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ABSTRACT
Introduction The population- based Inter99 cohort has 
contributed extensively to our understanding of effects of 
a systematic screening and lifestyle intervention, as well 
as the multifactorial aetiology of type 2 diabetes (T2D) and 
cardiovascular disease. To understand causes, trajectories 
and patterns of early and overt cardiometabolic disease 
manifestations, we will perform a combined clinical deep 
phenotyping and registry follow- up study of the now 
50–80 years old Inter99 participants.
Methods and analysis The Inter99 cohort comprises 
individuals aged 30–60 years, who lived in a 
representative geographical area of greater Copenhagen, 
Denmark, in 1999. Age- stratified and sex- stratified random 
subgroups were invited to participate in either a lifestyle 
intervention (N=13 016) or questionnaires (N=5264), while 
the rest served as a reference population (N=43 021). Of 
the 13 016 individuals assigned to the lifestyle intervention 
group, 6784 (52%) accepted participation in a baseline 
health examination in 1999, including screening for 
cardiovascular risk factors and prediabetic conditions. In 
total, 6004 eligible participants, who participated in the 
baseline examination, will be invited to participate in the 
deep phenotyping 20- year follow- up clinical examination 
including measurements of anthropometry, blood pressure, 
arterial stiffness, cardiometabolic biomarkers, coronary 
artery calcification, heart rate variability, heart rhythm, 
liver stiffness, fundus characteristics, muscle strength and 
mass, as well as health and lifestyle questionnaires. In a 
subsample, 10- day monitoring of diet, physical activity 
and continuous glucose measurements will be performed. 
Fasting blood, urine and faecal samples to be stored in 
a biobank. The established database will form the basis 
of multiple analyses. A main purpose is to investigate 
whether low birth weight independent of genetics, 
lifestyle and glucose tolerance predicts later common T2D 
cardiometabolic comorbidities.
Ethics and dissemination The study was approved by 
the Medical Ethics Committee, Capital Region, Denmark 
(H- 20076231) and by the Danish Data Protection Agency 
through the Capital Region of Denmark’s registration 
system (P- 2020- 1074). Informed consent will be obtained 

before examinations. Findings will be disseminated 
in peer- reviewed journals, at conferences and via 
presentations to stakeholders, including patients and 
public health policymakers.
Trial registration number NCT05166447.

INTRODUCTION
Type 2 diabetes (T2D), cardiovascular disease 
(CVD) and their comorbidities are leading 
causes of premature mortality and morbidity, 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ The longitudinal design will enable us to follow the 
course of both early and overt cardiometabolic dis-
ease manifestations during the period of life with 
highest incidence rates.

 ⇒ We will be able to quantify the extent to which the 
type 2 diabetes (T2D)- associated comorbidities 
coronary arteriosclerosis, cardiac autonomic neu-
ropathy, non- alcoholic fatty liver disease, retinopa-
thy and diabetic kidney disease are present among 
elderly people without T2D, and with known normal 
glucose tolerance for two decades.

 ⇒ The availability of genome- wide genetic variation 
data, birth weight, as well as adiposity trajectories, 
dietary data, and physical activity information, will 
provide insights into how these predisposing factors 
influence distinct organ morbidities and disease 
manifestations.

 ⇒ Collection of biospecimens for micronutrient and 
multiomics purposes such as genomics, transcrip-
tomics, proteomics, metabolomics, lipidomics and 
epigenomics will allow additional layers of deep 
phenotype analyses, including studying disease- 
associated genetic variants and their phenotypes.

 ⇒ The fact that all individuals participated in a screen-
ing for cardiovascular disease risk and, if at risk, 
invited for a personalised lifestyle intervention from 
1999 and for up to 5 years thereafter, may limit the 
generalisability of our findings.
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affecting nearly one billion individuals worldwide.1 2 T2D 
is arbitrarily defined by elevations of plasma glucose 
levels, and the current T2D diagnostic criteria do not 
capture the diversity of T2D subphenotypes character-
ised by differential manifestations of microvascular and 
macrovascular complications, as well as other common 
comorbidities.3 4

The overlap and heterogeneity of age- related T2D, 
CVD and associated comorbidities are likely rooted in the 
relative or predominant contributions from the triad of 
genetic susceptibility versus prenatal and postnatal non- 
genetic aetiologies (box 1).

As for genetics, the known 568 T2D susceptibility loci 
are estimated to explain 18% of the putative genetic 
contribution to T2D.5 6 Early life developmental program-
ming, low birth weight (LBW), as well as salt- sensitive 
hypertension, non- alcoholic fatty acid disease (NAFLD), 
dyslipidaemia and neurocognitive dysfunctions, are well- 
established risk factors of T2D and CVD.7–12 Recent data 
even suggest that LBW, in a non- genetic manner, is asso-
ciated with a more severe clinical T2D presentation and 
course, including earlier onset and more comorbidities at 
the time of diagnosis.13 Accordingly, there is an increasing 
need to understand whether differential combinations of 
T2D aetiologies influence not only T2D and CVD risk per 
se, but also the timing and patterns of clinical presenta-
tion including both early and late disease manifestations, 
as well as comorbidities. As an example of unpriori-
tised comorbidities, patients with T2D have a 2–3 fold 
increased risk of sarcopenia.14 15 Sarcopenia describes the 
age- related loss of muscle mass and strength that leads 
to impaired function including increased risk of falls and 
an overall decreased quality of life. Sarcopenia is acceler-
ated by physical inactivity, low protein intake, and general 
health status and disease, and has also been associated 
with LBW.16

Excess dietary sodium (Na+) may account for three 
million deaths annually,17 and reducing salt intake is 
among the most cost- effective CVD prevention strate-
gies.18 Low dietary potassium (K+) intake is also gaining 
attention as a CVD risk factor, and the urinary Na+/K+- 
ratio may, therefore, represent a superior cardiovascular 

risk measure.19–23 As for macronutrient intake, high 
dietary sugar and saturated fat contents is strongly asso-
ciated with T2D and CVD risk. While the Mediterranean 
diet may prevent CVD,24 there is nevertheless substantial 
gaps in our current knowledge of what defines a healthy 
diet with respect to not only macronutritional but also 
micronutritional composition(s) including vitamins. For 
instance, beyond effects on blood clotting factors, vitamin 
K may be important for cardiometabolic as well as bone 
health.25

The Inter99 cohort provides a unique research plat-
form to delineate the differential and overlapping roles 
of genetics versus the fetal environmental, as well as 
various postnatal lifestyle factors, for the development of 
early and overt cardiometabolic disease manifestations 
and associated comorbidities.26–28 We aim to perform a 
combined deep phenotyping and registry- based follow- up 
study of the Inter99 cohort, 20 years after the baseline 
health examinations, when participants were on average 
46 years of age. While overt disease diagnoses will be 
captured by Danish national registries, our deep pheno-
typing clinical examinations allow detection of a wider 
range of early disease manifestations, such as vascular 
stiffness, liver fibrosis, retinopathy, diabetic kidney disease 
and pre- diabetes, and the extent to which these may be 
present prior to the participants complying with official 
cardiometabolic disease diagnoses.

METHODS AND ANALYSIS
Study setting and previous findings
The Inter99 study was initiated in March 1999 as a 
population- based multifactorial intervention study, 
originally designed to prevent ischaemic heart disease 
(IHD).29 It comprised all individuals born in 1939–1940, 
1944–1945, 1949–1950, 1954–1955, 1959–1960, 1964–
1965 and 1969–1970 (30, 35, 40, 45, 50, 55 and 60 years 
of age) living in 11 municipalities in Greater Copen-
hagen (N=61 301). The population was randomised with 
different age and sex ratios to two lifestyle intervention 
groups (A+B; N=13 016) or a group followed by ques-
tionnaires (C; N=5264), the remaining individuals were 
considered as a reference population and not contacted 
(D; N=43 021) (figure 1). Participants received individu-
alised lifestyle counselling based on lifestyle and CVD risk 
score.30 In total, 6784 participants from the intervention 
groups participated in the baseline health examination 
(52% acceptance rate).29 The 5- year clinical follow- up 
examination, including glucose tolerance status, had a 
participation rate of 69%.31 The 10- year follow- up was 
based on registry data and a follow- up questionnaire was 
sent to all eligible participants with completed baseline 
health examination (A+B) and to all in the questionnaire 
group (C) (figure 1).32

The 5- year follow- up examination showed a progression 
rate to overt T2D of 2.1 per 100 person- years,33 strongly 
supported by a substantially higher T2D prevalence 
after 20 years of follow- up with 6.5% of men and 3.8% 

Box 1 The complex multifactorial prenatal and postnatal 
aetiology of cardiometabolic diseases

Constitutional primary predisposing factors
 ⇒ Genetic susceptibility.
 ⇒ Intrauterine environment (low or high birth weight, prematurity).

Acquired postnatal secondary precipitating factors
 ⇒ Sedentary lifestyle/inactivity.
 ⇒ Unhealthy diet/micronutrient deficiencies.
 ⇒ Obesity.
 ⇒ Smoking.
 ⇒ Medication.
 ⇒ Comorbidities.
 ⇒ Ageing.
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in women having been diagnosed with T2D. Indeed, this 
will also be the case for all other T2D- associated vascular 
and cardiometabolic comorbidities, underscoring the 
relevance of performing a combined registry- based and 
cardiometabolic deep phenotyping study among Inter99 
participants, who are now 50–80 years old.

Original midwife records were collected from 4744 
participants in the intervention groups,34 35 and despite 
the relatively low average age of 46 years in 1999, we 
confirmed a strong inverse relationship between birth 
weight and risk of T2D in this Danish population.35 The 
Inter99 cohort has been extensively genotyped contrib-
uting to the identification of more than 568 T2D suscep-
tibility loci,5 and to the interactions between birth weight 
and genetic risk of T2D.27 28 36 The prevalence of T2D asso-
ciated retinopathy in the Inter99 cohort was studied in a 
subgroup of 970 participants. Interestingly, retinopathy 
was present in 7.5% of the 490 subjects with completely 
normal glucose tolerance, supporting the notion that 
factors other than elevated glucose contribute to the risk 
of retinopathy of a type that cannot be distinguished from 
milder degrees of diabetic retinopathy.37

The 10- year follow- up study concluded that a 
community- based, individually tailored intervention 

programme with screening for risk of IHD and repeated 
lifestyle intervention over 5 years, had no effect on IHD, 
stroke or mortality at the population level as assessed after 
10 years.38 This observation was later reproduced in other 
studies and confirmed in a WHO report.39

The totality of data already available in the Inter99 
cohort range from information on birth size (weight 
and length) and prematurity, glucose tolerance at base-
line and at a 5- year follow- up, lifestyle intervention 
and general health information including comprehen-
sive dietary data, numerous biomarkers and genetic 
data (table 1, figure 2). The 20- year follow- up study 
includes physical deep phenotyping clinical exam-
inations tailored to capture and expand our growing 
understanding of T2D and subgroups, as well as early 
and late metabolic and vascular manifestations, comor-
bidities and complications. Morbidity and mortality 
data are obtained from our extensive Danish registers. 
The existing detailed clinical and lifestyle information 
over 20 years will allow us to correct for those deter-
minants in the analysis. This together will allow us to 
detect effects of age- related cardiovascular and meta-
bolic phenotypes.

Figure 1 Flow chart of participation in the Inter99 study, 1999–2023. The dark blue column represents the Intervention group 
(A+B) where 52% of the invited had a baseline examination performed in 1999. The eligible participants for the 20- year follow- 
up study are recruited among these individuals. The light- blue columns indicate individuals followed by questionnaires (C) and 
the reference population (D) who are not recruited for the 20- year follow- up examinations.
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Deep phenotyping follow-up study
Recruitment and clinical examinations
A search of the Danish civil registration register (CPR 
register) in December 2019 showed that 6004 (88.5%) 
of the Inter99 participants, who had participated in the 
baseline examination, were alive and had not emigrated; 
and thus, eligible for inclusion (figure 1). There were no 
other eligibility criteria for study participation.

All participants will be invited in the same order as 
examined at baseline to the clinical examination at The 
Center for Clinical Research and Prevention in Glostrup, 
Denmark. The first participant was examined on 13 

September 2021. The data are collected in a highly stan-
dardised manner by trained health professionals. Data 
include repeated measures of the original health exam-
inations (table 1), studies of subclinical signs of early 
cardiometabolic changes using innovative technologies, 
lifestyle questionnaires, extended substudies of Diet, 
Activity and Glucose (the InterDAG study) and a vitamin 
K supplementation intervention (InterVitaminK trial) 
as well as collection of biological samples for a biobank 
(figure 2) as described below and in detail in online 
supplemental methods.

Table 1 Summary of data collected at the Inter99 baseline and the 20- year follow- up study (including extended substudies)

Data Variables Baseline 20 years

Questionnaire- based information

  Demographics Sex, age, family, marital status, education, employment status, household 
income

X X

  Diseases Chronic diseases, contact to healthcare system, symptoms X X

  Health Self- rated health, stress, sleep X X

  Lifestyle Physical activity, smoking, alcohol, diet, network X X

Deep- phenotyping health assessment

  Anthropometry Height, weight, waist and hip circumference X X

  Bioelectrical impedance Fat and lean (muscle) body mass   X

  Blood pressure Systolic and diastolic blood pressure, resting heart rate X X

  Cardiac autonomic 
neuropathy

Resting heart rate variability and cardiovascular autonomic reflex tests X

  Cardiac CT Coronary atherosclerosis, cardiac chamber size, LV hypertrophy X

  Continuous glucose 
monitoring

7 day 24- hour glucose levels X(S)

  Dynamometer and sit- to- 
stand test

Muscle strength X

  Electrocardiography ECG intervals, amplitudes and diagnostic statements X X

  Ophthalmic examination Ocular fundus characteristics, retinopathy X(S) X

  Oxymeter Oxygen saturation X

  Pulse wave velocity Arterial stiffness X

  Spirometry Lung function X X(S)

  Transient elastography Liver stiffness and steatosis X

Laboratory assessments

  Blood biochemistry Leucocytes and differential count, thrombocytes, electrolytes (sodium, 
potassium, calcium), glucose, HbA1c, lipids (total cholesterol, HDL, LDL, 
VLDL, triglycerides), kidney function (creatinine, eGFR, urea, albumin), 
vitamin K status (dephosphorylated- uncarboxylated matrix- gla Protein), 
liver function (ALAT, ASAT)

X X

  Urine biochemistry Albumin, creatinine, sodium, potassium X X

Biobanking (−80°C)

  Blood Fasting blood samples (whole- blood, serum and plasma) X X

  Urine Spot urine
24- hour urine collection

X
X(S)

X
X(S)

  Faeces Faecal samples X(S)

ALAT, Alanine transaminase ; ASAT, Aspartate transaminase; eGFR, estimated glomerular filtration rate; HbA1c, Hemoglobin A1c; HDL, High- 
density lipoprotein; LDL, Low- density lipoprotein; LV, Left ventricular; S, subgroup of participant; VLDL, Very- low- density lipoprotein.

https://dx.doi.org/10.1136/bmjopen-2023-078501
https://dx.doi.org/10.1136/bmjopen-2023-078501
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Anthropometry and body composition
Height is measured without shoes to the nearest cm, 
weight without shoes and overcoat to the nearest kg 
and body mass index (BMI) calculated (kg/m2). Waist 
and hip circumferences are measured in cm using a 
non- stretchable tape and waist- to- hip ratio calculated. 
Segmental body composition is estimated from multi-
frequency bioelectrical impedance analysis (InBody770, 
Biospace, Seoul, South Korea).

Arterial stiffness
Arterial stiffness is assessed by the gold standard method 
of assessing direct arterial stiffness based on carotid- 
femoral Pulse Wave Velocity using the SphygmoCor 
XCEL instrument (AtCor Medical, Sydney, Australia).25

Biobank
Serum, plasma and urine will be collected from all partic-
ipants. In a subgroup participating in the extended 
InterDAG study, 24- hour urine samples and a faecal 
sample will be collected. This biobank allows for future 
analyses of selected biomarkers and multiomics.

Blood biochemistry
Fasting blood samples (minimum of 6 hours) (table 1) 
are collected and analysed within 3 hours (online supple-
mental methods).

Blood pressure
Blood pressure is measured thrice with a Microlife BP 
A6 PC electronic blood pressure monitor (Microlife, 
Widnau, Switzerland) and fitting cuff after 5 min rest in 
sitting position.

Cardiac autonomic neuropathy
As a measure of cardiac autonomic neuropathy, simple 
bedside tests using resting heart rate variability indices, 
response in heart rate to standing, slow breathing, and 
the Valsalva manoeuvre (cardiovascular autonomic reflex 
tests) is used with a Vagus device (Medicus Engineering, 
Aarhus, Denmark).40 41

Cardiac CT
All participants are offered a cardiac CT scan at the 
Department of Cardiology, Rigshospitalet in Copen-
hagen to determine coronary atherosclerosis, including 
coronary artery calcification score (CAC score), coronary 
stenosis, vascular extent and plaque type in addition to 
cardiac chamber size and left ventricular hypertrophy. 
The cardiac CT scan includes a non- contrast CT scan and 
a CT angiography performed using the 320- multidetector 
scanner (Aquilion One, Toshiba Medical Systems, 
Japan).42 43 In addition to cardiac risk assessment, the CT 
scan includes comprehensive imaging of lungs, vascular 
system, sarcopenia assessment, liver, spleen, abdominal 
fat and spine.

Covariates
At baseline, participants answered a questionnaire on sex, 
age, marital status, occupation, education, health (diag-
noses of, eg, cancer, diabetes, hypertension, high choles-
terol, myocardial infarction, stroke or coeliac disease) 
and lifestyle (physical activity, smoking, alcohol and 
dietary habits).29 At follow- up participants answer addi-
tional questions on sarcopenia symptoms, sleep, seden-
tary behaviour and physical activity.44–46

ECG
Ten second 12- lead ECG is digitally recorded at 500 hz 
for 10 s and analysed using the Marquette 12SL algorithm 
(V.21, GE Healthcare, Milwaukee, Wisconsin, USA).47

Liver stiffness and steatosis
Non- invasive assessment of liver stiffness by transient elas-
tography is performed after a minimum of 4 hours fasting 
(FibroScan 530 Touch, Echosens, Baarn, Netherlands). 
The FIB- 4 (Fibrosis- 4) score will be calculated.48

Muscle strength (hand grip and chair stand)
Muscular fitness is assessed using standardised protocols 
of muscle performance in the upper and lower extremity. 
Hand grip is measured using a Jamar dynamometer 
(Sammons Preston Rolyan, Chicago, Illinois, USA).49 
Lower body muscle performance is measured using the 
Sit- to- Stand test.50

Oxygen saturation
Oxygen saturation is determined by direct measurement 
with the Nellcor portable SpO2 pulse oximeter after blood 
sampling and 0 min rest in the supine position. Measure-
ments are taken in the index finger of the opposite arm 
of blood sampling (Medtronic, Minneapolis, Minnesota, 
USA).

Figure 2 Overview of the 20- year deep- phenotyping follow- 
up examinations and possibilities of coupling to baseline and 
register data as well as for future and extended analyses. 
DAG, diet, activity and glucose.

https://dx.doi.org/10.1136/bmjopen-2023-078501
https://dx.doi.org/10.1136/bmjopen-2023-078501
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Fundus characteristics
Ocular wide- field fundus photography and optical coher-
ence tomography are made in both eyes using the Optos 
Monaco OCT Ophthalmoscope (Optos, Dunfermline, 
UK).51 Images and scans are graded for retinopathy 
according to a modified version of the ‘Proposed Inter-
national Clinical DR severity scale’52 applying a deep 
learning algorithm by convolutional neural networks.53

Urine
A spot urine sample is collected and analysed for sodium, 
potassium, albumin and creatinine concentration.

Extended clinical studies
The study serves as a recruitment platform for the InterVi-
taminK Randomised Controlled Trial,25 as well as for the 
extended lifestyle and diurnal plasma glucose profiling 
InterDAG study as described below and in details in 
online supplemental methods.

InterVitaminK trial
In total, 450 men and women, who participated in the 
Inter99 20- year follow- up study with detectable CAC 
(CAC≥10 Agatston units) assessed by the cardiac CT scan, 
will be recruited to participate in the double- blinded 
placebo- controlled randomised intervention trial, the 
InterVitaminK trial, investigating the effect of Vitamin 
K supplementation on progression of CAC (table 1, 
figure 2) as described in more detail elsewhere.25

InterDAG study
The InterDAG study will recruit 1000 consecutive partic-
ipants from the Inter99 follow- up study with no exclu-
sion criteria. Glucose levels are measured continuously 
for 10 days using continuous glucose monitoring (CGM) 
(Dexcom G6 PRO, Hudson, Ohio, USA). Simultane-
ously, comprehensive data on dietary intakes and phys-
ical activity are collected including a 7- day food record 
(MyFood24, www.myfood24.org) and 10- day physical 
activity (24- hour Sens Motion accelerometers, www.sens. 
dk, Copenhagen, Denmark). Participants are also invited 
for a 3- day repeated 24- hour urine collection and one 
single faecal collection for later analyses. The simulta-
neous measurements of daily physical activity and diet will 
increase our understanding of the extent to which current 
lifestyle in older people influence, not only glucose regu-
lation and variability, but also cardiometabolic health in 
general, including ectopic fat deposition, sarcopenia and 
early vascular dysfunctions. The 24- hour urine collection 
will provide unique data on the sodium to potassium 
ratio, while the gut microbiota from faecal samples will 
provide insights into interaction between microbiota and 
metabolic diseases.54–56

Expected timeline
The cardiometabolic deep- phenotyping study including 
cardiac CT scans and 7- day continuous monitoring of the 
InterDAG in a subgroup will be completed in April 2024. 

Data cleaning, validation and organisation of the data-
base are expected to be completed by end 2024.

Register-based follow-up of the Inter99 cohort
The Inter99 cohort is linked to the nationwide Danish 
registries by the unique Danish CPR number. The regis-
tries cover hospital admissions, outpatient contacts, 
primary healthcare use, reimbursement of medicine and 
a variety of social parameters (education, income, employ-
ment, ethnicity, etc). Information on date of T2D diag-
nosis is obtained from a newly established Danish Diabetes 
Register based on comprehensive data from the National 
Patient Register,57 the Medicines Products Register,58 
the National Health Service Registry,59 the Danish Adult 
Diabetes Database60 and the Eye Examination Database.61 
The algorithm calculating the date of diabetes diagnosis 
is described elsewhere.62 Clinical and biochemical data 
to estimate trajectories following T2D diagnosis will be 
obtained from LABKA (Clinical Laboratory Informa-
tion System Research Database).63 Information on date 
of various CVD and cerebrovascular disease diagnoses is 
based on the Danish National Patient Register,64 using 
International Classification of Diseases- 10 codes. CVD is 
defined as atrial fibrillation, heart failure, hypertensive 
disease, IHD. Cerebrovascular disease is defined as haem-
orrhagic stroke, ischaemic stroke and transient cerebral 
ischemia. Occurrence of macrovascular atherosclerotic 
disease will also be available from the registers.

Data analysis plan
As described in table 1, this study will provide a wealth 
of data and future analyses strategies will depend on 
the research question and outcome in focus. The statis-
tical methods described below serves as an example of 
the methods most likely to be used, while alternative 
approaches will be applied when appropriate.

As the established Inter99 20- year follow- up database 
will form the basis for testing several research questions, 
the analyses should be considered explorative in nature. 
However, a main hypothesis of the Inter99 20- year 
follow- up was to investigate whether LBW independent 
of genetics, lifestyle and glucose tolerance over 20 years 
is related to common T2D cardiometabolic comorbid-
ities. For the register- based follow- up studies, Poisson 
regression and other time to event models (eg, Cox 
proportional hazards models) will be applied to estimate 
incidence rates and HRs with 95% CIs, respectively, of 
clinical outcomes like T2D and CVD. Relevant covariates 
such as socioeconomic factors, BMI and gene risk scores 
of cardiometabolic morbidity and obesity will be adjusted 
for in separate models. In other analysis, we will use multi-
level longitudinal modelling to estimate clinical trajec-
tories of markers of glycated haemoglobin, lipid levels, 
blood pressure, BMI and kidney function as a function of 
various lifestyle- related and perinatal (eg, birth weight) 
exposures.

Both binary (eg, hypertension and retinopathy), catego-
rial (eg, sarcopenia and muscle strength) and continuous 

https://dx.doi.org/10.1136/bmjopen-2023-078501
www.myfood24.org
www.sens.dk
www.sens.dk
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outcomes (eg, CAC score, fibrosis score, polygenetic risk 
scores and body composition) will be employed. We will 
use multiple logistic regression for binary outcomes, 
multinomial logistic regression for categorical outcomes 
and multiple linear regression for continuous outcomes. 
For each outcome, a series of models will be developed 
based on a priori knowledge about the causal framework 
around the association of interest. To assess the strength 
and direction of associations, we will report ORs and 
regression coefficients with corresponding 95% CIs.

We will apply causal epidemiological techniques to 
identify and quantify the causal relationships of various 
lifestyle- related, genetic and perinatal (eg, birth weight) 
exposures with cardiometabolic outcomes, while predic-
tive modelling will be applied to develop algorithms that 
can predict future disease risk. The model and variable 
selection will depend on the research question. One 
approach is the concept of causal models and causal 
directed acyclic graphs. For some research questions, it is 
also possible to use genetic risk scores as unbiased instru-
ments of exposures. When optimal prediction of disease 
is the main purpose, models will be compared by using 
C- statistics and other related approaches.

As the clinical relevance has been an integral part of 
this study from the beginning, we aim to develop a series 
of interactive clinical tools that apply the developed 
prediction models for various cardiometabolic disease 
outcomes such as a T2D and CVD risk engine calculators. 
The combination of the wealth of cardiometabolic deep 
phenotyping data from the ongoing 20- year follow- up, 
polygenetic risk scores, lifestyle factors and perinatal 
factors such as objectively measured birth weight in a 
large sample of ageing adults, provides a hitherto unpar-
alleled potential for the development of real personalised 
risk prediction tools.

Patient and public involvement
None.

Ethics and dissemination
The study is conducted in accordance with the Decla-
ration of Helsinki II and is approved by the ethical 
committee of the Capital Region, Denmark (Inter99 
follow- up, H- 20076231 ; InterVitaminK trial, H- 21033114) 
and by the Danish Data Protection Agency (P- 2020- 1074). 
Informed consent is obtained from all participants before 
clinical examinations.  Clinicaltrials. gov registration: 
NCT05166447 and NCT05259046, respectively. Exam-
inations are considered harmless, involve minimal incon-
venience and are performed by experienced healthcare 
professionals. Performing CT scans may result in inci-
dental findings that need further examination and poten-
tially treatment. As for other screening procedures, this 
may cause both benefit (early detection and treatment) 
and harm (overtreatment) to the participants. The radia-
tion dose associated with the CT scan is relatively low and 
considered of minimal risk.

Findings will be disseminated in peer- reviewed journals, 
at national and international conferences, and via presen-
tations to all interested stakeholders including patients 
and public health policy- makers. Data may be made avail-
able for international collaborations on request.

DISCUSSION
The Inter99 cohort has contributed substantially to our 
understanding of the multifactorial origin, natural history, 
as well as potential for early detection and prevention of 
T2D and its associated cardiometabolic co- morbidities. 
While it, from a modern epidemiological perspective 
may appear relatively small, the Inter99 cohort is firmly 
established as an international competitive cardiometa-
bolic epidemiological research resource due to its high 
data quality and data richness. As such, there is a strong 
foundation and a very high potential to perform a 20- year 
follow- up study of the now Inter99 participants aged 
50–80 years.

So far, clinical reexaminations of the Inter99 cohort 
have been performed after 1, 3 and 5 years, and registry 
follow- up studies after 10 years. The planned 20 years 
follow- up study will include a combination of innovative 
cardiometabolic deep- phenotyping clinical examina-
tions combined with comprehensive Danish national 
registry follow- up studies. While the Danish registries 
captures overt T2D and comorbidity diagnoses, as well 
as use of medications, hospital admissions, selected 
biochemical analyses, etc, a parallel and synergistic deep 
phenotyping study will allow us to determine several of 
the most import early disease manifestations present 
even prior to any official and often arbitrary cardiometa-
bolic disease diagnosis criteria. Accordingly, the compli-
mentary study approaches will enable us to quantify the 
extent to which the T2D associated comorbidities coro-
nary arteriosclerosis, cardiac autonomic neuropathy, 
coronary calcification, NAFLD, retinopathy and diabetic 
kidney disease are present among elderly people without 
T2D and with a known normal glucose tolerance for 
two decades. The existing comprehensive genetic, birth 
weight and lifestyle information, collected and analysed 
over 20 years, provides unique opportunities to deter-
mine how individual or groups of risk factors affect 
the natural history of overt and/or preclinical disease 
manifestations during the most relevant age window 
with the highest occurrence rates of T2D and associated 
cardiometabolic diseases. The complementary data most 
importantly increases our signal to noise ratio, and thus 
statistical power, to detect the relative contribution of a 
variety of distinct risk factors. For instance, having near 
complete GWAS (Genome- wide association studies) data 
allows adjustment for putative genetic confounders influ-
encing associations between birth weight and overt or 
preclinical disease. All pieces of information with high 
importance to understand the heterogeneity, and thus 
for driving, innovating and implementing precision 
medicine, of T2D and comorbidities. Compared with 
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other prospective cardiometabolic studies including 
the Framingham Heart Study and Multi- Ethnic Study of 
Atherosclerosis, a unique feature of the Inter99 cohort, 
is its detailed assessment of glucose tolerance with stan-
dard 75 g oral glucose tolerance tests in all participants 
at the baseline examinations, as well as our broader focus 
on diabetes related cardiometabolic outcome variables 
including assessments of subclinical diabetes- related 
disease manifestations in arteries, liver, eye, kidney and 
nerves at the 20- year follow- up examinations.

The major aetiological factors underlying risk of T2D, 
and its comorbidities include genetics on one side, and 
prenatal and postnatal environmental exposures on 
the other (box 1). As for risk factors in pregnancy, the 
remarkably most accurate marker predicting cardiomet-
abolic disease is weight at the time of birth.65 66 While 
there has been much focus on identifying more specific 
exposures underlying the association between LBW and 
disease risk, no single factor influencing fetal growth 
during pregnancy has yet been identified to explain the 
association. In contrast, multiple epidemiological and 
animal studies have documented that virtually all factors 
in pregnancy that negatively influence fetal growth 
and birth weight including maternal smoking, diet and 
energy intake, reduced placental blood flow, etc are asso-
ciated with increased risk of cardiometabolic diseases in 
the offspring.67 Accordingly, rather than representing 
only a risk marker, LBW may represent a mediator of the 
totality of adverse events and lifestyle factors in pregnancy 
that influence later risk of cardiometabolic diseases in 
the offspring, justifying birth weight as the so far unpar-
alleled cardiometabolic risk marker of prenatal disease 
exposures.

Based on the Inter99 baseline health examinations, 
we previously confirmed LBW to be associated with T2D 
prevalence at a mean age of only 46 years.35 As the first 
20- year follow- up initiative, we studied the association 
between birth weight and T2D incidence rates.68 Using 
the Danish registries, birth records of 4590 Inter99 partic-
ipants were linked with age at T2D diagnosis, as well as 
relevant covariates. We identified 492 new T2D cases since 
1999, and subsequently documented that T2D incidence 
rate decreased with increasing birth weight in a surpris-
ingly linear manner.68 Interestingly, our study clearly 
supported the notion that the other major aetiological 
factors of genetics and obesity appeared to operate as 
independent and most likely additive risk factors on top 
of that of lower birth weight.68

Further comprehensive registry analyses of the full 
range of T2D vascular complications and comorbidi-
ties will provide insights into previously unrecognised 
differential T2D and comorbidity subphenotypes and 
their underlying aetiologies. Here, we, for example, can 
determine the extent to which patients with T2D with the 
lowest birth weights may be characterised by a more severe 
clinical presentation as recently suggested.13 To improve 
our understanding of T2D and its subphenotypes, similar 
analytical strategies will be applied for the various early 

disease markers and manifestations determined in the 
deep phenotyping clinical follow- up study.

The extended InterDAG subgroup study is aiming to 
better understand (and adjust for) the impact of diet, 
whole body sodium and potassium balance, as well as 
physical activity, on diurnal glucose levels and fluctuations 
across a wide range of the glucose tolerance spectra. Blood 
samples available from the baseline health examinations, 
along with samples from the reexaminations, will be avail-
able for extended micronutrient and multiomics analyses 
including whole genome sequencing, metabolomics, lipi-
domics, transcriptomics, epigenomics, proteomics and 
metagenomics. Our vision includes extensive application 
of AI based analyses to integrate the clinical, biochemical 
and genetic data over time, across and beyond current 
clinical diagnostic cardiometabolic disease criteria.

The Inter99 20- year follow- up study furthermore 
provides a unique opportunity to study age- related 
outcomes, such as sarcopenia and physical function. It 
is well established that lifestyle (diet, physical activity, 
smoking and BMI) influences the risk of chronic disease, 
thus Inter99 20- year data will allow for the study of long- 
term impact of lifestyle in early adulthood on subse-
quent age- related disease manifestations. These data 
will, for instance, allow us to study the trends in dietary 
habits and physical activity patterns and their impact on 
muscle strength and function in middle age and old age 
in people with and without T2D or CVD. As such, our 
Inter99 follow- up study will provide important insights 
into the mechanisms underlying age- related processes in 
both healthy and diseased individuals.

An inherent limitation of the study is its observational 
nature that does not allow us to make strong inferences 
about causality. Further limitations include the fact that 
all individuals participated in screening for CVD risk and 
a personalised lifestyle intervention programme from 
1999 up to 5 years thereafter, as well as the likelihood that 
only the healthiest cohort participants may show up for 
the follow- up examinations, both potentially limiting the 
generalisability of our findings. Finally, nearly all partic-
ipants are of Danish ethnicity, as Danish literacy was a 
prerequisite at baseline inclusion.

In conclusion, the current combined epidemiological 
registry and deep phenotyping 20- year clinical follow- up 
study provides an example of the value of reexamining an 
existing and already extensively characterised T2D and 
cardiometabolic cohort, with the overall aim to better 
understand aetiologically distinct disease trajectories 
and subphenotypes. This will facilitate development of 
better and more efficacious precision medicine predic-
tion, clinical care, as well as overall treatment approaches 
in T2D and associated diseases. The cohort data will via 
a scientific steering group be available for international 
collaborations.
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