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Abstract

This narrative review provides a historical perspective on how observational research on type 2 diabetes has been developed
and consolidated over the last 50 years and how well-designed cohort studies will provide us with knowledge for research
and practice in the future and aid guideline development. We have included data from a large number of cohorts from every
continent that have been used to study the development and/or progression of type 2 diabetes, including cohorts that are
general population-based, disease-based, intervention-based and registry-based. We have structured the results from the past
50 years based on the following themes: diagnosis and screening, complications, risk factors and pathophysiology. We also
discuss the strengths and weaknesses of observational research when compared with other research designs. Finally, we dis-
cuss the emerging and future directions for type 2 diabetes research using cohorts, which include novel developments, such
as artificial intelligence, precision health and the exposome. We conclude that cohort research has significantly advanced
our understanding of type 2 diabetes and aided guideline development, and complements experimental work, such as human
randomised controlled trials and animal studies. Both approaches are essential and complementary in our pursuit to provide
a more comprehensive understanding of the development and progression of type 2 diabetes, and to change dogma, practice
and policies for better outcomes.
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KORA Cooperative Health Research in the
Region of Augsburg
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among African Migrants

SDRN Scottish Diabetes Research
Network
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Introduction

It was not until the late 1940s that observational research gained
momentum with the implementation of several landmark pro-
spective cohort studies, including the Framingham Heart Study
(USA) [1] and the British Doctors Study [2]. In the 1950s, the
British Doctors Study showed the strong association between
tobacco smoking and lung cancer, underscoring the power of
observational research to inform public health policy [3]. The
1980s saw a surge in cohort studies, a trend that continues today,
particularly in diabetes epidemiology where new cohorts are
continuously being developed. The ongoing expansion of cohort
studies raises an important question: “‘What can we learn from
these cohort studies?’ To address this, in this narrative review we
explore what cohort studies have taught us about the develop-
ment and progression of type 2 diabetes over the past 50 years
and the implications for the future of the diabetes research and
care landscape.

Methods

This narrative review could not cover all type 2 diabetes
cohorts. For additional resources, the REDDIE project
(https://www.reddie-diabetes.eu/about) provides a com-
prehensive global overview of 573 type 2 diabetes cohorts
across 58 countries via its online dashboard (https://jjct.
quarto.pub/real-world-databases-in-diabetes/ and https://
www.reddie-diabetes.eu/research/rwd-dashboard). For this
narrative review, we included a convenience sample of gen-
eral population-based, disease-based, intervention-based and
registry-based cohorts, with a strong focus on type 2 diabe-
tes, ensuring that there was a geographical spread with more
than ten publications on type 2 diabetes from each region.
In 2024, we contacted cohort investigators to obtain design
papers and lessons learned and identified a representative
co-author for each cohort. Tables 1 and 2 summarise the
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cohort characteristics and key lessons learned, stratified by
European cohorts (Table 1) and cohorts from the rest of
the world (Table 2). We categorised these lessons into the-
matic domains and contextualised them within the existing
literature; however, not all lessons learned readily aligned
with the domains and therefore not all are described in the
main text. In addition, we discuss the strengths and limita-
tions of observational research compared with other study
methodologies.

Diagnosis and screening of (pre) type 2
diabetes

Many general population-based cohorts [4—14] were initially
established to study the prevalence of prediabetes and type 2
diabetes and their associations with cardiovascular risk fac-
tors. Beyond measuring prevalence, these cohorts enabled
systematic evaluation of individuals with undiagnosed pre-
diabetes and undiagnosed type 2 diabetes and their cardio-
vascular risk profiles. For instance, data from the Cooperative
Health Research in the Region of Augsburg (KORA) cohort
(Germany) indicated that approximately 50% of individuals
aged 55-74 years with diabetes were previously undiagnosed
[15]. Similarly, the Intervention 1999 (Inter99) cohort (Den-
mark) and the Hoorn Studies (the Netherlands) reported that
65% of adults aged 30-60 years with diabetes were unaware
of their condition [16, 17]. This knowledge helped drive
improvements in diagnosis, screening and management of
type 2 diabetes. A seminal advance in diabetes diagnosis was
the introduction of HbA | as a diagnostic tool. The Hoorn
Studies was among the first cohorts to establish HbA |, as a
determinant of retinopathy, which has informed the justifica-
tion and determination of HbA cut-off points for diabetes
diagnosis [18]. The DETECT-2 study pooled data from nine
cohorts across five countries on fasting plasma glucose, 2 h
OGTT glucose and HbA ., as well as retinopathy [19]. This
study supported the 2009 International Expert Committee
recommendation to use an HbA, threshold of 48 mmol/mol
(6.5%) for diabetes diagnosis based on its consistent associa-
tion with moderate or severe retinopathy [20] and escalating
cardiovascular risk [21].

Early detection of type 2 diabetes has been shown to
reduce comorbidities and all-cause mortality [22]. The
Visterbotten Intervention Programme (Sweden) [23] tar-
geting middle-aged residents demonstrated that individu-
als diagnosed with type 2 diabetes through screening fared
better than those diagnosed clinically [24]. Individuals with
screen-detected type 2 diabetes had lower rates of incident
cardiovascular disease (CVD), nephropathy and retinopa-
thy, and a twofold reduction in all-cause mortality [24]. In
these individuals, intense treatment significantly improved
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cardiovascular outcomes over 5 years [25]. These findings
emphasised the importance of early detection, which has led
to many type 2 diabetes screening programmes. However,
many cohort studies have selection bias, with under-repre-
sentation of young people, workers and those with low soci-
oeconomic status (SES) [26]. Given the rise of young-onset
diabetes and importance of social determinants of type 2
diabetes, these historical cohorts may under-represent high-
risk groups and be subject to lead-time bias, where early
detection inflates apparent survival rate without necessar-
ily improving outcomes. Finally, we need to recognise that
universal screening for type 2 diabetes is not feasible, espe-
cially in low- and middle-income countries where the num-
ber of affected individuals is substantial. Use of validated
risk scores such as the Indian Diabetes Risk Score, derived
from the Chennai Urban Rural Epidemiology Study cohort
(India), could help to make screening more precise and
cost-effective [27]. Of note, multiple prospective cohorts
have indicated that nearly 50% of people with diabetes in
Asian cohorts were diagnosed only by 2 h plasma glucose
during a 75 g OGTT [28]. Future recruitment strategies for
new cohorts should prioritise diversity to ensure samples
reflect young age groups, low SES and various ethnicities to
avoid misrepresentation. Despite these limitations, insights
from these historical cohort studies have shaped current
diagnostic and clinical guidelines, with most professional
organisations recommending targeted screening for individ-
uals with risk factors, many of which have been elucidated
through cohort studies. The text box on the diagnosis and
screening of (pre) type 2 diabetes summarises key lessons
learned from cohort studies.

Diagnosis and screening of
(pre) type 2 diabetes

Cohort research on diagnosis and screening of (pre)
type 2 diabetes has shown:

¢ high levels of undiagnosed diabetes (=50%) among
adults

e the utility of HbA1c 248 mmol/mol (6.5%) as a
diagnostic tool, in addition to fasting plasma
glucose levels and 2 h plasma glucose duringa 75 g
OGTT

o that people with screen-detected type 2 diabetes
have lower risks of CVD and mortality than those
diagnosed clinically

@ Springer

Type 2 diabetes comorbidities

Cohort studies of people with established type 2 diabetes have
advanced our understanding of comorbidities associated with
type 2 diabetes. Microvascular complications of type 2 diabe-
tes include nephropathy, retinopathy and neuropathy. Several
cohorts showed high progression rates between nephropathy
stages [29, 30], while individuals in another cohort with two
consecutive screenings showing no retinopathy had a very low
short-term risk of progressing to retinopathy within 2 years
[31], informing targeted screening strategies. The German
Diabetes Study linked early preclinical abnormalities with
later development of peripheral neuropathy over a period
of 10 years after type 2 diabetes diagnosis [32], suggesting
that nerve dysfunction in well-controlled type 2 diabetes may
reflect nerve status at diagnosis and ageing, more than ongo-
ing glycaemic progression [33]. Other cohorts have implicated
hyperglycaemia and other metabolic disturbances, especially
central obesity, as drivers of polyneuropathy [34].

For macrovascular comorbidities, including coronary heart
disease, stroke and peripheral arterial disease, cohort studies
[34-46] such as the Framingham Heart Study have provided
early and consistent insights into the elevated CVD risk in type
2 diabetes, with double the risk in men and almost triple the risk
in women in comparison with those without type 2 diabetes [47].
The Hong Kong Diabetes Register (HKDR) was the first study
to report a 1.5-2-fold higher risk of cardiovascular—renal com-
plications and related death in Chinese people with young-onset
type 2 diabetes diagnosed before age 40 years [48]. Likewise, a
Swedish study using registry data from 2025 has indicated that
type 2 diabetes before the age of 50 years confers a higher risk
for CVD and heart failure than type 1 diabetes, underscoring
higher vulnerability to CVD at younger ages in type 2 diabetes
[49]. Large collaborations such as the Emerging Risk Factors
Collaboration (Europe), which encompasses over 100 prospec-
tive cohorts, including several discussed in this review, further
emphasise that the risk of premature death from all causes,
including vascular disease, is higher among people with type 2
diabetes than among those without [35, 50]. Additionally, type 2
diabetes is associated with an accelerated decline in muscle mass
[51] and strength [52], with sarcopenia emerging as an important
comorbidity, particularly in older adults [53].

Across multiple cohorts, cancer emerges as a meaningful
comorbidity in type 2 diabetes. The Emerging Risk Factors
Collaboration (Europe) reported higher risks for several can-
cers (liver, pancreas, ovary, colorectum, bladder, lung and
breast cancers) after adjusting for age, smoking status and BMI
in those with type 2 diabetes compared with those without



Diabetologia (2026) 69:2685-2711

2697

[50]. The Nurses’ Health Study (USA) and the Health Profes-
sionals Follow-up Study (USA) confirmed the elevated risks
for liver, pancreas, colorectum, lung, oesophageal, thyroid
and endometrial cancers, with the greatest risk occurring in
the first 4-8 years after type 2 diabetes diagnosis, suggesting
a possible mediating role of insulin resistance and hyperin-
sulinaemia [54]. People with type 2 diabetes had the high-
est risk for liver cancer, with a more than threefold increase
compared with those without diabetes, probably attributable
to coexisting metabolic dysfunction-associated steatotic liver
disease (MASLD), previously known as non-alcoholic fatty
liver disease (NAFLD). Cohorts such as the German Diabetes
Study show a strong association between steatosis and insulin
resistance in type 2 diabetes [36, 55]. Some cohorts also point
to a potential causal role of hyperglycaemia in cancer risk, with
attenuation observed with glucose-lowering drugs, statins and
renin—angiotensin system inhibitors [56].

Type 2 diabetes has also been shown to have adverse
effects on cognition and mental health, as well as other
organ systems. The Atherosclerosis Risk in Communities
(ARIC) study (USA) found that middle-aged adults with
type 2 diabetes experienced a 19% greater decline in global
cognitive function over two decades than their counterparts
without diabetes [57]. Other cohorts have confirmed the
reduction in cognitive function and its association with a
decrease in white matter volume on MRI in type 2 diabetes
[58, 59]. Depression is twice as prevalent among individu-
als with diabetes compared with the general population,
affecting an estimated 20% of people with diabetes [60],
with bidirectional associations uncovered between type 2
diabetes and depression [61]. A territory-wide cohort study
involving 0.8 million people with type 2 diabetes and a
matched cohort without type 2 diabetes found a higher hos-
pitalisation rate for mental illness among people with type
2 diabetes, particularly among those aged under 40 years
[62]. Additional comorbidities include a twofold increase
in the risk of severe infection [63, 64], a higher incidence
of fractures [65] and tendon rupture [66] and reduced pul-
monary function [67] compared with individuals without
type 2 diabetes. Importantly, cohorts from low- and middle-
income countries face an enormous diabetes burden in set-
tings with suboptimal detection and management resources
[68, 69]. In summary, cohort studies have unveiled a broad,
multisystem impact of type 2 diabetes across cardiovascu-
lar, oncological, cognitive, musculoskeletal, infectious and
mental health domains. A key limitation of cohort studies is
the potential oversight of additional comorbidities, as many
cohort studies focus on specific outcomes (i.e. either cardio-
vascular or psychological). There is thus a need for cohort
studies to adopt a broader spectrum of measurements,

allowing for the discovery of unexpected associations. The
text box on type 2 diabetes comorbidities summarises key
lessons learned from cohort studies.

Comorbidities in
type 2 diabetes

Cohort research on diabetes comorbidities has
shown that:

cardiovascular risk is substantially elevated in type
2 diabetes, with an approximately twofold
increased risk compared with those without type 2
diabetes

type 2 diabetes is associated with an increased risk
of not only microvascular and macrovascular
complications, but also cancer, impaired liver
function and reduced cognitive performance

e type 2 diabetes is associated with poorer mental
health outcomes, greater susceptibility to infectious
diseases and a higher burden of musculoskeletal
disorders, reflecting its multisystem impact

Biological and socioeconomic risk factors
for type 2 diabetes

Both early and later cohort studies have identified numerous
risk factors for type 2 diabetes and its comorbidities. Core
biological factors include impaired glucose regulation (predia-
betes defined by elevated fasting plasma glucose, 2 h glucose
during an OGTT or HbA ) together with metabolic distur-
bances such as visceral adiposity and hypertension, as well
as broader indicators of poor health, low birthweight and a
family history of diabetes [15, 70, 71]. Weight trajectories,
particularly overweight or obesity during early adulthood,
are strongly associated with future type 2 diabetes [72, 73].
Similarly, systemic inflammation is associated with an elevated
risk for type 2 diabetes [74] as well as its comorbidities [75].
For example, the Edinburgh Type 2 Diabetes Study (ET2DS)
(Scotland) links IL-6 pathways to accelerated age-related
cognitive decline in individuals with type 2 diabetes [76].
Finally, biomarker research spanning genomics, transcrip-
tomics, metabolomics and proteomics, such as the FP7 IMI
DIRECT project (Europe) [77], has deepened our mechanistic
understanding and identified potential targets for personalised
interventions, such as different profiles in post-load glucose

@ Springer
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predicting progression to diabetes [78]. However, translat-
ing these biomarkers into routine clinical practice remains
complex and resource intensive, with only a few making it to
implementation. One example is N-terminal pro-B-type natriu-
retic peptide [79], which has emerged as an important tool for
diagnosis, risk stratification and therapeutic decision making
in heart failure, the second most common form of CVD in
people with type 2 diabetes.

The landscape of biological risk factors has expanded to
encompass social determinants, revealing how racial, ethnic
and socioeconomic disparities contribute to type 2 diabetes
prevalence and incidence. For example, the Stockholm cohort
(Sweden) found that economic status during early childhood,
as indicated by the occupational positions held by fathers, was
associated with a higher risk of type 2 diabetes in both male
and female offspring [80]. In women, personal educational
attainment was an important risk factor for type 2 diabetes
[81]. In the Hong Kong Chinese sub-cohort of the Joint Asia
Diabetes Evaluation (JADE) Register, years of education
independently predicted cardiovascular and all-cause mortal-
ity [82], emphasising the importance of social determinants
including general education in type 2 diabetes, with effects
modulated by sex.

Ethnicity also modulates risk. The ARIC study (USA) dem-
onstrated that African American women had higher incidence
of type 2 diabetes than their white counterparts, with nearly
half of the excess risk attributed to modifiable factors, such as
adiposity [83]. Similarly, the Singapore Multi-Ethnic Cohort
(MEC) (Singapore) found that Malay and Indian individuals
had about twice the risk of developing type 2 diabetes than Chi-
nese, associated with greater adiposity and inflammation [84].
By contrast, the associations between BMI and metabolic dis-
turbances were stronger among Chinese individuals than Asian
Indian individuals [85]. Indeed, the propensity of Asian Indian
people to develop type 2 diabetes at lower levels of BMI has
been termed the ‘South Asian phenotype’ and may relate to
central adiposity and early loss of beta cell function [86]. This
has even resulted in ethnic-specific cut-off points for obesity risk
[87]. However, one limitation of this is that findings in Western
cohorts have been relatively uncritically applied to non-Western
populations, which for example leads to a heavy overestimation
of type 2 diabetes based on HbA,_ in low-income countries,
because HbA . is falsely high in iron deficiency [88]. There
is thus a need for cohort studies to adopt a broader spectrum
of socioeconomic factors and ethnicities to improve generalis-
ability of results. The text box on biological and socioeconomic
risk factors for type 2 diabetes summarises key lessons learned
from cohort studies.

@ Springer

Biological and socioeconomic
risk factors for type 2 diabetes

Cohort research on biological and socioeconomic risk
has shown that:

o type 2 diabetes pathophysiology is driven by insulin
resistance and beta cell decline

e markers of systemic inflammation and several other
biomarkers are biological risk factors for type 2
diabetes

e SES, ethnicity and early-life factors are important
determinants for type 2 diabetes

Lifestyle and behavioural risk factors
for type 2 diabetes

During the 1980s, researchers first reported the association
of type 2 diabetes with smoking, followed by evidence that
physical inactivity, alcohol intake and stress are independent
risk factors for type 2 diabetes [15]. In the 1990s, studies
revealed that healthier dietary choices were associated with
reduced type 2 diabetes risk, including reduced red meat
consumption [89], higher fibre intake [90-92], and lower
glycaemic index and glycaemic load foods [93]. In the past
decade, sleep has emerged as a new lifestyle factor. A recent
meta-analysis found that both short (<6 h) and long (>8 h)
sleep duration, insomnia, obstructive sleep apnoea (OSA)
and irregular sleep timing were associated with a higher
risk of type 2 diabetes, comparable to that observed with
traditional risk factors [94]. In Asian Indian individuals, it
has been estimated that more than 80% of incident diabe-
tes could be prevented if five risk factors were favourably
modified (obesity, physical inactivity, unfavourable diet risk
score, hypertriglyceridemia and low HDL-cholesterol) [95].

These cohort data indicate the additive risks from mul-
tiple lifestyle factors. For example, the Visterbotten Inter-
vention Programme (Sweden) showed a dose-response
association between a lifestyle behaviour score and type
2 diabetes risk [91]. Analysis in the Nurses’ Health Study
(USA) cohort suggested that the vast majority of cases
of type 2 diabetes could be prevented by adoption of a
healthy lifestyle [90]. They estimated that 91% (95 C1%
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83, 95) of type 2 diabetes could be attributed to unhealthy
habits and lifestyle behaviour, with genetics playing a less
important role [90]. In the European Prospective Investiga-
tion into Cancer (Epic)-InterAct case—control study, with
about 12,000 incident type 2 diabetes cases, there was no
interaction between lifestyle and genetic factors [96]. Since
many historical cohorts have excluded young people and
non-Europeans, the significance of gene—environment-life-
style interaction needs further exploration in these high-
risk populations undergoing rapid societal, nutritional
and lifestyle transitions. This is exemplified by the rising
prevalence of type 2 diabetes in the Inuit population in
Greenland as they shift from traditional active lifestyles to
sedentary patterns, accompanied by a high-energy diet rich
in processed foods [97].

Measurement of lifestyle factors remains challenging
and susceptible to information bias. For example, diet
assessment relies heavily on self-report and can be affected
by under- or over-reporting of energy intake and dietary
components, with confounding by education and SES. In
summary, while observations from cohort studies generate
important knowledge, well-designed randomised controlled
trials (RCTs) are needed to establish causal relationships
between these lifestyle factors and diabetes, with care-
ful documentation of adherence to the lifestyle interven-
tions. Looking ahead, advances in objective measurements
(wearable devices for sleep and activity, continuous glu-
cose monitoring, digital dietary tracking) and multi-omics
analysis will increase the precision in measuring lifestyle
factors. The text box on lifestyle and behavioural risk fac-
tors for type 2 diabetes summarises key lessons learned
from cohort studies.

Lifestyle and behavioural risk
factors for type 2 diabetes

Cohort research on lifestyle and behavioural factors
for type 2 diabetes has shown that:

o lifestyle behaviours account for the majority of type
2 diabetes risk, underscoring the central role of
modifiable factors such as diet, physical activity,
smoking and sleep patterns

e multiple adverse lifestyle behaviours exert additive,
and in some cases synergistic, effects, with risk
increasing progressively as the number of
unhealthy behaviours accumulates

Psychosocial risk factors for type 2 diabetes

In 2000, researchers from the Hoorn Studies (the Netherlands)
highlighted a strong link between psychosocial stress and type
2 diabetes. In these participants, aged 5075 years, those in
the highest quintile of stressful life events (e.g. death of a
partner, caring for chronically ill children, moving homes
or job loss) were 1.5 times more likely to have (undetected)
type 2 diabetes than those experiencing fewer stressors (lower
four quintiles) [98]. In the Stockholm Diabetes Prevention
Program cohort (Sweden), work-related stress as evidenced
by low decision latitude and job strain was associated with
a fourfold higher risk of type 2 diabetes, particularly among
women [99]. These findings highlight the importance of
individual psychological factors and the broader sociological
context in precipitating and perpetuating risk of type 2 dia-
betes in predisposed individuals. In this light, the Canadian
Longitudinal Study on Aging (CLSA) showed similar preva-
lence of diabetes in immigrants (16.4%) and non-immigrants
(15.6%) [61]. However, type 2 diabetes was associated with
a 27% higher risk of depression in non-immigrants, but not
in immigrants [61], suggesting complex interactions between
populations and health outcomes. The Helius Study (the Neth-
erlands) also confirmed these nuances, showing that healthy
and unhealthy lifestyle behaviours related to type 2 diabetes
risk were differently clustered in Dutch, South Asian, African
Surinamese, Ghanaian, Turkish and Moroccan people [100].
Taken together, inter-ethnic differences in cultures, perspec-
tives and values may further modify these risk associations,
especially in populations undergoing rapid transitions.

The unique strengths of cohort studies lie in their abil-
ity to examine long-term health outcomes, which could
not be easily achieved in experimental research, which
usually lasts for a few years only. For example, in the
Hoorn Studies, individuals who experienced three or
more stressful life events (i.e. death of spouse, disease,
relationship problems) had 30-45% higher odds of mor-
tality after 25 years compared with those with no stress-
ful events [101]. Moreover, cohort studies can investigate
factors that cannot ethically be manipulated in RCTs, such
as differences in SES. For example, the Stockholm cohort
revealed interactions between sex and SES for the associ-
ation of psychosocial factors with diabetes [102]. Among
men, the excess risk of type 2 diabetes in middle and
low SES groups was partly explained by established risk
factors, including BMI and lifestyle behaviours (account-
ing for 36-42%), whereas psychosocial factors contribute
little to the association. In women, however, most of the
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SES-related differences in diabetes risk were explained
by both established risk factors and psychosocial fac-
tors (81-100%). Together with the higher lifetime risk of
complications in people with younger age of diagnosis,
these cohort studies provide the rationale for designing
experiments targeting specific groups to inform practice
and policies [103]. However, observational research faces
challenges related to confounding. A confounding vari-
able is related to both the determinant and the outcome
variable. This confounding variable causes a distortion
of the true relationship between an exposure and a health
outcome. Therefore, cohort studies need to be mindful
about detailed ascertainment of variables that may act as
confounders, and should be aware of unmeasured con-
founders. The text box on psychosocial risk factors for
type 2 diabetes summarises key lessons learned from
cohort studies.

Psychosocial risk factors for
type 2 diabetes

Cohort research on psychosocial risk factors for type
2 diabetes has shown that:

e stress and job strain are strongly associated with
incident type 2 diabetes, highlighting the role of
chronic  psychosocial load in  metabolic
dysregulation

¢ the association of type 2 diabetes with depression
is bidirectional, with depression increasing diabetes
risk and type 2 diabetes, in turn, elevating the risk
of developing depression

e pronounced sex-specific differences exist, with
psychosocial factors interacting with sex to
influence type 2 diabetes risk in distinct ways

Pathophysiology and genetics of type 2
diabetes

Cohort studies have greatly advanced the understanding of
glucose homeostasis and the progression from normal glu-
cose tolerance to impaired glucose regulation and diabetes.
The European Group for the Study of Insulin Resistance:
Relationship between insulin sensitivity and cardiovascular
disease risk (EGIR-RISC) study (Europe) directly measured
insulin sensitivity with euglycaemic—hyperinsulinaemic
clamps and assessed pancreatic beta cell function using a
five-point OGTT in more than 1000 European individuals
[104]. Using mathematical modelling of beta cell function
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[107], the authors highlighted the importance of reduced
beta cell glucose sensitivity (the slope of the glucose insulin
secretion dose—response curve) for the loss of glucose toler-
ance and suggested that this occurs independently of changes
in insulin resistance, challenging the dominant idea that the
two variables are linked by a relationship of compensation
[107]. In fact, the effects of insulin resistance and beta cell
dysfunction on impaired glucose regulation were additive
[105], which shows that time to glucose peak is influenced
by insulin resistance, whereas the size of the glucose peak
reflects both insulin sensitivity and secretion [106].

Given the central role of insulin sensitivity and pancre-
atic beta cell function in diabetes pathophysiology, exten-
sive efforts have been made to uncover the genetic under-
pinnings. Several European studies [106, 108—112] have
identified key genetic variants such as TCF7L2, PPARG,
CDKALI, FTO [106, 109] and HNF1A (c.1108G>T) [110],
many of which are related to impaired beta cell function.
A few, including NAT2, have been identified for insulin
resistance, independent of BMI [113]. Interestingly, Asian
cohorts, such as the Korean Genome and Epidemiology
Study (KoGES) (Korea), Singapore Population Health
Studies and the HKDR cohort and biobank, and the DC-
Population Health Studies (USA) have identified new loci
for type 2 diabetes, including GLIS3, PEPD, KCNQI,
KCNK16, ADAM15, LINC02226, JUP and PAX4, linked
to insulin sensitivity and HbA,_ levels, highlighting East
Asian-specific genetic factors [114—117]. Moreover, cohort
studies have provided the first insights into the role of epi-
genetic factors in humans. The Research on Obesity and
Diabetes among African Migrants (RODAM) study (the
Netherlands) reported a risk association of DNA methyla-
tion in loci such as TXNIP and TPM4 with type 2 diabetes
unique in sub-Saharan Africans [118]. However, compared
with other types of diabetes, such as type 1 diabetes or
maturity-onset diabetes of the young, there are only a few
studies that attempt to translate these genetic discoveries
in clinical practice.

Finally, large consortia combining data from up to
hundreds of cohorts, such as DIAGRAM and GENESIS,
whole genome sequencing and more ancestrally diverse
populations will help identify rarer variants involved in
type 2 diabetes development and progression. However,
there is a stark paucity of similar genetic data in non-
European populations. These data are urgently needed
for replication and discovery in our pursuit of preci-
sion prediction, prevention and care of diabetes in this
global epidemic of type 2 diabetes [119]. Overall, these
studies deepen our understanding of type 2 diabetes and
related complications and support the move towards per-
sonalised care. In this context, the clinical utility and
cost-effectiveness of incorporating these biomarkers in
clinical practice needs to be systematically evaluated
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in experimental and implementation studies. Further-
more, the process of translating this evidence to practice
is complex and resource intensive. The text box on the
pathophysiology and genetics of type 2 diabetes summa-
rises key lessons learned from cohort studies.

Pathophysiology and genetics
of type 2 diabetes

Cohort research on pathophysiology and genetics has
provided important insights:

e clamp studies and OGTT-based modelling have
substantially advanced our understanding of type 2
diabetes, particularly in delineating defects in
insulin secretion, insulin sensitivity, glucose sensing
and glucose disposal

e several genetic variants affecting beta cell function
have been identified, highlighting impaired insulin
secretion as a central mechanism in type 2 diabetes
susceptibility

e large consortia incorporating epigenetic profiling
and studying diverse ancestry populations have
uncovered rare variants and regulatory signatures,
broadening insight into the biological pathways
underlying type 2 diabetes

Emerging research and future directions

Over the past 50 years, cohort research advanced diagnosis
and screening of type 2 diabetes, identification and pre-
vention of comorbidities, and knowledge on risk factors
and pathophysiology. New developments in information
and communication technology and statistical methods
can enable complex analysis of large datasets gathered
over long periods. This progress will facilitate creation
of complex constructs related to an individual’s total
environment, often referred to as the ‘exposome’, and its
associations with outcomes. The exposome represents the
(measurable) totality of environmental, or nongenetic,
drivers of health and disease, and can be subdivided as
the external and internal exposomes. The external expo-
some includes the built environment, social environment,
physical-chemical environment and lifestyle/food environ-
ment [120]. The internal exposome encompasses meas-
urements at the epigenetic, transcriptomic, proteomic,
microbiomic or metabolomic levels. The impacts of these
internal and external exposomes are in part mediated
through cognitive—psychosocial-behavioural processes

with heterogenous expression in terms of biomarkers,
traits, phenotypes and outcomes. Measurements of these
multi-dimensional data enable researchers to analyse how
these exposures might imprint upon the host’s biology
and how the host might respond to these environmental
insults, resulting in diverse biological responses, which
in turn might be influenced by their genetic make-up. In
a narrative review, Beulens et al. [120] highlighted the
importance of the exposome as a risk factor for type 2
diabetes. However, most of these associations were cross-
sectional in nature, which highlights a need for research
into the exposome using comprehensive cohort measure-
ments. According to Hill’s criteria on causality, prospec-
tive and experimental cohorts were more informative than
cross-sectional analysis in the evidence cascade, aimed at
changing dogma, practice and policies [121].

A second promising direction for cohort research con-
cerns the development of precision health approaches,
encompassing precision prevention and treatment, tai-
lored to the individual characteristics of each person.
One example is the cluster analysis by Ahlqvist et al,
which identified five subtypes of type 2 diabetes in the
ANDIS cohort (Sweden) [122]. These subtypes have
been validated against gold-standard measures of insulin
sensitivity and beta cell function in the German Diabetes
Study [123], with replication in other populations [124].
These clusters were associated with different genetic pro-
files, comorbidities and responses to treatment. These
included early insulin treatment in individuals with insu-
lin-deficient diabetes and a high risk for nephropathy
subtype. However, depending on the variables used for
cluster analysis, other studies such as the Danish Centre
for Strategic Research in Type 2 Diabetes (DD2) (Den-
mark) have proposed alternative type 2 diabetes subphe-
notypes [125]. In the Trgndelag Health Study (HUNT)
(Norway), serum collected prior to type 2 diabetes onset
revealed that 3% of people with type 2 diabetes had pre-
vious, but transient, evidence of autoantibodies, suggest-
ing a role of autoimmunity in type 2 diabetes disease
heterogeneity [126]. However, the components of these
clusters vary depending on types of available data. On
the other hand, Dennis et al suggested that precision
medicine in type 2 diabetes is likely to have most clini-
cal utility if it is based on an approach of using specific
phenotypic measures to predict specific outcomes, rather
than assigning individuals to subgroups [127].

Another example of precision health relates to HbA .
reduction in response to glucagon-like peptide 1 receptor
agonist (GLP-1RA). Cohort analysis revealed that carri-
ers of the GLPIR gene had a greater reduction in HbA
than non-carriers [128]. Given the growing number of
glucose-lowering drugs, analysis of prospective cohorts
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with detailed phenotypes, treatment and outcomes is an
important resource for analysis related to risk stratifi-
cation and disease classification for targeted therapies
or interventions. New technologies are now generating
multi-omics data (e.g. metabolomics, proteomics, epi-
genetics) from cohort studies which are rapidly shap-
ing biomarker discovery and precision health [129].
However, to date only a few biomarkers have made it
into practice, due to high costs or barriers to clinical
applicability.

A third future direction for cohorts involves the use of
real-world data to evaluate risks and benefits of type 2 diabe-
tes interventions. In 1973, Weddell first explained the need
to establish disease registers to identify patterns and trends
for planning of prevention and treatment services [130].
With increasing use of electronic medical record (EMR) sys-
tems, which often capture medication, procedure, laboratory,
hospitalisation and death data, establishing a register with
well-defined variables and exposures based on prior knowl-
edge will provide effectiveness and cost-effectiveness data
to complement the efficacy and safety data of RCTs. Typical
examples are the UK Prospective Diabetes Study (UKPDS)
Outcome Model and the Chinese Diabetes Outcome Model
based on the HKDR, with both cohorts having more than
three decades of follow-up [131, 132].

In most RCTs, young people, geriatric and frail people, and
minor ethnic groups are often under-represented along with
exclusion of various drugs and people with comorbidities.
With increasing use of novel drugs, register-based cohorts can
provide essential real-world data regarding weight-reducing
and metabolic effects of drugs such as GLP-1RA and their
adverse effects or complications [133]. Registers can also
reveal novel insights, for example, in the DIAbetes MANage-
ment and Treatment (DIAMANT) cohort (the Netherlands),
people with type 2 diabetes had a 1.3 times higher risk of
developing colorectal cancer than those without type 2 diabe-
tes [134]. During the COVID-19 pandemic, the Scottish Dia-
betes Research Network (SDRN) cohort (Scotland) reported
the risk associations of type 2 diabetes with severe COVID-19
outcomes, further increased by older age, male sex, residential
care, higher deprivation, comorbid conditions and smoking
[135]. Here it is important to distinguish between purpose-
built registers and unstructured registers. Unless the registers
have a built-in protocol for systematic data collection, most
consist of non-standardised measurements with many miss-
ing data. Often these registers are merged with probabilis-
tic matching to provide real-word evidence to complement
RCT data, although not without bias. In this context, prac-
tising physicians who have integrated knowledge of human
biology, clinical medicine and treatments should familiarise
themselves with the principles of epidemiology and help
design protocols for establishing registers. To ensure fidelity,
improvement of the practice environment and training of staff
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during data collection will help close gaps in prevention, care
and professional knowledge [136].

Finally, we are witnessing the emergence of new forms
of cohorts, which combine observational and interven-
tional designs. For example, the Inter99 cohort (Denmark)
and the Anglo—Danish—Dutch Study of Intensive Treat-
ment In People with Screen-Detected Diabetes in Primary
Care (ADDITION-Europe) cohort [137-141] reported risk
profiles of participants and results of interventions in sub-
groups participating in a lifestyle intervention. This type
of research is needed to assess the long-term or legacy
effects of interventions given that most RCTs last for only
2-5 years. Other examples include the web-based JADE
Platform which incorporated the HKDR protocol for estab-
lishing cohorts in Asia, with some registrants participating
in interventions with long-term data on their benefits [136].
Another important development in cohort research is the
emergence of Developmental Origins of Health and Dis-
ease (DOHaD) cohorts. DOHaD cohorts are longitudinal
research studies that follow individuals, often from precon-
ception, pregnancy or birth, throughout their life course
to examine how early-life environmental, nutritional and
social exposures shape long-term health outcomes, includ-
ing type 2 diabetes.

Despite the development of new cohorts or expan-
sion of existing cohorts, including multi-omics analysis
and embedded intervention(s), there is an urgent need to
establish cohorts especially in low-income and middle-
income countries and with more diverse and representative
populations. New cohorts need a clear aim and hypothesis
and to obtain ethical approval. They should define a target
population with careful design and well-defined recruit-
ment strategies to avoid selection bias. These protocols
should consider objective and validated measurement of
exposures, confounders and outcomes. Well-designed and
implemented observational research requires substantial
resources, including time, funding and personnel. Most
importantly, these research programmes should be guided
by well-informed investigators committed to continuous
learning and using research to change practice. Sharing of
experiences by investigators of existing cohorts with new
researchers may expedite the set-up, management and anal-
ysis of new cohorts to advance knowledge and practice.

In the past decade, with growing interest in using real-
world data for research, regulations on data governance based
on the FAIR (Findable, Accessible, Interoperable and Reus-
able) principles as well as ethics regarding data collection
and sharing have been reformulated. With increasing popu-
larity of using real-word evidence for research or practice, we
anticipate that more cohort collaborations with data sharing,
individual or aggregate, will generate complex datasets for
knowledge discovery and application. The text box summa-
rises our call to action for the future of cohort research.
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Our call to action for the future
of cohort research

Strengthen global collaboration and data
governance, promoting FAIR and ethical data
sharing to enable large-scale discovery and
enhance the generalisability of cohort findings

e Leverage real-world data and register-based

cohorts to estimate long-term effectiveness,
safety and rare outcomes of current treatment
approaches, while rigorously addressing bias
and data quality

e Develop innovative hybrid cohort—intervention

designs and extend follow-up periods beyond
traditional RCT timelines to evaluate the
sustained and legacy impacts of lifestyle and
therapeutic interventions

o Integrate novel measurement techniques, such

as the exposome and multi-omics
measurements, into longitudinal studies to
identify new causes of and treatment targets for
diabetes

In this review, we aimed to be as inclusive as possible
in selecting cohorts and summarising key findings. This
is, however, not a systematic review and we acknowledge
that many cohorts and findings that have also contributed to
the field might have been missed. The lack of inclusion of
these cohorts and findings does not diminish their important
contributions to diabetes research. Notwithstanding these
limitations, we have demonstrated the importance of well-
designed cohort studies by summarising results from the
past 50 years around several themes. We also discussed the
strengths and weaknesses of observational research in com-
parison with other research designs. This wealth of data has
contributed to the evolution of diagnosis, classification, pre-
vention and treatment of type 2 diabetes. We conclude that
cohort research has significantly advanced our understanding
of type 2 diabetes, aided guideline development and comple-
mented experimental work, such as human RCTs and animal
studies. These observational and experimental approaches
are essential and complementary in our pursuit to provide a
more comprehensive understanding of the development and
progression of type 2 diabetes and to change dogma, practice
and policies for better outcomes.
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