
Introduction

Implementation of the Registration, Evaluation,
Authorisation and Restriction of Chemicals
(REACH) regulation (1) requires demonstration of
the safe manufacture and use of chemicals.
REACH aims to achieve a proper balance between
societal, economic and environmental objectives,
and attempts to efficiently use the scarce and scat-
tered information available on the majority of sub-
stances. Thereupon, REACH aims to reduce
animal testing through the optimised use of in sil-
ico and in vitro information on structurally-related
compounds. 

The REACH regulation advocates the use of non-
animal testing methods, but guidance is needed on
how these methods and the resulting data should
be used. This includes alternative methods, such

as chemical and biological read-across, in vitro
results, in vivo information on analogues, (Quant -
itative) Structure–Activity Relationships ([Q]SARs),
and exposure-based waiving. The concept of
Intelligent Testing Strategies for regulatory end-
points has been outlined to facilitate the assess-
ments. However, intensive efforts are needed, to
translate the concept into a workable, consensually
acceptable and scientifically sound strategy.

The aim of the CADASTER project (2) was to
provide the practical guidance to support inte-
grated risk assessment by carrying out hazard
assessments for chemicals belonging to four
classes:
— Brominated flame retardants (BFRs): a class of

hydrophobic chemicals that are incorporated in
a variety of consumer products (e.g. electronic
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devices, building materials, and textiles) to
increase their fire resistance. The focus of
CADASTER was on polybrominated diphenyl
ethers (PBDEs).

— Per and polyfluorinated compounds (PFCs): a
class of synthetic substances widely used in dif-
ferent materials, such as waterproof fabrics, food
packaging, non-adhesives, fire-fighting foams,
and paints. PFCs studied during the project
included both linear and aromatic chemicals,
with different carbon-chain lengths, fluorination
degrees (per and polyfluorinated compounds) and
functional groups (carboxylates, sulphonates,
sulphonamides, and alcohols). 

— Substituted musks/fragrances: a heterogeneous
group of chemicals of varying composition,
including substituted benzophenones, poly-
cyclic musks, salicylates, cinnamates and other
esters with fragrance behaviour, and terpene
derivatives. 

— Triazoles and benzotriazoles ([B]TAZs): used as
components of many pesticides and pharmaceu-
ticals (e.g. painkillers, and antimycotic and
antidepressant medicines); they are also abun-
dantly used as components of liquid de-icing
agents for aircraft and airport runways, and as
UV stabilisers for plastics. 

The main goals of the project were to exemplify the
integration of information, models and strategies
for carrying out safety, hazard and risk assess-
ments for large numbers of substances, and to
show how to increase the use of non-testing infor-
mation for regulatory decisions, whilst meeting the
main challenge of quantifying and reducing
uncertainty.

In order to achieve this challenging goal and to
offer a working platform both for participants
within the CADASTER project and for external
users, the QSPR-THESAURUS was developed (3).
The QSPR-THESAURUS is based on the Online
Chemical Modeling Environment (OCHEM; 4). It
contains numerous additional features, such as
tools for fate, hazard and risk assessment (5), and
an interface to the experimental design methods
(6–8).

Materials and Methods

The QSPR-THESAURUS is based on OCHEM — “a
web-based platform that aims to store data, auto-
mate and simplify the typical steps required for
QSAR modeling” (4). Several components of
OCHEM were reduced in their functionality,
whereas new features required by the project, e.g.
the possibility to upload models or predicted proper-
ties, were implemented (see Table 1 for an
overview).

The main motivation was to simplify the
OCHEM interface without compromising the func-
tionality required by the project. Further modifica-
tions included the implementation of modules for
risk and hazard assessment and experimental
design, and ensuring support of the QSAR Model
Reporting Format (9; QMRF), which is required for
the use of models for regulatory purposes. Detailed
information about these modules is provided in the
following paragraphs.

Database

The database module (Figure 1) is required, in
order to submit, collect and annotate experimental
records obtained from the literature. It stores data
in the original units, tracks users and any modifi-
cations they perform to the data, and allows the
introduction of new units and properties. The data-
base automatically checks for duplicates, allows
the editing of single, or several, records simultane-
ously, and performs a batch upload of data as
Microsoft Excel® and/or SDF files. Furthermore, it
permits unlimited export of data as Excel, CSV or
SDF files, and each entry requires a literature ref-
erence, which allows tracing of the original source
to enable a quality check.

An important feature of the database is the
possibility to store the conditions of the experi-
ments. This information is crucial for modelling
— in many cases, the result of an experimental
measurement is senseless, unless the conditions
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Table 1: Differences between OCHEM and
the QSPR-THESAURUS

QSPR-
THESAURUS OCHEM

Predefined views using TAGs Yes No
Storage of measured properties Yes Yes
Free download of data Yes No
Descriptor package Partial Full
Export of descriptors Yes Yes

Tox alerts No Yes
Model development Yes Yes
Machine-learning packages 3 14
Model upload Yes No
Model application Yes Yes

Storage of predicted values Yes No
Experimental design Yes No
Risk + hazard assessment Yes No
QMRF interface Yes No

Whereas the compound storage module has not 
undergone any changes, the variety of provided
descriptor sets and the machine learning algorithms
were reduced, compared to OCHEM.
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under which the experiment has been conducted
are known (e.g. boiling points should be reported
together with the pressure). The values stored in
the database can be numerical (with units of
measurement), qualitative or descriptive (tex -
tual).

The QSPR-THESAURUS provides a convenient
grouping of data by using tags developed for each
of the four classes analysed. Therefore, it allows
the users to see only data that are relevant for the
class of compound under consideration.

Models

The main purpose of the QSPR-THESAURUS was
to store models developed by the project partici-
pants. Indeed, it was noted that different research
groups used different approaches for the develop-
ment of models (including proprietary software),
which could not be standardised and integrated,
due to limitations imposed by the corresponding
licensing agreements. The tools for model develop-
ment include Associative Neural Network (ASNN),
as well as Linear Regression and Partial Least
Squares approaches. The last two methods were
also used as part of the model upload pipeline and
experimental design tools. The application of these
tools to the creation of models is covered by the
CADASTER tutorial (10). This tutorial provides all
the steps that are required to reproduce a model,
which uses data available in the QMRF Inventory
(11).

Model upload

The majority of the models developed by the proj-
ect participants were linear models, with the
exception of those contributed by the German
Research Centre for Environmental Health, which
were developed by using the ASNN method.
Therefore, a tool to upload linear models was
developed. To use this tool, users need to provide a
training set and (optional) test sets for the model
(in the form of a ‘basket’ of records in QSPR-THE-
SAURUS), as well as a specially prepared Excel
spreadsheet containing the names of the descrip-
tors used and the respective linear coefficients.
The description of the Excel file and of the model
upload procedure are provided on the Wiki page
(12). 

Applicability domain calculation

All the uploaded, or developed, models include an
estimation of the accuracy of the prediction. The
estimation of the accuracy of neural network mod-
els, which is also published on the website of the

CADASTER project, is based on the concept of ‘dis-
tance to a model’ (DM), which was proposed and
conceptualised by the project participants (13, 14).
Several DMs are supported: the standard devia-
tion of an ensemble of models (STDEV), the corre-
lation in the space of models (CORREL; 15), and
leverage. The DMs are calibrated against the accu-
racy of models for the training set, by using a
cross-validation procedure (16). 

The estimated accuracy of the predictions as a
function of the respective DM is visualised on the
accuracy-averaging plot (Figure 2). The DMs are
used to estimate the prediction accuracies for new
molecules. The same methodology was extended by
the project participants for classification models
(17).

The Williams plot (see Figure 3), which reports
the standardised residuals in the y-axis and the
hat values (h) in the x-axis, is used to demonstrate
the response and structural applicability domain
(AD) of linear models. The leverage threshold (h*)
is used to identify predictions that are outside the
AD of the linear models in the descriptor space.
The predictions outside the AD in the response
space are defined according to the distribution of
experimental values in the training set.

In addition, the Insubria graph (18), which is a
modified version of the Williams plot, is provided
for linear model predictions (see Figure 4). On this
plot, the y-axis corresponds to the predicted value
(rather than the standardised residual, as in the
Williams plot). 

Reporting of models 

The CADASTER webpage allows users to provide
information about their models, by using the
QMRF, which is a standardised way to provide
information about QSAR models. This provides
users with exhaustive information about the model
according to principles set out by the Organisation
for Economic Co-operation and Development
(OECD; 19), and is a requirement for the use of
models for regulatory purposes. 

The implemented QMRF enables the user to
examine and edit previously uploaded QMRFs,
and/or upload or create new ones from scratch. It is
also possible to clone existing QMRFs, in order to
use them as templates for new ones. This is espe-
cially helpful when several models refer to the
same publication, as they share substantial infor-
mation about the authors, used data, methodology,
etc. The QMRFs can be exported and imported as
XML files, which are fully compatible with the
AMBIT editor and the JRC database (11). The
QMRF can also store additional information about
the model as images. An online viewer was devel-
oped and integrated in QSPR-THESAURUS to dis-
play it for the published models. 
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Use of the web tool for application of the 
models

The QSPR-THESAURUS browser allows users to
select the model of interest, which can be used to
predict compounds by employing one of the follow-
ing options:
— upload an SDF file with structures;
— provide SMILES or name of the compound;
— draw the structure on an interactive editor; or
— select a previously prepared basket or tag.
The predictions are shown in the browser of calcu-
lated values, together with information on whether
they are within the AD of the model. The predicted
values can be exported as Excel, SDF or CSV files.

Application of the models by using the 
standalone tools

While the use of a web tool could be sufficient for
many users, others may need to integrate such cal-
culations as part of their workflow and automated
data processing engines. In order to facilitate such
use, Simple Object Access Protocol (SOAP) web
services were developed, which enable an auto-
matic prediction of molecules on the QSPR-THE-
SAURUS website. Several examples were
developed, e.g. based on Java and Perl, to show
how the web services could be used to develop
standalone tools. Detailed information and sample
implementations can be found elsewhere (20).

Experimental design

The QSPR-THESAURUS offers online tools for
experimental design, which include the D-Optimal

design (21) and its adaptive variation, the PLS-
Optimal approach (2, 6, 8). The latter approach
works on PLS latent variables, and provides prop-
erty-specific compound selection. The experimen-
tal design is accessible from the ‘Tools’ dropdown
menu. The Wiki page (22) describes the steps
required to perform the experimental design for
new compounds. The calculation results can be
downloaded in a number of different formats.

Hazard assessment

The Species Sensitivity Distribution (SSD) app -
roach (23, 24) was implemented, based on R code
developed by the partners at the School of Natural
Sciences, Linnaeus University (25, 26). It treats
sensitivities of observed species as random sam-
ples from the ecosystem. The approach fits an SSD
to logEC50 values for different species, in order to
derive the hazardous concentration, considering
uncertainty, from the sample size (27). Uncert -
ainty in the hazardous concentration, based on
point predictions of QSAR models, is derived as the
non-central Student’s t-distribution. The QSPR-
THESAURUS provides a number of models for
aquatic toxicity, developed by the project partici-
pants, to be used for the SSD calculations (28–30).
The users can also provide predicted values calcu-
lated with their favourite models.

Environmental fate assessment

The estimation of the Predicted Environmental
Concentration (PEC) is performed by using
SimpleBox (31), which was developed by RIVM
and is provided as a Visual Basic program for
Excel. The project dedicated substantial effort

Figure 4: The Insubria graph is a variation of the Williams plot for prediction results on
chemicals without experimental values
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toward its integration and the development of a
server, which currently runs on a Windows virtual
machine (28). SimpleBox requires a number of
physicochemical properties as input, and models to
predict these properties were made available on
the QSPR-THESAURUS website according to our
recent publication (32). Monte-Carlo simulations,
which are based on the uncertainty of estimated
properties, are run to produce a distribution of
PEC values, and calculate percentiles to be used
for risk assessment. Once these parameters are
entered, the calculation is started and the results
are shown. In addition, detailed results of the sam-
pling can be downloaded as a CSV file.

Risk assessment 

The risk assessment tool was developed as a result
of the integration of the SSD with the Environ -
mental Fate assessment tool. It was used to exem-
plify the risks of environmental pollutants
following the release of a chemical substance into
the environment. 

Results

Collection of data

A data search on all endpoints of relevance was
performed for the environmental risk and hazard
assessment of the groups of chemicals included in
the case studies. Physicochemical properties, envi-
ronmental fate parameters, and aquatic and ter-
restrial ecological effect parameters were included.
Ecological effect parameters of interest were,
among others, the available toxicity data. This
task was carried out by means of a literature
search, supplemented with searches of existing
databases on risk and hazard assessment parame-
ters, including IUCLID and AQUIRE. Thereupon,
additional data were collected from industry
sources (DuPont and the Research Institute for
Fragrance Materials, Inc.) and regulatory
agencies.

Only limited amounts of data were found for
compounds of the four classes under investigation.
Therefore, the search was widened to include data
on chemicals that were considered relevant for
modelling — e.g. flame retardants that are not
PBDEs, polyfluoro-compounds in addition to per-
fluoro-chemicals, PFCs, etc. This expansion of the
data was essential to permit studies making use of
read-across techniques (33), as well as QSAR
model development, to be performed.

Subsequent to the evaluation of the available
experimental data and (Q)SAR models, new data
were generated on endpoints and chemicals for

which insufficient data were available (34). Test
compounds were selected according to structural
coverage, toxicity patterns, physicochemical prop-
erties, REACH-relevance, and the availability of
analytical techniques. Toxicity as well as fate and
behaviour testing were performed at the National
Institute for Health, Environment and Food,
Maribor, and at RIVM. The experiments performed
included bioaccumulation testing of polybromi-
nated diphenylethers with the aquatic oligochaeta
Tubifex tubifex, and toxicity testing of perfluo-
roalkylated substances, and their transformation
products, with lettuce (Lactuca sativa) and a green
alga (Pseudokirchneriella subcapitata). Thereupon,
testing of perfluoroalkylated substances was per-
formed with two cladoceran species (Daphnia
magna and Chydorus sphaericus), as well as with
zebrafish (Danio rerio) embryos. Toxicity testing of
substituted musks/fragrances was performed with
the green alga (P. subcapitata) and with D. magna,
and their readily biodegradability was tested
according to OECD guideline 301 D (closed bottle
test). Toxicity testing of substituted (benzo)tria-
zoles was performed with D. magna, zebrafish (D.
rerio) embryos and the green alga (P. subcapitata);
substituted (benzo)triazoles were also tested to
assess their readily biodegradability using the
same OECD 301 D closed bottle test. 

The results of these studies are summarised
elsewhere (29, 34–40). The data obtained were
uploaded to the website of the CADASTER project.
The database provides a collection of 5,440 experi-
mental records for 120 properties, collected from
more than 544 sources for four classes of emerging
chemicals, and which were also used in publica-
tions by the CADASTER project partners (29, 30,
32, 41–56).

Development of QSAR and QSPR models

A preliminary analysis of the literature showed
that the majority of the published QSARs had not
been externally validated, and/or did not specify
their ADs. Thus, they did not fulfil the OECD prin-
ciples for QSAR validation for regulatory applica-
bility (19) and were of limited utility for the
specific classes of compound studied under this
project.

Following the development of the website, the
models developed and published by the project
members were uploaded to the QSPR-THE-
SAURUS site. We observed that models developed
by using 3-D descriptors were difficult to repro-
duce, since the procedures used for structure opti-
misation (e.g. the use of different initial
conformations that can be found by using molecu-
lar mechanics approaches or generated manually)
could not be exactly reproduced, especially for flex-
ible molecules with many degrees of freedom. Two
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approaches were implemented to address this
problem and ensure reproducibility of the predic -
tions.

Firstly, we extended the QSPR-THESAURUS to
also include the possibility of uploading values cal-
culated by the models, as well as leverage values
and information, regardless of whether a molecule
is within or outside the structural AD of a model.
This allowed the reproduction of predictions for
compounds that were described in publications
exactly as they were published. The uploaded cal-
culated values were linked to the models they
referred to.

Secondly, we implemented a structural database
(57) by using the BOINC framework (58). Users
can submit compounds of interest, which are then
optimised with the semi-empirical tool MOPAC
(59), which was used by the partners. The descrip-
tors calculated from the optimised structures allow
the development of 3-D models, which are repro-
duced on the website of the project.

The models available on the QSPR-THE-
SAURUS website cover both environmental toxic-
ity and physicochemical properties for the classes
of chemical compounds analysed. The toxicity mod-
els focused on EC50 (and LC50, IC50) for various
tests and organisms, concerning various effects
such as immobility or growth. Most of the models
were developed by using linear methods including
OLS (55%) and PLS (6%). Other models were
developed by using the ASNN method. The major-
ity of the uploaded models were contributed to by
the QSAR Research Unit in Environmental
Chemistry and Ecotoxicology at the University of
Insubria and by the German Research Centre for
Environmental Health.

The models published on the QSPR-THE-
SAURUS website were integrated with OpenTox
ToxPredict (http://toxpredict.org) by using web
services. The information provided through this
portal includes predicted values, the accuracy of
prediction, as well as whether the given prediction
is inside the AD of the model. This validated the
developments of the QSPR-THESAURUS web
services, and provided an important means of dis-
seminating project-related information.

Evaluation of the experimental design 
approaches

Several experimental design approaches were
developed. The main focus within these app -
roaches, which were presented in several studies,
was to show the benefits of stepwise, adaptive
approaches (6, 8, 60) for endpoints, as they allow
successive testing phases. The consideration of the
incrementally-accumulating information about the
target property was shown to be conducive for all
of the endpoints examined. The combination of

PLS latent variables with the D-Optimal design
was shown to significantly improve the predictive
quality of the developed models, as compared to
the predictive quality of models derived from clas-
sical experimental design approaches. The same
observations were made when applying a similar-
ity-based approach to selected descriptors and the
utilisation of predicted properties to span the
chemical space.

Risk assessment by using the web tool

The risk assessment tool developed within the
project provided a practical guidance to QSAR-
integrated risk assessment, by exemplifying the
integration of information, models and strategies
for carrying out safety, hazard and risk assess-
ments for large numbers of substances. It was used
to provide a case study with respect to the prioriti-
sation of polybrominated diphenylethers, accord-
ing to their impact on the environment (28). The
air emission scenario was used, based on the
SimpleBox implementation, while the SSD was
estimated by using models developed to estimate
environmental toxicity toward two fish species
(rainbow trout and fathead minnow) and the water
flea D. magna. 

The results of this study suggest that the poten-
tial for environmental impact increases with the
number of bromine atoms in the compound (28).
However, it is also known that for PBDEs the
“lower brominated mixtures are more toxic than
are the higher congeners” (61). In fact, the major-
ity of predictions for compounds with a large num-
ber of Br atoms, i.e. > 5–6, were out of the AD of
the respective models for both toxicity and phys-
icochemical properties predictions. Any inferences
based on such predictions could be biased, and
thus could lead to potentially wrong conclusions.
This problem was not taken into consideration in
our previous study. Therefore, we have imple-
mented on the website an alert mechanism, which
indicates the number of predictions that are out of
the AD of models. The presence of such alerts will
warn the users about the potential problems when
using the web tool.

This outcome demonstrates the importance of
considering the AD in order to make correct con-
clusions, as well as the usefulness and practicabil-
ity of the developed approach of in silico risk
assessment.

Conclusion

The QSPR-THESAURUS incorporates certain fea-
tures that were particularly necessary for the suc-
cessful execution of the CADASTER project and for
the exemplification of the use of in silico models for
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risk assessment. The compound properties data-
base provides open and free access to the data col-
lected and measured during the project, which are
organised according to the four chemical classes
analysed. It also provides online access to models
developed by the project participants. The case
study developed from PBDE exemplifies the use of
in silico predictions for fate, hazard and risk
assessment. The instructions on how to apply,
upload, or develop new models by using the tools
made available are provided on the website. The
public availability of the models and the data will
allow external users to easily access and make use
of the outcomes of the project. Thus, it will con-
tribute to its promotion (62) and a wider accept-
ance of computational methods in REACH and
environmental sciences.
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