the study duration.

In contrast, the HCM-integrated design shown in the lower panel uses only 10 cages
across 4 weeks, resulting in 40 cage-weeks. Material consumption is therefore reduced to
6.0 kg of food and 4.0 kg of bedding, representing a 52% reduction in both categories. The
number of cage changes also drops to 20 events, reflecting a 52% reduction compared to
the traditional setup.

This reduction in cage numbers and associated consumables translates into fewer cages
requiring cleaning, sterilization, and handling, significantly lowering water and energy
consumption, technician labor hours, and wear on facility infrastructure such as washers,
autoclaves, and IVC systems.
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From a facility management and return on investment perspective, this shift toward
HCM enables substantial cost savings in operational resources and maintenance cycles.
These benefits are realized without compromising scientific integrity. On the contrary,
HCM enhances data quality by delivering continuous, high-resolution behavioral insights
with minimal animal handling. Thus, the integration of HCM supports both ethical
research principles and strategic facility optimization.

4.3 Application to the Clinic

When an HCM-derived parameter is applicable in both preclinical and clinical settings, it
is referred to as a translational digital biomarker. As discussed earlier in this chapter, bio-
markers generally enhance the success rate of clinical trials, and translational digital bio-
markers are no exception. These biomarkers can support internal decision-making
regarding the progression of clinical trials. When such a biomarker is accepted by the FDA
or other regulatory agencies for use in drug approval processes, it is designated a surrogate
endpoint, a substitute for a direct clinical endpoint such as survival or symptom
improvement.

An example of preclinical HCM in a Parkinson’s Disease rat model has been provided
by Requejo et al. (2020), who used a dopamine-depletion rat model that mimics the early
prodromal stage of the disease. HCM revealed behavioral changes in response to dopa-
mine depletion, including hyperactivity during the light phase and hypoactivity during the
dark phase. Such a disruption of the circadian rhythm has also been described in PD
patients. The effects of experimental drugs in preclinical R&D can be translated to clinical
development. An example of pharmaceutical companies exploring this is illustrated by the
ongoing clinical study conducted by Koneska Health, Merck Sharp and Dohme, and
Regeneron Pharmaceuticals. Here, digital biomarkers in patients (www.clincialtrials.gov:
NCT06219629) are being explored. This longitudinal, observational study aims to assess
the usability, analytical and clinical validity, and biomarker discovery for wearable and
mobile device measurements of disturbed sleep and neurological disorders.

5 Applications in Safety and Toxicology

5.1 How HCM Can Align with Safety Pharmacology Studies,
Complementing Telemetry and Other In-Life Measures

The guidelines ICH M3(R2) on non-clinical safety studies state that studies for clinical
development trials and marketing authorization should be performed in two species (one
rodent and one non-rodent) (ICH 2025). According to Europe’s statistics on the use of
animals for scientific purposes in 2022, 499,931 animals were used for “Toxicity and other
safety testing including pharmacology” in the “regulatory use purposes” category. The
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main species used in this category were mice (33.6%) and rats (26.9%) (European
Commission 2024).

The use of HCM has been mentioned in the literature since the 1980s (Stoff et al. 1983;
Tamborini et al. 1989; Evans 1989). But even if the conclusion was that HCM should be
included in toxicity screening, its application in routine safety and toxicology studies did
not spread. With the emergence of the automation of HCM data analysis and live data
visualization, the integration of HCM is worth considering. The validation of HCM data
has been reported in the literature over the past years. They are not considered standard
yet, and HCM still needs to be integrated in CROs study catalogue.

As mentioned in the part on pharmacological validation of HCM systems, HCM can at
least complement, if not replace, other measures.

Telemetry Telemetry implants allow animal monitoring in their home-cage environment
but require surgical intervention. Non-invasive jacketed telemetry tools do not require
surgery but add some restraint to the animals. Mosch et al. (2023) published the evaluation
of an HCM system for mice and rats, allowing the monitoring of parameters usually
assessed via telemetry, such as heart rate, respiratory rate, and body temperature, besides
tracking of movement and circadian rhythm (Mosch et al. 2023). If used in preclinical
safety pharmacology studies, this kind of system would provide data on unanesthetized
and unrestrained animals and help in refining the experimental procedure by reducing the
need to perform surgery for telemetry implant or the restraint on animals for jacketed
telemetry tools.

Food and Water Intake These measures are not systematically included in the in-life
observations of safety and toxicology study designs if no impact is expected or are per-
formed at a predefined frequency, which may be associated with a delayed detection of an
impact on the animals. However, changes in these behaviors can be drug-related, either
due to a drug effect on the appetite or thirst, or to a more global health deterioration. The
automated monitoring of food and water intake represents valuable additional data, with-
out being time-consuming during the experimental procedure.

Locomotor Activity HCM data on locomotor activity can be used as an early sensor of
health deterioration and give insights on potential toxic effects and reversibility (Baran
et al. 2020; Berridge et al. 2024; Vagima et al. 2020).

5.2 Detection of Subtle Behavior Changes—Signal of Emerging
Toxicity or Off-Target Effects

As HCM allows continuous monitoring, it is more susceptible to detecting subtle changes.
The following Table 1 gathers some examples of HCM contributions on this topic.



Home Cage Monitoring in Pharmaceutical Industries and Contract Research Organizations 143

(panunuod)
UOTBZI[BOOA
oruosen|n
poonpuy
-uoneandaq
[euIIeI
Kerd
(AuewiIon) | [B100S 9[IUAAN[
‘Smquioy Kesse Aanoe
0202) WYIAYI UBIPBOIID PAId)[e | peq ‘SwalsAS gS.L uorssardxa 10JOWO0207] dnoi3 pareon A[resuoladenur
‘T’ ‘uonero[dxe paseardop | £q painjoejnueur) Quan | uondwnsuod sA [onuod dnoin ‘(ondopidonue)
1Z00S[od ‘ersdipAjod orua3oyoAsq | wasks aeDqouy | sordues poorg I91BA\ amsodxa [e19 |  9ieord[ea wnipog 'y
uonero[dxa
[e100S JO SABSSE PAI0OS
-}I0US [J)IM S)[NSAI WOIJ
SIOJIP YoTyM ‘Suriojruowr
SNONUIIUOD YIIM [EMBIPYIIM
[B100S JO QOUIPIAD ON [ooym
JIOIARYQq SUIUUNI-[39YM Suruuny] VdA
AIEJUN[OA IO S9JE)S AR (sdnd) | uondwnsuoo sA [onuod dnoin
JO uoneInp ueaw A} Jo (A3o10uyo9], proy uedQ pooq | amsodxa [e19] VdA |  Ierem Sunjuup ur
(0707) | uoTBIAI[E INOYIIM SWIT) AJE)S uoTjeULIOJU] uoneAresqo | uondwnsuod ype | (onderdenue “yqA)
‘[elosseq | QAnoe [£)0) Jo uonnUIWI( | snpoN) JodKjouayq [eomur) I0JeM ur amsodxe YVdA proe oroxdfep | asno
Q0UAIRJY jndur wa)SAS INDH | B1ep INDH-UON 'Iep NDH u3isop Apni§ vaIe | saroadg
BIep INDH—Ss?3ueyo opqns onnaderoyy/Snig

sarpnys £307001x0) 10 A3ojoorwreyd ur SwASAS INDH Aq P1o21ap sa3uryd Jo1ABYaq d[iqns Jo sojdwexy | a|qel



G. Céline et al.

(e1202)
‘®19
IpeLISEH

(€200
Te 1

suto)

(€2020)

‘Te 19
uropney)
QOUAIJY

144

aseyd yrep oy

Junmp sa3ueyd [BIOIABYq
paoounouoid 10N
QUIOIPUAS UOT)ENUTIUOISIP
Ioyqryur aye)dnar urtuol0Ias
QAT)OQ[AS 0] IMIeWOIq

B SB 9AIAS P[NOD YOIyM
‘UOTIBNUIUODSIP JAJ Joom
e 01 dn 10J Js1810d QINM30NINS
dogrs ur sa3ueyd apiqng

amsodxa

[oyoore rereuaid [oA9[-mo]
JTUOIYD U JUSWUOIIAUD
Ier[rure] € ur AJIA10R
J10JOWO090] JO UONRIA)E ON
ndur

BIRp INDH—S9Sueyo apqns

(WoISAS SIsA[euy
puR UONENSISY
‘UoneAIdsqQQ
Joraeyog

[ewtuy K1038I0qRT)
SVd04v1

(SSVdNOD)

snye1g doos

pue K1A1OY JO
SurdKjouayq asnon
uadQ snonunuo))

wa)sAs
J[osinoA 31 oq

waAlsAs INDH

159) pley-uadQ

VN

Sururen

IS 10J0N
uoniquyur
asyndaig

pue sasuodsax
Q[ME}S OISNOdY
Sunsa
prey-uadQ
Aem weag

159) yi3uans
dug qujeiog
(Touea)
sodwres poorg
1ySrom Apog
BIep JNDH-UON

uondwnsuos
pooq

YeIUT JOJRAN
(Kyprqouruur
‘Furrear
‘Suiquuro)
SIOTARYRY
KnAnoe
10JOWO0D07]

daars
Aanoy

Knanoe
J0JOWO00 ]
uonduwnsuod
pooq
uondwnsuos
I91BA

B1ep NDH

dnoi3 parean-sd1
sa dnoi3 [onuo)

dnoi3 ounoxored
sa dnoi3 aureg

dnoi3

ainsodxa [oyoore
[ereuard [9A9[-MmO]
sa dnoi3 1o1ep
u3isop ApmS

(Snip

AIoyewre jul-1jue)
uroBRyjOWOpUL
(101ARYRQ

ay1p-ured Surpnpour
‘IOTABUQQ SSQUNIIS

Jo [opouwr) 41| ISNON
SNOQUBINJ-qNS
‘ounoxoIed | OSNOA
Iojem SunyuLp
ur uondwnsuod
[ouey)e ATRIUN[OA | 9SNOA
BaIe | saroadg
onnaderayy/Sniq

(ponunuoo) | ajqey



Home Cage Monitoring in Pharmaceutical Industries and Contract Research Organizations 145

(wAsAS sIsATeuy

pue uonensisoy uondunsuoo
‘uoneAIasqQ pooq sdnoi3 pajeon
#202) IOTARYQY | 1S9} UIBULIO |  OYBIUI I9JBA\ | -QULIOJAT IO pajean A[resuojuadenur
‘10 QUIIOOAT | Tewuy A10jeIOQRT) | JYSIom Apog Kyanoe -ourzewoidioyo ‘(o153 [EUR
TPELISE| Jo orgoad Kyayes SND SVI0g9v1 1S9} poIeIoy JI0JOWO00 ] sA dnoiS o[oTyoA | pIOTEY[R) QUIIOOAT | SNOIA
uondunsuoo
pooq
YBIUT JOJBA
BIEP AJIAIIOR JOJOWOO0] | (WQISAS SISA[euy (Kyiqowrur (Snup
wI9)-3U0[ sepnjoul pue uonensigoy 159 Jejueld ‘urrear K10jpWIWIRJUI-1IUR)
[OIYM SIOTARYQQ JOJOW00] ‘uomeAlesqQ | pue sjuouwre[y ‘Furquurpo) uroryjoWOpU]
(Q1Z07) | QAIXQPRI-UOU PUB SAINSBIW Jolaeyog K91,] UOA slolaryag dnoi3 (ured
e ured 9AIXapal [eUONIPET) | [RWIUY AIOJRIOqRT) 159) poIejoy ANIATIOR | pojean-ueudaseLIR) AJojewutuepur)
IPBLISEH | U99M)9q UONR[ALIOD SUONS SVIOgV1| 1591 pley-uedp J0JOWO020] sa dnoi3 jonuo) ueuooSeIIR) | OSNOIA



146 G. Céline et al.

Table 2 Examples of HCM data that can be integrated into the clinical or behavioral endpoints

Endpoints HCM data
General behavior Food intake
Water intake
Grooming
Aggression
Communication/Vocalization
In-cage activity level Locomotor activity
Circadian rhythm
Resting
Wheel running
Heart activity Heart rate
Breathing pattern Respiratory rate
Body condition Temperature

53 Integrating HCM with Physiological Endpoints for a More
Holistic Understanding of Compound Safety Profile

For HCM systems in standard housing, with no required additional experimental space,
HCM can be implemented by default in toxicology and safety studies if enough equipped
cages are available (Table 2).

HCM data can be integrated into the clinical or behavioral endpoints and contribute to
the improvement of health monitoring and the refinement of experimental procedures,
even more with live data visualization. Implementing HCM in early toxicology studies can
generate valuable data for future safety studies. For instance, the detection of health
impairments, whether occurring without visible clinical signs or preceding their manifes-
tation, might give critical insights for designing subsequent study protocols. HCM tech-
nology-based decisions are already implemented in some laboratories.

6 Implementation of HCM in the Daily Routine
6.1 Overcoming Initial Skepticism

In the process of evaluating and validating HCM systems, it is easier to obtain the support
of study directors and technicians if the new systems do not add constraints on the already
established study designs. HCM systems that do not need extra experimental space around
the home cage and are compatible with the regular housing rooms have better chances to
be included in future studies.

When performing pilot studies, a limited number of trained people is required. When
deploying HCM systems, the population undergoing training for these systems must be
clearly identified.
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6.2 Lessons Learned and Best Practices

The sources of interference and/or data variability must be identified and considered in the
study design if need be. The home cage environment must be standardized, which can
include the type and amount of bedding, the enrichment used and its location in the cage.
It is well known that the cage change has an impact on the locomotor activity (Pernold
et al. 2019), so the day of the cage change should not be the same as the day of the study
start or during the time window of expected drug effect. For video-tracking systems, the
camera’s field of view must be clear, not be hindered by nesting material, and have a fixed
position.

If the HCM system does not provide automated reports or alerts, setting up quality
control by checking the hardware and the data collection, before and after the dark phase
or the time window of interest, is a good practice that ensures that there is no loss of data
during the study. For HCM systems enabling live visualization of data, checking every
morning what happened during the last 24 hours is also a good practice, which can uncover
early health deterioration or anomaly.

7 Future Outlook and Conclusions

Despite significant technological advancements in recent years, both in hardware and soft-
ware, HCM remains in its early stages. A number of systems are currently available, devel-
oped either by commercial technology providers or as custom-built solutions utilizing
open-source software. Most of these technologies have been developed using mice as the
primary model organism. It is anticipated that some of these systems will eventually be
adapted for use in larger species, including dogs and non-human primates. However, as
previously noted, mice remain the predominant species used in experimental research,
making them a more economically viable focus for development. Moreover, non-rodent
species (i.e., dogs, non-human primates and mini-pigs) are primarily employed in safety
studies where GLP regulation represents a higher barrier for implementation.

The miniaturization of sensors and the integration of recorded data with AI/ML are
expected to lead to HCM systems that incorporate multiple sensor technologies. At pres-
ent, systems are typically based on video, Radio-Frequency Identification (RFID), or
embedded electronics, such as those used in Tecniplast’s DVC® system. These approaches
can be complemented by established technologies like telemetry, including
ElectroEncephaloGram (EEG), ElectroCardioGram (ECG), blood pressure, and body
temperature monitoring.

Ultrasound recording represents another valuable technique. Initially, it was employed
to assess anxiety-related behavior in mouse pups using bat detectors. However, advances
in high-end microphones and frequency analysis have demonstrated that ultrasonic vocal-
izations can also be used in adolescent and adult rodents to investigate the neurobiology of
socio-affective communication (Wohr and Schwarting 2013). Although the analysis of
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these vocalizations has traditionally been time-consuming, AI/ML tools have significantly
improved efficiency (e.g., Pessoa et al. 2020). The use of sound cameras or the integration
of vocalization data with RFID or video-based identification of individual animals could
yield highly informative compound fingerprints or facilitate disease model characteriza-
tion. Nevertheless, it remains uncertain whether these technologies can be effectively
combined into a unified HCM approach and whether such integration would be financially
scalable.

The cost of implementing HCM technologies will remain a key factor influencing their
adoption in standard animal facilities, even when based on single-sensor systems. Not
only is the expense of the hardware significant, but the demand for computing power and
data storage should also not be underestimated.

We anticipate that, in the near future, animal facilities in industrial settings will expand
their HCM capabilities, likely incorporating a variety of different systems. Depending on
the specific requirements of each animal experiment, the most suitable HCM approach can
be selected to ensure an optimal balance between cost and benefit. A key consideration is
whether data should be collected at the level of individual animals or as cage-level aver-
ages. While cage-level data acquisition is generally more cost-effective, both in terms of
hardware requirements and computational resources such as processing time and data
storage, individual-level data offers greater statistical power per cage, which may, in turn,
allow for a reduction in the overall number of animals required per experimental group.

Ongoing reductions in hardware size and cost, along with the increasing availability of
(open-source) AI/ML-based algorithms, are expected to accelerate the integration of HCM
in both industrial and academic environments. Ultimately, the value proposition of HCM
will increase substantially once clear examples emerge demonstrating its utility as a trans-
lational digital biomarker in clinical settings. The integration HCM has received positive
feedback from regulatory authorities. While its implementation is acknowledged as an
advancement in animal health assessment, incorporating HCM technology into drug
development submissions necessitates an additional validation process. This process must
ensure compliance with Good Laboratory Practice (GLP) computerized systems require-
ments (OECD 1995). Consequently, HCM technologies are more likely to find widespread
adoption in non-GLP preclinical studies, where they can accelerate drug candidate selec-
tion, rather than being incorporated into market authorization submissions.
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Even the greatest invention is useless if it does not become widely accessible. This
chapter presents a practical framework for commercializing and scaling automated
home cage monitoring (HCM) systems used in laboratory animal research. It traces the
path from prototype to industrial-grade, globally deployable product, integrating prin-
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as a Service (SaaS) models for scalable analytics. Sustainability, ethical sourcing, and
lifecycle design are integrated throughout.

Finally, the chapter examines global deployment strategies: resilient supply chains,
interoperable data systems and open science principles, which together ensure repro-
ducibility, reliability, and long-term access.

Keywords
Manufacturing - 3D printing - Entrepreneurship - Customer service - Al - Automation -
Physiological Monitoring

1 Introduction

Home Cage Monitoring (HCM) systems represent a significant advancement in preclinical
research, mechanistic studies, and animal husbandry. However, moving from functional
prototypes to globally deployed, dependable, and affordable systems presents a distinct
challenge.

The translation of an academic prototype into a commercial product requires an under-
standing of user needs, manufacturability, compliance, and long-term support. Academic
designs often function as bespoke instruments built for a single study, optimized for flex-
ibility, and maintained by expert users. Commercial systems must, first and foremost,
fulfill the need of a wide variety of users. They must operate continuously across many
installations and conditions and be durable, serviceable, and supported by a supply chain
that ensures uptime and consistency of performance.

This chapter describes the complete lifecycle required to bring automated monitoring
systems from concept to scalable access. It begins with an examination of market needs
and the process of establishing product-market fit. It then outlines the transition from pro-
totype development to productization, focusing on manufacturability, materials, and
design principles. The discussion moves through scaling production, standardizing pro-
cesses, and maintaining quality assurance in complex supply chains. Later sections address
the software and data infrastructure that enable large-scale operation, along with regula-
tory, ethical, and sustainability considerations. The final sections focus on customer sup-
port, multigenerational product planning, and strategies for long-term access and adoption.

2 Product-Market Fit
2.1 Identifying Needs
Often, first prototypes are developed to fulfill the immediate need of the author. Building

a product, however, requires establishing whether this need matches that of many other
people. If it does, the product has the potential to achieve Product-Market Fit (PMF) and
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become widely used. Most products fail at this stage, even though engineering, marketing,
and sales may continue for years after launch. Therefore, understanding the user’s need
precisely and deeply is critical, before any engineering is done.

The core users for HCM are neuroscientists, pharmacologists, toxicologists, behavioral
scientists, sleep researchers, longevity researchers, animal facility managers, and anyone
who requires reproducible animal health or cage condition data.

2.2 Validating Customer Pain Points

Understanding user requirements requires structured engagement with stakeholders across
the research pipeline. A great way to do this is by following the structure outlined in the
book The Mom Test (Fitzpatrick 2013)—structured but informal asking about a prospec-
tive user’s pain points without any mention of the possible product in mind. This reduces
bias and enables identification of whether the supposed problem is even a real problem
worth solving. In animal research, facility managers emphasize robustness, ease of clean-
ing, and compatibility with standard cage formats. Scientists focus on data quality, analy-
sis workflows, and integration with laboratory information systems. Technicians value
reliability, serviceability, and intuitive operation. Feedback on hindrances to adoption of
existing HCM systems frequently highlights high costs, excessive data volume, nonintui-
tive software interfaces, or hardware designs that complicate cage handling and washing.

23 Pilot Deployments

Mapping customer profiles and their pain points and engineering of prototype devices
should be followed by rapid pilot installations in selected beta users’ facilities.
Entrepreneurs sometimes delay this step, fearing reputational damage or simply sobering
feedback; however, these deployments provide empirical evidence of value in authentic
laboratory conditions. A successful pilot validates that the proposed solution truly
addresses the user need, despite the likely existence of many technical limitations. Getting
real, external user feedback as fast and with as few resources as possible is the key driver
of learning and the key concept behind the Lean Startup paradigm (Ries 2011). Therefore,
prototyping and pilot deployments should be viewed as essential experiments that give
feedback on where development is most needed and whether the design concept is ready
for the next stage—a fully functional prototype ready for paying users.

24 Iterating on Design

Until user’s need is solved, based on evidence, pilots should continue to iterate as rapidly
as possible, removing key technical deficiencies. Sustained iteration transforms a
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technical success into a dependable laboratory instrument. Until the entrepreneur is confi-
dent that their system solves the key need, a minimum viable product (MVP) has not been
created—even if the system is complex and advanced.

In the case of HCM systems, key requirements are simplified cage integration, sealed
electronics for washing, ease of use and cleaning, and improved lighting geometry for
imaging and automated data processing pipelines.

25 Solving for Economics

A key part of the design is understanding economics and user purchasing capabilities and
behaviors. A solution is only a solution if users can actually buy it. In general, for a system
to spread widely, it must either (a) reduce costs, (b) give new capabilities, or (c) improve
the quality and rigor of existing methods. Often, for adoption to occur, it must offer all
three to overcome adoption barriers. The pricing and sales model must reflect these reali-
ties. The price that users can afford (while net saving money compared to alternatives)
dictates the upper bound of the cost of manufacturing a system. This price ceiling dictates
design in all aspects. Therefore, understanding economics of the industry directly influ-
ences the design of the system.

For the case of HCM systems, the commercial model must reflect how institutions can
acquire and maintain scientific equipment. Generally, larger laboratories prefer direct pur-
chase of hardware upfront or sometimes combined with annual software or service agree-
ments. Smaller research groups often benefit from leasing programs that distribute costs
over time while including maintenance and software updates. Academic labs and pharma
often prefer upfront payments (due to grant funding and institutional bureaucracy), while
biotech companies and Contract Research Organizations (CROs) prefer lower upfront
costs and spread of the costs across time or their internal users.

Early experimentation with these models clarifies both financial viability and adoption
barriers, allowing commercialization strategies to evolve in parallel with product
refinement.

3 Productization and Design for Manufacturability

Productization is the process of turning a functioning prototype into a reliable, manufac-
turable instrument that can be deployed across research facilities. The goal is to move from
a one-off laboratory built to a system that can be produced consistently, cleaned and ser-
viced easily, and used for years without degradation. This consists of prototyping, transla-
tion, design refinement, material selection, and industrialization. Each stage adds structure
and repeatability to what began as an experimental tool.
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3.1 Prototyping: Speed

Early development should prioritize speed and learning. The objective is to build devices
that answer specific questions with the least time and cost. Using 3D printing, laser cut-
ting, and outsourced metal work to fabricate mechanical parts and relying on off-the-shelf
sensors, microcontrollers, and cameras to avoid unnecessary engineering are generally the
fastest ways to achieve this. Prototype assemblies should be simple, modular, and repair-
able by hand. Components should be screwed together rather than be glued or permanently
fixed, allowing reconfiguration in hours rather than weeks.

Low-volume, lean methods make it possible to build, test, and iterate quickly. A proto-
type that records stable animal activity for 1 week provides more useful data than a perfect
design that never reaches a cage. Each prototype cycle should test core functions: sensor
reliability, cage compatibility, durability under cage changes, and ease of cleaning. By
tracking material costs and assembly time, these early builds also reveal the practical lim-
its of future production cost. Understanding these constraints early shapes every later
design decision.

3.2 Translating Prototypes into Products

Once a prototype reliably solves a scientific problem, it must be transformed into a repeat-
able product. The focus shifts from experimentation to scalability, manufacturability, and
stability. A deployable system must withstand bedding dust, humidity, vibration, chewing
by animals, and exposure to disinfectants. Ideally, it should integrate seamlessly with
existing cage bottoms for improved cleaning workflows. Design elements should support
quick installation, minimal maintenance, and operation by animal care staff with standard
training.

Design for Manufacturing and Assembly (DFMA) often requires substantial redesign
of the original system to reduce complexity and costs and increase robustness and redun-
dancy of supply chain (Juniani et al. 2022). This process, however, must retain the key
features that enable solution of the user need, including the price point that can effectively
be adopted. Steps in this process can involve redesigning parts for volume manufacturing
(below), reducing the number of components, simplifying each subsystem so that it can be
built, tested, and cleaned easily, integrating related parts into single assemblies, reducing
the number of fasteners and tools needed for assembly, and other steps. Ideally, the user
should be able to service the unit with minimal tools provided by you. If this is not the
case, the future support and maintenance load will be high.

For HCM systems, it is a good practice to design with testing and cleaning in mind,
including access points for calibration and inspection, avoiding deep recesses where bed-
ding or liquids can collect. As possible, smooth curves and seal joints to extend lifetime
and simplify sanitation. Each unit should be testable before shipment using a short, repeat-
able validation routine that confirms sensor response, image quality, or connectivity. Good
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DFMA practice lowers cost, improves yield, and increases confidence that all units will
perform identically.

3.3 Materials and Durability

A key consideration in the choice of materials is whether a component will come into
contact with animals or not, whether it must be washable/disinfectable, and whether it
must be autoclavable. For many components of HCM systems, they must survive daily use
in humid, abrasive, and chemically active environments. Materials should be chosen to
resist mechanical wear, heat, and cleaning agents. Early-stage plastics such as PLA are
acceptable for prototypes or single-use designs but not suited for scalable manufacturing.
When using 3D printing, be mindful to avoid toxic filaments or resins, such as ABS
(Wojtyta et al. 2017). Long-term systems should use polycarbonate, Ultem, anodized alu-
minum, or stainless steel. Nontoxic 3D printed filaments can be used for single-use prod-
ucts, but this should be limited to low-medium volume (up to 1000/year) products due to
the scalability limitations of 3D printing.

Durability testing should simulate real facility conditions: cage wash cycles, exposure
to ammonia, and repeated handling by staff. Connectors and seals must tolerate moisture,
and optics should resist fogging. Every component should maintain calibration and struc-
tural integrity through months of operation. Selecting the correct materials at this stage
prevents downstream failures and reduces maintenance costs across installations.

34 Transition to Industrial Methods

When prototypes mature and demand increases, production must move to industrial fabri-
cation. Injection molding is the standard for large-volume plastic parts, producing consis-
tent, cleanable components such as cage adapters, housings, and mounting brackets.
Machining is ideal for medium-volume parts that require precision, stiffness, or heat resis-
tance, including enclosures and load-bearing frames. Laser cutting and bending are effi-
cient for structural sheet components and mounting plates.

Industrialization requires detailed specifications—tolerances, surface finishes, and
assembly procedures—to ensure repeatability across suppliers. Finishes such as electropo-
lishing, anodizing, and powder coating improve chemical resistance and cleanability
(Groover 2020). The goal is not only to scale production, but to maintain scientific reli-
ability across every deployed unit. A well-documented, industrially manufactured system
becomes a true research instrument: reproducible, serviceable, and trusted in long-term
studies.
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4 Manufacturing and Quality Systems

The journey from “new product” to becoming a household name is epic. Fundamentally, a
product cannot grow from prototype to being market leader without scalability. Generally
speaking, sales grow manufacturing, manufacturing grows service, and service grows
sales. Some of these are more scalable than the others, and manufacturing is the most chal-
lenging of them all. As demand increases, so does the speed at which parts must be made,
assembled, and tested for quality and function.

4.1 Manufacturing of Parts

Once the design is perfected, it must be scaled for everyday use. For HCM equipment, it
must survive being scratched, chewed, dropped, cage-washed, autoclaved, and vaped.
Many of the plastics used for 3D printing lack the robustness to survive all these condi-
tions. As a general rule, the more robust the plastic, the more difficult it is to 3D print
(Groover 2020). As a product transitions from prototype to production, alternative materi-
als and methods must be adopted. The CAD drawings used for 3D printing can be mostly
applied to injection molding, machining, laser cutting, and metal bending; however, some-
times, modifications to the designs are required to be compatible with these higher-volume
processes. The step of going from a 3D printed or low-volume design to a mass-
manufacturable design often requires specialized expertise and in-depth knowledge of
specific machines used for production.

Various manufacturing technologies can be used to produce consistent “rubber stamp”
parts with the exceptional strength and longevity. Many different production methods exist
and covering them is beyond the scope of this chapter. However, the main ones are:

Injection Molding To withstand the rigors of routine use and washing, injection molding
of thermoplastic is used to produce all cage bottoms used in laboratories around the world.
Injection molding has notoriously high startup costs because the molds are very expensive
to make, normally in the order of $10,000-$100,000 per part. But beyond the initial cost,
injection molding is ideally suited for high volume production of precision pieces that
need high durability with a low per-unit price point. “High volume” may be an understate-
ment, as tens or hundreds of thousands of units must be sold to recoup the initial startup
investment and offer a worthwhile return.

Laser-Cutting Stainless steel and aluminum offer the highest durability but at an
increased direct and indirect cost. The precision and consistency of parts produced by
laser-cutting are unmatched, but unlike injection molding, it’s a multistep process to the
finished product. Sharp edges are typically smoothed by a tumbler machine. This vibrates
the parts in an abrasive compound and is ideal for deburring a large quantity of parts all at
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once. Once freed of sharp edges, the metal surface must be finished to protect against cor-
rosion. There are many options for this, but quality products typically use one of these three:

Electropolishing Stainless steel parts are placed in an electrolyte bath and then a DC
current is applied to dissolve a thin layer of the metal at the surface. The finished product
is highly corrosion-resistant. The process removes free iron particles from the surface,
increasing the concentration of chromium, leaving it corrosion-resistant. Electropolishing
also micro-deburrs the surface, leaving it perfectly smooth and safe for animal use. It also
has undeniable esthetic appeal with its shiny, chrome-like appearance.

Anodizing Aluminum parts are a different electrolytic process that produces an oxide-
protective coating, typically 5 to 25 um in thickness, and is used to give improved surface
resistance to wear and corrosion. An esthetic advance to anodizing is the vast array of
colors and finishes available for the final piece.

Powder Coating Stainless steel can be protected more economically with powder coat-
ing. This is an electrostatically applied dry powder that is then heated and bonded to the
material. It offers more robust protection than paint. Powder coat can be applied to alumi-
num, but it does not offer the same level of protection as anodizing. The anodizing is part
of the metal and cannot peel or chip, whereby powder coating is adhered to it. The costs
are similar, with anodizing being more cost-effective for small runs and powder coating
being more efficient for large batches.

CNC Machining Specialty parts made at a more moderate volume are more effectively
produced in a machine shop. Specialty tools like robotic routers, CNC mills, lathes, and
waterjets can make complex parts with great precision in a relatively short time. Their
programming is an extension of the CAD drawings used for the prototype to ensure con-
sistency. There is also a wide variety of materials that can be machined, like stainless steel,
aluminum, polycarbonate, PVC, and acrylic. The tools are a substantial investment, take
up a lot of space, and are often cost-prohibitive but offer the widest flexibility in material
choice, complexity of design, and speed in which the piece can be produced.

4.2 Assembly

A product requires assembly and quality control in addition to parts. At volume, assembly
inefficiencies compound quickly. Assembly must therefore be organized as a repeatable,
standardized process. Each step should be clear, measurable, and optimized for time,
motion, and quality. The objective is to achieve consistent output with minimal variation,
regardless of who performs the task.



Commercializing Home Cage Monitoring: From Prototype to Global Access 161

For HCM systems, assembly involves integrating optical modules or other sensor mod-
ules, food hoppers, water bottle holders, test objects, and enclosures into units that func-
tion identically across hundreds of cages.

Well-designed assembly requires purposeful design of the assembly process, accurate
documentation, and standard operating procedures that are robust to variations in compo-
nents and variations in workforce availability and workforce level of training. Every unit
should be traceable through its serial number, with records showing which components
were installed, by whom, and when. This ensures accountability and supports long-term
reliability. Efficiency in assembly also depends on the flow of materials. Delays from
missing components or disorganized inventory can halt production entirely. The Bill of
Materials (BOM) must list every component, from screws to sensors, with clear specifica-
tions and suppliers. Each part should have two independent vendors to prevent supply
chain bottlenecks. Regular audits of parts, tools, and consumables prevent production
stalls and maintain delivery timelines.

A scalable assembly line for automated animal monitoring technology focuses on pre-
cision and cleanliness as much as throughput. Every subassembly—camera module, light-
ing unit, or sensor base—should be individually tested before final integration. End-of-line
testing must confirm full system function, connectivity, and calibration. These checks
ensure that units are ready for immediate use upon delivery to research facilities. Finally,
the assembled product must be sterilized and packaged in a sterile setting.

A new assembly line for a new product should always start with human workers. Once
an assembly process has been developed and time-tested, automation can be considered to
reduce the highest labor bottlenecks or most dangerous tasks. Only then and if supported
by sufficient volume should end-to-end automation be considered.

The assembly line must be quantified and embedded into automatic recordkeeping sys-
tems that join inventory management, ordering, and product fulfillment information into a
single system. This enables identification of failure trends (whether a fault arises from a
specific supplier batch, assembly procedure, or testing step), informs accounting by cap-
turing true costs associated with scrap, rework, and warranty replacements, and ensures
timely orders for parts. Digital tracking tools, such as manufacturing execution systems
(MES) or integrated spreadsheets for smaller operations, can provide part-level account-
ability and improve accuracy in both technical and financial reporting.

4.3 Process Standardization: SOPs and Reproducibility
for High-Quality Production

Establishing uniform assembly protocols is crucial for maintaining consistency, quality,
and efficiency in manufacturing processes. Standard Operating Procedures (SOPs) serve
as comprehensive guidelines that delineate each step of the manufacturing process, ensur-
ing that all personnel adhere to the same methods and quality standards. The reality of the
assembly floor is that the worker turnover can be high. Therefore, individual steps of the
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assembly must be clearly documented and be effective even in the hands of minimally
trained workers. Comprehensive quality checks at the end of line are required to identify
any assembly errors. This standardization minimizes variability, reduces the likelihood of
errors, and ensures that each HCM system produced meets predetermined quality
benchmarks.

4.4 Automation: Robotics and Al

As production matures, automation can become an important factor in ensuring consistent
output, long-term efficiency, and lower costs. Once human-driven assembly lines are fully
defined and stable, selective automation can replace repetitive, labor-intensive, or
precision-critical tasks. Robotics can be introduced to handle standardized steps such as
component placement, fastening, and inspection, sensor calibrations, and part placement,
improving accuracy while reducing fatigue-related errors.

Additionally, use of computer vision and Al can speed up quality control through
inspection of parts. However, it is prudent to perform a cost-benefit analysis at each auto-
mated step, since automation can introduce complexity and require its own maintenance.

4,5 Quality Assurance and Compliance

Robust Quality Management Systems (QMS) are essential to ensure that HCM (HCM)
systems meet international standards, maintain reliability, and support scientific integrity.
Frameworks such as ISO 9001, Good Laboratory Practice (GLP), and regional certifica-
tions like CE and FCC establish the foundation for consistent quality and compliance
across all stages of product development and manufacturing.

A well-structured QMS integrates quality into every process—f{rom design and sup-
plier management to assembly, calibration, and service. ISO 9001 emphasizes documenta-
tion, internal audits, and continuous improvement, ensuring that nonconformances are
identified and corrected systematically. For HCM systems, this means controlled work-
flows, qualified suppliers, and standardized testing procedures that guarantee reproduc-
ibility and reduce variability across installations.

Alignment with GLP principles ensures that devices meet the same standards of data
integrity required in regulated research. Each system must have validated performance
records, calibration logs, and verifiable audit trails linking hardware, software, and ana-
lytical outputs. Compliance with CE and FCC requirements further certifies that all elec-
trical and wireless components are safe, low-emission, and suitable for continuous
operation in laboratory environments.

Traceability forms the backbone of both quality and compliance. Serial numbers, batch
tracking, and digital build histories link each product to its materials, assembly, and test
data. Modern systems connect these records to inventory and quality databases, enabling
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real-time tracking of defects, warranty claims, and supplier performance. Regular audits,
risk assessments, and corrective action programs close the loop, ensuring that every issue
leads to measurable improvement.

4.6 Balancing Standardization and Flexibility

Standardization is critical for ensuring reproducibility, particularly in scientific research
and manufacturing. Implementing standardized processes ensures that each HCM system
is produced consistently, facilitating reliable performance across different units and
studies.

While standardization offers numerous benefits, over-standardization can pose risks by
limiting flexibility and hindering the ability to customize manufacturing processes to meet
specific requirements. An overly rigid adherence to standardized procedures may stifle
innovation and prevent the adaptation of processes to accommodate unique project needs
or emerging technologies. In practice, this can be achieved by not designing an assembly
system overly reliant on narrow automation.

In summary, the industrialization and scaling of HCM systems involve a multifaceted
approach that integrates advanced manufacturing technologies, standardized processes,
automation, and robust quality management. By thoughtfully balancing these elements,
manufacturers can produce high-quality, reliable HCM systems that meet the evolving
needs of scientific research and animal welfare.

5 Software, Data Infrastructure, and Cybersecurity

Hardware makes up only one part of a HCM system. The product of the system is data.
Specifically, scientifically valuable and sometimes sensitive data. Therefore, the robust-
ness of software, encryption, data privacy, and ease of use are as important as the correct
hardware in providing a fully functional solution.

5.1 Embedded Software Development

Software starts at the device level. Embedded firmware coordinates sensors, cameras, and
environmental controls to ensure stable and synchronized operation. It manages timing,
data integrity, and power consumption. Firmware must be version-controlled, validated,
and field-updatable to ensure consistent function across long-term studies and multiple
installations. Data should ideally be recorded on the HCM itself in addition to the final
database in case connectivity issues occur.
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5.2 Data Management and Analytics Pipelines

HCM systems generate continuous data streams that require structured handling for stor-
age, transfer, and analysis. Some HCM systems can generate very large files, more than
hundreds of gigabytes per day for high resolution video data. Data pipelines must be
robust to such volumes. Firmware should also include monitoring and alerts of device
health and connectivity to enable automatic detection of anomalies and post-failure
troubleshooting.

5.3 Local vs Cloud Storage

Choosing between local and cloud storage affects scalability, accessibility, and compli-
ance. Local storage provides full control, fast access within secure networks, and easier
compliance with institutional data policies. It is preferred when data privacy or bandwidth
limitations restrict cloud transfer. However, local systems demand ongoing maintenance,
backup management, and physical redundancy.

Cloud storage supports scalability and centralized analysis across facilities. It enables
remote monitoring, collaborative research, and integration with cloud-based analytics or
SaaS platforms. Proper encryption, anonymization, and controlled access are essential to
maintain data security. Hybrid models, where raw data are cached locally and synchro-
nized with the cloud for processing, combine the control of local infrastructure with the
flexibility of cloud computing and can offer an optimal balance for research-scale
deployments.

5.4 Data Governance and Security

Data governance ensures privacy, traceability, and ethical compliance. All datasets should
carry metadata linking them to device IDs, firmware versions, and calibration logs to pre-
serve reproducibility. Encryption, access control, and authentication protocols protect sen-
sitive research data from unauthorized use. Regular cybersecurity audits, vulnerability
testing, and incident response planning further reinforce system integrity. Governance
policies should be aligned with institutional and regional standards, ensuring compliance
with data protection regulations such as GDPR or equivalent frameworks.

5.5 Software as a Service (SaaS) Models
Cloud-based Software as a Service (SaaS) models are increasingly used for HCM analyt-

ics. These systems deliver automated software updates, centralized support, and access to
advanced analytics without requiring local infrastructure. Subscription-based models
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reduce maintenance costs and ensure all users operate on standardized, validated software
versions. SaaS also provides integrated data governance, compliance tracking, and multi-
institutional collaboration through unified access control and audit logging.

Together, these components form a secure, scalable software and data ecosystem. By
combining robust local control, efficient cloud integration, and disciplined governance,
modern HCM systems achieve reproducible, automated, and compliant research at scale.

6 Regulatory and Sustainability Considerations

Modern manufacturing of HCM systems must balance performance, compliance, and
environmental impact. Sustainable practices begin with material selection, favoring recy-
clable plastics, low-toxicity coatings, and metals with established recycling streams.
Energy efficiency in fabrication, machining, and assembly reduces both cost and carbon
footprint. Supply chain responsibility is equally critical; sourcing components from ethi-
cal suppliers with transparent labor and environmental practices ensures long-term sus-
tainability. Manufacturers increasingly adopt environmental management standards such
as ISO 14001 to quantify energy use, waste generation, and emissions. Packaging and
logistics should be designed for minimal material waste and optimized shipping volume,
reducing total embodied energy across the product lifecycle.

Sustainability extends beyond production into the full product lifecycle. Lifecycle
assessment (LCA) evaluates environmental impact from raw material extraction through
disposal, guiding design decisions that reduce waste and resource consumption. HCM
systems should be modular and serviceable, allowing components—such as sensors,
power modules, or enclosures, to be replaced or upgraded without discarding the entire
unit. Designing for disassembly simplifies recycling and repair, while standardized com-
ponents reduce spare-part waste. Long product lifetimes, combined with refurbishing and
component reuse programs, further minimize environmental footprint.

Implementing these principles aligns environmental responsibility with operational
efficiency. A sustainable HCM platform not only meets research demands, but also sup-
ports institutional goals for responsible innovation, regulatory compliance, and reduced
laboratory waste.

7 Serviceability, Customer Support, and Multigenerational
Product Planning

HCM systems incorporate electronic and mechanical components that are subject to even-
tual failure. These failures typically occur during active use, leading to experimental inter-
ruptions and initiating a cascade of frustrations for both customers and suppliers. Since
hardware failure is inevitable, the manufacturer’s service response becomes the critical
determinant of a product’s long-term success and sustainability in the market.
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As product adoption increases, so too does the demand for technical support. This sup-
port cost must factor into the cost of the device. However, while manufacturing capacity
can scale predictably, service capacity often cannot. Service operations are inherently dif-
ficult to scale. Effective service requires personnel with extensive experience, and compa-
nies recognized for high-quality support often rely on their most seasoned staff. Yet, it is
not possible to acquire service experience at the same pace as sales growth. Consequently,
service delays may increase, potentially damaging the product’s reputation unless mea-
sures are taken to alleviate the support burden. Recruiting individuals with expertise in
such specialized equipment is exceptionally difficult. Therefore, transitioning to a
Multigenerational Product Planning (MGPP) strategy can be a highly effective approach
for reducing service demands.

MGPP is a product development framework focused on the continuous evolution and
improvement of a technology. It adopts a long-term perspective, with each new generation
building upon the successes and shortcomings of previous iterations to better meet cus-
tomer needs and adapt to evolving market conditions. In the context of service and product
growth, well-executed MGPP can significantly reduce the time and effort required to
resolve service issues, thereby helping support operations keep pace with increasing sales.
Improvements may include mechanical redesigns that minimize time spent at client sites
or reduce the number of service visits required.

Other effective strategies include implementing service plans for components with pre-
dictable lifespans and offering training programs to address knowledge gaps and reduce
user anxiety associated with maintaining and servicing equipment. Each HCM system has
its unique strengths and limitations, so optimal strategies may differ across manufacturers.
As the user base grows, particularly locally at customer sites, service demands can also
decrease due to accumulated institutional knowledge at the site. For these reasons, making
the device simple to operate and use is a critical factor in long-term effectiveness of a
system as well as its cost.

8 Scaling Access and Global Deployment
8.1 Supply Chain Strategy

Expanding access to HCM systems requires a supply chain that is both dependable and
adaptable. Centralized manufacturing offers the advantage of consistent quality and cost
efficiency, but regional assembly brings flexibility, allowing faster delivery, lower taxes,
local customization, and reduced shipping emissions. If the user base is sufficiently large,
a balanced model works best, where key components are produced centrally and final
assembly and quality control occurs closer to the end user. Building relationships with
multiple trusted suppliers is key to prevent shortages and keep production resilient to
global disruptions.
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8.2 Data Infrastructure Scaling

As installations spread across research institutions and continents, the data infrastructure
must grow alongside them. Scalable cloud systems such as AWS, Google Cloud, or
Microsoft Azure, paired with regional data centers, ensure that researchers everywhere
have fast, reliable access to their data while meeting local data protection laws. Some
facilities prefer hybrid solutions, where data are processed locally but synchronized with
the cloud for analytics and backup. These setups maintain high uptime and data integrity,
even when internet access is limited. Additionally, centralized monitoring tools such as
MQTT allow administrators to track the status of every device, push software updates, and
manage performance remotely, ensuring consistent user experience across thousands of
systems.

8.3 Open Science and Data Interoperability

Scientific progress depends on collaboration and data sharing. To achieve this, HCM sys-
tems must produce data that can easily integrate with laboratory information management
systems (LIMS) and major research databases. Adopting open standards and shared meta-
data formats enables researchers to compare results across studies, species, and institu-
tions. Interoperable data pipelines also support the FAIR principles—making data findable,
accessible, interoperable, and reusable. When HCM data flow freely between platforms, it
becomes easier to validate findings, combine datasets for meta-analyses, and accelerate
discovery. Open, connected systems turn individual experiments into part of a broader
scientific network, strengthening both reproducibility and collaboration on a global scale.

9 Conclusion

In conclusion, commercializing and scaling HCM systems is a long-term journey that
requires a staged, disciplined approach.

Product-Market Fit Successful systems begin with precise definition of user needs. This
is achieved by interviewing stakeholders, testing early prototypes in pilot deployments,
and iterating until the core scientific problem is solved in practice. Economic viability is
established in parallel, ensuring the solution can be purchased, supported, and justified by
research groups.

Productization and Manufacturability A functioning prototype is converted into a reli-
able instrument through lean modular prototyping, design for manufacturing and assem-
bly, durable material selection, and attention to cleaning and serviceability. The design is
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then adapted for industrial processes such as injection molding, machining, and laser cut-
ting so that it can be produced consistently at scale.

Manufacturing and Quality Systems Scaled production depends on controlled part fab-
rication, standardized and testable assembly workflows, and progressive use of automation
once processes are stable. Quality systems based on ISO 9001, GLP, and CE or FCC
requirements, together with full traceability, ensure reproducibility and regulatory compli-
ance while avoiding overrigid processes that block adaptation.

Software and Data Infrastructure Embedded firmware, secure data pipelines, governed
local or cloud storage, and in many cases SaaS delivery models support continuous moni-
toring, automated analysis, and repeatable study workflows across institutions.

Sustainability and Lifecycle Design Environmental responsibility is addressed through
responsible sourcing, energy conscious production, modular design for service and
upgrade, and planning for repair, reuse, and end of life recovery.

Serviceability and Long-Term Support Field reliability is driven by ease of service,
training of users, and multigenerational product planning. Designing for rapid mainte-
nance and predictable replacement of high wear components reduces downtime and sup-
port burden as deployments grow.

Global Deployment Reaching scale requires resilient supply chains that balance central-
ized manufacturing with regional assembly, scalable data infrastructure that operates
across sites and jurisdictions, and interoperable data standards that support open, compa-
rable, and auditable science.

Together, these methods define a full commercialization pathway that turns a single lab
prototype into a validated, reproducible, serviceable, and globally available research
platform.
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Abstract

This chapter provides a comprehensive overview of technological solutions for home
cage monitoring (HCM) in biomedical research. It outlines various monitoring needs
and the corresponding technologies, including video-based systems, RFID, electro-
magnetic field technology, motion sensors, load cells, telemetry, metabolic monitoring,
environmental sensors, and acoustic monitoring. The chapter discusses the
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technological overview, use and measurements, pros/cons, and specific considerations
of each system. It also addresses future trends, combinations of systems, emerging
technologies (such as Al-based computer vision), and aspects to consider when driving
innovation in HCM technologies. The aim is to guide scientists in selecting appropriate
tools and understanding the complexities of data collection and analysis in the
HCM world.

Keywords

Technological solutions - Monitoring systems - Sensor integration - Behavioral analysis
- Physiological monitoring

1 Introduction

Home-cage monitoring (HCM) systems are an integrated set of technologies that continu-
ously and automatically observe and record animal behavior, physiology, and environmen-
tal features within an animal’s home cage. Combining hardware (sensors and actuators)
and software, HCM systems collect data with minimal human intervention. These systems
ensure basic animal needs are met while enabling long-term monitoring, providing reli-
able, reproducible data for improved biomedical research.

In behavioral and physiological research, selecting the right toolset begins with a clear
definition of the scientific question. Instead of focusing on the technologies themselves,
researchers should first identify the type of monitoring required—e.g., locomotor activity,
individual differentiation, physiological readouts, and environmental parameters—and
then choose the appropriate methods to address their goals. Table 1 exemplifies this
approach, categorizing available technologies based on the specific monitoring tasks they
enable. By aligning experimental needs with the appropriate tools, this framework ensures
that the data collected are both relevant and robust, streamlining the path from question to
discovery.

HCM technologies offer a diverse array of tools tailored to specific experimental objec-
tives, enabling detailed behavioral and physiological studies in laboratory animals. These
tools range from video-based systems, capable of tracking individual or group behaviors
with high accuracy and performing 3D pose reconstruction using multicamera setups, to
RFID systems, which provide robust individual identification in group-housed conditions
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Table 1 Overview of HCM technologies categorized by monitoring needs, measured parameters,
and compatible technologies

Type of
monitoring need
Continuous cage
tracking

Recording events
in the cage

Wearable /
implantable
devices

Environmental
data
Welfare

Measurements needed
(parameters)
Locomotion (circadian
activity)

Positional preference, social
grouping

Bouts of specific behaviors
(sleeping, rearing, grooming,
social interaction)
Differentiation of individuals
Eating

Drinking
Location in cage

Interactions with devices

Bioelectric signals (e.g., ECG
or EEG)

High sampling rates required
Biochemical signals (blood
glucose), body temperature
Movement data

Temperature, humidity, light
intensity, noise levels
Biomarkers

Available technologies

Video, RFID, beam-break, passive infrared
sensors, capacitive electrostatic sensing, load
cell, running wheel, telemetry implants, EMF
Video, RFID, capacitive electrostatic sensing

Video, 2 layers of IR sensors for rearing, load
cells for scratching, EMF (for single-housed
animals), acoustic monitoring (USV)

Video, RFID

Video, RFID, beam-break, passive infrared
sensors, (to some extent) load cells

Video, capacitive electrostatic sensing
Video, RFID, beam-break, passive infrared
sensors, EMF

Video, capacitive electrostatic sensing,
beam-break, lever, touchscreen

Telemetry implants

Various: telemetry implants
Temperature: IR camera, RFID implants
Accelerometers, gyroscopes

Various sensors

EMF (urination), video (for posture analysis)

The table highlights available tools for continuous cage tracking, event-based recording, wearable
sensing, environmental monitoring, and welfare assessment in laboratory animals. This list is not
exhaustive

by detecting animals as they move through specific areas or interact with objects. Beam-
break sensors and passive infrared sensors offer simple, event-based monitoring for activi-
ties like nose pokes or general locomotion, although they lack individual identification.
Advanced methods like capacitive electrostatic sensing and load cells enable precise spa-
tial tracking or unique measurements such as body weight, albeit with complex calibration
and data processing requirements. Wearable/implantable devices like accelerometers and
gyroscopes further extend monitoring capabilities, offering potential insights into fine-
grained movement and equipment interactions. Table 1 organizes these technologies by
their type of monitoring, guiding researchers to match their experimental needs (measure-
ments needed), ensuring the available technologies match their scientific goals.

HCM technologies integrate various components to capture and analyze animal behav-
ior in their natural environment. As summarized and simplified in Fig. 1, hardware
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Fig. 1 HCM definition, adapted and simplified from TEATIME’s Olog definition (Bains et al.
2025)https://www.cost-teatime.org/about/hcm-definition/. Specialized software controls hardware
systems with sensors that monitor animal physiology and behavior. Actuators complement sensors
to stimulate responses for dynamic experiments. Interpreted sensor data define labeled behaviors for
analysis, yielding research insights. The system operates within an enclosure mimicking natural
conditions, ensuring accurate tracking, stimulation, and interpretation for preclinical and behav-
ioral studies

systems, controlled by specialized software, deploy sensors to monitor animals’ physio-
logical signals (e.g., ECG and EEG) and movements (e.g., locomotion and rearing). These
sensors are often complemented by actuators, which interact with the animals to stimulate
or influence specific responses, enabling more dynamic and precise experiments. The col-
lected data are interpreted to define behaviors based on signals or movement patterns,
which researchers label and analyze to derive experimental insights. The entire system
operates within an enclosure (e.g., cage) designed to mimic the animal’s natural living
conditions, forming part of the broader physical space. This seamless interaction between
sensors, actuators, and software ensures accurate tracking, stimulation, and behavioral
interpretation, providing valuable data for preclinical and behavioral studies.

2 HCM Technologies

In this section, an overview of the technological landscape currently shaping the HCM
field is provided. Rather than offering a comprehensive catalog, as was already organized
by the COST ACTION TEATIME (CA20135) consortium (thebehaviourdatabase.org), we
aim to highlight a representative selection of technologies—ranging from commercially
available platforms to emerging open-source or experimental setups—that illustrate the
diversity and evolution of approaches. Our analysis focuses on key dimensions relevant to
both researchers and developers, including data output and scalability, accuracy and reso-
lution, energy and computational efficiency, ease of use, cost, ethical considerations, mod-
ularity, and throughput capacity. While not exhaustive, this review strives to be both
accurate and up to date, offering a structured framework to assess HCM technologies.


https://www.cost-teatime.org/about/hcm-definition/
https://thebehaviourdatabase.org
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2.1 Video-Based Monitoring Systems

Among the various HCM technologies, video-based monitoring systems stand out for
their ability to noninvasively capture a rich array of behavioral data. Furthermore, video
systems can also directly monitor environmental variables, such as water or food avail-
ability and intake, flooding events, cage presence or absence in the rack, cage ID, and
metadata (e.g., precise timestamps of light cycling or personnel entrances). This can
greatly reduce the complexity of the sensor suites required for HCM solutions at scale.

2.1.1 Technology Overview

Video-based monitoring systems leverage standard video recording techniques alongside
specialized methods such as infrared (IR, e.g., Kinect cameras) and thermal imaging (e.g.,
FLIR cameras) to monitor animals around the clock. Standard cameras capture high--
resolution, color images during the day, while infrared cameras facilitate nocturnal moni-
toring (while still being fully functional in daylight), ensuring that observations continue
seamlessly throughout the light—dark cycles. The typical configuration involves one (or
more) cameras strategically mounted above (and/or around) the home cage. This setup is
often enhanced by automated tracking and analysis software that employs computer vision
and machine learning (ML) algorithms to quantify behaviors. Such algorithms are designed
to identify and track individual animals, analyze their movements, and classify behavioral
patterns. This technology not only enables the precise quantification of basic activities,
such as locomotion and grooming but can also can be adapted to capture more complex
social interactions and subtle postural changes, key aspects in preclinical research.

The main considerations when designing video monitoring systems relate to visibility.
It is important to have high image clarity, no blind spots, and appropriate illumination (vis-
ible or IR) with as few reflections and shadows as possible. As home cages are typically
required to be autoclavable, video monitoring systems are best placed outside the cage. In
single-camera recording systems, this raises important geometric considerations to avoid
blind spots, such as the viewing angle of the lens, relative position and size of the window,
and location of occluding objects, like water bottles or food grids. Blind spots can be par-
ticularly challenging in cages with climbing enrichments, where ceiling surfaces and floor
surfaces may need to be monitored simultaneously.

Because video systems produce very large amounts of data, the downstream processing
and connectivity need to be designed into the setup. Where will storage and/or processing
take place? Locally in the cage? On a rack-based server? In the cloud? What limits on the
near-real-time availability of insights does this imply? How will video acquisition sched-
ules be controlled? It is always tempting to aim for increasingly more data, but a video
monitoring system that performs 24/7, high-resolution, 30 frame/s, full behavioral analy-
sis can face very different computational hardware design bottlenecks from a system that
performs scheduled analyses and occasional health and environment checks.

Real-time analysis also presents data bottleneck issues: video data compression is far
more efficient when performed on sections of video rather than individual frames. Several
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models of camera popular in mouse behavioral analysis transmit video in an uncompressed
format, which dramatically changes downstream hardware requirements when scaling to
a whole-rack HCM system. In most HCM applications, this kind of ultralow video latency
is not needed, and compression can be designed into the system.

2.1.2 Use and Measurements of Video Technologies

Video technology in HCM offers a noninvasive approach to measure a diverse range of
behavioral and physiological parameters. Researchers utilize video recordings to assess
the following:

* Locomotion and Activity Patterns: Detailed tracking of movement patterns provides
insights into general activity levels, circadian rhythms, changes in locomotor behavior
over time, and information on body postures (such as rearing or climbing behaviors).

* Social Interactions: Group-housed animals can be observed to study social hierarchies,
mating behaviors, and aggression, all of which are crucial in behavioral studies.

* Grooming and Self-Care Behaviors: Video technology can quantify grooming fre-
quency and duration, which are often indicators of stress or neurological conditions.

* Sleep and Resting States: Video monitoring, particularly with infrared technology,
allows for accurate detection of sleep and resting without disturbing the animals.

» Eating and Drinking Behaviors.

* Physiological Parameters via Thermal Imaging: Thermal cameras can detect variations
in body temperature, which may reflect underlying physiological changes such as fever,
stress, or metabolic shifts.

In addition, advanced systems are exploring the integration of video data with other
sensor modalities, potentially enabling the derivation of parameters such as respiratory
rates or even subtle heart rate fluctuations when combined with high-resolution imaging
and advanced analytical algorithms.

2.1.3 Keypoint Tracking Methods

Due to the difficulty of directly extracting measures from image data, the video analysis
approach usually includes tracking the movement of keypoints of interest across the times-
pan of the video. This is done using background subtraction, or neural networks.
Background subtraction methods for video analysis in HCM operate by comparing each
video frame to a static reference frame, or background model, and identifying changes in
pixel values. These changes are assumed to represent moving objects, ideally the animal.
First applied to behavioral analysis in the late 1990s, this computationally efficient algo-
rithm requires minimal setup, with static parameters like thresholds set once and applied
across the entire dataset. Its predictability in terms of time investment is a key advantage.
However, background subtraction alone is limited to single-animal tracking, typically
tracking the center of mass of the animal’s silhouette. It necessitates a significant visual
distinction between the animal and the background and is highly susceptible to
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background changes, such as shifts in bedding. These limitations make it practically
unsuitable for most complex home cage monitoring scenarios (Pennington et al. 2021).

Neural networks (NNs) offer a more advanced approach to video analysis, employing
“black-box” models trained on researcher-labeled data. This iterative process involves
labeling representative images from videos (typically 100—1000), training the NN, evalu-
ating its performance, and then labeling additional images, often focusing on edge cases,
before retraining. This continues until satisfactory performance is achieved. While this
workflow has an unknown time investment and requires significant computational
resources, including graphical processors (often found in gaming computers or institu-
tional high-performance computing centers), a well-trained NN can achieve high accuracy
in labeling diverse features, including specific body parts. The errors produced by NNs are
usually pronounced and easily identifiable, and the variability in labeling between
researchers can be quantified to ensure robust training data as well as a scale on which the
model’s accuracy can be gauged. Furthermore, NNs can be used for sophisticated tasks
such as skeleton reconstruction, 3D pose estimation, and multianimal tracking (Pereira
et al. 2022; Mathis et al. 2018; Lauer et al. 2022). See additional info in Sect. 3.5.

2.1.4 Pros of Video-Based Monitoring
One of the primary advantages of video technology in HCM is its ability to capture exten-
sive and nuanced behavioral data without physical interference. Key benefits include

* Rich Behavioral Data: Video recordings provide a comprehensive visual record, allow-
ing for detailed post hoc analysis of behavior. This is particularly useful for studying
complex behaviors that are difficult to quantify with other sensors.

* Non-Invasive Monitoring: By relying on cameras instead of implanted devices or direct
contact sensors, video systems minimize stress and discomfort, ensuring that the ani-
mals’ natural behaviors are not altered by the monitoring process.

* Adaptability and Flexibility: Video systems can be easily integrated into various exper-
imental setups. Whether it is a single camera for a small-scale study or a multicamera
array for large group-housed studies, the technology scales according to experimen-
tal needs.

* Automated Analysis: Advances in machine learning and computer vision have led to
robust software capable of automatically detecting and quantifying behaviors. This
reduces manual labor and potential human error in data interpretation.

2.1.5 Cons and Challenges of Video-Based Monitoring
Despite the numerous advantages, video-based monitoring comes with its own set of
challenges:

* Large Data Storage Requirements: Continuous video recording generates vast amounts
of data, necessitating substantial storage capacity and efficient data management
solutions.
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* High Computational Demands: The processing and analysis of high-resolution video,
particularly when using advanced ML algorithms, require significant computational
power. This can be a bottleneck in studies involving long-term monitoring.

* Potential for Tracking Errors: Automated tracking systems may occasionally lose indi-
vidual identities, especially in group-housed or environmentally enriched scenarios.

* Video Encoding Issues: High-quality video encoding is essential to preserve data fidel-
ity, but it also increases computational overhead.

2.1.6 Future Developments

Looking ahead, the integration of video with other emerging technologies presents excit-
ing possibilities. For instance, ongoing developments aim to incorporate physiological
measurements such as respiratory patterns and body weight assessments from video data
using computer vision (Guzman et al. 2024). Experimental setups are being designed to
monitor not only adult rodents but also pups, thereby expanding the utility of video sys-
tems across different developmental stages (Lapp et al. 2023).

2.2 Systems Using RFID Technology

Radio frequency identification (RFID) uses radio waves for contactless data transmission,
evolving from radar in the 1940s to wireless data exchange by the 1970s. It transmits
information from a reader-powered transponder (“microchip”) to a reader via radio waves,
enabling the transmission of small amounts of data. Unlike other methods, RFID does not
require a clear line of sight, allowing transponders to be embedded.

2.2.1 Technology Overview

There are three main types of RFID technology used today: low frequency (124—135 kHz),
used for implantable devices like animal microchips due to its ability to penetrate tissue
and water, which offers a read range of up to several meters. High frequency (13.56 MHz),
suitable for vial labels in freezing conditions, enabling anti-collision reading in the short
range (1-2 cm); however, it is unsuitable for implants. Ultrah-high-frequency
(433-960 MHz) RFID, used in toll systems and retail security for its long range (up to
30 m) and active RFID systems with the highest range (up to 100 m) and fast data trans-
mission, yet again not suitable for implantation or close contact.

For over three decades, LF RFID microchips have been utilized for animal identifica-
tion, offering a permanent, reliable identification method. By implanting a transponder
under the skin of laboratory animals and using compatible readers, researchers can achieve
precise identification and tracking across various species. With microchips ranging from
1.2 mm to 2.1 mm in diameter and 6 mm to 13 mm in length, they are ideal for use in small
animals such as mice and rats.

LF RFID systems typically consist of a reader equipped with wire coils that generate an
electromagnetic signal. When a transponder comes into the range of the reader’s signal, it
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absorbs energy from the electromagnetic field and modulates the signal to transmit stored
data. The range and effectiveness of the system depend on factors such as the properties of
the coil (diameter and number of windings), reader power, and the frequency of the signal.
LF RFID microchips use either full duplex (FDX) or half duplex (HDX) communication
methods. ISO 11784/85, more specifically FDX-B (134.2 kHz), is the most common com-
munication standard in animal identification, offering an optimal read range and data
transmission capabilities, making it ideal for laboratory animal tracking.

2.2.2 Use and Measurements of RFID Systems

Over the past decade, advancements in RFID technology have enabled the tracking of
mice and rats in their home cage environments, opening new avenues for scientific explo-
ration. One example is the study by researchers at Pfizer Worldwide Research, which
combined RFID with home cage monitoring technology to track respiratory rates in labo-
ratory animals (Winn et al. 2021). A reader plate was placed under the animal’s home cage
to track individual animals’ data throughout the experiment. Another example is the Live
Mouse Tracker (LMT, more details at https://micecraft.org/Imt/), which can automatically
extract the (social) behavior of group-living mice by combining RFID and video data from
an IR camera (de Chaumont et al. 2019; Huzard et al. 2022). Utilizing an implantable
microchip and a specialized reader system allows for undisturbed monitoring of animals
in their home cage. Previously, such evaluations relied solely on visual observation or
required removing the animals from their cages, which introduced external stress and
potential experimental variability.

The ISO 11784/85 standard provides a universal pet identification system for global
compatibility, primarily for border crossing and lost pet recovery. Modern RFID technol-
ogy extends this standard with increased memory to store additional data like temperature
alongside 1identification (https://www.uidevices.com/laboratory-animal-temperature/).
RFID technology’s ability to monitor and track animals in real time has revolutionized
behavioral studies and home cage monitoring. For instance, Sass et al. (2024) used RFID
to track the thermogenic responses and metabolic rates of group-housed mice in response
to neurokinin 2 receptor activation. RFID systems allowed researchers to monitor indi-
vidual animals’ activity levels and body temperature without the confounding effects of
restraint or stress (Sass et al. 2024).

Another example of tracking animal movement and activity from cage to cage can be
achieved using a tunnel reader. In the research study by Habedank et al., an RFID-based
tracking system was used to determine the position of laboratory mice in a preference test
(Habedank et al. 2022). The researchers described the process of using commercially
available RFID components and an Arduino microcontroller to identify the mice as they
pass through a tunnel in a housing system combined with two standard cages.

RFID has been used in seminaturalistic housing environments to collect detailed infor-
mation on animal behavior while generating only small and manageable amounts of data.
For example, a study using 29 RFID antennas tracked 20 mice, generating over 186,000
data points in 7 days while maintaining a compact total data volume of only 10.1 MB
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(Mieske et al. 2021). These data can be analyzed using Al or specific scripts to monitor
activity, temperature fluctuations, and behavioral patterns in real time, providing valuable
insights into animal welfare and overall health.

2.2.3 Considerations with RFID Implants

RFID microchips should be implanted subcutaneously in the mid-scapular region (between
the shoulder blades) using a caudal-to-cranial needle insertion to minimize infection and
dislodging, typically resulting in a 1-2% fall-out rate for experienced researchers. Needle
size guidelines vary based on microchip dimensions (e.g., ~12.5G for 2.1 mm x 12 mm).
In postweaned animals, anesthesia is often unnecessary (acceptable in the US for >15 g
mice with <15G needles and > 30 g rats with <12G needles), although European Directive
2010/63/EU classifies unanesthetized implantation as mild stress. Optimal RFID perfor-
mance also depends on antenna size and positioning; tube antennas should match tube
dimensions, while 3” circular cage-side antennas offer a 3—4” read range. Do-It-Yourself
(DIY) antenna winding is technical and requires precise tuning to the reader, making con-
sultation with RFID specialists advisable for proper functioning through inductance and
capacitance adjustments.

For HCM, RFID can be used as a complementary tool alongside other technologies.
The main benefit of RFID is its ability to track individual animals within a group-housed
setting. While video systems can track a large number of animals using ear tags or other
markers, they have limitations when animals are huddled together or out of the camera’s
view. RFID overcomes these challenges by detecting animals through bedding, nonmetal-
lic enrichment devices, and water, making it a reliable identification method. When com-
bined with temperature-sensing microchips, RFID also enables continuous animal welfare
monitoring, as temperature is a key indicator of health and stress. Recent advances are
pushing the development of newer implants combining various sensors (thermometer,
accelerometer, and photoplethysmograph) within the RFID chip and allowing the record-
ing of a wider range of behavioral, as well as health parameters (https://micetracking.
com/). New data open new fields of research in medicine, pharmacology, and animal
well-being.

2.2.4 Challenges, Limitations, and Future of RFID Technology

While RFID technology offers significant benefits, it also presents certain challenges, such
as imaging interference and anti-collision signal interference. First, although most RFID
microchips are compatible with MRI, X-ray, NMR, or body composition analysis, they
can produce imaging artifacts. Researchers should assess the impact on their specific area
of interest to ensure that image quality remains uncompromised. Second, when two or
more microchips are present within the same antenna field, the reader may scan micro-
chips A, B, or neither during a given scan. This occurs due to the nature of the LF RFID
signals and how the reader interprets individual readings. When mice are huddled together,
the reader may register one animal or none. To enhance data reliability, combining RFID


https://micetracking.com/
https://micetracking.com/

Technologies for Home Cage Monitoring in Preclinical Research 181

monitoring for identification and temperature tracking with complementary methods such
as video analysis can provide a powerful research solution.

RFID technology has proven to be an invaluable tool for tracking and identifying labo-
ratory animals, providing precise and reliable data without the need for visual contact.
Advances in RFID capabilities and applications in animal research continue to grow,
enabling innovative methodologies for studying behavior, health, and welfare. By select-
ing appropriate equipment, optimizing implantation techniques, and adhering to ethical
standards, researchers can fully leverage RFID technology while prioritizing animal
welfare.

Combining RFID technology with additional sensors represents a significant advance-
ment, enabling the simultaneous and continuous collection of diverse data. This integra-
tion in a single RFID implant ensures multiple measurements, highly repeatable
experiments, and strong correlation with external factors (e.g., day/night cycle and tem-
perature) and activities (e.g., sleeping and eating). For instance, continuous photoplethys-
mography (PPG) measurements allow the calculation of physiological parameters like
heart rate, blood pressure, respiratory rate, and blood oxygen saturation using digital sig-
nal processing (DSP) and machine learning (ML) techniques. Furthermore, the integration
of chemistry-free sensors into a surgery-free RFID implant provides an ethical and cost-
effective approach compared to traditional methods (https://micetracking.com/).

23 Electromagnetic Field Technology

Electromagnetic field (EMF) technology has emerged as a compelling solution for HCM,
offering a noninvasive, continuous, and scalable method to capture various animal behav-
ioral and physiological parameters. By integrating EMF sensors within the cage setup,
systems such as Tecniplast’s DVC® enable researchers to monitor group-housed animals
in real time, collecting group data on activity levels and indicators like rest/wake bouts and
polyuria patterns (Voikar and Gaburro 2020; Brachs et al. 2025).

2.3.1 Technology Overview

EMF-based HCM systems utilize an array of magnetic or capacitive sensors placed under-
neath or along the walls of standard animal cages. These sensors detect subtle perturba-
tions in the local electromagnetic field caused by an animal’s movement or presence.
When an animal moves across the cage floor, its body—characterized by high water con-
tent—alters the local dielectric properties, modifying the field strength and distribution.
The sensor outputs, typically voltage fluctuations, are recorded and processed to infer
movement and position. For instance, the DVC® system from Tecniplast employs multi-
ple electrodes to monitor changes in conductance as animals traverse the cage, providing
quantitative measurements of activity and spatial positioning (Iannello 2019).
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2.3.2 Applications and Measured Parameters
The EMF technology in HCM is designed to capture a range of measurements with mini-
mal human intervention. Key parameters include

» Activity Levels: Continuous tracking of general locomotion allows researchers to
assess patterns such as distance traveled and average speed.

* Social Interactions: Group-housed settings benefit from the ability to record interac-
tions such as fights or aggressive encounters with minimal precision since the system
cannot know which animals are implicated in this magnetic field fluctuation.

* Sleep Patterns: Changes in activity can serve as a proxy for sleep, as periods of inactiv-
ity during the dark phase of the circadian cycle often indicate rest.

* Wetness and Urination Events: Variations in the electromagnetic signal can also reveal
the presence of fluids such as urine, which may indicate both normal physiology and
recovery postsurgery, or indicate flooding of the cage.

* Environmental Room Conditions: Real-time conditions (humidity, temperature, human
presence, noise, and vibration) can be monitored with a rack-based tool (see Sect. 2.8).

By providing data on these aspects, the DVC system supports refined phenotyping and
welfare assessments without the need for continuous human observation.

2.3.3 Noninvasive and Continuous Monitoring

EMF technology offers noninvasive, 24/7 monitoring, minimizing stress and complica-
tions. Its low data storage needs (4 MB/cage/day with 4 Hz sampling) enable long-term
studies and automated, continuous data collection, crucial for observing natural behaviors
in group-housed animals while minimizing human interaction.

2.3.4 Group Housed Data Collection and Social Interactions

EMF-based monitoring tracks group-housed animals in ventilated rack cages, monitoring
over 10,000 cages simultaneously without disturbance. It provides a comprehensive activ-
ity profile for each cage, revealing social dynamics like aggressive encounters and detect-
ing subtle behavioral shifts (e.g., stress indicators from increased daytime movement in
nocturnal species). This group-level data, when correlated with other parameters, offers
insights into animal welfare. However, it lacks individual animal data or precise social
dynamic details.

2.3.5 Prosof EMF

* Continuous, Real-Time Monitoring: EMF sensors provide ongoing surveillance, cap-
turing rapid behavioral changes without gaps in data collection.

* Low Data Storage Requirements: The simplicity of the data (voltage fluctuations)
means that even long-term recordings produce manageable data volumes.

* Suitability for Group Housing: EMF systems can monitor multiple animals simultane-
ously, preserving the social environment and reducing handling stress.
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* Non-Invasive Measurement: avoiding surgical interventions improves welfare
outcomes.

* Versatility in Measurement: EMF systems can capture data on rest/wake bouts and even
detect wetness, which can be critical for monitoring the onset of hyperglycemia (Brachs
et al. 2025).

* Ideal for combination with other technologies.

2.3.6 Consand Limitations of EMF

* Limited Behavioral Resolution: While EMF sensors accurately record gross activity,
they typically lack the detailed resolution required to distinguish fine-grained behaviors
(e.g., grooming or subtle postural changes).

* Potential for Signal Interference: External electromagnetic noise or overlapping signals
from closely interacting animals might lead to data artifacts. This can be particularly
challenging in settings with high ambient interference or when cages are not properly
shielded.

* Need for Specialized Cage Setups: Cages must be compatible with the sensor arrays to
maximize the effectiveness of EMF sensors. Retrofitting existing cages might require
modifications to ensure proper sensor placement and signal capture.

* Group Data Aggregation: Although group monitoring is an advantage, it also means
that individual behavior is sometimes obscured, limiting the capacity for individual-
level analysis in social housing scenarios.

2.3.7 Comparison with Other Technologies

Compared to video-based monitoring, which can offer detailed behavioral insights through
advanced computer vision techniques, EMF-based systems prioritize high scalability and
low invasiveness. Video systems tend to generate large amounts of data and require signifi-
cant computational resources to process high-resolution images continuously. In contrast,
EMF systems produce simpler data that are easier to store and analyze, making them more
practical for large-scale, high-throughput studies. Similarly, while RFID systems excel at
individual identification and tracking, they typically require the implantation of chips,
which is invasive and may affect animal welfare. By operating externally, EMF technol-
ogy avoids these drawbacks while still delivering valuable group-level data.

2.3.8 Perspectives and Conclusion

Looking ahead, improvements in sensor design, data processing algorithms, and refined
analysis could help overcome some current limitations of EMF-based HCM systems. For
instance, integrating machine learning approaches to deconvolve overlapping signals bet-
ter could enhance behavioral resolution, enabling the system to differentiate between com-
plex activities. Advances in sensor miniaturization and shielding could reduce the impact
of external electromagnetic interference, improving data accuracy even in challenging
environments. Additionally, combining EMF data with other noninvasive monitoring tech-
nologies—such as videos or microphones—could provide a more comprehensive
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understanding of animal behavior. Such systems might leverage the strengths of each
method: EMF for continuous, low-data monitoring and video for detailed behavioral clas-
sification. This integrative approach holds promise for future research to refine phenotyp-
ing methods and enhance experimental reproducibility. Finally, improving scientists’
ability to discover insights from existing datasets could be achieved by validating and
refining EMF algorithms using Al models trained on data from systems that integrate
multiple technologies.

EMF technology enables continuous, noninvasive home cage monitoring of activity,
some social interactions, sleep, and urination. While less detailed than video tracking, its
low data storage requirements and suitability for group housing make it valuable in
HCM. Its scalability and easy integration benefit researchers designing large-scale, high-
throughput studies. Ongoing development aims for improved animal welfare and research
reliability. Despite limitations in detailed behavioral analysis and potential interference,
EMF’s noninvasiveness and scalability make it a preferred preclinical method.

24 (Other) Motion-Sensing Technologies

Alongside EMF (and, in some uses, RFID technology), implantable accelerometers, pas-
sive infrared (PIR) sensors, and infrared beam break systems represent fundamental tech-
nologies used in HCM systems to quantify locomotor activity, assess circadian rhythms,
and broadly capture movement-related behaviors in laboratory animals. These tools are
especially valued in research settings where minimizing human interaction is essential for
reducing stress and experimental artifacts while ensuring that animals’ daily activities and
behaviors are continuously monitored (Goulding et al. 2008). Similarly to EMFs, implant-
able accelerometers’ complex raw output is attractive as it could be used to infer occur-
rences of various specific behaviors. On the other hand, PIR and beam break sensors have
simple data outputs, but their simplicity and cost make them attractive options. Motion,
proximity, or presence sensing using radar-like time-of-flight measurements (ultrasound
or microwaves) are not present in HCM systems. Ultrasonic sensors are unsuitable due to
rodent sensitivity. Microwave sensors, while having similar drawbacks to infrared sensors,
also have higher complexity and cost, explaining their absence. Motion sensing can also
monitor voluntary activity like running wheel usage in home cages.

2.4.1 Implantable Accelerometersin HCM

Accelerometers have been designed to detect and record subtle movements of the animal
(S. Venkatraman et al. 2010). These sensors are embedded within implantable telemetry
devices and provide high temporal resolution, making them ideal for studies where precise
quantification of movement patterns is necessary (Ouyang et al. 2024). These devices
capture detailed acceleration and orientation data across multiple axes, providing research-
ers with comprehensive activity profiles. High sampling rates (up to 1 kHz) record even
minor movements, enabling accurate activity assessments over various timescales.
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Accelerometer data are used to evaluate circadian rhythms by tracking patterns of
activity and rest across the day—night cycle. In addition, they provide information about
gross locomotor activity—essential for studies in behavioral neuroscience and physiology
where changes in movement can be indicative of underlying conditions or responses to
interventions (Seibenhener and Wooten 2015; Crawley 2007, 2023). Because the data gen-
erated by these sensors are relatively compact, storage and data processing demands are
significantly reduced compared to more data-intensive methods like continuous video
monitoring. This makes accelerometer-based HCM systems efficient and cost-effective for
long-term studies.

Implantable accelerometers minimally impact animal behavior, allowing for natural
movement recording after surgical placement. Although invasive, the procedure yields
reliable, long-term movement data. Calibration is necessary for accurate acceleration
reflection, and long-term studies must consider battery type (batteryless or rechargeable).

2.4.2 Infrared Beam Break Systems in HCM

Infrared (IR) beam break systems monitor animal movement via IR beam interruptions in
a cage, offering basic 3D data on locomotion and rearing. Their advantage lies in continu-
ous, high-sensitivity monitoring with minimal data storage, suitable for long-term studies
where video is impractical. These systems integrate well with other technologies, enhanc-
ing HCM implementations.

IR beam break systems have limitations, notably their inability to provide detailed
behavioral information. They detect movement but struggle to differentiate specific behav-
iors beyond beam interruptions. Early systems struggled with this, but Columbus
Instruments later developed a system using microprocessors to classify beam breaks as
ambulatory or stereotypic based on interruption sequences (Czekajewski et al. 1982).
Initially, data collection was limited, but systems with integrated computers enhanced data
output and enabled automated scoring (Sulaiman et al. 1986). Using a grid arrangement,
animal position can be mapped using Cartesian coordinates, and based on beam break pat-
terns, states like resting, sleeping (Pack et al. 2007), genotypic, and ambulatory (Kelley
1993) can be classified.

Locomotor movement is the movement from one position to another (Kelley 1993).
Sometimes, stereotypic movement is scored incorrectly as locomotor movement, and with
sophisticated software, “stereotypic filtering” can be employed. Software-based stereo-
typic filtering uses an imaginary fence to classify movements. Movements within the
fence are stereotypic. If the subject’s centroid exits, the state becomes ambulatory, and the
fence is erased and redrawn upon stopping. Abrupt ambulation from rest might initially
classify steps within the fence as stereotypic, even if the path becomes ambulatory. Short
periods of stereotypic movement immediately preceding ambulation can be reclassified as
ambulatory if shorter than a set threshold.

Today, more data tools are becoming available for actigrams, heatmaps, and automated
sleep scoring (Keenan et al. 2020). While IR beams have become excellent at recording
locomotion, they still remain limited in two ways: animals must be singly housed, and the
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sensors lack sensitivity to further classify stereotypic movements into specific behaviors
(grooming, feeding, or seizures).

2.4.3 Passive Infrared Sensors in HCM

Unlike beam break sensors, passive infrared (PIR) sensors do not emit infrared light—they
are sensitive to the rodent’s own infrared emissions. Usually, such a sensing element is
part of a module with a specialized integrated circuit, which detects, amplifies, and thresh-
olds the signal, finally outputting a logical 1 when the threshold is crossed, i.e., movement
is detected. Such data require little storage space and compresses well.

Owing to the PIR sensor modules’ simplicity, low cost (less than 20€ for a calibrated,
industrial variant, 1€ for a hobbyist variant), and simple data output, this approach is espe-
cially attractive for DIY HCM, and Chap. 9 contains full instructions for building a simple
prototype.

While PIR and beam break sensors have similar pros and cons, PIR sensors are better
for larger areas and easier to install, often requiring just one sensor per cage for general
activity. Beam break sensors need a horizontal beam, which can be obstructed by bedding
or enrichment items. However, beam breaks excel at detecting presence at specific points,
especially in small spaces like shelter or nosepoke openings.

2.4.4 Future Directions

Core sensing technologies like PIR, beam break sensors, and accelerometers have reached
a maturity level limiting further innovation in the sensors themselves. Future advance-
ments will likely stem from applying computational methods, such as machine learning
for behavioral biomarker extraction from raw sensor data (as Tecniplast does with DVC
system) and multimodal data integration. Innovation is shifting toward data fusion,
advanced modeling, and behavioral inference algorithms.

2.5 Load Cells and Pressure Sensors

HCM systems offer a nonintrusive, continuous way to observe and record animal behavior
without disturbing the animals. In this context, load cells and pressure sensors play a cru-
cial role by capturing subtle weight shifts and changes in weight distribution that may
reflect various behaviors. These sensors, typically placed under the cage or integrated into
its floor, provide real-time data on locomotion and activity-related behaviors, such as
scratching bouts (LABORAS system from Metris) — behaviors that are often challenging
to capture with video-based systems alone.

2.,5.1 Technical Overview and Operating Principles

Load cells and pressure sensors, integrated into cage floors, use strain gauge technology to
detect minute weight or force changes as electrical signals. This noncontact method allows
for the unobtrusive, continuous monitoring of animal behavior in a natural setting,
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detecting subtle weight distribution shifts for detailed analysis, although the exact cause of
these variations may not always be identifiable.

2.5.2 Applications in Monitoring Behavioral
and Physiological Parameters
Load cells and pressure sensors have a broad range of applications in HCM systems:

* Activity Levels: These sensors continuously track weight shifts, providing precise data
on animal locomotion, including movement patterns, rest, and activity bursts, offering
insights into circadian rthythms and behavioral changes.

* Body Weight Estimation: Integrated systems can estimate overall body weight from
continuous data, reducing stressful handling and weighing (e.g., TSE AnimalGate).

* Detection of Fine Motor Behaviors: Advanced calibration and Al algorithms enable
sensors to detect behaviors like scratching, often difficult to validate via video. This is
valuable in studies where grooming or scratching indicates stress or neurological con-
ditions (Huzard et al. 2024).

These sensors monitor group-housed animals, providing a reliable overview of group
dynamics and activity trends through aggregated data, although individual identification
may require additional technology.

2.5.3 Pros
Several key benefits make load cells and pressure sensors attractive for HCMs:

* Non-Intrusive and Continuous Monitoring: These contactless sensors allow for nonin-
terfering behavioral recording, reducing stress variability and improving data reliability.

* Simplicity and Ease of Setup: Load cells easily integrate into existing cage systems,
requiring minimal structural changes, making them a cost-effective and scalable solu-
tion for large studies.

* Versatility in Data Collection: Load cells offer valuable insights into behaviors like
feeding, drinking, and scratching, making them versatile for diverse research, from
metabolic studies to behavioral neuroscience.

2.5.4 Cons
Despite their many advantages, the use of load cells and pressure sensors comes with sev-
eral caveats:

* Sensitivity to Environmental Vibrations: These systems are highly sensitive to vibra-
tions, with environmental movements or cage disturbances causing data noise.
Researchers must isolate the setup and use signal-processing algorithms to filter
vibrations.
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* Potential for Inaccurate Measurements: Inconsistent bedding or cage movement can
skew weight measurements by altering sensor pressure. Regular calibration and correc-
tion factors are crucial to address this.

» Calibration and Data Processing: Accurate initial calibration and robust data systems
are essential for reliable weight change monitoring from continuous sensor data, avoid-
ing external interference and data loss.

* Integration with Other Modalities: Load cells are best combined with other sensors
(e.g., video tracking, RFID, and telemetry) for comprehensive analysis, increasing
complexity but improving behavioral interpretations.

* Group Data Aggregation: While these sensors can effectively estimate bulk activity and
behavioral patterns in group-housed environments, it is difficult to discern readings of
individual animals in these conditions.

2.5.5 Better Load Cell Data and Practical Examples

Recent advancements in sensor technology have led to improved load cell designs with
enhanced sensitivity and better vibration isolation. A system like LABORAS has demon-
strated the capability to not only monitor general activity levels but also detect specific
behaviors that were previously challenging to measure, such as scratching (LABORAS
system from Metris). Additionally, PASTA (Platform for Acoustic STArtle)—despite not
being a full HCM system—is an open source example that demonstrates the ease of inter-
facing with load cells in a DIY setup (D. Virag et al. 2021). In the PASTA proof-of-
concept experiment, periodic breathing as a result of the startle response was detected in
video-validated PASTA output.

Integrating load cell data with telemetry or video tracking enhances understanding of
animal behavior by correlating physiological and behavioral observations. This multi-
modal approach offers a holistic view, reducing reliance on single measurements and
improving data accuracy. For example, combining telemetry’s cardiovascular data with
load cells’ physical activity insights creates a more complete picture of an animal’s
well-being.

2,6 Telemetry Systems

2.6.1 Advantages of Telemetry in Research

Implantable telemetry is the most humane technique for collecting physiological signals
from undisturbed, fully conscious, and freely moving laboratory animals (Kramer 2001)
in different behavioral settings (Huzard et al. 2019). This wireless technology refines
physiological monitoring in biomedical research since animal experiments are performed
under stress-free conditions (B. P. Brockway et al. 1992), including home cage environ-
ments. As a result, experimental artifacts and stress-induced and intersubject variability
are minimized, leading to increased accuracy, reliability, and predictive value of the data
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relative to studies using anesthetized or restrained animals (Kramer and Kinter 2003).
Through refinement, telemetry helps to reduce the number of animals needed per study
(Kinter 1996). Furthermore, telemetry assists researchers in identifying essential opera-
tional and experimental aspects to improve animal welfare (Toth et al. 2015; Meijer 2006).
Telemetry implantation requires invasive surgery by skilled professionals following strict
aseptic and ethical guidelines to minimize complications and distress. Training, standard-
ized protocols, and refined techniques are crucial for scientific integrity and animal
welfare.

2.6.2 Components and Functionality of Telemetry Systems

Telemetry uses implantable sensors to collect and transmit animal physiological signals to
a remote transceiver. This transceiver then relays the data to software that saves raw data
and generates derived parameters based on user instructions (Kramer 2001). Telemetry
systems monitor multiple rodents simultaneously. A typical rodent study may utilize six to
ten animals, but telemetry platforms are scalable and can accommodate more test subjects
for larger-scale studies (Pedraza et al. 2025). The implantable sensors (or transmitters) are
the key to conferring a high degree of modularity and versatility to the technique. Telemetry
transmitters offer varying battery lives (1-12 months) and can measure signals like biopo-
tentials, pressure, and blood glucose (Kramer et al. 2021). Transmitter type and surgical
methods determine study length and which physiological signals (e.g., ECG, BP, EEG,
EMG, glucose, temperature, and activity) can be recorded.

Cardiovascular evaluations via telemetry are accomplished by placing the body of the
transmitter intraperitoneally or subcutaneously. For ECG measurements in rodents, the
positive and negative electrodes are placed subcutaneously (Gkrouzoudi et al. 2023;
Sgoifo et al. 1996). In this setting, proper electrode positioning is critical to acquiring
quality ECG data from mice or rats. For BP recordings in mice, the less invasive method
is placing the BP catheter into the carotid artery (Mills 2000). In contrast, surgical
approaches using the abdominal aorta or femoral artery are more suitable for rats (Mattes
and Lemmer 1991). The pressure-sensing technology also permits the assessment of left
ventricular pressure, an indicator of cardiac contractility. Common cardiovascular investi-
gations utilizing telemetry in rodents include heart rate variability analysis, physiological
and mechanistic examinations, disease modeling, pharmacological testing, and circadian
rhythms.

On the other hand, the typical use of rodent telemetry in neuroscience research includes
seizure and sleep studies, neuropharmacology, phenotyping, and chronobiology (Kramer
et al. 2021). In this regard, the most assessed physiological signals in rodents are EEG and
EMG. Electrodes are attached to the skull for EEG measurements, with the leads placed
epidurally or connected to deep electrodes (Lundt 2016). For combined EEG and EMG
recordings, another set of electrodes is sutured to the neck muscles to obtain EMG signals.
The body of the transmitter is generally placed subcutaneously.
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2.6.3 Other Physiological Parameters Measured Via Telemetry

Another widespread practice of rodents instrumented with telemetry transmitters is to
monitor body temperature and activity, crucial for pharmacology, infectious disease, and
behavior studies. Continuous glucose telemetry improves welfare (Brockway 2015) via
glucose oxidase enzyme catheters, aiding in understanding homeostasis and biomarker
evaluation. Innovative telemetry applications include deriving respiratory rates from EMG
or pressure signals and measuring pressures like intracranial, arterial, or ventricular.
Telemetry integrates with phenotyping (Sommer 2005), fear conditioning (Gaburro 2011),
and metabolic cages (Gaigé 2014). However, excessive multiparameter data collection
may negate home cage advantages.

2.6.4 Challenges, Considerations, and Future Developments
of Telemetry Implementation

Telemetry, an invasive method requiring surgical transmitter implantation, offers benefits
but presents implementation challenges. Minimizing discomfort and complications hinges
on appropriate animal body weight and transmitter type, alongside skilled surgical staff for
successful implantation and reduced postoperative issues. Following proper care and
recovery, rodents tolerate transmitters well, enabling longitudinal studies (Baumans 2001).
Second, telemetry enables scheduled or continuous data acquisition, usually at sampling
rates between 600 and 1000 Hz. Raw data from telemetry signals can generate large files.
For example, a rodent experiment that collects data continuously for 7 days is estimated to
render approximately 1.5 gigabytes of information per subject. Reasonable computing
capacity (8 Gb RAM minimum, Intel® Core™ i7) and sufficient disk drive storage space
(250 Gb) are needed, and competent software modules that automate data analysis and
event detection are beneficial, especially for long-term studies. Last, the acquisition of a
telemetry system involves strategic budgeting, capital allocation, and planning and run-
ning costs for transmitters. Nevertheless, the cost is generally wholly recovered through
reduced animal use (Kramer et al. 2021). Additionally, users often leverage the versatility
of telemetry to provide research services to maximize returns on the investment.

Telemetry technology continues to progress. Modern telemetry platforms count on
group housing capabilities to monitor groups of rodents in their home cages (Martin 2024)
and extended transmission ranges to accommodate high-density caging environments with
minimal signal interference. Further advancements could witness the development of new
sensors to measure additional parameters, cloud-based data collection, smaller transmit-
ters, and longer battery life.

2.7 Metabolic Monitoring Systems
Metabolic technology, particularly indirect calorimetry, is a crucial part of home cage

monitoring for studying energy balance, obesity, and metabolic health. It measures oxygen
consumption and carbon dioxide production to determine metabolic rate, energy
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expenditure, and homeostasis. Additional sensors track activity and food intake, providing
context without stressing the animals. These measurements also reveal diurnal changes in
RER, indicating whether carbohydrates (RER closer to 1.0) or fats (RER nearer 0.7) are
being metabolized (Deuster and Heled 2008). This level of detail is crucial for studies
examining metabolic flexibility, the impact of dietary interventions, and the progression of
metabolic disorders. However, indirect calorimetry requires the isolation of animals, and
it would be challenging to adapt it to the group-housed context, as all subjects in the cage
would be judged as one biomass.

2.7.1 Integration with Activity Data for Comprehensive
Metabolic Profiling

Physical activity significantly contributes to energy expenditure. HCM technology offers
many options for tracking home-cage locomotor activity, with IR beam activity meters
being the gold standard for accuracy, scalability, and compact size. Analyzing metabolism
correlated to activity is nuanced due to the causal relationship between activity, behavior,
and metabolism. Modern metabolic phenotyping systems can align activity events with
increased energy expenditure, and specialized software can analyze TEE differences based
on activity levels, enhancing data robustness and experimental repeatability (Skop
et al. 2023).

2.7.2 Integration with Feeding Data for Comprehensive
Metabolic Profiling

Modern metabolic HCM systems integrate calorimetric data with feeding and water intake
records for comprehensive analyses, correlating energy expenditure with nutritional
intake. This integration is vital for understanding metabolism, behavior, and environmen-
tal factors, enabling energy balance calculations crucial for obesity research and metabolic
syndrome studies (Rubio et al. 2023).

HCM systems use specialized software to analyze real-time metabolic data, providing
immediate insights and enhancing the predictive value of experimental data by identifying
patterns like circadian rhythms or dietary responses.

2.7.3 Pros of Metabolic Monitoring in HCM

* Rich Data Collection: The ability to monitor oxygen consumption, carbon dioxide pro-
duction, and feeding behavior simultaneously provides a multidimensional view of an
animal’s metabolic state. This is crucial for studies focused on energy balance and the
pathophysiology of obesity.

* Reduced Stress Artifacts: While isolation for indirect calorimetry can cause stress,
home-cage metabolic sensors reduce this by shortening separation times. Future meth-
ods may enable group measurements using stable isotopes but currently face technical
and cost challenges.
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* Enhanced Experimental Relevance: Continuous and long-term monitoring allows for
the detection of subtle physiological changes over time, making it possible to assess the
effects of chronic interventions or the progression of metabolic disorders.

2.7.4 Cons of Metabolic Monitoring in HCM

* Complex Setup and Maintenance: Implementing indirect calorimetry in a home-cage
setting involves sophisticated hardware and software integration. The system must be
meticulously calibrated to account for environmental factors, such as bedding materi-
als, cage design, and ambient temperature.

* Potential Housing Limitations: While the integration of metabolic monitoring into
HCM systems is advancing, many setups still require individual housing to ensure pre-
cise measurements. This can limit the study of social behaviors and may necessitate
modifications to standard HCM configurations.

* Data Management Challenges: Continuous data acquisition results in large datasets
that require robust computational resources and specialized analysis modules to pro-
cess and interpret effectively.

2.7.5 Commercial Examples and Innovations
Several commercial systems have been developed to meet the demands of metabolic mon-
itoring in home-cage environments. Examples include the Sable Promotion, TSE
PhenoMaster, and Oxymax-CLAMS (Comprehensive Lab Animal Monitoring system).
These platforms are designed to integrate indirect calorimetry with additional behavioral
and environmental monitoring tools. The CLAMS system, for instance, has been success-
fully used in collaborative research to evaluate the interplay between bedding, metabolic
rates, and feeding behavior, providing a model for comprehensive metabolic profiling in a
naturalistic setting (Speakman 2013; Eynaud et al. 2024; Hu et al. 2023; Skop et al. 2020).
Additionally, plethysmography—while conceptually attractive for respiratory monitor-
ing—faces significant practical limitations in a full-volume home-cage setting. Accurately
recording tidal volume becomes infeasible once the cage airspace exceeds a few liters, and
although the breathing rate can still be tracked, the signal-to-noise ratio is poor. In fact,
Columbus Instrument is currently the only commercial provider to offer respiratory fre-
quency in a home-cage context, but it is planned to phase it out due to these technical
challenges. Previously, smaller CLAMS “center-feeder” cages (with roughly half the
internal volume) yielded more reliable plethysmographic signals, but those formats are no
longer in widespread use.

2.7.6 Enriching HCM with Advanced Metabolic Insights

Recent advances have greatly improved HCM metabolic monitoring. Sensor technology
offers enhanced sensitivity and accuracy, with cloud-based data and real-time analytics
enabling remote monitoring. Algorithms and machine learning now automatically classify
metabolic events, linking them to behavior or environment for deeper physiological
insights. Miniaturized sensors reduce invasiveness and allow for group housing
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integration, with ongoing research addressing accuracy challenges to create more versatile
and scalable HCM systems.

2.7.7 Future Perspectives

The future of metabolic technology in home-cage monitoring promises less invasive, more
precise, and broader data collection. Wireless, battery-free sensors could enable continu-
ous monitoring, akin to advancements in physiological telemetry. Integrating metabolic
data with video-based behavioral analysis and environmental sensing will create multipa-
rametric platforms, streamlining experiments, and reducing animal numbers per study by
providing comprehensive datasets.

2.7.8 Conclusion

Integrating metabolic technology, particularly indirect calorimetry (VO,, VCO,, and RER)
and feeding data, into home-cage monitoring advances biomedical research. Despite setup
and data management challenges, the benefits of enhanced experimental relevance and
reduced stress make it invaluable for studying metabolism, obesity, and animal welfare.
Technological innovations and multimodal integration will ensure that metabolic HCM
systems play a key role in future preclinical research.

2.8 Environmental Monitoring

Environmental factors like illumination, humidity, and temperature significantly impact
rodent behavior and physiology yet are often overlooked in studies. Broadly, there are
three options for environmental monitoring systems. First, there is a commercial, lab-
oriented system, e.g., Pallidus.io. This system is composed of battery-powered, cage top-
mounted units that send activity, humidity, and temperature data to a real-time cloud
dashboard. Second, there is a segment of the home automation market for wireless, net-
worked sensors for home air quality data, such as Aqara, AirGradient, Apollo AIR-1, or
Sonoff, which could ostensibly be repurposed for laboratory use. Finally, there are lab-
developed open-source solutions, such as the MIROSLAV device with the EnviroSLAV
addition to the main unit, which also provides real-time wireless data transmission to one
or multiple logging devices (Virag et al. 2025). While the EnviroSLAV addition was origi-
nally developed to monitor habitat conditions, attaching the main MIROSLAYV unit to cage
tops is feasible. For example, recently, a group developed a real-time ambient sensing tool,
My Vivarium, based on IoT and the Raspberry Pi system, allowing the recording and log-
ging of environmental measures in a cloud-based application (Vidva et al. 2025). DIY
systems offer significant appeal due to their lower cost and broader customization options
compared to limited commercial solutions (see Chap. 9). However, open-source projects
may face abandonment or lack of ongoing support due to the unpredictable nature of aca-
demic research trajectories.
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Generally, any study, especially those utilizing HCM technologies, can benefit greatly
by also implementing sensors for illumination, temperature, humidity, noise, pressure, and
a passive infrared sensor to acquire precise timestamps of personnel entrances. These sen-
sors have good durability, do not require frequent calibration, and can produce time-series
data that can be correlated with other in-cage events, such as home cage activity (Virag
et al. 2024; Hu et al. 2023).

Affordable, high-quality sensors like the Sensirion SHT45 (temperature/humidity) and
ams OSRAM TSL25721 (light) are readily available, enabling accurate and low-
maintenance environmental monitoring at the cage level, which can control for a major
source of variability. Sensors for gases like carbon dioxide, ammonia, and volatile organic
compounds (VOCs) are available (€60—€300) but often need maintenance. Some, like the
Telaire T6713 for CO2, offer long, calibration-free lifespans using infrared dispersion.
While useful for ventilated cages, their effectiveness in open-top cages is questionable due
to airflow variations.

29 Acoustic Monitoring (USV)

Integrating ultrasonic vocalization (USV) recording into HCM systems would signifi-
cantly enhance our understanding of rodent communication, social behavior, and emo-
tional states. Rodents communicate via USVs (18-110 kHz), which are inaudible to
humans. These vocalizations are context dependent, with variations in frequency, dura-
tion, and modulation reflecting different emotional states like anxiety, pain, or positive
social interactions. While visual monitoring has advanced, USV interpretation has lagged.
Incorporating audio monitoring would provide researchers with a more comprehensive
behavioral repertoire for assessing animal welfare and stress responses (Portfors 2007;
Lefebvre et al. 2020). Consequently, the detection and analysis of USVs have become a
marker of animal welfare and an indirect indicator of the internal state of the subject.

USV detection in HCM requires specialized microphones with a broad, ultrasonic fre-
quency response. Captured audio is analyzed using advanced software to identify and
categorize call types based on spectral and temporal features. Commercial systems like
Avisoft, Dodotronic, and Sonotrack provide dedicated solutions that can be integrated
with HCM setups. Similarly, platforms such as those offered by METRIS, Noldus (e.g.,
UltraVox XT), and BatSound extend these capabilities by combining audio data with other
behavioral measures. Additionally, using a ‘bat microphone’ (Petterson M500-USB,
https://batsound.com/product-category/usbmicrophones/) and open source recording soft-
ware (e.g., Audacity®) is also a viable and significantly cheaper solution to record USV's
in laboratory settings.

Integrating ultrasonic audio recording into HCM requires sensitive microphones
(18-110 kHz) to convert acoustic waves into electronic signals. Software must synchro-
nize audio capture with other sensor data. Advanced algorithms and machine learning fil-
ter noise, segment recordings, and classify call types, automating analysis for affective
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states and social interactions (Coffey et al. 2019; de Chaumont et al. 2021). Data, audio,
video, telemetry, and sensor inputs are integrated to create a comprehensive view of ani-
mal behavior, enhancing assessment reliability.

2.9.1 Applications in Behavioral and Welfare Studies

The integration of ultrasonic vocalization detection within HCM systems has several valu-
able applications. (i) USVs are integral to understanding the dynamics of rodent commu-
nication during group housing. Analysis of these vocalizations can elucidate the nuances
of social hierarchy, mating behavior, and affiliative interactions (D’amato 1991; Egnor and
Seagraves 2016). (ii) Changes in vocalization patterns often indicate stress responses. For
instance, alterations in call frequency or intensity may signal discomfort or distress,
enabling researchers to assess the impact of experimental conditions on animal welfare
(A. Venkatraman et al. 2024). (iii) In drug discovery and testing, monitoring USVs pro-
vides an additional behavioral endpoint to evaluate the efficacy and side effects of novel
therapeutics. Indeed, subtle shifts in vocalization profiles may reveal the impact of phar-
macological agents on central nervous system function (Brudzynski 2015; Simola 2015;
Premoli et al. 2023). (iv) Tracking the evolution of USVs over time can offer insights into
the developmental trajectory of communication skills in rodents, contributing to studies on
neurodevelopmental disorders (Castellucci et al. 2018; Granata et al. 2022).

2.9.2 Pros of USV Systems

* Non-Invasive Monitoring: Audio recording is entirely noninvasive, ensuring that ani-
mals are not disturbed by the monitoring process.

* Additional Behavioral Context: USV data complement other monitoring modalities,
such as video or telemetry, by providing an auditory dimension to behavioral analysis.

* Real-Time Data Collection: Continuous audio recording enables the capture of sponta-
neous and transient vocalizations, which might otherwise be missed in periodic
assessments.

* Enhanced Welfare Assessment: Monitoring USV patterns can provide an early warning
system for stress and discomfort, enabling timely interventions to improve animal
welfare.

29.3 Cons

* Background Noise Interference: A major challenge is the potential for background
noise, both environmental and equipment-generated, to interfere with the detection of
ultrasonic signals.

» Varying recording quality: Microphone orientation and distance relative to the animal
are crucial. Minor obstructions, like plastic houses, can significantly attenuate USV
intensity.

* Automated Analysis Challenges: Despite software advances, parsing complex vocaliza-
tions and distinguishing individual animals in groups remains challenging.
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* Amount of Data: Recording ultrasound vocalizations at high sampling rates generates
vast datasets, even over short periods, creating real-time analysis and storage chal-
lenges. This necessitates limiting continuous observation or incurring higher costs for
storage and high-performance technology.

* Cost Considerations: High-quality ultrasonic microphones and associated data acquisi-
tion systems can be expensive, particularly when multiple recording channels
are needed.

* Individual Identification Limitations: Single-microphone audio recording alone cannot
reliably identify vocalizing animals, unlike RFID or video. This remains a significant
limitation, as multimicrophone systems and complex computational methods still
struggle with USV emitter identification and incur high costs (de Chaumont et al. 2021;
Waidmann et al. 2024). To clearly link vocalizations to individuals, recordings are usu-
ally made individually or in specific arenas. However, this often removes the social
group and home cage context.

2.9.4 Integration and Future Directions

Integrating ultrasonic vocalization detection into HCM systems is a significant advance in
behavioral phenotyping. Future efforts will likely focus on improving audio resolution and
developing more sophisticated, real-time analytical algorithms. Emerging technologies
may include

* Enhanced Signal Processing: Algorithms that better differentiate between overlapping
calls and effectively filter out background noise, possibly using deep learning methods.

* Multimodal Data Fusion: Closer integration of audio data with video and telemetry
outputs, allowing for a synchronized analysis of vocalizations alongside movement,
physiological parameters, and environmental factors.

* Wireless and Miniaturized systems: As with telemetry, there is ongoing development of
smaller, wireless audio recording systems that can be easily incorporated into home
cages without interfering with animal behavior.

* Wearable devices with custom circuit boards that can be fitted to individual mice and
connected to a variety of existing USV recording systems are currently under develop-
ment and reached an accuracy of 90% when attributing vocalizations to a specific ani-
mal, based on the relative amplitude differences (Waidmann et al. 2024).

* Cloud-Based Data Analysis: Leveraging cloud computing to process and store large
volumes of audio data, facilitating large-scale studies and collaborative research efforts.

Audio technology in HCM offers insight into rodent communication, enhancing our
understanding of social behavior, stress, and animal welfare. By capturing USVs, research-
ers gain a rich dataset that complements traditional measures, advancing behavioral
neuroscience.

Integrating ultrasonic vocalization detection enriches HCM experimental tools, provid-
ing an additional data layer that, combined with other monitoring, offers nuanced
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interpretations of animal behavior. As technology evolves, improvements in sensitivity,
data integration, and analysis will solidify audio monitoring as a fundamental component
of home-cage behavioral studies.

2.10 Operant Technology in the Home Cage

Operant systems not only observe but also directly impact animal behavior, coupling sen-
sors that detect an animal’s voluntary action with actuators that deliver cues, rewards, or
punishments to elicit a response. The interaction can be described by three consecutive
one-way interactions: (i) the device presents a cue to the animal, (ii) the animal exhibits a
response detected by the device, and (iii) the device provides a consequence (reward or
punishment) to the animal. The specific behaviors a device can elicit and measure in user-
defined operational protocols depend on the electronic components the system is equipped
with. Integrating this closed-loop system into the social cage transforms it into an interac-
tive environment for continuous learning and decision-making with minimal human
intervention.

2.10.1 The Cue

Cues activate animal senses via electronic components. Components offering wider range
and finer control enhance protocol design flexibility. For example, addressable RGB LEDs
offer precise light control for varied cues, unlike incandescent bulbs. Protocols must
account for animal sensory limits (e.g., mice hear 2—70 kHz, humans 20 Hz-20 kHz).

2.10.2 The Response

A sensor, the main electronic component, translates physical phenomena into electronic
impulses, recorded as data. Thus, nearly any sensing technology in this chapter could
apply, depending on the behavior scientists aim to recognize as a response to a pre-
sented cue.

* Video detection (see Sect. 2.1) uses simple algorithms for presence/movement. Neural
networks can also recognize behaviors or body parts; the latter, combined with algo-
rithms (e.g., distance-based interaction), classifies behavior. Real-time neural network
inference makes this technically complex.

» RFID tagging (see Sect. 2.2) can be used to detect the presence of one specific animal
in a defined area, which can, for example, trigger the start of a test.

» Capacitive sensors can be used to detect touch or licking and function on the same
principle as electromagnetic field systems (see Sect. 2.3).

* Infrared motion sensors can be used to detect an animal’s presence in an area, while
beam-break sensors are commonly used to detect nosepokes in a designated opening
(see Sect. 2.4).
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* Similar to electromechanical microswitches, load cells and pressure sensors (see Sect.
2.5) can be used to detect an animal pressing on a lever or for area presence detection.

» Ultrasonic vocalization (see Sect. 2.9) can be detected to elicit a consequence. A spe-
cific type of vocalization could be filtered using digital signal processing (DSP) algo-
rithms, with or without a machine learning classifier.

Skinner boxes, originally using electromechanical levers, now primarily employ nose-
poke openings with beam-break sensors. Levers for rats need to be low and wide for acti-
vation, as thin, high levers only elicit sniffing. Nosepokes are better for isolating individual
responses in multianimal settings. Ideally, the initial action (e.g., sniffing a nosepoke,
standing on a platform) should be neutral before reinforcement or punishment.

2.10.3 The Consequences (Reward Versus Punishment)

Operant conditioning rewards often use automated food/water dispensers, with liquid
rewards requiring more maintenance. Servo-controlled gates allow diverse reward types.
Animal preferences vary, and sugars can complicate experiments. Punishment, using air
puffs or mild electric shocks, yields consistent reactions and avoids food or water depriva-
tion issues but raises ethical concerns due to stress.

2.11 Benefits of the Home Cage-Based Approach

Conventional operant conditioning is time-consuming (1 month for 1-h daily sessions),
limiting its use in adolescence or disease models. For example, assessing ADHD-related
impulsivity in rodents is restricted to adulthood due to long training. Home cage setups
drastically reduce training time (e.g., <7 days for 5-CSRTT), enable 24/7 testing with
many trials (Bruinsma et al. 2019), and may improve learning in a familiar, human-free
environment. Shorter training and automation make water gating a more viable reward.
Scheduled unattended testing, e.g., 3-h sessions, is possible. Ongoing work hints that
food/water deprivation may not be necessary to induce operant learning, at least in rats
(Augier et al. 2017). Home cage operant conditioning offers increased statistical power,
reduced experimenter workload, and allows testing younger animals and across circa-
dian cycles.

2.11.1 Cognitive Domains Assessed

Operant conditioning protocols assess attention and impulse control (5-CSRTT training in
<7 days), cognitive flexibility (IntelliCage reversal/rule-switch protocols), and motivation/
effort cost (progressive-ratio hoppers/nose-poke panels). Sensory discrimination and
sequence learning are evaluated using PsiBox (tone/frequency discrimination within
2 weeks).
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2.11.2 Home Cage Implementation

Configurable home cage operant systems allow for various testing protocols, but translat-
ing standard operant tasks to the home cage is not a 1:1 process. For example, a rat home
cage 5-CSRTT task showed different impulsivity results and more performed trials when
testing was restricted to 2.5 h versus 24/7. These findings highlight new aspects of execu-
tive function and the need to reoptimize protocols for the home cage.

2.11.3 Data Acquisition Architecture in Operant Systems

Operant conditioning devices, particularly home cage systems, require precise synchroni-
zation and prolonged unattended operation, necessitating robust measures against data
loss. While common in embedded systems and automation through redundancy and fail-
ure detection, commercial HCM operant systems often rely on a single PC, creating a
point of failure. Open-source systems like FED3 (Matikainen-Ankney et al. 2021) offer
more resilience by logging to SD cards, but simultaneous, redundant logging and net-
worked architectures with remote alerts would be ideal for preventing data loss and
enabling real-time monitoring and control, as demonstrated by nonoperant HCM systems
like Tecniplast DVC and MIROSLAV (Virag et al. 2024). Integrating local storage with
network logging would further enhance reliability. Given the severe consequences of data
loss in animal research, increased adoption of such preventative measures is ethically cru-
cial as HCM systems become more complex.

2.11.4 Pros

* 24/7 Sampling: hundreds of trials across the circadian cycle boost statistical power.

* Voluntary, self-paced interaction keeps stress hormones low and eliminates the experi-
menter effect.

» Faster acquisition: learning complete in days rather than weeks.

* Group scalability: high-throughput pipelines exist (www.micecraft.com).

* Systems integration: operant event clocks aligned with telemetry, video pose, or envi-

ronmental sensors enable comprehensive phenotyping.

2.11.5 Cons
* Equipment in contact with animals more prone to malfunction:
— Dust or bedding on lick spouts: false lick detections and corrupted data.
— Cable chewing: data loss or hardware failure.
* More severe consequences of equipment malfunction:
— Servo miscalibration on pellet hoppers: unintended food restriction.
— Power outages: unsignaled deprivation of food or water and loss of data.

Open-source dashboards bundled with devices like LIQ-HD display live lick counts, so
anomalies are detected without disturbing the cage (Petersen et al. 2023). Weekly calibra-
tion scripts, version-controlled task code, and hardware health checks are recommended
best practices.
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2.11.6 Implementation Notes for Researchers

When designing an operant HCM cage, link the cue (LEDs/speakers), action (nose-poke/
lickometer), and reinforcer (pellets/water) to specific hardware. For cues, use spectrally
distinct LEDs or calibrated speakers. For actions, nose pokes localize responses, while
lickometers measure precise contact but need water scheduling; combining both distin-
guishes trial initiation from choice. For reinforcers, use optical gates for pellet verification
and daily purging for water lines. Scheduling tasks during the initial dark phase maintain
motivation without deprivation, as seen in the 5-CSRTT “time-restricted” protocol.

2.11.7 Data Handling and Analysis

Operant events (subject ID, timestamp, and code) are appended to the HCM log and can
be aligned with video pose or telemetry to relate internal state to behavior. A single mouse
generates ~1 MB day! of event data; automated scripts that bin trials by light phase or
stimulus difficulty reduce file sizes and feed dashboards for rapid QC.

3 Combinations of Systems, Emerging Technologies,
and Future Considerations

Modern HCM research is moving from single-modality “black boxes” toward interopera-
ble ecosystems in which multiple sensors, actuators, and analytical pipelines talk to each
other in real time. This section surveys the technical and conceptual shifts that enable that
transition, from hardware miniaturization to metadata standards, and it discusses how ethi-
cal and logistical constraints shape the next generation of platforms.

3.1 Aspects to Consider When Driving Innovation
in HCM Technologies

* Miniaturization and Efficiency: Advancements in nanotechnology and materials sci-
ence are leading to smaller, more efficient sensors that can be easily integrated into the
homecage environment. These sensors can measure a wider range of parameters with
greater accuracy and lower power consumption.

» [Integration with Big Data and AI: Combining sensor data with advanced analytics and
machine learning algorithms allows for deeper insights into animal behavior and physi-
ology. Cloud computing and data storage solutions facilitate the management and anal-
ysis of large datasets generated by HCM systems.

* Wearable Technologies: Flexible electronics and wearable sensors offer the potential
for noninvasive, continuous monitoring of physiological parameters in freely moving
animals. These technologies can be integrated into lightweight, comfortable devices
that minimize stress and behavioral disruption.
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* Personalized and customized monitoring systems: The development of modular, open-
source HCM platforms allows researchers to tailor monitoring systems to their specific
research questions and experimental needs. This flexibility enables greater innovation
and collaboration within research.

3.2 Key Drivers of Innovation

Advancements in nanofabrication and low-power ASIC design enable sugar-cube-sized
multisensor nodes to record locomotion, temperature, and ECG for weeks using harvested
energy. These devices, paired with cloud-based GPU clusters, transform home cages into
“data lakes” for machine learning to uncover subtle phenotypes. Additionally, open-source
modular chassis allow labs to build custom rigs, speeding up iteration and reducing costs
(see Chap. 9).

3.3 Retrofitting Versus Green-Field Set-Ups

Where budgets or animal-facility regulations limit new infrastructure, solutions such as
Olden Labs’ cage-lid modules (https://oldenlabs.com/) or the iMouse retrofit camera sys-
tem (https://imouse.info/) allow researchers layer monitoring onto standard shoebox cages
and commercial racks (Tecniplast, Allentown, ...). Conversely, fully integrated arenas like
MouseVUER (Salem et al. 2024), LMT (de Chaumont et al. 2019), TSE’s Phenomaster
(Gallage et al. 2024), or Noldus Phenotyper 2 (Grieco et al. 2021) trade initial capital
expenses for richer 3D viewpoints, environmental control, and simplified cabling—at the
cost of lower throughput per square meter. Choosing between these extremes depends on
the study’s spatial footprint, biosafety class, and anticipated life-span of the experiment.

34 Embedding Neuroscience Toolchains

Optogenetic stimulators, wireless headstages for calcium imaging, and miniaturized pho-
tometry fibers can now be docked inside the home cage so that brain activity, behavior, and
environmental cues are recorded synchronously. Proof-of-concept work with 2D-Neuro’s
wireless optogenetic implants allows freely moving mice to receive pattern-locked stimu-
lation within their home cage settings (https://2dneuro.com/).

3.5 Computer Vision and Al-Based Systems

In recent years, artificial intelligence (AI) has become a cornerstone of next-generation
HCM systems, enabling fully automated, high-throughput analysis of complex behavioral
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and physiological data. By integrating Al with the tools, data, and sensors used in HCM,
researchers can extract richer insights, reduce human bias, and accelerate discovery. In the
following sections, we describe how Al advances across two primary tasks (identification
and interpretation), the evolving role of transformer-based architectures, multicamera 3D
solutions, and the trade-offs inherent in edge versus cloud computing deployments.

3.5.1 Identification Task: From Frames to Quantitative Data

The identification task converts raw video frames into numerical representations—animal
centroids, body-part keypoints, or object masks—that feed downstream analyses. Early
breakthroughs came from repurposing human-pose architectures: DeepLabCut repack-
aged DeeperCut into an end-to-end toolkit for animal researchers, democratizing marker-
less pose estimation with just dozens of labeled frames (Insafutdinov et al. 2016; Mathis
et al. 2018). Building on this, (Lauer et al. 2022) introduced multianimal pipeline enhance-
ments for faster training and real-time inference, and SLEAP demonstrated robust multi-
animal tracking in complex arenas (Pereira et al. 2022).

Complementary to pose estimation, object detection networks such as YOLO have
been adopted for rapid cage-wide animal localization (Redmon et al. 2015). YOLO’s
single-pass architecture allows real-time processing on consumer-grade GPUs, making it
ideal for large cage racks where dozens of video streams must be monitored simultane-
ously. Together, these CNN-based tools provide a modular “plug-and-play” identification
layer that can be tailored to specific HCM tasks—Ilocomotion quantification, enrichment
interaction, or social proximity mapping—while maintaining minimal hardware
requirements.

3.5.2 Semantic Segmentation and the Transformer Revolution

While pixelwise semantic segmentation has historically lagged in HCM—due to the labo-
rious annotation of object polygons—recent transformer-based models are poised to
change this landscape. The Segment Anything Model (SAM) delivers zero-shot segmenta-
tion of previously unseen objects, allowing rapid adaptation to new cage configurations or
lighting conditions without manual mask labeling (Kirillov et al. 2023). By prompting
SAM with minimal cues, researchers can obtain precise object boundaries—critical for
measuring fine-scale interactions with manipulanda or nest materials—without incurring
prohibitive annotation costs. This shift from convolutional to transformer architectures
(Vaswani et al. 2017) also underpins novel self-supervised methods that learn from vast
amounts of unlabeled video. In the near future, HCM platforms may employ such models
to discover latent environmental or postural features—beyond predefined keypoints—that
correlate with physiological events, further enriching the scope of home-cage analytics.

3.5.3 Three-Dimensional Tracking: Multicamera Integration

Extending Al-driven identification into three dimensions enhances the fidelity of behav-
ioral measures—especially for activities like vertical rearing or climbing. Libraries such
as OpenCV have long offered undistortion and stereo-triangulation tools (Bradski 2000),
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but specialized pipelines streamline 3D pose estimation in rodents. DeepLabCut 3D inte-
grates per-camera keypoints and performs triangulation to reconstruct 3D trajectories
(Nath et al. 2019). Building on this, Anipose unifies multicamera calibration and triangula-
tion workflows, simplifying setup across three or more viewpoints (Karashchuk et al. 2021).

Advanced approaches like DANNCE leverage geometric reasoning to resolve occlu-
sions and improve volumetric reconstructions (Dunn et al. 2021), while s-DANNCE intro-
duces scalability optimizations for denser camera arrays (Klibaite et al. 2025) and allows
for better social behavior discrimination. Despite the clear benefits of 3D data—precise
kinematics and enriched behavioral grammar—the increased hardware complexity and
per-cage cost mean that most commercial HCM systems still favor single-camera setups,
reserving 3D rigs for specialized studies.

3.5.4 Interpretation Task: From Keypoints to Behavior

Once quantitative features are extracted, the interpretation task employs Al to translate
these time series into meaningful behavioral or physiological categories. Supervised clas-
sifiers—including support vector machines and deep sequence models—map pose trajec-
tories or raw video clips to ethologically defined behaviors (e.g., grooming, digging, and
rearing). While powerful, these methods demand extensive labeled datasets and are lim-
ited to prespecified behaviors visible to human observers.

To address annotation bottlenecks and observer bias, unsupervised segmentation algo-
rithms have gained traction. B-SOiD clusters high-dimensional pose dynamics to segment
behavior sequences without labels and then derives compact classifiers for real-time use
(Hsu and Yttri 2021). Similarly, VAME leverages variational autoencoders to learn latent
representations of movement motifs (Luxem et al. 2022), and BehaviorFlow statistically
compares behavioral state transition matrices that can be based on any discrete segmenta-
tion of behavior, although typically are based on clustering of time-series-embedded gait
features (von Ziegler et al. 2024). More recently, Keypoint MoSeq integrated motion
sequencing with hidden Markov models to automatically discover hierarchical behavioral
modules (Weinreb et al. 2024). These unsupervised methods not only reveal novel pat-
terns—such as subtle gait alterations preceding motor deficits—but also reduce reliance
on human-defined ethograms, improving reproducibility.

3.6 Ethical Considerations

* Minimizing Stress and Discomfort: Homecage monitoring systems should be designed
and implemented in a way that minimizes stress and discomfort for the animals.
Noninvasive or minimally invasive technologies are preferred whenever possible.

* Impact of Monitoring Devices: Researchers should carefully assess the potential impact
of monitoring devices on animal behavior and welfare. This includes considering the
size and weight of devices, their placement on the animal, and any potential for inter-
ference with normal activities.
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* Regulatory Compliance: All homecage monitoring studies must adhere to relevant ethi-
cal guidelines and regulations for the care and use of laboratory animals.

* Balancing Data Needs with Animal Welfare: Researchers must carefully balance the
need for scientific data with the welfare of the animals. Open and transparent commu-
nication with ethical review boards and the public is essential for maintaining public
trust and support for animal research.

* Be careful to not reduce welfare and limit the translational and physiological relevance
of the extended amount of data recorded by trying to integrate too much at a time.
Welfare should be a priority, not just a set of rules constraining the development of the
technologies.

3.7 Interoperable Metadata Across HCM Systems

As described in Chap. 11, it is more than critical that systems and different technologies
are able to communicate efficiently with each other. In addition, they should provide stan-
dardized and fully interoperable set of metadata schemas. It is therefore highly recom-
mended that both academics developing DIY solutions (Chap. 9) and manufacturers work
together toward a consensus for (meta)data management as recently proposed and
described (Bains et al. 2025). For example, when companies develop new technologies,
they should now prioritize the interconnectivity of their solutions with already existing
systems. This could be simplified by developing and offering open APIs that could allow
scientists to integrate and combine their variations in system databases. Offering TTL
communications is also a great way to facilitate the use and communication between sys-
tems, but integrating interoperability at the software level should become a reflex as well.
For example, individual solutions are currently being developed with the goal of offering
a unified metadata management system, integrating, standardizing, and unifying metadata
at the level of project elaboration, mouse management, and data publication (Metadatapp

(MAPP), www.metadatapp.net).
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Abstract

Home cage monitoring (HCM) represents a paradigm shift in rodent behavioural
research, replacing brief manual observations with continuous digital surveillance that
captures animal behaviour in its natural context. This technological revolution gener-
ates vast amounts of data, offering both unprecedented opportunities and substantial
analytical challenges. Effective HCM research depends on careful experimental design
that often recognises the cage, rather than individual animals, as the fundamental exper-
imental unit, with profound implications for statistical power. By adjusting cage den-
sity and employing randomised block designs, researchers can maximise statistical
sensitivity while minimizing animal use.

Translating continuous behavioural streams into meaningful biological insights
requires sophisticated yet transparent preprocessing. Moving averages reveal patterns
obscured by moment-to-moment variability, while normalisation techniques enable
comparisons across experiments and facilities. Heatmaps elegantly capture weeks of
circadian rhythms and behavioural changes in single, interpretable displays. The statis-
tical framework emphasises linear mixed-effects models that account for correlated
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repeated measurements, alongside rhythmometric techniques extracting circadian
parameters. A major strength of HCM is its capacity for continuous welfare assessment
through composite indices that combine multiple physiological and behavioural
streams, enabling early interventions and advancing refinement goals.

The chapter concludes by exploring how emerging machine learning approaches can
enhance pattern detection while maintaining the statistical rigor and biological inter-
pretability essential for translational research. Overall, HCM emerges not merely as a
data collection technology but as a comprehensive framework for ethical, statistically
robust behavioural phenotyping that advances all three Rs (Replacement, Reduction,
and Refinement) of animal research through continuous digital biomarkers, proactive
welfare monitoring, and efficient experimental designs.

Keywords

Longitudinal data analysis - Statistical validity - Continuous behavioural monitoring -
Behavioural time series - Data aggregation

1 Introduction

Home cage monitoring (HCM) has shifted the centre of gravity of rodent research from
brief, hands-on snapshots to continuous, hands-off observation. What used to be 5 min in
a brightly lit arena is now days or weeks of rhythms, meals, naps, and social interactions
recorded in situ. A single digital ventilated cage rack sampling floor capacitance at 4 Hz
for 80 cages generates roughly a quarter of a gigabyte of raw traces per day (before any
video or telemetry is added) (Fuochi et al. 2024). RFID (radio frequency identification)
systems contribute tens of thousands of time-stamped visits and nose-pokes (Wilczynski
et al. 2017). Though these torrents of numbers may overwhelm spreadsheets, they enable
the 3Rs more so than traditional experiments. By reading behaviour as it naturally unfolds,
we refine our welfare insights and reduce handling (Refinement), can reduce animal num-
bers for certain study types (Reduction), and, in some contexts, replace acute assays with
continuous digital biomarkers (Fuochi et al. 2024; Grieco et al. 2021; Kahnau et al. 2023).

This chapter is a guided walk-through of what to do with all those data. We keep the
structure simple: first, how to design an HCM experiment so that the statistics work with
you; second, how to turn streams of raw signals into clean, analyzable measures; third,
how to test ideas without violating assumptions; and fourth, how to describe rhythms and
irregularities. We finish with a look ahead at Al-enabled analysis. Along the way, we pro-
vide realistic examples and figure ideas that biologists and veterinarians can use immedi-
ately (Grieco et al. 2021; Golini et al. 2020; Kahnau et al. 2023; Stephenson and Brown
2012; Moore et al. 2024; Nelson et al. 1979; Cornelissen 2014).
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2 Design First, Then Analyse

The most consequential step is correctly recognizing the experimental unit (EU). The EU
is the unit to which experimental conditions, including control conditions, are randomly
assigned. The EU allows us to estimate experimental variability. Experimental variability
is what allows us to make valid statistical inferences. In digital ventilated cages, sensors
aggregate at the cage level, making the cage the EU, even though we can randomise exper-
imental conditions to individual animals. Importantly, increasing the number of EU
increases power. For example, if we have 24 mice to split between 2 groups, 12 cages with
2 mice per cage make a statistically more powerful design than 6 cages with 4 mice per
cage (Fig. 1a, b).

In radio frequency identification (RFID) or video tracking of individual animals, indi-
vidual animals can be the EU. However, the shared cage context may induce a correlation
among data coming from cage mates (Grieco et al. 2021; Golini et al. 2020; Kahnau et al.
2023; Landes 2025). In this situation, treating each mouse as independent would be a type
of pseudoreplication (Lazic 2010; Festing and Altman 2002). We must include unique
cage identifiers in the dataset and add the cage identifier variable as a cluster random factor
in the statistical model.
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Fig. 1 Four designs with 24 mice (represented with filled circles). Cages were randomised equally
between the blind-coded Green and Orange groups on a cage rack. Cage is the EU. We randomised
a list of Gs and Os for the number of cages to be used on the rack and filled them in, reading left to
right and top to bottom. (a) Completely randomised design with 2 mice/cage gives 12 EU. (b)
Completely randomised design 4 mice/cage gives 6 EU. (¢) Randomised block design with seasonal
cohorts as blocks; randomisations within each cohort. (d) Randomised block design with different
laboratories as blocks; randomisations within each laboratory
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Randomisation is important. When experimental conditions or treatments are adminis-
tered to individual animals, randomizing the treatments ensures independence both among
groups and within groups—two key assumptions of both parametric and non-parametric
analyses. In HCM experiments, since cages are most often the EU, treatments should be
randomised to cages (and, when the treatment is administered to individual animals, the
mice therein). Sometimes experimental conditions cannot be randomised, like when com-
paring a wildtype (WT) genotype to a knock-out (KO) genotype. But randomisation is still
needed in these situations: randomisation of cages on a cage rack and the order in which
observations are made is also important, as it reduces or eliminates bias from unknown
factors like temperature and light gradients or human errors. Randomisation can be docu-
mented and is not generally a process that “just happens,” like grabbing mice out of a box
and administering treatments or placing cages in a “mixed up” order in a cage rack.
Planning randomisation before it happens improves reproducibility (Percie du Sert et al.
2020); see Fig. 1. Blinding is also important in removing bias. Though some of those
working with the animals will know which cages are in which experimental groups, con-
cealing the names of experimental conditions in the HCM data is one way to reduce bias;
see Fig. 1. Verhave et al. (2024) provide methods for applying blinding and randomisation
in animal experiments.

Sometimes it is necessary to run your experiment in cohorts or different spaces, or you
may need to replicate your experiment, or there may be some other factor that introduces
heterogeneity into your experiment; see Fig. 1¢ and d. This heterogeneity factor (or block-
ing factor in statistical jargon) can increase the power and help with the reproducibility of
your experiment, but that factor must be included in the statistical analysis (Richter et al.
2011; Festing 2020; Frommlet and Heinze 2021; Voelkl and Wiirbel 2024).

3 The Power of Design

In HCM experiments, the cage is usually the EU. Increasing EU in HCM experiments
increases statistical power for detecting differences, but increasing EU does not always
mean that the number of animals must increase: we can decrease cage density while
increasing the number of cages. Suppose you want to compare an experimental condition
to a control condition, with 24 mice available for each group, totaling 48 mice. Consider
four housing densities: 4 mice/cage, 3 mice/cage, 2 mice/cage, and single housing. For a
0.05 significance level, to detect a difference in means (or Cohen’s d) of size 1 SD, where
SD is the within-group standard deviation of the cages, the power would be 0.35 with 12
cages holding 4 mice each, 0.46 with 16 cages holding 3 mice each, 0.64 with 24 cages
holding 2 mice each, and 0.92 with 48 singly housed mice. Of course, there must be a
scientific rationale to justify housing social laboratory animals singly. (The fact that single
housing gives more power is not a valid reason to jeopardise the welfare of the animals.)
This example assumes that the experimental and control cages are completely randomised
to the experimental conditions and randomised on one HCM rack—a completely
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randomised design; see Fig. 1a and b for example (Festing 2020). Analyses appropriate for
completely randomised designs are independent group t-tests and one-way ANOVAs,
along with non-parametric analogues, Mann-Whitney (or Wilcoxon) tests and Kruskal-
Wallis tests. If the design is not completely randomised, then these analyses may not be
appropriate.

Sometimes it is not possible to have all the cages planned for an HCM experiment start-
ing at the same time and place. Some researchers feel they must analyse the data from
different times or places (like replications of an experiment within a lab or among labs)
separately because of these differences; see Fig. 1c and d, for example. Or they can plainly
see variability among the data from different times and/or places and don’t want to pool
the data. But we can and should pool the data; it’s just a matter of how to do so appropri-
ately. Appropriately pooling data across different times and/or places increases power by
combining all the data into a single analysis instead of spreading it out among several
analyses. ANOVA makes appropriate pooling possible. ANOVA, or “analysis of variance,”
is fundamentally about partitioning out the different sources of variability (Altman and
Krzywinski 2015). These blocking factors (e.g. different times and/or places) are part of
the experimental design, and such designs are called randomised block designs.
Importantly, within each block, experimental conditions are randomised to EU (Festing
2020); see Fig. 1c and d. Because blocks are part of the experimental design, we need to
record unique identifiers for the different blocks and include these identifiers as data; these
identifiers become a blocking variable (or blocking factor) in the ANOVA. Indeed, in
multi-site clinical trials in humans, including site as a factor in the analysis has been the
standard for decades (Fleiss 1986). Some may consider including an interaction of the
blocking factor (e.g. time or place) with the treatment factor in the ANOVA. There are
philosophical considerations regarding what an interaction means; see Littell et al. (2006)
and Mead (1990) for discussion. Usually, many researchers hypothesise that the direction
and magnitudes of experimental effects will be the same, regardless of which block the
EUs are in; hence, excluding the blockxtreatment interaction is consistent with such
hypotheses. Appropriate analyses of a randomised block design are an additive two-way
ANOVA having blocks and treatments as the two factors, without adding the interaction of
these two factors, or the Friedman’s test (a non-parametric analogue to the additive two-
way ANOVA).

Though adding more cages (or EU) to an HCM experiment will boost power, repeat-
edly measuring the cages can also increase power by reducing measurement error. This is
true when comparing within a group, such as before and after treatment, and also when
comparing between groups, like a treated and a control group. The number of times we
plan to collect measurements for analysis and the spacing of those time points are part of
the experimental design. For within- and among-group comparisons, the more we measure
an individual cage, the more precisely we know the average value for that cage. When the
cage’s average value over time is of interest, the repeated measures reduce the measure-
ment error of that average. For example, suppose we consider measuring a cage 1, 4, or 9
times under a particular experimental condition, such as after treatment or in the control
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group. When we measure a cage one time, the variability in that measure is made up from
both experimental error (variability among different cages in the same group) and mea-
surement error. (It is like measuring your heart rate once during the day and using that as
your average heart rate versus measuring it multiple times during the day and using the
mean of those measures as your average heart rat?])_]lhe measurement error of a
4-observation mean from a single cage will be half ( 1/4 ) as variable as that from a
si bservation from a cage. The 9-observation mean from that single cage will be 2/3
( 479 ) less variable than the 4-observation mean. However, the group sample size is also
important; you cannot expect to measure a minimal number of cages repeatedly and hope
these repeated measures will substantially increase your power. (Just like having the aver-
age heart rate from a few adults from the same population would not give a precise esti-
mate of the average heart rate for the entire population.) Finally, when analyzing the data,
including time as a (quantitative) covariate instead of as a (categorical) factor can increase
power, reduce the number of multiple comparisons, and allow for a more straightforward
explanation of time effects (Gelman and Hill 2007; Littell et al. 2006; Hedeker et al. 1999).

4 From Data Streams to Analyzable Measures

HCM collects data 24/7. However, for many studies, the focus is on a behavioural or
physiological parameter averaged over a time window, such as 12 h a day or even a week.
Though the usual summary of the 24/7 data is a mean, other summary statistics can be
useful, like the median to define the point where the cage’s distribution of values is split in
half, or a standard deviation to define how variable a cage’s values are over the window of
time. These summary statistics are computed at the cage level (assuming individual moni-
toring of animals in a cage is not possible). The values of the summary statistics become
the variable to analyse statistically.

A few points about these summary statistics are as follows: (Point 1) When the number
of observations in the window is large, for example, in the hundreds, then the distribution
of the summarizing statistic (e.g. mean, median, standard deviation) tends to be unimodal
and approximately normal or at least easily transformed to a normal distribution; see
Fig. 2. Usual transformation functions used are square root or logarithm. Box-Cox trans-
formations are a type of transformation that uses the data to determine an appropriate
transformation. Most statistical softwares have functions that allow the user to pick a suit-
able Box-Cox transformation. Additionally, the square root and logarithm transformations
are special cases of the Box-Cox transformation. (Point 2) It is always a good idea to
record the number of animals in a cage when gathering the summarised data for statistical
analysis. When the number of animals in a cage differs among the cages, then the vari-
ability of the summarised data will also vary. That is, if some cages have, for whatever
reason, only 1 animal in them, and others have 2 animals n the variability of the sum-
mary statistic from the 2-animal cages will be about 1/2 " of that from the 1-animal
cages. Figure 3 illustrates how the variability of cage observations depends on the number
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Fig.2 Standard deviations (SDs) were used to summarise the variability of activity in 12 h of light
(720 min) for 11 cages over 30 days. (a) After fitting a linear model accounting for day, the histo-
gram of residuals from the raw SDs is unimodal with moderate skew. (b) After a Box-Cox transfor-
mation of the SDs, the residuals are approximately normal

of animals in the cage. The number of animals in a cage can be used as a weighting vari-
able in the statistical analysis to better ensure homogeneous or constant variance assump-
tions are satisfied (Johnson et al. 2015). (Point 3) The time windows from the cages being
summarised should all have analogous start and end times. For example, for cages at two
different locations with different start times for the light hours, the time windows should
be in terms of time from the same reference point, like the first minute of the light cycle
being defined as Minute O, regardless of what time of day it is at the location. (Point 4)
Normalizing the summarised data will shift and scale the values to lie between 0 and 1. A
common normalisation algorithm is the min-max normalisation (subtracting the data min-
imum from each data point, then dividing by the data range). The minimum and maximum
values should be taken from all the data under consideration. It would be a mistake to
normalise the data from one group within itself and then another group, as doing so would
remove any differences between groups. Normalisation does not transform the data into a
normal distribution; it simply places the data points on a standardised scale so that the
distribution can be compared to other normalised distributions. For example, normalised
activity data from one disease model can be compared to those from another disease model
in a different experiment.

An example: We want to summarise the variability in nighttime activity to evaluate
whether it changes over 7 weeks. Activity was measured every minute over the 7 weeks.
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We use only the 720 min (12 h) of nighttime. First, we find the maximum and minimum
nighttime activity values across all 7 weeks and all cages and use these to perform a min--
max normalisation of nighttime activity. The trace for normalised activity for a randomly
selected cage is displayed in the bottom third of Fig. 4. For each cage, we then computed
the standard deviation (SD) of the 720 nighttime minutes in each of the 49 days; see the
middle third of Fig. 4. Finally, we took the median of the 7 SDs in each week; see the top
third of Fig. 4. We would then use these weekly median SDs of nighttime activity as data
for a statistical analysis.

An example: We want to compare 12-h rest-time activity between a wild-type (WT)
mouse strain and a strain for which a gene under investigation has been knocked out (KO).
Because rest-time activity may change over time, we also want to evaluate whether change
occurs within each population, and whether those changes are different between WT and
KO mice. We had 11 cages of WT mice and 9 cages of KO mice, tracking their
minute-by-minute activity over 20 weeks with an HCM system. (All cages had 3 female
mice.) Mice were considered fully matured adults at 14 weeks into the experiment. We
decided to use the rest-time activity from week 14 and week 20. For each cage, we took
the mean activity over the 12 light hours for each day in week 14 and in week 20. Then,
we calculated the average of the 7 days of light-hour means for week 14 and for week 20;
thus, there were two values for a cage: mean rest-time activity at week 14 and week 20.
Finally, we normalised these values across both strains and weeks with the min-max nor-
malisation. We analysed these normalised values with a repeated measures ANOVA that
had strain (an among-cage factor), week, and the strainxweek interaction (within-cage
factors) as the fixed effects. To account for the repeated measures nature of the data, we
included cage (each with a unique identifier) as a random intercept in this model. This
model assumes the standard deviation is the same between both strains and also between
both time points; it also implicitly assumes the within-cage correlation between the pair of
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Fig.4 Steps of summarizing data streams into analyzable measures for one cage. Normalised night-
time activity over 7 weeks is on the bottom; nightly SDs are in the middle, and the medians of the
SD over each week are in the top

values from weeks 14 and 20 is the same between the two strains (sometimes referred to
as an exchangeable or compound symmetric structure). We plot the individual cage values
at both time points with a spaghetti plot to illustrate the repeated measures nature of the
data, as shown in Fig. 5a. Figure 5b shows the strain-specific change over time and com-
pares these changes between the strains. Though not illustrated in Fig. 5, when averaged
over the weeks, KO mice exhibited higher rest-time activity than WT mice (the main effect
of strain). Similarly, when averaged over strains, rest-time activity increased from Week
14 levels by Week 20 (the main effect of time).

An example: We want to determine whether the variability in 12-h nighttime activity
changes as mice age, and whether those changes depend on mouse strain, specifically
comparing the WT and KO mouse strains from the earlier example. For each cage, we
computed the weekly median SD (Fig. 4). We analysed these in a repeated measures anal-
ysis of covariance (rmANCOVA), having strain as an among-cage factor and week as a
within-cage covariate; we also included the interaction of strain and week—a within-cage
covariate. We included cage (each with a unique identifier) as a random intercept in this
model. This model assumes the standard deviation is the same between both strains and
across the weeks. It also implicitly assumes that the within-cage correlation between time
points is the same for any two time points and between strains. This is called an exchange-
able or compound symmetric correlation.
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Fig. 5 Normalised rest-time activity was summarised per cage at weeks 14 and 20. (a) Pairs of
Weeks 14 and 20 values are plotted for each cage, and the strain means at each time point, along with
the estimated SD (root mean square error from the statistical model), appear. (b) Changes within a
strain are compared to 0 with 95% confidence intervals, and the changes in WT are compared to
those in KO with the strainxtime interaction

Though analysed in the same statistical model, for clarity’s sake, we plot the profiles of
individual cages separately for each strain across the 7 weeks (weeks 14-20) in Fig. 6,
along with the model-estimated regression lines. For the WT strain, the SD of nighttime
activity was estimated to be 0.113 at week 14. By week 20, the estimate was 0.117; that is
a slope of +0.0006 per week (95% confidence interval: —0.0005, +0.0016; p = 0.276).
However, for the KO strain, variability in nighttime activity significantly decreased from
0.115 at week 14 to 0.104 by week 20; a slope of —0.0017 per week (95% CI: —0.0027,
—0.0006; p = 0.003). To correctly determine whether the change in variability for the KO
cages differed from the same change for WT cages, we look to the interaction of the week
covariate and strain: The difference in slopes between the two strains was 0.0006—
(—0.0017) = 0.0022; this was a significant difference (95% CI: +0.0007, +0.0037;
p =0.004).

This rmANCOVA example assumed a simple within-cage correlation structure across
time—an exchangeable correlation. Another sensible correlation structure to consider is a
first-order autoregressive correlation, where the correlation between two observations
diminishes as their time separation increases. How do we know which correlation struc-
ture is better than others? The correlation structure is part of the statistical model. We can
compare the fit of two sensible statistical models by looking at the corrected Akaike
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Fig. 6 Weekly median SD plotted over the 7 weeks for individual cages (gray profiles), and the fit-
ted regression lines for the wildtype (WT) and knock-out (KO) strains analysed in the same repeated
measures ANCOVA

Information Criterion (AICc for AIC-corrected) based on REML estimation: The correla-
tion structure associated with the lower AICc tends to be better at describing the correla-
tion among within-cage observations (Littell et al. 2006).

5 Moving Averages in Practice

A brief, transparent smoothing step often stabilises noisy data streams. However, smooth-
ing is typically performed for display purposes and is conceptually distinct from any
aggregation used for analysis. It is treated separately (Grieco et al. 2021; Golini et al.
2020; Kahnau et al. 2023; Stephenson and Brown 2012). Simple moving averages (MAs)
are a routine smoothing procedure that enhance the legibility of plots. Still, MAs are gen-
erally confined to presentation rather than incorporated into daily totals or other analytical
summaries.

Minute-resolution traces of a monitored outcome from home cage systems are famously
“jittery.” Brief bursts, pauses, and sensor idiosyncrasies create a ragged line that obscures
the overall pattern scientists may care about (see, for example, the bottom portion of
Fig. 4). A moving average (MA) replaces each point with the average of its neighbors so
the underlying structure (bouts, waves, and day—night drift) emerges. A simple MA with a
trailing window of length L minutes computes the mean of the last L observations and uses
that as the value “now.” For a 5-min MA, the point at 09:00 summarizes 08:56—09:00. In
Fig. 7, the raw minute signal is shown in a faint gray, while MAs with windows of length
5-, 15-, and 60-min provide progressively smoother views of the same behavior. An MA
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Fig. 7 Minute-by-minute aggregated activity of a single cage with 2 mice (Raw (I signal/min),
gray) overlaid with trailing moving averages (5, 15, and 60 min; coloured). The moving averages
clarify trends at different time scales by reducing high-frequency noise, but they also introduce a
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with a centered window computes the mean of about L/2 minutes in the “past” and the
other half in the “future;” for example, the 5-min MA at 09:00 summarizes 08:58-09:02.
Centered window MAs can only be made after all times of interest have been observed and
are impossible for live monitoring. Only trailing window MAs are appropriate for live
monitoring.

The concept of MA has the unavoidable consequence of blunting: short spikes are low-
ered and broadened, and sharp steps become ramps. Readability improves, but fast, brief
events are attenuated or even lost. Another consequence relevant for trailing window MAs
is lag: because the MA looks backward in time, peaks and drops appear later than they
truly occurred. With a trailing window (the only type suitable for live monitoring), the
information is effectively centred about L/2 minutes in the past, so a rapid increase at
10:00 may reach the smoothed curve around 10:02—10:03 with a 5-min window and much
later with a 60-min window.

The choice of the moving-average window L should be anchored in the shortest behav-
iour that needs to be distinguished. When activity and rest bouts typically last about
3-10 min, a window of 5 min preserves that structure while reducing high-frequency
noise. A 15-min window tends to reveal short-term trends such as feeding waves, and a
60-min window makes the circadian envelope apparent. As a rule of thumb, L should be
chosen so that fluctuations faster than roughly L/3 to L/2 are muted, while patterns slower
than L remain visible. Over-smoothing should be avoided, meaning the window should not
exceed the duration of the events of interest. Edge effects should also be considered. The
first L minus 1 min lacks a full window and is less reliable unless partial windows are
allowed, in which case the bias should be noted.
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MAs can be used for monitoring individual cages, as shown in Fig. 7, and for HCM
experiments, they can also summarise the outcome of interest for experimental groups.
The MAs from different groups are typically plotted together to visualise potential differ-
ences (or similarities) between groups. In Fig. 8, activity after a cage change is compared
between a WT and KO mouse strain. When computing MAs for a group, the time periods
to be summarised with the MA must be aligned among the cages within the group. For
example, when taking activity after a cage change, if a few cages in the group are changed
at 09:00 and the remaining ones at 12:00, the time O for both sets of cages is set at the time
the cage change started.

Sampling is not always uniform at one sample per minute. When exact time stamps
contain irregular gaps or bursts, the target scale is defined before smoothing. One route
aggregates to a regular grid. For continuous measures such as accelerometry, the minute-
wise mean is appropriate. For counts such as beam breaks, the minute-wise sum is natural.
The same moving-average logic then applies. A second route retains irregular sampling
and applies time-based rolling windows that span the last 5, 15, or 60 min of real time
rather than a fixed number of samples. Missing minutes are handled deliberately. They can
be left as explicit gaps, filled by carrying the last value forward, or imputed with care.
Each choice alters the shape of the smoothed curve and should be reported.

Why use MAs in home cage monitoring at all? They make dense, noisy traces legible
to both specialists and non-specialists, damp down single-sample glitches, and provide a
consistent “lens” for comparing cages or sessions. They are also easy to explain (e.g. the
“average of the last few minutes”), which makes them ideal for figures and dashboards.
But the same properties that improve clarity introduce caveats. Detection is delayed by
about L/2 minutes with trailing windows, so onsets at lights-on or after dosing will appear
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Fig. 8 Moving average of activity with a centred 60-min window for two strains of female mice on
the day of a cage change (during light hours). The WT moving average is based on 11 cages, and the
KO on 10 cages. All cages had 2 mice



224 R.D.Landes et al.

late. Short bouts may be smeared into broader humps, peak amplitudes are reduced, and
bout durations can be overestimated. Long gaps followed by resumed sampling can create
artificial ramps. Hour-scale windows can cross zeitgeber boundaries, softening transitions
at lights on/off. Variance is mechanically reduced, so quantitative comparisons between
smoothed series (or between different windows) can shift simply because of the filter, not
because the animal changed. For these reasons, MAs are best treated as visual summaries.
Statistical analyses should be conducted on appropriately preprocessed raw data or with
time-series models designed for the task.

There are alternatives when the trade-offs of a simple MA are too limiting. Exponential
moving averages weigh the most recent data more heavily and can reduce apparent lag for
a similar degree of smoothing. Median filters suppress isolated spikes without blurring
edges as much, though they can distort plateaus. LOESS (locally estimated scatterplot
smoothing) or spline smoothers adapt to local structure and produce elegant presentation
curves, but introduce their own tuning choices and are less transparent than, say, a “5-min
window MA.” For inference about latent states (sleep/wake, active/inactive), state-space
or hidden Markov models move beyond smoothing to classification, often avoiding some
artifacts at the cost of complexity.

Clarity and honesty can coexist. Plotting a raw trace behind a smoothed curve shows
what has been attenuated. The window length and its alignment should be reported, for
example, as a “trailing 5-min moving average.” Interventions, zeitgeber changes, and gaps
in the record should be annotated. The figure is revisited with a somewhat shorter and a
somewhat longer window to confirm that qualitative conclusions do not depend on an
arbitrary choice of L. In the minute-sampled example here, a five-minute moving average
is a sensible default. It reveals bout-level structure without erasing sharp transitions, and
longer windows provide complementary context. The moving average is treated as a lens:
useful and transparent, but not a substitute for the underlying data or for models suited to
the scientific question.

6 Heat Maps That Answer Questions

High-dimensional behaviour data collected by HCM are most interpretable when dis-
played in compact visual summaries. Actogram-style heat maps have become a workhorse
because they align repeated behavioural trajectories over long recording periods, provid-
ing a detailed overview of activity, as shown in Fig. 9. They display circadian rhythms,
long-term trends, short-term changes, or anomalies all at once. A matrix is constructed
where each row corresponds to a full day of recording, each column corresponds to a short
time bin (e.g. a minute), and cell colour reflects the intensity level of activity or another
behavioural metric. A superimposed light—dark bar helps the reader locate zeitgeber tran-
sitions. The underlying data should be raw or pre-binned rather than smoothed so that
irregular day lengths produced by interventions can be padded with missing values and the
light—dark bar remains accurate. Colour scales require special attention: for intra-unit
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Fig.9 Heatmap of minute-by-minute activity across 24 h from 7 to 24 weeks of age in a cage of KO
male mice (n = 2 per cage)

comparisons, one can standardise each row (subtracting the mean and dividing by the
standard deviation of the baseline day) to highlight deviations from that animal’s baseline,
whereas group comparisons benefit from a global scale derived from percentile ranges
across all cages to avoid interpreting colour differences as biological effects. Light smooth-
ing applied only for display, for example, a centred three-bin moving average, reduces
pixel noise without altering raw values and should be clearly annotated. Marginal sum-
maries add a dashboard-like quality: a strip beside the heat map displays total activity for
each day, and a top panel displays the average 24-h profile. Similar principles extend to
time-budget matrices, where behaviours classified from video are plotted against time of
day, and to occupancy maps that show how animals explore multi-zone cages. These heat
maps also benefit from consistent bin widths, carefully chosen colour palettes, and clear
legends.

7 Quantifying Rhythms and Irregularity

After visual inspection, quantify rhythmicity and irregularity with models that match the
circadian structure of HCM data (Cornelissen 2014; Refinetti 2016). Cosinor analysis fits
a sine curve and reports a rhythm-adjusted mean called the MESOR (Midline Estimating
Statistic of Rhythm), which is the average level around which the curve oscillates, an
amplitude that captures the size of the oscillation, and an acrophase that locates the time
of the peak (Nelson et al. 1979; Cornelissen 2014). Significance is assessed with an F-test,
and confidence intervals convey uncertainty for the estimated amplitude and timing.


https://www.google.com/search?client=safari&sca_esv=d1d26e03a6da53f6&cs=0&q=Midline+Estimating+Statistic+of+Rhythm&sa=X&ved=2ahUKEwjGw6T4iIWQAxUvSPEDHen9A8EQxccNegQIBBAB&mstk=AUtExfATacXDXZCbG8qDV0AjdyncqtjhTJAzLQBNYQRR0mlP-ZQPc6mUoIrDBaIt-64jhsuktQ7beG8ZLBT00q0__YcH2RNqpjMBtWA3FWJG0UNB3H0350m8cbe-XbF3Wx-rHJTq9VND7-ABA-AypuJrXiQEoYfYTXcJUsoi-pTSpMT8KWO1ZJeJvOg4AR1K2ycj3h9v&csui=3
https://www.google.com/search?client=safari&sca_esv=d1d26e03a6da53f6&cs=0&q=Midline+Estimating+Statistic+of+Rhythm&sa=X&ved=2ahUKEwjGw6T4iIWQAxUvSPEDHen9A8EQxccNegQIBBAB&mstk=AUtExfATacXDXZCbG8qDV0AjdyncqtjhTJAzLQBNYQRR0mlP-ZQPc6mUoIrDBaIt-64jhsuktQ7beG8ZLBT00q0__YcH2RNqpjMBtWA3FWJG0UNB3H0350m8cbe-XbF3Wx-rHJTq9VND7-ABA-AypuJrXiQEoYfYTXcJUsoi-pTSpMT8KWO1ZJeJvOg4AR1K2ycj3h9v&csui=3
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Periodogram analysis provides a complementary frequency-domain view, estimating the
power of oscillations at different periods to reveal dominant rhythmic components (Tir
etal. 2025). When sampling is uneven or has gaps, the Lomb—Scargle periodogram extends
Fourier methods to irregular series and is widely used in circadian work (Scargle 1982;
Nelson et al. 1979; Cornelissen 2014; Wu et al. 2016; Refinetti 2016). The non-parametric
JTK_CYCLE procedure (based on the Jonckheere-Terpstra-Kendall algorithm) offers
robustness to waveform shape under the assumption of a roughly periodic signal (Wu et al.
2016). Inter-daily variability and intra-daily stability quantify the consistency of activity
patterns across and within days and can reveal changes of circadian structure even when
rhythmicity remains detectable (Tir et al. 2025). MetaCycle then integrates Lomb—Scargle,
ARSER, and JTK_CYCLE by combining p values and averaging period and phase and
recalculates amplitude by ordinary least squares to stabilise the rhythm estimates (Wu
et al. 2016).

Irregularity of activity pattern can also be summarised with the Regularity Disruption
Index (RDI), which applies sample entropy (a measure of disorder or randomness) to a
filtered activity series and rises when activity becomes more erratic (Golini et al. 2020). In
a disease model, RDI increased with fragmented activity. The accompanying analyses
used non-parametric repeated measures methods, the ANOVA-type statistic, and the
Sankoh—-Huque-Dubey adjustment to control error rates with correlated endpoints
(Brunner et al. 2002; Noguchi et al. 2012; Sankoh et al. 1997). Whatever the method,
define analysis windows such as light and dark in advance and keep binning consistent
across conditions so that numerical summaries match the heat-map displays (Grieco et al.
2021; Golini et al. 2020; Kahnau et al. 2023; Stephenson and Brown 2012).

8 Testing Hypotheses with Appropriate Statistical Models

HCM generates longitudinal observations and replication at the cage or animal level,
requiring statistical models that account for within-subject correlation. Linear mixed-
effects models are well-suited to this structure. They treat cages or animals as random
intercepts and can include random slopes for time when trajectories differ between sub-
jects. Fixed effects represent biological factors such as genotype, treatment, or sex. When
residuals deviate from normality or variances are heterogeneous, rank-based methods like
the ANOVA-type statistic provide robust inference for repeated measures (Brunner et al.
2002; Noguchi et al. 2012). When multiple endpoints are analysed simultaneously, con-
trolling the false discovery rate via the Benjamini—-Hochberg procedure and using
correlation-aware adjustments such as the Sankoh—-Huque—-Dubey method reduce type-I
errors (Benjamini and Hochberg 1995; Sankoh et al. 1997). In studies exploring numerous
time points or behavioural features, researchers should report effect sizes with confidence
intervals and relate them to biological meaning, thereby linking statistical significance to
welfare or clinical relevance (Percie du Sert et al. 2020; Festing and Altman 2002).
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9 Integrating Multiple Signals into Composite Indices

Automated monitoring records diverse streams like body weight, burrowing, temperature,
heart rate, activity, and more, each reflecting different aspects of welfare. Composite indi-
ces condense these streams into a single trajectory and enhance sensitivity to subtle
changes. Simple approaches standardise each variable to z-scores and average them,
whereas principal component analysis summarises correlated variables into orthogonal
components. More advanced schemes, such as the Relative Severity Assessment (RELSA),
derive severity scores by weighting physiological and behavioural measures. RELSA
combines body weight, burrowing performance, heart rate, heart rate variability, body
temperature, and activity to produce a dimensionless severity score with thresholds that
classify animals into severity levels. This method distinguishes between models like sep-
sis, surgery, restraint stress, and colitis and yields bootstrapped confidence intervals for
reliability (Talbot et al. 2022). A broader comparative severity assessment used a similar
composite measure scheme to integrate behavioural and biochemical parameters, report-
ing that these composite scores allowed for direct comparison of welfare across models
and provided an objective, reproducible metric (Kahnau et al. 2023). Composite indices
should be used as a high-level signal to flag when and how much welfare deviates.
Researchers can then return to the raw contributors for biological interpretation. Effective
visualisations include radar plots at peak severity and overlaid line plots (‘“spaghetti
plots™), showing group means and confidence intervals across time (Grieco et al. 2021;
Golini et al. 2020; Kahnau et al. 2023; Stephenson and Brown 2012).

10 Long-Term Welfare Monitoring

Continuous monitoring over weeks or months reveals slow changes in health or circadian
organisation that would be missed in endpoint assessments. Actogram-style heat maps
allow researchers to visualise how day—night rhythms evolve, whether free-running pat-
terns emerge, and whether interventions cause phase shifts or fragmentation (Grieco et al.
2021; Golini et al. 2020; Kahnau et al. 2023; Stephenson and Brown 2012). The Regularity
Disruption Index provides a quantitative measure of irregularity and has been used to
identify disease-related fragmentation (Golini et al. 2020). Composite indices like RELSA
integrate multiple physiological streams to produce a holistic welfare trajectory and can
alert caregivers when the trajectory exceeds a severity threshold (Talbot et al. 2022). In
long-term studies, mixed-effects models can test whether trajectories differ by genotype or
treatment while accounting for cage-level variation (Pinheiro and Bates 2000; Bates et al.
2015; Gelman and Hill 2007). Together, these tools permit early detection of chronic wel-
fare issues and inform refinements in husbandry. In ageing studies, where observations can
span a year or more, continuous monitoring can reveal how activity patterns evolve with
age across genotypes or experimental conditions, while individual longitudinal profiles
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show major periodic oscillations of activity over months (Pernold et al. 2021; Santin
et al. 2024).

11 Severity Assessment During Experimental Procedures

HCM can objectively quantify distress during surgeries, disease induction, or pharmaco-
logical manipulations. The RELSA score, developed for post-operative monitoring, com-
bines body weight, burrowing, heart rate, heart rate variability, temperature, and activity
and provides thresholds corresponding to mild, moderate, and severe distress (Talbot et al.
2022). Comparative studies demonstrate that composite scores differentiate severity across
procedures: sepsis models elicit the highest scores, followed by surgical wounds, restraint
stress, and colitis (Talbot et al. 2022). Heat maps and 24-h profiles reveal how interven-
tions alter circadian activity patterns and how quickly animals recover (Grieco et al. 2021;
Golini et al. 2020; Kahnau et al. 2023; Stephenson and Brown 2012). Statistical analyses
using mixed-effects models detect differences between treatment groups while controlling
for repeated measures (Pinheiro and Bates 2000; Bates et al. 2015; Gelman and Hill 2007),
and rank-based methods provide robust alternatives when assumptions are violated
(Brunner et al. 2002; Noguchi et al. 2012). Reporting effect sizes and confidence intervals
helps translate numerical scores into welfare decisions (Percie du Sert et al. 2020; Festing
and Altman 2002).

12 Experiments and Group Comparisons

When HCM is used as a primary readout in experiments, the analytical pipeline must sup-
port hypothesis testing and reproducibility. Actogram heat maps and time-budget matrices
display group differences in activity and behaviour across the light—dark cycle (Grieco
et al. 2021; Golini et al. 2020; Kahnau et al. 2023; Stephenson and Brown 2012). Cosinor
or MetaCycle analyses compare rhythmic parameters such as amplitude and acrophase
between genotypes or treatments (Stephenson and Brown 2012; Wu et al. 2016). Lomb-
Scargle periodograms handle uneven sampling and missing data, ensuring that group com-
parisons are not biased by variable recording schedules (Scargle 1982; Nelson et al. 1979;
Cornelissen 2014; Wu et al. 2016; Refinetti 2016). Linear mixed-effects models test for
group differences while accounting for cage-level correlation, and multiple comparison
procedures control the false discovery rate (Pinheiro and Bates 2000; Bates et al. 2015;
Gelman and Hill 2007; Benjamini and Hochberg 1995; Sankoh et al. 1997). Combined
with composite indices, these analyses provide a robust framework for detecting treatment
effects and distinguishing biological signal from noise.
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13 Transitioning to Advanced Analytics
and Artificial Intelligence

The next generation of HCM will harness machine learning and sensor fusion to provide
more granular and proactive welfare monitoring. Deep learning has already transformed
pose estimation: DeepLabCut allows markerless tracking of individual body parts with
accuracy comparable to human annotation and can be combined with supervised classi-
fiers to score complex behaviours. SLEAP extends this approach to multi-animal track-
ing and supports both top-down and bottom-up identity tracking, providing real-time
pose estimation with latencies below 3 ms and throughput exceeding eight hundred
frames per second (Mathis et al. 2018; Pereira et al. 2020). Unsupervised approaches
such as the autoregressive hidden Markov model (AR-HMM) infer latent behavioural
modules and transition probabilities from continuous time series; Wiltschko and col-
leagues showed that the AR-HMM can discover behavioural consequences of experi-
mental manipulations without observer bias, because the model is fully specified and the
only tuning parameter controls timescale selection (Wiltschko et al. 2015). Integration
of multiple sensors further enriches the data stream: the SmartCage combines floor
vibration sensors and infrared matrices to monitor movement and sleep—wake states
across up to 16 cages simultaneously, and a recent smart home cage concept uses near-
infrared and thermal cameras to derive heart rate, respiratory rate, body temperature,
and activity without implants. Multimodal models that combine facial expressions, body
posture, and movement trajectories via attention-based networks yield improved accu-
racy for emotion recognition and allow real-time monitoring of fear states. Bayesian
hierarchical models implemented in packages such as brms extend mixed-effects analy-
ses by estimating full posterior distributions, allowing researchers to incorporate prior
knowledge and model non-linear relationships (Biirkner 2017). Rhythm toolkits such as
MetaCycle combine multiple detectors to enhance robustness (Wu et al. 2016). As these
approaches mature, HCM will move from retrospective data mining to closed-loop sys-
tems that detect anomalies and trigger interventions in real time, integrate uncertainty
across cages and cohorts, and maintain generalisability across strains, facilities, and
seasons. Interpretability will be equally important, ensuring that AI outcomes can be
traced to understandable features of the data and that researchers can verify the biologi-
cal plausibility of detected patterns. Validation across diverse conditions remains essen-
tial to ensure that Al-driven alerts genuinely reflect animal welfare and do not embed
hidden biases (Grieco et al. 2021; Golini et al. 2020; Kahnau et al. 2023; Stephenson and
Brown 2012; Moore et al. 2024; Percie du Sert et al. 2020).
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14 The Path Forward: From Rich Description to Ethically
Grounded Action

Automated home cage monitoring has moved behavioural science from episodic tests
toward the sustained analysis of life in situ. The central claim of this chapter has been that
the strongest results arise when statistical validity is built into the design and preserved
through every step from sensors to inference. Design determines what can be learned,
preprocessing determines what is measurable, and modelling determines how convinc-
ingly those measurements speak to the biological question. The intention has not been to
catalogue every technique but to lay out a disciplined route that many studies can follow
and to show where principled alternatives fit.

The design layer begins with a clear statement of the experimental unit. Where sensors
aggregate at the cage level, the cage carries the randomisation and the inference. Where
individuals are tracked through RFID or video, animal-level analyses become possible, but
the shared cage context is still present and must be modelled rather than ignored.
Randomisation and blinding remove structure that would otherwise masquerade as effect.
Cohorts, seasons, and laboratories are not nuisances to be swept aside. Treated as blocks
in the design, they can be pooled in analysis in ways that preserve their identity and
increase power. Repeated measurement is not a complication so much as a source of preci-
sion, provided the correlation it induces is represented in the model rather than pushed into
the residuals.

From signals to measures, the guiding principle is consistency. Windows are aligned to
a common reference, such as lights on. The number of animals per cage is recorded to
allow for unequal cage density when variances differ. Transformations are introduced only
where they stabilise variance or regularise distributions. Normalisation is used to place
streams on a comparable scale without erasing genuine differences between groups, which
requires that its parameters be defined across the dataset to be compared. Smoothing
serves presentation, not inference. Moving averages and related filters help readers see the
structure of bouts and rhythms. At the same time, the statistical analysis works on appro-
priately preprocessed values or on models that respect the native time scale. Missingness,
clock drift, and device resets are declared and, where possible, corrected by procedures
that leave an audit trail.

The modelling is chosen to match the question. Linear and generalised mixed-effects
models estimate group differences while accounting for the dependence produced by
repeated measures. When the scientific interest lies in diurnal organisation, rhythmometry
provides compact parameters for amplitude, phase, and level, which allows direct com-
parison between conditions. When the question is the evolution of a measure across weeks,
arepeated measures analysis with time treated as a quantitative covariate reduces unneces-
sary multiplicity and sharpens the estimate of the trend. Where distributional assumptions
are doubtful, rank-based longitudinal methods preserve type I error and retain acceptable
power. Correlation structures are not an arcane detail, but a model of temporal memory.
First-order autoregressive and exchangeable forms are pragmatic starting points and can
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be compared with information criteria under restricted maximum likelihood estimation
(REML). Communication follows the same logic. Figures show raw traces behind any
smoothed curve. Contrasts are reported with interval estimates rather than dichotomous
decisions. Decisions about alignment, transformation, weighting, and exclusion are made
explicit so that the work is reconstructible.

Several issues remain open and deserve coordinated attention. Synchronisation across
modalities and devices would benefit from shared standards and routine reporting. The
handling of unequal cage density should move beyond ad hoc rules to agreed weighting
strategies with sensitivity analyses. Composite severity metrics need validation across
sites using data and code that can be transferred. Device heterogeneity, firmware updates,
and sensor drift call for calibration records that accompany the data. None of these are
administrative niceties: they determine whether conclusions generalise beyond a single
rack and a single experimenter.

The near future promises a deeper integration of modelling and measurement. Artificial
intelligence will extend rather than replace the statistical toolkit. Representation learning
can translate long multivariate streams into low-dimensional embeddings that preserve
circadian structure, bout statistics, and coordination across animals. Such representations
can support clustering of behavioural regimes, alignment across devices, and change-point
detection under realistic noise. Supervised and weakly supervised models will fuse RFID,
video, and environmental signals to identify difficult behaviours at scale while passing
uncertainty forward into cage-level summaries and group contrasts. Sequence models can
forecast expected trajectories over days and weeks, flagging departures from baseline
early for welfare interventions. State-space and hidden Markov models can provide inter-
pretable latent states that bridge raw signals and ethological categories, which are essential
for clinical translation and for communication with animal care staff. Generative models
calibrated to real data can simulate entire experiments to study design choices under real-
istic variability, missingness, and drift. Federated learning will enable cross-laboratory
models without centralising sensitive data, while drift detection and recalibration will
maintain performance as colonies age and hardware evolves. Causal modelling will help
separate correlation from effect by formalising interventions in time, clarifying the role of
confounding, and aligning estimates with the intended biological contrast. Throughout,
interpretability and uncertainty quantification remain non-negotiable. Explanations, poste-
rior checks, and simulation-based validation help ensure that models explain rather than
obscure.

The destination is a research programme in which design, transparency, and biological
meaning work together. Automated home cage monitoring will support the 3Rs in practice
by replacing acute assays with validated digital biomarkers, refining welfare through early
detection, and reducing numbers through efficient designs and principled pooling. The
methods presented here outline one workable path. Many alternatives will be appropriate
for particular aims, and new approaches will arrive as devices, algorithms, and standards
mature. What matters is that conclusions rest on designs that support them, on measures
that are defined with care, and on models that reflect dependence, rhythm, and scale. With
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these foundations, HCM can move from rich description to robust prediction and, in time,
to ethically grounded action.
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Abstract

Do-It-Yourself (DIY) systems offer cost-effective and customizable solutions for
researchers who require specialized equipment that is not readily available or afford-
able commercially. In fact, there are a number of systems for home cage monitoring
(HCM) behavior that have been built independently. This concept is supported by new
trends in the development of software and electronic hardware. By combining off-the-
shelf hardware with open-source software, DIY systems enable the creation of proto-
types that can be scaled into robust, mature systems for long-term experiments. The
chapter explores the advantages and challenges of DIY systems compared to
commercial solutions, emphasizing the importance of detailed documentation, modular
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design, and adherence to animal welfare standards. Key considerations include system
design, housing conditions, enrichment tools, activity tracking, individual vs. group
tracking, synchronization, and data processing. Strategies for minimizing single points
of failure (SPOFs) and ensuring reliable power and data infrastructure are discussed.
The chapter also highlights the significance of sharing DIY systems and data in open-
source repositories to promote transparency, reproducibility, and collaboration within
the scientific community. By following best practices, researchers can develop effective
and scalable DI'Y HCM systems that enhance the quality and reproducibility of animal
research while reducing costs.

Keywords

DIY - Tracking - Open-source - Microcontroller - Requirements

1 Introduction

Researchers often face the challenge of needing specialized technical equipment for their
experiments that is either not commercially available or only available at a high cost. In
this context, we refer to Do-It-Yourself (DIY) systems as devices developed in laborato-
ries, usually by scientists, to reduce costs and adapt animal experiments to their specific
experimental requirements. Self-developed systems usually blend off-the-shelf hardware
with custom and open-source software. In this chapter, we will illustrate the concept using
a few selected examples, mostly from our own work and/or user experience.

Most DIY systems start out as simple prototypes. Creating a functional prototype can
be done quickly and inexpensively, making it an excellent way to gather preliminary data.
This helps, for example, to gain insights into further research directions or to strengthen a
grant application, making such prototypes extremely valuable. In terms of technical exper-
tise, this chapter can provide a better understanding of the strengths and limitations of
using preexisting or creating new technology to meet your specific experimental needs. It
thus serves as a decision-making guide as to whether further investments in such systems,
whether commercial or DIY (ideally open source), should be made.

With the increasing growth of the open-source community, the amount of shared DIY
resources has also expanded exponentially. That said, before starting your own DIY
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system, we recommend doing literature and web research to check whether there is already
a developed system that meets the required specifications of your experiment (chapter
“Commercializing Home Cage Monitoring: From Prototype to Global Access”). This
chapter provides a valuable list of resources you are invited to visit before heating up the
soldering iron yourself. In addition, we provide an overview of best practices, pros and
cons and examples of DIY technologies, namely, focusing on home cage monitoring
(HCM) systems for rodents as well as devices that can improve or contribute to observing
animals in their home environment. Nonetheless, if there is no existing solution for your
specific problem or the current options are too expensive, it is good to consider the devel-
opment of a new system. In this chapter, we guide the reader from the conceptual phase to
the data collection and analyses phases. We end the chapter with some DIY tips, recom-
mendations and examples related to the sharing of newly developed systems with the com-
munity, with an emphasis on open-source practices.

Engaging in a DIY system has advantages and disadvantages, namely, in terms of costs,
time and the type and quantity of data acquired. In Table 1, we summarize the most impor-
tant aspects to take into account.

2 Experimental Setup/Design

The best system for your experiment is the one that allows you to collect the data you need

to answer your research question. Given this context, it is especially important to identify

which variables need to be extracted and how precisely they need to be measured.

Sometimes, even while setting up the device, it becomes apparent that the data being col-

lected are much more powerful than expected, allowing previously unconsidered ques-

tions to be addressed en passant. Depending on your hypothesis, developing a new system

(from design through validation to implementation) can be simple or complicated, quick

or lengthy, and inexpensive or costly. Therefore, before you start a new project, we recom-

mend the following:

» Research on existing solutions (i.e., literature, web search, www.thebehaviourforum.
org) and their suitability. It is generally better to build on existing solutions if possible
to reduce time, effort, and ecosystem fragmentation (Fig. 1).

* Identify the variables you want to extract (individual metrics vs. group dynamics, loca-
tion- and movement-related variables vs. fine, detailed behaviors).

* Determine the specific features (geometry, partitions, dark/light areas?) of the system
that are likely to influence the behavior to be measured. Depending on the research
question and experimental design, more or less consideration needs to be given to the
size, shape and color of the materials used. The overall design of the system needs to
meet the requirements of the experiment as well as to comply with animal welfare
standards.
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Table 1 Summary of the advantages and disadvantages of implementing existing commercial sys-

tems or DIY systems (open-source systems or new systems)

Costs

Time

Necessary
expertise

Data access

Data quality

Equipment

Connectivity

DIY systems

Cost-effective when implementing an existing

open-source system.

More costly when setting up a new DIY
system since it usually requires trial and error
(note: Your own time is also a cost that is

often overlooked).

The experimenters have control over how
much time they can and are willing to spend.
However, this is usually not predictable.

It is usually the intention that nonexperts
should be able to implement DIY systems.
However, this can be tricky, e.g., if new hard

and software versions are necessary.

Additional help is usually provided by the
original developers and an online community
of users, through forums. You are dependent
on their time and expertise so it is important
to check if the community is still active.

Full access to the data acquired. Control on
the type and format of the data. With this
power comes the responsibility to consider a
data format that can be used effectively in the
long term, ideally according to the FAIR

principles.

The user is primarily responsible to handle

and preprocess the data.

In theory, you know exactly how the system
is made since all the detailed information
should be published and publicly available. In

practice, not everyone respects it.

You can implement interfaces to connect with

other devices if needed.

Commercial solutions

Due to the commercial nature of
company-based solutions,
commercial systems are usually
much more expensive than DIY
systems. In addition to the price of
the product itself, other additional
costs include the replacement of
parts and technical help as a
service.

Especially at the beginning, if you
can rely on customer service,
commercial solutions are usually
implemented more quickly.
Nevertheless, you are dependent
on the company’s availability.
Using sophisticated commercial
products might also require expert
knowledge in how the system
works. The use of the full potential
of a system might not be clear at
the beginning.

The risk of the product being
discontinued and professional
service stop being available exits.
Data formats and type of data
provided will be decided by the
company. Some even use
proprietary data formats that only
can be analyzed using their
software.

Risk of relying on proprietary,
nonstandard data formats.

You might need to team up with
technical experts for personalized
setups or analyses.

Interfaces have to be provided and
often are only compatible with
other devices of the same
company.

Note that nonopen source DIY systems sold by companies are closer to commercial solutions in

this regard
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Fig. 1 Decision tree. Guidance for the decision-making process regarding when a test system can
or should be developed on its own. First, it is advisable to research whether there is already a system
available that can answer your specific question. If so, you need to clarify whether it is commercially
available at an affordable cost, or if it can be replicated. Consider whether you can replicate the
system yourself or if you need to find someone to help you create the prototype

* Space! How large and suitable is your animal housing? This is important to decide cage
size, which must be sufficient to actually measure the desired behaviors. It is also
important to note that the system itself requires space (e.g., for camera-based systems,
a viewing angle-dependent distance, cable routing, and housing for electronics).

* Feedback. We strongly recommend discussing the project with all parties involved,
especially the animal care staff, at an early stage.
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2.1 Approaches to Home Cage System Design

HCM systems can be developed with different goals in mind, and one possible categoriza-
tion is the distinction between prototypes and mature systems. These two approaches pur-
sue different (intermediate) goals and therefore have advantages and disadvantages that
should be considered separately. First, we want to emphasize that the ability to create
prototypes is a major advantage of the DIY approach. Prototypes make it possible to pro-
vide proof of concept without having to invest much time or money. Once these initial
questions have been answered, researchers often want to scale up with more cages and
longer, more complex experiments. The focus in development shifts to robustness, scal-
ability, and the ability to work well with other systems or local conditions at the same time.
At this point, a greater investment of time and money is often justified to achieve these
goals. In this framework, a compromise must be found between the investment of time/
money and robustness. While prototype development still involves a higher tolerance for
errors and much trial and error, the focus in more mature systems is on good, robust repro-
ducibility with low error tolerance.

Since commercial systems must be mature before they can be marketed, all publicly
available prototypes are DIY systems. Prototype development is an essential part of the
DIY approach, and in that sense, many DIY systems are more or less advanced prototypes.
This has led to the unfortunate situation in which DIY systems have a reputation for being
more fragile and less robust. In fact, however, this is a characteristic of prototype systems,
which are deliberately designed to deliver usable data quickly and cost-effectively in
return. In fact, the problem often lies in unclear expectations of a device. This can become
problematic when prototype designs are used for investigations in which robustness and
scalability are of crucial importance or when prototypes continue to be used as experi-
ments become increasingly complex. At the same time, it is not clear for all available DIY
equipment what stage of development it is at. This is particularly true since the current
stage is unlikely to be the same fit for all planned experiments. Although there are mature
and robust DIY systems, both the user and the system developer must clearly define their
goals and expectations to find a suitable design.

2.2 Home Cage Designs

2.2.1 Dimensions

Like all housing systems, home cage systems for observing animals must comply with
animal welfare standards (i.e., EU directive 2010/63/EU; for more information about ani-
mal welfare, see chapter “Enhancing Animal Welfare Through Home Cage Monitoring
Systems”). These are partly regulated by law and usually relate to the stocking density, i.e.,
how many animals may be kept per housing area. However, it should be noted that the
maximum stocking density is not necessarily the best for the animals but rather reflects a
minimum mandatory requirement. In addition, it must be ensured that animals are not
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prevented from displaying species-specific behavior. For example, a rodent must be able
to rear itself within the enclosure. However, any ceiling or cage openings should be small
enough or out of reach to prevent animals from escaping.

What exactly constitutes a home cage can be interpreted differently (chapter “Home
Cage Monitoring: Where We Are and What We Need?”) depending on varying needs,
resources and scientific objectives. Moreover, the ideal size also depends on the context.
In terms of dimensions, homemade cage systems have the advantage that they can be opti-
mally adapted to the test setup and the user’s spatial conditions. Beyond the legal mini-
mum requirements, the height, width, and depth of the cage can be adapted to the location
where the cage will actually be set up (e.g., cage rack, a table in the room). The dimensions
of a cage should always take accessibility into account. It is advisable to be able to reach
every corner of a cage with an average arm length (i.e., the experimenter’s and the animal
caretakers’ arm). This is crucial to avoid unnecessary “chasing” of animals if they need to
be caught regularly.

It is important to ensure that the animals have enough space and enrichment tools (see
Sect. 2.3) to comply with animal welfare standards. However, this applies to all experi-
ments involving animals, not just DIY systems. The more space there is, the greater the
freedom to design cages that allow the animals to express their natural behaviors. In fact,
it has been shown that animals in a DIY system that offers them more freedom of move-
ment express a significantly broader range of behaviors (Mieske et al. 2021). Therefore, a
larger space not only better meets animal welfare requirements but also enables better data
collection (Mandillo et al. 2008).

2.2.2 Materials

When building a DIY system, it is also necessary to consider the materials to be used. All
materials used should either be safe for direct contact and possible ingestion by the animal
or not accessible to the animal. If there is regular contact with certain materials, these
materials should meet the corresponding hygiene requirements of the experimental envi-
ronment and allow some form of disinfection (e.g., heat-resistant, liquid-resistant) as well
as safety requirements (e.g., isolated cables from animals).

Polycarbonate is probably the most commonly used material in animal husbandry.
Cages, housing and enrichment items are made from this material. It has the advantage of
being very heat resistant, dimensionally stable, impact-resistant and appears to be harm-
less to animal health. However, it is not always possible to produce polycarbonate items in
your own facility. It is therefore a good idea to produce 3D printed objects from polylactic
acid (PLA), especially for prototypes. 3D printers and filaments are relatively inexpensive.
In addition, any necessary adjustments can be made quickly. PLA objects have already
been used in the development of HCM systems (Habedank et al. 2022). PLA enrichment
items and lockboxes (to investigate learning behavior) have also been used within the
home cage (Hobbiesiefken et al. 2021; Hohlbaum et al. 2024). A pathological examination
revealed no evidence of toxicological-pathological effects associated with PLA (Hohlbaum
et al. 2024).
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It is also recommended that the color of the setup contrasts with the animal’s fur color
(e.g., light setup for black mice; dark setup for white mice) since video tracking systems
usually require optical contrast. It is also important to ensure that there are no (or only
necessary, such as nests and shelters) opaque hiding places within the setup, especially for
video recording, to allow for continuous data tracking. One way of surpassing the need to
use opaque objects is to use red transparent material, as mice are significantly less sensi-
tive to red light than humans (Peirson et al. 2018). It is therefore assumed that red is per-
ceived as dark by rodents. Cameras that record in the IR range (most video cameras do
this; sometimes an IR filter must be removed) see very well through the transparent red.

2.2.3 Design

It is always advantageous to maintain a certain degree of flexibility when creating a new
DIY system. By dividing a system into modules that can be exchanged and worked on
individually, one can quickly adjust the system to new requirements without compromis-
ing the entire setup. It is important to remember that optimizations are never complete and
that there is an ‘opportunity sweet spot” where the system is good enough for the research
hypothesis in question—it is important not to miss this spot! By understanding common
points and modes of failure, builders can implement safeguards in their systems, and users
can better manage their systems on their own. Furthermore, technology and system archi-
tecture, which 20 years ago were accessible only to a few trained specialists, are now eas-
ily accessible to researchers and developers with little or no technical background.

2.2.4 Inclusion

When operating a housing cage and handling the laboratory animals on a daily basis, you
should not rely solely on your own judgment. As a rule, most of the work with animals is
carried out by animal caretakers. It is therefore advisable to incorporate their perspective
and expertise into the development of a possible design from the outset. It should be
equally easy for everyone involved to take care of the animals and operate the equipment.
In fact, animal caretakers often bring experience that goes far beyond that of an experi-
menter (Abelson et al. 2023). When introducing the system to all those who will be work-
ing with it, it is also important to give them the opportunity to ask questions about using
the system. A good presentation and briefing, as well as detailed technical manuals, will
reduce any fear of contact and promote positive communication. In turn, this dialog is
extremely helpful in improving the system and moving it out of the pure prototype stage.
Particularly in the early stages of development, it is important to detect even the smallest
errors in the system so that they can be corrected.
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2.3 Enrichment Tools and Space

2.3.1 Space

To maximize the available space inside a cage, it is a useful strategy to place various
objects inside it that are suitable for enlarging the surface area. Depending on the design
of the home cage, it can be possible to provide a second floor level. The animals then have
shelter below and can use the enclosure area by climbing up to the second level. This
allows them to engage in their natural climbing behavior. Other climbing options include
ropes (e.g., made of hemp) that can be attached to the grid cover. If there is no grid cover,
ladders or other frames can be set up instead. However, if the cage is not covered (e.g., in
the Live Mouse Tracker (de Chaumont et al. 2019), automated visual burrow system
Rivalan et al. 2024), it is important to ensure that the mice cannot climb too high and
escape. Transparent, perforated ceiling partitions can be installed on some structures to
prevent escape while still allowing video recording or visual checks, as well as air to flow
into the cage.

2.3.2 Nesting and Sheltering

The natural behaviors of rodents include nest building and sheltering. When working with
mice, different nesting materials, such as paper, cotton wool or wood wool, should be
provided. The amount of nesting material supplied should be appropriate for the size of the
group. One way of determining whether sufficient material is available is to assess the
structure of the nests built by the animals. As mice are prey animals, they tend to avoid
open, unprotected areas. Therefore, it is necessary to provide them with shelter. A well-
known example is the ‘triangular house’ (Fig. 2). Due to its relatively small size, it can be

triangular mouse house

Fig. 2 Shelters. Shelter options made of red polycarbonate that are transparent to humans but
appear dark to mice
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incorporated into all housing systems. It is transparent to humans for visual inspection.
However, as mice largely lack cone cells for perceiving red color, they perceived these
houses as a dark shelter. Nevertheless, this option does not offer enough space for larger
groups. Depending on the available room, ‘fat rat huts’ can be an alternative (Fig. 2).

Wooden shelters and climbing structures are ideal for allowing mice to additionally
engage in their natural gnawing behavior. However, opaque wooden objects are only suit-
able if continuous observation, for example, by cameras, is not necessary (due to the risk
of occlusion). It should also be noted that climbing structures can prevent animals from
being within the reading range of RFID (radio frequency identification) antennas, in case
this is the tracking method selected. In general, it is important to consider how tracking
can be reconciled with animal welfare.

2.3.3 EnrichmentTools

There are many different ways to design the home cage to allow the animals to express
their natural behavior. However, depending on the design of the DIY system, only certain
items may be suitable. Often, there is a lack of experience in handling enrichment materi-
als, and it can be unclear how the animals use them. When introducing new items, it is
advisable to observe the animals first to determine the usefulness of the enrichment items
to the animals and the system. Of course, it is also possible to draw on existing experience
(Hobbiesiefken et al. 2021, 2023).

In groups of male mice in particular, care should be taken to create escape routes and
avoid dead-end situations, as these can encourage aggressive and/or overly defensive
behaviors. There are also various ways of providing escape options. One possibility is to
attach swings or open tubes to the grid. Weber et al. (2023) also recommend providing
mice with nesting material or other manipulable enrichment items to minimize aggressive
behavior. Objects that can be monopolized by individual animals should be avoided.

Depending on the hygiene status, care must be taken to ensure that all materials can be
sterilized, for example, by autoclaving. This is usually the case with standard items such
as plastic houses. Wooden items can also be autoclaved, but discoloration and deformation
may occur. With DIY systems, the prototype is often created by the user, for example,
using a 3D printer. If PLA is used, for instance, this material cannot be autoclaved without
melting into a pitiful pile. Nevertheless, cleaning must be ensured, for example, by using
surface disinfectants.

As with shelters and nesting materials, care must be taken with all other enrichment
items to ensure that the animals remain within the field of vision or tracking range.
Otherwise, it will not be possible to track and consequently record the animals’ behavior
continuously, resulting in data loss. Although the use of enrichment items can make track-
ing more difficult, enrichment should not be omitted for animal welfare reasons.
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24 Food and Water Delivery

One of the main advantages of using HCM systems is the ability to test animals without
withholding food or water and therefore be able to incorporate water deprivation (or tar-
geted feeding) short-term tasks into long-term experiments. Having access to the behav-
ioral setups 24/7 allows animals to engage in the behavioral paradigm “self-motivated”,
without a forced time constraint or a stressful human interaction. Currently, there are mul-
tiple open-source devices with these functions. As an example, the FED3 is an open-
source rodent feeding and training device that is now used by more than 100 research labs
around the world and can be easily placed in home cage systems (Matikainen-Ankney
etal. 2021). PiDose is an open-source system for accurate and automated oral drug admin-
istration to group-housed mice (Woodard et al. 2020). FreiBox is an open-source system
controlled by a custom Python interface that integrates a lickometer, allowing the tracking
of mouse licking behavior in real time and consequent control of task events on a submil-
lisecond scale (Crompe et al. 2023). These are just three great examples of open source
DIY systems that already take into account the importance of measuring and automati-
cally delivering food and water to animals.

25 Prototype Testing

Once we consider all the design constraints, a prototype of the experimental setup can be
built. The conditions should be as similar as possible to those of the actual experiment.
This step is particularly important because we can only develop this prototype from a
human perspective; it will then have to be tested by the animals. It is at this stage that they
show us what we have not thought of. For example, access to areas that the animals should
not be able to reach, fear of unknown objects/materials, or destruction of objects through
excessive gnawing, possibly exacerbated by boredom (Mieske et al. 2022). Again, it is
helpful to talk to others, as it is often surprising to discover that experiences are quite simi-
lar. It is also crucial to check that the system does not produce any disturbing noise or
vibration or that light sources are not present in such a way as to affect the tracking or
welfare of the animals. In some systems, especially when using continuously running
electronics, it may be advisable to check the heat development with a simple thermal
imaging camera (e.g., a top-down IR camera). This is important to prevent overheating but
also to prevent the animals from being affected by an additional heat source.

3 Data Collection
Once it is clear which variables are needed to extract to answer a specific question, you

need to consider how the data will be collected. Depending on the research question, dif-
ferent devices and methods may be used. For example, there are cameras with different
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resolutions that can be used to record animal behaviors, each with its own unique pros
and cons.

Both when testing the prototype and during the actual experiment, it is advisable to
check the data for errors or inconsistencies. On the one hand, it is essential to ensure that
data are recorded as intended. For example, a common problem is that timestamps are not
stored correctly or become desynchronized between systems due to clock drift. On the
other hand, animals may not behave as expected, and adjustments to the system (both
software and hardware) may be necessary, which may introduce incompatibilities against
older data recordings. Finally, it is important to check that the recorded data can be easily
analyzed and interpreted.

Today, the open source ecosystem enables relatively easy, affordable, and rapid con-
struction of a setup that can produce useful scientific data. The very first question is the
choice of electronic platform, which will largely determine a DIY device’s characteristics,
features, and limitations, as shown in Table 2.

On one side of the spectrum, the purpose of microcontroller boards is to provide a
simple connection to electronic components such as sensors, actuators (e.g., a motor), and
LEDs. Although some electronics and programming knowledge is needed, the data
obtained are usually a time series of discrete values that are relatively easy to analyze.

On the other end, a PC with a directly attached camera can be used. Such a setup is
practically plug-and-play, but data storage and analysis of hours, days, or weeks of video
presents a significant obstacle. Full computers also usually require active cooling and fans,
making them ill-suited to the environment of an animal habitat (due to potential heat and
ultrasonic sound emissions). An example of a software architecture that facilitates
PC-based setups is Open Balena (open balena — github, 2025).

Table2 HCM electronic platforms. The electronic platform determines a DIY HCM device’s range
of recording modalities, as well as tradeoffs in different aspects of the device’s technical operation
and data output

Technical operation | Data output

What can I attach? Setup Robust- | Processing | Output data
Electronic platform | Monitoring modalities | difficulty |ness power complexity
A microcontroller | Sensors and actuators | High High Low Low
(e.g. Arduino
board)
A single-board Sensors, actuators, Moderate | Moderate | Moderate | Moderate
computer (e.g. low-quality cameras
Raspberry Pi)
A personal Sensors, actuators, Low Low High High
computer low- and high-quality

cameras, high quality
audio such as USV
recording
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Single-board computers (SBCs) run a full operating system, which is usually Linux-
based, affording the benefits of using a full computer, such as easier data storage and net-
work operation (an example is Raspberry Pi). SBCs can easily interface with the entire
spectrum of electronic and electromechanical components, similar to microcontroller
boards, and can interface with lower-quality cameras (e.g., webcams). Their limitation is
that they usually cannot perform high-throughput data acquisition (e.g., high-quality video
and audio) due to limited processing power. SBCs are more resilient to the animal habitat
environment, although they are generally less robust than microcontroller boards.

3.1 A Microcontroller-Based System

To introduce the fundamental principles of data acquisition as the translation of physical
phenomena to raw scientific data, we will start a simple microcontroller-based use case, as
the microcontroller platform is the one most involved in the fundamentals of the process.
Later, more complex variants and their benefits will be described.

For data acquisition, the three main components are (i) a sensor, which records natural
phenomena as electric signals (e.g., a light sensor), (ii) a microcontroller, which reads sen-
sor signals as data (e.g., an arduino), and (iii) a means of data logging, either to a wired or
networked computer or to an attached data storage (e.g., an SD card). Aside from sensing,
interaction with the animal is possible using LED lights as cues and actuators as gates or
reward dispensers. Video recording usually requires a more powerful device than a micro-
controller—a single-board computer (e.g., a Raspberry pi) or a PC.

3.1.1 Sensors

The most commonly employed technologies in DIY systems are radio-frequency identifi-
cation (RFID), passive infrared sensors (PIR), and beam-break sensors due to the exis-
tence of easy-to-use sensor modules, low complexity of recorded data, and affordability.
Video recording offers the most comprehensive data, but at the cost of large storage needs
and high complexity. The main characteristics of these technologies are briefly described
in Table 3. More information can also be found in chapter “Study Design and Data Analysis
in Home Cage Monitoring Experiments”. Members of the TEATIME COST Action
CA20135 have also compiled a comprehensive summary of home cage systems (both
commercial and DIY). This catalog contains numerous examples of how the various sen-
sors are used (COST Action TEATIME — HCM Technologies Catalog at www.thebehav-
iourforum.org, COST (2025).

3.1.2 Microcontrollers

The most commonly used way to transfer and save data from sensors to a computer is
through a USB connection. A microcontroller can be programmed to interface with differ-
ent types of sensors and even perform basic preprocessing (e.g., averaging multiple read-
ings as a means of denoising) before sending data to a computer.
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Table 3 Commonly used sensing technologies in DIY systems

Technology
Video recording

What does it do?

One or multiple cameras
recording videos for
automatic, video

acquisition, processing and

analysis.

Example: Alonso et al. (2023)

Radio-Frequency
identification
(RFID)

& 33
ey

000
ofole

Reading identification data
from a batteryless

implanted transponder (tag)

when in vicinity of an
antenna/reader.

What does it
record?

Image series over
time, in the visible
or visible+infrared
spectrum (for night
vision).

All of:
Static tag data
(e.g. animal ID)
Dynamic tag
data (e.g.
temperature)
Timestamp
when the tag
entered/exited
the vicinity of
the antenna.

Example: Lewejohann et al. (2009); Habedank et al. (2022)
Animal infrared radiation is | Binary sensor state

Passive infrared
(PIR) sensor
modules

i

=

sensed. The sensor module

(logical O or 1)

changes its state from O to 1 | continuously, at a

when the detected
movement crosses a
predefined threshold.

Example: Brown et al. 2017

Beam-break
Sensors

N\
o).
< >
v =

An infrared LED
transmitter/receiver pair
form a beam. Occlusion

(and reestablishment) of the

beam by the animal is
detected by the receiver.

fixed sampling rate
(e.g. every second)
Timestamp when
the sensor detected
movement.

Timestamp when
the beam was
broken and
reestablished

Number of
beam-break events
over a time
interval (e.g. every
hour).
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How is it used?
Full cage area or points
of interest.
Multiple cameras may be
used for:

Redundancy, or

3D pose estimation

Either:
1. Continuous
positional monitoring
of multiple animals
individually (unique
tags) using a grid of
readers spanning the
full cage area,

Or:

2. Monitoring access to

points of interest (e.g.

tunnels, gates) using

strategically placed

readers.

Circadian activity
measurement by
monitoring the full cage
area

(more common usage)
Detecting the presence at
a point of interest using a
focused field of view.

Detecting presence and
loitering at points of
interest, e.g. specific area,
platform, or nosepoke
opening (more common
usage).

At one or multiple points
to monitor circadian
activity across the full
cage area.

Example: FED3 2025; Alexxai Kravitz (2025), Med Associates Inc. — Operant Conditioning +
General Behavior (2025)
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At the forefront of DIY electronics used in research is the Arduino platform. When
talking about “Arduino”, the term encompasses both Arduino-branded microcontroller
boards and the Arduino programming framework, which is supported by many other
boards as well. While Arduino-branded boards are not a requirement for DIY (and, indeed,
other manufacturers can sometimes offer Arduino-compatible boards additional function-
ality at a competitive price), the Arduino framework is highly recommended. With this
framework, it is possible to obtain valuable data using a device programmed with approxi-
mately 15 lines of code—Box 1 shows minimal operational code for a simple device uti-
lizing a passive infrared sensor (PIR; a motion detector as it is commonly used to control
outdoor, automatic lights) to monitor locomotor activity. For example, a PIR-based device,
termed “PIROSLAV” (Prototype InfraRed Open Source Locomotor Activity eValuator),
was built by attendees of the Second COST-TEATIME Advanced Training School in
Berlin, 2024, with a manual composed by attendees available here: Domingues and
Melloni 2025.

Furthermore, the code works with little to no modifications across most Arduino-
compatible microcontroller boards. Finally, with the large ecosystem that has grown
around the platform, there is a high chance that an open source code library can be found
for most commercially available sensors or sensor modules. In a similar manner to the
framework itself, libraries simplify the code necessary to interact with sensors and often
come with useful example codes. In addition, the open source community is currently also
doing video tutorials that truly facilitate the process of understanding this platform.

Box 1 A Complete Arduino Programme to Record Movement Data Using a Passive-Infrared
(PIR) Sensor

int pin = 27; //this is the number of the physical pin where the sensor is attached to
int reading;
void setup()
/7 put your setup code here, to run once:
pinMode(pin, INPUT); /7 set the mode of pin to INPUT
Serial.begin(115200); /7 initialise communication with the PC over USB
}
void loop()
I/ put your main code here, to run repeatedly:
reading = digitalRead(pin); // measure the pin state and store its state

// (0 or 1) into the “reading” variable

Serial.println(reading); // send the value of reading to the PC
delay(1e0); // pause for 100 ms to not overwhelm the PC/me with readings

}
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Box 2 A Complete Python Programme to Log Arduino Data to a File

from datetime import datetime
import serial

arduino = serial.Serial("COM3", 115200) //this is the COM number of the connection between

your computer and arduino
log_file = open("log.csv", "w")
try:
while True:
line = arduino.readline()
line = datetime.now().isoformat()+";"+1line+"\n"
log_file.write(line)
print(line)
except KeyboardInterrupt:

arduino.close()
log_file.close()

Data Logging with Arduino The most common way of receiving and logging Arduino
data is via the same USB connection used to program the microcontroller board. The raw
data can be viewed in Arduino’s Serial Monitor and plotted with Arduino’s Serial Plotter
in real time. For quick prototyping, data can be copied from the Serial Monitor to a CSV
file. For home cage monitoring, a simple Python script (Box 2) is often sufficient to com-
plement previous Arduino code, totalling approximately 30 lines of code for a device
capable of recording and extracting to a csv file locomotor activity.

The Single-Board Computer (SBC) A basic setup with a single-board computer such as
a Raspberry Pi usually includes one or more sensors as described above and/or a USB-
attached webcam. In the aforementioned microcontroller-based prototype PIR-based
HCM device, the microcontroller can be substituted by an SBC running appropriate code,
which stores data directly to a storage medium (e.g., an SD card) instead of sending it
to a PC.

Personal Computer At a high level, a personal computer offers unparalleled flexibility in
terms of processing power, storage options, networking, and user-friendly tools for high-
level peripherals and interfaces. A use case where a PC is absolutely necessary is the
acquisition of large volumes of data, such as high-resolution, uncompressed video and/or
audio (especially ultrasonic, useful for monitoring rodent vocalizations). The high bitrate
requires greater processing power than microcontrollers or SBCs can currently offer. In
these situations, a PC will be the best option. The PC can also interface with simple sen-
sors and actuators by attaching microcontroller boards via USB to act as bridges, as
described previously.
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3.2 Motion Capture

There are various options and camera devices available to capture motion. It is important
to decide in advance whether group or individual animals will be recorded and what level
of behavioral detail needs to be captured.

There are a few things to consider when deciding where and how to install cameras for
home cage monitoring to minimize occlusions as much as possible. Moreover, it is also
important to carefully consider which camera you want to use in advance, as the camera
you use will affect the video quality. In addition, the amount of time recorded (if continu-
ously or not) is positively correlated with the amount of data produced and, as importantly,
with the amount of data that needs to be stored and analyzed. Therefore, it is necessary to
consider whether 24/7 recording is required to answer the scientific question. Since rats
and mice are nocturnal, recording only during this phase may be sufficient. As this is the
dark phase, cameras equipped for this purpose, i.e., with infrared capabilities, must
be used.

3.2.1 Cameras

Most commercially available web cameras have a 30 Hz frame rate, which is sufficient to
capture bulk locomotion activity, usually by tracking the center of mass of the animal.
With only this information, one can quantify, for example, animals’ speed and space occu-
pancy. Regular security cameras used for controls outside of (human) homes can some-
times recapitulate the need for night vision with embedded IR (infrared) lighting, satisfying
the quality of images and relatively low storage needs. For catching finer behaviors such
as whisker movements or grooming fine sequences, a high-speed camera might be neces-
sary (Roy et al. 2011).

Researchers have also been using 3D depth cameras to capture the full spectrum of
behaviors in rodents (Weinreb et al. 2024). They used multiple cameras to estimate key-
points in 3D (including keypoints that were not visible in the overhead-camera 2D data
set) and confirmed that the 3D keypoints had higher intrinsic dimensionality than 2D
keypoints.

Overall, it is quite easy to record animal movements. However, there are many alterna-
tives, so it is sometimes difficult to decide on a system. The most important factor is the
frame rate required for your camera, which depends on the behavior you want to record
and the amount of data to be captured (continuous or not). Another important point is the
selection of video software that allows you to record and save the desired type (quality and
size) of videos and that can start and stop recording automatically according to a schedule
(e.g.,using Bonsai, Lopes et al. 2015) or through manual operation (e.g., OBS Studio, 2025).

3.2.2 Alternatives: LEDs and RFIDs
In addition to using video tracking, there are other alternatives to capture animal bulk
behavior:
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* Light barriers comprising infrared light-emitting diodes (LEDs). Infrared LEDs allow
animal behavior to be captured easily and lightly in terms of data. Using a pair of light
barriers is enough to obtain information on movement (e.g., speed) and on the direction
of movement. However, to obtain data, the animals must be kept individually. For
refinement reasons, this should always be reconsidered.

* Radio frequency identification (RFID). RFIDs under the base of the cage or between
different compartments of the cage are a good alternative to “passively” capture animal
motion. Researchers have used RFID data to measure an index of distance traveled,
place preference and entropy within different areas of the cage (Freund et al. 2013).
RFID technology can also be used to collect individual data from animals that are kept
in groups.

» Passive infrared sensor (PIR). PIR sensors react to changes in infrared heat radiation.
More information can be found in chapter “Technologies for Home Cage Monitoring
in Preclinical Research”.

Animal motion capturing allows overall quantification of locomotion metrics that are
key measures in many animal behavioral studies. In Table 4, we describe the pros and cons
of the 3 most commonly used approaches: video tracking with a camera, LEDs and RFIDs.

3.3 Individual Tracking in a Group Setting
RFID tags are used in animal research to automatically identify and track animals in a
group setting. In addition to existing commercial systems (e.g., TSE Systems — Phenoworld,

2025; see also chapter “Commercializing Home Cage Monitoring: From Prototype to
Global Access” of this book), the simplicity of RFID technology offers the possibility for

Table 4 Comparison of activity tracking devices

Device Pros Cons

Camera (for | Different types (infrared, | The need for a clear view restricts the number and
video stereo, time-of-flight...) | type of enrichment tools

tracking) Can capture most of the | Needs space for careful placement

behavioral repertoire

Produces rich, extensive | Depending on the frame rate and continuous vs.

data triggered recording, gigabytes to terabytes of storage

may be needed, with high processing requirements

Beam-break | Simple data which is easy | No individual tracking
sensor (LEDs) | to process

Cheap, many pairs can be | Animals or bedding can block the sensor

used for better spatial

accuracy
RFID Simple data which is easy | Poor spatial accuracy

to process

Individual animal Missed readings possible due to animals moving too

identification fast or out of the reading range of the sensors (e.g. on

elevated surfaces)
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customization and DIY projects. As RFID readers can be equipped with a ring coil, they
are usually placed on connecting tubes between different sections (e.g., home cages, tubu-
lar entrances) to track the lab animals being held (Puscian et al. 2016; Habedank et al.
2022). This allows quantification of individual preference areas and resource monopoliza-
tion (e.g., food, water). In combination with “doors”, RFID can also be used to control
access to different areas of an experimental setup (commercially: (Winter and Schaefers
2011; Rivalan et al. 2017; Mei et al. 2020; Kahnau et al. 2023a)).

Another option to track animal motion is to arrange the coils of the RFID readers as a
grid under a housing area (micecraft — LMT, 2025). This allows the recording of the move-
ment of many individual animals in their home cage environment. Moreover, the RFID
data can be synchronized with video recording for direct and visual identification of indi-
vidual animals.

Finally, multianimal pose estimation, identification and tracking are now possible with
open-source tools such as DeepLabCut (Mathis et al. 2018) and Bonsai (Lopes et al.
2015). DeepLabCut allows the identification of individual animals in a group setting by
applying deep learning methods to the analysis of the video recording (Lauer et al. 2022).

There are multiple advantages of tracking in a home cage setting: (1) animal self-
engage in the task, at their own pace, not pressured by time constraints or human interac-
tions; (2) increased collection of data more reproducible since conditions are the same
over time; and (3) possibility of validation of a battery of tests in the testing chamber,
enhancing results comparability (Rivalan et al. 2017).

34 Synchronization

Aside from experimental logs, precise timekeeping on the order of <1 second is particu-
larly important with multiple concurrent recording modalities (e.g., video with USVs or
RFID logs). It is essential to decide on the accuracy required since different strategies will
need to be employed for <1 s offset as opposed to <1 ms. In the example of synchronizing
video and ultrasonic vocalizations, good synchronization would require, roughly esti-
mated, a difference of no more than a quarter to half of the period between individual
video frames. For example, if the video is recorded at 30 frames per second, a frame is
recorded every 33 milliseconds; therefore, ideally, the audio recording would be offset by
less than +8.25 ms to match audio events to each video frame precisely. For other combi-
nations, e.g., RFID with video to keep track of identities, synchronization within a few
hundred milliseconds would likely allow good identity matching between video and
RFID logs.

Time synchronization between multiple devices with separate clock sources can be
done by synchronizing devices against a Network Time Protocol (NTP) server via the
internet (~10 ms accuracy) or on the local network (~1 ms accuracy)—The Secure Network
Time Protocol (NTPsec, 2025) Distribution. Due to drift (usually a few seconds of
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accumulated offset per day), automatic periodic resynchronization is a common feature in
many NTP tools and libraries.

However, desynchronization can also occur while using only one device (i.e., physical
clock source) for concurrent recordings from multiple sensing modalities. Consumer oper-
ating systems are not “real time”—most tasks, from recording data to drawing out the user
interface, can be shuffled and slightly delayed to prioritize another task, generally with the
intent of making the system user interface (UI) smooth and responsive. Practically speak-
ing, after a software command, there is a delay before data acquisition actually begins on
a hardware level. With an unpredictable timing from microseconds to hundreds of milli-
seconds, this delay cannot be compensated for. The effects of this limitation on data acqui-
sition can be seen in practice in a non-HCM DIY device (see Supplementary Material 2 of
Virag et al. 2021).

While software approaches exist (e.g., low-latency and real-time kernels), a definite
solution is to stimulate both recording modalities at once with a tightly coupled multi-
modal stimulus. Similar to a movie set, a clapperboard is used at the beginning of a scene
to give an acoustic and visual signal for synchronization. Furthermore, microcontrollers
can produce signals within tens of nanoseconds. This feature can be employed in two
ways. First, a single device can produce a light and a sound with an LED and a speaker,
respectively, at the same time. Second, many professional recording devices have special
connectors precisely for this purpose—hardware triggering. BeDSy (Virag 2024), a DIY
platform, was thus used to simultaneously send a signal to start audio recording to a USV
microphone amplifier and to continuously send signals to a number of cameras every time
a frame needs to be recorded. In this way, the audio start signal is tightly coupled with the
first frame record signal.

3.5 The SPOF Protocol

To minimize the risk of data loss, a good way to assess the architecture of the workflow is
to follow the path of the data and pinpoint single points of failure (SPOF), i.e., critical
components that could take down the whole system and/or might cause data loss upon
failure. SPOFs should ideally be removed or designed to be as failure-proof as possible.
Importantly, SPOFs can be analyzed at different levels. For example, the home cage-
attached device is a SPOF as a singular device, but we can analyze each of its components
separately as well. Usually, components include a microcontroller with sensors and/or
actuators, each of which can also cause data loss upon failure. Therefore, each component
is also considered a possible SPOF.

3.5.1 Examples of SPOFs: The Cage-Attached Device

DIY animal cages usually have microcontrollers (e.g., Arduino) as the basis of their plat-
form. The microcontroller is a necessary SPOF, and its failure is usually due to errors in
code (firmware bugs), which can be mitigated with sufficient testing. Sensors can be
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redundant to increase the robustness of the device (Virag et al. 2025), and actuators can be
fitted with sensors of their own, monitoring their operation.

3.5.2 Examples of SPOFs: The PC as a Control and Data Storage Device
The most common setup is a home cage-attached embedded electronic device communi-
cating with a PC directly via USB (Table 4). The attached PC is the only device that can
acquire data from the HCM device, and as such, it is a Single Point Of Failure (SPOF). In
continuous operations, the PC is less reliable than microcontrollers and single-board com-
puters (SBCs). This is due to PCs being composed of a large number of complex compo-
nents, where the failure of any one of them can be critical and possibly stop the operations.
Second, writable memory can become corrupt and thereby destroy data retroactively.
Third, PCs are often dependent on fan cooling, which produces noise and can be hindered
by dust over time. Finally, HCM designs using PCs often need manual intervention to
restart software components in case of power failures or even automatically restart due to
improper out-of-box configuration (e.g., automatic system updates during an experiment).
While the high processing power of PCs is necessary in some applications (e.g., record-
ing video), it is advised to design systems where the SPOF potential of PCs is reduced as
much as possible (e.g., use an autostart protocol, disable automatic software updates or use
specialized operating systems, use industrial computers with redundant hardware or
implement redundant arrays of independent disks (RAID) for storage, duplicate power
supplies, etc.).

3.5.3 Alternatives to PC as a SPOF: Direct Storage

One of the ways to avoid using the PC as a storage device is to directly save the data on a
physical component. One example is the FED3 home cage operant conditioning device,
which saves the data directly to an SD card (Table 4). In this case, the SPOF is the SD card
as a single component. Even if SD cards can become corrupted after a large number of
writes, there are high endurance options available at low cost. In this configuration, the
loss of data risk due to crashing or component failure is greatly reduced compared to a PC.

3.5.4 Alternatives to the PC as a SPOF: Networking

As a further step, the embedded cage-attached device can be equipped with networking
capability. An example of such architecture is the MIROSLAYV system (Virag et al. 2025).
A standard Wi-Fi network is used to propagate data to multiple computers simultaneously
(e.g., via the MQTT protocol (Andrew Banks et al. 2019)). Since the computers connect
through Wi-Fi, they do not need to be in the same room as the experimental HCM devices.
To ensure precise timekeeping, which is especially important while using multiple HCM
systems concurrently, the HCM devices synchronize time from a local or online NTP
(network time protocol) server. In this way, redundant timestamps are recorded, which can
be cross-checked: one of the local times recorded by the HCM device and another recorded
by the receiving computer.
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In this configuration, the SPOF is now moved from the computer to the router, which
establishes the local area network. However, like the HCM device itself, the router is also
an embedded device designed for unattended operation over extended periods of time and
without maintenance under a variety of conditions that would be unsuitable for a PC. In
this way, the router is a “safer”/more prepared and robust SPOF than the computer itself.

3.5.5 Balancing SPOFs and Practicality

In an ideal system, there are no SPOFs, but how could this be achieved? Let us take the
data collection infrastructure as an example, where using an SD card connected to the
device in combination with an uninterruptible power supply (UPS)-protected network
would be an option. In practice, however, this approach can be cuambersome for the infra-
structure used and is often infeasible for embedded devices that are attached to a cage.

A good approach is to minimize the number of SPOFs to reduce the risk of data loss as
much as possible. The developer of a DIY device must decide what failure rate is “accept-
able” in the worst case based on the specific conditions and requirements of their
experiment. Very quick and practical measures, such as introducing a UPS, can signifi-
cantly reduce the risk of data loss. To support the process of developing a reliable and
practical design, Table 5 provides an overview of various devices, such as SPOFs, and
options for increasing their robustness.

3.6 Power and Data Infrastructure

Physical connections between components of a home cage system need to take into
account (i) power and (ii) data integrity.

An inadequate power supply can lead to the oddest of failures—brownouts. These are
small voltage drops that are insufficient to cause a full device crash but corrupt the running
device’s working memory (RAM), which can lead to unpredictable behavior. In any DI'Y
system, the power supply should be the first suspect when errors occur that are inconsis-
tent and/or difficult to reproduce.

For power supplies, the voltage needs to be matched, while the current/power needs to
be sufficient (at least the wattage required by all attached components). It is prudent to
“overrate” the power supply. For example, in the case of a 10 W expected load, a S0 W
power supply is preferred over a 15 W one, even though the latter should be sufficient.

For power, wires need to be thick enough to not drop voltage and heat up. For data
transmission, protocol standards usually specify the maximum cable length.

3.7 Upgrading the HCM System

As described in Sect. 2.1, when a prototype proves its usefulness, requirements tend to
shift from proof-of-concept to sustained use in complex experiments. Therefore,
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Table 5 Overview of devices found in HCM architectures as single points of failure (SPOF)

Potential SPOF

Cage-attached device '

Actuators

Sensors
Micro:

{Cage-attached device !

1 ||| sensors ||| Actuators
H \

Micro-
controller
)

( Personal computer ]
SD card

| —
! HSensovs Actuators

Micro-
controller

Router

Cage-attached
device

=

Failure mechanisms or susceptibility
Microcontroller failure
Very rare
Usually, user/builder errors (e.g.
firmware bugs)
Sensor failure

Actuator failure

Large number of complex
components, each a SPOF

Writable memory susceptible to
corruption

Dependent on fan cooling—produces
noise and can be hindered by dust
over time

Data corruption or automatically
locked into read-only mode after
exceeding the rated number of writes

Extremely rare (embedded system
designed for continuous operation)

Mitigation strategies
Extensive, creative testing:
Multitude of conditions
With additional diagnostics (e.g.
camera)
Redundant sensors
Real-time data validation
Diagnostic sensors
Actuators with feedback
Configuration selection:
Hard drives can be made
redundant by using mirrored
RAID to read and write data to
both in parallel
RAM with built-in error checking
and correction (ECC) memory
Brand-name cards
High endurance variants
Avoids frequent writes of small
amounts of data

Industrial/business variants with
redundant power supplies
Complex infrastructures where

routers can take over for each other
in case of failure (e.g. virtual router
redundancy protocol).

researchers may decide to continue developing their prototypes into mature solutions.
These systems are usually not created as such from scratch, but in an iterative process
where prototype shortcomings are assessed, possible solutions are tested until one is
decided upon and implemented. The process is repeated until the design is satisfactory
overall, and the solution is usually published as such. Based on information previously
described, we will illustrate the process by taking a closer look at the rationale behind
some crucial design decisions in two mature systems developed by the authors of this
chapter: the MoPSS, a mouse position tracker using RFID (Habedank et al. 2022;
(Refinement Reference Center — github 2025), and MIROSLAV (Virag et al. 2025), a
rodent circadian locomotor activity tracker using PIR sensors, much like the prototype
(described in Sect. 3.1.)
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Both systems focused on reliability in long-term operation to acquire specific data for
a well-defined purpose. As such, video recording was not needed, greatly simplifying the
required architecture in terms of data transmission, storage, and computing requirements.
RFID and PIR sensors generate simple, low-bitrate data, where a microcontroller is suffi-
cient, and the data could be stored to an SD card directly (MoPSS) or transmitted via Wi-Fi
in real time (MIROSLAV). Removing the PC as a SPOF (Sect. 3.5) increases reliability in
long-term use. Furthermore, both systems keep track of real time and can periodically
resynchronize via the network, enabling precise synchronization (Sect. 3.4) with other
HCM systems.

To have a system that can be part of the lab’s regular experimental toolkit, the prototype
needs to become flexible enough to support various experimental designs, which goes
beyond purely supporting a large number of sensors. Both solutions were developed to
easily allow for additional circuit boards that can include more sensors and new function-
alities. The systems can be as extensive or compact as the experiment requires. For exam-
ple, MIROSLAY can even be stripped off of all HCM functionality and used as a standalone
Wi-Fi environmental monitor for recording temperature, humidity and light intensity in
the habitat.

To provide quick feedback for an overview of system operation, the MoPSS is equipped
with a small display that provides all technical information needed for daily maintenance
and calibration. MIROSLAV achieves this goal by continuously transmitting data via
Wi-Fi, where the feed can be accessed from any device (including a smartphone) con-
nected to the network.

It is important to note that “the solution” to a particular design problem arises from the
circumstances under which the device is being developed, which are usually specific to the
laboratory to some extent. In these examples, MIROSLAYV provides much of its function-
ality through heavy reliance on Wi-Fi connectivity, which may not be easily available in
all facilities. Both systems are open-source, which enables other researchers to recreate
them as a mature system, adapt it to their needs, and even contribute to their development,
enhancing the system’s modularity and customizability.

4 Data Processing and Storage

Once all the relevant data have been recorded after an experiment, data processing comes
into play. The first step of data processing would be the “cleaning” of your data. Get rid of
errors you noticed and remove duplicates or inconsistencies. The second step was the data
conversion. On the one hand, this can be the conversion of proprietary data from a DIY
setup into common data formats to make the data generally accessible and further process-
able or the conversion of the collected data to use in special analysis software. After con-
version, the data are analyzed, and the last step is the long-term storage of the experimental
data. Lossless compression into other data formats can save storage space and therefore
resources.
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There are a range of applications for data conversion and data analysis. In DIY projects,
however, it is not uncommon for data to be recorded in the format in which they will be
further processed. Basic programming languages for data processing (e.g., Python) are
suitable. All these programming languages are established and extensively documented.
Moreover, the use of Al tools and your own research can help achieve the desired data
processing pipeline.

An important aspect of data processing is the documentation of the steps taken. Even if
you carry out a project on your own, other researchers may use your script for data trans-
formation or analysis at some point. This is when a well-commented script pays off. In
general, codes and scripts should be clearly commented on and provided with a timestamp
so that the individual steps can also be traced in the next project. It is easier to fall back on
code that has already been written than to write new code—as long as you can under-
stand it.

Once the data processing is complete, its result should be saved in a suitable format.
The most commonly used format for exchanging scientific data is the.csv format. The
comma-separated-values format saves tabular data in a simple text file in which every line
is a row of tabular data. Within each line, the commas indicate individual values—or col-
umns—of tabular data. This uncompressed, textual data format is easy to integrate into
various applications and can be compressed easily (e.g., zipped) for storage efficiency but
can become unwieldy with large amounts of data. Other columnar formats have been
developed with specialized encoding and built-in compression for faster and more storage-
efficient handling of large amounts of data commonly found in HCM. An example is the
open source Apache Parquet format. Although not textual, data can be read from or written
into Parquet files with a single line of Python or R code.

Good scientific practice is to follow rule 3 when storing experimental data. There
should always be three (3) separate copies of a data set. The copies should be stored on two
(2) different types of storage media, and one (1) of the copies should be in a physically
separate location (different offices, different buildings, online databases).

When naming the saved data sets, the same applies as for the analysis scripts—it should
be clearly recognisable when the data set was collected. It is good to pay attention to a
sorted folder structure from the very beginning and to document this for other users of the
data (readme files). For further insights into storing large data sets derived from HCM, we
recommend reading a recent article by members of the TEATIME consortium (Bains
et al. 2025).

5 Sharing your DIY System
5.1 The Importance of Documented Information
Any system that cannot be operated is worthless, and poorly documented DIY systems are

no exception. It is therefore extremely important to document the entire operation process
in detail (including errors and potential pitfalls!) to provide other users with a verifiably
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useful system. The UCLA miniscope (Miniscope 2014) is a good example of an open-
source, well-documented tool that is highly used by the neuroscience community. They
provide online courses on all the steps of the process of using their miniscope: from the
construction to the surgery and the analysis pipeline. They have a webpage with all the
information and an active forum to ask/answer questions. The publication of a methods-
like paper on the construction or development of a new setup or software can also be a
great way to document a DIY project for the community. This can be based on commercial
systems (Kahnau et al. 2023b) or open-source projects such as DeepLabCut (Mathis
et al. 2018).

The Behavior Forum (The Behaviour Forum 2025) is an online forum developed as part
of the EU COST Action TEATIME (COST (2025) for the animal behavior community,
with a particular focus on automated HCM of rodents in biomedical research. In the
Behavior Forum, one can find webinars, conferences and training advertisements, job
opportunities, questions and answers (Q&As) on diverse topics as well as guides and
protocols.

The development of a new DIY system usually requires animal testing. We recommend
that such pilot studies also be subject to preregistration (i.e., Animal Study Registry 2025).
Preregistration raises scientific standards because it requires thorough advance planning.
When individual steps are described in as much detail as possible, the results obtained are
reproducible. Any deviations from the plan can also be noted and justified. This makes
adjustments to the DIY system transparent, enabling complete documentation. For further
information, please see Bert et al. (2019) and Heinl et al. (2022).

In sum, DIY systems need to be extremely well documented to ensure reproducibility
within and across labs and reduction of time and costs on preventable errors by other users.

5.2 From an Idea to a Robust Product

The development of a DIY system has different hidden costs, both in terms of time and
money. Own working hours are usually not considered part of the costs. Systems that are
not well maintained may be working with parts that no longer exist in the market or with
software packages that are not updated. This requires additional time and expertise from
the user to adapt the solution to their needs.

Additionally, creating a system that works in a lab is just a proof of concept. Making
that system reliably scalable and industry-ready requires an additional level of work at the
hardware and software levels. For example, at the hardware level, prototypes with jumper
wires can be replaced by Ethernet or BNC cables before commercialization to ensure more
robustness. At the software level, it is recommended to create a graphical user interface
(GUI) to increase the pool of users (with a GUI, even nonprogramming researchers can
use and interact with the software) or even develop protocols using a visual programming
language (Lopes et al. 2015).
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Moreover, it is important to test the setup in conditions as similar as possible to those
of the experiment per se. In a multidimensional study, (Alonso et al. 2023) tested classical
and HCM approaches to evaluate the effects of brain serotonin deficiency on the expres-
sion of cognitive and social functions in different contexts in the same animals. Surprisingly,
no function evaluated in the classical testing appeared altered by the absence of brain
serotonin. However, in the day-to-day context of the home cage, the absence of brain sero-
tonin most strikingly affected the animals’ sexual behavior, maintenance (eating, drinking,
grooming), and defensive behaviors as well as levels of home cage activity, weight, and
corticosterone. These findings highlight the importance of studying everyday life func-
tions within the dynamic social living environment to model the full spectrum of complex-
ity of animal models.

In particular, HCM systems improve animal research by allowing the experiments to be
conducted in the familiar environment and during the natural activity period of the animals
(e.g., the dark period in rodents) since they can be automated and therefore performed in
the home cage. DIY systems also have the potential to improve the reproducibility of sci-
entific results. As many DIY solutions are open-source, they can be easily developed and
replicated by other researchers. This contributes to transparency in science and facilitates
the exchange of methods and results if detailed documentation is provided (Wenzel 2023).

5.3 Sharing Data from DIY Systems

Exchanging knowledge lies at the heart of scientific research. For others to be able to make
use of the data we share, some principles should be kept in mind from the very beginning
of the data generation process (chapter “Data Sharing and Metadata™).

Any data are inevitably, almost by definition, an inaccurate representation of real-world
phenomena to a greater or lesser degree. To start to gain insight, first, the inaccuracies need
to be compensated for, and subsequently, the information of interest is extracted and
brought to the forefront. The inaccuracies are largely determined by the sensor technology
used (different sensor types produce different types of artifacts), which in turn determines
data preprocessing steps, starting with filtering and thresholding on a hardware level of the
electrical signal, and continues in software (chapter “Technologies for Home Cage
Monitoring in Preclinical Research”). Eventually, as processing steps start to heavily
depend on the desired parameter, other information becomes noise, and the data necessar-
ily becomes less accurate or impossible to use for other parameters that are not in focus.
For example, with locomotor activity monitoring, we might want to fit a 24-hour sinusoid
to the data to analyze circadian rhythm parameters; however, other parameters (e.g.,
immediate response to personnel entrances) cannot be extracted from sinusoid parameters.
For this reason, it is important to (i) thoroughly document every processing step and (ii)
share data in its rawest form possible, especially for DIY HCM devices, where all of these
steps are under our direct control.
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As arule, even with simple sensors, the longitudinal nature of HCM yields rich, com-
plex data, and there are a myriad of ways of doing so in DIY systems. With more complex
data, it is increasingly likely that we, or someone else, will identify a novel, interesting
behavioral parameter that can be extracted from the raw data. It is unreasonable to expect
that we can extract everything that will ever be of interest, rendering raw data useless.
Furthermore, to be able to use raw data in a meta-analytical approach, data from different
systems need to be standardized, which can only be done with thorough documentation of
all processing steps, from the sensor to the uploaded data set (Bains et al. 2025). Due to
the variety of possible system designs, the aforementioned recommendations are fairly
general, but all the more important to adhere to—the DIY builder needs to judge the best
way of doing so for their specific system.

5.4 Disseminate Your System

To share your system within the scientific community, you need to guarantee that all data
and information are sharable. There are different ways to do so, and here, we provide some
recommendations, namely, those focused on open-source policies.

By following this process, detailed documentation of all process steps can be guaran-
teed, from printed circuit board (PCB) design to the actual publication of the article. That
said, during the development of your system, prefer the use of open-source tools: from the
design of your PCBs (e.g., KiCad 2025) to the analysis software pipeline (e.g., Python, R)
so that your research is not locked behind paywalls.

In general, we recommend sharing your (meta)data in a FAIR-compliant (Findable,
Accessible, Interoperable, and Reusable) repository (Bains et al. 2025) and your code in a
public repository such as GitHub (GitHub 2025). Detailed protocols can be published in
protocols.io (protocols.io 2025) and your entire paper can be available on a preprint server
(e.g. biorXiv). Moreover, currently, there are great alternatives to share your data within
the community, for example, on PeerComunityln (Peer Community In 2025), which is a
nonprofit organization of researchers offering peer review, recommendation and publica-
tion of scientific articles in open access for free.

6 Summary and Conclusion

Do-it-yourself home cage systems, especially open-source systems, have provided the
community with new tools that are accessible to everyone at reduced costs. Developing
such a system has advantages and disadvantages, namely, advantages in terms of person-
alization but also costs in terms of money and time.

In this chapter, we summarized the main pros and cons of engaging in the development
of a DIY system. We commented on the importance of available detailed information and
how to go from an idea to a robust market-ready product. We shared advice to guide new
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potential developers to decide on key features for their own system, namely, (1) food and
water delivery, (2) enrichment tools and space and (3) overall design. We explained the
importance and provided tips about the SPOF protocol and the advantages of prototype
testing.

In the last two sections, we focused on more detailed information regarding data collec-
tion (e.g., motion capture, individual tracking in a group setting, power and data infra-
structures) and data processing (e.g., data formats and storage).

One of the most important messages in this chapter is that DIY systems must be
extremely well documented to ensure reproducibility and dissemination in different labo-
ratories and to reduce time and costs due to avoidable mistakes made by other users. This
is the only way to ensure that your system is used and shared in the best possible way.
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This chapter explores the critical role of data sharing and standardised metadata in
advancing home cage monitoring (HCM) research. It examines the scientific, ethical,
and computational advantages of sharing HCM data, particularly in the context of

enhanced research quality in accordance with the 3Rs principles (Replacement,
Reduction, Refinement). Challenges hindering widespread data sharing, including cul-
tural, incentive, technical, and governance issues, are discussed. Strategies for effective
data sharing, such as data storage solutions, FAIR (Findable, Accessible, Interoperable,
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and Reusable) data principles, and the use of controlled vocabularies and ontologies,
are presented. The chapter envisions a future where federated networks of interoperable
HCM platforms enable advanced data/metadata integration and analysis powered by
advanced computational tools. These systems would yield valuable insights into bio-
medical research, animal behaviour, and welfare in an Al-ready field.

Keywords

Metadata - FAIR - Ontologies - Knowledge graphs - Data sharing

1 Introduction

HCM systems significantly advance nonclinical research. They offer continuous, mini-
mally invasive observations that enhance animal welfare and provide opportunities to
quantify behaviour and physiology more precisely.

HCM systems continuously record gigabytes of video, sensor readings, and behav-
ioural metrics. Researchers realise HCM’s potential by sharing and pooling these datasets
across labs. However, researchers willing to rely on data sharing currently face significant
technical and cultural hurdles. Cultural resistance, governance gaps, and infrastructural
limitations restrict open data sharing in HCM research. Communities must adopt agreed
standards and FAIR practices to integrate datasets from different HCM platforms
(Wilkinson et al. 2016). Researchers can use standardised ethograms and formal ontolo-
gies (like Mouse Behaviour Ontology, MBO) to define behaviours uniformly (Beck et al.
2009). The HCM community must prepare its data infrastructure for artificial intelligence
(AI) if it is to leverage emerging technology.

2 Why Share HCM Data and Metadata?

Three interconnected motivations support sharing HCM data and metadata: ethical imper-
atives, scientific advantages, and computational opportunities.

2.1 Data and Metadata Reuse in the Context of the 3Rs

When researchers use HCM data and metadata across studies, they enhance animal wel-
fare and reproducibility, directly supporting the 3Rs mission (Zentrich et al. 2021). This is
because in collecting and analysing extensive datasets over time, they reduce their reli-
ance on multiple animals and minimise the number of animals needed for research pur-
poses (Baran et al. 2022).
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For example, researchers introduced a novel approach for Reduction of animal num-
bers by leveraging historical control data to enhance statistical power (RELACS
Consortium et al. 2021). This statistical method can reduce the minimum required sample
size whilst maintaining power. The authors validated this approach using seven indepen-
dent rodent studies. Their work shows how welfare, reduction, and scientific progress
interconnect through data sharing.

Replacing animal models completely remains difficult for behavioural and physiologi-
cal research because comprehensive alternatives do not yet exist. However, data and meta-
data sharing and reuse can support partial replacement or reduction strategies. For example,
the pharmaceutical industry is developing and validating Virtual Control Groups that
repurpose historical control data to serve as “virtual” control cohorts, replacing the need
for live animals in concurrent control groups (Steger-Hartmann et al. 2025).

Researchers also refine experiments through data reuse. Mining large behavioural and
physiological datasets, like continuous HCM data, scientists identify patterns that opti-
mise husbandry and minimise animal distress (Baran et al. 2021). These insights enable
researchers and veterinary staff to improve experimental procedures and housing
conditions.

The research community can achieve reduction, replacement, and refinement simulta-
neously by using modern data management and sharing principles, such as the FAIR prin-
ciples, shown in Fig. 1 and expanded on later in the chapter.

Globally unique & persistent IDs (F1)
I Avoiding redundant experiments
Rich, detailed metadata (F2)

Metadata include the data’s ID (F3) I Maximising data reuse

itered / indexed in searchable source (F4) Reduction

o

Open, free & universal protocol (A1-1) l I Multi-centre & pooled analyses

&>
sorts authentication & authorisation (A1-2) Il
Discovering alternatives
tadata accessible even if data vanish (A2) l
Replacement
Formal shared language / ontologies (11)
Validating alternatives
FAIR-compliant vocabularies (12)
I Adopting best practices
Qualified references to other data (13) Refinement
Clear & accessible usage licence (R1-1) I Increasing transparency

Detailed provenance (R1-2)

I Improving protocol quality
Meet community standards (R1-3)

Fig. 1 the welfare motivation for FAIR data. Sankey representation of how each FAIR data sub-
principle (left) supports concrete data-sharing practices (centre) that, in turn, contribute to the imple-
mentation of the 3Rs in animal research (right). Rich metadata, persistent identifiers, and open
indexing enable data reuse and multi-Centre analyses that reduce unnecessary experiments (reduc-
tion, green). Shared ontologies, FAIR vocabularies, and robust cross-referencing support the discov-
ery and validation of non-animal models (replacement, red). Transparent licensing, provenance
tracking, and adherence to standards improve protocol quality and reproducibility (refinement,
blue). (Image generated with the SankeyMatic.com online tool)


http://sankeymatic.com
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2.2 Scientific Advantages: Enhanced Research Quality
and Discovery

Beyond ethical imperatives, data sharing delivers concrete scientific benefits.
Neurophysiology and genomics communities demonstrate the impact of successful data
sharing. The Allen Brain Observatory facilitates community-wide research and collabora-
tion by providing standardised, openly accessible neurophysiological datasets (De Vries
et al. 2023). Similarly, the International Mouse Phenotyping Consortium (IMPC) has char-
acterised thousands of genes through consistent workflows implemented at scale across
multiple countries, demonstrating the power of coordinated data generation and sharing
(Groza et al. 2023).

Aggregating data from diverse animal studies enhances external validity and generalis-
ability across experiments, strains, and institutions. This approach improves research qual-
ity through broader biological representation while providing more reliable control group
baselines (Von Kortzfleisch et al. 2020).

Established data-sharing platforms demonstrate how standardisation and integration
create practical value for contributors. The Mouse Phenome Database (MPD) transformed
contributor experience by implementing specialised analysis tools for standardised data
formats. These tools delivered immediate benefits, including enhanced quality control
capabilities and ontology-based data browsing (Bogue et al. 2019). Similarly, the Jackson
Laboratory’s Mouse Genome Database deployed advanced visualisation interfaces allow-
ing researchers to compare gene expression and phenotypic annotations across mouse
studies (Bult et al. 2019). Finally, DeepLabCut now features automated pose estimation,
although model fine-tuning is possible via a user interface to improve performance. This
functionality was made possible using the wealth of video data shared to train a unified
model across species (Ye et al. 2024). By providing contributors with ready-to-use analyti-
cal and visualisation tools, these platforms showed scientists an immediate payoff for
sharing well-annotated data. At the preclinical level, emerging platforms such as
Metadatapp (www.metadatapp.net) apply these same FAIR and ontology-based principles
within HCM workflows, enabling researchers to capture standardised metadata directly
during experiments and visualise results through interoperable interfaces. The integration
of diverse datasets creates scientific opportunities beyond isolated research, while sharing
tools to facilitate research in a ‘virtuous cycle’.

Recent advancements in machine learning strengthen the case for HCM data sharing. A
2025 study on deep behavioural phenotyping describes novel algorithms for extracting
complex behavioural signatures from continuous HCM data, paired with visualisation
tools for non-technical users (Sabnis et al. 2025). Critically, these methods require far
larger datasets for training and validation than any single laboratory can produce. By con-
tributing to shared repositories, individual researchers gain access to enhanced data and
tools to use in their investigations.


https://www.zotero.org/google-docs/?jPTACY
https://www.zotero.org/google-docs/?ugmFxt
http://www.metadatapp.net
https://www.zotero.org/google-docs/?31uJ0c
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2.3 Emerging Computational Opportunities: Enabling the Next
Generation of HCM Analysis

By annotating and aggregating behavioural data, we make HCM datasets machine-
readable (i.e. structured so that software can automatically process, search, and analyse the
data), transforming them into computational resources for discovery and analysis. This
work will be essential to leverage emerging capabilities of data science, Al, and data man-
agement technologies.

2.3.1 Modern Data Management and Data Linking

Knowledge graphs offer the potential to generate robust insights from the large, multidi-
mensional datasets collected in HCM systems. These data structures are defined as
directed, labelled graphs, wherein nodes denote domain-specific entities and edges repre-
sent the relationships between the nodes. A semantic model defines the conceptual struc-
ture: which entities exist, their properties, and relationships. Knowledge graphs implement
the semantic model as machine-readable, linked data structures with actual instances. For
example, a semantic model might specify that ‘behaviours have temporal relationships,’
while a knowledge graph would store specific instances like ‘grooming precedes rearing
in mouse A’.

In clinical medicine, knowledge graphs support personalised treatment by linking
patient characteristics with outcomes across large databases, even enabling prediction of
disease onset in at-risk individuals (Al Khatib et al. 2024). In drug discovery, knowledge
graph analyses have revealed unexpected therapeutic effects by analysing networks of
molecular interactions, gene expression changes, and phenotypic outcomes. (Sudhahar
et al. 2024). The power of such semantic integration has also been recognised in industry.
Roche undertook an ontology-based data management initiative to enhance drug discov-
ery (Tan et al. 2025). Semantic integration is now being applied in preclinical research
through platforms such as Metadatapp, which uses ontology-driven metadata integration
to enable FAIR and Al-ready data sharing in HCM. At the publication level, initiatives like
FAIR? (www.fair2.ai) aim to extend semantic rigour to research outputs, promoting
machine-actionable data citations and structured provenance. Together, these successes
illustrate how knowledge graph—driven approaches are becoming an essential tool in the
use of complex data.

2.3.2 Integrating Highly Annotated HCM Datasets with Emerging
Computational Tools

Recent work in computational modelling opens the door to combining HCM data with
simulations and analyses. Researchers have created an anatomically detailed Drosophila
model with a realistic range of movement, which can be used with deep reinforcement
learning to recreate behaviour in a virtual space (Vaxenburg et al. 2024). This virtual
organism can serve as a testing ground for behavioural hypotheses or for validating algo-
rithms that track behaviour. The potential of integrating these models with empirical data


https://www.zotero.org/google-docs/?rtRdqb
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was further shown by another team who built a “virtual rat” animated by deep reinforce-
ment learning to exhibit naturalistic behaviour and integrated it with repositories of neural
activity data (Aldarondo et al. 2024).

2.3.3 Federated Learning to Facilitate Collaboration Between
HCM and ML

Emerging data-sharing technologies are now addressing many of the technical and ethical
challenges the HCM community will eventually need to solve. Federated learning enables
model training on data in situ. In a federated learning architecture, each site keeps its sen-
sitive data in-house during model training. Federated learning has already shown practical
value in the HCM field when researchers improved the performance of a deep learning
model for detecting specific animal activities in home cage videos (Mao et al. 2022).
However, to scale federated learning architecture, the HCM community will need to offer
tightly curated, well-annotated datasets. This underscores the importance of standardised
data and ontologies such as the MBO as this chapter will explore.

Researchers will generate highly annotated HCM data with integrated knowledge
graphs as standards mature. External machine learning engineers might deploy a federated
algorithm across dozens of facilities collecting these annotated data sets or use a secure
virtual environment termed a Trusted Research Environment (UK Health Data Research
Alliance and NHSX 2021; Kavianpour et al. 2022). With highly annotated behavioural
and physiological HCM data feeding into complex simulations, emerging Al systems may
detect more subtle phenotypes than with any single dataset in isolation.

24 Benefits Across Key Stakeholders

HCM data and metadata reuse deliver concrete benefits to key stakeholders in animal

research:

* Researchers and data sharers gain access to larger tightly annotated datasets that
improve experimental design and statistical power, yielding more robust and reproduc-
ible findings. They also benefit from value added to their data through collaboration in
a ‘virtuous cycle’.

* Collaborators (particularly machine learning engineers) develop their tools and add
value to complex datasets without spending time on running experiments and develop-
ing HCM expertise.

 [Institutions save costs and labour by avoiding unnecessary duplicative experiments and
demonstrate compliance with 3Rs principles and open-science mandates (thereby
increasing operational efficiency).

* Public and regulators observe greater transparency in research practices and a stronger
commitment to minimizing animal use, which foster public trust and confidence in the
ethical conduct of science.


https://www.zotero.org/google-docs/?o4oD8g
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3 Why Don’t We Realise the Potential of Data
and Metadata Sharing?

Despite these ethical, scientific, and computational advantages, the HCM field has not
fully realised data and metadata sharing. While HCM data have been shared previously
across groups to investigate welfare (Ulfhake et al. 2022), this initiative is driven by a
specific scientific purpose, rather than a community-wide shift towards openness and
interoperability. Challenges to data and metadata sharing in HCM span cultural practices,
governance, and technical barriers.

3.1 Cultural and Incentive Challenges

3.1.1 Credit and Attribution

The academic community relies on credit assignment, so ensuring that datasets and their
authors receive recognition is critical to open data sharing. Scientific communities have
developed mechanisms ensuring proper credit for shared resources. Research Resource
Identifiers (RRIDs) successfully link scientific tools to their creators in databases like
Mouse Genome Informatics (MGI). The HCM community could adapt this model for their
own data attribution. Repositories assign persistent identifiers such as Open Researcher
and Contributor ID (ORCIDs) and Digital Object Identifiers (DOIs) to provide unique,
trackable references for datasets. Citations are likely to continue being used for credit and
studies show a strong correlation between citation counts and funding success for scien-
tists (Wilson et al. 2021; Mosleh et al. 2022). Surveyed researchers understand this link
and view increased citations as a key benefit of data sharing (Colavizza et al. 2020). In
short, academia has a long-established credit system that can encourage data sharing,
although is not necessarily optimised for it.

Industry data sharing attribution operates under fundamentally different constraints,
prioritising intellectual property protection and competitive advantages over open attribu-
tion. Large pharmaceutical companies use specialised platforms like Vivli providing DOI-
based attribution for clinical trial data while maintaining strict access controls (Li et al.
2022) working against open, data sharing standards (Miller et al. 2019). Unlike academia’s
citation-based approach that encourages broad sharing, industry attribution mechanisms
often employ tiered access models, embargo periods, and selective collaboration agree-
ments that limit recognition to trusted partners, creating challenges for establishing com-
prehensive credit systems that accommodate both commercial imperatives and proper
attribution.

3.1.2 How to Reward Data and Metadata Sharing in Science?

Creating effective incentives for researchers to share HCM datasets challenges both aca-
demia and industry to balance immediate reward with long-term career benefit. For data
sharing to become widespread, the incentive structure must deliver near-term benefits that


https://www.zotero.org/google-docs/?ggrdVa
https://www.zotero.org/google-docs/?Ak29EB
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justify researchers’ time investment while also providing meaningful career advancement
for scientists who depend on grants and publications (Woods and Pinfield 2022; Hendriks
et al. 2022). Research shows that only 11% of senior researchers respond positively to data
sharing requests compared to 72% of early career scientists, suggesting established
researchers perceive minimal personal benefit from sharing their valuable datasets
(Campbell et al. 2019). Moreover, senior researchers often have control over whether data
are shared, dampening the enthusiasm of early career scientists and data sharers. Successful
data-sharing initiatives must provide both immediate recognition and lasting profes-
sional impact.

As the HCM community matures, more researchers will deliberately build datasets as
community resources, following the model established by institutions like the Allen
Institute. To include academic laboratories and individual scientists, the community needs
metrics that value data-sharing contributions. The proposed ‘“data-index” represents one
such approach, designed to elevate data sharing from an afterthought to a prioritised
research activity. The data-index balances both the number of datasets shared with impact
(number of data-index citations) to prioritise both generation and sharing. The data-index
has been designed to complement other metrics of scientific output and notes that one
credit system alone does not capture the diversity of success in science (Hood and
Sutherland 2021). These metrics (such as DOIs and citation credits) transform data shar-
ing from invisible work into measurable career achievements, with researchers reporting
25-40% higher citation rates for publications associated with shared datasets (Christensen
et al. 2019; Colavizza et al. 2020). Recognizing this need for new incentive metrics, in
2024 the U.S. National Institutes of Health (NIH) launched the S-Index Challenge to
develop novel measurements quantifying and incentivizing data sharing (Challenge.gov
2025). These initiatives create measures to reward and prioritise data-sharing beyond tra-
ditional citation counts.

In addition, sharing negative results could bring additional controls and discarded
hypotheses to the community, while getting credit for these experiments. Case studies
demonstrate the potential for career advancement through data sharing: researchers from
Memorial Sloan Kettering leveraged crowdsourced data from Project Data Sphere to dis-
cover breakthrough biomarkers for prostate cancer treatment monitoring, resulting in
high-impact publications and establishing him as a leader in collaborative cancer research
(Guinney et al. 2017). Currently, cultural barriers directly undermine the scientific advan-
tages of sharing data and metadata. Without proper incentives, the ethical imperative to
maximise animal welfare through data reuse remains unrealised.

3.1.3 Data Quality and Risk of Misinterpretation

Neuroscience researchers report risking misinterpretation when they share data without
proper context (Hendriks et al. 2022). Misinterpretation concerns are particularly relevant
for HCM research, where multiple disciplines intersect within unique methodologies, ter-
minologies, and analytical frameworks. Researchers can capture expert knowledge and
experimental context in ontologies and knowledge graphs, provided it is diligently


https://www.zotero.org/google-docs/?FncdQ3
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recorded. The more diverse our collaborations become, the more structured context will be
required to prevent misunderstanding. As HCM datasets grow larger and analyses become
more automated, the risk of misinterpretation can be amplified if data are divorced from
the conditions under which they were generated.

To address misinterpretation concerns, researchers should implement robust data prov-
enance tracking in shared datasets. Provenance systems document the complete history of
a dataset including its origin, the transformations it has undergone, and the experimental
conditions under which it has been generated. The Virtual Fly Brain (VFB) platform
exemplifies effective data integration through its provenance system, linking all entries to
original sources with machine-readable metadata. VFB’s workflow explicitly captures
knowledge about data sources and transformations, with machine-readable metadata
describing key experimental conditions. This ensures that when integrating across data
types and disciplines datasets maintain their experimental context and reduce misinterpre-
tation risk (Osumi-Sutherland et al. 2012, 2014; Court et al. 2023).

3.2 Governance and Policy Issues

3.2.1 Funder and Publisher Requirements

Funding agencies and journals are shifting requirements from voluntary sharing to manda-
tory compliance by implementing formal data-sharing requirements. These top-down
policies have become powerful drivers of behaviour, complementing traditional incentives
like citations. For researchers, understanding and meeting these evolving requirements is
now essential not only for maximizing impact, but also for securing and maintaining
funding.

In the United States, federally funded research requires data sharing at the point of
publication as of 2025, marking a significant policy shift. The NIH already mandates that
all grant applications include a detailed Data Management and Sharing Plan, explicitly
describing how and where data will be shared. This turns data sharing from an optional
best practice into a contractual obligation for receiving federal funds. In Europe, major
funding and universities bodies likewise require data-sharing plans, although approaches
vary across countries (Swiss National Science Foundation 2025). Many of these policies
currently lack technical specificity, which means researchers can fulfill the letter of the
requirement without making data truly reusable. This gap highlights the need for domain-
specific guidelines tailored to HCM and behavioural data.

Scientific journals have also established data availability policies as per some estab-
lished data types that demonstrably influence researcher behaviour (Springer Nature
2025). Once the HCM field coalesces around suitable repositories and standards, we
should request high-impact journals to extend such requirements to HCM datasets as well.
Studies show that journal data policies do increase data-sharing compliance in practice
(Thelwall and Kousha 2017). For the HCM community, these policy developments create
both urgency and opportunity. As external mandates increasingly compel data sharing, the
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community must define its own standards, repositories, and best practices to guide
researchers. In this way, mandatory sharing can be transformed from an administrative
burden into an opportunity that advances the field, ensuring that compliance leads to genu-
inely useful data resources (Fraga-Gonzilez et al. 2025).

3.2.2 Community Governance

Community governance underpins scientific data-sharing initiatives by establishing clear
rules, procedures, and decision-making structures that protect contributors while maxi-
mizing scientific value. Good governance builds long-term trust by ensuring that issues
like attribution, representation, and misuse are properly addressed. With strong policy
frameworks, researchers’ concerns can be tackled head-on turning potential barriers into
drivers of data sharing (Woods and Pinfield 2022).

Well-governed communities implement data protection measures that encourage shar-
ing. These policies directly address researchers’ fears about being preempted, which sur-
veys have identified as a primary factor delaying data sharing (Tenopir et al. 2020). The
European Bioinformatics Institute employs tiered embargo periods that protect data gen-
erators prior to publication while ensuring eventual public access (Cerezo et al. 2025).
Well-governed communities establish guardrails against data misuse and protect contribu-
tors legally, building essential trust (Kwon and Motohashi 2021).

Communities must define clear parameters for data access and reuse through trust mod-
els and permission frameworks. Most sponsors will not release raw HCM video or cage-
level datasets openly because of intellectual property and data rights concerns. The
governance solution is a tiered model that protects what must be closed while enabling
reuse of other research outputs.

This model is tiered at different levels. Metadata, schemas, and ontologies are open by
default to facilitate interoperability. Raw datasets are housed in controlled-access environ-
ments such as Trusted Research Environments (TRE) used in federated “model-to-data”
architectures. In these environments, raw data do not leave; only aggregated or otherwise
derived outputs may be exported after output checking and disclosure control. Released
models should be accompanied by documented provenance (model cards) which describe
intent, performance, training data lineage, and limitations. Leading enclaves like
OpenSAFELY (Williamson et al. 2020) illustrate this practice by restricting downloads to
aggregate results following review. As discussed previously, this model could use embargo
periods and contributor-first access to protect background intellectual property and pat-
ents. Foreground contributions would receive licenses under standard Data Use Agreements
that require attribution, ban re-identification and competitive deconvolution, and define
audit procedures and proportionate sanctions. A neutral rights registry enforces a give-to-
get rule that trades reciprocal access for contribution, balancing data use with data sharing.
This balanced governance approach keeps industry engaged while delivering interopera-
bility and measurable scientific value.

Tiered governance requires granular permission systems that allow contributors to
specify how researchers can use their data. Established intervention mechanisms for


https://www.zotero.org/google-docs/?KImNAr
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addressing violations build contributor confidence by ensuring recourse when problems
arise (Chan et al. 2021). As data management and data sharing challenges grow across
communities, the HCM field can borrow proven solutions that academics and data genera-
tors have designed from the ground-up (Eke et al. 2022).

The International Brain Laboratory (IBL) offers a real-world example of a comprehen-
sive governance approach. The IBL maintains a transparent mission, phased data-release
policies, and consensus-based adoption of data standards (e.g. Neurodata Without Borders,
NWB (Riibel et al. 2022)), demonstrating that coordinated governance can empower con-
tributors while promoting broad access (Wool 2020). Similar principles including clear
publication rights, attribution policies, and decision transparency can be adapted to HCM
consortia to ensure fair and sustainable collaboration.

3.3 Technical and Interoperability Challenges

The growing diversity of HCM systems for laboratory rodents increases the risk of incon-
sistencies in behavioural data annotation, which hinders cross-study comparisons, large-
scale data integration, and the effective use of machine learning models on pooled datasets.
This impacts both the HCM field’s flexibility to align with emerging technologies and
community buy-in due to vulnerability to scientific misinterpretation. Without harmonised
processes for collecting, annotating, and sharing behavioural data, results across different
labs and systems often remain incompatible, leading to data silos. This lack of standardisa-
tion in behavioural definitions, data formats, and annotation methodologies poses signifi-
cant ethical concerns (unnecessary duplicative experiments) and creates friction in
scientific progress. Modern technology can significantly lower the barriers to data sharing
by making it easy to store, annotate, and access large datasets. Successful platforms often
provide semi-automated pipelines, ontology support, and real-time error checking to assist
researchers with submission (Bains et al. 2025).

Researchers often cite technical skills for manag repositories and attribution systems
ing big data as obstacles to sharing (Hendriks et al. 2022). In the HCM context, deploying
user-friendly tools (such as LLM-enriched plugins translating natural language to data-
base queries) that streamline metadata annotation, automate uploads, and support stan-
dardised formats is crucial for easing technical burdens on researchers. The Swiss
Personalised Health Network’s Schema Forge follows this approach in automating transla-
tion from spreadsheet to an enriched contextual data type ready for complex interoperabil-
ity (Touré et al. 2025). In neuroscience, the Neuromorph has addressed this challenge in
building a metadata portal to structure and manage contextual information and terminol-
ogy, plus the framework can be developed iteratively as an ongoing resource (Bijari
et al. 2020).

Beyond metadata standardisation, HCM data present unique technical challenges for
storage and sharing. Longitudinal monitoring generates extremely large files, particularly
when video recording is involved. A single cage video-monitored for several weeks can
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produce terabytes of data, creating significant storage demands that exceed typical labora-
tory infrastructure. The volume challenge is compounded by heterogeneous HCM data,
which span multiple modalities including video recordings, sensor outputs, environmental
parameters, and derived behavioural metrics, each requiring different handling approaches.

Processing requirements present another barrier to effective data sharing. Complex
behavioural analysis often requires specialised computational resources and expertise,
particularly for video data or machine learning applications. Smaller labs may lack the
infrastructure to both store and process these rich datasets, limiting their ability to contrib-
ute to or benefit from shared resources. Federated approaches that distribute processing
could help address this imbalance, but implementing such systems requires coordination
and investment.

Storing, processing, and maintaining HCM datasets cost substantial resources requir-
ing immediate attention. Without sustainable funding, HCM data sharing cannot develop
as needed. Table 1 shows how other scientific fields secured funding for repositories
through diverse strategies. The HCM community lags behind: it has no community or
mandated standard for data deposition (Springer 2025). Unless communities establish
robust economic models (repositories and attribution systems), they risk failure.

Most industry data owners will not release HCM data openly. However, successful
models in Table 1 show that communities still create value by combining open metadata
with governed access to raw datasets. These successful models share a pattern: neutral
portals, common schemas, automated quality control at ingestion, and analytical tools
within secure environments. The HCM community should follow this approach and build
trusted data and environments to protect intellectual property and enable collaboration.

Storage, processing, and funding barriers prevent realisation of all three motivations:
they limit ethical benefits by making data reuse difficult, hinder scientific advantages
through poor interoperability, and block computational innovations that require well-
structured, accessible datasets.

34 Conclusion on Data and Metadata Sharing Challenges

Three interconnected barriers prevent the HCM field from realising benefits. First,
researchers resist sharing data because current incentive structures emphasise novel find-
ings over replication, undermining animal welfare. Second, inadequate governance frame-
works leave questions about attribution, control, and misuse unresolved. Third, technical
hurdles in storage, processing, and standardisation create practical barriers even for moti-
vated researchers. These barriers hinder the development and sharing of Al-ready datasets
to develop innovative computational analyses. While we have shown clear value-added for
communities when sharing data, to nurture this in the HCM community it will be essential
to continuously demonstrate value transfer back to data sharers.
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Addressing these challenges requires three coordinated efforts: shifting cultural incen-
tives, developing governance structures, and building technical solutions. The following
sections detail practical strategies for building effective and robust data-sharing infrastruc-
ture, prioritizing both data management and standardised metadata frameworks.

4 Building FAIR Infrastructure for HCM Data Sharing

The FAIR principles provide a unified framework for data infrastructure. This section
describes the semantic infrastructure for interoperability and reusability, and finally physi-
cal systems for findability and accessibility. Figures 2 and 3 illustrate how these technical
layers work together to enable data sharing, which can then support the cultural and gov-
ernance solutions discussed elsewhere.

The FAIR principles maximise data reuse in nonclinical research (Wilkinson et al.
2016). A community working towards the FAIR principles follows a “FAIRification” pro-
gression from raw data to integrated systems, as Fig. 2 illustrates. When researchers
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Fig. 2 Development pathway of FAIR data and metadata. This figure illustrates the evolutionary
progression of data and metadata management practices in HCM research, organised into five devel-
opmental stages of increasing impact and interoperability. The horizontal arrow represents the devel-
opment pathway from raw data collection to federated intelligence. Each stage shows characteristic
features across elements such as infrastructure and tools, practices and people and challenges. This
pathway indicates how progression enables the collaborative, Al-ready research ecosystem envi-
sioned for HCM data sharing while delivering value continuously. SPARQL: SPARQL Protocol and
RDF Query Language
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Fig. 3 Technical architecture built with strong foundations delivers value to HCM data creators.
This figure illustrates the developmental pathway required to achieve semantic interoperability in
HCM, emphasising the critical dependencies between technical stages. The pathway begins with an
incentivised and engaged HCM community including data creators using existing standards to
develop a controlled vocabulary. Stakeholders with relevant skills then formalise controlled vocabu-
lary into ontologies and semantic models (using resources like MBO). Provided languages like RDF
are available to produce machine-readable resources, then the HCM community will build knowl-
edge graphs for large-scale Al applications. finally, a mature HCM community can produce open-
linked interoperable data to collaborate with tools and infrastructure in other domains

standardise and share datasets, they enable data integration and analysis. The HCM com-
munity must build two complementary systems for FAIR architecture: semantic systems
(for interoperability) and physical systems (for discovery and access). This hybrid infra-
structure enables Al to extract new patterns, predict behavioural outcomes, and accelerate
discovery.

4.1 Semantic Infrastructure: Enabling Interoperability
and Reusability of HCM Data

The HCM community achieves interoperability and reusability by adopting machine-
readable formats. These formats link HCM datasets with nonclinical data from other
fields, enabling cross-study analyses and machine learning applications. To make this
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integration possible, the HCM community must standardise metadata through common
vocabularies and shared ontologies.

Data sharers ensure reusability by documenting data comprehensively and establishing
clear licensing. They must capture high-quality metadata throughout the entire data life-
cycle so that future scientists can interpret, replicate, and aggregate results. This prove-
nance tracking becomes essential for meta-analyses.

4.2 Controlled Vocabularies

Controlled vocabularies restrict metadata entries to specific, exhaustive terms rather than
free text or uncontrolled entries. Using controlled vocabularies eliminates problems with
synonyms and spelling variations and standardises how the community records informa-
tion. For example, specifying the “sex of the animal” using a controlled term (e.g. “male”
or “female” linked to an ontology ID) ensures consistent querying of sex across datasets.
Domain-specific vocabularies (such as the Jackson Laboratory’s strain nomenclature for
mouse models) further promote harmonisation of key descriptors in multi-centre projects.

4.3 Enhancing Interoperability Using Ontologies

Ontologies extend controlled vocabularies by defining formal relationships between
groups of terms. They create a descriptive ‘semantic’ layer to enable automated reasoning
and complex data integration. In HCM research, ontologies can link observed behaviours,
physiological metrics, and environmental conditions, allowing more advanced cross-study
analyses. For instance, the Ontology for Biomedical Investigations (OBI) provides a gen-
eral framework that could be extended to cover HCM-specific parameters, while the
Mammalian Phenotypic Ontology (Smith and Eppig 2012) defines and describes gross
phenotypic characteristics. These semantic layers could be integrated to describe one
interoperable HCM dataset. Packaging datasets with rich semantic metadata using
approaches like RO-Crate—aligned with Linked Data principles—facilitates transparent
sharing and integration of HCM data across platforms.

HCM community members with technical skills can enhance interoperability by using
machine-readable data formats and standardised Application Programming Interfaces
(APIs), which enable automated queries across datasets. Using formats like JSON-LD or
RDF together with query languages such as SPARQL (SPARQL Protocol and RDF Query
Language) allows different databases to be searched and linked. These tools are the com-
ponents of knowledge graphs and have been essential in formalising the semantic model
within Virtual Fly Brain (Court et al. 2023).

Researchers assign each animal a privacy-preserving GUID at acquisition, mapping
this identifier to cage ID and study ID. A separate, access-restricted key file stores ear-tag
or microchip numbers to maintain privacy. Strain identification uses RRIDs in this format:
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RRID:IMSR_JAX:000664 for C57BL/6 J. Behavioural labels reference MBO terms, pro-
tocols map to the Ontology for Biomedical Investigations (OBI), measurement units use
the Units Ontology (UQO), and chemicals reference the Chemical Entities of Biological
Interest ontology (ChEBI). Storing each term as a Compact URI (CURIE) in the metadata
allows downstream tools to resolve definitions automatically, enabling the cross-study
queries described next.

Consider how researchers would use these tools in practice. An ontology-based HCM
data system allows users to integrate behavioural measures such as grooming and rearing
by mapping each to a standardised ontology term. For a researcher querying a community
database with “locomotion speed in 12-16 week-old male mice with an ASD-related
mutation”, standardised metadata would enable them to retrieve all relevant datasets. This
is because every study used the same controlled terms for metrics, species, age, and geno-
type. Without standardisation, one researcher labels a mutation as “Mybpc3'™m!Rmes hetero-
zygous”, while another calls it “HCM mutant”, fragmenting results and missing data. By
using an ontology to standardise and semantically link these descriptors, researchers can
aggregate and compare data accurately, enabling robust meta-analyses and improving
reproducibility across studies.

4.4 Exploiting Interoperability with Al

Interoperable HCM datasets unlock advanced Al applications. When researchers structure
metadata using controlled vocabularies and ontologies, they create machine-readable data-
sets that Al systems can analyse independently.

Ontology-enriched systems create opportunities for AI and machine learning applica-
tions: Al models can exploit structured, machine-readable semantics to detect behavioural
patterns and infer latent variables. Conversely, machine learning can assist in ontology
development by discovering new relationships among entities, suggesting missing links,
or dynamically refining behavioural taxonomies. Together, these Al-driven and ontology-
driven processes form a virtuous cycle that continually improves interpretability and sci-
entific insight. Integrating Large Language Models (LLMs) with domain-specific
knowledge graphs grounded in formal ontologies will enhance interpretability and enable
Al systems to reason over HCM data.

LLMs can act as explainable interfaces to knowledge graphs, translating complex
semantic relationships into human-readable summaries that clarify why models reach cer-
tain conclusions. For example, an LLM grounded in an HCM ontology could explain that
a classifier identified increased “social withdrawal” because it detected a decrease in inter-
action events and a rise in solitary grooming—both linked through defined ontology terms.
This ability to contextualise model outputs within established behavioural frameworks
enhances transparency and trust in automated analyses.

This semantic infrastructure improves data discovery and sharing, directly supporting
FAIR principles. Researchers can then confidently merge, query, and reanalyse HCM data
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across studies and platforms. However, semantic structure alone is insufficient; research-
ers also need physical infrastructure to store, access, and discover these well-described
datasets.

At each technical stage, the community will benefit from deliverables such as control
over domain shift and Al-ready metadata. Added value flows back to the data creators who
began the data ecosystem. Bypassing any foundational stage will lead to technical debt
and reduced interoperability of the subsequent stage

4.5 From Metadata Standards to Implementation

Effective metadata standards require integration into existing workflows. HCM software
and laboratory information management systems like Metadatapp that embed standardised
metadata frameworks automatically capture consistent metadata during experiments.

Automated integration transforms abstract guidelines into practical tools. These tools
enhance research reproducibility and minimise additional workload. By adopting seman-
tic formats like JSON-LD or RDF to build knowledge graphs and semantic models, and
exposing metadata through standardised APIs, HCM metadata can be structured for auto-
matic validation, aggregation, and interoperability across systems. With a unified HCM
metadata schema, researchers can establish automated analysis pipelines—similar to how
the BIDS standard allows neuroimaging labs to run analyses without manual reconfigura-
tion (Bouchard et al. 2025). In the HCM context, this could mean that datasets from dif-
ferent labs can be retrieved and re-analysed in a common pipeline with no need for custom
formatting.

To implement standards effectively, the community needs a robust support framework.
Clear documentation and training resources are necessary to help laboratories adopt the
standard correctly. User guides, examples, and templates help researchers annotate their
experiments correctly. Periodic updates (with thorough release notes) and pilot testing
ensure the standard keeps pace with technological and experimental advances.

As HCM technologies advance, metadata standards will broaden to accommodate new
data types and analyses. Standards will include details about explainable machine learn-
ing, key for translating information across stakeholders and expertise (Chen et al. 2022,
2023). Standards must integrate across different biological data domains (genomic, tran-
scriptomic, proteomic data, etc.), requiring cross-domain metadata frameworks to support
meaningful data fusion. The HCM community must balance depth with usability when
expanding standards. Overly complex requirements risk overwhelming researchers and
disengaging potential data generators. Ongoing dialogue between metadata experts and
frontline scientists will be critical to ensure that standards evolve in tandem with technol-
ogy, creating an interconnected ecosystem that continues to foster reproducible and col-
laborative science. Standards will evolve as technology advances, requiring clear version
control for datasets and metadata. Version control systems allow researchers to track
changes transparently, reference specific dataset versions when reproducing analyses, and
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preserve data provenance over time. This continual refinement process ensures the stan-
dard stays current and robust, seamlessly integrating expert feedback over time.

4.6 Follow Examples of Consensus-Built Metadata Standards

Community consensus on data and metadata standards addresses HCM research chal-
lenges as comparable communities have demonstrated. Existing guidelines like ARRIVE
have established important groundwork by specifying key experimental details critical for
reproducibility (on behalf of the IICARus Collaboration et al. 2019). However, studies
show that checklists alone cannot improve reporting standards; journals need stringent
editorial policies focusing on key quality items (Van Den Dolder et al. 2025; Rasmussen
et al. 2025).

Beyond general reporting guidelines, several community initiatives have proposed for-
mal metadata standards under the “Minimum Information” umbrella. For instance, the
Minimal Metadata set for nonclinical studies initiative united academic and industry
experts to define core in vivo metadata fields relevant across multiple sectors (Moresis
et al. 2024). The Kavli Foundation initiated Neurodata Without Borders (NWB), a consor-
tium of researchers and foundations with a shared interest in breaking down the obstacles
to data sharing. By uniting multiple groups including the Allen Institute and Janelia
Research Campus to agree on a common schema for electrophysiology data, NWB enabled
aggregation and comparison of previously incompatible datasets. NWB’s success is under-
scored by free access to the DANDI Archive and robust API support, ensuring shared data
remain FAIR and readily reusable.

In nonclinical imaging, the National Cancer Institute’s Co-Clinical Imaging Metadata
Information standard defines critical metadata elements, such as instrument settings and
animal strain, to improve reproducibility in multi-centre studies (Moore et al. 2023). These
examples show that researchers, data curators, and publishers must all participate in estab-
lishing widely accepted metadata conventions. As shown, journals and funding bodies can
drive adoption of standards in their requirements. When the HCM community adopts con-
sensus standards, data become more comparable and reproducible research is driven
forwards.

4.7 Physical Infrastructure: Ensuring Findability and Accessibility
of HCM Data

Semantic infrastructure creates machine-readable, interoperable datasets. However, users
also need physical infrastructure to discover and access datasets. In immature infrastruc-
tures, data often exist in local, unstructured formats as seen in Fig. 2.

Accessibility is achieved through open, non-proprietary formats and documented APIs
that support programmatic access. An HCM dataset may be deposited in a public
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repository where metadata describe experimental details, ensuring anyone can access and
interpret the data. Secured authentication mechanisms can balance openness with gover-
nance, allowing for tiered access that protects sensitive data while ensuring eventual pub-
lic availability, a model exemplified by the European Bioinformatics Institute.

The choice of where and how researchers share data and metadata significantly impacts
its visibility, reuse, and the burden on the researcher or contributor (Dorta-Gonzalez and
Dorta-Gonzalez 2023). Studies demonstrate that data shared in open access repositories
receive substantially more citations than data shared through other means, and publica-
tions that include data availability statements linking directly to established repositories
show measurably higher citation rates (Colavizza et al. 2020). These benefits stem from
the enhanced visibility and searchability that well-designed repositories provide, making
data more discoverable for potential users.

For the HCM community specifically, several storage models offer distinct advantages
and limitations:

1. Local repositories hosted at individual institutions provide direct control over data
access and governance. They offer clarity in ownership delineation and more predict-
able long-term costs, as demonstrated by initiatives like the International Mouse
Phenotyping Consortium (IMPC). However, these systems face significant scalability
challenges as datasets grow in volume and complexity. Hardware costs, specialised IT
expertise requirements, and vulnerability to cyberattacks limit their practicality for
extensive collaborative networks. For smaller labs or those with modest data volumes,
this approach may still be appropriate, particularly when sharing specialised datasets
with niche user communities.

2. Federated repository networks distribute data across multiple institutional sites while
sharing both costs and management responsibilities. This model has gained popularity
in large academic projects, balancing local control with broader accessibility. The
Canadian Open Neuroscience Platform exemplifies this approach, utilising a federated
structure with specialised crawlers to extract metadata from datasets stored globally
across institutions (Poline et al. 2023). Federated systems can provide good geographi-
cal distribution of resources, reducing latency for users in different regions while main-
taining institutional autonomy. However, they still require substantial coordination and
technical expertise to maintain interoperability across distributed nodes.

3. Cloud-based infrastructure offers virtually unlimited scalability and integration with
computational resources for on-demand processing. These approaches deploy
“Software as a Service” models that minimise local IT expertise requirements for
patching, security, and server management. Commercial cloud platforms provide reli-
able access and robust security frameworks but their cost structures often align poorly
with academic project budgets and funding cycles, requiring careful prediction and
monitoring of expenses. Concerns regarding data sovereignty, such as the physical
location of cloud servers, must also be addressed when storing sensitive information.
Community or academic cloud initiatives like the European Open Science Cloud
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demonstrate how research communities can develop shared infrastructure with appro-
priate governance.

To address the challenge of managing data collected from different HCM systems,
researchers from COST TEATIME launched the Cooperative Home Cage Analysis
Infrastructure (Bains et al. 2025). This initiative developed concrete solutions dedicated to
the annotation, collection, and storage of HCM data. Adopting a ‘FAIR-by-design’
approach ensures long-term utility throughout the data lifecycle. The technical solutions
developed in this initiative are aimed at the data representation level, the metadata annota-
tion schema, and the technology for sharing data. The infrastructure emphasises interoper-
able standards that work across diverse storage systems, prioritising accessibility and
reuse potential over specific technological implementations. This approach recognises that
effective data sharing depends not just on where data are stored, but on how they are
organised, described, and made accessible across systems.

4.8 Complex Infrastructure Requires Technical Support

While appropriate storage infrastructure forms the foundation for data sharing, technical
support systems determine whether researchers can effectively utilise these resources.
Surveys of neuroscientists identify cost and time investment as the most significant obsta-
cles to data sharing (Hendriks et al. 2022). However, research demonstrates that well-
curated datasets receive substantially more use, suggesting that these investments
ultimately enhance scientific impact (Hemphill et al. 2022).

Several organisations provide models for comprehensive technical support. The Swiss
Personalised Health Network (Touré et al. 2023) and EBRAINS (Appukuttan et al. 2023)
offer specialised training programs for researchers working with complex datasets. The
Jackson Laboratory has established data submission guidelines for mouse genetic data that
balance accessibility with quality control, implementing peer review processes for submit-
ted data to maintain high standards while continuously expanding their repository.

Emerging initiatives like FAIR3R in France and BioFAIR (Soranzo et al. 2023) funded
by UK Research & Innovation are leveraging modern software tools to “FAIRify” datasets
into collaboration-ready data products with minimal technical input required from data
providers. Complementary experiment-level solutions such as Metadatapp operationalise
the same principles directly within preclinical research workflows, automatically captur-
ing standardised, ontology-linked metadata during data acquisition to reduce user burden
and ensure datasets are FAIR-by-design. These platforms can also incorporate automated
“FAIRness” checkers that score each dataset’s compliance with FAIR principles, ensuring
adherence to quality and interoperability benchmarks (Gaignard et al. 2023; Poveda-
Villalon et al. 2024). Another approach over retroactive data management could be to
ensure FAIRness of data and metadata throughout the data lifecycle (FAIR-IMPACT
2022). By systematically applying the FAIR principles, the HCM community can build a
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collaborative data ecosystem that enhances reproducibility and accelerates discoverability.
This evolution is supported by new models like the FAIR Digital Objects (FDOs) frame-
work, which packages data and metadata into self-contained, machine-actionable objects
(Bonino Da Silva Santos et al. 2023).

These approaches recognise that reducing technical barriers is essential for widespread
adoption of data sharing practices. The European Union has proposed a €200 billion
Al-continent action plan aiming to fund infrastructure, skills, and development towards Al
innovation, with importance put on the curation of high-quality datasets. Powerful and
coordinated initiatives like this indicate that regulators understand the scale required to
solve cutting-edge data problems and offer opportunities for cross-field engagement to
drive forward computational innovation in HCM. Together, semantic and physical infra-
structures anchored in FAIR principles create a robust ecosystem for HCM data sharing.

5 FAIR Implementation Review for HCM

The preceding sections established why semantic and physical infrastructures matter for
HCM data sharing. This section reviews brief, actionable guidelines for implementing
each FAIR principle. Research institutions, data generators, and repository managers can
adopt these practices to ensure their HCM datasets achieve maximum discoverability,
accessibility, interoperability, and reusability.

Findable Assign persistent identifiers at every level that matters for discovery and attri-
bution: a DataCite DOI for each dataset and version; ORCID for contributors; ROR for the
research institute; and a privacy-preserving per-animal GUID that never leaves the enclave
in identifiable form. Publish a searchable landing page with minimal, indexed metadata
and a clear license or DUA reference.

Accessible Host landing pages on stable HTTPS endpoints with short-lived, tokenised
links, audit logs, and documented access paths. For controlled data, use a trusted research
environment or federated “model-to-data” workflow so that analytics go to the data.
Expose only derived features and quality summaries outside the secure boundary.

Interoperable Use shared vocabularies and IDs so that files and features line up across
studies: link species and strains to RRIDs and NCBI Taxonomy, behaviours to the Mouse
Behaviour Ontology, protocols and instruments to OBI terms, measurements to Units of
Measurement (UO), and chemicals to ChEBI. Package metadata as JSON-LD or RO-Crate
so that machines can follow the links.

Reusable Provide a machine-readable license or DUA, version histories, data quality
flags, and model cards that record training data, validation, and known limits. Include
enough contextual metadata to reproduce how a feature was derived from raw signals.
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6 Case Study—Standardising HCM Behavioural Data
and Metadata for Interoperability

The multitude of HCM platforms currently available introduces divergent annotation prac-
tice (De Chaumont et al. 2019; Sturman et al. 2020; Burand Jr. et al. 2023; Lapp et al.
2023). Recognizing this challenge, the TEATIME consortium has taken initial steps
toward harmonisation by defining a HCM system in formal terms and categorizing core
HCM components (arena, sensors, environment, etc.) across systems to enable meaningful
comparisons [see Fig. 1 in (Bains et al. 2025)]. Building on this foundation, we propose a
standardised framework that integrates a consensus-based ethogram with a formal ontol-
ogy, the MBO (Huzard et al. 2025), to harmonise behavioural descriptions across
platforms.

6.1 Standardised Ethogram

An ethogram is a list of species-specific behaviours describing the elements and functions
of each behaviour, intended to objectively describe and record animal activities using a
common behavioural lexicon. Although numerous rodent ethograms exist for particular
experiments or strains (Bardi et al. 2011; Lapp et al. 2023), few comprehensive ethograms
for spontaneous, naturalistic behaviour in laboratory mice have been published to date. By
devising a shared, standardised description of behaviours and annotations, researchers can
directly compare and integrate data from different experiments and even pool datasets
across institutions and HCM systems.

However, traditional ethograms are not machine-readable. Different HCM systems
define and label behaviours inconsistently, making dataset integration difficult, reducing
the power of these models and impeding progress in behaviour prediction.

6.2 Formal Ontology for the Ethogram—Mouse
Behaviour Ontology

Formal ontologies overcome ethogram limitations by providing a rigorously structured
framework for describing behaviours and the relationships between behaviours, states, and
events in a machine-readable format. Machine-readable formats address concerns about
misinterpreting complex data (Hendriks et al. 2022). Mapping mouse ethograms of spon-
taneous behaviours to a formal ontology allows machine readability of behavioural defini-
tions, paving the way to cutting-edge analytical innovation. Another advantage of this
approach lies in exposing the semantic relationships among behaviours. Ontologies encode
behaviours as well-defined classes (and subclasses) with properties that describe their
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features and connections, enabling representation of hierarchical relationships (“is-a”
types), temporal sequences (e.g. precedes or overlaps), causal links (e.g. results-from), and
functional roles (e.g. serves-function-of). For example, a high-level class like self-
maintenance behaviour may include sub-behaviours such as grooming, eating, and drink-
ing, each linked by an is-a relationship to the parent class. Likewise, a behaviour sequence
like exploration — rearing — sniffing can be formally represented with temporal relation-
ships, allowing the ontology to capture typical behaviour orderings or detect unusual
transitions.

Formalising behavioural knowledge enables automated reasoning. Description logic
reasoners (using Web Ontology Language—OWL—with reasoning tools like HermiT or
SPARQL) derive implicit information from explicit facts. For example, if the ontology
states that grooming is a subtype of self-maintenance behaviour, any dataset that records
grooming events automatically gains the broader self-maintenance label—even if it never
appeared in the raw annotations. A reasoner can push the inference further: knowing that
a grooming bout took place in Cage A, and that Cage A sits on Rack 3 inside Room 12, it
materialises the full location so that you can later ask, within a SPARQL query, corre-
sponding to the request: “Show me every act of self-maintenance that happened in Room
12 but wasn’t originally tagged as grooming.” In this way, logical inference fills in for
higher-level behavioural categories and contextual details from low-level observations,
enriching the dataset and simplifying downstream analyses.

Ethogram-ontology links enable two types of scalability: horizontal and vertical.
Horizontal scalability refers to the ontology’s ability to integrate behavioural data with
other domains by establishing formal links to external ontologies (Hoehndorf et al. 2014).
For example, behaviours annotated in MBO could be connected to entries in the Gene
Ontology (for genetic annotations), then to a mental health ontology (e.g. the Mental
Disease Ontology) to provide rich context about genetic or pathological factors associated
with certain behaviours. These cross-domain links allow researchers to ask complex ques-
tions—such as correlating spontaneous behaviours with underlying genetic mutations or
disease models—by merging data across traditionally separate knowledge domains.
Vertical scalability, on the other hand, describes the ontology’s utility across different
scales of research operations. An individual laboratory could adopt MBO to ensure consis-
tent annotation within its own experiments, improving reproducibility and easing collabo-
ration with other labs by capturing datasets with sharing in mind. Meanwhile, large-scale
endeavours (pharmaceutical companies, multi-centre consortia engaged in high-throughput
phenotyping) could leverage MBO as a common reference to harmonise vast amounts of
behavioural data generated at different sites. The ontology serves both as a reference
knowledge base for organizing behavioural concepts and as infrastructure for collabora-
tive, multi-scale research in academia and industry alike.
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7 Roadmap to Open Data and Metadata Sharing
in the HCM Community

This roadmap outlines a phased strategy to build a sustainable, community-driven open
data ecosystem for HCM. Figure 4 illustrates this strategy, showing how progression
through foundation building, incentive development, scaling efforts, and innovation initia-
tives can transform the current fragmented landscape into a collaborative, interoperable
research ecosystem.

Phase 1: Foundation Building—The community establishes the governance and tech-
nical groundwork for sharing.

* A representative steering committee (with data generators, analysts, and infrastructure
experts) will establish a governance framework. Committee members will define poli-
cies on data embargo periods, attribution requirements, and decision-making proce-
dures, following models like the International Brain Laboratory (which balances
contributor protection with open science goals).

* Define technical standards by using minimal required metadata fields for HCM experi-
ments (Moresis et al. 2024). Organisations like the Pistoia Alliance are actively build-
ing ARRIVE and FAIR compliant metadata standards for in vivo data; emerging
standards should be reviewed. New standards should only be defined if existing stan-
dards are not fit for purpose.

» Incorporate provenance tracking so that each dataset preserves its context. Share and
version Standard Operating Procedures (following the International Mouse Phenotyping
Consortium (Koscielny et al. 2014)) to capture further context in datasets.

* Develop recommendations for standard formats for common data types (video record-
ings, activity sensor data, physiological signals, etc.) and behaviour classes (Huzard
et al. 2025).

* Select an initial repository infrastructure suited to community requirements and exist-
ing resources. Depending on scale and funding, this could be a centralised cloud reposi-
tory, a federated system as presented by the HCM community (Bains et al. 2025), or an
on-premises server network.

* Implement basic persistent identifiers (DOIs) and unique resource identifiers (RRIDs)
for datasets from the outset to ensure proper credit, tracking, and findability through
data linking. Follow the strategic roadmap produced by members of the TEATIME
community (Petit-Demouliere et al. 2025). Record a DataCite DOI for each dataset and
version, ORCID for contributors, ROR for the research institute, and the funder’s
Crossref Funder ID. Expose these on the dataset landing page and in JSON-LD so that
the record is indexable across catalogues.

* Publish a tiered IP and data-rights policy. Codify open by default for metadata and
schemas, controlled access for raw datasets, and public release of derived features and
model cards. Include a template Data Use Agreement (DUA), standard license options,
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embargo windows, a neutral rights registry, give-to-get reciprocity, and an audit and
sanctions path.

Phase 2: Incentives and Support—Once governance is in place, focus shifts to encour-

aging participation and making data sharing rewarding and user-friendly.

Implement and prove recognition and reward systems for data contributors. For exam-
ple, create public contributor profiles highlighting each lab’s shared datasets and their
reuse impact. Work with academic journals to establish formal citation practices for
HCM datasets. Provide dashboards that track dataset downloads and derived publica-
tions, demonstrating the value of sharing.

Develop technical support and training programs. Use successful models such as the
Swiss Personalised Health Network and the EBRAINS platform in neuroscience to
provide workshops or online training to help researchers prepare and upload data in the
standard formats. Set up automated quality control pipelines (Gaignard et al. 2023;
Poveda-Villalon et al. 2024) that validate incoming datasets against metadata standards,
see Table 1. These pipelines reduce contributor burden by catching errors
automatically.

Deliver early tangible benefits to data users. Build analysis and visualisation tools opti-
mised for the shared HCM data formats (similar to what the Mouse Phenome Database
offers for integrated data). Easy-to-use visualisation interfaces help researchers identify
patterns across datasets. This shows immediate scientific advantages and incentivises
further contributions.

Stand up secure analytics without moving data. Pilot a trusted research environment or
federated “model-to-data” workflow with at least two pharma sites. Pre-specify what
can leave the enclave (derived features, QC summaries, model cards) and what cannot
(raw video, identifiers).

Phase 3: Scale and Sustainability—With initial adoption underway, the focus turns to

scaling up the network and ensuring long-term sustainability.

Expand community participation by leveraging early successes. Use case studies show-
ing how shared data enabled discoveries to recruit additional labs. Introduce a tiered
data sharing model that addresses concerns about competition—for instance, allowing
researchers to set an embargo period during which only consortium members can
access their new data, before full public release.

Strengthen and scale the infrastructure, both horizontally and vertically. Increase repos-
itory capacity as usage grows and functionality according to clear requirements.
Implement advanced search and query capabilities to improve data discoverability.
Introduce automated data cleaning and standardisation tools that enhance data quality
as they are uploaded, minimizing the effort required from contributors.

Establish a sustainable funding and management model. Transition from reliance on
initial grants to a consortium-based funding structure with multiple stakeholders
(research institutions, funding agencies, possibly industry partners) to share costs. The
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examples in Table 1 demonstrate diverse funding models that have sustained other non-
clinical data initiatives. The HCM community should evaluate which model best fits its
needs and governance structure. Develop a long-term business plan that keeps the
repository open and free to use, while ensuring resources for maintenance and future
upgrades are secured.

Phase 4: Innovation and Impact—In the long term, the emphasis is on maximizing
scientific innovation and community governance as data sharing becomes the norm.

* Enable advanced meta-analyses and machine learning on the aggregated data. Deploy
tools that can analyse combined datasets for patterns or biomarkers that wouldn’t be
detectable in smaller samples. Facilitate cross-modal studies that link HCM data with
other data types (e.g. genomics, phenotypics, or imaging data), providing an integrated
view of animal biology.

* Measure and communicate the scientific impact of the open-data initiative. Track met-
rics such as the number of secondary publications, new hypotheses generated, or cross-
institution collaborations that arose thanks to shared HCM data. Publicise success
stories where integrated datasets led to breakthroughs and quantify efficiency gains
(e.g. reduction in duplicate experiments) resulting from data reuse.

» Evolve governance as the community grows. Introduce more nuanced permission and
data-use agreements that let data contributors specify how their data can be used (for
example, distinguishing between exploratory analysis vs. inclusion in nonclinical
meta-studies). Establish regular community feedback mechanisms and update policies
accordingly, so that the data sharing platform continues to meet researchers’ needs and
ethical standards as technology and priorities change.

Across all phases of this roadmap, reciprocity between data generators and data users
remains a guiding principle. By addressing concerns about scientific integrity through
rigorous provenance tracking, providing recognition and credit for contributors, lowering
technical barriers with strong support, and delivering concrete scientific benefits from
shared data, the community can turn the challenges identified in this chapter into stepping
stones toward a thriving open data ecosystem in HCM research.

7.1 Leadership Challenges for the HCM Community

The vision of a federated network for HCM data promises to revolutionise nonclinical
research, enhancing animal welfare, accelerating scientific discovery, and encouraging
cutting edge computational analysis. This chapter has explored how the HCM community
can achieve comprehensive data sharing and identified the obstacles hindering progress.
The community roadmap (Fig. 4) integrates these insights into actionable phases. We reit-
erate the obstacles to federated data sharing below in a series of leadership challenges for
the HCM community.
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For Animal Welfare Advocates and Ethical Review Boards How can we ensure that
shared data genuinely advance the 3Rs? Will historical control data truly reduce the num-
ber of animals needed, and can automated monitoring refine care without becoming a
substitute for human oversight?

For Researchers and Scientific Leaders Does standardising complex behavioural data
risk losing essential experimental nuance? Will the digital biomarkers generated by con-
tinuous monitoring truly improve the translatability of animal findings to human medicine,
or will they create a new set of data that is difficult to interpret? How do we ensure that
data sharing delivers tangible, visible benefits back to the researchers who contribute data,
beyond abstract promises of future scientific progress? How do we make data FAIRification
and Al tools accessible to researchers without deep technical expertise?

For Data Scientists and Technologists Are we prepared for the technical and financial
investment required to make massive HCM datasets truly “Al-ready”? Is simply having
ontology-annotated data enough to bridge the gap between biological knowledge and scal-
able machine learning applications? What metadata quality standards are needed to ensure
historical data can be confidently repurposed? Do we have mechanisms to facilitate effec-
tive collaboration between domain scientists, data engineers, and Al specialists?

For Funders, Institutions, and Industry Partners Who will pay? What sustainable
funding models can support the creation, governance, and long-term maintenance of the
repositories and tools that form the backbone of this infrastructure?

For the Entire Scientific Community How do we overcome the significant cultural,
financial, and practical barriers to ensure widespread adoption? What incentives will con-
vince individual labs that sharing their data will empower their science, not just burden
them with new requirements? More critically: how do we demonstrate and deliver tangible
value back to data creators who invest time in high-quality annotation and sharing? Finally,
how do we govern and transition this diverse and federated community through the neces-
sary cultural change?

8 Conclusion

The HCM community must share data and metadata for three reasons: ethical imperatives,
scientific advantages, and computational opportunities. Common ontologies like the MBO
and comprehensive metadata frameworks provide shared language for data interoperabil-
ity and machine-readability. These consensus standards enhance data comparability,
enable robust meta-analyses, and drive more reproducible research. Without this technical
foundation, even willing collaborators cannot effectively share or reuse datasets across
laboratories and platforms.

Data sharing must deliver tangible benefits to contributors: improved welfare monitor-
ing, novel detection of subtle phenotypes, and integrated simulations. Early successes in
federated learning, virtual control groups, and cross-platform behavioural analysis provide
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proof-of-concept, but broader adoption will require visible returns on the substantial effort
required for high-quality data annotation and sharing, while moving in tandem with a
cultural shift towards sharing.

Building an open data and metadata ecosystem for HCM demands long-term funding,
training programs, and governance structures to maintain repositories and evolve stan-
dards with technology. The roadmap we have outlined is a step towards this goal, but suc-
cess ultimately depends on continued collaboration across institutions, disciplines, and
stakeholder communities. While achieving comprehensive data and metadata sharing
presents significant challenges, the demonstrated success in other scientific domains
shows this transformation is both feasible and valuable.
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Abstract

The adoption of Home Cage Monitoring (HCM) systems, as well as its effective and
ethical use, requires proper education and training in this technology. This chapter
explores the critical role of training in preparing researchers to handle the complexities
associated with HCM. Effective education should focus on knowledge on the capabili-
ties of HCM systems, their possible applications, technological hurdles, experimental
design issues, and animal welfare implications. Hands-on training promotes profi-
ciency, enabling users to set up, calibrate, and troubleshoot HCM systems effectively
and tailor them to their own research models and scientific objectives, ensuring consis-
tent data quality and reliable analysis. Training, moreover, aims at standardization,
enabling researchers to adopt shared protocols and practices that facilitate comparabil-
ity across studies and strengthen the credibility of HCM research.

The COST Action TEATIME (Action CA20135 ‘Improving biomedical research by
automated behaviour monitoring in the animal home cage’) held four editions of yearly
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1-week training schools, two for novice and two for advanced users. It was decided
early on that representatives of industry partners should join the roster of trainers to
bring their expertise in specific HCM systems. It was also agreed that their contribu-
tions should be free of advertising or promotion of the companies and systems pre-
sented, and of course, of any negative comparisons between competing systems. A
training school manual was drafted for future reference.

These structured educational programs helped reduce the learning curve for HCM
use, facilitating adoption and use of this technology and saving time and resources for
research institutions. Moreover, they fostered a collaborative community of both early
career and established HCM users, along with an open collaboration between academia
and industry, promoting knowledge exchange and continuing skill development.

The collection of trainees’ feedback and prompt integration of necessary changes,
along with a reflection on course contents and teaching approaches, allowed by a stable
course faculty well-coordinated with the core project management team, were key to
the courses’ success. While there are several specificities of the courses relating to their
subject—i.e. HCM systems—we believe that several conclusions laid out in this chap-
ter are of general applicability and provide a template to guide future organizers of
similar training events, either under the auspices of COST actions or another funding
framework.

Keywords

Education and training - Knowledge transfer - Home cage monitoring - Standardization
and reproducibility through training - 3Rs

1 Why Have Structured Education and Training in HCM?

Contemporary biomedical education and training programs shape the outcomes and capa-
bilities of researchers and scientists, ultimately impacting scientific progress. Modern
training could be divided into Broad vs. Specialized Graduate Biomedical Education and
Training (Costello 2009). Both are needed when discussing training on unique systems
such as those providing home cage monitoring (HCM). Broad teaching should provide the
theoretical context for understanding the research needs and the collected data, while spe-
cialized training would provide the “know-how” to use the system and provide trouble-
shooting when needed.

HCM technologies represent a transformative advancement in behavioural research,
enabling non-invasive, automated, and high-resolution data collection from laboratory
animals, showing spontaneous behaviour without human interference, and allowing ani-
mals to perform the needed tasks voluntarily, under specific circumstances. However, the
sophisticated equipment and software used in these systems impose a steep learning curve.
Moreover, learning to use HCM systems through trial and error is not only time-consuming
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and resource-intensive, but can also potentially lead to unnecessary use of animals.
Structured training programs can significantly ease this learning curve by providing clear,
step-by-step instructions and opportunities for guided practice. Efficient training enables
trainees to rapidly acquire operational independence, minimizing errors that could neces-
sitate costly troubleshooting or equipment replacement or deter untrained researchers
from adopting this technology. In research settings where time and resources are often
constrained, this efficiency will translate into more streamlined workflows and higher pro-
ductivity through the effective, ethical, and consistent use of HCM technology.

As with every scientific tool producing large datasets, there is a need to understand such
data and to standardize its processing, analysis, and reporting, so protocols can be repro-
duced and results replicated (Lapchak and Zhang 2018; Gonzalez Soltero et al. 2024).
Without adequate education and training, users may struggle with implementing and using
HCM, risking suboptimal data acquisition, compromised animal welfare, and inefficient
use of resources. These challenges might also deter untrained researchers from adopting
this technology. Therefore, education and training in HCM systems are indispensable for
equipping researchers with the knowledge and skills necessary to use these technologies
effectively, ethically, and consistently.

While the theoretical concepts around home cage systems are applicable across differ-
ent systems (e.g. PhenoTyper, Intellicage, or DVC), researchers must gain scientific and
technical expertise in the specific HCM system they intend to use, as well as understand
its potential and limitations. Each HCM system has various complex components, includ-
ing sensors, video cameras, RFID tags, telemetry devices, and analysis software, each
with distinct operational principles and limitations that are unique to that system. For
example, the PhenoTyper cage system (Noldus systems) uses camera-based tracking tech-
nology, Intellicage (TSE systems) uses RFID tracking technology, and the DVC uses EMF
capacitance sensors, making the technological training for each system completely differ-
ent. Such systems, moreover, yield different datasets. Mastery of these technologies,
moreover, requires theoretical knowledge of specific behaviours expected for each HCM
environment and hands-on experience in assembling, upgrading, and troubleshooting such
systems. Structured training programs ensure users are equipped to set up, calibrate, and
maintain the equipment, optimizing its performance and reliability. Studies demonstrate
that operator proficiency directly correlates with data accuracy, emphasizing the value of
proper training in reducing errors during data collection and analysis (Srinivasan et al.
2021; Bau-Gaudreault et al. 2021). By understanding the nuances of each HCM compo-
nent, users can avoid common pitfalls, such as miscalibration or improper maintenance,
which could compromise research outcomes.! While invaluable, the continuous data
streams generated by HCM systems are challenging to manage and interpret without spe-
cialized training. Education in experimental design, along with data handling and analysis,

"In this book, Chapter “From Sensors to Insights: Technologies for Home Cage Monitoring in
Preclinical Research” presents details, pros/cons, and specific considerations on all the different
HCM technologies that are available.
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equips users with the skills to avoid commons sources of bias, apply appropriate filters,
focus on relevant behaviours, and interpret patterns in ways aligned with their research
objectives. This improves data validity and reliability, which is critical for drawing mean-
ingful scientific conclusions. Training also reduces the likelihood of errors during data
processing, which can skew results and lead to flawed interpretations. By fostering a thor-
ough understanding of data workflows, training supports the production of scientifically
robust outcomes that advance the field. An overview on HCM data management and anal-
ysis is presented in Chapter “Study Design and Data Analysis in Home Cage Monitoring
Experiments” of this book.

Given how central ethical considerations are in animal research, as well as the direct
impact of housing conditions on animal welfare, proper training should emphasize on the
importance of minimizing stress and discomfort for the animals being studied. Users must
hence learn to recognize how factors such as system placement, environmental noise,
device calibration, and husbandry choices can affect animal well-being and, consequently,
how they perform in behavioural tests. Training should also provide guidelines on how to
maintain low-stress environments and mitigate potential stressors, ensuring compliance
with ethical standards and welfare regulations. Such awareness is critical, as improper use
of HCM technologies may unintentionally compromise animal welfare, undermining the
primary goal of non-invasive monitoring.

Education and training also promote consistency in the use of HCM systems, as
researchers trained in a harmonized way are more likely to adhere to established protocols,
ensuring the comparability of their results and promoting reproducibility of research find-
ings. Achieving such consistency enhances the credibility of HCM as a research tool,
fostering collaborations among researchers and encouraging broader adoption of these
technologies.

The successful adoption and use of HCM systems depend on comprehensive education
and training that combine theoretical knowledge with practical expertise. By addressing
the complexities of these advanced technologies, structured training programs equip
researchers with the tools to navigate challenges, optimize data reliability, and maintain
high ethical standards. These programs thus enhance individual proficiency, while promot-
ing consistency and reproducibility across studies and fostering collaboration and broader
acceptance of HCM technologies. With these foundational elements in place, the next step
is to focus on the strategic selection of faculty and trainees, ensuring the effective delivery
and dissemination of this critical knowledge.

2 Faculty and Target Audience

The selection of faculty members and trainees for a scientific training event is crucial to
ensure meaningful learning and foster professional and personal interactions. Over years
of designing training events, we identified key factors in faculty and trainee composition
that optimize knowledge exchange and professional networking. When considering
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Sfaculty members for a training event, it is best to start by discussing the several aspects of
the event. First and most important is to define which are the goals of the training event,
and based on this, determine what expertise is needed. For example, regarding home cage
research methods, one should consider both commercial and do-it-yourself (DIY) sys-
tems. Hence, when planning the training events in the TEATIME COST Action initiative,
we selected experts in three different commercial systems and added another scientist with
a system he had designed and built. This combination of expertise allowed fostering dis-
cussion on the connection between the scientific question at hand and the right HCM
system to answer it.

Another essential aspect to consider when selecting faculty is the professional and
social context of the experts, as these will shape how trainees conceive, carry out, and
interpret behavioural research. Experienced principal investigators (PIs) working in an
academic environment can provide essential theoretical knowledge. Yet, core facility per-
sonnel work with varied researchers, animal models, and systems and are therefore
exposed to a variety of methods and solutions that PIs are sometimes unaware of. The
result is that, on many occasions, core facility personnel may have a higher level of exper-
tise on HCM, animal facility logistics, research design, methodology, and data analysis
and interpretation, so their inclusion in course faculty ensures that trainees gain a solid
conceptual understanding of home cage systems, their potential applications, and how best
to make use of them. However, while both established researchers and core facility person-
nel are essential to convey knowledge on relevant theoretical concepts and practical
aspects of using these systems, it is graduate trainees, postdoctoral researchers, and other
early career scientists who actively use them. Thus, incorporating early career scientists
into the team of trainers can bring valuable practical first-hand experience, i.e. “real-life
know-how”, offering insight into real-world applications, troubleshooting, and workflow
optimization, as well as greater proximity to trainees’ own personal research experiences,
questions, and frustrations, making them critical contributors to hands-on training ses-
sions. With subsequent editions of training events, this subset of faculty can be made up of
alumni of previous training events. Alumni can provide unique insights from the trainees’
perspective, bridging the gap between faculty and trainees and improve the training events
themselves through their constructive feedback. They also play a key role in promoting
networking behaviour, facilitating professional connections, and supporting knowledge
dissemination beyond the training event. Another potentially important group to include
comprises industry representatives. These are the professionals from companies develop-
ing HCM technology, who can provide an understanding of the rationale behind system
development, discuss technological advancements, the full body of applications of their
systems, and highlight potential future directions. Their involvement also facilitates
industry-academia interactions, fostering potential collaborations and ensuring academic
users stay up to date with cutting-edge tools.

While the selection of faculty is key, it is equally important to identify and segment the
target audience (see Table 1) for HCM training clearly. Distinguishing among different
professional profiles allows tailoring the educational content, depth, and learning methods
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Table 1 Target audiences for Home Cage Monitoring (HCM) training, their main challenges, and
recommended focus areas

Audience group Main needs and challenges Recommended training focus

Animal technicians | Daily operation of HCM systems, | Hands-on sessions on calibration,
animal handling, welfare welfare monitoring, troubleshooting,
assessment, and technical and recognition of stress behaviours
maintenance

Early career Understanding system capabilities, | Theoretical background, data analysis

scientists (PhD data interpretation, and workshops, study design exercises,

students, postdocs) | experimental design and networking with peers

Senior scientists / Strategic implementation of HCM | Modules on experimental design,

principal in research programs, supervision | reproducibility, and integration of

investigators of projects HCM data into larger research

frameworks
Facility managers System logistics, scheduling, Operational planning, protocol
and core staff equipment upkeep, training others | standardization, and managing

multi-user environments

to meet their specific needs. The following segmentation provides a framework for design-
ing targeted training programs:

The table outlines distinct participant groups and highlights their specific educational
needs and practical training priorities, providing a framework for designing role-
appropriate HCM training programs. Recognizing these distinct roles enhances the overall
impact of training by ensuring trainees receive content directly applicable to their daily
responsibilities.

The next key aspect to consider when selecting participants is heterogeneity versus
homogeneity, referring to the composition within the group of trainees. We would argue
that an effective training event requires a well-balanced and strategically selected group of
trainees to ensure engagement, knowledge retention, and post-training impact. In fact,
choosing the right mixture of trainees might indeed contribute more to the success of a
course than the selection of faculty members. Something worth considering is having at
least two trainees from the same institution, to encourage collaboration and knowledge-
sharing upon returning to their home institutions. Another suggestion is that, when courses
are delivered at introductory and advanced levels, alumni from the introductory course
could be integrated into the advanced course to facilitate newcomers’ active participation,
lead group activities, and improve networking.

It is also important to consider giving preference to trainees with higher potential to
apply and disseminate what they have learned. In that sense, including first-year PhD
trainees will have more impact than last-year PhD trainees, with the same applying to
researchers in leadership roles, core facilities’ staff, and individuals responsible for imple-
menting home cage monitoring within their organizations. In addition, the audience should
include researchers from various fields, such as behavioural neuroscience, pharmacology,
toxicology, physiology, or computational biology. A multidisciplinary group allows
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discussions on the added value of home cage systems across different scientific contexts,
experimental setups, and technical demands, enhancing the audience’s understanding of
their broad applicability and potential. For both types of courses, priority was given to
course applicants who were already working—or soon to be working—with HCM
technologies.

Another vital point to consider is that training events are important for networking and
creating sustainable connections that can benefit both faculty and audience. Breakout ses-
sions, hand-on demonstrations, Q&A sessions, as well as coffee breaks and dinner events
are all great opportunities for networking. At the TEATIME training events, the addition
of deliberately long coffee-breaks, social dinners, and a recommended hotel for all to stay
at were strategies designed to spark social interaction. Such structured interactions between
faculty, alumni, and trainees facilitate the development of professional networks, leading
to future research partnerships and technological advancements. These include deliberate
actions by faculty members to actively engage with trainees during breaks, asking about
their work, connecting them with other trainees and faculty members working on similar
problems, and breaking up clusters of people from the same country and institutions. From
faculty to industry and trainees, all should understand the value given to the social and
professional networking aspects of the training event. And, selecting faculty members
with the skills to encourage social communication between and with trainees will contrib-
ute to foster social interaction from the first moment and establish the success of the train-
ing event years onwards.

Beyond trainees and faculty selection, careful attention to logistical arrangements is
crucial for a seamless and productive training event. A central venue, ideally within an
academic setting, fosters an engaging learning environment while ensuring access to nec-
essary facilities. Nearby accommodations, preferably in a single hotel, encourage informal
interactions between faculty and trainees, enhancing networking and collaboration.
Thoughtful catering, provided in the vicinity (to avoid wandering about and delays after
breaks, to maximize the time allowed for networking), should accommodate dietary
restrictions, including allergies, religious preferences, and budget-friendly options for
trainees, ensuring inclusivity. Training rooms must be well-equipped and suited for both
theoretical and practical sessions, while strategically located coffee breaks provide essen-
tial opportunities for discussion. Faculty availability should be maximized, with incen-
tives, where possible, to ensure their full participation. Additionally, having a dedicated
person on call for technical issues can prevent disruptions and optimize learning time.

The success of scientific training events, such as those held by TEATIME on HCM
systems, depends heavily on the thoughtful selection of location, faculty, and trainees,
with special attention to diversity (e.g. gender balance, geographic diversity, early career
vs. senior scientists). By balancing theoretical expertise, practical experience, and diverse
perspectives, training programs can optimize knowledge transfer, foster professional net-
works, and ensure long-term impact. While a diverse faculty integrating experienced
researchers, early career scientists, and industry representatives provides a holistic learn-
ing experience, a strategically selected, multidisciplinary audience maximizes
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engagement and knowledge dissemination. With a strong foundation in faculty and trainee

selection, the next critical step is to define clear learning outcomes that are based on fac-

ulty abilities and audience needs and abilities, while adopting effective educational
approaches to ensure the training achieves its goals.

When considering training initiatives in HCM, the planning programme should be
adaptable to diverse institutional, cultural, and economic settings. The following princi-
ples ensure transferability and sustainability:

1. Scalability: Depending on available resources and support from the host organization,
design modular content that can be implemented as 1-day workshops or extended train-
ing schools.

2. Accessibility: Use blended learning formats (onsite + online) to widen participation
across geographic regions. On-site training has its advantages, but if your potential
audience is spread across different locations or even organizations, bringing them all to
one location can be challenging.

3. Cross-disciplinary Collaboration: Involve professionals from behaviour, physiology,
data science, and ethics to ensure integrative training. Proper integration of information
from different disciplines is a key feature to effective research, especially in research
tools such as HCS.

4. Industry-Academia Partnerships: Encourage collaboration while maintaining transpar-
ency and neutrality regarding commercial systems. Each one controls vital information
for the other. While academia can assist industry in understanding the future of new
developments, industry can help academic users better understand how to use the sys-
tem, including troubleshooting information, the development process, and how differ-
ent users utilize the system.

5. Feedback-driven Improvement: Use structured post-course evaluations and alumni
feedback loops to refine future training events. Users are at the forefront of science,
testing the limitations of the tools and pointing out the need for developing new ones.
Communication with our audience could provide crucial information and fine-tune our
programme.

These recommendations are the result of our combined experience from the TEATIME-

COST Action initiative, as well as our unique insights gained from our own courses and

workshops.

3 Learning Outcomes and Educational Approaches

The learning outcomes (see Table 2) for this training programme reflect a comprehensive
approach to equipping trainees with the theoretical knowledge, technical proficiency, and
ethical grounding necessary for using home cage monitoring (HCM) systems. By integrat-
ing lectures, hands-on training, data analysis workshops, and interactive discussions, the
programme ensures trainees can effectively apply HCM methodologies to achieve reli-
able, ethical, and reproducible research outcomes.
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The Table 2 summarizes the main learning outcomes for the TEATIME courses and the
educational approaches designed to aid trainees achieve them.

The table summarizes the main theoretical and practical objectives of the training, illus-
trating  how different  instructional formats—Ilectures, workshops, and

Table 2 Core learning outcomes and corresponding educational approaches in the TEATIME
Home Cage Monitoring training schools

Learning outcome
Explain the ethical challenges
concerning the use of animals

Apply the 3Rs and ethical principles
in the context of HCM research

Explain behaviour by integrating
genetic, evolutionary, anatomical,
sensory, physiological, developmental,
social, and environmental factors

Describe the theoretical and practical
foundations of HCM systems

Design robust and reproducible HCM
experiments

Assemble, calibrate, and troubleshoot
HCM systems

Analyse and interpret high-
dimensional data generated by HCM
systems

Compare strengths and limitations
between commercial and home-made
HCM systems

Collaborate effectively within
multidisciplinary teams

Implement proper data handling,
quality control, and storage practices
for HCM

Approach

Lecture on animal ethics and the 3Rs

Lecture on the advantages and limitations of current
animal models and tests

Lectures and discussions on minimizing stress during
monitoring, optimizing housing conditions, and
complying with welfare regulations.

Discussion on how HCM can further the 3Rs

Lectures and discussions on the fundamental principles
of behaviour, key research findings, and the various
genetic, physiological, environmental, and social factors
that influence animal behaviour. (e.g. also adding “meet
the experts” interactive sessions)

Lectures on the principles of HCM, including their
advantages and challenges, compared to traditional
behavioural tests

Experimental design lecture emphasizing randomization,
blinding, sample size calculation, and the avoidance of
common pitfalls in research design

Scenario-based group work (e.g. for identifying flaws in
experiments, selecting an appropriate design, calculate
an adequate sample size)

Hands-on workshops focusing on real-time monitoring,
calibration, and system setup (e.g. “design and print a
home cage system” and system-specific demonstrations
of HCM systems: PhenoTyper, IntelliCage, and live
mouse tracker

Data analysis lectures and workshops exploring
statistical approaches, software tools, and advanced
techniques for integrating multimodal datasets
Industry-led sessions (e.g. “meet company X”’) and
comparative discussions on home-made and commercial
systems

Interactive sessions, planned networking opportunities,
and follow-up training events to strengthen collaborative
practices

Introductory sessions for all levels on raw data labelling,
storage, and metadata management; advanced workshops
on data QC, error detection, preprocessing pipelines, and
ethical data sharing following FAIR principles
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discussions—support skill acquisition and ethical understanding. Ethical principles and

the 3Rs (Replacement, Reduction, Refinement) are not separate from HCM training; they

are deeply embedded within every stage of it. HCM technologies themselves offer oppor-
tunities to enhance animal welfare by minimizing handling, stress, and experimental vari-
ability (as described in Chapter “Enhancing Animal Welfare Through Home Cage

Monitoring Systems** of this book). Training programs should therefore:

» Integrate ethical reflection into every module, not only as a theoretical lecture but as a
practical mindset guiding experiment design and execution. HCM systems should be
considered a viable solution that could replace some methods deemed unacceptable by
ethics committees today.

* Present case studies demonstrating how HCM data can reveal welfare-related behav-
iours and guide refinement.

* Encourage trainees to identify ways in which automated systems can reduce animal
numbers and improve data quality simultaneously.

Connect explicitly with ethical frameworks presented in other chapters (notably
Chapters “Enhancing Animal Welfare Through Home Cage Monitoring Systems” and
“The Most Used Rodent Models in Home Cage Monitoring™).

Embedding ethics and the 3Rs into HCM training ensures that technological advance-
ment and moral responsibility evolve hand in hand.

Data generated by HCM systems are inherently high-dimensional, continuous, and
complex, encompassing behavioural, environmental, and physiological variables that
together can reach terabyte-scale volumes. Even apparently simple measures, such as dis-
tance travelled, can provide insights not only into motor function but also into motivation,
habituation to novel environments, circadian patterns, and welfare-related parameters.
This richness, while scientifically valuable, creates significant challenges for data manage-
ment, storage, and quality control.

For this reason, training programs must explicitly address data stewardship; more spe-
cifically, how to organize, label, store, and share datasets in accordance with FAIR data
principles (Findable, Accessible, Interoperable, and Reusable; Gonzalez Soltero et al.
2024). Basic instruction should include practical guidance on file naming conventions,
metadata annotation, and raw data storage solutions, particularly for large-scale video and
sensor data. These topics are essential for novice users, regardless of whether they are
technicians, graduate students, or principal investigators, as proper data handling practices
ensure reproducibility and prevent information loss. For a detailed dissertation about these
principles, see Chapter “Data Sharing and Metadata” of this book.

In addition, data quality control (QC) and integrity assurance must be integrated into
advanced training. This includes identifying outliers and missing data, recognizing arti-
facts caused by system calibration errors, and applying standardized pre-processing work-
flows. Training at this level should also familiarize participants with current tools and
software used for data validation, as well as approaches for secure and ethical data sharing
across institutions. As highlighted by Lapchak and Zhang (2018), data quality manage-
ment is critical to ensure that experimental conclusions are scientifically valid and ethi-
cally defensible.
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While technicians may not perform detailed analyses, they must understand how their
handling and system setup affect data quality. Conversely, postdoctoral researchers and
data analysts need hands-on experience in managing, curating, and analysing raw datasets.
Incorporating dedicated modules on data QC, storage, and sharing thus enhances the over-
all scientific rigor and transparency of HCM-based research.

While it is desirable that trainees acquire a strong theoretical basis that will allow them
to autonomously plan, execute, and interpret HCM in research, the greatest advantage of
face-to-face training courses comprises the practical, hands-on sessions, ensuring that
trainees can independently set up, calibrate, and troubleshoot HCM systems. These ses-
sions can include real-time monitoring exercises, demonstrations, or system assembling
and servicing workshops. Through hands-on practice and guidance from tutors, trainees
can develop more confidence to apply HCM in future studies. Building on our combined
training experience, we propose a structured curriculum organized into three progressive
levels, novice, intermediate, and advanced, designed to support career-long skill develop-
ment in HCM research (See Table 3).

Such structured progression ensures consistency while allowing flexibility for adapta-
tion across institutions, audience groups (as mentioned above), and contexts. The curricu-
lum can serve as a template for designing both short courses and long-term academic
programs (See Table 3).

The table summarizes the core learning objectives, principal activities, and example
topics corresponding to each trainee level, illustrating how HCM education evolves from
basic operational understanding to advanced experimental design, data analysis, and ethi-
cal integration.

Table 3 Learning progression from novice to advanced levels in Home Cage Monitoring (HCM)
training

Core learning

Level objectives Key activities Example topics

Novice Understand the Introductory lectures, Principles of HCM,
theoretical foundations | demonstrations, guided introduction to system
and basic operations of | practical sessions components, data types,
HCM systems and animal welfare basics

Intermediate | Apply HCM methods | Group work, hands-on Experimental design, data
in experimental design | calibration, handling, statistical
and data analysis troubleshooting, and data | approaches, and identifying

processing workshops artifacts
Advanced Innovate, optimize, and | Case-study discussions, Advanced analytics,

supervise HCM-based
studies

multi-system integration,
data reproducibility
analysis

multi-system comparison,
data management, and
ethical considerations
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4

Post-Training Support and Resources

The success of any training programme or school depends not only of the event itself but
also on what follows. Training has a lasting impact when learners retain what they have
learned, build on it, and stay connected with their peers. This requires post-training sup-
port, through knowledgeable people and well-curated educational resources, that will sus-
tain scientific exchange and ongoing learning and professional development.

4.1 Key Individuals: Sustaining Knowledge Through Dialogue

Maintaining communication with key individuals is crucial for reinforcing and expanding
on what has been learned. These interactions provide invaluable guidance and support
when facing challenges. The main post-training contacts include:

Principal Investigators (Pls)—While not always the most accessible, PIs play a crucial
role in post-training education. Ideally, they should be actively involved in knowledge
transfer, not just in theory but also in hands-on applications. Former trainees have high-
lighted the importance of PI engagement, especially in understanding the practical
aspects of behavioural tests and home cage monitoring (HCM) systems in daily
lab work.

Core Personnel and Technicians—These individuals are instrumental in the practical
application of training content. Maintaining an ongoing exchange of knowledge with
them is essential for troubleshooting and refining methodologies related to animal han-
dling, experimental tests, and monitoring systems.

Industry Representatives—Establishing an open dialogue with scientific managers and
technical support teams from HCM system providers is critical for correctly imple-
menting training insights. These industry experts also help improve tools and protocols
by integrating user feedback.

Faculty Members from the School—Instructors and guest lecturers remain a valuable
resource even after the training event. They can provide further clarification, answer
questions, and act as connectors between different stakeholders, fostering an ongoing
exchange of expertise.

Fellow Trainees—Maintaining contact with peers from the training programme is cru-
cial for mutual support and collaboration. These connections often lead to shared
problem-solving, technical discussions, and career advice. A notable example from
past programs is the spontaneous creation of alumni chat groups, which continue to
facilitate discussions and collaborations long after the event.
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Collectively, these key individuals contribute to an expanding professional network and
build a community dedicated to home cage monitoring and behavioural research. This
network, one of the primary goals of the TEATIME COST Action, continues to grow and
strengthen over time. Proof is the enthusiastic engagement of former trainees in leading
the Action new activities and participating in following training events as faculty mem-
bers, as well as the Behaviour Forum (https://www.thebehaviourforum.org/) established
by TEATIME course faculty and alumni.

4.2 Educational Materials: Enhancing Knowledge
Through Reference

In addition to maintaining professional connections, having access to relevant educational
materials ensures the longevity and effectiveness of training. Some of the most valuable
resources include:

* TEATIME Behaviour Forum—A platform for discussions, knowledge exchange, and
updates in the field (TEATIME n.d.)

¢ Protocols, Manuals, Tutorials, and Online Resources.

* Comprehensive Catalogue and Protocols for widely used HCM systems (available
through the TEATIME website and other sources; TEATIME n.d.)

* Instruction manuals and tutorials available on company websites for specific systems
(e.g. Spink et al. 2001; Noldus et al. 2002).

* Webinars and online training sessions providing further insights into HCM applications
(TEATIME COST Action n.d.)

* Scientific Literature and Bibliography Reviews and research articles discussing the
application of HCM systems in various fields such as sleep research, neurodegenera-
tion, animal welfare, developmental studies, and drug screening (e.g. Kahnau et al.
2023; Moore et al. 2024; NC3Rs 2023).

* Additional materials provided during the training programme or recommended by fac-
ulty and key individuals afterward.

Dialogue with key individuals and access to educational materials are crucial for sus-
taining training impact. Ongoing discussions and reference to quality materials help train-
ees, faculty, and industry professionals to continuously deepen their understanding and
use of HCM systems. This also supports broader knowledge dissemination, enabling
future trainees and colleagues to benefit from shared expertise.


https://www.thebehaviourforum.org/

314 N. H. Franco et al.

5 “And What About the Next-Time?”—Improving from One
Training Event to the Next

Planning for future events should start with critically assessing the previous one. This
involves examining the added value of each session, the quality of networking opportuni-
ties, and the effectiveness of each talk from both the speakers’ and trainees’ perspectives.
This feedback from both faculty and trainees—surveys, personal discussions, own notes
during the course—will ground a continuous improvement process. Key questions to
guide this evaluation include: Which lessons/sections in the training course should be
included or excluded in the next iteration? Was the content delivered in the most effective
manner? And crucially, what was missing, i.e. what did trainees need, expect, but did not
receive?

A notable example of this reflective process comes from the adjustments made between
the first and second TEATIME training schools. One of the most frequent comments from
trainees was the need to facilitate networking earlier and enable speakers to tailor their
talks to the trainees’ needs. To address this, we replaced 3 h of the first day with brief
5-min trainee presentations, where attendees introduced themselves, shared their research
focus, and outlined their expectations. Although allocating such a significant portion of the
first day to introductions might seem excessive, this change had a profound impact.
Networking began immediately, evidently as early as the first coffee break, and speakers
were able to readily incorporate specific references and ad hoc advice during their lessons,
catering to trainees’ specific needs.

6 Assessment and Certification

One way to ensure the long-term effectiveness of HCM training is to implement system-
atic assessment and certification procedures.

Assessment Methods

* Knowledge Evaluation: Pre- and post-course questionnaires to measure knowl-
edge gain.

* Practical Assessment: Observation during hands-on sessions to evaluate technical
proficiency.

* Project-Based Evaluation: Short applied projects or data analyses demonstrating inte-
gration of theory and practice.

» Feedback Surveys: Trainee self-assessment and faculty evaluation to improve course
structure.

Certification Pathways
Establishing a recognized certification framework could enhance professional credibility
and standardization across Europe and beyond. Certificates could reflect levels of
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competence (basic, intermediate, advanced) and be endorsed by scientific or ethical bodies
(e.g. FELASA, COST, or institutional training centres). This step would help formalize
expertise and motivate participation, contributing to standardization in the field, accelerat-
ing the development of different systems, and ensuring better replicability between and
within different organizations in the future.

7 Conclusion

Education and training in HCM technologies are foundational to their effective application
in research settings. By fostering technical proficiency, ensuring data quality, promoting
ethical awareness, enhancing efficiency, standardizing practices, and supporting continu-
ing education and training, training programs maximize the potential of HCM systems.
These programs not only empower researchers to leverage these advanced technologies,
but also contribute to the broader goals of scientific rigor, reproducibility, and ethical
responsibility in animal research.

In this chapter, we outlined the key components of designing and delivering an effective
training programme (see Fig. 1). We began by addressing the critical question of why
training is needed, emphasizing the importance of bridging knowledge gaps or advancing
novel methods and technologies for the target audience. From there, we explored the pro-
cess of selecting faculty and trainees, acknowledging that while options may sometimes
be limited—such as when faculty are restricted to a single instructor or the audience con-
sists of internal trainees—understanding the composition and dynamics of the group is
essential. This foundation informs the next step: defining learning outcomes and determin-
ing the appropriate educational approach, whether hands-on, theoretical, or a combination
of both. Finally, we highlighted how the training experience shapes post-training resource

Q Step 1: identify the need for training

i‘/:] Step 2: select faculty and participants (consider experience and goals)

@ Step 3: define learning outcomes (clarify knowledge and skills to
achieve)

[ * ] Step 4: design educational approach (e.g., hands-on or theoretical
- focus)

Step 5: develop post training resources (address the knowledge gap

W and ensure continuity)

Fig. 1 Flow chart of the different steps to design a new training school
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development. By conducting training, educators gain a deeper understanding of the audi-
ence’s needs and knowledge gaps, allowing them to design follow-up materials and sup-
port systems that reinforce learning and encourage continuous skill development. This
flow—starting from the purpose of training and ending with long-term resource creation—
ensures not only the immediate success of the training but also its sustained impact on
advancing expertise and innovation within the field.

Declaration of Interests The authors of this chapter are scientists committed to the well-
being of even the smallest living beings. Hence, the suffering of innocent people, includ-
ing in the Middle East, concerns us deeply. We hope that the principles underpinning good
science, reason, cooperation, honesty, and transparency, may also guide efforts towards
justice, peace, and the protection of human life.
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Abstract

All the great potential of home cage monitoring (HCM) will remain unrealised if the
knowledge about its value is not communicated and disseminated efficiently via appro-
priate channels to the relevant target audiences. This chapter explains why effective
communication and widespread dissemination are so important and describes in detail
who are relevant stakeholders, what messages they need to hear, which channels are
appropriate for which audience, which tools to use (including Al-driven storytelling),
what efforts are involved, and how to evaluate the impact of your communication activ-
ities. The necessity of understanding target audiences and tailoring messages, media,
and formats accordingly are highlighted. Using examples and case studies, we demon-
strate why such efforts are worth it and how they can contribute not only to increased
acceptance and funding support for HCM, but also to building public trust in animal
research. The goal of this chapter is to help the reader understand that for any technical
or scientific development fo have an impact, efficient sharing of the new knowledge
with relevant audiences is a prerequisite. We will explain in detail in the following
subchapters:

1. The effects efficient communication can have on stakeholders, and what are the nega-
tive consequences of inadequate communication (see section “Consequences of
Inadequate Communication”)

2. What dissemination channels are available and how to use them strategically
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3. The importance of identifying relevant target audiences, understanding their needs, and
tailoring messages and communication channels to every single one of them

. Which communication tools and techniques are most effective

. Typical challenges encountered in communication

Examples of successful communication strategies

How to use collaboration as multiplier

How to monitor the effectiveness of communication

. What are the next steps for HCM communication

© 0N
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1 Importance of Communication of HCM

Technological advances such as home cage monitoring (HCM) systems represent a para-
digm shift in the way we study, understand, and care for laboratory animals. However, the
potential of these systems cannot be fully realised without effective communication and
dissemination strategies. At a time when scientific transparency, ethical responsibility, and
interdisciplinary collaboration are increasingly coming to the fore, communication around
HCM plays a central role in driving scientific progress, improving animal welfare, and
increasing public confidence (Holter et al. 2023; Hurst and West 2010).

1.1 Promoting Animal Welfare by Raising Awareness

One of the most immediate and impactful contributions of HCM systems is their ability to
improve animal welfare. Through continuous, non-invasive observation of animal behav-
iour in their familiar environment, HCM reduces the stress caused by human intervention
and repetitive handling (Spruijt and Devisser 2006; Richardson 2015). In addition, early
detection of abnormal behaviour or health problems facilitates rapid intervention, mini-
mizing animal suffering and improving experimental outcomes (Voikar and Gaburro
2020). However, the potential of HCM for animal welfare can only be fully realised if its
capabilities and benefits are clearly communicated to those responsible for the care and
supervision of animals—veterinarians, animal technicians, researchers, and institutional
animal care and use committees (Fig. 1). If these stakeholders understand how HCM con-
tributes to improvement, they are more likely to advocate for its implementation and inte-
gration into standard practice (Morton 2000).

In addition, it is crucial to communicate the improvements in animal welfare obtainable
by HCM outside the laboratory. The public is increasingly demanding higher ethical stan-
dards in animal research, as evidenced by the “Modernise science” demand in the recent
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Fig. 1 Stakeholder communication benefits of HCM systems. HCM—home cage monitoring

European Citizen Initiative Save Cruelty Free Cosmetics—Commit to a Europe Without
Animal Testing (Initiative 2023). Demonstrating the potential for improvement of HCM
systems through transparent and proactive communication can help address societal con-
cerns and promote a more informed dialog about the role of animal models in biomedical
research (Pound and Blaug 2016). Most importantly, it helps to build public trust (see
Fig. 1), which is also important for policy makers and funders, as they prefer to act in line
with the perceived public opinion. Moreover, if the latter understand the innovative tech-
nological advances of HCM and how its use can enhance the efficient use of resources and
maximise their return on investment, they are more incentivised to support and fund it.

1.2 Promoting Scientific Progress and Reproducibility

Scientific progress depends on accurate data, reproducibility, and innovation. HCM sys-
tems provide comprehensive and detailed behavioural data that can reveal previously
undetectable phenotypic differences, enable longitudinal studies, and reduce observer
bias. They enable more reliable behavioural and physiological measurements, particularly
in areas such as circadian rhythms, social interactions, and subtle disease progression
(Kahnau et al. 2023). However, for these innovations to be widely adopted and effectively
applied, researchers need to be made aware not only of the existence of HCM technology,
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but also of its benefits, limitations, and data handling requirements. Communication plays
a key role here: peer-reviewed publications, conference presentations, workshops, and col-
laborative networks (such as the COST Action 20,135 TEATIME) help to disseminate best
practice and promote knowledge sharing (Prescott and Lidster 2017; COST 2021).

Inadequate communication about HCM can not only lead to underutilisation and thus
stall scientific progress, but also to reproducibility issues because of misuse or misinter-
pretation of the data generated by these systems. For example, researchers unfamiliar with
the statistical considerations of continuous behavioural data may draw incorrect conclu-
sions, which could undermine the credibility of their findings (Voelkl and Wiirbel 2016).
A lack of communication about Standard Operating Procedures for HCM can lead to
reproducibility issues due to different vendor implementations, inconsistent parameter set-
tings, or varied analysis approaches. Efficient communication, training resources, and
open dialog can mitigate these risks and support the responsible and effective use of HCM
in various research contexts (Hohlbaum et al. 2017).

1.3 Improving Transparency and Public Trust

The ethical use of animals in research has come under increasing scrutiny in recent years.
Mistrust can easily arise when the public perceives a lack of transparency, unnecessary
harm to animals, or a reliance on outdated practices (Ormandy et al. 2013). One way to
address these concerns is through clear, open communication about technological
advances, such as the use of HCM systems. HCM technology plays a critical role in mini-
mizing stress, improving animal welfare, and improving the quality of scientific data,
which directly aligns with the 3Rs principle (Russell and Burch 1959). HCM systems
specifically support the principle of refinement by reducing the need for repeated animal
testing, enabling earlier humane endpoints and improving the overall welfare of animals
involved in research. Institutions can demonstrate these ethical improvements with con-
crete examples of how HCM systems contribute to more humane and effective research
practices (Spruijt and Devisser 2006; Pound and Blaug 2016). It is important that research-
ers and institutions disseminate these advances not only through traditional scientific
channels, such as peer-reviewed journals, but also through more accessible platforms.
Social media, blogs, institutional websites, newsletters, and outreach campaigns provide
opportunities to reach a wider audience and inform the public about ethical advances in
animal research. In this way, researchers can promote a more balanced and evidence-based
understanding of the ethical considerations in animal research (EARA 2025).

Moreover, communication should not be limited to a reactive response to criticism.
Waiting until concerns arise can lead to misunderstandings that ultimately damage public
trust. Instead, it is important to be proactive and engage in consistent, transparent, and
honest dialog. This includes acknowledging the challenges and limitations of animal
research, which helps to build long-term credibility and strengthen trust in the scientific
community (Pound and Blaug 2016; Mcleod and Hobson-West 2016).
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1.4 Consequences of Inadequate Communication

Inadequate communication about HCM systems can have several negative consequences
for both scientific progress and public perception. One important problem is the risk of
mistrust and misunderstanding. If stakeholders or the public are not properly informed
about how and why HCM systems are used, they may perceive them as intrusive surveil-
lance tools. This misunderstanding could lead people to view HCM systems as contribut-
ing to depersonalised animal care, rather than seeing them as technologies designed to
improve animal welfare and research outcomes (Ormandy et al. 2013).

In addition to risking mistrust, poor communication can also lead to missed opportuni-
ties. Institutions that fail to clearly articulate the value and impact of their public health
work may miss out on important funding, collaborative partnerships, or valuable scientific
insights that could accelerate progress in animal welfare and research practices (Collins
and Tabak 2014). Without clear communication, researchers are less likely to use HCM
systems in their work. If the benefits of HCM are not well communicated or researchers
do not know how to interpret the data or how to use the associated software, they may
remain hesitant or sceptical about incorporating these systems into their experimental pro-
tocols (Kahnau et al. 2023).

Finally, there is the potential risk of ethical backlash. Misconceptions about animal
monitoring technologies such as the HCM may contribute to broader public opinion about
unethical animal treatment. If the public is under the impression that HCM is replacing
human observation and care, rather than supporting these efforts, this may fuel concerns
about the ethical implications of such technologies and undermine trust in animal research
overall (Pound and Blaug 2016). Therefore, effective communication about the purpose
and benefits of HCM is crucial to ensure ethical acceptance, promote scientific progress,
and secure support from key stakeholders.

1.5 Communicating the 3Rs

The principles of the 3Rs in animal research, replacement, reduction, and refinement, have
first been articulated by Russell and Burch in 1959 (Russell and Burch 1959). They pro-
vide a framework for performing more humane animal research that has been codified in
Europe in Directive 2010/63/EU on the protection of animals used for scientific purposes
(see (Directive 2010)). The Directive demands the replacement of the use of animals by
other methods wherever possible, and where this is not possible, the minimisation of the
number of animals used (reduction) as well as the minimisation of their distress or pain
(refinement). According to the website of NC3Rs, “Opinion polls of public attitudes con-
sistently show that support for animal research is conditional on the 3Rs being put into
practice” (Nc3rs 2025). Thus, compliance with the 3Rs is not only a legal requirement in
animal research, but communication about it also promotes public acceptance.
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HCM is a clear example of how refinement, often the biggest challenge in implement-
ing the 3Rs, can be realised through technological innovation. By reducing the need for
invasive procedures, enabling humane endpoints, and providing 24/7 insights into animal
welfare, HCM supports multiple dimensions of refinement (Spruijt and Devisser 2006;
Voikar and Gaburro 2020). In addition, more accurate data and reduced variability may
lead to a reduction in animal numbers as fewer animals are required to achieve statistical
significance (Kahnau et al. 2023). While HCM does not directly contribute to animal
replacement, the rich behavioural data it provides can complement or enhance in silico and
in vitro modelling efforts and ultimately contribute to the overall need for fewer animal
models and fewer experiments with live animals, as explained in more detail in (Sillito
et al. 2025). To ensure that these benefits are understood, it is critical to integrate the infor-
mation how HCM contributes to the 3Rs into all communications about HCM, whether
directed at funders, ethics committees, or the general public.

2 Dissemination Channels

Effective dissemination of the applications and benefits of HCM systems necessitates a
thoughtful, multi-faceted dissemination strategy. A single medium cannot reach all the
stakeholders (scientists and veterinarians, policy makers, funders, and the public) so one
needs to utilise multiple platforms. Choosing the right dissemination medium depends on
the audience, the degree of complexity of the message, the degree of interaction sought,
and available resources.

2.1 Traditional Academic Channels

Peer-reviewed journals continue to be the cornerstone of scientific communication because
they are essential to the reproducibility and credibility of research results. Publishing
research in reputable journals not only guarantees research is rigorously reviewed, but also
guarantees transparency and best-practice development and is key to secure future fund-
ing. For HCM systems, publication in reputable journals guarantees standards for consis-
tent and reliable use. Particularly, open access journals bear a crucial burden because they
allow the dissemination of research results at no cost to a wider spectrum of people like
researchers, practitioners, and ethics administrators. Laboratory animal science, animal
behaviour, or biomedical innovation journals are particularly important for engaging the
scientific community and inspiring ethical use of animals (Kilkenny et al. 2010).
Symposia and congresses, such as those organised by FELASA (Federation of European
Laboratory Animal Science Associations), AALAS (American Association for Laboratory
Animal Science), LASA (Laboratory Animal Science Association), FENS (Federation of
European Neuroscience Societies), and the Society for Neuroscience, are a great platform
for face-to-face communication, networking, and real-time feedback. These conferences
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bring together experts, researchers, and practitioners and offer the opportunity to exchange
novel findings, protocols, or innovative applications related to HCM technologies. Oral
presentations, posters, and panel debates offer the opportunity to communicate novel
research findings, provoke critical discussion, and demonstrate the practical impact of
HCM systems on animal welfare and research quality.

Workshops and webinars are invaluable training and education resources. They provide
an interactive platform where the participants can discuss at length, witness practical dem-
onstrations, and interact directly with experts and users. These platforms fill the gap
between theory and practice and facilitate the transfer of skills and knowledge. For exam-
ple, the COST Action 20,135 TEATIME regularly held workshops that not only dissemi-
nated the latest information on HCM technologies but also facilitated interdisciplinary
collaboration (COST 2021). Such events provide researchers across disciplines the oppor-
tunity to share experiences, share challenges, and exchange best practices, thereby open-
ing the doors to the wider implementation and proper use of HCM systems.

2.2 Digital and Open Access Platforms

Preprint servers such as bioRxiv and Research Square provide an effective means for
researchers to quickly share their findings with the scientific community before being
formally peer-reviewed. This model accelerates release of new data and facilitates early
comment by the wider scientific community. In allowing researchers to make their work
openly available, preprint servers enable promotion of transparency of research and
encourage collaborative refinement. Such servers are particularly beneficial in communi-
cating interim results or material that could benefit from community suggestions prior to
formal publication, accelerating overall advance of scientific research (Tennant et al. 2016;
Piwowar et al. 2007).

Project web sites and institutional repositories are necessary for archiving and making
available important resources such as protocols, SOPs, and datasets related to HCM sys-
tems. These web sites are not only a repository of knowledge, but also an open and trust-
worthy source of information for researchers, regulators, and other stakeholders. They
prove particularly valuable within joint or state-funded research due to the fact that they
guarantee protocols and information are freely provided for inspection, replication, and
further analysis, therefore ensuring research reproducibility and integrity (Piwowar et al.
2007; re3data.org 2025).

Further on, computer training modules and teaching videos, either offered by research
institutions, equipment manufacturers, or consortia, present a cost-effective means of
overcoming knowledge gaps and providing for uniform application of HCM technologies
among various research facilities. These digital materials enable scientists to learn in their
own timeframe, enabling the standardisation of the application of HCM systems within
institutions. Through provision of simple, accessible instructions and demonstrations, web
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platforms enable a more knowledgeable and capable research base and ensure proper and
consistent utilisation of HCM technologies.

2.3 Outreach and Social Media

The application of social media platforms to scientific dissemination has increasingly
expanded over the past several years. Platforms such as X (formerly Twitter), LinkedIn,
Mastodon, BlueSky, and ResearchGate give scientists the means to disseminate short mes-
sages, mention new publications, or inform others about upcoming events. These websites
have become useful tools for reaching a wide audience beyond the traditional scientific
circles. For example, a short blog post outlining how HCM technology can be used to
improve early disease detection with a link to a full research paper can stimulate debate
and encourage readers to engage with the original study. This direct link encourages inter-
action and gives researchers the chance to engage a wider audience, both experts and those
outside the immediate research community (Van Dijck 2013).

Hashtags as #AnimalWelfare, #3Rs (Replacement, Reduction, Refinement), #HCM,
#homecage, #behaviour, #AnimalResearch, and #refinement play an important role in
increasing the reach and categorisation of posts. They allow scientists to reach individuals
interested in specific subjects and provide ease for the concerned public to locate research
findings regarding animal welfare and ethical practice. Also, tagging institutions, lead
researchers, or organisations (e.g. @EARA, @FELASAorg) can increase engagement by
attracting the followers of these institutions and thus increasing the reach and visibility of
the post. This approach can also initiate interaction with new and diverse groups, provok-
ing cross-disciplinary and international discussions of important research topics.

Visual contents, such as infographics (see Figs. 2 and 3) or short video segments, are
particularly popular on social media since they make it easier to share complex ideas in an
accessible and engaging format (Li and Xie 2020). Such images not only get noticed, but
also ease comprehension and dissemination of information. For example, an infographic
showing the benefits of HCM technology used in animal testing or a short video clip dem-
onstrating how HCM works might be more persuasive than written texts. To show the
same thing in the same manner on every platform is necessary because it keeps the mes-
sage the same and clear and professional. Being readable but not dry is vital to credibility
building and encouraging greater audience engagement, either insiders or outsiders to the
subject.

24 Popular Science Mechanisms, Blogs, and Newsletters

Not all the stakeholders, such as policy makers, the public, or non-specialists, read scien-
tific papers or go to conferences. Research consortia-targeted newsletters from lab animal
societies or institutional publicity offices, therefore, provide an efficient and quick way of
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keeping such relevant stakeholders informed. They can inform the stakeholders of fresh
developments, the results of new research, and utilisation of HCM systems in practice and
also ensure that relevant information reaches parties with no opportunity to access more

technical sources or who do not visit scientific conventions.
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Institutional websites and research blogs are publicly accessible hubs for disseminating
news, detailed descriptions, and case studies. These websites provide less formal and more
accessible information dissemination and place the use of HCM technology in a broader
ethical and scientific context. By providing clear descriptions of how HCM improves
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animal welfare or helps research efficiency, these websites help to enhance transparency
and assist stakeholders in having a clearer idea of the impact and significance of such
technology in the lab setting.

Utilizing mass science media such as YouTube, science podcasts, and science maga-
zines can significantly increase the reach of HCM-associated material (Velho et al. 2020).
These media have extensive coverage and are ideally suited to communicate to a larger
section, even beyond the scientific fraternity. For instance, interviews of scientists or ani-
mal welfare officers, laboratory behind-the-scenes visits, or cartoon videos demonstrating
the advantages of HCM in animal husbandry can de-mystify the technology. By making
complex scientific concepts more understandable, these media forms not only create
awareness but also establish trust in the technologies by illustrating how they are being
used to benefit animal welfare and research excellence.

25 Channel Comparison

When considering the various content distribution channels for information about HCM,
one should consider their individual strengths and target market (Fig. 4). Peer-reviewed
publications and conferences, however, continue to need to provide solid scientific evi-
dence to researchers and ethics authorities to remain credible and promote professional
collaboration. Online tools such as webinars, preprint servers, and institutional reposito-
ries provide instant access to information for speedy feedback and dissemination of infor-
mation. Social media sites such as Twitter and LinkedIn are particularly well-suited for
reaching a wider audience, including non-specialists and the public, via short messages
and visual content. Science popularisation sites such as YouTube and podcasts extend
reach by simplifying complex ideas into more accessible and comprehensible forms. By
selecting the appropriate channel for each audience in a strategic manner, institutions can
optimise the impact of their HCM-related content and promote both scientific progress
and ethical practice.

Channel Audience reach b:'_ﬁ'*vnﬁ\ Effort Recommended nnkoholdor-

( Peer-reviewed journals ( high (academic) [ medium-high ( high medium )

Conferences/workshops medium high high high

Webinars/online trainings medium low medium high

Social media high low medium high

Blogs/newsletters medium low medium | medium-high

Podcasts/YouTube high (general public)| low-medium high high

Preprint servers medium low low medium
L Institutional repositories \ low-medium L low L medium \ low A S )

Fig. 4 Comparison of dissemination channels regarding their targeted audience, cost, effort,
engagement, and suitability for different stakeholders. Ratings are qualitative and based on relative
comparisons of the time, resources, and coordination typically required for each format. “Timeframe”
reflects how long engagement or visibility is sustained—for instance, social media require ongoing
activity, while journal papers or repositories remain static but visible long-term
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2.6 Strategic Use of Channels

A successful dissemination plan for HCM-related content should utilise more than one
communication channel, each carefully selected to reach specific audiences. Peer-reviewed
journals and meetings are critical for disseminating new findings of research and method-
ological developments. These traditional devices are valued by the research community
and ensure that research is subjected to rigorous examination, so the resultant findings are
valid and reproducible. However, as Gustavson et al. (2025) pointed out, other modern
platforms such as webinars, institutional repositories, and preprint servers offer great
advantages (Gustavson et al. 2025). They allow researchers to share their data in a timely
manner, even before peer review, which ensures knowledge sharing at an accelerated rate
and invites early comment. It also invites continuous improvement and greater collabora-
tion between the scientific community.

Apart from intellectual publications, social networking sites, blogs, and podcasts have
emerged as excellent channels to gain a larger audience. These platforms are most ideal to
address the public and other stakeholders, such as animal rights groups or policymakers.
By conveying recent data, speaking of ethical improvement, and laying down the benefits
of HCM systems in simple terms, researchers can generate awareness and support for their
research. Such publicly available materials as infographics or videos offering a behind-
the-scenes look also increase transparency and confidence in the process of animal testing.

By strategically using these different dissemination channels, organisations can build
an ecosystem that not only fosters scientific knowledge, but also provides assurance that
healthcare systems are used ethically and transparently. With this multi-channel approach,
researchers can reach a wide audience, from peers to the general public, and help in the
facilitation of understanding and acceptance of HCM systems both scientifically and
ethically.

To enhance this approach further, researchers should also consider cross-platform coor-
dination and timing (Fig. 4). Dissemination is most effective when channels are used in a
complementary rather than isolated manner. For example, a research team might first share
a preprint to invite early feedback, then post short updates or visual highlights on social
media during the review process to maintain engagement, and finally celebrate publication
through a press release, blog post, or webinar. A concise video summary or infographic
can extend the reach to non-specialist audiences, while repository uploads ensure long-
term accessibility.

Such strategic sequencing allows content to evolve naturally across platforms, from
preliminary findings to public communication, while reinforcing key messages and main-
taining audience interest. Coordinated planning across these dissemination channels maxi-
mises visibility, engagement, and transparency, ensuring that research on HCM systems
reaches the right people at the right time and with the right level of detail.
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3 Target Audiences and Tailored Communication

The previous chapters have outlined the main dissemination channels for communicating
about HCM and highlighted the general importance of sharing knowledge through differ-
ent formats and platforms. However, effective communication is not just about where we
share information, but also about how and to whom. Different target groups have different
expertise, expectations, and concerns. To ensure our message is received, understood, and
trusted, we need to tailor it to each stakeholder group; whether we are addressing fellow
scientists, animal caretakers, funders, policy makers, or the general public
(Europeancommission 2020).

This chapter builds on the foundations of the previous sections by taking a closer look
at target group-oriented communication. It explores how to shape messages, adjust tone
and content, and address different groups in an ethical and thoughtful way; ultimately
helping to build understanding, trust, and support.

3.1 Understanding the Needs of Different Target Groups

Each stakeholder group involved in or affected by animal research with HCM systems has
its own priorities and concerns. Understanding these is the first step to effective communi-
cation. Scientists and researchers value rigor, reproducibility, and innovative methods.
They expect detailed explanations, validation data, and citations to back up their claims
and they are more likely to engage through scientific journals, conferences, or collabora-
tive networks. Veterinarians and animal caretakers focus on animal welfare and the practi-
cal integration of new technologies into daily care routines. They need evidence of how
HCM benefits animals and how it fits with standard operating procedures (SOPs) and
animal welfare protocols. Moreover, funders and facility managers value innovation, prof-
itability, and alignment with strategic goals or the 3Rs. Thus, clear, concise summaries that
demonstrate outcomes, impact, and feasibility are essential. Regulators and policy makers
focus on compliance with ethical principles, transparency, and alignment with laws or
directives (e.g. EU Directive 2010/63). They emphasise briefs, case studies, and docu-
mented improvements in refinement and reporting standards. General public and media
are often not familiar with the details of laboratory animal research. Their concerns tend
to focus on the translatability of results, ethics, transparency, and humane treatment. Thus,
communication with this target group needs to be emotionally intelligent, clear, and under-
standable. If communication is not tailored to these groups, it can lead to confusion, mis-
trust, or missed opportunities for support and collaboration.
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3.2 Message Framing: The Art of Shaping Perceptions

Framing is about how we present a message to emphasise certain aspects of an issue that
resonate with the values and concerns of the target audience. A message about HCM can
be framed as follows:
» A scientific breakthrough (for researchers)
¢ A refinement in animal care (for veterinarians)
* A cost-saving innovation (for investors)
* An aid to regulatory compliance (for regulators)
* Or as a humane improvement in the treatment of animals (for the public)

Research in the field of science communication has shown that the way people interpret
and respond to information matters more than the facts alone (Nisbet 2009). The same
HCM system can be seen as either “monitoring” or “continuous, stress-free care”.

3.3 Language Level and Technical Complexity

Once the message is formulated, the next important decision is the level of language.

Scientists can interpret statistical results, acronyms, and methods, but the general public

cannot. The Flesch—Kincaid readability test or plain language guidelines (Plain 2011) can

help calibrate text for different levels of expertise. Consider the difference:

* Technical language: “HCM enables longitudinal high-throughput analysis of spontane-
ous behaviour in undisturbed environments.”

* Plain language: “HCM allows researchers to observe the behaviour of animals in their
familiar environment over an extended period of time without disturbing them.”
Clarity improves understanding and creates trust, especially when it comes to emotion-

ally or ethically sensitive topics such as animal research.

34 Ethical Storytelling and Emotional Resonance

Facts are important, but stories move people. Storytelling offers a way to humanise HCM
and illustrate its impact in practice. Rather than focusing on abstract data, ethical storytell-
ing offers relatable stories that emphasise care, compassion, and curiosity. For example:
“Before HCM, we could only examine the mice once or twice a day. Now we can detect
early signs of disease without touching them—it’s more comfortable for them and gives us
better data.” This story combines emotional appeal (comfort), ethical values (non-
invasiveness), and scientific benefit (better data); a powerful trifecta for the public and
policy makers alike. However, storytelling must be truthful and respectful. Avoid overly
dramatic language or emotional manipulation. Ethical storytelling builds a bridge between
scientific goals and public values.
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3.5 Practical Example: One Message, Three Target Groups

A scientific result from an HCM study can be adapted to different target groups:

Key message: “A novel HCM system detected subtle changes in circadian rthythms
and social behaviour in group-housed mice exposed to chronic stress.”

Scientific summary (researchers)

“We report the use of a high-resolution, automated home cage monitoring system to
assess circadian and social behavioural changes in C57BL/6 mice following chronic mild
stress. This method allows longitudinal tracking without observer intervention and reveals
previously undetectable micro-behavioural changes.”

* Press release (media professionals/general public)

“Researchers have developed an intelligent system that observes how laboratory mice
eat, sleep and interact—without the need for handling. It helped detect early signs of stress
in mice, giving scientists a better way to study mental health while improving animal
welfare.”

* Tweet (wider public, laypersons, stakeholders)

Stressed mice behave differently—but we caught it early with smart monitoring! No
touching, no stress, just real behaviour. Better science, better care. #AnimalResearch
#Refinement #HCM

This example illustrates how tone of voice, vocabulary, and focus are important and can
change across different platforms, and why one message is not suitable for every audience.

3.6 Involve Stakeholders: Tailored Tactics

Different stakeholders respond best to specific formats and tactics (Fig. 5). Knowing not
only what to say, but also how and where to say it, is the key to meaningful communica-
tion. Adapting communication to different target groups is not only a technique, but also a
responsibility. As advocates for scientific progress and animal welfare, we need to ensure
that our messages are clear, contextual, and ethically based. HCM offers many benefits,
but whether it gains support and acceptance depends on how well we communicate its
value—to scientists, animal caretakers, policy makers, and the society on whose trust
we depend.

When resources are limited, focus on stakeholders who are most critical to your objec-
tives. For example, prioritise scientists and veterinarians for scientific validation and
implementation and policymakers or the public for ethical acceptance and broader sup-
port. Other audiences can be addressed as resources allow. Communication effectiveness
can be monitored through engagement metrics (e.g. workshop attendance, social media
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Veterinarians

Workshops, case studies, SOPs

Highlight refinement and real-time
welfare benefits

Animal caretakers

Visual SOPs, dashboards

Scientists

Journals, data sets, conferences £
Emphasize reproducibility and Provide training and integration tools

improved phenotyping

Funders

Executive summaries, impact reports

Public

Stories, videos, social media

Link to innovation, efficiency, and
societal value

Emphasize care, transparency, and
shared values

Policymakers
Policy briefs, ethical frameworks

Show alignment with 3Rs and legal
directives
Fig. 5 Effective engagement strategies for diverse HCM audiences

interactions), qualitative feedback (comments, surveys), and outcomes (adoption of HCM
methods, inclusion in policy or funding decisions).

4 Effective Tools and Techniques

In the modern landscape of science communication, not only in the field of HCM, visual
and interactive content is essential to engage different audiences. This chapter will cover
practical tools and techniques for creating effective content, from infographics to Al-driven
storytelling, in order to improve the understanding, accessibility, and dissemination of
complex topics.

4.1 Creating Infographics and Explainer Videos

Infographics and explainer videos can simplify complex processes, such as how HCM
systems work or how they measure behavioural changes in laboratory animals. These for-
mats allow different audiences to quickly grasp key messages (Mcinerny et al. 2014).
Infographics are particularly valuable when it comes to summarizing workflows, illustrat-
ing behavioural data collection, or explaining the benefits of animal welfare. User-friendly
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platforms like Canva allow users to create visually coherent diagrams, posters, and slide
decks with intuitive tools. For scientifically accurate visualisations, BioRender offers an
extensive library of life science illustrations and templates that are especially helpful when
depicting the anatomy of lab animals, cage components, or experimental setups. Doodly is
another useful tool that allows users to create whiteboard animations that explain scientific
concepts step-by-step in an understandable format. These resources help visualise ideas in
a way that static text often cannot (Recall 2016).

Further on, explainer videos and short animated clips provide an additional level of
engagement. For example, a 90-s video showing how chronic stress alters the circadian
rhythms of group-housed mice, as detected by HCM systems, can convey technical
insights more effectively than lengthy written descriptions. These materials are especially
useful for training, conference presentations, and public awareness campaigns.

Recent studies support the effectiveness of these formats in enhancing public aware-
ness. The majority of studies reported that infographics improved knowledge or changed
behaviours, with many participants preferring them over other mediums (Kong et al.
2025). Similarly, animated explainer videos have been shown to significantly improve
short-term recall of health information among adult patients across various healthcare set-
tings (Hansen et al. 2024). These findings underscore the value of incorporating info-
graphics and explainer videos into dissemination strategies to effectively communicate
complex information to the public.

4.2 Using Al for Content Creation and Engagement

New digital tools, some of which are powered by Al, make it easier than ever to commu-
nicate science clearly and creatively. These tools can create content quickly, adapt it to
different audiences, and enhance it with engaging visual elements. One example is
ChatGPT, which allows researchers to rephrase technical data, create scripts, or simulate
interviews for learning materials. When used wisely, these tools can save time and improve
clarity, without compromising scientific accuracy.

Moreover, imaging tools like DALL-E can be useful for creating unique images, such
as drawings of mice in home cages or artistic impressions of behavioural changes. Another
tool, Lumen3, turns written content into short videos, complete with simple animations,
subtitles, and background music. This is particularly helpful when it comes to presenting
research summaries or blog posts in a more dynamic format, whether to funders or follow-
ers on social media. Jasper Al also helps with the creation of public-facing materials, such
as social media posts, newsletters, or campaign updates, and guides users through the
process.

However, it is important to remember that Al tools cannot replace human expertise. All
content created by an Al user should be carefully reviewed to avoid misinterpretation or
oversimplified messages. When used critically and with clear goals, Al tools can be
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valuable partners in helping scientists reach a wider audience and make their messages
accurate and engaging (Van Dijck et al. 2018; Reinhardt 2023).

4.3 Designing Engaging Presentations: Practical Considerations
and Best Practices

Modern communication tools can significantly enhance how data and messages about
HCM are shared across stakeholder groups. As illustrated in Fig. 5, scientists, animal care-
takers, funders, and the public have distinct information needs and expectations.
Presentations designed with these audiences in mind, and supported by appropriate tools,
can significantly improve understanding, engagement, and trust.

Clear, professional, and engaging presentations are essential in both academic and pub-
lic communication. Presentations created with platforms such as Canva, Google Slides, or
Microsoft PowerPoint benefit from consistent colour palettes, fonts, and icons. When
including HCM-specific data, it is helpful to use screenshots of real dashboards or longi-
tudinal charts to illustrate trends and results (Mcinerny et al. 2014). For technical or inter-
nal presentations aimed at researchers or caretakers, such visuals can demonstrate the
practical value of monitoring systems and support data-driven decisions.

Interactive features such as clickable charts, embedded videos, and QR codes can fur-
ther increase audience engagement. Moreover, tools such as Prezi add dynamic movement
and flow to presentations, which can be especially effective when explaining research
processes or navigating through multi-step experimental designs. Engaging visuals not
only improve retention, but also help to emphasise important welfare and ethical consid-
erations related to HCM, key aspects for both scientific and public audiences.

Regardless of the tools used, the basic principles of effective communication remain
the same. The content must be tailored to the target audience, whether it is researchers,
caretakers, funders, or the public. Visual and narrative coherence strengthens the message
and builds trust. In addition, content should be tested before dissemination, through peer
feedback, stakeholder input, or small focus groups, to ensure clarity and relevance. It is
also important to consider accessibility. Ensuring that infographics are colourblind-
friendly, videos are captioned, and text content is free of jargon will contribute to inclusive
communication. Facility tours (virtual or in-person) are another valuable communication
tool that fosters transparency and helps demystify HCM systems. Finally, freely accessible
dissemination platforms such as institutional websites, social media, and preprint servers
can help ensure that content reaches the intended audiences efficiently and effectively.

4.4 Adapting Messages: A Side-By-Side Example Using Al

One of the most effective ways to illustrate how communication strategies differ by audi-
ence is to take a single piece of scientific content and customise it using Al tools such as
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ChatGPT or Jasper. These tools can help translate dense scientific knowledge into formats
that are both engaging and accessible to non-specialist audiences, including journalists,
policy makers, and the public. Take, for example, the abstract of a scientific study using
HCM to detect behavioural changes in stressed mice. The original abstract, written for a
research audience, reads:

Title: Automated home cage monitoring reveals stress-induced changes in circadian
and social behaviour in mice

Summary

Using an automated, high-resolution home cage monitoring (HCM) system, we
investigated the effects of chronic mild stress on the circadian and social behaviour
of group-housed C57BL/6 mice. The system enabled continuous, non-invasive
tracking of activity patterns and social interactions over several weeks. Stressed
mice showed a phase shift in activity rhythms, reduced locomotion in the dark phase,
and decreased affiliative behaviour. These subtle behavioural changes were not
detectable with conventional observational methods. Our results highlight the value
of HCM in detecting early stress-related behavioural phenotypes and support its use
in welfare assessment and neurobehavioural research.

Processed through an Al tool such as ChatGPT and adapted for the public, the same
message can be presented as follows:

Title: Intelligent system recognises early signs of stress in mice—without
touching them

Summary

Scientists have developed a smart cage that monitors how mice eat, sleep, and
socialise—all without being handled. When mice were exposed to prolonged, mild
stress, the system noticed changes in their daily activity and social behaviour. These
early warning signs of stress would have been missed with conventional methods.
This new approach can improve mental health research and make the lives of ani-
mals in research easier.

The prompt that was used to generate this version was: “Rewrite the following scientific
abstract for a general audience, such as readers of a science news article or press release.
Use clear and engaging language, avoid jargon, and emphasise the relevance to human and
animal welfare. Keep it concise.”
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Moreover, the prompt used to validate the output was: “Evaluate this rewritten text for
factual accuracy, readability, and tone. Suggest any improvements to ensure it remains
scientifically accurate while understandable to a general audience.”

This comparison highlights several key differences. The original summary uses formal,
technical terms such as “circadian rhythms”, “affiliative behaviour”, and “non-invasive
tracking” and is aimed at researchers in the neurosciences or behavioural sciences. The
emphasis is on methodological rigor and detailed data interpretation, with little emphasis
on accessibility. In contrast, the summary produced by the Al is written in a colloquial
tone and is better suited for press releases, public relations materials, or social media posts.
It uses simple terms such as “daily activity”, “social behaviour”, and “smart cage”, which
makes it understandable to a wider audience. The focus is on real-world relevance (mental
health, animal welfare, and innovation) and is presented in a concise, reader-friendly format.

When using Al tools for longer or more complex traits, it is advisable to combine auto-
mated assistance with human oversight to ensure output quality. This can include a human
review by a subject-matter expert or communicator to ensure factual and ethical accuracy;
cross-checking with another AI model or grammar/style assistant to detect inconsisten-
cies; and iterative prompting, asking the Al to self-critique or rephrase unclear segments.

In summary, using Al tools to reformulate a single scientific message can help com-
municate its value to different audiences. This approach not only saves time but also
ensures a consistent message that is tailored to the level of knowledge and interests of

different stakeholders.

5 Challenges in Dissemination

The dissemination of information about HCM systems in laboratory animal research poses
a particular challenge, as an effective communication must strike a balance between scien-
tific accuracy and accessibility for various audiences, including researchers from other
disciplines, funding agencies, regulators, ethics committees, policy makers, and the gen-
eral public. In addition, ethical concerns and misinformation about monitoring technolo-
gies and animal testing can influence perceptions of HCM systems, emphasizing the need
for thoughtful and strategic dissemination. These challenges highlight the need for a struc-
tured communication strategy, aligned with the framework in Fig. 5, where messages,
tools, and stakeholders are matched according to communication goals such as awareness,
understanding, and trust.

5.1 Balancing Between Technical Accuracy and Accessibility

HCM systems are often described in highly technical language (data streams, automated
algorithms, behavioural clusters, telemetry, circadian rhythm mapping, etc.) which, while
precise, can be off-putting to a non-specialist audience. On the other hand,
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oversimplification risks losing the core scientific and ethical value of these tools.
Communicators must walk a fine line, making the content understandable while maintain-
ing the rigor and nuance of the information.

One useful strategy is to take a layered approach to communication, adapting the same
core message for different formats and audiences while maintaining factual integrity. For
example, the scientific core message “HCM enables continuous, non-invasive monitoring
of animal welfare” can be expressed differently depending on the channel. A scientific
paper will focus on algorithms, validation, and reproducibility. A conference presentation
will emphasise on methodological innovation and application. For creating an infographic
or video, a simplification of terminology and highlighting welfare benefits will be used.
For a public outreach or media post, connection of findings to societal relevance will be
needed, such as “smarter ways to care for research animals”. This approach links directly
to the communication tools described in earlier sections (Al-assisted writing, visual story-
telling, interactive dashboards) and supports consistent messaging across all stakeholders.
The FAIR principles (Wilkinson et al. 2016), originally designed for data management,
also provide a conceptual guide for communication: scientific information should not only
be accessible and reusable but also interpretable by its intended audience. Infographics,
short explanatory videos, and narrative case studies are effective tools to bridge this gap.
These formats allow researchers to communicate the key findings and implications with-
out neglecting the essence of their work. Importantly, such tools should be co-developed
or tested with the target audience to ensure clarity and engagement (Illingworth and
Allen 2016).

5.2 Dealing with Ethical Concerns

Although HCM systems improve animal welfare by enabling non-invasive, continuous
monitoring and early detection of distress, ethical concerns remain. Critics sometimes
refer to automated monitoring as surveillance and equate it with invasive or privacy-
invading technologies. Such concerns are particularly prevalent among animal rights
activists or laypeople who are unfamiliar with how these systems work. To counter these
perceptions, communication must demonstrate how the HCM is consistent with the 3R
principles (Russell and Burch 1959). Refinement is particularly important: HCM allows
researchers to reduce handling stress, refine behavioural analyses, and detect subtle signs
of pain or stress earlier than traditional methods (Balcombe 2006). Communicating these
benefits using understandable language (for example “early warning system for animal
discomfort”) can help reshape the picture, for example, in animal license requests
addressed at ethics committees and licensing authorities.

Another ethical issue concerns data protection and algorithmic decision-making. As
Al-driven behavioural analysis gains traction, transparency about how data are collected,
processed, and interpreted becomes increasingly important. Stakeholders, including
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animal welfare officers and ethics committees, need to be confident that the decisions
made by automated tools are scientifically validated and ethically justified.

To manage ethical and reputational risks effectively, communicators should prioritise
issues based on their likelihood and potential impact. For example, misconceptions about
surveillance or data privacy are more likely to arise than concerns about algorithmic vali-
dations. Early warning indicators include increased public or media attention, stakeholder
queries, or negative social media sentiment. Regularly tracking these signals through web-
site analytics, comment monitoring, or informal feedback loops can guide timely responses
and mitigation.

5.3 Combating Misinformation

Misinformation about HCM systems can result from a lack of understanding, sensational-
ist media coverage, or targeted disinformation campaigns. Misconceptions include the
belief that animals are constantly monitored by cameras, that these systems replace human
care, or that they lead to more animal testing. A proactive approach to counter misinforma-
tion involves open and transparent communication supported by data and imagery. Virtual
or in-person tours of facilities, frequently asked questions on facility websites, and pub-
lishing lay summaries alongside scientific papers can demystify the use of HCM. Dedicated
social media campaigns, ideally created in collaboration with communications experts,
can also help debunk myths and shape public opinion. In addition, working with veterinar-
ians, animal technologists, and ethics committees is essential for building trust. These
stakeholders are often more trusted by the public than researchers and can serve as effec-
tive intermediaries in communication (Bubela et al. 2009). Educating and empowering
these stakeholders to speak confidently about HCM is thus important and can increase the
reach and credibility of dissemination efforts.

Disseminating information about HCM systems is therefore not just about sharing data,
but also about promoting understanding, building trust, and addressing public concerns.
Balancing accuracy and accessibility, addressing ethical perceptions, and combating mis-
information are critical to ensuring that the benefits of HCM are recognised and responsi-
bly embraced throughout the biomedical community.

Clear communication pathways are essential for effective dissemination and risk man-
agement. Within research institutions, responsibilities are typically shared across several
roles. Researchers communicate primarily with peers, funding agencies, and regulators,
ensuring that scientific accuracy and methodological transparency are maintained. Animal
welfare officers and ethics committee members serve as intermediaries between research
teams and oversight bodies, translating complex information into ethical and welfare-
focused language. Facility managers and technologists often act as practical communica-
tors, relaying operational insights to caretakers and technicians, while institutional
communication officers or press teams engage with external audiences, including policy-
makers, journalists, and the public. Coordination among these roles ensures that messages
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remain consistent, timely, and audience-appropriate. Prioritisation depends on context:
ethical concerns and public misconceptions typically require higher and more immediate
attention than technical clarifications, while regular internal updates, feedback meetings,
and media monitoring can function as early warning systems to detect emerging commu-
nication risks.

6 Case Studies

Case studies provide practical examples of how communication and dissemination strate-
gies related to HCM can raise awareness, increase understanding, and promote accep-
tance. By analysing these efforts, we can gain important insights for future campaigns,
both within the scientific community and beyond.

6.1 COST Action TEATIME: Building a Community of HCM Advocates

The COST Action CA20135—TEATIME (Improving Biomedical Research by Automated
Behaviour Monitoring in the Animal Home-Cage) provides a practical example of how a
coordinated communications strategy can build visibility, trust, and use of HCM systems
across diverse stakeholder groups. Framed according to the communication framework in
Fig. 5, TEATIME activities can be described in terms of the who, why, how, and what was
achieved.

6.1.1 Who (Targeted Stakeholders)

TEATIME primarily targeted four stakeholder groups: researchers (to encourage uptake
and cross-laboratory collaboration), animal caretakers and facility managers (to support
operational use and welfare gains), policy makers and ethics committees (to inform regu-
latory and licensing conversations), and the interested public and media (to build transpar-
ency and social licence). Roles were distributed: researchers and working group led
generated content, communication officers and COST handled press and outreach, welfare
officers and technologists validated operational messaging.

6.1.2 Why (Objectives)

Objectives followed the framework goals of awareness (introduce HCM concepts), under-
standing (explain methods and welfare benefits), and trust/acceptance (address ethical
concerns and transparency). Each objective guided the choice of tool and channel: peer-
reviewed outputs and technical webinars for understanding; infographics and lay summa-
ries for awareness and trust; and policy briefs for regulators.
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6.1.3 How (Strategies and Tools Linked to Fig. 5)
TEATIME used a mixture of strategies mapped to stakeholder needs: technical webinars
and recorded demonstrations for researchers; short training modules and dashboard
screenshots for caretakers; targeted policy briefs and meetings for regulators; and info-
graphics, social posts, and short videos for public audiences. A shared communications
toolkit (templates for slides, posters, and contact cards for TheBehaviourForum.org, which
is a web-based animal behaviour knowledge transfer platform created by TEATIME)
ensured consistent branding and message fidelity across channels and members, turning
participants into local ambassadors. When researchers have the right tools at their disposal
to communicate their work, their messages are spread further and reach more people.
Common branding and coordinated messages between institutions add weight and increase
the overall impact. Online formats are great for bringing people together across borders,
especially when supported by collateral materials and recordings. And perhaps most
importantly, personal stories, such as what drives researchers or how HCM has improved
animal welfare, can make science more tangible and inspire real empathy and engagement.
Various online events on HCM technologies and studies and a series of animal research
communication webinars were organised, which trained early career scientists and com-
municators on how to use tools such as social media, explainer videos, and Al-powered
platforms. Their webinars reached a diverse audience across the world and encouraged a
cultural shift towards more open and strategic communication of animal research.
Moreover, the hashtag #homecage and associated content on X (formerly Twitter),
LinkedIn, BlueSky, and YouTube created a digital space for the dissemination of publica-
tions on HCM, upcoming events, member spotlights, and infographics. Posts that com-
bined visual elements with clear, concise language generated higher engagement and were
frequently shared by partner networks such as EARA (European Animal Research
Association) and ALBA Network for Diversity, Equity and Inclusion in Brain Sciences.

6.1.4 What (Outcomes, Metrics, and Timeframe)

TEATIME activities ran from 2021 to 2025, with measurable results including webinar
attendance and geographic reach, social media impressions and engagement rates (shares/
comments), downloads of toolkits and lay summaries, and number of partner press releases
coordinated via university press offices. Where possible, specific impact metrics were
tracked (e.g. webinar registrants vs. attendees, toolkit downloads, hashtag impressions,
number of policy briefings delivered). These metrics demonstrated increased awareness
and network growth, and qualitative feedback from members reported improved confi-
dence in communicating HCM to ethics committees and funders.

6.1.5 Challenges, Mitigation, and Comparative Impact

TEATIME work also revealed common problems: limited staff time for communications,
variable institutional support for public outreach, and occasional public misunderstand-
ings about monitoring (surveillance concerns). Mitigation included centralised templates
to reduce workload, training sessions to upskill members in plain-language writing, and
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proactive transparency measures to address misconceptions early. TEATIME’s coordi-
nated, multi-channel approach, combining technical training, shared templates, and proac-
tive transparency, contrasts with organisations that focused solely on academic outputs;
the latter often produced high-quality science but limited public reach or policy uptake.
The breadth of TEATIME stakeholder engagement and the adoption of shared materials
across member institutions support the claim that it is a leading recent initiative for HCM
dissemination (COST 2021, 2025).

The communications work relied on modest dedicated time from the Communication
& Dissemination working group and contributions from member labs. A realistic time-
frame for a campaign of similar scope is 12-24 months from planning to consolidated
outputs, while smaller activities like single webinars or social media campaigns can deliver
impact within weeks.

6.2 ALBA Network and EARA Campaigns for Transparency
in Animal Research

Both the ALBA Network, which aims to promote equity and diversity in the brain sci-
ences, and EARA run campaigns addressing the overlapping issues of ethical animal use,
technological innovation, and transparency and can thus be used as a successful case study
for animal research communication. By promoting the importance of openness in animal
research, EARA provides examples of how complex technologies such as HCM can be
presented in a positive ethical context. Campaigns that include testimonials from techni-
cians and veterinarians emphasise the refinement aspect of HCM and thus resonate with
broader societal values. Moreover, ALBA’s visual identity, inclusive language, and down-
loadable resources are an excellent example of how clarity and accessibility can be main-
tained even in highly technical fields. Their communication around equitable research
practices intersects with HCM-related topics, such as minimizing animal stress and ensur-
ing quality data.

Messages that emphasise shared values, such as the association of HCM with refine-
ment and ethical animal care, tend to resonate with both the public and policy makers.
Images of HCM-equipped cages or simple graphics showing how the technology reduces
handling are far more memorable than long, text-heavy explanations. For campaigns
involving multiple partners, a consistent approach across all platforms (in terms of lan-
guage, tone of voice, and imagery) really helps to deliver a clearer, stronger message. In
conclusion, a successful communication of HCM depends not only on the message itself,
but also on who delivers it, how it is formulated, and which tools are used. Whether
through large-scale networks like TEATIME, cross-sector advocacy like EARA, or local
initiatives, the key to effective dissemination lies in transparency, empathy, visual engage-
ment, and empowering a broad coalition of communicators. As the field of HCM grows,
so must our ability to explain its value to a world increasingly concerned with scientific
rigor and animal welfare.
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7 Role of Collaboration

Effective communication about HCM systems goes beyond the laboratory. To truly reach
the various audiences of stakeholders, collaboration is essential. Coordinated cross-sector
efforts allow for more effective communication, wider dissemination, and greater credibil-
ity. This subchapter examines how partnerships with manufacturers, pharmaceutical com-
panies, non-governmental organisations (NGOs), and advocacy groups contribute to
successful communication about HCM, using both practical examples and collaborative
models such as the TEATIME COST Action.

7.1 Cooperation with Manufacturers and Pharmaceutical Partners

HCM manufacturers are often the first port of call for innovations and the practical use of
monitoring technologies. Working with these companies not only ensures technical accu-
racy in communications but also reinforces messages with practical examples and visual
content, such as product demonstrations, case studies, or user reports. Pharmaceutical
companies, especially those using HCM in preclinical research, can serve as strong allies
in communicating how such technologies improve data reproducibility, animal welfare,
and regulatory compliance. Jointly authored white papers, joint conference presentations,
or joint webinars can greatly enhance the credibility and reach of HCM messages. In addi-
tion, pharma partners often have access to global networks, making them valuable chan-
nels for disseminating best practices and success stories, as this recent publication
demonstrates (Sillito et al. 2025).

7.2 Partnership with Non-Governmental Organisations
and Advocacy Organisations

NGOs that advocate for animal welfare and responsible research play an important role in
shaping public opinion. Groups such as the NC3Rs (National Centre for the Replacement,
Refinement and Reduction of Animals in Research) have long advocated for the adoption
of automated and less invasive techniques, including HCM. Their guidance documents,
funding programs, and case studies help to validate the ethical benefits of HCM systems.
Moreover, other NGOs such as EARA (2025) and ART (2025) address the public directly
when it comes to animal experimentation. Working with such organisations ensures that
the messages about HCM are in line with the public’s values, highlighting how it reduces
stress, minimises intervention, and improves animal welfare. These collaborations can
help change public opinion on transparency and ethics in animal research.
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7.3 TEATIME Action: A Model for European Cooperation

The COST Action TEATIME is an example of how international and interdisciplinary
cooperation can strengthen communication on HCM. TEATIME brings together research-
ers, technology developers, communicators, and policy experts to promote the adoption
and understanding of automated behavioural monitoring in laboratory animals. Through
TEATIME, coordinated dissemination efforts, including webinars, joint publications,
infographics, and social media campaigns, have shown that collective messages can be
more effective than isolated efforts. TEATIME has also facilitated links between academia
and industry and enabled the joint development of communication materials tailored to
different stakeholder groups (see e.g. Figs. 2 and 3 and the TEATIME website under News
(TEATIME 2025)). Importantly, the Action includes a Communications and Dissemination
Working Group specifically focused on increasing the visibility and accessibility of HCM
in Europe and beyond.

7.4 Advocacy and Public Engagement

In addition to the technical benefits, HCM also represents a step forward in making animal
research more humane and transparent. Working with advocacy organisations allows
researchers and developers to address public concerns openly and honestly. This can
include organizing events for the public, participating in school or university outreach
programs, or contributing to scientific communication platforms and media. In such
endeavours, it is critical to speak a language that resonates with any audience: For scien-
tists, it’s about reproducibility and data; for the public, it’s about ethics and animal wel-
fare; and for funders, it’s about innovation and cost-effectiveness (see Fig. 1). Collaborations
make it possible to formulate and communicate these different messages appropriately
using the credibility and trust that each partner brings to the table.

Strategic collaboration is a cornerstone of effective communication about HCM tech-
nology. By combining the efforts of manufacturers, pharmaceutical companies, NGOs,
and advocacy groups, we not only expand our reach, but also ensure that our message is
well-rounded, credible, and impactful. Initiatives like TEATIME show how such partner-
ships can work in practice and provide a replicable model for the future of research com-
munication (COST 2025). In a landscape where public trust and scientific progress go
hand in hand, collaboration is essential.

8 Monitoring the Impact of Communication
Good communication is more than just composing and transmitting messages. It is about

ensuring that those messages are received, understood, and acted upon. In the context of
HCM technology, monitoring the impact of communication helps to determine whether



346 M. Cater and S. M. Holter

outreach is achieving its intended goals: raising awareness, improving understanding, and
promoting acceptance of HCM systems. Several tools and strategies can be used for evalu-
ating the effectiveness of communication, using both quantitative and qualitative methods.
Investing time and resources in communication only makes sense if we can track the
results.

Measuring impact helps us to understand the effectiveness of our dissemination
efforts—it shows us what works and what needs to be improved. It also provides evidence
to justify funding and the use of resources to stakeholders. We can use audience participa-
tion and feedback to refine our future strategies. Just as importantly, measuring impact
allows us to demonstrate transparency and accountability in our communications with the
public. Whether it is informing researchers, engaging regulators, or building public trust,
impact monitoring provides the evidence base to improve and refine our strategies.

8.1 Metrics and Analytics: Quantifying Reach and Engagement

There are several tools you can use to determine how far your communication has spread.
Altmetrics track the online attention that scientific publications receive, including men-
tions in newspapers, blogs, and policy documents, shares on platforms such as Twitter/X,
LinkedIn, and Facebook, and saves and reads on platforms such as Mendeley or
ResearchGate. For example, an open access article on HCM published in a neuroscience
journal may receive strong altmetric attention if it is picked up by advocacy organisations
or presented in a webinar. These numbers provide insight into how often and where your
work is seen and discussed outside of traditional academic citations.

For social media analysis, each platform offers built-in analytics. Twitter/X analyses
impressions, engagement rate, retweets, and likes. LinkedIn tracks post views, link clicks,
and demographic data of viewers. YouTube tracks viewing time, viewer engagement, and
traffic sources. You can use these data to identify which posts resonate with your target
audience and which channels are most effective. For example, a short video explaining the
benefits of HCM for animal welfare may have high engagement and distribution, indicat-
ing its success as a communication tool.

If your communications campaign includes a dedicated website or newsletter, it is
advisable to track page visits, bounce rate (the percentage of visitors who leave a website
without interacting further, such as clicking a link or viewing another page), time spent on
page, newsletter open rates and click-through rates, and downloads of resources (e.g. info-
graphics, white papers).

Together, these metrics provide a picture of who is engaging with your content and
which aspects are attracting the most attention.
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8.2 Surveys and Feedback: Capturing Audience Perceptions

Quantitative metrics are important, but they rarely reflect the whole truth. For this purpose,
surveys offer a valuable way to measure changes in awareness, attitudes, and intentions,
especially among researchers, students, policy makers, or the public. Tools such as Google
Forms and SurveyMonkey can be used to collect such feedback. Google Forms are free
and easy to use and allow for customizable charts to visualise responses. SurveyMonkey
offers more advanced features, such as anonymous submissions and branching logic that
allow questions to be customised based on previous responses.

When designing a survey, it makes sense to focus on a few key areas. First, assess basic
awareness by asking respondents if they have heard of HCM. Then, assess understanding
by exploring their thoughts on the benefits of HCM systems. Attitudes can be assessed by
asking if they would consider using or supporting HCM in their own research or institu-
tion. Finally, behaviour change can be explored by asking if exposure to communication
materials (webinars or articles) makes them more likely to recommend or adopt HCM
technology. These types of questions can be asked in post-event feedback forms, incorpo-
rated into newsletters, or shared via social media to assess the longer-term impact of com-
munication efforts.

Example

After organizing a TEATIME webinar on “Automated Behaviour Monitoring”, a
short post-event survey using Google forms asked participants how clear the infor-
mation was, whether they felt more confident explaining HCM to others, and
whether they planned to explore its use. The results showed a significant increase in
perceived knowledge and several requests for further materials—evidence of suc-
cessful knowledge transfer.

8.3 Mixed Methods Evaluation

The best picture of communication success can be achieved by a combination of quantita-
tive metrics (views, clicks, shares, altmetric ratings) and qualitative feedback (survey com-
ments, open-ended responses). To evaluate communication results using mixed methods,
you should create a simple evaluation framework (Fig. 6). This type of systematic tracking
is also helpful when writing grant reports, applying for future funding, or publishing your
communication strategies. Monitoring the impact of communication is not an afterthought
but should be an integral part of any dissemination plan. By using tools such as altmetrics,
analytics, and feedback surveys, we can ensure that our efforts to explain and promote
HCM technology are making a real difference. Communication is not just about dissemi-
nating information, but also about building a feedback loop with our target audiences.
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Communication .
| Metrics tracked | Outcome
channel
Attendee count, 85% reported increased
Webinar feedback survey understanding
Social media Impressions, 2,500 views,
campaign link clicks 130 clicks to HCM explainer
Article Altmetric score, Altmetric score: 47;
publication citations Cited 3 times in 6 months
90% said they now support
Public talk Survey after event automated monitoring

Fig. 6 Example of an evaluation framework for monitoring the impact of communication across
different channels

Only by listening, measuring, and adapting can we ensure that our messages are not only
heard, but also understood and remembered.

9 Future Directions

As scientific communication evolves, new opportunities are emerging that can help com-
municate HCM technology more effectively and reach a wider audience. These develop-
ments are changing not only the tools and strategies we use, but also the values that
underpin collaboration between science and society. The future of HCM communication
lies in adopting these innovations, particularly those associated with open science, trans-
parency, and collaborative dissemination.

9.1 Open Science and Data Sharing

Open science is no longer a niche ideal—it is fast becoming a standard requirement across
all disciplines. This movement promotes the sharing of research data, protocols, and
results in accessible, reproducible formats, often in advance of formal, peer-reviewed pub-
lication. In the context of HCM, open science offers unique advantages. By making raw
behavioural datasets, analysis pipelines, and validation studies openly available,
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researchers can accelerate replication, cross-laboratory validation, and ultimately broader
adoption of the technology. Platforms such as the Open Science Framework (OSF),
Zenodo, or protocols.io enable teams working with HCM systems to share methods and
results in a transparent way. Preprints and open access publications lower the barrier for
other researchers, students, industry partners, and even the public to engage with the topic.
Data sharing and transparency are also in line with ethical principles in animal research,
as the value of each dataset is maximised and unnecessary repetition is minimised. In addi-
tion, open communication builds public trust. For example, when facilities explain how
continuous monitoring systems reduce animal stress and improve animal welfare, and
back this up with openly available data or videos, they send a strong message of account-
ability and commitment to ethical science.

9.2 Interactive and Immersive Communication Tools

As technology advances, the formats for effective science communication are also chang-
ing. The future of HCM dissemination will likely include more interactive content: explan-
atory animations, real-time dashboards with anonymised animal activity data, virtual
reality tours of HCM-equipped facilities, and even game-based learning tools for students
or trainees. Infographics and short videos tailored for mobile use are particularly effective
when it comes to reaching young scientists and the public, while interactive webinars or
live Q&A sessions with HCM experts can create more direct contact and knowledge trans-
fer. Moreover, the use of Al-powered tools now makes it easier than ever to transform
complex data into readable summaries, visual representations, and multilingual content,
promoting inclusion and accessibility for different audiences.

9.3 Building Communities Around HCM

The future of HCM communication will also benefit from stronger community building
efforts. Initiatives such as the COST TEATIME Action have already demonstrated the
value of bringing together researchers, manufacturers, ethicists, and communicators from
across Europe. As the field grows, dedicated networks or working groups focused on
HCM-related data standards, communication strategies, and public engagement could fur-
ther increase both visibility and credibility. Crowdsourcing and citizen science could also
find a place in the future of HCM, especially for high-profile projects focused on animal
welfare or behavioural neuroscience. Transparent, participatory research models can help
bridge the gap between science and society, especially when it comes to concerns related
to animal research.
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9.4 From Awareness-Raising to Advocacy Work

Finally, future communication strategies must not only aim to inform, but also to encour-
age advocacy. As HCM technology continues to demonstrate its potential to improve ani-
mal welfare and scientific accuracy, there is an opportunity to engage wider stakeholders
in promoting its use, from funding bodies and policy makers to NGOs and educational
institutions. Positioning HCM as part of a forward-looking, responsible approach to ani-
mal research can be aligned with global policy trends that emphasise the 3Rs and promote
institutional change.

The next decade of HCM communication will be characterised by openness, interactiv-
ity, collaboration, and ethical responsibility. By embracing these trends, the HCM com-
munity can move beyond traditional dissemination, build trust, promote acceptance, and
ultimately make a meaningful contribution to science and society. The challenge is not
only to keep pace with these changes, but to lead them.
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Abstract

Home cage monitoring (HCM) offers a transformative approach to understanding
rodent behavior and physiology in biomedical research. This chapter reviews the most
commonly used mouse and rat models in HCM. Mice, particularly the C57BL/6 inbred
strain, dominate the field due to their genetic homogeneity, ease of breeding, and well-
characterized genome. Despite their advantages, researchers must consider strain- (and
substrain-) specific traits that can be either strengths or limitations of the model (such
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as susceptibility to diet-induced obesity, age-related hearing loss, retinal degeneration
and visual impairment, and differences in locomotor and exploratory activity). HCM
allows for the continuous monitoring of behaviors such as activity and feeding, provid-
ing insights into subtle phenotypes and genetic influences on behavior. Other mouse
strains, including DBA/2, 129, BALB/c, and FVB/N, offer unique behavioral profiles
useful for specific research applications. In rats, strains like the Long-Evans, Dark
Agouti, and Spontaneously Hypertensive Rat (SHR) are highlighted for their relevance
in cognitive, metabolic, and cardiovascular studies. This chapter underscores the impor-
tance of selecting appropriate strains for HCM studies, considering genetic background,
behavioral traits, and experimental goals. The continuous, automated nature of HCM
systems promises to advance our understanding of complex behaviors and physiologi-
cal responses, paving the way for innovative approaches in biomedical research.

Keywords

Laboratory rodents - Inbred strains - Behavioral phenotyping - Genetic background

1 Introduction

In the EU research area, since 2015, after adoption of the Directive 2010/63/EU by the
member states, precise statistics have been collected about how many animals and which
species have been used in research and testing and for what purposes. All these data are
reported yearly, albeit with a considerable delay, and are publicly available in the ALURES
(ANIMALUSE REPORTING - EU SYSTEM) statistical EU-Database (ALURES data-
base 2025).

In 2022, mice and rats composed approximately 55% of all animals used (4.7 million
out of a total of approximately 8.5 million), making them the most commonly used mam-
malian species in biomedical research. They were used mostly for basic research (53%)
but also in translational and applied research (28%) and regulatory use (17%).

In basic research, the main areas of use were the nervous system (28%), immune sys-
tem, and oncology (18% both), whereas in translational research, mice and rats were used
in studies on human cancer (35%), followed by human nervous and mental disorders
(16%) and human infectious disorders (13%).

Any area of biomedical research, where the progression of disease symptoms or effect
of the treatment is studied, can highly benefit from having continuous, 24/7 measurement
of behavioral (activity, feeding, drinking, sleeping, etc.) and/or physiological (e.g., heart
rate and body temperature) characteristics that can be collected through home-cage moni-
toring (HCM). Moreover, this approach would help in finding subtle phenotypes or com-
pletely new insights that could be not distinguished by short conventional tests, often
affected by unspecific stressors or inappropriate timing during the circadian cycle. Thus,
the measurements collected by HCMs can provide unique insights into the effects of
genetic background on individual and group behavior not previously recognized.
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There are several advantages that make mice and rats especially suitable for basic and
applied research—genetic and biological similarity to humans, short lifespan and repro-
ductive cycle along with small size, well-characterized genome, and long research history.
Rats have traditionally been used more for behavioral, physiological, and pharmacological
studies, whereas mouse strains were mostly developed for research in genetics and oncol-
ogy. However, mice became a model of choice and almost a gold standard for all biomedi-
cal research in the 1990s, after the introduction of the technologies enabling genetic
engineering to produce genetically modified (transgenic, knock-out) animals (Barinaga
1992), and ever since these technologies are evolving rapidly (conditional mutagenesis,
optogenetics, and CRISPR-Cas9 technology).

In this chapter, we provide a short and nonexhaustive review of insights from the HCM
with most common rodent models, based on the authors’ personal experience and knowl-
edge of the field.

2 Mouse Models Studied by the HCM

2.1 C57BL/6 and Other Inbred Strains; Spontaneous or
Mutant Models

2.1.1 Name of the Model: C57BL/6 (BL6)

BL6 Strain Characteristics

Most biomedical research involving laboratory mice is conducted using BL6 mice.
Advantages and disadvantages of the widespread use of this “gold-standard” strain will be
discussed in the following section.

A quick PubMed search [Searchstring: “(c57) OR (c57BL) OR (C57BL/6) OR
(c57BL*) OR (BL6) OR (B6)”] revealed over 369,000 results since the year 2000 com-
pared to 155,000 results for the second most often used inbred strain, BALB/c. There are
several reasons for the popularity of the BL6 mouse. Most prominent is that the strain is
readily available, reproduces well, has a low susceptibility to tumors, and makes a “typical
mouse” impression at first glance, including suitable behavioral phenotypes (escaping
floor or ceiling effects) in most behavioral paradigms. BL6 is widely used as a ‘general
purpose strain’ and was chosen as the background strain for the generation of most trans-
genic and knockout lines. In fact, BL6 has been shown to be an appropriate genetic back-
ground for many gene modifications. For these reasons, this strain was selected by the
Mouse Genome Sequencing Consortium (MGSC) to represent the laboratory mouse refer-
ence genome, with sequencing completed in 2002. Thereafter, the C57BL/6 N substrain
has been chosen as a background strain on which the International Mouse Phenotyping
Consortium is creating and phenotyping null alleles for all protein-coding genes (Brown
et al. 2018; Groza et al. 2023).
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However, to be brutally honest, most of the reasons for choosing BL6 are based on the
fact that almost everything we think we know about mice is based on the BL6 strain. The
popularity of this model is caught in a positive feedback loop: many publications (includ-
ing our own) contain statements such as “BL6 is the most commonly used mouse, so we
conducted our research with BL6 to achieve the greatest possible relevance”. It must be
mentioned that BL6 is a family lineage with approximately 200 well-known and less well-
known individual lines. There are subtle and sometimes striking differences between the
substrains (Bryant 2011), which are beyond the scope of this chapter. However, knowing
precisely which substrain is used (by adhering to international nomenclature) is crucial for
reliable interpretation of data and reproducibility. You can find a good overview on the
relevant pages of the major institutes for mouse production, such as The Jackson Laboratory
(JAX Lab 2025).

BL6 mice can live up to 30 months (Brust et al. 2015), but it should be noted that sig-
nificant signs of aging may become apparent at approximately 24 months, requiring close
observation with regard to animal care and, if necessary, humane intervention (Kahnau
et al. 2021). For an overview of the development of behavioral phenotypes in mice over
the lifetime, see (Brust et al. 2015).

BL6 mice are usually considered relatively docile (Lidster et al. 2019). However, in
some labs, BL6 has been found to show considerable amounts of aggressive behavior, pos-
sibly due to increased aggressiveness induced by corn cob bedding and other housing
conditions (Theil et al. 2020).

Disadvantages and Caveats of the Model

Compared to other strains of mice, BL6 also carries disadvantages that must be considered
when choosing this model. For example, BL6 mice have a high susceptibility to diet-
induced obesity (Lang et al. 2019). For this reason, they are often used as a model for
diet-related obesity, as they are comparatively similar to humans in this area. At the same
time, for studies of a different nature, attention should be given to the diet so as not to bias
the results. On a side note, it might be interesting to notice that the susceptibility to high-
fat diet-induced obesity is strongly interacting with the microbiome and not as severe in
BL6 mice with a wild-derived microbiome (Hild et al. 2021).

BL6 mice are known to be prone to age-related degeneration of hearing. It is worth
noting that this also affects some other strains, but with BL6, this is one of the factors that
is frequently mentioned when discussing the disadvantages of this model. Hearing begins
to decline at approximately 3 months of age at high frequencies and is considered severely
impaired at approximately 15 months of age. Most animals are tested at 60—90 days of
age, and no or only mild impairments are expected at this age. However, if long-term stud-
ies are conducted into old age, it should be noted that social communication may be
impaired. The cause is relatively well understood, and many BL6 carry a homozygous
allele combination (Cdh23*"). However, there are differences between the various sub-
lines, so it is advisable to use less susceptible lines when working with older animals in
age-related studies (Newton et al. 2025).
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It is to be noted that BL6 mice have peculiar immunological characteristics, as this
strain was originally developed for the study of antitumor activity and immunology (Song
and Hwang 2017). This strain presents increased immunological reactivity, which should
be considered when aiming at modeling diseases such as obesity or depression, which are
often characterized by low-grade inflammation. The progressive and multidimensional
characteristics of such immunological factors are particularly relevant to follow longitudi-
nally within the natural environment of the home cage.

BL6 in HCM

Because so many researchers use BL6, it is not surprising that there are numerous exam-
ples of this strain being used in HCM. In fact, in a recent systematic review, it was found
that 49% of studies using mice in HCM were conducted with BL6 mice (Kahnau et al.
2023). Unfortunately, in many studies, the animals were kept individually for long periods
of time in order to allow for detailed individual monitoring. Interestingly, it was found that
BL6 mice showed a bimodal activity pattern when observed in the home cage, contrasted
with a unimodal pattern in the strain C3H Adamah-Biassi et al. (2013). These data were
derived from single-housed males using a camera-based system (HomeCageScan System
3.0, CleverSys Inc.). Such bimodal activity patterns of BL6 and C3H mice were also found
in group housing using RFID and video data by Bains (2016, 2018) and in Tph2—/— and
Tph2+/+ mice of BL6 background by Rivalan et al. (2024). They also found activity pat-
terns to be different from another (less active) strain, FVB/NcrlBRH (Bains), or from a
more active genotype of the same background (Rivalan). BL6 mice proved to be a suitable
strain for measuring hippocampus-dependent learning in a home cage environment using
the IntelliCage, whereas similar results would be difficult to achieve with the DBA/2
mouse strain under the same experimental conditions (Voikar et al. 2010). These and other
studies (Voikar et al. 2018) also show that BL6 mice in a home cage setting are suitable for
spatial memory tests, for which tests outside the home cage, such as the water maze task,
are usually used.

Things to Consider with HCM and This Model

It will come as no surprise that BL6 mice have black fur. This makes the animals stand out
clearly against the usually light-colored bedding in their home cage. This is good for video
tracking, but the black fur is surprisingly resistant to any kind of marking. From personal
experience, we know that simple H,O, bleach does not work easily. Even prolonged expo-
sure to bleaching chemicals under anesthesia only leads to mediocre results. Our recom-
mendation for manual observations is marking the tail roots using a unique two-color code
applied with lacquer painting pens (Kahnau et al. 2021), but this requires regular renewal
about once a week. As a caveat, to our knowledge, there is currently no tracking software
that can identify and distinguish individual BL6 mice solely based on visual cues.
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2.2 Other Commonly Used Mouse Strains

2.2.1 Background

At the dawn of “transgenic revolution”, the researchers also began to investigate (or redis-
cover) the differences between a vast number of inbred strains that were available Crawley
et al. (1997), although the advantages of these genetically defined, homogeneous animals
(as compared to heterogeneous, outbred stocks) were well known (Festing 1999). However,
the suggested major strength of low variability has also been challenged by Tuttle et al.
(2018), who compared coefficients of variation between inbred and outbred mice and did
not find evidence of greater trait stability in inbred mice.

The effect of genetic background was recognized and acknowledged and recommenda-
tions provided Silva et al. (1997); in reality, it has been dealt with in a reductionistic man-
ner—the cases where a mutation is studied in any background other than C57BL/6 are
very rare. However, when it is performed, the results almost always confirm the depen-
dence of the phenotype on the background in mutant animals (Holmes et al. 2003; Morice
et al. 2004; Sittig et al. 2016). Therefore, for generalizing the experimental findings, it
would be always good to study the treatment in more than one genetic background (aka
systematic heterogenization, Voelkl et al. 2020).

The overwhelming popularity of the BL6 strain has been described in the previous sec-
tion. However, even the gold standard needs some references and comparisons. The strain
comparisons can be extremely valuable in studying the variation in behavioral and physi-
ological responses under different experimental conditions, providing essential informa-
tion for developing and validating new tasks and systems. The Mouse Phenome Database
(MPD, initiated in 1999) identified 40 common inbred strains and divided them into
groups of ten by priority (Mouse Phenome Database 2025). The need for such an initiative
to collect comprehensive phenotypic information on inbred strains was justified by com-
mon belief and understanding that mouse models serve as the primary animal model for
exploring genetic variation and human biology, and reliable phenotypic data are essential
for realizing the full utility of genomic information emerging from sequencing the genome.
By using a panel of inbred strains, one could establish the baselines that would be helpful
in interpretation of the experimental data. These strain differences are rather stable if care-
ful attention to the nomenclature and origin of the substrains is given, along with compa-
rable testing conditions and other factors that may influence the Genotype X Environment
interactions.

2.2.2 Characteristics of the Other Strains
The following inbred strains (all belonging to the priority group A of the MPD) have been
most commonly used in basic research, along with the B6 model (also in HCM, according
to Kahnau et al. (2023)) (Fig. 1).

DBA/2 (DBA/2 strain 2025) is the first inbred mouse strain in history, with breeding
initiated in 1909. The DBA/2 mice are widely used in behavioral studies and often com-
pared to the BL6 mice as some of their characteristics are often contrasted (particularly,
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Fig. 1 Mouse strains can often be visually distinguished by their coat color—black (BL/6), agouti
(129), white/Albino (BALB/c), and dilute-brown-agouti (DBA/2). In addition, they may have sev-
eral strain-specific characteristics that need to be considered in planning the study and interpretation
of the results, explained in this chapter

exhibiting poor spatial learning, avoiding alcohol in choice tests, impulsivity and anxiety-
like behavior, susceptibility to audiogenic seizures, and high-frequency hearing loss). By
crossing the DBA/2 and BL6 strains, followed by inbreeding, a number of recombinant
inbred BXD strains have been created, which are extensively used for mapping genes
related to physiological and behavioral traits like addiction, stress, metabolic disease, and
cancer (Ashbrook et al. 2021).

129 family (129 strains 2025)—a number of peculiar substrains are available; there-
fore, following the proper nomenclature is even more important (Simpson et al. 1997;
Festing et al. 1999). It has been the most widely used strain in the production of targeted
mutations due to the availability of several lines of embryonic stem cells. However, the
129 substrains have a very complex and even confusing history (with genetic drift and
contamination). Moreover, they display certain behavioral disadvantages (often poor spa-
tial and motor learning, hypoactivity, and anxiety-like behavior) and neuroanatomical
deficits (absent or deficient corpus callosum).

BALB/c (BALB/c strain 2025) is widely used as a general purpose inbred strain in vari-
ous research areas (immunology, cancer, infectious disease, and behavioral research).
Behaviorally, they have often been characterized as mice of high trait anxiety (Belzung
and Berton 1997).

FVB/N (FVB strain 2025)—historically, the FVB/N strain has been used for producing
transgenic mice. They have a vigorous reproductive performance with large litters.
However, the strain suffers from retinal degeneration and has other behavioral and
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physiological peculiarities that complicate the use of transgenic mice in this background
for behavioral studies (Mineur and Crusio 2002; Pugh et al. 2004).

BTBR strain (2025) is commonly used in studies of autism because it exhibits several
relevant symptoms including reduced social interactions, impaired play, and unusual
vocalizations compared to other inbred strains (Meyza and Blanchard 2017). BTBR mice
exhibit a 100% absence of the corpus callosum and a severely reduced hippocampal
commissure.

In contrast to the inbred strains, an outbred strain (“stock™) is a closed population (for
at least four generations) of genetically variable animals that are bred to maintain maxi-
mum heterozygosity. There is no genetic quality control system for these stocks; even their
names provide little information about their genetic or phenotypic characteristics. It is also
important to note that similar to substrains of inbred mice, the same outbred stock main-
tained at different breeding centers may possess significant phenotypic differences. The
ICR (CD-1) and NMRI outbred mice, originally derived from Swiss albino mice, are
widely used in biomedical research as general purpose models due to their high reproduc-
tive performance, rapid growth, and strong adaptability to the environment. They are albi-
nos and may suffer from visual impairments (Serfilippi et al. 2004; Clapcote et al. 2005).

In summary, it should be emphasized that the selection of genetic background can
impact the internal and external validity of research. This choice needs to be carefully
weighed based on the research questions and outcome parameters, and strain names should
be reported precisely according to international nomenclature. Using multiple inbred
strains allows researchers to uncover strain-specific phenotypes, genetic interactions, and
disease susceptibilities, thereby improving the robustness and translational relevance of
biomedical studies. In contrast, relying solely on BL6 mice can limit the generalizability
of research findings. The strengths and limitations of each strain depend heavily on the
specific research question.

2.2.3 Differences Between the Strains Revealed by HCM

Next, we provide a short and not exhaustive overview of the studies, where the physiology
and behavior (including locomotor activity and circadian rhythms; sleep and rest patterns;
feeding and drinking; anxiety-related behavior; social behavior and interaction; and cogni-
tive performance) of different mouse strains have been compared by using a variety of
automated HCM systems.

By using radiotelemetry and measuring body temperature, heart rate, and locomotor
activity, strain differences were found in the magnitude and duration of the stress responses
and circadian activity between 129Sv/Ev, C57BL/6, and Swiss-Webster mice (Van Bogaert
et al. 2006). However, the observed ranking in autonomic stress response did not match the
behavioral stress responsivity of these strains, showing that simultaneous measurement of
behavioral (activity) and autonomic parameters (heart rate and temperature) under stress-
ful conditions contributes considerably to a better interpretation of anxiety and stress lev-
els in mice.
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Phenotyping spontaneous locomotor activity in inbred and outbred mouse strains by
using Digital Ventilated Cages revealed significant differences in the circadian activity
patterns of the three selected strains when comparing inbred versus outbred as well as
inbred strains (C57BL/6NCrl; BALB/cAnNCrl; CRL:CDI1(ICR) (Fuochi et al. 2021).
These data corroborate the concept that each strain behaves under characteristic patterns
(e.g., anticipation of the dark phase, peaks of activity, and behavior during the light period),
which needs to be taken into consideration in the study design to ensure experimental
reproducibility and comply with essential animal welfare principles. Strain-specific pat-
terns of circadian activity were also revealed by using Home-Cage Analyzer (Bains
et al. 2016).

Using the same dataset but novel and refined analysis tools, the authors were able to
show that also when referring to space preference within the cage, C57BL/6NCrl has a
high variability in the behavioral phenotypes from prepuberty until early adulthood com-
pared to BALB/cAnNCrl, which is confirmed to be socially disaggregated, and
CRL:CD1(ICR), which is conversely highly active and socially aggregated. These HCM
data also suggest that a strain-oriented approach is needed when defining the frequency of
cage change as well as the maximum allowed animal density, according to the physiologi-
cal peculiarities of the strains, and always avoiding the “one size fits all” approach (Fuochi
et al. 2023). Such findings can also inform evidence-based adjustments in animal hus-
bandry, thereby contributing to improved animal welfare.

Spontaneous behavior in the social homecage can reliably discriminate strains, lesions,
and mutations in mice, showing that mouse strains (BL6, DBA/2, 12952, BALB/c, and
B6D2F1) have unique and reproducible behavioral profiles in IntelliCage that help in
interpretation of the results with models in the BL6 background. Moreover, monitoring of
mutant mice with known deficits in hippocampus-dependent conventional tests produced
profiles very similar to those of mice with hippocampal lesions (Vannoni et al. 2014). For
developing new cognitive tasks in a fully automated HCM system, the combination of
inbred strains (with known and contrasting characteristics) and brain lesions can be useful
(Voikar et al. 2018). Multilaboratory studies add evidence for the generalisability and reli-
ability of the new methods (Endo et al. 2011).

The problem of reproducibility of behavioral phenotyping results is well known
(Crabbe et al. 1999), where experiments with experimental models may yield results that
are idiosyncratic to a particular laboratory. Automated (and standardized) HCM systems
have been shown to tackle this problem effectively. For instance, testing three strains of
mice with divergent behavioral phenotypes (BL6, DBA/2, and B6D2F1) revealed consis-
tent outcomes in four laboratories by using IntelliCage (Krackow et al. 2010). In another
study, the ambulatory activity of BL6 and DBA/2 mice was tested by PhenoTyper in two
laboratories under near identical housing and testing conditions, and similar circadian
rhythms were observed across laboratories (Robinson et al. 2018).

One of the main benefits of several automated HCM systems is the possibility of track-
ing individual animals when group-housed. However, it is important to note that cohous-
ing and social interaction between different strains can substantially affect their emotional
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phenotype (Kulesskaya et al. 2014; Heinla et al. 2018). Such information may also be
important for interpreting the outcomes of research with disease models and genetically
modified mice. Adherence to the PREPARE and ARRIVE guidelines cannot be empha-
sized enough when planning, conducting, and reporting preclinical studies involving ani-
mal models (Smith et al. 2018; Percie Du Sert et al. 2020).

23 Integrated Home-Cage and Circadian Monitoring in Mouse
Models of Obesity and Diabetes

Escalating global prevalence of obesity and diabetes has prompted intensive use of rodent
models for mechanistic and pre-clinical studies. A PubMed search combining “high-fat
diet OR ob/ob OR db/db OR NOD” with “mouse” yields >75,000 articles since 2000,
underlining the field’s breadth. Automated home-cage technologies now allow for the con-
tinuous phenotyping of energy balance, while chronobiological tools reveal how circadian
misalignment drives metabolic pathology. Commonly employed models include

* Diet-induced obesity (DIO) in C57BL/6 J mice: replicates human polygenic obesity
with intact leptin signaling.

* ob/ob (leptin-deficient) and db/db (leptin-receptor-deficient) mice: severe hyperphagia,
obesity, and insulin resistance.

* Non-obese diabetic (NOD) mice: autoimmune f-cell loss and hyperglycemia.

* High-fat diet plus streptozotocin models: combined insulin resistance and p-cell
dysfunction.

2.3.1 Caveats When Interpreting Metabolic Read-Outs

Genetic models differ in basal locomotor activity and thermal conductance, which con-
found energy expenditure calculations. Hyperphagic strains (ob/ob and db/db) generate
large bedding moisture volumes, necessitating bedding-specific calibration of capacitance-
based sensors. Circadian damping in leptin-pathway mutants blunts locomotor rhythms,
complicating phase-based analyses. Additionally, what is generally missing are environ-
mental data (e.g., temperature, light, and housing), biological data (e.g., gender, age, and
strain), and, ultimately, technical data (e.g., calorimetry assumption and cage effects).

2.3.2 Continuous Metabolic Phenotyping with Circadian Context

Timing and operant responding in group-housed mice via a feeder revealed that caloric-
restricted C57BL/6 J mice voluntarily concentrate intake to the early dark phase, protect-
ing glucose tolerance (Acosta-Rodriguez et al. 2017). Similarly, similar systems coupled
infrared tracking with load-cell food hoppers, showing that a high-fat diet advances feed-
ing onset by ~2 h and fragments rest-activity thythms (Nguyen et al. 2016). Wireless
continuous glucose monitoring (CGM) in female NOD mice detects 24-h glucose waves
inversely correlated with body temperature, capturing dawn hyperglycemia missed by
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single-time-point sampling (Korstanje et al. 2017). Tecniplast Digital Ventilated Cages
(DVCs) use floor capacitance to flag polyuria episodes that align with CGM-verified
hyperglycemic excursions, enabling noninvasive staging of diabetes progression (Brachs
et al. 2025).

2.3.3 Circadian Disruption as a Pathogenic Driver

Shift-work simulations in mice (8-h phase advance every 3 days) accelerate weight gain
despite unchanged caloric intake and elevate hepatic lipogenesis markers (Shi et al. 2013).
Human laboratory studies corroborate that circadian misalignment reduces insulin sensi-
tivity and elevates cortisol, predisposing to adiposity (Broussard and Van Cauter 2016).
Sleep-corrected social jetlag in adolescents is associated with a higher BMI z-score and
late-day snacking; meal-timing regularity interventions reduce weight and improve sub-
jective well-being (Wilming et al. 2024).

2.3.4 Practical Considerations

* Combine infrared or RFID activity tracking with CGM or indirect calorimetry to disen-
tangle energy expenditure from locomotor artifacts.

* Align data to zeitgeber time rather than clock time when diets differ in photoperiod
alignment.

» Validate sensor accuracy after bedding changes or cage wash cycles.

2.3.5 Conclusion

Coupling home-cage analytics with circadian read-outs affords granular insight into how
meal timing, activity, and endocrine rhythms converge to shape metabolic disease. These
integrated platforms lay the groundwork for chrono-therapeutic strategies that restore tem-
poral order to improve metabolic outcomes.

3 Rat Models Studied by the HCM

3.1 Long Evans (LE), Wistar (WI), Dark Agouti (DA), Spontaneously
Hypertensive Rats (SHR), Sprague Dawley (SD)

3.1.1 Continuous Telemetry-Based Cardiovascular Characterization
of Spontaneously Hypertensive Rats

The spontaneously hypertensive rat (SHR) is a genetically selected model that recapitu-
lates the progressive elevation of systolic and diastolic blood pressure, vascular stiffness,
and left-ventricular hypertrophy seen in essential hypertension. While conventional tail-
cuff or catheter recordings provide isolated snapshots, implantable telemetry and other
home-cage sensors permit 24-h cardiovascular surveillance in unhandled, freely moving
animals.
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Modern telemetry transducers implanted in the abdominal aorta (or carotid artery) or
jacketed telemetry with less invasive allow beat-to-beat arterial pressure, electrocardio-
gram (ECG), heart-rate variability (HRV), and core temperature to be streamed wirelessly
to receivers beneath standard cages. Coupling these signals with infrared or video activity
tracking provides time-locked behavioral context with minimal investigator interference
(Redfern et al. 2017; Voikar and Gaburro 2020).

Telemetry has confirmed that SHRs develop hypertension as early as 6-8 weeks of age,
with mean arterial pressure exceeding 160 mmHg by 12 weeks (Lerman et al. 2019).
Unlike normotensive Wistar—Kyoto rats, many adult SHRs fail to exhibit the normal noc-
turnal “dip” in blood pressure or show a reversed (non-dipping) profile, a pattern that cor-
relates with greater end-organ damage in humans (Chen et al. 2017a). Pressure recordings
also reveal exaggerated lability: transient surges of >40 mmHg occur during cage activity
or startle responses, reflecting enhanced sympathetic reactivity.

Simultaneous ECG telemetry demonstrates shortened R-R intervals (baseline
HR =~ 380—420 bpm) and reduced HRV complexity across multiple time-scales in SHRs,
indicating persistent sympathetic dominance and impaired vagal modulation (Silva et al.
2016). Baroreflex gain, calculated from spontaneous sequences of pressure—pulse interval
coupling, is blunted by ~50% relative to controls, mirroring autonomic dysregulation in
clinical hypertension.

Chronic stress paradigms applied in the home cage (e.g., unpredictable noise or
restraint) exaggerate tachycardic and pressor responses in SHRs compared with normo-
tensive rats. Repeated restraint elevates the basal heart rate and augments baroreflex-
mediated tachycardia, effects captured only through continuous telemetry (Vieira
et al. 2018).

When aligned with longitudinal echocardiography and vascular ultrasound, telemetry
data show that sustained pressor load drives concentric left-ventricular hypertrophy,
increased aortic wall thickness, and elevated vascular oscillatory shear index in SHRs by
24 weeks (Chen et al. 2017b). Pharmacological interventions such as angiotensin-II recep-
tor blockers (losartan and telmisartan) normalize pressure rhythms and partially restore
HRYV within days, preceding regression of structural remodeling, underscoring the mecha-
nistic value of continuous hemodynamic endpoints (Mulinari-Santos et al. 2018).

Continuous telemetry thus provides an integrative read-out of hemodynamic load, auto-
nomic balance, and therapeutic efficacy in SHR. The approach enhances construct validity
by capturing circadian, stress-induced, and drug-responsive changes and narrows the
translational gap to human hypertension. Future work integrating pressure telemetry with
optogenetic or calcium-imaging read-outs will further dissect central circuits governing
sympathetic outflow.

The spontaneously hypertensive rat (SHR) has remained the work-horse model for
essential hypertension for over five decades. A PubMed query (“spontaneously hyperten-
sive rat” OR “SHR”) returned >10,000 entries since 2000, underscoring its prominence in
cardiovascular research. SHRs were derived from Wistar stock by selective breeding for
elevated blood pressure; they reach systolic values >160 mmHg by 12 weeks and develop
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vascular stiffening, left-ventricular hypertrophy, and end-organ damage comparable to
human hypertension (Doris 2017; Lerman et al. 2019). Under barrier conditions, SHRs
live 24-30 months, yet clinically relevant cardiac and renal lesions often appear by
15 months, requiring close surveillance. Continuous telemetry assists in detecting early
decompensation (e.g., sustained tachycardia or arrhythmia) and defines humane end-
points objectively. SHR displays greater locomotor activity and impulsivity than normo-
tensive Wistar—Kyoto (WKY) rats. Group housing is generally compatible with implanted
transmitters, although dominant aggression may surface in adolescent males; adequate
cage space and enrichment mitigate these episodes.

Disadvantages and Caveats

Many colonies harbor the Cdh23ahl allele, resulting in progressive high-frequency hear-
ing loss from approximately 3 months to virtual deafness at approximately 15 months
(Brace et al. 2015). SHR also exhibits exaggerated sympathetic responses—brief restraint
can raise mean arterial pressure (MAP) by more than 40 mmHg—so intermittent tail-cuff
readings overestimate baseline MAP. Additionally, basal glucose levels are modestly ele-
vated, and insulin sensitivity is reduced relative to WKY, factors relevant for cardiometa-
bolic studies.

Continuous Cardiovascular Telemetry and Integration with HCMs

Implanted pressure transmitters (abdominal aorta or carotid) stream beat-to-beat MAP,
ECG, and core temperature from freely moving SHR. Telemetry exposes a high preva-
lence of non-dipping or reverse-dipping BP rhythms that predict severe cardiac remodel-
ing (Chen et al. 2017a). Heart-rate variability (HRV) shows reduced complexity and
diminished vagal tone, and spontaneous baroreflex gain is ~50% lower than in WKYs,
reflecting autonomic dysfunction (Silva et al. 2016). Under chronic stress, telemetry cap-
tures exaggerated tachycardic and pressor responses unique to SHRs, as well as delayed
baroreflex desensitization (Vieira et al. 2018). Several studies now combine telemetry with
home-cage monitoring (HCM) to pair hemodynamic read-outs with continuous behavioral
data. Azar et al. instrumented female SHRs with pressure transmitters and showed that
environmental enrichment elevated dark-phase activity yet left basal MAP unchanged,
demonstrating strain-specific cardiovascular resilience to enrichment (Azar et al. 2012).
The same group reported that group-housing of SHRs reduced the resting heart rate and
blunted stress-evoked tachycardia compared with singly housed counterparts (Azar et al.
2011). Another study used 72-h telemetric BP recording alongside RFID-based activity
tracking to show that the dopamine-f-hydroxylase inhibitor etamicastat lowered BP with-
out altering spontaneous cage activity, validating its antihypertensive efficacy in the
absence of locomotor confounds (Igreja et al. 2015). Earlier telemetry work by van den
Buuse mapped circadian BP, HR, and locomotor rhythms in unrestrained SHR, providing
baseline chronobiological signatures still referenced today (Van Den Buuse 1994).
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Structural Remodeling Endpoints

Coupling telemetry with echocardiography and vascular ultrasound reveals that sustained
pressure load drives concentric left-ventricular hypertrophy, aortic wall thickening, and
elevated oscillatory shear index by 24 weeks (Azar et al. 2012). Angiotensin-II receptor
blockers (losartan and telmisartan) normalize BP rhythms within days, improve HRV, and
precede hypertrophy regression (Azar et al. 2011). Thus, continuous telemetry plus heart
failure with preserved ejection fraction (HCM) supplies sensitive biomarkers for therapeu-
tic efficacy. Telemetry implants add ~3 g and necessitate brief single housing post-surgery.
Albino SHR coat color offers high video contrast, aiding automated tracking; infrared
illumination permits dark-phase recording. Pressure sensors must be recalibrated periodi-
cally because fibrotic encapsulation can shift zero values over time.

Conclusion

Integrating telemetry with automated HCM refines cardiovascular phenotyping of SHRs,
capturing dynamic links between behavior, circadian biology, and hemodynamics that
static methods miss. These high-resolution datasets strengthen translational insight and
support the development of next-generation antihypertensives.

3.2 Continuous Home Cage Monitoring of Social Interaction
and Social Status in Dark Agouti (DA) Rats

3.2.1 DA Characteristics and Use

DA are pigmented inbred rats with good vision that are mainly used in physiological and
medical studies and have only rarely been tested for their cognitive abilities (Aggleton
et al. 1996) and only recently for their executive functions and social skills (Alonso et al.
2020). DA rats are known to be susceptible to induced arthritis, autoimmune thyroiditis,
and the spontaneous development of certain forms of cancers (e.g., urinary bladder).
However, how those physiological susceptibilities may influence behavioral outcomes,
particularly in long-term or translational studies, is currently unknown. Their behavioral
phenotype is less explored, although a multidimensional analysis of their cognitive and
social profile revealed interesting specificities compared to the outbred line of Wistar Han
(WI(Han)) rats.

Comparing their cognitive abilities, natural behaviors, and physiological responses to
those of WI(Han) rats revealed similarities between strains in their performances in most
tests. WI(Han) and DA lines, however, differed to some degree in their sensitivity to
reward and impulsivity in operant cages and in their locomotor activity and open space-
occupation in HCM. Both strains presented large phenotypic variation in behaviors perti-
nent for the study of the underlying mechanisms of poor decision making and associated
disorders. Both the interindividual and interstrain comparison approaches provided new
insights for the preferential use of each strain in future neuropsychopharmacological
studies.



The Most Used Rodent Models in Home Cage Monitoring 367

3.2.2 Spontaneous Profile of DA Compared to Wi(Han) in HC

In a large automated home cage environment designed and named after the Visible Burrow
System developed 30 years ago (Blanchard et al. 1995), the spontaneous and continuous
recording of general activity, space use, and social and nonsocial behaviors was carried out
for each individual in groups of male rats. The automated VBS consisted of an open area
extended to the top by high walls and connected through transparent tunnels to a burrow
system placed into a second cage. A grid of 32 RFID detectors was placed below the VBS
in order to automatically detect individual animal positions. The behaviors expressed by
the animals were scored from continuous video recordings following a list of typical affili-
ative, aggression, defensive, and maintenance behaviors (Rademacher et al. 2002; Burman
et al. 2008; Alonso et al. 2020). The activity, place preference, and time spent in the open
area of the VBS were measured using the data collected from the grid RFID detectors.
Thanks to the RFID tracking of each individual of the group, we did not need any physical
marking of the fur of the animal, simplifying data collection and resulting in minimal
disturbance of the animal.

In both strains, the behaviors most frequently observed in the VBS were huddling
(lying in contact with another rat), eating, and struggling at the feeder. The 19 other scored
behaviors (e.g., allogrooming, embracing, following, mounting, flight, freezing, and
upright defense) were seen more rarely in both strains. Considering the three most fre-
quent behaviors, DA rats huddled more but struggled (at the feeder) less than WI(Han) rats
and did not differ in eating behavior. Both DA and WI(Han) rats changed their activity
(i.e., distance traveled) with the light/dark phase and were more active during the dark
phase. Over all days, locomotion in WI(Han) rats was higher than in DA rats during both
dark and light phases. DA rats preferred to stay more in the burrow area than the WI(Han)
and, from Day 3, spent significantly less time in the open area, indicating a more defensive
and anxious phenotype than the WI(Han) rats. These original results provided new insights
for the preferential use of each strain in future neuropsychopharmacological studies. The
WI(Han) and DA strains could be preferentially selected to study pathologies related to
reward sensitivity and impulsivity on one side (WI(Han)) and compulsivity and anxiety-
related behaviors (DA) on the other side (Alonso et al. 2020).

3.2.3 HCProfiling of DA and Model of Anxiety-Related Disorders

In this study, it was found that DA rats were more affiliative in the VBS, although they
preferred hiding in the burrows than being exposed to the open space of the cage. This was
consistent with their more fearful reaction to other classical tests (elevated plus maze and
avoidance of the center of the open field), which is also an argument for the added ecologi-
cal validity of the VBS (with its open area) with some shorter conventional assays. These
results could validate, in different contexts, a specific fear of the open spaces. With DA rats
presenting a more anxious and prosocial phenotype in both the VBS and classical out-of-
the-cage tests, this strain could be interesting to use for studies on anxiety-related disor-
ders. For example, patients diagnosed with anxiety disorder are extremely fearful/anxious
of real-life threats (as opposed to unreal life-threatening concerns of OCD patients) and
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can express unritualized compulsive behaviors. In the case of social anxiety disorder
(social phobia), a subcategory of anxiety disorder, they show strong social contact avoid-
ance and/or seek to reduce their social fear. Anxiety indeed appears to be a trait often
witnessed in inbred lines of mice (Belzung and Berton 1997; Tuttle et al. 2018). Biological
substrates could support the inter-strain behavioral differences. It seemed that DA and
WI(Han) shared traits that have been associated with the serotonergic system, especially
hyposerotonergia. Mapping and quantifying the expression of the serotonin autoreceptor
5-HT1A and receptor 5-HT4 could support their anxiety (Donaldson et al. 2014) and
reward sensitivity profiles, respectively (Rebholz et al. 2018). Additionally, the central
levels of expression of SERT, which influence the 5-HT turnover, would be crucial to
evaluate in DA. In DA, the lower sensitivity to reward, impulsivity, aggression, social
preference, and higher anxiety might indicate a lower level of SERT expression compared
to WI(Han) (Kalueff et al. 2010). Finally, and despite their marked differences, it is to be
remembered that DA and WI(Han) rats also shared many similar traits, especially in the
undisturbed environment of their social Home Cage Housing. The original approach to
assess the spontaneous behaviors of rats, within the VBS as their HCM gave an unprece-
dented view on the richness of each strain specificity at multiple behavioral and temporal
levels all at once.

3.2.4 Things to Consider with This Model and Advantages of HCM

The DA line is particularly sensitive and reactive to handling, requiring a longer and
adapted procedure for habituation to handling by the experimenter and classical testing.
The use of HCMs for the evaluation of their sensitive phenotype is a good alternative to
control for the impact of human handling on their behaviors when using conventional
tests. The VBS also offers the possibility of a multidimensional profiling in naturalistic
conditions essential for improving high translational value to results.

The boom in the generation of genetically modified mice in the 1990s did not occur in
rats, although they were previously the preferred species over the mice to study cognition
and social behaviors in laboratory settings. Finding the background strain for generating
transgenic rats and at a reasonable price was two of the main challenges (Meek et al.
2017). One successful transgenic rat with a DA background is the Tph2 —/— rat line
(Kaplan et al. 2016). In this line, when DA rats were stripped off of their serotonin in the
brain using a KO technology, blocking the production of the rate-limiting enzyme
Tryptophan Hydroxylase 2 in the production of serotonin in the brain specifically (produc-
tion of serotonin at normal levels outside of the brain), their behavioral phenotype was
markedly impaired in their home cage environment. As described in the section above,
combining the use of HCM with classical tests demonstrated that although brain serotonin
depletion did not impact the animal’s cognitive abilities in classical procedures, their
everyday phenotype turned out to be particularly compromised in the home cage. The
most critical behaviors of DA rats with no serotonin in the brain effectively resembled
symptoms of impulse control and anxiety disorders (Alonso et al. 2023).
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3.3 Wistar Han

A quick PubMed search [Searchstring: “(Wistar Han) OR (wistar han) OR (Wistar H) OR
(WI(Han))”] revealed more than 49,000 results since 2000, with a peak of publications in
2012 followed by an accelerating decrease after 2021, underlining the relatively important
but recessing use of this strain. Wistar Han rats are outbred albino rats. Docile, they are
largely used in pharmacological and toxicity studies. Thanks to their good longevity, they
are of interest for longitudinal and behavioral studies (Taylor and Mowat 2020). Rats in
general but also WI(Han) are easily trained in operant conditioning boxes in contrast to
mice. Since the 1930s, with the first created operant cages (or skinner box), hundreds of
protocols have been developed and validated to be able to test various and subtle cognitive
abilities in rats, neurobiologically mapped and similar to neuropsychological and batteries
of cognitive tests used in humans. The advantages of testing a rat out of its homecage,
alone in a highly controlled environment, following a strictly designed protocol are that
the animal’s memory, attention, impulsivity, sensitivity to reward, decision making, and so
on, can be easily statistically analyzed and compared between individuals. Although cog-
nitive abilities can also be assessed in some home cage set ups, specific conditions of tests
easily implemented in stand-alone operant systems cannot be directly transferred to the
continuous although intermittent testing of the animal’s abilities and conditions of the
Home Cage. To combine advantages of both testing and monitoring conditions set ups,
and without the intervention of the experimenter, one idea has been to connect the home
cage of group-housed rats to the operant cage via an automated animal gating or sorting
system. In this configuration, the rats lived undisturbed and could decide when voluntarily
entering the operant chamber (a touchscreen operant system) to perform one session of
test and in comparable standardized conditions than if manually entering the testing box
(Rivalan et al. 2017). Although mostly developed for mice, such an automated gating sys-
tem works similarly well in rats, using radio-frequency identification (RFID) technology
to replace the need for experimenter involvement. In this study, it was shown that WI(Han)
rats readily learned to voluntarily and individually access the operant chamber and
remained there solely for the duration of each experimental session and not to sleep or use
the box as a simple extension of their Home Cage. Interestingly, these self-initiated ses-
sions enabled the rats to acquire a complex touchscreen-based trial-unique nonmatching to
location (TUNL) task in approximately half the time reported for manually placed ani-
mals, mainly due to the continuous access to the test cage. Task performance was compa-
rable between the automated and manually handled groups, supporting the reliability of
the approach. Overall, this fully automated, experimenter-independent platform represents
a valuable tool for investigating a wide range of cognitive functions in future research.

3.3.1 Practical Considerations

To maintain a satisfying level of motivation by the rat for performing the task when enter-
ing the operant chamber, one critical aspect has been to implement a time out of several
hours (from 1 to 3 h) between two visits of the operant box by the same animal. This would



370 M. Rivalan et al.

equally reduce the exclusive access of the test box by the dominant animal. Another key
aspect is to ensure correct synchronization of times between the Gating device and the
operating system of the test box to avoid mistakes in later analysis of results. For advice
on synchronization of external modules with HCM, see chapter “Achieving Independence
and Precision: A Guide for Do-It-Yourself (DIY): Home Cage Monitoring” on DIY HCM
approaches.

34 Long Evans Rats
3.4.1 Name of the Model: Long Evans (LE)

LE Strain Characteristics

LE rats are a commonly used outbred strain of laboratory rats. A PubMed search using
[Long Evans] keywords resulted in more than 26,000 studies since 1922. Even though less
frequently used than Wistar (W) and Sprague—Dawley (SD) rats (ratio of studies: LE:W,
1:12 and LE:SD, 1:15), the LE rats are present in multiple research fields, including behav-
ior, aging, addiction, and obesity, and are frequently chosen for cognitive studies. They are
phenotypically characterized by a black hooded coat and a pigmented retina, conferring
good visual function. Their visual acuity is reported to be superior to that of W, SD, and
Fischer 344 rats (Prusky et al. 2002), which should make LE rats more suitable than albino
rats for cognitive tasks that involve visual cues, such as spatial learning and visual dis-
crimination tasks. Accordingly, LE rats were shown to perform better than albino rats in
different spatial learning tasks (Tonkiss et al. 1992; Turner and Burne 2014; Raje et al.
2025). Even though mixed results have been found for the water maze, in a water maze
place task, LE outperformed not only albino but also pigmented rats, including DA rats
(Harker and Whishaw 2002) that have a comparable visual acuity to LE rats (Prusky et al.
2002), suggesting better cognitive abilities in the LE strain with respect to other pigmented
rat strains in specific tasks. Furthermore, LE performed better than SD in operant and
touchscreen paradigms involving signal detection and pairwise discrimination tasks,
respectively (Turner and Burne 2014; Martis et al. 2018). It is not entirely clear to what
extent the higher performance of LE over albino rats in the abovementioned tasks is driven
primarily by their better visual function or, in part, by better cognitive skills. Comparing
LE with other strains in different touch screen paradigms revealed that LE rats can out-
compete SD and W rats in a visual discrimination task, but their performance is similar to
that of the albino strains in an automated spatial search task, which is less dependent on
visual skills (Kumar et al. 2015). In addition to visual acuity, other factors could play a role
in the LE’s better performance in cognitive tasks. Taken together, the results of studies
comparing LE rats to SD rats for anxiety and other behavioral measures, as well as stress,
do not provide a straightforward explanation for the superior performance of LE rats
(Turner and Burne 2014; Sanchis-OlI€ et al. 2021; Raje et al. 2025).
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Recent investigations showed that the onset of cognitive decline in LE rats varies
between different cognitive skills, with motor learning declining first by 21 months of age,
followed by a decline in attention, spatial learning, and later, social cognition by the age
of 34 months (Ernyey et al. 2023). LE rats show marked individual differences in the
decline with age in the Morris water maze performance (Tran et al. 2018), and brain analy-
ses in this strain pinpointed markers associated with either resistance or sensitivity to
cognitive decline. For instance, cognitively impaired aged individuals show a decreased
amplitude of miniature inhibitory currents in hippocampal granule cells, whereas cogni-
tively unimpaired aged individuals display the opposite change, accompanied by increased
tone inhibition in CA1 pyramidal cells. A strain that presents neuronal changes associated
with individual differences in cognition allows for the identification of the neurobiological
mechanisms underlying cognitive aging and the development of intervention options for
aging-associated disease. Therefore, LE rats are a valuable strain to model human cogni-
tive aging, as humans also exhibit marked individual differences in aging, with some hav-
ing good cognitive skills at advanced age and others experiencing pronounced cognitive
decline earlier on.

If fed a high-fat diet, LE rats develop an obese phenotype with increased body weight
and body fat as well as insulin resistance (Woods et al. 2003), which means they are a
model of diet-induced obesity. Furthermore, if given a liquid ethanol diet or exposed to
binge-like drinking procedures, LE rats show a higher alcohol intake than albino rats
(Horowitz et al. 1999; Sauton et al. 2021). Consequently, research on alcohol addiction is
often performed in LE rats. They are also a common strain in research on addiction to
other substances, because, like SD rats, they display individual differences in drug-induced
locomotor responses, which can be informative but also limit reproducibility. Given the
impact of drugs on cognitive parameters and the good performance of LE rats on cognitive
paradigms, they may be a suitable strain to assess the cognitive effects of addiction.

Sensorimotor gating has been well characterized in LE rats and frequently compared
between LE and SD rats. One of the reasons is that prepulse inhibition (PPI) of the startle
response, a validated index of sensorimotor gating, is differentially affected by dopamine
agonists in the LE and SD strains (Swerdlow et al. 2003; Qu et al. 2009). The different PPI
sensitivities are a valuable feature to investigate the neurobiological and regulatory mech-
anisms at the base of sensorimotor gating and its deficits in schizophrenia and other disor-
ders. In Brattleboro rats, a vasopressin-deficient strain spontaneously originated from LE
rats, and the PPI is lower than in albino and LE rats (Feifel and Priebe 2001). This pheno-
type is present along with other behavioral abnormalities, e.g., social deficits. Hence, the
Brattleboro LE strain is ideal to study schizophrenia-related phenotypes. Despite their
value in research, however, the use of Brattleboro rats has largely declined compared to the
past (Zelena and Engelmann 2018).

3.4.2 Disadvantages of the Model
Like other strains, for example, F344/Brown Norway rats (Basken et al. 2012), LE rats’
ultrasonic vocalizations (USVs) have been shown to change with increasing age. In LE
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rats, vocal changes have been observed by 18 months of age along with structural laryn-
geal alterations and include decreased USV peak frequency, maximum frequency, and
bandwidth (Peterson et al. 2013). While age-related vocal changes in rats may be useful
for studying mechanisms of vocal deterioration relevant to human aging, they can also be
a disadvantage for experiments that measure USVs as readouts in LE rats or rat models
with an LE genetic background, for example, studies in animal models of disease. It is
then important to select appropriate-age animal cohorts when measuring USVs as a dis-
ease phenotype.

343 LEinHCM

LE rats have been used in different types of HCM systems to measure basic home-cage
behaviors such as locomotor activity and decision making and to develop setups for cogni-
tive assessment (Kaupert et al. 2017; Bruinsma et al. 2019; Hasanpour et al. 2021; Lapp
et al. 2023; Puls et al. 2024). In some HCM systems, the animals were monitored in social
groups. One study used the Home Cage Analyzer, combining radio frequency identifica-
tion (RFID) and video recordings, and obtained automated measurements of activity,
drinking, rearing, body temperature, and social interaction during development until early
adulthood in female and male rats of multiple strains. Interestingly, the analyses identified
circatidal-like rhythms in locomotor activity, which were more pronounced in LE than in
SD and W rats (Hasanpour et al. 2021). Circatidal rhythms occur every 12 h and are best
known for marine animals, although 12 h rhythms have also been identified in mice and
humans. In the mouse liver, genes that follow a 12-h rhythm have been associated with
metabolic homeostasis (Zhu et al. 2017). In the human brain, 12 h rhythms in transcript
expression were associated with fundamental cellular functions, and their disruption was
linked with psychopathology (Scott et al. 2023). An animal strain with distinct circatidal-
like thythms could therefore be relevant for translational research, which should encour-
age further investigation of these rhythms in LE rats.

Lapp and coworkers developed a pipeline for the automated scoring of maternal behav-
iors (automated maternal behavior during early life in rodents) using DeepLabCut on
video recordings of LE dams and their pups during the first 10 postnatal days (Lapp et al.
2023). Combined with automated video recordings, the automated maternal behavior
scoring reduces measurement time and allows the scoring of multiple cages simultane-
ously for extended time periods. Adapting the maternal care pipeline to other rodent strains
will be useful for its validation and enable between-strain comparisons of maternal care
measurements.

Since LE rats are frequently used in cognitive studies and perform well in learning
tasks, the LE strain is an ideal candidate for developing and validating new cognitive tasks.
In this strain, HCM systems have been tested, in which animals have access to virtual real-
ity environments or to operant chambers as an extension of their home cage, thereby mini-
mizing the experimenter’s intervention and avoiding the repeated transferring of the
animals outside their housing environment. However, there is limited information on the
performance of LE rats in comparison to other strains or in relation to specific research



The Most Used Rodent Models in Home Cage Monitoring 373

questions. Comparing the LE strain with other commonly used strains is especially rele-
vant in terms of behavioral aspects such as impulsivity, visual discrimination, spatial
learning, and other emotional and cognitive parameters, which serve as readouts in pre-
clinical research.

In one study (Kaupert et al. 2017), LE rats were trained on virtual radial maze tasks
using a virtual reality system connected to their home cage. The rats could voluntarily and
individually enter the virtual system, with access controlled by RFID. Using a spherical
treadmill, the virtual reality system Servoball allows for the assessment of cognition and
behavior, combined with recordings of neuronal activity in freely moving animals.
Permanently connected to the home cage, it allows continuous self-timed training ses-
sions, which should reduce the long training times observed with conventional systems. A
second study tested, in LE rats, a variant of the mouse CombiCage SP-5-CSRTT for motor
impulsivity and attention, where an operant box is directly connected to the home cage via
a tunnel (Bruinsma et al. 2019). This setup, with either unlimited access to start trials or
time-restricted access (i.e., trials initiated only at the beginning of the dark cycle), largely
decreased training time compared to conventional protocols. Regarding task validation,
both protocols yielded results consistent with those previously observed in the conven-
tional setup when varying task parameters. Variable intertrial intervals increased prema-
ture responding, whereas varying stimulus duration decreased accuracy. The time-restricted
protocol also reproduced the known effects of scopolamine on attention and inhibitory
control.

The development, validation, and use of similar types of systems connected to the
home cage for cognitive assessment will be useful, among others, in the context of cogni-
tive aging experiments (see section “LE Strain Characteristics”), as it would facilitate
correlating various cognition measures such as spatial learning, attention, and social cog-
nition with behavioral and physiological parameters e.g., motor and circadian activity or
metabolic measures over long periods of time. This will help identify the shape and rate of
aging trajectories of behavioral and physiological traits in animal models.

4 Summary

Automated home cage monitoring has brought valuable advances to the study of rodent
behavior and physiology by enabling continuous, minimally intrusive observation under
conditions that better capture the animals’ biological rhythms. Importantly, handling,
observer bias, and short testing times in potentially aversive environments are suggested to
be the major concerns for reproducibility, to be alleviated by HCM. As reviewed in this
chapter, different mouse and rat strains offer distinct advantages and present specific chal-
lenges when used in HCM studies, and these must be considered in addressing the research
questions. Recognizing the influence of genetic background, age, housing conditions, and
sensory traits is essential for meaningful interpretation of the HCM data. Moreover, inves-
tigations should be carried out in both male and female mice. While the approach holds
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promise for identifying subtle behavioral and physiological phenotypes that may not be
evident in conventional testing, it also calls for careful consideration of methodological
limitations and the need for standardized analytical tools. As the field evolves, combining
HCM with complementary technologies and fostering cross-laboratory collaboration will
be important steps toward improving reproducibility and refining preclinical models.
Rather than replacing traditional methods, HCM offers a valuable extension, supporting a
more nuanced and comprehensive understanding of rodent models in biomedical research.
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