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CHAPTER 7
Preventive factors and underlying 
pathways of incident cardiometabolic 
disease in obesity
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ABSTRACT

Introduction: Not all individuals with obesity develop chronic cardiometabolic disease. We 
aimed to identify risk factors that may help to prevent cardiometabolic disease in people 
with obesity.

Methods: The Netherlands Epidemiology of Obesity study is a prospective cohort study in-
cluding 6671 middle-aged men and women. Incident diagnoses of diabetes and cardiovas-
cular disease were collected through medical records from general practitioners during ten 
years of follow-up. With Cox proportional hazards models, we first calculated hazard ratios 
(HR) with 95% confidence intervals (CI) for incident cardiometabolic disease (including type 
2 diabetes mellitus, myocardial infarction and cerebrovascular events) in individuals with 
body mass index (BMI) ≥27 kg/m2, related to measures of body fat distribution, metabolic 
syndrome, and lifestyle factors, adjusted for appropriate confounding factors. Second, we 
calculated the synergy index (SI) to investigate interaction between risk factors and obesity 
on an additive scale. 

Results: After exclusion of participants with a history of cardiometabolic disease at baseli-
ne (n=860), who were not in a fasting state (n=21) or who were lost to follow-up (n=120), 
5670 participants (54% women, 42% obesity) were analysed. During a total of 37,034 per-
son-years follow-up, 383 participants were diagnosed with incident cardiometabolic disease. 
In participants with BMI ≥27 kg/m2, all studied risk factors related to body fat distribution 
and metabolic syndrome were associated with increased risk of incident cardiometabolic 
disease. High fasting plasma glucose was particularly harmful in those with obesity (HR 7.62 
[5.63 – 10.31]) as was smoking (being a smoker with obesity was associated with a 3-fold 
increased risk of cardiometabolic disease compared with non-smokers without obesity (HR 
2.89 [2.12 – 3.95])

Discussion: We observed that abdominal adiposity, smoking and hyperglycaemia were par-
ticularly harmful to cardiometabolic disease risk in individuals with obesity. A healthy lifes-
tyle, preventing or reducing abdominal obesity, and treatment of metabolic risk factors may 
help to prevent cardiometabolic disease in people with obesity. 
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INTRODUCTION

Obesity, as defined by a body mass index (BMI) of 30 kg/m2 or higher, is a well-established 
causal risk factor for type 2 diabetes and cardiovascular diseases (1). However, importantly, 
many individuals with obesity remain free of cardiometabolic disease (2). Body fat distri-
bution, metabolic consequences of obesity, and lifestyle behaviour may differ considerably 
between individuals with obesity and may in part explain why some people with obesity 
develop cardiometabolic disease and others do not. 

It is well-established that abdominal obesity is driving the increased cardiometabolic risk 
associated with obesity (1, 3-5). Within the abdomen, fat is stored subcutaneously or in the 
visceral area. According to the so-called ‘lipid overflow’ hypothesis, when the capacity of 
hypertrophic adipocytes to expand is exceeded, lipids ‘overflow’ and accumulate in the vis-
ceral area and in normally lean organs as the heart or the liver (ectopic fat) (3, 6, 7). Excess 
visceral adipose tissue is associated with a systemic low-grade inflammatory state (3, 8-11), 
insulin resistance (11), dyslipidaemia, hepatic steatosis, and thereby an increased risk of 
cardiometabolic disease (12).

Next to body fat distribution and metabolic risk factors, lifestyle factors including smoking, 
physical activity, alcohol intake, and diet quality have been associated with incidence of 
chronic diseases and disease-free life expectancy (13). Insights in factors that increase the 
risk of cardiometabolic disease  in individuals with obesity may yield particular targets for 
interventions, which show the largest reduction in risk in this high-risk population to deve-
lop cardiometabolic disease. 

The present study aimed to investigate the association between a wide range of risk factors 
related to body fat distribution, metabolic syndrome, and lifestyle with incident cardiome-
tabolic disease in people with obesity. Thereby, we aimed to identify risk factors that may 
help to prevent cardiometabolic disease in individuals with obesity. 

METHODS

Study design and study population
The NEO study is a population-based, prospective cohort study of individuals aged 45–65 
years, with an oversampling of individuals with overweight or obesity. Men and women 
aged between 45 and 65 years with a self-reported BMI of 27 kg/m2 or higher, living in the 
greater area of Leiden (in the West of the Netherlands) were eligible to participate in the 
NEO study. In addition, all inhabitants aged between 45 and 65 years from one municipality 
(Leiderdorp) were invited, irrespective of their BMI. 

Recruitment of participants started in September 2008 and completed at the end of Sep-
tember 2012. In total, 6671 participants have been included, of whom 5217 with a BMI of 
27 kg/m2 or higher. The study design and population are described in detail elsewhere (14).
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Participants were invited to visit the NEO study center of the LUMC for a baseline study visit 
after an overnight fast and were asked to bring all medication they were using in the month 
preceding the study visit. Prior to the study visit, participants completed a general question-
naire at home to report demographic, lifestyle and clinical information.

At the study center, participants underwent an extensive physical examination, including 
anthropometry and blood sampling. In addition, participants completed a screening form, 
asking about anything that might create a health risk or interfere with magnetic resonance 
imaging, e.g., presence of metallic devices, claustrophobia and a body circumference > 1.70 
m. Of the eligible participants, 2580 participants were randomly selected to undergo mag-
netic resonance imaging (MRI). 

During ten years of follow-up, new diagnoses of cardiometabolic diseases have been collec-
ted by extraction of medical data from the electronic health records of general practitioners. 
Time of follow-up was defined as the number of days between the baseline of the study 
and the date of diagnosis, or censoring due to death, loss to follow-up, or the end of the 
follow-up (extraction date at the GP in 2018), whichever came first. 

For the present study, participants with a medical history of myocardial infarction (n=114), 
cerebrovascular accident (n=128) or type 2 diabetes at baseline (n=618) were excluded from 
the analyses. In addition, individuals who did not come to the study center in a fasting state 
(n=21) were excluded, as well as 120 participants who were lost to follow-up. 

The Medical Ethical Committee of the LUMC approved the NEO study and all participants 
provided written informed consent.

Risk factors for cardiometabolic disease in a population with obesity
Risk factors related to body fat distribution
Body height without shoes was measured with a vertically fixed, calibrated tape measure. 
Body weight was measured and percent body fat was estimated by the Tanita bio impedan-
ce balance (TBF-310, Tanita International Division, United Kingdom) without shoes and 1 kg 
was subtracted to correct for weight of clothing. BMI at baseline was calculated by dividing 
the weight in kg by the height in meters squared. Weight gain during adulthood was calcula-
ted by subtracting recalled BMI at age 20 years from BMI at middle age, as measured during 
the baseline visit of our study. We calculated relative weight gain as (body weight at middle 
age (kg) – body weight at age 20 years (kg)) / body weight at age 20 years (kg) * 100. Waist 
circumference was measured between the border of the lower costal margin and the iliac 
crest with the precision of 0.1 cm.

Visceral adipose tissue was directly assessed by MRI (1.5 Tesla MR imaging, Philips Medical
Systems, Best, Netherlands) using a turbo spin echo imaging protocol (300/20; flip angle, 
90º; section thickness, 10 mm, section gap, 2 mm). At the level of the fifth lumbar verte-
bra, three transverse slices were obtained during one breath-hold. Visceral fat areas were 
quantified by converting the number of pixels to centimetres squared for all three slices and 
totalling the areas of the three sections, using in-house-developed software (MASS; Leiden 
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University Medical Center, Leiden, the Netherlands). The mean of visceral adipose tissue 
content was used in the analyses. 

Hepatic triglyceride content was quantified using 1H-magnetic resonance spectroscopy of 
the liver. An 8 mL voxel was positioned in the right lobe of the liver, avoiding gross vascular 
structures and adipose tissue depots. Sixty-four averages were collected with water sup-
pression (repetition time = 2900 ms; echo time = 23 ms [2900/23]). Without changing any 
parameters, spectra without water suppression, with a repetition time of 10 s and with four 
averages were obtained as internal reference. Hepatic triglyceride content relative to water 
was calculated as (signal amplitude of triglyceride)/(signal amplitude of water) × 100. Fatty 
liver was defined as a hepatic triglyceride content of ≥5.56% (15). 

Metabolic risk factors
Systolic and diastolic blood pressure were obtained by an OMRON™ digital sphygmomano-
meter at the left arm. Fasting blood samples were drawn from the antecubal vein after 5 min 
rest of the participant, after an overnight fast of at least 10 h. Fasting plasma glucose and 
serum cholesterol and triglyceride concentrations were determined using standard clinical 
chemistry methods (Roche Modular P800 Analyzer, Roche Diagnostics, Mannheim, Germa-
ny) in the central clinical chemistry laboratory of the LUMC (14). Serum LDL cholesterol was 
calculated using the Friedewald formula (16).

Concentrations of CRP were determined using a high sensitivity CRP assay (TINA-Quant CRP 
HS system, Roche, Germany and Modular P800, Roche, Germany). 

Lifestyle risk factors
Habitual dietary intake of all participants was estimated using a semiquantitative self-adminis-
tered 125-item Food Frequency Questionnaire (FFQ) (17, 18). In this questionnaire, participants 
reported their frequency of intake of foods during the past month (times per day, week, month, 
never). This was combined with the assessment of serving size (spoons of potatoes, pieces of 
fruit, etc). Dietary intake of nutrients and total energy was estimated using the Dutch Food Com-
position Table (NEVO-2011). Based on the FFQ, we calculated the adapted version of the Dutch 
Healthy Diet(DHD)-index for each participant, which is a continuous score ranging from 0 and 
130 and represents the adherence to the Dutch Guidelines for Healthy Diet of 2015 as described 
by the Health Council of the Netherlands and originally consists of fifteen components (19). A 
higher score means a better adherence to the 2015 Dutch Guidelines for a Healthy Diet. Alcohol 
consumption was reported in the FFQ and expressed as grams of alcohol consumed per day.

Tobacco smoking habits were reported and divided into three categories: current smoker, 
former smoker, and never smoker. Participants reported the frequency and duration of their 
physical activity during leisure time on the Short Questionnaire to Assess Health-enhancing 
activity (SQUASH), which we expressed in MET-hours per week 

Incident cardiometabolic disease
New diagnoses of cardiometabolic disease, including type 2 diabetes mellitus, myocardi-
al infarction and cerebrovascular accident, were extracted from electronic health records 
of the participants. Extraction was based on 1) the International Classification of Primary 
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Care (ICPC), coding used by GPs to indicate health problems, 2) screening of predefined key 
words in the descriptions in the GP database, and 3) prescription of specific medication, 
registered according to the Anatomical Therapeutic Chemical (ATC) codes or by screening 
medication names (only for type 2 diabetes and cerebrovascular accident). The index date 
was defined as the first date of an ICPC-coded diagnosis, strong indication for the diagnosis 
based on key words or prescription of relevant medication.

Diagnosis of type 2 diabetes mellitus was indicated by T90 (diabetes mellitus), T90.02 (dia-
betes mellitus type 2) or the presence of any keywords (e.g., synonyms of (type 2) diabetes 
mellitus). In addition, the medication list of participants was checked for the use of insulin, 
metformin and sulfonylurea derivative; participants using these medications were conside-
red to have diabetes mellitus type 2.
Diagnosis of myocardial infarction was indicated by ICPC K75 (recent myocardial infarction) 
or K76.02 (myocardial infarction > 4 weeks ago) or presence of any keywords. Keywords in-
cluded synonyms of myocardial infarction, presence of chest pain, or mention of cardiovas-
cular surgery procedures such as coronary artery bypass grafting (CABG) and angioplasty. In 
case only a key word was found and an ICPC was lacking in the search, the electronic health 
record was manually checked to confirm the diagnosis. 

Diagnosis of cerebrovascular accident was indicated by K90 (cerebrovascular accident), 
or one of its subtypes K90.01 (subarachnoid haemorrhage), K90.02 (intracerebellar hae-
morrhage) or K90.03 (cerebral infarction), or presence of keywords. Keywords included sy-
nonyms of cerebrovascular accident or haemorrhage. The medication list of participants 
was checked for the use of specific anticoagulants. 

In case of uncertainty, the general practitioner of the participants was contacted to confirm 
the (date of) diagnosis.

Statistical analyses
The characteristics of the study population were expressed as percentages, mean and stan-
dard deviation or median and interquartile range, stratified by BMI <27 kg/m2 and BMI ≥27 
kg/m2 based on the inclusion criteria of the NEO study. We first examined risk factors in as-
sociation with cardiometabolic disease in individuals with BMI≥27 kg/m2, and subsequently 
examined the interactions between the risk factors and obesity (BMI>30 kg/m2) in relation 
to risk of cardiometabolic disease. 

We calculated the incident rates with 95% confidence interval of type 2 diabetes, myocardial 
infarction, cerebrovascular accident and the composite outcome cardiometabolic disease. 
Second, we tested for the proportional hazard assumption by making log-log plots. Cox pro-
portional hazards models were used to calculate hazard ratios (HRs) with 95% confidence 
intervals to examine the association between the risk factors and the composite outcome 
in the population with BMI 27 kg/m2 or higher. Results were presented as the hazard ratios 
with the accompanying 95% confidence intervals, with the reference category coded as the 
category with the lowest risk.

Because some individuals might experience more than one event, we first analysed the oc-
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currence of first ever cardiometabolic disease event. In addition, we analysed the separate 
outcomes using cause-specific hazards (20), where cases were censored at the development 
of the first event. For example, some participants might be diagnosed with type 2 diabetes, 
and later during follow-up suffer from a myocardial infarction. In this example, the partici-
pants were counted as cases in the cause-specific hazard of type 2 diabetes (first event), but 
were censored in the cause-specific hazard of myocardial infarction.

Cox proportional hazards models were used to examine the presence of interaction bet-
ween the relation between obesity and risk factors in relation to the risk of cardiometabolic 
disease on an additive scale. Continuous exposures were standardised using the population 
mean and standard deviation. Results were presented as the hazard ratios with the accom-
panying 95% confidence intervals, with the reference category coded as the category with 
the lowest. By this means, the reference category was the exposure to both preventive 
factors. The cut-offs (either clinical cut-off or median-based) of the risk factors can be found 
in Supplementary Table 1. 

Based on these analyses, we calculated the synergy index (SI), which can be interpreted as 
the excess risk from exposure to both exposures jointly, relative to the risk from exposure 
without presence of interaction (21, 22). Synergy index can then be calculated as follows:
 S= [HR++] - 1]/[HR+ - − 1)+(HR-+  − 1)]. 

As a sensitivity analysis, we excluded all participants with missing data on lifestyle factors or 
metabolic risk factors, and repeated the interaction analyses for all exposures, adjusted for 
sex and age. In all analyses, we adjusted the first model for sex and age, and the second mo-
del was additionally adjusted for BMI. In our multivariable-adjusted model, we additionally 
adjusted the analyses with exposures related to body fat distribution for lifestyle factors 
included in our analyses (Dutch Healthy Diet Index, physical inactivity, alcohol consumption 
and smoking). The analyses with exposures related to metabolic syndrome were additio-
nally adjusted for lifestyle factors and measures of body fat distribution (BMI, adult weight 
gain, total body fat, waist circumference, visceral fat and liver fat) (see Figure 1).

Analyses were performed with STATA Statistical Software version 14.1 (Statacorp, College 
Station, TX, USA). Interactions and corresponding Synergy indices and 95% confidence inter-
vals were calculated using the icp tool in STATA.
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Figure 1. Hypothesis path diagram depicting the associations between lifestyle factors, body 
fat distribution, metabolic syndrome and cardiometabolic disease. Analyses with one of the 
measures of body fat distribution as exposure and cardiometabolic disease as outcome 
were adjusted for all lifestyle factors. Analyses with one of the metabolic risk factors as 
exposure and cardiometabolic disease as outcome were adjusted for all lifestyle factors and 
body fat distribution measures. All analyses will be adjusted for sex and age. 

RESULTS

Characteristics of the study population
The characteristics of the study population at risk stratified by BMI<27 kg/m2 and BMI≥27 
kg/m2 are presented in Table 1. In the present study, 1360 participants had a BMI lower than 
27 kg/m2 (59% women) and 4310 had a BMI of 27 kg/m2 or higher (53% women). In both 
groups, the mean (SD) age was 56 (6) year.

The mean (SD) body mass index in the group with BMI<27 kg/m2 was 24.3 (17.2 – 26.9) kg/
m2, and 31.7 (27.0 – 61.2) kg/m2 in the group with BMI≥27 kg/m2. Overall, participants with 
BMI<27 kg/m2 adhered more to the dietary guidelines, were more physically active, but con-
sumed more alcohol. Metabolic factors were more favourable in individuals with BMI<27 
kg/m2 than in individuals with BMI≥27 kg/m2, for example fasting glucose was lower (5.3 
[0.8] mmol/l and 5.8 [1.2] mmol/l), as was the mean systolic blood pressure (128.8 [17.0] 
mmHg and 133.6 [16.9] mmHg). 
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Characteristic BMI<27.0 kg/m2 BMI≥27.0 kg/m2

n=1360 n=4310

Sex (% men) 41 47

Age (years) 55.6 (6.1) 55.5 (6.0)

Ethnicity (% white) 95 95

Education (% high) 50 35

Body fat distribution

Body Mass Index (kg/m2) 24.3 (2.2) 31.5 (3.9)

Relative weight gain since age 20 years (%) 15.5 (12.9) 34.6 (19.0)

Body fat (%) M: 22.3 (3.6) / W: 34.4 (5.1) M: 30.2 (5.1) / W: 44.3 (3.9)

Waist circumference (cm) M: 93.2 (6.7) / W: 82.2 (8.5) M: 108.5 (9.2) / 102.0 (10.5)

Visceral adipose tissue (cm2)a M: 95.1 (44.5) / W: 54.5 (29.5) M: 151.1 (57.6) / W: 109.9 (48.0)

Hepatic triglyceride content (%)b M: 2.8 (1.8 – 5.3) / W: 1.5 (1.0 
– 3.2)

M: 7.4 (3.7 – 15.0) / W: 4.4 
(1.3 – 10.5)

NAFLD (>5.56% HTGC) M: 8 W: 5 M: 22 W: 12

Metabolic factors

Mean systolic blood pressure (mmHg) 128.5 (17.0) 133.2 (16.7)

Mean diastolic blood pressure (mmHg) 82.0 (10.2) 85.8 (10.1)

Hypertension (% yes) 30 43

Waist circumference (cm) M: 8 W: 5 M: 8 W: 5

Blood pressure-lowering medication (%) 17 29

Triglycerides (mmol/L) 0.9 (0.7 – 1.3) 1.4 (1.0 – 1.9)

HDL-C (mmol/L) 1.6 (0.5) 1.4 (0.4)

LDL-C (mmol/L) 4.5 (1.2) 5.1 (1.3)

Lipid-lowering medication (%)c 6 11

Fasting glucose (mmol/L) 5.3 (0.7) 5.6 (0.7)

hsCRP (mg/L) 0.9 (0.5 – 1.8) 1.9 (1.1 – 3.8)

Triglycerides (mmol/L) 0.9 (0.7 – 1.3) 1.4 (1.0 – 1.9)

Lifestyle factors

Dutch Healthy Diet Index (score) 71.7 (15.0) 68.4 (14.5)

Physical activity (MET/week)d 30.5 (16.8 – 50.8) 26.3 (12.5 – 46.0)

Alcohol consumption (grams per day) 10.0 (3.2 – 21.0) 9.1 (1.7 – 22.2)

Smoking (% current) 16 16

a n=2,258. b n=1,854 c Use of lipid-lowering medication included fibrates and statins. d Physi-
cal activity during leisure time. Abbreviations: BMI, body mass index; HOMA-IR, homeosta-
tic model assessment insulin resistance; HDL-c, high-density lipoprotein cholesterol; LDL-c, 
low-density lipoprotein cholesterol. Data are presented as mean (SD or range), median 
(25th–75th percentile) or percentage.

Table 1. Characteristics of the Netherlands Epidemiology of Obesity study, stratified by body 
mass index (BMI)<27 kg/m2 and BMI≥27 kg/m2 (n=5670)
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Associations of risk factors with incident cardiometabolic disease in a population with 
BMI≥27 kg/m2

During a median of 6.7 years of follow-up, 383 participants experienced a first event of car-
diometabolic disease. The population at risk was n=5670 with 37034 person-years, resulting 
in an incidence rate of 1.034 per 100 person years. Of this population, the incidence rate 
was 0.48 per 100 person-years in individuals with BMI<27 kg/m2, and 1.19 in individuals 
with BMI≥27 kg/m2 per 100 person years (Table 2). 

Table 2. Population at risk, their time at risk, the number of events and incidence of car-
diometabolic disease (type 2 diabetes mellitus, myocardial infarction and cerebrovascular 
accidents) in ten years of follow-up in the NEO study. 

Event Population at 
risk (n)

Follow-up time 
(person-years) Number of events Incidence rate 

(per 100 py)

Cardiometabolic disease 5670 37034.2 383 1.03

BMI<27 kg/m2 1360 8268.6 40 0.48

BMI≥27 kg/m2 4310 28765.6 343 1.19

Abbreviations: BMI, body mass index. 

Table 3 shows the association between the standardised risk factors and incident cardio-
metabolic disease in the population with BMI≥27 kg/m2. Overall, we observed that all risk 
factors related to body fat distribution were associated with the risk of incident cardiome-
tabolic disease, also after taking into account BMI at baseline. For example, one standard 
deviation (57.2 cm2) in visceral adipose tissue was associated with 1.45 (95% CI 1.21 – 1.75) 
fold increased risk of cardiometabolic disease. In addition, metabolic factors were associa-
ted with the risk of incident cardiometabolic disease. For example, one standard deviation 
(0.9 mmol/L) in fasting glucose was associated with 2.24 (95% CI 2.09 – 2.39) fold increased 
risk of cardiometabolic disease. Lifestyle was not or weakly associated with the risk of car-
diometabolic disease (HR 0.90 [95% CI 0.81 – 1.00]) per standard deviation (14.5 points) in 
Dutch Healthy Diet index. 

After adjustment for lifestyle factors and measures of body fat distribution, results were 
similar. The results for the cause-specific analyses were similar (data not shown).  
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Interaction between obesity and risk factors in relation to incident cardiometabolic disease
Table 4A to 4C show the interaction analyses and corresponding Synergy Indices for the 
risk factors related to body fat distribution, metabolic syndrome and lifestyle, and obesity 
defined as BMI≥30 kg/m2. Of this study population, 42% had a BMI of 30 kg/m2 or higher.

Compared with non-smokers with a BMI below 30 kg/m2, the combination of obesity and 
smoking was associated with an increased risk of cardiometabolic disease (HR; 95% CI 2.93; 
2.16 – 3.98) with corresponding Synergy Index of 2.29 (1.04 – 5.04). Individuals with obesity 
and with a fasting plasma glucose concentration of 7.0 mmol/L or higher had an 8.32 (6.25 
– 11.35) fold increased risk of cardiometabolic disease compared with individuals without 
obesity and with normal glucose concentrations. For obesity and glucose concentrations 
we observed additive interaction as well, based on the Synergy Index of 2.28 (1.63 – 3.18). 
Finally, individuals with obesity and excess visceral fat (based on sex-specific median levels) 
had an increased risk of cardiometabolic disease. In addition, excess visceral adipose tissue 
showed additive interaction with obesity on the risk of cardiometabolic disease compared 
with individuals without obesity and without excess visceral adipose tissue (HR: 4.16 [2.75 
– 6.30] Synergy Index 2.66 [0.94 – 7.58]). 

After adjustment for lifestyle factors and measures of body fat distribution, results were 
similar, as well as for the complete case analyses (Supplementary Table 2A-2C).
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Table 4A. Interaction analysis between BMI lower or higher than 30 kg/m2 and protective 
factors related to body fat distribution (reference category = BMI<30 g/m2 and lowest risk 
category of protective factor), n=5697.

Exposure Hazard ratio (all events) Hazard ratio (all events, adjus-
ted for lifestyle factors)1

Adult weight gain (%, ref = no excess weight gain) 1 1

Synergy Index 1.51 (0.85 – 2.69) 1.46 (0.83 – 2.57)

No excess weight gain and BMI≥30.0 kg/m2 2.08 (1.45 – 2.98) 2.11 (1.47 – 3.05)

Excess weight gain and BMI<30.0 kg/m2 1.34 (0.94 – 1.90) 1.38 (0.96 – 1.96)

Excess weight gain and BMI≥30.0 kg/m2 3.14 (2.42 – 4.07) 3.18 (2.43 – 4.15)

Body fat percentage (ref = low body fat) 1 1

Synergy Index 1.03 (0.19 – 5.45) 0.76 (0.15 – 3.76)

Low body fat and BMI≥30 kg/m2 2.96 (0.71 – 12.41) 3.84 (0.91 – 16.12)

High body fat and BMI<30 kg/m2 1.54 (1.03 – 2.30) 1.51 (1.01 – 2.32)

High body fat and BMI≥30 kg/m2 3.57 (2.45 – 5.21) 3.57 (2.41 – 5.27)

Waist circumference (ref = high waist circumference) 1 1

Synergy Index 1.07 (0.71 – 1.61) 1.09 (0.71 – 1.67)

Low waist circumference and BMI≥30.0 kg/m2 2.58 (1.94 – 3.43) 2.55 (1.91 – 3.41)

High waist circumference and BMI<30.0 kg/m2 1.83 (1.16 – 2.86) 1.69 (1.07 – 2.66)

High waist circumference and BMI≥30.0 kg/m2 3.56 (2.59 – 4.89) 3.44 (2.49 – 4.74)

Visceral adipose tissue (cm2, ref = low VAT) 1 1

Synergy Index 3.06 (0.79 – 11.89) 3.15 (0.74 – 13.32)

Low VAT and BMI≥30.0 kg/m2 1.45 (0.72 – 2.91) 1.45 (0.72 – 2.92)

High VAT and BMI<30.0 kg/m2 1.45 (0.85 – 2.48) 1.40 (0.81 – 2.43)

High VAT and BMI≥30.0 kg/m2 3.76 (2.46 – 5.76) 3.68 (2.38 – 5.69)

Non-alcoholic fatty liver disease (%, ref = no NAFLD) 1 1

Synergy Index 1.77 (1.00 – 3.13) 1.75 (1.00 – 3.08)

No NAFLD and BMI≥30.0 kg/m2 2.39 (1.89 – 3.01) 2.39 (1.89 – 3.03)

NAFLD and BMI<30.0 kg/m2 1.04 (0.63 – 1.71) 1.11 (0.67 – 1.83)

NAFLD and BMI ≥30.0 kg/m2 3.53 (2.60 – 4.79) 3.63 (2.67 – 4.95)

All analyses were adjusted for sex and age, where applicable. 1Additionally adjusted for lifes-
tyle factors (Dutch Healthy Diet Index, physical inactivity, alcohol consumption and smoking)
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Exposure Hazard ratio (all events) Hazard ratio (all events, adjus-
ted for lifestyle factors)1

Blood pressure (mmHg, ref = low blood pressure) 1 1

Synergy Index 0.98 (0.63 – 1.51) 0.57 (0.21 – 1.58)

Low blood pressure and BMI≥30.0 kg/m2 3.21 (2.19 – 4.70) 2.82 (1.08 – 7.35)

High blood pressure and BMI<27 kg/m2 2.52 (1.60 – 3.97) 2.84 (1.08 – 7.46)

High blood pressure and BMI≥30.0 kg/m2 4.64 (3.17 – 6.79) 3.10 (1.15 – 8.39)

Triglycerides (mmol/L, ref = low triglycerides) 1 1

Synergy Index 1.72 (0.75 – 3.97) 0.58 (0.11 – 3.15)

Low triglycerides and BMI≥30.0 kg/m2 2.74 (2.04 – 3.67) 2.27 (1.00 – 5.15)

High triglycerides and BMI<30.0 kg/m2 1.57 (0.68 – 3.61) 3.50 (0.99 – 12.39)

High  triglycerides and BMI≥30.0 kg/m2 4.96 (2.96 – 8.31) 3.18 (0.98 – 10.29)

HDL-c (mmol/L, ref = high HDL-c) 1 1

Synergy Index 1.63 (1.07 – 2.50) 1.80 (0.38 – 8.43)

High HDL-c and BMI≥30.0 kg/m2 2.34 (1.81 – 3.02) 1.67 (0.91 – 3.05)

Low HDL-c and BMI<30.0 kg/m2 1.95 (1.32 – 2.86) 1.13 (0.48 – 2.63)

Low HDL-c and BMI≥30.0 kg/m2 4.74 (3.59 – 6.25) 2.43 (1.25 – 4.72)

LDL-c (mmol/L, ref = low LDL-c) 1 1

Synergy Index 1.20 (0.82 – 1.76) 1.67 (1.14 – 5.04)

Low LDL-c and BMI≥30.0 kg/m2 2.71 (1.94 – 3.78) 1.58 (0.70 – 3.55)

High LDL-c and BMI<30.0 kg/m2 1.51 (1.08 – 2.13) 1.25 (0.61 – 2.57)

High LDL-c and BMI≥30.0 kg/m2 3.68 (2.71 – 5.00) 2.39 (1.14 – 5.04)

Glucose (mmol/L, ref = low glucose) 1 1

Synergy Index 2.39 (1.66 – 3.46) 1.88 (0.94 – 3.74)

Low glucose and BMI≥30.0 kg/m2 1.66 (1.13 – 2.42) 1.76 (0.75 – 4.12)

High glucose and BMI<30.0 kg/m2 3.11 (2.20 – 4.40) 3.58 (1.72 – 7.46)

High glucose and BMI≥30.0 kg/m2 7.62 (5.63 – 10.31) 7.27 (3.33 – 15.88)

hsCRP (mg/L, ref = low hsCRP 1 1

Synergy Index 1.60 (1.04 – 2.46) 1.20 (0.47 – 3.05)

Low hsCRP and BMI≥30.0 kg/m2 2.17 (1.58 – 2.97) 1.83 (0.90 – 3.70)

High hsCRP and BMI<30.0 kg/m2 1.77 (1.26 – 2.49) 1.73 (0.87 – 3.44)

High hsCRP and BMI≥30.0 kg/m2 4.10 (3.13 – 5.38) 2.86 (1.44 – 5.68)

Table 4B. Interaction analysis between BMI lower or higher than 30.0 kg/m2 and metabolic 
factors (reference category = BMI<30.0 kg/m2 and lowest risk category of protective factor), 
n=5697

All analyses were adjusted for sex and age, where applicable. 1Additionally adjusted for li-
festyle factors and body fat distribution (BMI, adult weight gain, body fat percentage, waist 
circumference, visceral fat and liver fat). 
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Exposure Hazard ratio (all events)

Dutch Healthy Diet Index (score, ref = high DHDI) 1

Synergy Index 1.36 (0.80 – 2.30)

High DHDI and BMI≥30.0 kg/m2 2.32 (1.71 – 3.14)

Low DHDI and BMI<30.0 kg/m2 0.96 (0.69 – 1.35)

Low DHDI and BMI≥30.0 kg/m2 2.74 (2.06 – 3.64)

Physical activity (MET/h, ref = physically active) 1

Synergy Index 1.48 (0.91 – 2.41)

Physically active and BMI≥30.0 kg/m2 2.37 (1.74 – 3.22)

Physically inactive and BMI<30.0 kg/m2 1.09 (0.77 – 1.53)

Physically inactive and BMI≥30.0 kg/m2 3.16 (2.36 – 4.22)

Alcohol consumption (ref= low alcohol consumption) 1

Synergy Index 1.08 (0.61 – 1.92)

Low alcohol consumption and BMI ≥30.0 kg/m2 2.33 (1.75 – 3.11)

High alcohol consumption and BMI<30.0 kg/m2 0.76 (0.54 – 1.06)

High  alcohol consumption and BMI≥30.0 kg/m2 2.17 (1.61 – 2.93)

Smoking (ref = smoking no) 1

Synergy Index 2.52 (1.00 – 6.34)

Not smoking and BMI≥30.0 kg/m2 1.79 (1.22 – 2.61)

Smoking and BMI<30.0 kg/m2 0.96 (0.68 – 1.36)

Smoking and BMI≥30.0 kg/m2 2.89 (2.12 – 3.95)

Table 4C. Interaction analysis between BMI lower or higher than 30.0 kg/m2 and lifestyle 
factors (reference category = BMI<30.0 kg/m2 and lowest risk category of protective factor), 
n=5697

All analyses were adjusted for sex and age, where applicable
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DISCUSSION

The aim of the present study was to identify risk factor that may help to prevent cardiome-
tabolic disease in people with obesity. To that extent, we investigated a wide range of esta-
blished risk factors related to body fat distribution, metabolic factors, and lifestyle factors 
in relation to incident cardiometabolic diseases in middle-aged people with obesity during 
a maximum of 10 years of follow-up. In a population with BMI≥27 kg/m2, a favourable body 
fat distribution and healthy metabolic profile were strongly associated with a decreased 
risk of cardiometabolic disease, whereas healthy lifestyle factors were not or only weakly 
associated with an increased risk of developing cardiometabolic disease. When considering 
the joint effect of the risk factors and obesity, defined as BMI≥30 kg/m2, we observed that 
fasting glucose and smoking showed additive interaction with obesity on the risk of cardio-
metabolic disease, as well excess visceral fat. These results suggest that that preserving low 
glucose levels and being a non-smoker, as well as maintaining low visceral adipose tissue will 
largely reduce the risk of incident cardiometabolic disease in individuals in obesity.

The results of our study demonstrate that within the population with obesity having a fa-
vourable body fat distribution, including low body fat, low waist circumference, and low 
levels of visceral adipose tissue and liver fat, is associated with a decreased risk of cardio-
metabolic disease. In a previous study using data from the NEO study, we demonstrated that 
weight gain during adulthood is associated with more visceral adipose tissue at middle age, 
compared with weight maintenance (23). This suggests that weight maintenance during 
adulthood plays an important role in preventing accumulation of excess visceral fat and 
eventually, cardiometabolic disease at middle age and older age. This finding can be explain-
ed by the association of excess visceral fat with an array of metabolic abnormalities (3, 8, 
9), including systemic low-grade inflammation, insulin resistance, and dyslipidaemia, which 
might eventually result in an increased risk of cardiometabolic disease (3). In conclusion, our 
results suggest that both a favourable body fat distribution and metabolic profile contribute 
to a decreased risk of incident cardiometabolic disease in a population with obesity. These 
goals could be reached by lifestyle changes, e.g., healthy eating habits and physical exerci-
se, that go hand in hand with weight loss (24). However, lifestyle change has been proven 
difficult, especially in the modern obesogenic environment (25). This underscores the need 
for health-promoting population-level interventions and governmental policies promoting 
a healthy lifestyle (25-27).

From previous literature, it is known that not everyone with obesity will develop cardiome-
tabolic disease, and that metabolic factors, such as blood pressure, cholesterol, triglyceri-
des, glucose concentrations and inflammatory markers likely contribute to this observation 
(28). This is in line with our results, as these indicate that within the population with obesity 
having a beneficial metabolic profile, such as low blood pressure, low triglyceride levels, low 
glucose levels, low high-sensitivity CRP levels and high HDL-cholesterol levels is associated 
with a decreased risk of cardiometabolic disease. Preserving low glucose levels will even 
be associated with an additive decrease in the risk of incident cardiometabolic disease in 
individuals in obesity, compared with individuals with both risk factors present. This might 
be driven by the large number of type 2 diabetes mellitus cases in the outcome of cardio-
metabolic disease. However, in addition to type 2 diabetes itself, glucose levels are known 
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to be robustly and causally associated with the risk of cardiovascular disease, as shown by 
Mendelian randomization analyses (29, 30). Because the number of events for myocardial 
infarction and cerebrovascular accident were small, we were not able to investigate the 
associations between risk factors and the separate outcomes of cardiometabolic disease. 

In our study population of individuals with obesity, we did not observe robust associations 
of lifestyle factors such as dietary intake, physical activity and alcohol consumption with the 
risk of cardiometabolic disease. This was also the case when the analyses were not adjusted 
for BMI. Dietary intake, physical activity, and alcohol consumption were all based on self-re-
port. The results of our interaction analyses indicate that being a non-smoker is associated 
with an additive decrease in the risk of incident cardiometabolic disease in individuals with 
obesity. This result might be due to an increased propensity of storing body fat centrally 
in smokers with obesity. It has been shown previously that smoking is associated with a 
decrease in overall body weight, however not with a decrease in waist circumference (31). 
In addition, smoking causes higher central adiposity as measured by waist circumference 
(32), a well-known risk factor of cardiometabolic disease. In addition to an effect on body 
fat distribution, smoking also has a vascular effect: in Mendelian randomization studies, 
smoking was associated with risk of type 2 diabetes, ischemic stroke, myocardial infarction, 
and heart failure (33-36).

Strengths of our study include data on many risk factors and confounding factors, and the 
availability of a range of directly assessed and accurate measures of body fat distribution 
such as visceral adipose tissue and hepatic triglyceride content. In addition, follow-up data 
of ten years on the development of cardiometabolic disease was available. A limitation that 
needs to be considered is that diagnoses of cardiovascular disease were collected by extrac-
tion of medical data from the electronic health records of general practitioners. Although 
we used a wide range of international codes and keywords to define diagnoses, and we 
checked uncertain diagnoses with the general practitioner of the study participants to ensu-
re data quality, we might have missed or misclassified some diagnoses or dates of diagnosis. 
However, in general, extraction of diagnoses of type 2 diabetes mellitus and cardiovascular 
disease from electronic health records of general practitioners is a valid method to define 
cases, and is more reliable than self-report (37-39). Due to the small numbers, we were not 
able to perform analyses stratified by sex. Lastly, the majority of our study population was 
Caucasian, therefore the results of our study need to be confirmed in other ethnic groups.

In conclusion, our results suggest that both a favourable body fat distribution and metabolic 
profile contribute to a decreased risk of incident cardiometabolic disease in a population 
with obesity. Preserving low glucose levels and being a non-smoker, as well as maintaining 
low visceral fat, showed the largest reduction in cardiometabolic risk in this high-risk po-
pulation to develop obesity-related disease. Future prospective studies need to investigate 
how to integrate interventions to improve body fat distribution, metabolic factors and lifes-
tyle in the population in obesity to reduce the risk of future cardiometabolic disease. 
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Supplementary Table 1. Coding of independent variables in binaries for interaction analyses.

Primary exposure Definition Coding

Body fat distribution

Obesity <30.0 kg/m2 0 (ref)

≥30.0 kg/m2 1

Relative weight change Below median in NEO study (<27.4%) 0 (ref)

Above median in NEO study ≥27.4% 1

Total body fat Men ≤25%, women  ≤35% 0 (ref)

Men >25%, women >35% 1

Normal waist circumference Men <102 cm, women <88 cm 0 (ref)

Men ≥102 cm, women ≥88 cm 1

Visceral adipose tissue Below median in NEO study (men<132 cm2 and women <86 cm2) 0 (ref)

Above median in NEO study (men≥132 cm2 and women≥86 cm2) 1

Non-alcoholic fatty liver disease <5.56% liver fat content 0 (ref)

≥5.56% liver fat content 1

Metabolic syndrome

Blood pressure Systolic <130 mmHg or diastolic <85 mmHg and no use of 
anti-hypertensive agents 0 (ref)

Systolic ≥130 mmHg or diastolic ≥85 mmHg or use of anti-hy-
pertensive agents 1

Triglyceride levels <1.7 mmol/L and no use of lipid-lowering agents 0 (ref)

≥1.7 mmol/L or use of lipid-lowering agents 1

HDL-cholesterol ≥1.0 mmol/L in men and ≥1.3 mmol/L in women and no use 
of medication for reduced-HDL 0 (ref)

<1.0 mmol/L in men and <1.3 mmol/L in women or use of 
medication for reduced-HDL 1

LDL-cholesterol Below median in NEO study (<4.9 mmol/L) 0 (ref)

Above median in NEO study (≥4.9 mmol/L) 1

Normal fasting glucose ≤5.6 mmol/L 0 (ref)

>5.6 mmol/L 1

High sensitivity (hs)-CRP ≥2.0 mg/L 1

Lifestyle factors

Dutch Healthy Diet Index (score) Above median in NEO study (≥69) 0 (ref)

Below median in NEO study (<69) 1

Alcohol consumption Below median in NEO study (men<16.6 g/day, women<5.2 g/day) 0 (ref)

Above median in NEO study (men≥16.6 g/day, women≥5.2 
g/day) 1

Smoking Never smoking 0 (ref)

Current smoking or former smoking 1

Abbreviations: NEO, Netherlands Epidemiology of Obesity; HDL, high-density lipoprotein; 
LDL, low-density lipoprotein; hs-CRP, high sensitivity C-reactive protein; MET, metabolic 
equivalent of task.
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Supplementary Table 2A. Complete case interaction analysis between BMI lower or higher 
than 30.0 kg/m2 and body fat distribution (reference category = BMI<30.0 kg/m2  and lowest 
risk category of risk factor), n=1737, 111 events.

Exposure Hazard ratio (all events)

Adult weight gain (%, ref = no excess weight gain) 1

Synergy Index 1.72 (0.66 – 4.50)

No excess weight gain and BMI≥30.0 kg/m2 2.88 (1.53 – 5.43)

Excess weight gain and BMI<30.0 kg/m2 0.94 (0.44 – 2.03)

Excess weight gain and BMI≥30.0 kg/m2 4.13 (2.57 – 6.65)

Body fat percentage (ref = low body fat) 1

Synergy Index 0.44 (0.06 – 3.11)

Low body fat and BMI≥30 kg/m2 13.3 (1.59 – 111.27)

High body fat and BMI<30 kg/m2 2.18 (0.90 – 5.30)

High body fat and BMI≥30 kg/m2 6.89 (2.99 – 15.87)

Waist circumference (ref = high waist circumference) 1

Synergy Index 1.28 (0.61 – 2.68)

Low waist circumference and BMI≥30.0 kg/m2 3.63 (2.18 – 6.02)

High waist circumference and BMI<30.0 kg/m2 1.44 (0.54 – 3.85)

High waist circumference and BMI≥30.0 kg/m2 4.94 (2.64 – 9.23)

Visceral adipose tissue (cm2, ref = low VAT) 1

Synergy Index 3.32 (0.92 – 11.99)

Low VAT and BMI≥30.0 kg/m2 1.91 (0.86 – 4.26)

High VAT and BMI<30.0 kg/m2 1.40 (0.70 – 2.78)

High VAT and BMI≥30.0 kg/m2 5.34 (3.17 – 8.98)

Non-alcoholic fatty liver disease (%, ref = no NAFLD) 1

Synergy Index 2.46 (1.10 – 5.51)

No NAFLD and BMI≥30.0 kg/m2 2.43 (1.20 – 4.94)

NAFLD and BMI<30.0 kg/m2 1.83 (0.92 – 3.63)

NAFLD and BMI≥30.0 kg/m2 6.55 (3.78 – 11.36)

All analyses were adjusted for sex and age. 
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Supplementary Table 2B. Complete case interaction analysis between BMI lower or higher 
than 30.0 kg/m2 and metabolic risk factors (reference category = BMI<30.0 kg/m2 and lo-
west risk category of risk factor), n=1737, 111 events.

Exposure Hazard ratio (all events)

Blood pressure (mmHg, ref = low blood pressure) 1

Synergy Index 0.83 (0.40 – 1.72)

Low blood pressure and BMI≥30.0 kg/m2 5.89 (2.72 – 12.78)

High blood pressure and BMI<27 kg/m2 3.22 (1.23 – 8.42)

High blood pressure and BMI≥30.0 kg/m2 6.93 (3.08 – 15.59)

Triglycerides (mmol/l, ref = low triglycerides) 1

Synergy Index 1.10 (0.33 – 3.68)

Low triglycerides and BMI≥30.0 kg/m2 4.46 (2.29 – 7.91)

High triglycerides and BMI<30.0 kg/m2 4.30 (1.24 – 14.98)

High triglycerides and BMI≥30.0 kg/m2 8.24 (3.17 – 21.41)

HDL-c (mmol/l, ref = high HDL-c) 1

Synergy Index 1.77 (0.89 – 3.53)

High HDL-c and BMI≥30.0 kg/m2 3.40 (2.10 – 5.51)

Low HDL-c and BMI<30.0 kg/m2 1.55 (0.67 – 3.57)

Low HDL-c and BMI≥30.0 kg/m2 6.23 (3.69 – 10.51)

LDL-c (mmol/l, ref = low LDL-c) 1

Synergy Index 1.52 (0.81 – 2.85)

Low LDL-c and BMI≥30.0 kg/m2 3.71 (1.85 – 7.42)

High LDL-c and BMI<30.0 kg/m2 1.62 (0.80 – 3.29)

High LDL-c and BMI≥30.0 kg/m2 6.05 (3.24 – 11.31)

Glucose (mmol/l, ref = low glucose) 1

Synergy Index 2.68 (1.54 – 4.68)

Low glucose and BMI≥30.0 kg/m2 2.77 (1.28 – 5.97)

High glucose and BMI<30.0 kg/m2 4.21 (2.04 – 8.73)

High glucose and BMI≥30.0 kg/m2 14.39 (7.56 – 27.37)

hsCRP (mg/l, ref = low hsCRP 1

Synergy Index 1.66 (0.89 – 3.08)

Low hsCRP and BMI≥30.0 kg/m2 3.41 (1.87 – 6.22)

High hsCRP and BMI<30.0 kg/m2 2.02 (1.02 – 4.010

High hsCRP and BMI≥30.0 kg/m2 6.68 (3.88 – 11.50)

All analyses were adjusted for sex and age.
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Supplementary Table 2C. Complete case interaction analysis between BMI lower or higher 
than 30.0 kg/m2 and lifestyle factors (reference category = BMI<30.0 kg/m2  and lowest risk 
category of risk factor), n=1737, 11 events.

Exposure Hazard ratio (all events)

Dutch Healthy Diet Index (score, ref = high DHDI) 1

Synergy Index 1.19 (0.59 – 2.39)

High DHDI and BMI≥30.0 kg/m2 3.53 (1.98 – 6.31)

Low DHDI and BMI<30.0 kg/m2 0.96 (0.48 – 1.91)

Low DHDI and BMI≥30.0 kg/m2 3.97 (2.29 – 6.85)

Physical activity (MET/h, ref = physically active) 1

Synergy Index 1.67 (0.80 – 3.50)

Physically active and BMI≥30.0 kg/m2 3.14 (1.75 – 5.62)

Physically inactive and BMI <30.0 kg/m2 1.02 (0.51 – 2.030

Physically inactive and BMI ≥30.0 kg/m2 4.61 (2.67 – 7.97)

Alcohol consumption (ref= low alcohol consumption) 1

Synergy Index 1.28 (0.61 – 2.68)

Low alcohol consumption and BMI ≥30.0 kg/m2 3.23 (1.79 – 5.82)

High alcohol consumption and BMI <30.0 kg/m2 0.90 (0.46 – 1.79)

High  alcohol consumption and BMI ≥30.0 kg/m2 4.13 (2.31 – 7.38)

Smoking (ref = smoking no) 1

Synergy Index 1.29 (0.65 – 2.59)

Not smoking and BMI≥30.0 kg/m2 3.74 (1.79 – 7.82)

Smoking and BMI <30.0 kg/m2 1.32 (0.64 – 2.72)

Smoking and BMI ≥30.0 kg/m2 4.96 (2.60 – 9.46)

All analyses were adjusted for sex and age. 
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