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Atherosclerotic vascular disease remains the main driver of mortality and loss of 

productive life years worldwide, and its incidence is increasing among the young and in 

low-income countries.1,2 While improved immediate treatment has increased survival 

after acute myocardial infarction and stroke, primary and secondary prevention remain 

essential and cost-effective tools in reducing cardiovascular mortality and burden.3,4 

However, models for the estimation of the risk of acute cardiovascular events currently 

recommended in clinical practice do not perform adequately in individual patients, 

especially in specific populations.5  

One approach to enhancing our ability to estimate cardiovascular risk rests on 

improving our understanding of the interplay, relative strengths, and differential effect 

of traditional risk factors across patient populations. In particular, ethnicity is 

increasingly recognized to affect cardiovascular risk in multiple ways. The distribution 

of certain risk factors varies across ethnic groups, and several determinants of risk 

have a stronger effect on cardiovascular outcomes in specific ethnic groups.6 Some of 

these findings, such as the differences in the impact of adiposity across ethnicities, are 

well-recognized in formal recommendations for clinical practice.7 In general, 

cardiovascular research has been mainly conducted in ethnically homogeneous 

populations of European ancestry that do not reflect current patient populations, with 

limited generalizability to other ethnicities.6,8,9 However, the introduction of ethnicity in 

medicine is relatively recent, and the challenges of objectively defining the construct of 

ethnicity calls for caution in drawing conclusions.10,11 Association studies conducted in 

multi-ethnic populations or in non-European ethnic minorities remain a necessary first 

step to identify risk factors that are potentially suitable for the improvement of risk 

estimation and event prediction. These may be used either in combination with 

ethnicity as a determinant or as an independent predictor in a multi-ethnic population. 

In Part I: Novel insights into cardiovascular risk factors in multi-ethnic populations we 

explored new hypotheses regarding the association between traditional risk factors and 

cardiovascular disease.  

Arterial hypertension is associated with atherosclerotic vascular disease but, on an 

individual level, its association with incident cardiovascular events is moderate at best. 

This imperfect association suggests that the impact of hypertension on vascular risk is 

stronger in certain groups or individuals than in others. Conversely, family history of 

cardiovascular disease, while not included in formal models for risk estimation, is 

known to be strongly associated with cardiovascular risk and commonly used in clinical 

practice for risk assessment. Because family history of cardiovascular disease may 
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capture components of risk, ranging from lifestyle-related factors to hereditary factors 

that traditional risk factors may fail to identify, this is a good candidate to identify and 

quantify the residual cardiovascular risk in patients with hypertension. To what extent 

this risk is captured has never been tested as a single question and, consequently, not 

in a multi-ethnic population. CChapter 2 presents an analysis of the association of family 

history with either prevalent non-cerebrovascular (coronary heart disease or peripheral 

artery disease) or prevalent cerebrovascular disease among individuals with 

hypertension in a large multi-ethnic population.  

People of South-Asian descent are known to be affected by a particularly high risk of 

cardiovascular disease. A significant part of this risk is mediated both by a high 

incidence and prevalence of diabetes, an earlier conversion from prediabetes to 

diabetes, and by a stronger impact of diabetes on the risk of atherosclerotic vascular 

disease.12 Accordingly, early identification of individuals with prediabetes in this ethnic 

group, who are at high risk of developing diabetes, would facilitate early and more 

effective prevention. Because the development of diabetes may be associated with 

early abnormalities in the handling of dietary glucose, we tested in a population of 

patients with prediabetes of South Asian ancestry whether the difference between 

plasma glucose before and after a standard oral glucose load had a greater predictive 

value for incident diabetes at 5 years than standard glucose indices (fasting plasma 

glucose, post-oral glucose tolerance test glucose, or glycated haemoglobin) and 

standard definitions of prediabetes based on these indices. This analysis, reported in 

Chapter 3, led to the unexpected identification of a large proportion of individuals with 

post-absorptive glucose lowering – as a decrease of plasma glucose levels following an 

oral glucose load or a meal has been referred to – confirming previous reports on the 

same ethnic group.  

Current risk scores carry the inherent limitations of not capturing all risk components, 

failing to account for a gradation in risk factors, and being difficult to improve by the 

addition of more and novel biomarkers. An alternative approach to improve the 

prediction of acute cardiovascular events, both at the population level and at the 

individual level, is to identify early markers of disease with prognostic value. By 

detecting early vascular damage in a subject, this approach circumvents the limitations 

of current risk scores. Fundamentally, the two approaches are very different. Risk 

scores apply knowledge derived from large populations and calculate an estimate of 

individual risk. The detection of early markers (or stages) of disease is highly specific 

for the individual and in fact represents an early diagnosis. In spite of this specificity, 
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however, the prediction of clinical complications again relies on estimations, that 

require the addition of traditional risk factors.13,14  

Precursors of atherosclerosis or markers of subclinical or early atherosclerosis that 

have been extensively evaluated and variably introduced into clinical practice include 

Carotid Intima-Media Thickness, Coronary Artery Calcium, or impairments in Flow-

Mediated Dilation and Ankle-Brachial Index.15,16 In this context, over the past 20 years 

increasing attention has been devoted to endothelial function and, in particular, to 

disruption of the endothelial glycocalyx.17,18 The endothelial glycocalyx is a matrix of 

glycoconjugates and proteoglycans that, as a component of the luminal endothelial 

surface layer, contributes to structural and functional stability of the endothelium, and 

is thought to be damaged in the early stages of atherogenesis.19,20 Several methods 

have been proposed for non-invasive assessment of the integrity of vascular glycocalyx 

in humans as a potential tool to indirectly identify clinically significant atherosclerosis 

and individual risk for acute cardiovascular events, or even as a therapeutic target. 

However, the clinical value of these techniques remains unclear. Non-invasive 

assessment of vascular glycocalyx integrity in humans has only rarely been tested in 

large populations, much less in multi-ethnic populations, and whether its accuracy 

satisfies the needs of clinical practices still needs to be established. Part II of this thesis: 

Non-invasive estimation of endothelial glycocalyx damage as a potential marker of 
atherosclerosis addresses the potential of a specific technique for glycocalyx 

assessment to detect atherosclerotic vascular disease and its reproducibility 

characteristics.  

Noninvasive estimation of the Perfused Boundary Region (PBR) in the sublingual 

microcirculation using sidestream darkfield imaging has been proposed as a method 

to estimate glycocalyx integrity and other characteristics of endothelial function in 

humans. A high PBR is assumed to reflect damaged glycocalyx and beginning 

atherosclerosis. If this assumption is correct, a high PBR should be found in individuals 

with high levels of known risk factors for atherosclerosis as well as in individuals who 

have known atherosclerotic vascular disease. While these associations would confirm 

a potential of the PBR for prediction of clinical events, they have not been confirmed. 

CChapter 4 presents an analysis of the association of the PBR with both cardiovascular 

risk factors and prevalent atherosclerosis in a large, multi-ethnic population of 

participants to the HELIUS study.  

Association with the clinical outcome of interest is not sufficient to establish a new 

technique for individualized risk assessment. Knowledge of the reproducibility features 

of any measurement technique is necessary to assess correctly whether differences 

observed in clinical studies are likely to reflect true biological difference or to be due to 
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chance. CChapter 5 details an analysis of the reproducibility characteristics of the PBR 

and other parameters obtained by sidestream darkfield imaging (vascular density and 

red blood cell filling), including intra-rater and inter-rater reproducibility. The analysis 

also includes two proof-of-concept studies applying the reproducibility parameters thus 

obtained to estimate the sample size necessary to detect a possible effect of two acute 

stimuli on the vascular microcirculation (cigarette smoking and the consumption of a 

calory-rich meal) on the PBR.  
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ABSTRACT  

BBackground. Hypertension alone is a poor predictor of the individual risk of cardiovascular 

disease. Hereditary factors of which hypertension is merely a marker may explain why some 

hypertensive individuals appear more susceptible to cardiovascular disease, and why some 

ethnicities have more often seemingly hypertension�related cardiovascular disease than others. 

We hypothesize that, in hypertensive individuals, a positive family history of cardiovascular 

disease identifies a high�risk subpopulation. 

Methods and Results. Healthy Life in Urban Settings (HELIUS) is a cohort study among participants 

of Dutch, South�Asian Surinamese, African Surinamese, Ghanaian, Turkish, and Moroccan origin 

aged 70 years and younger. In participants with hypertension (n=6467), we used logistic 

regression to assess the association of family history of cardiovascular disease with prevalent 

stroke and nonstroke cardiovascular disease, adjusting for sex, age, education, and smoking. To 

detect ethnic differences, we tested for interaction between family history and ethnicity and 

stratified the analysis by ethnicity. A positive family history was associated with a higher 

prevalence of nonstroke cardiovascular disease (odds ratio [OR], 2.05; 95% CI, 1.65–2.54) and 

stroke (OR, 1.62; 95% CI, 1.19–2.20). The strongest association of family history with nonstroke 

cardiovascular disease was found among the Dutch (OR, 2.47; 95% CI, 1.37–4.44) and with 

stroke among the African Surinamese (OR, 2.17; 95% CI, 1.32–3.57). The interaction between 

family history and African Surinamese origin for stroke was statistically significant. 

Conclusions. In multiethnic populations of hypertensive patients, a positive family history of 

cardiovascular disease may be used clinically to identify individuals at high risk for nonstroke 

cardiovascular disease regardless of ethnic origin and African Surinamese individuals at high risk 

for stroke. 
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INTRODUCTION  

Hypertension is considered the leading risk factor for cardiovascular disease (CVD), with 

myocardial infarction and stroke accounting for most cases.1 Because of its high prevalence, 

hypertension is responsible for the majority of the cases of CVD.2 However, data from longitudinal 

cohort studies are subject to confounding and cannot clearly show to what extent high blood 

pressure itself accounts for the observed risk and to what extent it is merely a marker that 

identifies high�risk patients. Data from randomized controlled trials of antihypertensive treatment 

are less subject to confounding, and therefore more reliable than those from longitudinal studies 

for estimation of the individual risk for CVD originating from hypertension alone. A Cochrane meta�

analysis of 18 placebo�controlled trials for primary prevention showed that, in patients with 

untreated hypertension, the yearly incidence of either myocardial infarction or stroke is <1%.3 This 

translates into a lifetime risk of either myocardial infarction or stroke of <20%, assuming risk 

increases linearly over the residual lifespan of subjects of similar age and country of origin as 

those in the trials.4 In other words, over 80% of all untreated hypertensive individuals will 

experience no event in their lifetime. These data suggest that hypertension does not seem to be 

a strong risk factor for all individuals but it probably is for certain subpopulations. If we could 

identify the specific subpopulations in which hypertension itself results in an increased risk, we 

would be able to better target screening and adapt treatment decisions to the risk level. 

Family history of CVD could be used as a tool to identify which hypertensive individuals are at 

particularly high risk. A positive family history of CVD is an independent predictor of both 

myocardial infarction5, 6 and stroke.7,8,9 Prognostic models for stroke that include both 

hypertension and family history have predictive value greater than models that include 

hypertension or family history alone.8 Among individuals with hypertension, family history of CVD 

has been shown to be independently associated with mortality by ischemic heart disease10 and 

family history of CVD mortality with incidence of overall CVD.11 Therefore, a positive family history 

of CVD could reflect an underlying genetic predisposition related to CVD.12 

In the current study, we investigated this possible role of family history in hypertensive individuals 

in a multiethnic population of relatively young age, since the incidence of hypertension�related 

CVD differs across ethnic groups13,14 even among persons with hypertension15, 16 and since young 

individuals may be erroneously assigned a low risk of CVD. Therefore, better risk estimation in this 

specific group could lead to better identification of hypertensive individuals at high risk for CVD, 

especially in multiethnic populations. 

To test our hypothesis, we evaluated whether a positive family history of CVD is related to a higher 

prevalence of nonstroke CVD or stroke in a cross�sectional study of hypertensive individuals of 

different ethnic origins. 
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METHODS  

SStudy population  

Healthy Life in Urban Settings (HELIUS) is a cohort study on health among different ethnic groups 

living in Amsterdam, the Netherlands. The HELIUS study is described in detail elsewhere.13 Briefly, 

baseline data collection took place in 2011–2015. Participants were randomly sampled from the 

municipal register, stratified by ethnicity, and included people aged 18 to 70 years of Dutch origin 

or belonging to one of the ethnic minority groups with a South�Asian Surinamese, African 

Surinamese, Ghanaian, Turkish, or Moroccan origin. Data were obtained by questionnaire, 

physical examination, and collection of biological samples. The study protocols were approved by 

the ethical review board of the Academic Medical Center of the University of Amsterdam, and all 

individuals provided written informed consent. 

There were 22 165 individuals for whom both questionnaire data and physical measurements 

were available. We excluded individuals with unknown ethnic origin (n=48) or a Surinamese origin 

other than African of South Asian (n=500). From the remaining 21 617 participants, after multiple 

imputation (see SStatistical Analysis), we selected 6467 individuals with hypertension, who were 

included in the analysis. 

Definitions 

Ethnic origin was defined based on the country of birth of the participant and of his or her parents 

as recorded in the municipal register of the city of Amsterdam.13 Specifically, a participant is 

considered to be of non�Dutch ethnic origin if he or she fulfils either of these criteria: (1) he or she 

was born abroad and has at least one parent born abroad (first generation); or (2) he or she was 

born in the Netherlands but both his or her parents were born abroad (second generation).17 The 

definition therefore accommodates participants of partially mixed ancestry by determining the 

predominant ethnicity based on the combination of the participant's and his or her parents’ 

country of birth. The Surinamese group was further classified according to self�reported ethnic 

origin into “African,” “South Asian,” or other. Participants were considered of Dutch ethnicity if 

they and both parents were born in the Netherlands. 

A positive family history of CVD was defined as a self�reported diagnosis of CVD in parents, 

siblings, or children that occurred at 60 years or younger. This definition is consistent with the one 

used in the most common risk scores used in clinical practice.18, 19 Information on family history 

of CVD was considered missing for patients who reported that they did not know their family history 

of CVD or who did not fill in the corresponding questionnaire item. 

Blood pressure was measured as previously described.20 Hypertension was defined as a systolic 

blood pressure ≥140 mm Hg or a diastolic blood pressure ≥90 mm Hg,1 or the combined report 
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of prior diagnosis of hypertension and current use of antihypertensive agents (Anatomical 

Therapeutic Chemical [ATC] codes C02, C03, C07, C08, and C09).21 

Waist circumference was measured to the nearest 0.1 cm at the level midway between the lower 

rib margin and the iliac crest. Body mass index (BMI) was calculated as weight (kg) divided by 

height squared (m2). 

Fasting blood samples were drawn and plasma samples were used to determine the 

concentration of glucose, low�density lipoprotein and high�density lipoprotein (HDL) cholesterol, 

and triglycerides (Roche Diagnostics, Tokyo, Japan). Diabetes mellitus was defined as fasting 

plasma glucose ≥7 mmol/L or reported use of glucose�lowering medications (ACT code A10). 

Dyslipidemia was defined as either reported use of lipid�lowering agents (ATC code C10) or 

cholesterol/HDL ratio ≥5. 

Educational level was used as an indicator of socioeconomic position, as it has been found to be 

an indicator of the socioeconomic position most consistently associated with cardiovascular risk 

across ethnicities in a similar multiethnic sample from a European city.22 It was defined as the 

highest qualification obtained in the Netherlands or in the country of origin. The categories of 

educational level were: (1) never been to school or elementary schooling only; (2) lower vocational 

schooling or lower secondary schooling; (3) intermediate vocational schooling or 

intermediate/higher secondary schooling; and (4) higher vocational schooling or university. These 

categories were combined into low education (1st and 2nd category combined) and high 

education (3rd and 4th category combined). 

Individuals were considered smokers if they reported that they were currently smoking or when 

they had stopped smoking less than 5 years ago.23 

Cardiovascular outcomes were based on questionnaire data. Nonstroke CVD was defined as self�

reported myocardial infarction or self�reported angioplasty or bypass surgery in the coronary 

circulation or in the lower extremities. Stroke was defined as self�reported stroke, cerebral 

infarction, or cerebral hemorrhage.  

SStatistical analysis  

In the whole HELIUS sample, 3359 participants (15.5%) had missing data for at least one of the 

variables of interest in this analysis. For each variable, no more than 1.1% of observations were 

missing, with the only exception of family history of CVD, which was missing in 12.1% of the sample 

and, in particular, 19.8% of the Ghanaian participants. Before defining our variables and 

conducting the analysis, under the assumption that data were missing at random, we performed 

multiple imputation using the chained equations algorithm and generated 10 imputed data sets. 

Analysis results were pooled across all data sets using Rubin's rules.24 We performed a sensitivity 

analysis by repeating all analyses with complete case analysis (N=18 032, of which 5202 had 
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hypertension) comparing the effect sizes thus obtained with those obtained from the multiply 

imputed datasets and found that the results were similar.  

We used logistic regression to examine the association of a positive family history of CVD with 

either nonstroke CVD or stroke as outcomes. First, we analyzed this association in the whole 

sample without considering ethnicity. Second, we analyzed the relationship separately for each 

ethnic group by calculating the significance level of the interaction between positive family history 

of CVD and ethnicity, using Dutch as a reference group, and showing the ethnicity�specific 

estimate of the association of family history of CVD with nonstroke CVD and stroke. The Dutch 

were chosen as a reference because they are the majority ethnic group in the Netherlands, and 

most non�Dutch minority groups are known to display a higher risk of CVD than the Dutch.25, 26 

The results of logistic regressions are reported as odds ratios (ORs) with 95% CIs. In the regression 

analysis, we first used a univariate model with only family history as an independent variable 

(model 1), then adjusted the analysis for age and sex (model 2), and additionally adjusted for 

smoking status and educational level (model 3). In a fourth model, we additionally adjusted for 

diabetes mellitus, dyslipidemia, and waist circumference (model 4). Because the covariates 

added in model 4 are strong determinants of the metabolic syndrome with relevant inheritable 

components,27 they could reflect at least partly the same inherited predisposition identified by 

family history of CVD. Therefore, we expected moderate overadjustment to occur in model 4, 

possibly underestimating the effect size of the association between family history of CVD and the 

outcome variables.28 We therefore consider model 3 our main analysis model.  

Continuous data are reported as mean and SD and categorical data as frequency and proportions. 

To study differences in baseline characteristics, we used chi�square test for categorical variables 

and t test or ANOVA for continuous variables.  

Two�sided P values <.05 were considered significant. Data were imputed and analyzed using R 

version 3.2.3 (The R Foundation for Statistical Computing, 2015). 

RESULTS 

Demographic and clinical characteristics of the study population are presented in Table 1, by 

individuals with or without a positive family history of CVD. The mean age was 52.7 (±9.9) years, 

and 47.5% were male. There were 7.1% and 3.5% of individuals with a history of nonstroke CVD 

or stroke, respectively. Moroccans were the least represented ethnic group (10.2% of the sample) 

and African Surinamese the most represented (27.5% of the sample). Of all individuals, 31% 

reported a positive family history of CVD. Individuals with a positive family history of CVD had a 

higher prevalence of almost all traditional risk factors: they were more likely to be treated for 

hypertension, to have diabetes or dyslipidemia, and to be smokers, as compared to individuals 
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with a negative family history of CVD. However, the two groups did not differ in BMI or waist 

circumference. Individuals with a positive family history of CVD were more often highly educated, 

and they were more often of Dutch, South-Asian Surinamese, and Turkish origin and less often of 

African Surinamese, Ghanaian and Moroccan origin as compared to individuals with a negative 

family history of CVD.    

Table 1. Characteristics of the Hypertensive Study Sample, by Family History of CVD 

 
Total  Negative   

Family History  
Positive   
Family History  

 N=6467  n=4461 (69%)  n=2006 (31%)  
Male 3070 (47.5) 2168 (48.6) 902 (45)a 
Age, y 52.7±9.9 52.3±10.1 53.6±9.4a 
Antihypertensive agents 3166 (49) 2043 (45.8) 1124 (56)a 
     Systolic BP, mm Hg 142.5±17.5 143.1±17.4 141.5±17.6a 
     Diastolic BP, mm Hg 86.0±10.3 86.3±10.3 85.3±10.2a 
No antihypertensive agents    
     Systolic BP, mm Hg 149.3±13.9 149.6±14.1 148.5±13.3a 
     Diastolic BP, mm Hg 92.2±8.8 92.3±8.9 91.8±8.5a 
BMI, kg/m2 29.5±5.5 29.6±5.4 29.5±5.6 
Waist circumference, cm 99.6±12.8 99.5±12.6 99.7±13.2 
Diabetes mellitus 1287 (19.9) 844 (18.9) 443 (22.1)a 
Dyslipidemia 2356 (36.4) 1441 (32.3) 915 (45.6)a 
Lipid�lowering agents 1419 (21.9) 812 (18.2) 606 (30.2)a 
     HDL, mmol/L 1.31±0.39 1.33±0.40 1.27±0.38a 
     Triglycerides, mmol/L 1.33±0.85 1.27±0.83 1.40±0.87a 
No lipid�lowering agents    
     HDL, mmol/L 1.45±0.44 1.47±0.45 1.40±0.42a 
     Triglycerides, mmol/L 1.14±0.77 1.10±0.76 1.23±0.78a 
Smokers 1655 (25.6) 1056 (23.7) 600 (29.9)a 
Educational level (high) 2698 (41.7) 1769 (39.6) 929 (46.3)a 
Ethnicity    
     Dutch 1026 (15.9) 633 (14.2) 393 (19.6)a 
     South�Asian Surinamese 1033 (16) 480 (10.8) 553 (27.6)a 
     African Surinamese 1776 (27.5) 1277 (28.6) 499 (24.9)a 
     Ghanaian 1180 (18.2) 1101 (24.7) 79 (3.9)a 
     Turkish 792 (12.3) 437 (9.8) 355 (17.7)a 
     Moroccan 660 (10.2) 533 (11.9) 127 (6.3)a 
Nonstroke CVD 456 (7.1) 243 (5.4) 213 (10.6)a 
Stroke 227 (3.5) 127 (2.8) 100 (5)a 
Data are the average of 10 multiply imputed datasets. Continuous data are presented as mean±SD and 
categorical data are presented as number (percentage). BMI indicates body mass index; BP, blood pressure; 
CVD, cardiovascular disease; HDL, high�density lipoprotein. 
aP<0.05 when compared with a negative family history. 
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The results of the logistic regression to estimate the association of a positive family history of CVD 

with the risk of either nonstroke CVD or stroke are shown in Table 2. We found that, after 

adjustment for age, sex, smoking status and educational level (Model 3), individuals with a 

positive family history of CVD had a significantly higher prevalence of both nonstroke CVD and 

stroke (OR [95% CI]: 2.05 [1.65-2.54], p<0.05, and 1.62 [1.19-2.20], p<0.05, respectively). 

Further adjustment by diabetes, dyslipidemia, and waist circumference in Model 4 did not 

attenuate the association significantly (Table 2). 

TTable 2. Association of positive family history of CVD with either nonstroke CVD or stroke 
among hypertensives. 

Nonstroke CVD,, N events (%)  456 (7.1)  

Positive family history of CVD OR [95% CI] 
Model 1 2.07 [1.67-2.55]* 
Model 2 2.02 [1.63-2.50]* 
Model 3 2.05 [1.65-2.54]* 
Model 4 1.75 [1.41-2.18]* 
Stroke,, N events (%)  227 ((3..5)) 

Positive family history of CVD OR [95% CI] 
Model 1 1.78 [1.31-2.41]* 
Model 2 1.70 [1.25-2.30]* 
Model 3 1.62 [1.19-2.20]* 
Model 4 1.38 [1.01-1.88]* 

CVD indicates cardiovascular disease; OR, odds ratio; CI, confidence interval. 

Model 1: unadjusted. Model 2: adjusted for age and sex. Model 3: model 2 + smoking status, educational 
level. Model 4: model 3 + diabetes, dyslipidemia, waist circumference. 

*: p<0.05.  
 

In the second part of our analysis, we analysed the association of a positive family history of CVD 

with nonstroke CVD or stroke, stratified by ethnicity.  

The demographic and clinical characteristics across ethnic backgrounds are shown in Table 3.  

Individuals with Ghanaian background had the lowest rate of positive family history of CVD (6.7%), 

those with South-Asian Surinamese background the highest (53.5%).  

In every ethnic group, the distribution of vascular risk factors between individuals with positive 

and negative family history of CVD reflected that observed in the total sample. The only exceptions 

were HDL levels in individuals untreated with lipid-lowering medications, that among the Turks 

were lower among those with negative family history; and triglyceride levels in untreated 

individuals, that among the African Surinamese were higher among those with negative family 

history (data not shown).    
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The ethnicity-specific associations of family history with nonstroke CVD and with stroke are shown 

in Table 4. 

With regard to the first outcome, a positive family history of CVD was associated with a higher 

prevalence of nonstroke CVD in most ethnicities (model 3 in Table 4). Expressed in OR [95% CI], 

the point estimates for the association ranged from 1.16 [0.44-3.09] among the Moroccans to 

2.47 [1.37-4.44] among the Dutch. Further adjustment for diabetes, dyslipidemia and waist 

circumference in model 4 did not alter significantly the effect sizes or the interethnic differences.  

With regard to the second outcome, a positive family history of CVD was also associated with a 

higher prevalence of stroke in most ethnicities (model 3 in Table 4). The OR [95% CI] for the 

association ranged from 0.88 [0.41-1.86] among the Dutch to 2.17 [1.32-3.57] among the African 

Surinamese. Further adjustment in model 4 did not alter significantly the effect sizes or the 

interethnic differences. 

To evaluate whether the differences between the ethnic groups in the association between family 

history of CVD and both outcomes were significant, the regression model included the interaction 

between family history and ethnicity. For the outcome nonstroke CVD, the interaction was not 

statistically significant. For the outcome stroke, the interaction was statistically significant in 

models 3 and 4, with the association between family history and stroke being stronger in the 

African Surinamese hypertensive participants than in the other ethnic groups (p<0.05). To further 

investigate this ethnic group, we used an interaction model to test for sex differences in this 

association among the African Surinamese (Table 5). While the interaction was not statistically 

significant, the sex-specific ORs were higher in women (OR [95% CI]: 3.12 [1.61-5.64] for Model 

3) than in men (1.15 [0.43-3.06]). 
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TTable 5: Sex-specific association of positive family history of CVD with stroke among 
hypertensives in the African Surinamese ethnicity. 

 African Surinamese Men  
N=694  

African Surinamese Women  
N=1082  

Nonstroke CVD,, N events (%)  29 (4.2)  47 ((4.3) 

Positive family history of CVD OR [95% CI]  
Model 1 1.12 [0.42-3.01] 2.92 [1.59-5.36] 
Model 2 1.15 [0.43-3.08] 2.89 [1.57-5.32]* 
Model 3 1.15 [0.43-3.06] 3.12 [1.68-5.80]* 
Model 4 0.96 [0.34-2.66] 3.06 [1.59-5.87]* 

CVD indicates cardiovascular disease; OR, odds ratio; CI, confidence interval. 

Model 1: unadjusted. Model 2: adjusted for age and sex. Model 3: model 2 + smoking status, educational 
level. Model 4: model 3 + diabetes, dyslipidemia, waist circumference. 

Interaction family history – sex: not statistically significant.  

*p<0.05.  

DISCUSSION 

Our findings support the hypothesis that a positive family history of CVD independently identifies 

subgroups at higher risk of nonstroke CVD among patients with hypertension, and show that it 

specifically identifies hypertensive individuals at higher risk of stroke in women of the African 

Surinamese ethnic group. 

Vascular disease among hypertensive individuals with positive family history of CVD was found 

nearly twice more often than among hypertensive individuals with negative family history, even 

after adjustment for notable environmental risk factors. 

In the analysis on the sample stratified by ethnic groups, effect sizes in the fully adjusted model 

displayed large variations across ethnic groups. With regard to non-stroke CVD, the effect size of 

a positive family history of CVD was most pronounced for the Dutch and absent in the Moroccans. 

The other ethnicities were in between. Since the interaction term between family history of CVD 

and ethnicity for this outcome was not statistically significant, we cannot conclude that the Dutch 

had a higher risk for nonstroke CVD as compared to the other ethnic groups. With regard to stroke, 

the African Surinamese displayed the strongest association: in contrast to the other ethnic groups, 

African Surinamese hypertensive individuals with a positive family history of CVD are 

approximately twice as likely to report stroke as those with a negative family history of CVD. The 

interaction between family history of CVD and ethnicity for this outcome was statistically 

significant. While there was no statistically significant interaction between sex and family history 
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of CVD in this ethnic group, the sex-specific effect sizes revealed that this result seems to be 

driven by individuals of female sex. 

The absence of a statistically significant interaction between family history of CVD and ethnicity 

for the outcome nonstroke CVD, despite considerable differences in the ethnicity-specific ORs, 

could be due to limited power, since our cohort is rather young and has only few events per ethnic 

group. Indeed, a post-hoc power calculation showed that, for the outcome stroke, the power for 

the ORs of family history of CVD observed in Dutch and African Surinamese in model 3 to be 

significantly different was about 60%, while, for the outcome nonstroke CVD and the ORs observed 

in Dutch and Moroccans, the power is only about 40%. 

The differences in the effect size of the relationship between family history of CVD and the two 

outcomes across the four models are small. It can be noted that adjustment by age does not lead 

here to a strong reduction in the effect size of family history of CVD because our sample was 

relatively young, and the independent association of age with vascular events therefore less 

evident. 

The difference across ethnicities in the relationship between family history and future CVD might 

be explained by an underlying genetic predisposition, which is different for each ethnicity. It is well 

known that individuals of African background often have more severe organ damage from 

hypertension as compared to individuals of Caucasian background.16, 29, 30 A positive family history 

also reflects a genetic background responsible for CVD, and because positive family history is 

associated with CVD even after adjustment for environmental confounders, this genetic 

background seems likely to be responsible for the increased risk for CVD. By dividing our cohort 

by ethnic background and positive family history the genetic susceptibility becomes more 

pronounced, resulting in the identification of hypertensive individuals at particular risk because 

of their genetic background. 

Our study has some limitations.  

First, in studies of an associative nature it is impossible to distinguish cause from consequence. 

Nevertheless, a genetic predisposition can be assumed to be present from birth. Accordingly, if a 

positive family history is associated with vascular disease, this could reflect a specific genetic 

background. While lifestyle factors shared in families could also play a role, they are still less likely 

than genetic factors to be shared by first-degree relatives.31 

Second, self-reported family history of CVD may be inaccurate. Nevertheless, it has good 

discriminatory power: validation studies of the accuracy of offspring-reported parental events 

found likelihood ratios above 8.0 for parental heart attack and stroke in medical records32 and 

above 10.0 for stroke self-reported by the parents themselves.33 Moreover, we were able to gather 

specific information on which event had occurred, in which family member, and at what age; and 

questionnaires in HELIUS were completed with the help of a trained interviewer in a considerable 

proportion of the minority ethnicities, ranging from 27% among the Surinamese to 40% of the 
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Ghanaians. Nevertheless, the high number of missing among the Ghanaians might also reflect 

greater inaccuracy among this population. However, individuals who did not recall their family 

history might have had a positive family history, so that the number of individuals with a positive 

family history was probably underestimated. In contrast, it is less likely that cases of positive family 

history are misclassified, because of the specific nature of the questions asked. We do not believe 

that our variable on this issue is less reliable than any other similar study.  

Third, the HELIUS cohort is relatively young, including individuals aged 18 to 70 years. In our 

selection of hypertensive participants, the average age was 52.7 years. Since several participants 

who will develop CVD may not yet have developed it at the time of the inclusion, early-onset 

cardiovascular disease might be overrepresented as compared to older-age cardiovascular 

disease. Since early-onset cardiovascular disease is more strongly associated with genetic 

predispositions than late-onset cardiovascular disease,6 we may have overestimated the impact 

of the genetic predisposition reflected by a positive family history of CVD.  

Fourth, ethnic minority groups in the Netherlands have a higher case fatality rate than those of 

Dutch origin for both stroke34 and nonstroke CVD.35 If fatal cases among hypertensive individuals 

of minority ethnic groups were associated with positive family history of CVD, the absence of those 

cases from the sample may have introduced sampling bias. Interethnic differences may therefore 

be different if those cases could be included. 

Fifth, the HELIUS study was conducted in Amsterdam, the Netherlands, and only included the 

most common ethnic groups of this city.13 While these ethnic groups are also important minority 

groups in several other European countries,13 they do not include other ethnic groups important 

on a global level, such as those from Southern America and Eastern Asia.  

In conclusion, a positive family history of CVD in African Surinamese hypertensive individuals is 

associated with a higher risk of stroke. Therefore, clinicians working with multi-ethnic hypertensive 

populations may consider preventive measures or more intense screening in individuals of this 

ethnicity with positive family history of CVD, if a predictive value of family history for nonstroke and 

stroke CVD in similar populations and ethnicities is confirmed by longitudinal studies. 
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ABSTRACT  

Individuals of South Asian origin have a high risk of diabetes mellitus (DM). We tested, in 971 

individuals of South Asian background (40% women, median age 48 years) without diabetes, 

whether the “glucose delta” – the difference between 2-hour post-load glucose and fasting plasma 

glucose – better predicts 5-year incident DM than fasting or post-load glucose only. During a 

median follow-up of 62 (IQR: 55 – 67) months, 40 (4.1%) cases of new DM were identified. 

Glucose delta was associated with incident diabetes in both univariate (HR for +1 mmol/L: 1.41, 

CI: 1.18 – 1.68) and adjusted (HR 1.32, CI 1.08 – 1.60) Cox regression. However, the predictive 

performance of both continuous and dichotomised glucose delta for diabetes as assessed by 

Harrell’s concordance index was not superior to fasting and post-load glucose. Remarkably, 

glucose delta was negative (post-absorptive glucose lowering) in 377 (39.3%) participants, more 

than previously described in smaller cohorts of South Asian individuals. 
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INTRODUCTION 

Individuals of South Asian origin have a high risk of type 2 diabetes (T2D). This increased risk is 

associated with several metabolic disturbances, including high prevalence of insulin resistance, 

atherogenic dyslipidemias, and a stronger risk increase imposed by adiposity1.  

Early identification of people at risk of developing T2D may prevent or delay its onset and organ 

damage, especially in the context of the persistently high burden and high costs related to this 

condition2,3. We hypothesized that the difference between the 2-hour post-load glucose (after a 

standardized glucose load, ‘post loading glucose’: PLG) and fasting plasma glucose (FPG) level – 

that is, the metabolic “handling” of a standard glucose load, may better reveal insulin resistance 

than fasting glucose alone. This “glucose delta” has been suggested as potentially useful in the 

follow-up of patients with T2D under treatment4. However, its predictive power for incident T2D 

has not been investigated, and we assessed it in a cohort of individuals of South Asian background 

living in the Netherlands. 

METHODS  

We included individuals without diabetes screened in the DH!AAN study, which tested a culturally 

targeted lifestyle intervention to prevent diabetes in individuals of South Asian Surinamese 

ancestry in the Netherlands.5 “South Asian Surinamese” refers to descendants of indentured 

labourers from Northern India, who mainly migrated to the Netherlands after the independence 

of Suriname in 1975 and after a coup in 1980. A subset of the individuals screened for eligibility 

for inclusion in DH!AAN and all those included in the trial took an oral glucose tolerance test (OGTT, 

75 g).  

Both FPG and PLG were available in 1,292 participants. Participants with diabetes at baseline (N 

= 34), without consent  for follow-up (N = 224), or who were lost to follow-up (N = 63) were 

excluded, leaving 971 participants for analysis. If a participant had two OGTTs, the first was used. 

Follow-up was conducted in 2015 via health records in a network of pharmacies in The Hague or 

the national Dutch electronic patient record. A first prescription of anti-diabetic medication (WHO 

ATC class A10, “Drugs used in diabetes”) was considered to indicate T2D.  

Glucose delta was defined as the difference between the PLG and the FPG, in mmol/L.6 HbA1c 

was measured in mmol/L and expressed as percentage. The HOMA-IR (HOmeostatic Model 

Assessment – Insulin Resistance) index was calculated as (insulin in mmol/L * glucose in 

mmol/L)/22.5; values above 2 suggest insulin resistance. The measurement of clinical and 

laboratory parameters in DH!AAN has been described previously.7 We used Cox regression to 

estimate Hazard Ratios (with 95% CI) for the association of FPG, PLG, glucose delta and HbA1c 
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with incident T2D in univariate models and models adjusted for sex, age, systolic blood pressure 

(mmHg), body mass index (kg/m2) and 1st or 2nd degree family history of diabetes as in previous 

research8,9. The indices were assessed both as continuous variables and as binary variables using 

standard thresholds based on international guidelines10. For glucose delta, an optimal threshold 

was identified using a receiver operating characteristic curve (ROC) and Youden’s method 

(maximization of the sum of sensitivity and specificity). The predictive performance of this 

threshold was compared with that of the existing definitions for Impaired Fasting Glucose [IFG], 

Impaired Glucose Tolerance [IGT], and HbA1c8 using Harrell’s concordance index11. In order to 

account for potential dependency between people registered within one general practice, each 

practice was modelled as a random effect. A 95% confidence interval (CI) for the difference of the 

c-indices of the models using glucose delta minus those of the traditional indices was obtained by 

using the 2.5th and 97.5th percentiles from 1000 bootstrap samples.  

Finally, a negative glucose delta (PLG lower than the FPG) has been described as post-absorptive 

glucose lowering (PAGL).6  We explored the prevalence and determined associated characteristics 

using Pearson’s Chi-squared, Mann-Whitney’s U and Student’s t-tests. Two-sided p-values < 0.05 

were considered statistically significant; all analyses were performed using R 4.0.212. 

RESULTS 

Of the 971 participants, 397 (41%) were male, and median age was 43 (IQR: 35 – 51) years. 

During a median follow-up of 62 (IQR: 55 – 67) months, a total of 40 (4.1%) cases of new T2DM 

were identified; Table 1. 

All indices of glucose metabolism were consistently associated with incident T2D, with glucose 

delta displaying the lowest effect size and c-indices (continuous value only). The differences in c-

statistic between models were not statistically significant; Table 2.   

Glucose delta was positive in 589 (60.7%) participants, negative (i.e. PALG) in 377 (39.3%) 

participants. Participants with negative glucose delta were younger, less likely to have 

hypertension, and with lower BMI than those with positive delta. A negative delta seemed to be 

associated with low post-load glucose rather than by high fasting plasma glucose, and it was also 

associated with lower HbA1C, fasting insulin, HOMA-IR, and incidence of diabetes; Table 3. 
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DISCUSSION 

In our analysis, the adjusted HRs and concordance indices for incident T2D of the indices of 

glucose metabolism and of prediabetes were similar to the HRs of a large meta-analysis from 

20198. In particular, the HRs for all definitions of prediabetes were consistently intermediate 

between those calculated for the regions Asia/Middle East and Australia/Europe/North America 

in a 2018 Cochrane systematic review9. This finding may point to a partial convergence of the 

magnitude of the association toward that of the host country, possibly as a result of change in 

health behaviours and environmental exposures13.   

An unexpectedly high proportion of participants had PAGL. We observed double the prevalence 

previously reported in individuals from the Indian subcontinent6,14,15, e.g. with a 2014 study 

specifying a prevalence of 23%. No consensus exists on the association between PALG and 

impaired glucose metabolism. In line with our findings, two studies found that BMI was lower in 

those with PALG. In contrast with our study, PALG was associated with higher FPG and with HOMA-

IR in one case-control study15. This difference may be explained by a lack of standardized OGTT 

and the HOMA-IR threshold of ≥ 1.4, lower than the one suggested for South Asians16. The lack of 

association with incident diabetes in our study may reflect poor consistency between the insulin 

response to glucose and the natural stimulus of a meal14, or, alternatively, metabolic differences 

between South Asians in the Indian Subcontinent (where the above-mentioned studies on PALG 

were conducted) and those having lived abroad for one or more generations as in our study17. 

Future studies may specifically address these possibilities.  

Our study has limitations. First, the study may have suffered from selection bias. Moreover, the 

definition of incident T2D based on first prescription of an anti-diabetic drugs could have 

underestimated incident T2DM if participants were yet undiagnosed, obtained their prescription 

drugs elsewhere or delayed medical treatment despite a diagnosis. Third, the performance of the 

dichotomised glucose delta may reflect overfitting, as the threshold was not externally validated.  

In conclusion, prediction of incident T2D based on the response to glucose loading is not superior 

to conventional clinical parameters in individuals of South Asian ancestry. A PALG was remarkably 

common in this population (almost 40%) and was not associated with higher incidence of T2D. 
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TTable 1. Characteristics of study participants (n = 951). 

 Overall,,  
N = 9711 

No diabetes  
N = 931  

Diabetes  
N = 40  

Participant characteristics    

Male sex 397 (41%) 377 (40%) 20 (50%) 

Median age (years) 43 (35 – 51) 43 (34 – 50) 48 (44 – 52) 

Median years in the Netherlands 30 (19 – 35) 30 (19 – 35) 32 (28 – 35) 

Arterial hypertension 312 (32%) 290 (31%) 22 (55%) 

Mean body mass index (kg/m2) 26.3 ± 4.3 26.2 ± 4.2 29.2 ± 4.2 

Diabetes in 1st/2nd degree family 718 (75%) 689 (75%) 29 (72%) 

Indices of glucose metabolism     

Mean HbA1c (%) 5.57 ± 0.40 5.55 ± 0.40 6.00 ± 0.37 

Mean Fasting plasma glucose (mmol/L) 5.01 ± 0.55 4.99 ± 0.53 5.64 ± 0.58 

Mean Post-load plasma glucose (mmol/L) 5.62 ± 1.60 5.56 ± 1.57 7.09 ± 1.62 

Mean Glucose delta (mmol/L) † 0.61 ± 1.48 0.57 ± 1.47 1.44 ± 1.55 

Glucose-delta > 0 589 (61%) 556 (60%) 33 (82%) 

Data are frequency (percentage), median (interquartile range), or mean ± standard deviation. Variables with 
missing information: years in the Netherlands (16.1%), body mass index (3/951, 0.3%), family history of 
diabetes (17/951, 1.8%), HbA1c (1/951, 0.1%).  

† Glucose delta was defined as the difference between post-load plasma glucose and fasting plasma 
glucose, both expressed in mmol/L.  
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TTable 3. Comparison of participants with and without post-absorptive glucose lowering.  

 

Post-absorptive 

glucose lowering  

N = 382 (39.3%)  

No post-absorptive 

glucose lowering  

N = 589 (60.7%)  

p-value 

Participant ccharacteristics 

Male sex, n (%) 175 (46%) 222 (38%) 0.012† 

Median age (years) 42 (32 – 50) 44 (37 – 51) 0.002‡ 

Median years in the Netherlands 30 (19 – 35) 30 (19, 35) >0.9‡ 

Arterial hypertension 95 (25%) 217 (37%) <0.001† 

Mean body mass index (kg/m2) 25.4 ± 4.1 26.9 ± 4.3 <0.001§ 

Diabetes in 1st/2nd degree family 280 (75%) 438 (76%) 0.7† 

Indices of glucose metabolism and incident diabetes 

Mean fasting plasma glucose (mmol/L) 5.00 ± 0.53 5.03 ± 0.56 0.4§ 

Mean post-load plasma glucose (mmol/L) 4.25 ± 0.75 6.52 ± 1.36 <0.001§ 

Mean HbA1c (%) 5.51 ± 0.39 5.60 ± 0.41 <0.001§ 

Median fasting insulin (μIU/mL) 9 (6 – 14) 11 (8 – 16) <0.001‡ 

Median HOMA-IR 2.33 (1.36 – 3.08) 2.53 (1.76 – 3.65) <0.001‡ 

Diabetes during follow-up 7 (1.8%) 33 (5.6%) 0.004† 

Data are frequency (percentage), median (interquartile range), or mean ± standard deviation.  

HOMA-IR: homeostatic model assessment – insulin resistance. Variables with missing information: years in 
the Netherlands (124/971, 12.8%), body mass index (3/971, 0.3%), family history of diabetes (17/951, 
1.9%), HbA1c, fasting insulin and HOMA-IR (each 1/971, 0.1%).  

†Pearson’s Chi-squared test. 

‡Mann-Whitney’s U-test.  

§Student’s t-test.  
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ABSTRACT  

BBackground. Damage to endothelial glycocalyx is thought to be an early marker of atherosclerosis 

and measuring reduced glycocalyx size clinically via the Perfused Boundary Region (PBR) may 

allow early detection of cardiovascular disease. However, the true value of the glycocalyx in 

estimating cardiovascular risk or detecting cardiovascular disease is uncertain. We therefore 

investigated whether small glycocalyx size is associated with cardiovascular risk or disease in a 

large multi-ethnic cohort. 

Methods. In a multi-ethnic community-based sample (N = 6169, 42.4% male, mean age 43.6 

±13) we applied multiple imputation for missing data and used logistic regression and odds ratios 

to cross-sectionally investigate the relationship of small glycocalyx size as estimated by highest 

quartile of PBR with, on the one hand, classical risk factors for atherosclerosis including age, sex, 

diastolic and systolic blood pressure, LDL, HDL, triglycerides, BMI, diabetes, smoking status, and 

antihypertensive and lipid-lowering medication; on the other hand, prevalent cardiovascular 

disease. Analyses were additionally adjusted for ethnicity. 

Results. With PBR divided in quartiles, the highest PBR quartile (smallest glycocalyx size) as 

dependent variable was independently associated with female sex (OR for male versus female: 

0.61, 95% CI: 0.53, 0.70) and diabetes (OR: 1.28, 95% CI: 1.03–1.59) in a model adjusted for all 

classical risk factors of atherosclerosis and for ethnicity. With regard to cardiovascular disease, 

no association was found between the smallest glycocalyx size as independent variable and 

overall cardiovascular disease, coronary heart disease and revascularization procedures, or 

stroke. 

Conclusions. Small glycocalyx size as estimated by highest PBR is associated with female sex and 

diabetes, which do not completely reflect a high cardiovascular risk profile. At the same time, 

glycocalyx size is not associated with prevalent cardiovascular disease. 
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INTRODUCTION 

The increasing burden of cardiovascular disease has led investigators to look for methods to 

identify atherosclerosis at an early stage. Evidence suggests that the earliest development 

towards atherosclerosis is structural and functional alteration ofthe vascular endothelium1. In 

particular, animal and human studies have shown that atherogenic stimuli and early 

atherogenesis are associated with structural and functional damage ofthe endothelial glycocalyx, 

a gel-like layer of membrane-attached carbohydrate polymers and adsorbed plasma proteins at 

the interface of vascular endothelial cells and flowing blood2. These associations have led to the 

hypothesis that detecting reduced glycocalyx size in a clinical setting may allow early detection of 

atherosclerosis3. Several methods have been developed to study the glycocalyx size in humans, 

but to date the only one suitable for clinical practice is the automatic calculation of the Perfused 

Boundary Region (PBR) from short video recordings of the sublingual microcirculation which 

measures lateral displacement of flowing erythrocytes and, when increased, possibly reflects 

reduced glycocalyx size and quality. Yet, its potential for use as a clinical risk estimation and 

prognostic tool is unclear4. We suggest that the increased PBR reflects damage to the vasculature, 

eventually resulting in atherosclerosis. Therefore, an increased PBR may be viewed as an 

intermediate step between risk factors for atherosclerosis and cardiovascular events5–7. However, 

the correlations between PBR and risk factors and between PBR and cardiovascular events have 

not been consistently shown for the PBR: some studies have reported no clear association 

between the PBR and either vascular risk or vascular disease4, 7, while others have found 

associations with atherosclerotic vascular disease6,8,9. These inconsistent findings might depend 

on the relatively small sample size of these studies and the focus on populations selected based 

on health status and of predominantly white ethnicity4–6, 10. We therefore tested the hypothesis 

that a small glycocalyx as estimated by a high PBR is a marker of prevalent atherosclerosis and 

associated with the risk factors for atherosclerosis. We used this technology in a large-scale multi-

ethnic population study, as a large sample size helps to overcome power limitations, while a multi-

ethnic population displays a wide distribution of risk factors, thus making findings more 

generalizable. 

PATIENTS AND METHODS 

SStudy population  

The HEalthy LIfe in Urban Settings (HELIUS) study is a cohort study on health among different 
ethnic groups living in Amsterdam, The Netherlands. The HELIUS study is described in detail 
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elsewhere11. Briefly, baseline data collection took place in 2011–2015 among nearly 25,000 
participants. Participants were randomly sampled from the municipal register, stratified by 
ethnicity, including people aged 18–70 years of Dutch origin or belonging to one of the ethnic 
minority groups with a Surinamese, Ghanaian, Turkish or Moroccan origin. Data were collected by 
questionnaire, physical examination and collection of biological samples. The study protocols 
were approved by the Ethical Review Board ofthe Academic Medical Centre of the University of 
Amsterdam (Protocol ID NL32251.018.10, approval number 10/100# 10.17.1729), and all 
individuals provided written informed consent. PBR measurement was performed on a subsample 
of HELIUS participants, included between August 2012 and June 2014. Inclusion criteria for the 
current analysis were: attempted PBR measurement, successful blood draw, filled in 
questionnaire on lifestyle and medical history, and belonging to one of the ethnic groups studied 
in the HELIUS study. A total of 6169 participants fulfilled these criteria. 

DDefinitions 

Ethnic origin was defined based on the country of birth of the participant and of his/her parents 
12, 13. Specifically, a participant is considered as of non-Dutch ethnic origin if he/she fulfils either 

of the following criteria: 1) he or she was born abroad and has at least one parent born abroad 

(first generation); or 2) he or she was born in the Netherlands but both his/her parents born 

abroad (second generation)12. The Surinamese group was further classified according to self-

reported ethnic origin into ‘African’, ‘South Asian’, or ‘other/unknown’ Surinamese origin. 

Participants were considered of Dutch ethnicity if they and both parents were born in the 

Netherlands. Ethnicity was modelled as a categorical variable in six categories. All participants 

were asked to bring their prescribed medications to the research location; these were identified 

and categorized by trained interviewers using the WHO Collaborating Centre for Drug Statistics 

Guidelines for Anatomical Therapeutic Chemical Classification14. 

Hypertension was defined as a systolic blood pressure ≥ 140 mmHg or a diastolic blood pressure 

≥ 90 mmHg15, or the combined report of prior diagnosis of hypertension and current use of 

antihypertensive agents (ATC codes C02, C03, C07, C08, C09)14. Blood pressure was measured 

using a validated automated digital BP device (Microlife WatchBP Home, Microlife AG, Heerbrugg, 

Switzerland) on the left arm in a seated position after the subject had been seated for at least 5 

minutes. 

Body mass index (BMI) was calculated as weight (kg), measured in light clothing with SECA 877 

to the nearest 0.1 kg, divided by height squared (m2), with height measured without shoes with a 

portable stadiometer (SECA 217) to the nearest 0.1 cm. Waist circumference was measured to 

the nearest 0.01 m at the level midway between the lower rib margin and the iliac crest. 

Blood samples were drawn in fasting state (at least 8 hours) and plasma samples were used to 

determine the concentration of LDL, HDL cholesterol, and triglycerides by colorimetric 



Glycocalyx and atherosclerosis 

58 

spectrophotometry (Roche Diagnostics, Japan). Diabetes was defined by fasting plasma glucose 

≥ 7 mmol/l, with glucose concentration determined by spectrophotometry using hexokinase as 

primary enzyme (Roche Diagnostics, Japan), or the use ofglucose-lowering medication (ATC code 

A10). Dyslipidemia was defined as either reported use of lipid-lowering agents (ATC code C10) or, 

using a common clinical risk estimator, cholesterol/HDL ratio ≥ 516, 17. Participants were 

considered smokers if they reported that they were currently smoking18. 

Cardiovascular disease diagnoses were based on questionnaire data. Patients with self-reported 

myocardial infarction, angioplasty in the coronary or peripheral circulation, or bypass surgery in 

either circulation were classified as having coronary heart disease or revascularization 

procedures. Stroke was also self-reported. Overall cardiovascular disease was defined as either 

of the above. 

MMeasurement of the PBR 

In our study, image acquisition from participants occurred under standardized conditions: 

between 8:00 and 12:00, after at least eight hours of fasting and discontinuation of all 

medication, after a 60-minute physical examination, and in sitting position. The measurement 

procedure and the calculation of the PBR have been described in detail19, 20. In short, image 

acquisition is semi-automated: the probe of a hand-held sidestream darkfield videomicroscope 

(MicroVision Medical Inc., Wallingford, PA), is placed on the sublingual mucosa of the participant 

until enough video frames of the sublingual microvasculature are obtained for the subsequent 

calculation; this recording takes approximately 2 minutes. Subsequently, an analysis software 

(GlycoCheck™ ICU, Glycocheck BV, Maastricht, the Netherlands) calculates the PBR by identifying 

vascular segments and estimating the dynamic lateral erythrocyte movement into the glycocalyx 

in μm, which estimates the accessibility of the glycocalyx to erythrocytes and, if increased, reflects 

a disturbance of the glycocalyx structure and function. PBR calculation is fully automated and 

blinded to the investigator. Further details on the  technique have been published previously19 and 

an overview is provided in the online supplemental data (S2 Appendix). To obtain the largest 

contrast in PBR and thus better identify its correlates, we used in subsequent analyses the highest 

PBR quartile versus the remaining three quartiles.  

Statistical analysis 

We analysed the two associations expected of an early marker of atherosclerosis: first, the 

association of risk factors for atherosclerosis with highest PBR; second, the association of highest 

PBR with prevalent atherosclerotic cardiovascular disease. The sample size consisted of 6169 

individuals. Of these, 1209 (19.6%) had missing values in  one or more variables, including the 

PBR measurement (S1 Appendix). In particular, 1031 subjects (16.7%) had a missing PBR 
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because imaging was reported as unsuccessful by the measurement software, which was 

comparable with the 15% missing measurements reported in a previous cohort study7. In the other 

variables with missing values, the missing proportion was consistently very low, varying between 

0.1% (1/6169) for BMI and 1.2% (72/6169) for self-reported coronary or peripheral vascular 

disease. All missing data for all variables that were planned for use in the subsequent analyses 

were imputed using multiple imputation according to the Chained Equations algorithm; 10 

imputed datasets were generated. The analysis results on the single datasets were pooled using 

Rubin’s rules21. The PBR distribution in μm in the multiply imputed datasets as described by 

minimum, maximum, and quartiles, and reported in Table 1, was identical to its distribution in the 

complete cases dataset up to and including the second decimal figure (S1 Appendix). Prior to the 

analysis, we studied the distribution of risk factors across quartiles of PBR by identifying 

monotonic associations between each risk factor and the PBR, based on the assumption that 

higher PBR reflects smallest glycocalyx size (see “Measurement ofthe PBR”). Categorical variables 

are presented as frequencies (%), normally distributed continuous variables as mean ± SD. To 

study their association with the PBR, we used the chi-square trend test for categorical risk factors 

and spearman’s rho for continuous ones. Then, multivariate logistic regression and Odds Ratios 

(OR) were used to investigate the two associations of interest. To investigate whether small 

glycocalyx size was associated with risk factors for atherosclerosis, smallest glycocalyx size as 

defined by highest PBR quartile was used as dependent variable, and the following risk factors 

were used as independent variables in a first multivariate model: age, sex, systolic blood pressure, 

diastolic blood pressure, body  mass index, blood LDL levels, blood HDL levels, blood triglyceride 

levels, diabetes, current smoking, use of antihypertensive agents, and use of lipid-lowering agents. 

All continuous variables were divided into quintiles for better comparison of their OR towards 

smallest glycocalyx size as defined by highest PBR quartile. A second model was additionally 

adjusted for ethnicity because the sample was multi-ethnic and because the above exploratory 

analysis showed the PBR to be distributed differently across ethnicities. If adjustment for ethnicity 

considerably affected the effect size of any variable present in the model, we verified whether the 

interaction between that variable and ethnicity was statistically significant. To investigate whether 

small glycocalyx size was associated with atherosclerotic cardiovascular disease, three outcome 

measures were used as dependent variables: overall cardiovascular disease, coronary heart 

disease and revascularization procedures, and stroke. The latter two were considered as separate 

outcomes because, while they are both associated with atherosclerosis, they are known to be 

associated with different risk factor profiles. These associations  were tested both in a univariate 

model in which smallest glycocalyx size as identified by highest PBR quartile was the only 

independent variable and, to identify a possible independent association of the PBR with 

prevalent atherosclerosis not explained by any association ofthe risk factors with the PBR but 

rather by any unmeasured determinants ofthe PBR, in a model additionally adjusted for all risk 

factors used in the first analysis. All analyses were repeated on the complete cases dataset (S1  
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Appendix). Two-tailed p values  of less than .05 were considered significant. Data were analysed 

using R 3.2.2 (The R Foundation for Statistical Computing, 2015). 

RESULTS 

Sample characteristics 

Participant characteristics are reported in Table 1. Mean age was 43.6 years ±13, and 42.4% of 

the participants were male. Cardiovascular disease was reported by 319 participants (5.2%), of 

which 231 (3.7%) reported coronary heart disease or revascularization procedures and 106 

(1.7%) stroke. To compare sample characteristics with PBR, the sample was stratified by quartile 

of PBR expressed in μm. Since the PBR is considered to be inversely associated with glycocalyx 

size, glycocalyx size is largest in the lowest quartile (left-hand column) and smallest in the highest 

quartile (right-hand column). In Table 1, a relationship with highest PBR could be observed for 

increasing age and use of antihypertensive agents. A similar although non-significant trend was 

observed for diabetes. An inverse relationship of a lower cardiovascular risk with small glycocalyx 

size could be observed for female sex, higher HDL cholesterol, lower triglyceride levels and lower 

systolic and diastolic blood pressures. A similar although non-significant trend was observed for 

non-smoking individuals. 

Association between PBR and cardiovascular risk factors 

The association between cardiovascular risk factors and PBR as estimated by highest PBR is 

reported in Table 2. After adjusting for ethnicity, we observed that female sex, older age, higher 

diastolic blood pressure, lower BMI and diabetes together are best related to highest PBR. Of 

these associations, the only statistically significant ones were those with sex, age, and diabetes 

(OR for the association ofmale sex with highest PBR: 0.59, 95% CI: 0.50, 0.70; OR for the 

association of one quintile increase of age: 1.06, 95% CI: 1.00, 1.12; OR for the association of 

diabetes with highest PBR: 1.40, 95% CI: 1.10, 1.77, all p<0.05). Systolic blood pressure, smoking 

status, LDL levels, HDL levels and triglyceride levels were not retained in to the model. Introducing 

the interaction between ethnicity and diabetes did not change the results, and the association of 

interaction term with highest PBR was not statistically significant. 

Association between PBR and vascular disease 

The association between highest PBR and the atherosclerotic cardiovascular disease outcomes 

is reported in Table 3. Although the point estimate of the OR for the association between highest 
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PBR and coronary heart disease and revascularization is above 1.0 both in the univariate and the 

multivariate model, this association was not statistically significant (univariate OR: 1.14, 95% CI: 

0.83, 1.57; adjusted OR: 1.34, 95% CI: 0.95,1.91). The analysis on the outcomes overall 

cardiovascular disease and stroke also showed no association with highest PBR in either the 

univariate model, which tested the overall association ofthe PBR with the atherosclerotic 

outcomes, or the multivariate model, which tested the residual association ofthe PBR with the 

atherosclerotic outcomes independent of its association with the traditional risk factors. 
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TTable 2. Multivariate logistic regression analysis of the association between 

cardiovascular risk factors and highest PBR quartile (smallest glycocalyx size).  

Outcome: highest PBR quartile  

Model  OR (95% CI)  P--value  

Model 1   
   Male sex 0.61 (0.52,0.71) <0.001  
   Age (quintiles years) 1.09 (1.03,1.15) 0.002  
   Systolic blood pressure (quintiles mmHg) 0.95 (0.88,1.02) 0.152 
   Diastolic blood pressure (quintiles mmHg) 1.06 (0.99,1.14) 0.077 
   BMI (quintiles m/kg2) 0.95 (0.90,1.00) 0.068 
   LDL (quintiles mmol/L) 1.02 (0.97,1.07) 0.474 
   HDL (quintiles mmol/L) 0.99 (0.93,1.05) 0.670 
   Triglycerides (quintiles mmol/L) 0.97 (0.92,1.03) 0.289 
   Diabetes 1.31 (1.03,1.65) 0.027  
   Smoking status 0.94 (0.80,1.12) 0.498 
   Use of antihypertensive agents 1.12 (0.91,1.37) 0.276 
   Use of lipid-lowering agents 0.77 (0.59,0.99) 0.049  

Model 2   
   Male sex 0.59 (0.50,0.70) <0.001  
   Age (quintiles years) 1.06 (1.00,1.12) 0.036  
   Systolic blood pressure (quintiles mmHg) 0.94 (0.87,1.01) 0.089 
   Diastolic blood pressure (quintiles mmHg) 1.03 (0.96,1.10) 0.411 
   BMI (quintiles m/kg2) 0.97 (0.92,1.03) 0.285 
   LDL (quintiles mmol/L) 1.01 (0.96,1.07) 0.602 
   HDL (quintiles mmol/L) 0.95 (0.90,1.01) 0.102 
   Triglycerides (quintiles mmol/L) 1.00 (0.95,1.06) 0.957 
   Diabetes 1.40 (1.10,1.77) 0.006  
   Smoking status 0.88 (0.74,1.05) 0.149 
   Use of antihypertensive agents 1.04 (0.84,1.28) 0.728 
   Use of lipid-lowering agents 0.82 (0.62,1.07) 0.141 

In model 1 (multivariate): age quintiles (30, 41, 48, 56 years); systolic blood pressure quintiles (113.5, 
121.5, 129.5, 141 mmHg); diastolic blood pressure quintiles (69.5, 75.5, 80.9, 87.5 mmHg); BMI quintiles 
(22.9, 25.4, 27.9, 31.4 kg/ m2); LDL quintiles (2.2, 2.7, 3.2, 3.7 mmol/L); HDL quintiles (1.1, 1.3, 1.5, 1.8 
mmol/L); triglycerides quintiles (0.5, 0.7, 1, 1.4 mmol/L). Model 2 (multivariate): Model 1 + ethnicity (S1 
Appendix). 
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DISCUSSION 

We found that small glycocalyx size as defined by highest PBR was most strongly associated with 

older age, female sex, higher diastolic blood pressure, lower BMI, and diabetes. Of these 

associations, only those with sex and diabetes were statistically significant after correcting for 

possible confounders such as age, diastolic blood pressure, and BMI. These results are partly 

consistent with previous studies, which observed that diabetes was related to highest PBR5, 10. 

Both lower BMI and female sex have not been shown to be related to highest PBR: this is 

unexpected, since they are known to be inversely related to atherosclerotic disease. Although we 

observed slight ethnic differences, they did not confound the results. Finally, highest PBR was not 

associated with overall prevalent cardiovascular disease, coronary heart disease and 

revascularization procedures, or stroke. 

Previous studies using the PBR to estimate glycocalyx size failed to show consistent associations 

between glycocalyx size and risk factors for atherosclerosis. In the study by Amraoui (2014) on 

150 individuals, glycocalyx size was not associated with any vascular risk factor4. Gu et al. (2015) 

studied 726 individuals and standardized the PBR by haematocrit, pulse rate and perfused 

capillary density7. In this analysis, small glycocalyx size was associated with lower BMI, lower mean 

arterial pressure, and lower diastolic blood pressure, which is also in contrast with what would be 

expected concerning cardiovascular disease. The authors speculate that a higher vascular risk 

profile is associated with functional recruitment of capillaries with preserved glycocalyx. While our 

findings do not match those of this study, when the PBR is modelled as a continuous variable, 

increasing systolic blood pressure shows an independent association with lower PBR, all other 

results remaining unchanged (S1 Appendix). An association of PBR as a continuous variable with 

systolic blood pressure as well as markers of cardiac function has been reported in untreated 

hypertensives22.  

The observed association of highest PBR with age and to a lesser extent with female sex has not 

been reported previously. In particular, the association of highest PBR with female sex does not 

fit the hypothesis that a small glycocalyx size reflects higher cardiovascular risk. Others have 

suggested that glycocalyx size as estimated by the PBR should be standardized for haematocrit, 

since an association higher haematocrit and lower PBR has been observed that may in part 

explain the observed association with sex and age4, 7.  

The association between diabetes and highest PBR has been reported by Groen et al., in which a 

small sample of individuals with diabetes had a higher PBR than healthy controls10. This finding 

and ours are consistent with the existing hypotheses that a hyperglycaemic state reduces 

glycocalyx size23, 24 and with a previous study that reported that glycocalyx size, estimated by a 

method similar to the PBR, was smaller among diabetes 2 patients than healthy controls5. 

Nevertheless, a small-scale observational study by Amraoui et al. was unable to show a 

relationship between PBR-estimated small glycocalyx size and diabetes4, while a larger-scale 
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observational study by Gu et al. found no association between the Framingham risk score–that 

includes diabetes–or fasting blood glucose. These results could derive from insufficient power, or 

by the fact that in the study by Gu et al., the PBR was standardized by capillary density, which the 

authors report to be inversely associated with the PBR. Since diabetes has been reported to be 

associated with a decrease in capillary density10, 25, this standardization may have obscured the 

association between diabetes and small glycocalyx size. An association between PBR-estimated 

glycocalyx size and cardiovascular disease has been suggested by the observation that glycocalyx 

size is smaller in patients with premature atherosclerosis and their first-degree relatives compared 

to healthy controls6, and by a recent report ofan association of glycocalyx size with arterial wall 

lesions and history of both ischemic heart disease and cerebral disease in a selected sample9. 

However, most other studies in larger samples found no such associations for ischemic stroke8 or 

history of vascular disease4, 7. Therefore, while glycocalyx size might be reduced in individuals with 

premature atherosclerosis and their families, this is not evident in subjects with vascular disease 

from the general population. 

In combination with the findings of previous studies that investigated the PBR, our findings raise 

the question of whether the PBR is a viable indicator ofglycocalyx size or quality. First, while animal 

studies and human studies conducted with other validated techniques did find associations 

between glycocalyx size and vascular risk or vascular disease24, 26–28, most studies using the PBR 

have failed to do so. On the other hand, the best derivative of the PBR, the outward displacement 

of erythrocytes as an estimate of glycocalyx size, has been validated on animal in vivo studies, 

intravital microscopy, a commonly accepted gold standard method for the measurement of the 

glycocalyx size. In particular, the PBR was validated in a mouse study that showed how outward 

radial displacement of circulating RBCs significantly increased after experimental glycocalyx 

degradation via hyaluronidase20. The most important difference between the two measurements 

is that in the animal in vivo study the RBC-EC gap was visualized and represented the border ofthe 

endothelial wall, while in our method the PBR relies on an estimation of this position. The second 

question of whether the PBR is a viable indicator of the glycocalyx, follows from the fact that, even 

if the PBR is associated with the glycocalyx size, the resolution might be too low, or it might be 

significantly affected by other aspects of microvascular function. Indeed, the validation ofthe RBC-

EC gap was conducted by experimentally degrading the glycocalyx, which might produce an 

impairment of its size and function significantly greater than those produced by the process of 

atherosclerosis in a relatively healthy human population studied observationally. Finally, one 

might question the reproducibility of the PBR measurement. This was investigated in another 

study by our research group29 in which we found that the reproducibility of the PBR method for 

two single measurements in clinically homogeneous samples is poor, with an estimated Intraclass 

Correlation Coefficient lower than 0.50 for both intra-observer and inter-observer reproducibility, 

suggesting that a sample size in excess of 1,000 would be necessary to reach statistical 

significance for paired PBR differences. Based on this, our study has sufficient power, but the 

observed differences may not be biologically relevant. An alternative interpretation ofthe 
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inconsistency in the published findings is that, even if the PBR is accepted as a viable indicator of 

endothelial dysfunction, it only displays an association with vascular disease in selected samples 

of patients with advanced vascular or renal disease, but not in relatively healthy samples from the 

general population. 

A number of limitations apply to this study. First, because the analysis is cross-sectional, we 

cannot infer that the associations are causal. Second, previous studies determined the PBR more 

than once per participant7 or in several sublingual locations4, while we only determined it once 

per participant and only in as many locations as necessary to obtain enough video frames for the 

PBR calculation. On the other hand, our PBR values are comparable to those reported in previous 

studies. Third, our outcomes of interest (coronary heart disease and stroke) were self-reported 

rather than based on medical records. This might have led to misclassification. On the other hand, 

questionnaires in HELIUS were completed with the help of a trained interviewer in a considerable 

proportion of the non-Dutch ethnicities, ranging from 27% ofthe Surinamese to 40% ofthe 

Ghanaians. We assume that any misclassification will only lead to a dilution of the effect, since 

self-reported cardiovascular disease in similar populations have been shown to have low 

sensitivity but high specificity, leading to false negatives rather than false positives30, 31. Fourth, 

in our study it was not possible to measure haematocrit and test its association with the PBR as 

done in previous studies. Our study has several important strengths. First, this is the largest study 

that has investigated the association ofthe PBR with vascular risk factors and vascular disease. 

Second, we used a sound and comprehensive statistical method with multiple imputation for 

missing values to identify the combination of risk factors best representing a small glycocalyx as 

identified by highest PBR. Third, the multi-ethnic composition of the study sample resulted in a 

large spectrum ofpossible PBR, risk factors and cardiovascular diseases. In conclusion, a PBR-

estimated small glycocalyx size is cross-sectionally related to female sex and diabetes 

independent of ethnic background. There is no relationship between PBR estimated glycocalyx 

size and prevalent cardiovascular disease. 
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SUPPORTING INFORMATION 

SS1 Appendix. Supplementary information. (DOCX)  

S2 Appendix. Parameters and measurement procedure. Supplementary information regarding the 

calculation of the SDF-derived microcirculation parameters Vascular Density, Red Blood Cell 

Filling, and Perfused Boundary Region and the measurement procedure in the HELIUS study. 

(DOCX) 
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SUPPLEMENTARY MATERIAL 

TTable S1. Effect size of ethnicity in Model 2 of the logistic regression of the association 
between risk factors for atherosclerosis and highest PBR. 

N = 66169 
Outcome: highest PBR quartile  
(smallest glycocalyx size)  

  

Model  OR ((95% CI)) P--value  
Model 2 

  

Ethnicity   
Dutch (ref.) - - 
South-Asian Surinamese 0.65 (0.50,0.85) 0.002 
African Surinamese 1.23 (0.96,1.57) 0.095 
Ghanaians 0.93 (0.72,1.20) 0.589 
Turks 0.69 (0.54,0.88) 0.002 
Moroccans 0.51 (0.40,0.66) 0.000 
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TTable S2. Effect size of ethnicity in Model 2 of the logistic regression of the association 
between highest PBR and cardiovascular disease outcomes. 

N = 6169  
Outcome:  
highest PBR quartile  
(smallest glycocalyx 
ssize) 

Cardiovascular  
disease 

Coronary heart disease  
and revascularization 

procedures 
Stroke 

Model  OR (95% CI)  P  OR (95% CI)  P  OR (95% CI)  P  

Model 2       

Ethnicity       

Dutch (ref.) - -     
South-Asian Surinamese 2.14 (1.32,3.47) 0.002 2.85 (1.53,5.32) 0.001 1.32 (0.66,2.63) 0.437 
African Surinamese 1.06 (0.60,1.86) 0.851 1.12 (0.53,2.37) 0.763 1.02 (0.48,2.20) 0.957 
Ghanaians 1.83 (1.06,3.15) 0.029 2.62 (1.31,5.21) 0.006 0.95 (0.42,2.14) 0.906 
Turks 2.18 (1.32,3.61) 0.002 3.79 (2.01,7.16) 0.000 0.70 (0.32,1.55) 0.376 
Moroccans 0.89 (0.51,1.57) 0.692 1.56 (0.78,3.13) 0.212 0.41 (0.16,1.02) 0.056 
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TTable S3. Distribution of variables in patients with missing and not missing Perfused 
Boundary Region in the original data.  

N=6,169  PBR not missing  PBR missing  
col. %s  N=5,138 (83.3%)  N=1,031 (16.7%)  
Male, n (%): 2145 (41.7) 466 (45.2)* 
Age, years 43.5 ±13.0 44.3 ± 13.0* 
Hypertension, n (%): 1545 (30.2) 303 (29.5) 
Systolic blood pressure, mmHg 127.9 ±17.5 127.8 ±17.6 
Diastolic blood pressure, mmHg 78.9 ±10.7 78.9 ±10.5 
On antihypertensive agents, n (%): 807 (15.7) 176 (17.1) 
Blood pressure in those treated:   

     Systolic blood pressure, mmHg 140.9 ±17.6 140.5 ±17.7 
     Diastolic blood pressure, mmHg 84.3 ±10.5 85.2 ±10.3* 
Blood pressure in those untreated:   

     Systolic blood pressure, mmHg 125.4 ±16.4 125.2 ±16.4 
     Diastolic blood pressure, mmHg 77.9 ±10.5 77.6 ±10.1* 
BMI, m/kg2 27.4 ±5.3 26.9 ±5.2* 
Waist circumference, cm 92.8 ±13.4 91.7 ±12.7* 
Diabetes, n (%): 470 (9.1) 95 (9.2) 
Dyslipidemia, n (%): 1157 (22.5) 225 (21.8) 
LDL, mmol/L 3.00 ±0.89 3.01 ±0.93 
HDL, mmol/L 1.43 ±0.41 1.44 ±0.44 
On lipid-lowering agents, n (%): 507 (9.9) 98 (9.5) 
Blood lipids in those treated:   

   LDL, mmol/L 2.49 ±0.90 2.46 ±0.88 
   HDL, mmol/L 1.28 ±0.37 1.41 ±0.56* 
   Triglycerides, mmol/L 1.30 ±0.86 1.18 ±0.72* 
Blood lipids in those untreated:   

   LDL, mmol/L 3.05 ±0.88 3.06 ±0.91 
   HDL, mmol/L 1.45 ±0.41 1.44 ±0.42 
   Triglycerides, mmol/L 0.97 ±0.68 0.99 ±0.68* 
Smoker, n (%) 1074 (21) 281 (27.3)* 
Ethnicity   

   Dutch, n (%) 736 (14.3) 197 (19.1)* 
   South-Asian Surinamese, n (%) 904 (17.6) 166 (16.1) 
   African Surinamese, n (%) 658 (12.8) 135 (13.1) 
   Ghanaians, n (%) 773 (15) 165 (16) 
   Turks, n (%) 980 (19.1) 214 (20.8) 
   Moroccans, n (%) 1087 (21.2) 154 (14.9)* 
CVD, n (%) 265 (5.2) 51 (5.1) 
Coronary or peripheral vascular disease, n (%)  194 (3.8) 35 (3.5) 
Stroke, n (%) 89 (1.7) 16 (1.6) 

Continuous data are presented as mean ± SD; categorical data are presented as frequency (%).  
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*Statistically significant difference for p < 0.05 for a t-test for continuous variables and a chi-square test for 
categorical variables. 
 

FFigure S1. Distribution of the PBR in the subjects with non-missing PBR in the original data and in 

the 10 imputed datasets.  
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TTable S4. Logistic regression for the association between risk factors for atherosclerosis and 

highest PBR in the complete case analysis dataset (N = 4,960). 

Outcome: highest PBR quartile (N = 1, 240)  
Model 1  OR (95% CI)  P--value  

Male sex 0.64 (0.54-0.74) 0.000 
Age (higher quartile, years) 1.09 (1.03-1.15) 0.003 
Systolic blood pressure (higher quartile, mmHg) 0.94 (0.87-1.01) 0.096 
Diastolic blood pressure (higher quartile, mmHg) 1.07 (1-1.15) 0.048 
BMI (higher quartile, kg/m2) 0.96 (0.91-1.01) 0.129 
LDL (higher quartile, mmol/L) 1.02 (0.97-1.08) 0.381 
HDL (higher quartile, mmol/L) 0.98 (0.92-1.03) 0.391 
Triglycerides (higher quartile, mmol/L) 0.95 (0.89-1) 0.056 
Diabetes 1.29 (0.99-1.68) 0.054 
Smoker 0.97 (0.82-1.15) 0.742 
On antihypertensive agents 1.12 (0.91-1.38) 0.280 
On lipid-lowering agents 0.78 (0.59-1.02) 0.074 
Model 2 
Male sex 0.62 (0.53-0.73) 0.000 
Age (higher quartile, years) 1.06 (1-1.12) 0.046 
Systolic blood pressure (higher quartile, mmHg) 0.93 (0.86-1.00) 0.042 
Diastolic blood pressure (higher quartile, mmHg) 1.04 (0.97-1.12) 0.302 
BMI (higher quartile, kg/m2) 0.98 (0.93-1.04) 0.510 
LDL (higher quartile, mmol/L) 1.02 (0.97-1.07) 0.492 
HDL (higher quartile, mmol/L) 0.94 (0.88-0.99) 0.029 
Triglycerides (higher quartile, mmol/L) 0.98 (0.92-1.04) 0.514 
Diabetes 1.41 (1.08-1.83) 0.011 
Smoker 0.9 (0.76-1.07) 0.252 
On antihypertensive agents 1.03 (0.83-1.27) 0.782 
On lipid-lowering agents 0.83 (0.63-1.10) 0.208 
Ethnicity   
   Dutch (ref.) - - 
   South-Asian Surinamese 0.61 (0.48,0.77) 0.000 
   African Surinamese 1.21 (0.95,1.53) 0.126 
   Ghanaians 0.92 (0.72,1.18) 0.519 
   Turks 0.64 (0.50,0.81) 0.000 
   Moroccans 0.49 (0.39,0.62) 0.000 

In model 1 (multivariate): age quintiles (30, 41, 48, 55 years); systolic blood pressure quintiles (113.5, 
121.5, 129.5, 141 mmHg); diastolic blood pressure quintiles (69.5, 75.5, 80.5, 87.5 mmHg); BMI quintiles 
(22.9, 25.5, 28.0, 31.4 kg/m2); LDL quintiles (2.2, 2.7, 3.2, 3.7 mmol/L); HDL quintiles (1.1, 1.3, 1.5, 1.8 
mmol/L); triglycerides quintiles (0.5, 0.7, 1.0, 1.3 mmol/L).  Model 2 (multivariate): Model 1 + ethnicity.  
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TTable S5. Logistic regression on the association between PBR and cardiovascular disease in the 

complete case analysis dataset (N = 4,960) 
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Model 1: univariate. Model 2: multivariate. Age quintiles (30, 41, 48, 55 years); systolic blood pressure 
quintiles (113.5, 121.5, 129.5, 141 mmHg); diastolic blood pressure quintiles (69.5, 75.5, 80.5, 87.5 
mmHg); BMI quintiles (22.9, 25.5, 28.0, 31.4 kg/m2); LDL quintiles (2.2, 2.7, 3.2, 3.7 mmol/L); HDL quintiles 
(1.1, 1.3, 1.5, 1.8 mmol/L); triglycerides quintiles (0.5, 0.7, 1.0, 1.3 mmol/L).   
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ABSTRACT 

BBackground. Changes in the microcirculation may be used as a surrogate outcome in 

studies on cardiovascular disease. We assessed the reliability characteristics of the 

sublingual microcirculation parameters Vascular Density (VD), Red Blood Cell Filling 

(RBCF), and Perfused Boundary Region (PBR) as obtained by sidestream darkfield 

imaging. 

Methods. For each of the three parameters, the variance components of measurement, 

the Intraclass Correlation Coefficient (ICC), the Standard Error of Measurement, and 

the limits of agreement were estimated for the intra-rater setting (N=50) and the inter-

rater setting (N=48). Subsequently, as a proof of concept, the reliability measures were 

used for a power analysis to design studies to evaluate the effect of acute stimuli – i.e. 

having a meal (N=50) and cigarette smoking (N=21) on the three parameters.  

Results. Reproducibility was poor for all three parameters. The intra-rater ICC for 2 

measurements was 0.28 (95% CI: 0.04, 0.53) for the VD, 0.51 (95% CI: 0.27, 0.69) for 

the RBCF, and 0.33 (95% CI: 0.08-0.56) for the PBR. The standard errors of 

measurement and the limits of agreement for all three parameters were larger than 

most statistically significant intra-individual or inter-individual differences reported in 

previous studies. The proofs of concept showed that sample sizes in excess of 600 

subjects are necessary to reach statistical significance for the observed effects of 

having a meal or smoking on VD and PBR.  

Conclusions. The reliability of the three sublingual microcirculation parameters in their 

current form appears to be low and a large sample size is advisable for their use in 

conditions similar to those we describe.  
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INTRODUCTION 

Longitudinal investigation of cardiovascular disease is time-expensive and requires 

large groups of participants. In the search for reliable surrogate markers of disease, 

microcirculation has been proposed as a candidate target. For this purpose, the 

Sidestream Dark Field1 video recordings are increasingly used to measure the 

sublingual microcirculation in the general population, after measurements conducted 

using its precursor, Orthogonal Polarization Spectral imaging, had been suggested to 

be of prognostic relevance in critically ill patient populations2. The parameters used 

include two markers of microvascular perfusion, the Vascular Density (VD)3-5 and the 

Red Blood Cell Filling percentage (RBCF)5, and an indicator of the endothelial surface 

layer usually referred to as the glycocalyx, the Perfused Boundary Region (PBR)6. Since 

they can be obtained from a non-invasive, fast, and semi-automated procedure, these 

parameters have been considered markers of vascular damage with potential 

diagnostic, prognostic, and therapeutic values4,7,8. However, subsequent studies did 

not yield consistent results. In particular, the association of these parameters with the 

risk factors for atherosclerosis has been confirmed by some studies4,9 and disputed by 

others10. In order to better determine whether the correlations reported for a 

biomedical parameter are true or spurious11, knowing how reliable they are is of 

paramount importance. In particular, it allows researchers to calculate an adequate 

sample size for future studies12 which is necessary to apply this method in clinical 

practice13. We approached this matter in two ways: First, we calculated the 

contributions of different sources of variation to the total variability of the 

measurements; second, we calculated parameters of measurement error, which helps 

to determine the clinical applicability of research findings obtained under comparable 

conditions14. We then performed two experimental proofs of concept to use the 

reliability parameters for sample size calculation.   

PATIENTS AND METHODS  

Study samples 

Our studies were performed in four different samples, totalling 169 individuals. Three 

of these four samples were drawn from the HELIUS (Healthy Life in an Urban Setting) 

study, a study on health among six ethnic groups15; the fourth sample consisted of 

healthy volunteers. The first part of our analysis, the reproducibility study, was 
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performed in three samples (two of the HELIUS samples and the healthy volunteers 

sample) and the second part of our analysis, the experimental proof of concept study, 

was performed in two samples (the third of the HELIUS samples and the healthy 

volunteers sample). The clinical features of the participants are reported in Table 1.  
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RReproducibility studies 

The reproducibility studies consisted of an intra-rater reliability analysis and an inter-

rater reliability analysis. Intra-rater reliability was investigated in 2 separate studies: the 

first used 2 measurements spaced 1 minute apart (N=50, 48% male, mean age 42.9 

±12.2 years), the second used 6 measurements spaced 3 minutes apart (N=21, 100% 

male, mean age 28±3.3 years). Inter-rater reliability was investigated in one study, in 

which five different raters performed the measurements. This was done in four groups 

of 12 subjects each (N=48, 42% male, mean age 44.7±12.8 years). In each group, 

each subject was measured twice, by the first rater and by one of the other four raters; 

the second measurement began one minute after the end of the first measurement, 

and between the two measurements, the participant remained seated and was not 

allowed to stand up. The two measurements were then compared.  

Proof of concept studies 

Two additional analyses were performed as proofs of concept for the use of the 

reproducibility parameters in determining the sample size necessary to reach statistical 

significance in a clinically relevant hypothesis. The endothelial glycocalyx, one of the 

parameters for whose assessment the microvascular circulation parameters are used, 

has been found to react to acute stimuli when investigated using other techniques16, 

17. Because other stimuli known to acutely affect systemic endothelial function include 

eating a meal18 and smoking cigarettes19, 20, we designed two proof of concept studies 

focusing on the effect of these two stimuli on the sublingual microcirculation. In the first 

study, the effect of a standard meal on the parameters was studied in 50 participants 

(54% male, mean age 40.4 ±12.3 years). The first measurement was carried out 

between 8:00 and 10:00 after participants had been fasting for 8 to 12 hours and 

undergone one hour of standard non-invasive biometrical measurements in the setting 

of the HELIUS study. They then underwent blood withdrawal and consumed a standard 

meal including 200 mL orange juice (84 kcal), 30 g cream cheese crackers (145 kcal) 

and one Dutch krentenbol (sweet bun, 150 kcal), for a total of approximately 390 kcal. 

The second measurement took place after further 45 minutes of non-invasive physical 

examination and, therefore, approximately 60 minutes after the first measurement.  

In the second study, the effect of cigarette smoking on the microvascular circulation 

was studied in the sample of 21 male self-reported non-smokers (mean age 28 ±3.3 

years), by conducting measurements 5 minutes before and after they smoked two 

cigarettes marketed as non-light, with all measurement carried out under conditions 

comparable to those of the HELIUS study (between 8:00 and 10:00, after 8 to 12 hours 
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fasting, on a phlebotomy chair, and using the Standardized Operating Procedure of the 

HELIUS study; additional information in the Supplementary Data File S2) except for 

being conducted at the University of Amsterdam Academic Medical Centre rather than 

at a HELIUS study research location and not being preceded by additional biometrical 

measurements. 

MMeasurement of the sublingual microvascular parameters 

The measurement procedure and the calculation of the sublingual microvascular 

parameters here have been described in detail elsewhere5, 6. In short, the probe of a 

hand-held sidestream darkfield (SDF) videomicroscope (MicroVision Medical Inc., 

Wallingford, PA) is placed on the sublingual mucosa of the subject for approximately 2 

minutes to obtain video recordings of the sublingual microvasculature. Subsequently, 

an analysis software (GlycoCheck™ ICU, Glycocheck BV, Maastricht, the Netherlands) 

automatically calculates the sublingual microcirculation parameters, such as vascular 

density (VD), red blood cell filling (RBCF), and perfused boundary region (PBR).  

The VD is the length of identified microvessels expressed in μm per square millimeter 

and calculated from counting the 10 μm long vascular segments identified in each 

frame. A reduced VD is considered to reflect vascular endothelial damage and an 

atheroprone risk profile5. The RBCF is the proportion in which the red blood cells fill the 

10 μm vascular segments. It has also been associated with endothelial damage and 

an atherogenic risk profile5. Finally, the PBR is represented by the lateral movement of 

the erythrocyte and therefore the space of the vessel that is not occupied by the 

erythrocyte, assumed to represent the glycocalyx. Measured in μm, an increased PBR 

reflects increased erythrocyte penetration into the glycocalyx and is considered to be 

associated with damaged glycocalyx structure or function and, possibly, an atherogenic 

risk profile3,4,9. The derivation of all three parameters from a single video recording of 

the sublingual microcirculation is summarized in Figure 1. Additional information on the 

data collection in the HELIUS study is available in the Supplementary Data File S2 and 

in an excerpt from the internal Standard Operating Procedure of the measurement of 

sublingual parameters in the HELIUS study.   
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FFigure 1. Derivation of Vascular Density, Red Blood Cell Filling, and Perfused 
Boundary Region from video recordings of the sublingual microcirculation. 

(A) The Vascular Density is estimated by the total length of the vessels identified in the recorded 
area. Automatically identified vessels are marked by transversal markers placed at intervals of 
10 μm longitudinally along the course of the vessel; each marker therefore contributes 10 μm to 
the total length.  
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(B) The Red Blood Cell Filling is the proportion of 21 markers (the above main marker and 20 
micromarkers placed at 0.5 μm intervals, 10 at either side of the main marker) occupied by Red 
Blood Cells across all frames of the video recording. 

(C) The Perfused Boundary Region is the width of the superficial component of the endothelial 
glycocalyx permeable to Red Blood Cells, estimated by collecting the measured widths of the 
flowing Red Blood Cell column at each main marker over all recording frames, linearly 
extrapolating the width of the overall RBC permeable lumen from the 50th (median RBC column 
width) and the 75th percentiles of the distribution of measured widths, and subtracting the 
median RBC column width from the width of the overall RBC permeable lumen.   

SStatistical Analysis 

In all studies, analyses were conducted for each of the three different microvascular 

parameters and results reported according to the GRRAS guidelines16. 

In the reproducibility studies, the following analyses were performed for both intra-rater 

reliability studies and the inter-rater reliability studies. First, we attempted to 

decompose the observed variance of the microvascular parameters into variance 

components due to true differences between participants, variance due to differences 

between or within raters and residual variance (due to unknown factors). These 

variance components and the presence of systematic differences between sequential 

measurements were studied using a mixed effects linear regression model, in which 

the sequence of the measurements was a fixed effect, the sources of variation to be 

attributed to participants a random effect. The higher the variance component due to 

(true) differences between subjects, the more reliable is the measurement.  

Second, two parameters were calculated from this model: the Intraclass Correlation 

Coefficient (ICC), defined as the proportion of the total observed variance originating 

from differences between subjects14, with an ICC value of at least 0.7 considered 

adequate17; and the Standard Error of Measurement (SEM), defined in this study as the 

square root of the observed residual variance, interpretable as the error to be expected 

when a measurement is conducted repeatedly on the same subject. Third, a Bland-

Altman plot was generated to visually evaluate the presence of interaction between the 

estimated true value and either the difference between second and first measurement 

or the spread of observed values around the estimated true value. The smaller the 

spread and the lower the evidence for interaction, the better the agreement between 

two measurements. The Bland-Altman plot can explain a low ICC. Lastly, the upper and 

lower limits of agreement according to Bland-Altman were calculated, which represent 

the minimal positive or negative difference between repeated measurements in a 
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subject that can be considered to reflect true differences between values with 95% 

confidence (S1 Figure). 

In the proofs of concept, the effect of an acute stimulus on the microvascular 

parameters was studied using a two-sided t-test for paired samples after visually 

verifying the parameters were normally distributed. Subsequently, the sample size 

needed for the observed differences to reach statistical significance was calculated 

based on the variance components obtained from the intra-rater reliability study18. Two-

sided p values of less than .05 were considered significant. All analyses were performed 

using R version 3.3.3 (The R Foundation for Statistical Computing, 2017) and packages 

lme4 version 1.1.17 and lmerTest version 3.0.1; plots were generated using R package 

ggplot2 version 3.0.0.  

IInformed consent 

Written informed consent was obtained from all subjects included in the study, the 

study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki 

and had been priorly approved by the Ethical Review Board of the Academic Medical 

Centre of the University of Amsterdam (Protocol ID NL32251.018.10, approval number 

10/100# 10.17.1729). 

RESULTS 

The results of the reproducibility analyses are shown in Table 2. The Bland-Altman plots 

for the best researched parameter, the PBR, are shown in Figure 2; those for the RBCF 

and the VD are shown in S2 Figure.  
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IIntra-rater reproducibility 

The intra-rater reproducibility of two measurements one minute apart was poor for all 

three parameters. The ICC was lowest for the VD and the PBR (respectively, 0.28, 95% 

CI 0.04, 0.53; and 0.33, 95% CI 0.08, 0.56). The point estimate of the ICC of the RBCF 

was slightly higher (0.51, 95% CI 0.27, 0.69). 

For all three parameters, the Bland-Altman plots did not suggest the presence of 

interaction between the estimated true value and the difference between 

measurements or the random error. This means that the reproducibility is not affected 

by extremely low or extremely high values of the PBR, RBCF, and VD, and that all 

measures are equally poorly reproducible across their range of values (Figure 2; S2 

Figure).  

The intra-rater reproducibility for 6 measurements yielded similar results 

(Supplementary Data File S1). 
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FFig 2. Intra-rater and inter-rater scatter plots and Bland-Altman plots for the 
PBR.  

 

(A) Scatter plot of the intra-rater PBR data. (B) Bland-Altman plot of the inter-rater PBR data. (C) 
Scatter plot of the inter-rater PBR data. (B) Bland-Altman plot of the inter-rater PBR data.   
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IInter-rater reproducibility 

The inter-rater reproducibility of two measurements was poor for all three parameters. 

The ICC for the VD and the PBR was similar to that in the intra-rater setting (respectively, 

0.26, 95% CI 0.03, 0.50; and 0.26, 95% CI 0.01, 0.51). The ICC of the RBCF was 

extremely low (0.03, 95% CI 0.00, 0.32). In all three parameters, a significant difference 

was seen between the first and the second measurement, independent of the rater, 

meaning that repeated measurements tended to consistently produce different 

readings. In particular: the VD and the RBCF tended to be higher in the second 

measurement than the first measurement (122, 95% CI -2, 213; and 3.5, 95% CI 1, 

5.9, respectively), whereas the PBR tended to be lower in the second measurement 

than the first measurement (-0.15, 95% CI: -0.25, -0.01). The inter-rater reproducibility 

for 6 measurements showed ICCs similar to the above and no evidence of a consistent 

sequence effect, suggesting that the readings do not consistently increase or decrease 

across 6 measurements (S2 Table). 

For all three parameters, the Bland-Altman plots did not suggest the presence of 

interaction between the estimated true value and the difference between 

measurements or the random error (Figure 2 and S2 Table), suggesting that the above 

reliability features are consistent across their range of values. 

Proofs of concept 

The results of the proof of concept studies are presented in Table 3. The observed effect 

sizes suggested that a meal might increase VD, decrease RBCF, and decrease the PBR, 

whereas smoking two cigarettes might increase VD, decrease RBCF, and increase the 

PBR. In neither study did the before-after difference for any of the three parameters 

reach statistical significance.  

Because in these studies two measurements per subject were done by the same 

rater/researcher, the variance obtained in the intra-rater reproducibility study for 2 

measurements was used to calculate the minimum sample size needed to obtain 

statistical significance for the observed estimated differences. For the study on the 

effect of a meal, the sample size ranged from 748 to 1481 depending on the 

microvascular parameter used. 

Additional information is included in the Supplementary Data File S1.  
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DISCUSSION 

Under our testing conditions, the sublingual microcirculation parameters VD, RBCF, and 

PBR display poor reproducibility, that seems to originate from poor correlation between 

measurements on the same subject and high residual variance over the whole range 

of values rather than association between the true value and either variance or the 

difference between repeated measurements (Figure S1). 

Our analyses were performed on several samples and attempted to replicate conditions 

common in both clinical practice and clinical research, seeking to provide an insight 

into their applicability to both settings.  

Several considerations can be made about the implications of our findings on the 

interpretation of measurements based these parameters. First, their measurement 

error suggests that caution should be exerted when attempting to detect clinically 

relevant intra-individual differences or classify patients into clinically different groups. 

In particular, the SEM of the best investigated parameter, the PBR, was 0.18 μm for the 

intra-rater setting and 0.20 μm for the inter-rater setting. These values are very close 

to all statistically significant differences in PBR between clinically different groups of 

patients reported by previous studies: these differences range from 0.2 μm for the 

difference between patients with premature cardiovascular disease and healthy 

controls reported by Mulders et al.9 to the difference of 0.3 μm between dialysis 

patients and healthy controls reported by Vlahu et al.19 It therefore seems unlikely that 

such differences could be detected when measuring the PBR on a single patient in a 

clinical setting. Second, the parameter readings seem to be somewhat affected by the 

order of the measurements. Third, using several measurements by different raters does 

not affect the reproducibility significantly compared to using several measurements by 

the same rater.  

Another important consideration concerns the use of these parameters in research 

studies. Our results show that very large samples would be needed to achieve statistical 

significance. Since the probability of finding false correlations with large sample sizes 

is extremely high even when using parameters with moderate to high reproducibility, 

particular care should be taken when determining whether any reported correlations 

involving these parameters reflect true biological differences. This could explain why so 

much variation has been reported in published studies using these parameters and 

why their outcomes do not seem to be reproducible.  

To the best of our knowledge, this is the first study to systematically evaluate the 

reproducibility of these parameters. Interestingly, a number of studies have assessed 
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the reproducibility of parameters describing vascular density defined and calculated 

semi-automatically but still based on SDF imaging, and found better reproducibility. A 

study by Petersen et al. on the cerebral microcirculation of piglets under experimental 

conditions has reported ICCs above 0.8 for the intra-rater reproducibility of two 

parameters describing vascular density20, which suggests that SDF imaging can provide 

reproducible parameters under experimental, well-controlled conditions. The need to 

standardize such conditions, however, confirms that this technology might be more 

suitable for scientific research than clinical application. Moreover, a study by Hubble et 

al. assessing the variability across several conditions of a semi-automated method of 

estimating vascular density from SDF video recordings has concluded that the 

estimated density can vary for up to over 50% depending on the sublingual location 

used for measurement, and that this variation increases as vessel size increases 21. 

This suggests that reproducibility might be increased by parameters or investigations 

focusing on smaller vessels, such as proper capillaries (≤10 μm).  

A number of limitations apply to our study. First, the conclusions of a reproducibility 

study can only be applied to populations with the same features as that in which the 

reproducibility parameters were estimated. In our case, subjects were partly healthy 

volunteers and partly participants drawn from the HELIUS study. While the HELIUS study 

population is ethnically diverse, it only includes individuals aged 18 to 70 and is not 

selected based on specific health profiles15,22. Since parameters with comparable 

definition have been reported to have prognostic value in critically ill patients2, it is 

possible that such parameters only display clinically relevant and reproducible changes 

in that selected population, but not in a relatively healthy population. Second, in our 

studies we used Microvision videomicroscopes. Other videomicroscopes have been 

used in combination with the Glycocheck™ software to estimate the sublingual 

microcirculation parameters we studied. If measurements obtained from different 

videomicroscopes are not be comparable to each other, this might have affected our 

findings. In particular, image acquisition stabilization might reduce the accuracy of SDF 

measurement techniques2, and standardizing the measurement procedure might not 

be sufficient to control it in a clinical setting; the use of an image acquisition stabilizer 

might therefore be necessary23. Third, we did not control for environmental 

temperature, temperature at the tip at the camera, or participant body temperature 

(including fever). A vascular reaction to temperature variations might have increased 

the moment-to-moment variability of microvascular function, thus reducing 

reproducibility.  

In conclusion, the Sidestream Darkfield-derived sublingual microcirculation parameters 

seem poorly reproducible in their current form and under the conditions described in 
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the present study. Their reproducibility might be increased by restricting their use to 

selected populations such as the critically ill, redefining the parameters to only explore 

microvascular diameters in the anatomic capillary range, or improving the 

measurement procedure by using an image acquisition stabilizer and verifying the 

impact of videomicroscope specifics and temperature. When these parameters are 

used in a research setting, it may be advisable to use a large sample size. 
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SSupplementary Data File S1.  
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CCalculation of the required sample size. Example: application to the PBR in 
the proof of concept on the effect of a meal. 

The required sample size to detect the minimal difference between two groups can be 

calculated using the standard formula 24,25:  

� �
2

2

2
2

S
N Z Z �

� � �
� 	 
  

Where Z�  = 1.96 for an alpha error of 0.05, Z�  = 0.84 for a power of 0.80, �  is the 

minimal detectable difference in the measurement of interest and 2S�  the sum of the 

variances due to different measurement components.  

In our study, the sum of the variance components is the sum of two components: the 

variance due to measurement, which will be encountered twice and therefore 

multiplied by 2, and variance due to true differences between the situation before and 

after, which is also encountered twice, and therefore multiplied by 2. However, the 

components before and after are also correlated with each other, and their correlation 

coefficient is also considered in the calculation. Therefore,  

� � � �� �2 2 22 2 1measurement residualS S S r� � 
 	 �  

Example: application to the PBR in the proof of concept on the effect of a meal 

The sum of variances due to different measurement components is obtained by using 

the variances obtained in the mixed effects model from the intra-rater study, obtained 

from Table S1 (with precision to the third decimal figure, without rounding): 

2

2

0.031

0.015

0.333

measurement

residual

S
S
r

�

�

�

 

The minimal detectable difference �   is considered to be the before-after difference 

detected in our sample: therefore, -0.0343 mm (Table S1).  

Therefore,  
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� � � �� �
� � � �� �

2 2 22 2 1

2 0.031 2 0.015 1 0.333

0.0621 0.0305 (0.667)

0.0621 0.0203

0.0825

measurement residualS S S r� � 
 	 �

� 
 	 �

� 	 

� 	
�

 

Inserting these values into the original formula along with the z-values, we obtain the 

required sample size of 1107: 

� �
� �

2

2

0.0825
2 1.96 0.84 ;

0.0343

0.0825
2 7.84* ;

0.00117
15.7*70.5;

1107

N � 
 	 

�

� 


�
�

 

RReferences for the sample size calculation 

1. de Groot E, Zwinderman AH, van der Steen AF, Ackerstaff RG, Montauban van 
Swijndregt AD, Bom N, et al. Variance components analysis of carotid and femoral 
intima-media thickness measurements. REGRESS Study Group, Interuniversity 
Cardiology Institute of The Netherlands, Utrecht, The Netherlands. Regression Growth 
Evaluation Statin Study. Ultrasound Med Biol 1998;24:825-832. doi:  
2. Neter J., Wasserman W., Kutner MH. Applied linear statistical models. 3rd ed. 
Boston; 1990. 
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SSupplementary Data File S2.  

Supplementary information regarding the calculation of the SDF-derived 

microcirculation parameters Vascular Density, Red Blood Cell Filling, and Perfused 

Boundary Region and the measurement procedure in the HELIUS study.   

The measurement procedure and the calculation of the PBR have been described in 

detail elsewhere1, 2. In short, the probe of a hand-held sidestream darkfield (SDF) 

videomicroscope (MicroVision Medical Inc., Wallingford, PA), covered by a disposable 

cap, is placed on the sublingual mucosa of the subject for approximately 2 minutes to 

obtain video recordings of the sublingual microvasculature. Subsequently, an analysis 

software (GlycoCheck™ ICU, Glycocheck BV, Maastricht, the Netherlands) automatically 

calculates the sublingual microcirculation parameters within 5 minutes.  

Based on the detection of the haemoglobin contained in erythrocytes, the software 

selects vascular segments spaced 10 �m from each other. It then establishes 21 line 

markers within each vascular segment, spaced 0.5 �m from each other, and selects at 

least 3,000 vascular segments in which at least 11 of the 21 markers (52%) detect an 

erythrocyte in a single frame. This quality check is meant to minimise the impact of 

hematocrit on the parameters calculated subsequently. The number of 10 �m vascular 

segments that pass this check is used to calculate the first output parameter, the 

Vascular Density, defined as the microvascular length found to be perfused according 

to the above criterion, expressed in micron per square millimeter of sublingual surface 

explored by the videomicroscope. While some previous studies have used the term 

Capillary Density for this parameter3, 4 or similar ones5 we adopt the term Vascular 

Density because some of the microvessels in this range have too large a diameter to 

be anatomically defined as capillaries.  

In each of the selected vascular segments, for each of the 21 line markers, radial 

intensity profiles (width of the flowing erythrocyte column) are obtained in 40 frames, 

for a total of 840 intensity profiles per vascular segment. At this stage, a second quality 

check is performed, based on minimum RBC width, position of the column, and signal-

to-noise ratio. The line markers that pass this check are used to calculate the second 

output parameter, the Red Blood Cell Filling (RBCF), defined as the mean percentage 

of the line markers that detect erythrocytes over the 40 frames of the recording. 

Because each line marker is placed at the center of a 0.5 �m long longitudinal vascular 

segment, the RBCF can be interpreted as the proportion of the length of blood vessels 

that is occupied by erythrocytes over a short time duration.  
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Lastly, for each vascular segment, the distribution of the measured erythrocyte widths 

is plotted. For those vascular segments that pass a final check for the linearity of this 

distribution, e.g. an R-squared of at least 0.7 for the linear regression drawn from the 

25th and 75th percentiles, the estimated outer edge of the erythrocyte-perfused lumen 

is calculated by linear extrapolation of the 50th and the 75th percentile of the erythrocyte 

column width distribution. Then, the Perfused Boundary Region (PBR) is calculated as 

the difference (outer edge of the erythrocyte-perfused lumen) – (median erythrocyte 

column width), which is then divided by two because the PBR is present at both sides 

of the erythrocyte column. This parameter therefore measures the dynamic lateral 

erythrocyte movement into the glycocalyx in �m, and estimates the accessibility to 

erythrocytes of a superficial component of the glycocalyx which is erythrocyte-

permeable. The PBR is therefore inversely related to the glycocalyx size: if increased, it 

reflects a disturbance of the glycocalyx structure or function.  

Since the thickness of the glycocalyx is proportional to capillary diameter, recordings 

are made only on capillaries of diameter (as estimated by median erythrocyte column 

width) between 5 and 25 �m. Since the distribution of measured capillaries might vary 

per individual and per measurement location, a single median PBR per 1 �m – capillary 

diameter class is calculated, and the average of the resulting 26 PBRs is used as PBR 

for that subject. 

 

Image acquisition is semi-automated, as it requires the investigator to choose the 

sublingual location for the videomicroscope, and moving to a different location might 

be needed for the analysis software to collect enough frames for the calculation of the 

sublingual parameters. The calculation itself is fully automated and blinded to the 

investigator.  

Image acquisition in HELIUS study participants occurred at the same moment in the 

standard sequence of the physical examination of the HELIUS data collection. Physical 

examination took place in two locations in the city of Amsterdam using three devices 

provided by Glycocheck, BV. Each videomicroscope was calibrated daily around 8:00 

according to the manufacturer’s instructions. Participants had fasted and discontinued 

all medications for at least eight hours. They underwent the measurement of sublingual 

microcirculation parameters in the morning between 8:00 and 12:00 after a 60 

minutes history taking and non-invasive physical examination (body circumferences, 

weight and height, blood pressure using a sphygmomanometer, and 

electrocardiogram). They were in sitting position on a standard phlebotomy chair.  
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A Standardized Operating Procedure (SOP) specifically developed for sublingual 

microcirculation parameters in the HELIUS studies was then applied consistently by all 

researchers; the SOP included a training program that all researchers had to complete 

before using the device on study participants. In short, all participants received a 

description of how the device operated and were requested to relax prior to the 

measurement. The researcher then removed a new transparent plastic cap, provided 

by the manufacturer, from its slip case and placed it on the videomicroscope; 

introduced the videomicroscope under the participant’s tongue in close proximity to the 

frenulum linguae; started the automatic video recording, and progressively decreased 

the pressure exerted on the sublingual mucosa to the minimum necessary to keep the 

recording in focus (as monitored by the software), so as to allow erythrocytes to flow 

freely and minimize the patient’s discomfort. In each participant, the minimum number 

of sublingual locations necessary for the software to collect sufficient frames for PBR 

calculation was used; e.g., a single sublingual location was used unless the software 

indicated more frames were needed for PBR calculation, in which case the 

videomicroscope was moved to a second location until recording resumed, and kept 

still until the software closed the recording by signaling that the required number of 

frames had been reached. Using this procedure, recording time ranged between 1.30 

and 10 minutes. At the end of the recording, the plastic cap was discarded.  
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SSupplementary Data File S3.  

Comma-separated values dataset of all data used for the analysis in wide format.   
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intra_rater 178.038.841.010.399 172.759.923.138.476 83.7 80.9 970 966 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 20.519.190.552.241 185.035.496.571.378 73.7 83.4 642 816 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 194.401.049.052.312 23.450.423.926.577 72.9 67.9 639 574 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 198.413.633.664.757 208.715.386.160.117 78 75.5 799 602 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 200.759.868.867.988 192.673.620.296.712 74.7 78.4 671 1148 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 187.502.716.061.708 132.548.687.185.469 77.1 88 926 1232 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 192.177.189.564.743 194.379.888.110.019 75 73.4 696 909 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 172.486.292.747.185 159.769.265.852.311 80.1 80.3 829 882 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 167.397.227.450.522 211.365.815.556.152 80.8 78.3 1019 850 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 172.810.630.374.916 179.789.542.794.585 75.2 81 1104 1151 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 158.440.226.999.891 197.020.568.934.645 80.2 69.2 892 1023 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 164.751.016.376.653 213.734.776.716.809 74.9 65.3 955 673 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 162.672.318.223.785 194.453.674.118.156 80.8 69.6 923 723 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 230.443.086.511.861 181.108.890.949.293 71.1 74.6 662 597 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 178.573.147.377.003 16.715.957.642.215 75.3 79.1 697 739 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 192.579.029.166.568 16.360.826.048.368 65.4 81 438 1204 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 184.650.951.413.977 17.845.723.576.921 67.9 69 845 707 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 173.332.570.210.601 154.606.995.109.329 82.5 84.3 1075 1176 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 159.625.178.045.711 177.519.287.107.922 76.2 77.6 858 777 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 19.016.842.106.353 177.226.520.040.805 74 78.3 883 673 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 174.823.366.930.455 175.448.609.225.762 74.5 81.2 889 800 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 169.582.113.055.012 164.497.400.032.274 71.1 83.4 1173 1254 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 237.821.498.591.667 188.561.416.726.752 57.3 72.8 573 589 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 190.287.944.669.676 18.714.432.172.631 68.5 69.6 689 937 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 206.599.189.909.064 149.833.872.546.687 67.2 73.1 354 1032 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 171.566.279.635.397 17.486.923.570.516 72.3 77.8 755 1014 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 210.143.572.153.026 197.563.304.964.565 65 71.2 995 528 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 198.018.926.604.129 202.211.194.188.978 72.4 70.6 596 565 NA NA NA NA NA NA NA NA NA NA NA NA 



Reproducibility of sublingual microcirculation parameters 

108 

pre_post_meal 188.827.509.714.064 198.101.257.091.803 67.9 64.2 756 647 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 157.713.273.920.783 191.856.449.672.795 74.5 67.8 754 687 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 204.375.630.834.388 211.529.544.977.763 74 67.4 647 818 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 196.956.024.917.433 216.113.702.123.345 77.4 76.9 776 406 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 207.216.841.499.614 186.495.992.903.766 64.6 65.6 498 534 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 245.423.620.812.318 208.249.087.895.097 71.4 77.6 523 842 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 16.559.409.532.864 18.140.850.672.937 84.6 82.8 794 637 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 156.632.209.915.824 174.033.556.219.691 82.5 77.6 1190 683 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 192.559.367.430.585 180.522.705.189.898 75.4 78.7 499 994 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 197.405.008.534.813 171.242.369.753.576 72.3 77.7 1027 822 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 191.609.291.867.485 179.045.182.937.199 72.1 76.2 805 775 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 165.738.816.855.414 170.296.500.962.467 78.7 69.4 688 616 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 193.664.226.840.697 182.668.644.691.754 69.7 70.2 494 683 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 204.296.239.575.017 169.497.054.290.569 69.5 77.4 740 720 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 180.153.445.169.832 166.036.029.889.812 75 72.8 887 974 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 185.112.828.037.198 172.916.476.442.947 78.8 72.9 633 749 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 181.052.497.051.656 191.201.415.298.053 73.1 71.4 622 705 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 183.705.125.655.935 21.660.634.319.012 76 70.2 817 511 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 181.703.190.792.125 161.430.378.062.763 80.7 83.1 1046 1070 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 214.717.728.829.089 199.505.473.709.718 63.7 67.1 744 919 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 208.164.646.879.048 162.255.673.502.294 70.4 77.6 400 713 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 179.573.710.401.021 202.510.611.587.292 76.5 71.3 649 744 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 179.963.370.741.097 176.413.368.000.116 77.8 81.7 770 892 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 198.763.710.231.202 185.285.421.562.291 78 82.4 474 490 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 182.480.481.128.797 191.104.665.497.405 81.8 82.8 744 809 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 221.799.795.716.925 220.098.378.689.475 64.1 77.7 681 474 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 20.772.767.427.708 177.392.917.983.465 70.2 80.3 668 785 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 204.508.642.403.348 1.942.817.421.996 72.6 71.9 1067 396 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 219.226.597.429.374 177.542.091.593.381 77.8 75.1 528 804 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 223.854.712.451.441 202.272.122.944.717 73 72.4 510 529 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 195.267.719.349.509 207.723.179.451.097 71.6 68.5 1019 959 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 216.456.499.339.045 198.375.207.778.742 72.2 72.7 591 588 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 167.919.956.357.801 184.343.983.944.654 76.2 73.2 1390 551 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 205.452.842.983.107 156.819.619.398.153 72.6 79.4 666 706 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 204.749.694.965.272 183.440.902.398.717 68.2 66 820 827 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 185.427.296.093.263 191.090.251.259.789 75.4 69.3 647 821 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 201.645.282.330.213 18.410.754.097.039 71.8 67.4 636 643 NA NA NA NA NA NA NA NA NA NA NA NA 
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inter_rater 202.533.136.207.086 176.821.646.490.764 72.5 73.2 421 698 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 166.073.009.872.169 176.561.475.631.433 76 75.3 828 554 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 238.005.683.667.154 181.244.638.703.544 61.8 71.1 399 445 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 196.966.490.893.172 166.680.020.586.323 65.6 72.1 746 1087 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 190.810.729.838.933 20.788.733.691.073 70.1 68.7 713 868 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 194.679.237.790.265 173.200.486.502.421 71.1 75.2 467 756 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 19.498.932.315.151 174.596.904.999.424 72.8 79.1 614 753 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 20.652.876.088.997 177.540.471.583.662 70 73.4 554 821 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 175.648.072.948.857 186.987.982.505.405 69.9 72.5 847 751 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 177.834.871.452.077 171.098.471.012.336 71.3 77.6 863 839 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 216.152.517.207.349 189.920.657.143.977 72 74.6 543 537 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 205.049.382.146.021 180.357.702.809.174 70.6 73 775 973 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 159.273.238.121.977 164.801.200.557.923 75.1 78.1 665 860 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 207.394.111.451.885 189.940.403.822.757 71.4 67.9 613 653 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 167.542.143.998.262 145.723.036.253.132 71.5 80.3 1124 1559 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 199.177.473.297.011 19.711.159.240.697 77.3 73 467 888 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 195.285.162.463.654 174.364.448.539.804 69.3 74.9 916 1336 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 163.888.451.472.274 128.470.481.455.985 73.8 80.6 778 1064 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 201.517.124.147.291 175.142.234.199.045 72.5 75 670 645 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 16.768.219.117.342 206.491.830.261.918 81.7 67.6 785 654 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 197.114.017.922.631 188.530.482.270.608 69 71.4 617 941 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 227.829.687.114.222 196.247.178.281.065 72.9 79.9 483 826 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 223.492.031.379.165 190.950.952.600.334 64.7 75.2 768 915 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 248.433.277.841.861 219.276.956.346.524 66.3 77.8 669 919 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 170.275.794.739.029 166.164.584.194.206 79.1 73.8 769 673 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 197.699.813.793.158 155.918.113.432.673 70.3 84.2 543 765 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 156.792.787.542.367 176.934.242.935.713 80.6 71.5 715 520 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 19.890.355.379.733 202.783.087.649.808 67 71.2 870 889 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 212.417.164.571.439 162.731.405.961.679 67 78.8 573 897 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 187.016.139.606.856 15.228.277.334.023 71.6 75 807 693 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 140.869.708.629.372 137.365.496.952.471 75.4 79.9 1210 1047 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 176.058.713.322.855 192.992.701.879.018 68.9 75.4 1002 977 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 160.702.067.442.361 150.348.836.076.777 81.6 80.4 813 1028 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 173.924.794.867.519 17.100.488.834.424 78.4 76.8 692 866 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 209.571.717.101.759 153.961.236.413.758 65.9 80.8 612 1139 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 178.534.703.256.797 20.990.746.407.997 76.9 73.6 972 992 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 223.450.169.559.174 187.698.917.424.381 66 66.6 670 900 NA NA NA NA NA NA NA NA NA NA NA NA 
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pre_post_meal 186.762.716.702.842 208.227.915.284.217 73 70.4 657 577 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 177.064.674.867.616 162.175.876.504.448 74.6 76.4 596 995 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 229.230.498.122.551 182.475.323.057.376 67.3 78.2 531 557 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 180.725.689.720.313 198.738.621.248.685 75.8 75.8 688 606 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 245.552.696.237.865 229.163.346.055.636 69 69.6 396 676 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 23.338.543.388.677 194.762.959.262.238 75.3 75 682 702 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 160.526.957.795.373 179.667.157.707.767 79.6 74.1 543 887 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 175.818.649.502.663 140.850.068.217.929 78.1 85.2 842 750 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 194.879.809.059.258 202.417.007.245.085 78.1 76.4 558 523 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 185.040.848.817.609 203.929.901.199.882 77.6 74.4 788 689 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 226.716.994.263.452 163.918.197.137.295 70.4 83.9 853 1193 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 176.926.301.528.343 199.366.135.144.756 77 76.6 800 873 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 173.774.757.108.613 171.132.798.230.056 79.2 80.8 832 971 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 218.462.357.857.966 254.299.708.536.635 71.5 63.1 524 585 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 22.230.856.337.443 205.176.027.279.358 71.2 84.2 813 636 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 198.711.790.803.149 226.280.275.965.187 77.8 70.3 899 858 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 176.002.987.440.562 174.687.983.866.955 81.4 77.4 1142 952 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 219.434.527.500.671 187.094.302.060.616 71.5 67.5 547 842 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 188.772.578.227.648 211.781.512.252.135 73.4 67.1 549 675 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 181.734.186.970.918 192.260.796.488.529 74.9 80.5 636 750 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 182.295.470.226.411 208.020.257.709.099 77.9 69.6 1046 644 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 242.841.396.797.036 16.758.034.163.424 68.9 85 572 733 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 183.729.943.887.319 215.420.342.093.545 72.6 69.2 759 691 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 183.234.206.859.589 167.212.261.507.718 75 78.5 783 745 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 160.269.107.163.611 209.539.932.378.923 84.5 71.3 900 681 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 210.976.157.464.903 189.515.761.541.315 73.4 70.8 545 892 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 19.195.247.222.432 18.754.500.029.227 71.6 73.9 1012 960 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 212.881.579.796.995 196.535.979.341.704 68.6 70.6 754 1118 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 185.835.084.386.817 167.164.808.175.256 68.7 75.6 931 928 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 16.368.554.923.912 166.842.161.915.271 74.9 75.9 921 957 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 147.505.065.497.197 18.959.048.050.792 78.5 71.1 849 518 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 174.082.650.946.937 18.141.706.577.736 78.5 72.9 649 648 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 186.384.969.233.844 209.751.051.932.405 78.4 70.5 776 564 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 192.149.246.735.379 171.889.206.750.667 76.1 78.7 988 1013 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater 246.061.393.942.789 199.424.374.118.955 77.9 78.8 432 1012 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 191.088.525.980.033 173.497.530.151.893 75.3 80.8 542 780 NA NA NA NA NA NA NA NA NA NA NA NA 

inter_rater 223.927.755.075.887 20.272.647.820.717 70.8 75.1 480 717 NA NA NA NA NA NA NA NA NA NA NA NA 
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inter_rater 187.138.700.300.647 223.525.875.251.399 82.9 73.2 747 489 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 180.463.751.250.306 169.617.817.593.237 78.8 75.5 559 880 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 165.887.472.238.313 204.619.133.970.605 71.7 65.5 1067 741 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 220.024.123.923.073 181.275.969.177.881 70.3 71.7 689 905 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 170.249.138.039.233 217.623.952.927.762 78 69.9 1050 660 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 168.661.989.690.981 148.299.212.163.498 71.9 79.7 863 1277 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_meal 184.835.837.505.166 17.881.674.418.019 69.2 72.5 772 1063 NA NA NA NA NA NA NA NA NA NA NA NA 

intra_rater_6measurements 184.660.773.123.546 190.961.363.119.182 75.6 79.3 539 572 176.916.216.589.251 158.543.983.543.116 161.645.552.954.671 206.077.367.463.117 77.8 74.8 72 74 662 934 919 772 

intra_rater_6measurements 186.390.092.629.215 235.707.889.977.491 74 69.2 629 394 209.507.026.964.918 238.857.850.375.919 21.909.781.171.522 155.528.119.275.416 75.3 71.2 71.2 88.7 661 443 535 820 

intra_rater_6measurements 158.956.247.806.037 228.214.666.806.893 79.3 63.3 1450 776 200.061.160.618.094 208.490.162.195.415 163.063.716.916.448 180.148.206.174.467 72.7 69.2 79.8 73 500 690 996 780 

intra_rater_6measurements 199.561.001.518.035 211.061.739.087.773 70.4 66.6 673 620 21.501.117.911.348 201.060.832.324.852 224.463.468.006.934 179.592.978.482.497 67.2 69.2 70.2 76.4 644 585 807 640 

intra_rater_6measurements 226.941.142.750.806 174.105.034.399.153 65.6 74.7 501 828 15.850.199.324.485 180.166.799.820.161 201.100.921.036.635 192.715.540.240.961 79 71 69 68.4 905 613 546 584 

intra_rater_6measurements 152.941.940.590.984 17.780.965.438.628 77.4 77 809 1106 166.600.582.100.093 156.060.222.498.789 173.528.074.745.517 181.877.846.531.413 82.6 76 77.3 77.7 762 840 830 717 

intra_rater_6measurements 185.567.505.113.934 130.550.950.978.682 71.5 85.1 787 992 213.089.279.480.246 137.576.582.956.415 234.426.183.387.107 199.602.372.899.432 62.1 77.9 62.8 71.9 535 639 412 672 

intra_rater_6measurements 185.502.942.872.588 18.115.608.487.782 74.9 76.6 716 832 198.536.269.628.758 187.753.662.629.385 197.496.859.445.785 190.613.277.976.242 73.8 71.8 79.6 74.2 474 557 534 696 

intra_rater_6measurements 163.932.527.096.592 191.221.107.670.182 81 73.6 1070 688 173.820.464.402.655 176.232.100.487.411 199.511.849.284.594 171.690.780.183.201 80.3 80.6 74.4 78.2 916 951 837 629 

intra_rater_6measurements 143.474.767.731.491 194.207.305.424.113 79.4 73.7 1007 613 167.625.780.179.982 189.517.438.117.438 187.808.362.723.489 182.947.181.156.844 78.2 73.4 72.6 71.8 880 737 696 589 

intra_rater_6measurements 203.526.040.340.179 154.785.882.597.163 69.5 75.3 601 1150 198.895.362.137.626 176.716.825.094.513 165.071.532.594.182 214.137.777.908.006 73.4 75.3 70.9 69.1 968 828 606 945 

intra_rater_6measurements 179.586.918.529.471 18.789.729.136.306 75.4 73.8 720 619 169.927.006.601.987 188.143.483.490.067 216.096.698.315.907 1.874.253.031.584 75.7 73.6 72.1 72.7 595 589 849 594 

intra_rater_6measurements 212.153.932.802.225 194.277.005.687.545 64.8 72.8 607 719 181.266.102.266.184 187.088.616.827.681 21.065.694.551.714 179.854.116.787.293 71.8 72.2 67.4 72.9 825 537 938 720 

intra_rater_6measurements 20.685.472.296.922 219.305.564.168.169 72.8 70.2 632 417 194.370.291.784.157 193.003.084.777.034 211.931.191.015.645 229.798.724.983.389 73 71.8 71.9 66.6 522 584 670 458 

intra_rater_6measurements 149.630.379.976.388 194.094.538.196.009 75.9 70.5 865 759 213.194.197.593.567 20.340.638.798.643 230.878.199.889.124 210.891.362.481.278 67.8 73.8 61 67.8 637 493 578 453 

intra_rater_6measurements 190.139.961.470.214 218.312.823.412.194 75.9 69 629 475 215.560.115.856.754 211.253.512.601.621 242.410.626.542.769 196.562.622.298.336 66.8 71.2 67.2 74.9 626 433 491 469 

intra_rater_6measurements 181.618.731.878.348 207.564.599.901.637 78.6 70.9 1085 896 160.999.307.824.233 202.164.304.543.927 167.116.323.024.263 186.621.825.590.239 79.6 73 78.6 72.7 974 436 632 525 

intra_rater_6measurements 177.445.976.393.666 167.546.287.038.513 80 74.4 876 944 16.917.894.042.621 175.725.875.120.833 163.467.207.419.099 143.794.153.947.515 79.4 75.7 71.2 79.3 650 963 801 996 

intra_rater_6measurements 188.522.106.985.763 176.441.122.867.174 76.6 77.6 782 1035 189.794.636.945.687 183.901.963.629.275 158.454.019.960.742 166.901.599.388.785 77.6 74.9 78 76.2 417 724 994 720 

intra_rater_6measurements 208.884.092.118.124 186.190.115.881.722 71 72.5 890 665 136.861.331.524.218 156.507.483.692.028 156.329.913.206.218 144.243.146.337.036 76.8 76.8 75.5 77.5 1022 769 974 1298 

intra_rater_6measurements 149.183.033.741.857 189.212.815.265.967 80.4 70.2 878 799 172.781.307.993.283 164.506.621.335.403 158.223.622.626.985 155.345.748.789.026 73.7 75.9 76.9 72.3 711 688 1001 709 

pre_post_cigarette 206.077.367.463.117 145.076.050.848.383 74 76.4 772 732 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 155.528.119.275.416 251.443.767.615.405 88.7 73.5 820 288 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 180.148.206.174.467 211.955.863.751.873 73 65.2 780 532 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 179.592.978.482.497 216.412.679.642.978 76.4 63.2 640 495 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 192.715.540.240.961 188.388.337.378.464 68.4 70.3 584 683 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 181.877.846.531.413 179.938.212.573.825 77.7 76.2 717 815 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 199.602.372.899.432 18.517.381.835.407 71.9 66.2 672 576 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 190.613.277.976.242 201.336.315.645.027 74.2 63.2 696 428 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 171.690.780.183.201 206.670.362.353.777 78.2 73.3 629 866 NA NA NA NA NA NA NA NA NA NA NA NA 
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pre_post_cigarette 182.947.181.156.844 176.734.600.390.272 71.8 78.5 589 1155 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 214.137.777.908.006 173.514.075.964.271 69.1 71.7 945 699 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 1.874.253.031.584 193.734.253.379.827 72.7 68.8 594 842 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 179.854.116.787.293 19.918.310.449.761 72.9 70.7 720 655 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 229.798.724.983.389 202.771.661.042.039 66.6 73.4 458 697 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 210.891.362.481.278 20.895.438.239.787 67.8 67.5 453 649 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 196.562.622.298.336 180.726.616.139.851 74.9 72.4 469 870 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 186.621.825.590.239 214.278.745.800.799 72.7 69.2 525 567 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 143.794.153.947.515 168.720.900.007.245 79.3 72.9 996 860 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 166.901.599.388.785 134.925.646.365.773 76.2 81.4 720 1343 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 144.243.146.337.036 142.659.076.248.459 77.5 78.4 1298 713 NA NA NA NA NA NA NA NA NA NA NA NA 

pre_post_cigarette 155.345.748.789.026 171.230.957.278.016 72.3 75.2 709 873 NA NA NA NA NA NA NA NA NA NA NA NA 
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SSupplementary Data File S4.  

Excerpt of the internal measurement protocol for the sublingual microvascular 
parameters in the HELIUS study, 2012-2014 (English translation, followed by the 
original Dutch) 

Screenshots of copyrighted software have been obscured. 

SOP HELIUS GLYCOCHECK™ 

The glycocalyx is a layer of molecules that lines and protects the interior surface of the 

blood vessels. This layer has multiple biochemical functions. The thickness of the 

glycocalyx could play a role in the development of cardiovascular diseases such as 

myocardial infarction and stroke. 

The GlycoCheck™ system measures the thickness of the glycocalyx: a vidrecords a 

video of the microvasculature under the tongue and in the lingual frenulum and of the 

blood flow passing through. Then the software uses the recordings to automatically 

estimate the thickness of the glycocalyx. The thickness of the glycocalyx of the 

sublingual microvessels reflects the thickness of the glycocalyx of all blood vessels in 

the body. In the HELIUS study, we examined the possibility of a link between glycocalyx 

thickness and other cardiovascular parameters such as blood pressure, ethnicity, and 

incidence of cardiovascular diseases, such as myocardial infarction, and diabetes later 

in life. 

 2 Measurement of the participant 

2a. Introduction 

Upon arrival of the participant: 

Invite the participant to take a seat, the researcher sits at the computer. All you need 

are four short sentences to introduce the test (the most important are underlined): 

1) In this room, the first test includes a new device: a camera that records a 

video of the blood vessels under your tongue; 
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2) TThis way we can study the small superficial blood vessels under your tongue 

(you may also point at your wrist to show that superficial blood vessels are 

visible). 

 If the participant has any further questions, you may add that by 

studying these blood vessels we gather information on all the other 

blood vessels in the body that are similar to the blood vessels under 

the tongue. You may also add that this information can be used to 

study diseases such as high blood pressure, cardiovascular diseases 

and diabetes. 

3) The test will only take a few minutes and is fully automated. The test is 

painless. 

4) This is a new type of measurement which is still in the experimental stage, 

therefore, you will not receive the results. 

2b. Registration of the participant 

- Upon arrival of the participant, he/she should be registered in the programme. 

- For each participant, take the following steps in the second column (Patient 
registration) (B): 

- Under Auto search modus, choose Add new patient 

- Fill in the following details: 

- In the field Original Patient ID, fill in the participant’s HELIUS number. 

- In the field Date of Birth, fill in the participant’s date of birth in the format “dd-

mm-yyyy” (as indicated next to the field). 

- In the fields Surname and First Name you fill in the initials (first letters of the 

surname and the first name) (no more than 3 letters per field). 

- Under Gender you select the gender of the participant. 

- Click on Add patient and then click on Admission (left to Add patient). 
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- When the programme indicates that there is already a patient with that number in 

the list, fill in the participant’s HELIUS number, followed by an “x”, for example 

123456x instead of 123456) and record this change on the day sheet.  

- The name of the newly added participant will appear in the list of column 2, Active 

patients (if the list includes many participants, the name of the participant will not 

be immediately visible, but you can perform an automatic search) → go to section 

22c. Start of the test. 

2c. Start of the test 

1) Take the package of a camera cap (A) from the right side of the desk drawer, 

where the clean caps are stored. Show the package to the participant and 

explain that you are nnow placing a new clean cap on the camera and that you 

do this for every participant. 

Remove the old cap, which is being used as protection, from the camera and 

place it on the table. Open the paper package without touching the cap by 

removing the plastic layer without tearing the paper. Place the paper package 

in the tray under the desk. The old paper packages will be re-used. 

Firmly place the cap on the camera; you will hear a click and the light at the 

back of the camera should turn green (green arrow in the figure on the right). 

If the light does not turn green immediately, try attaching the cap with more 

force. 
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2) Ask the participant to: 

a. sswallow as much of the saliva in their mouth as possible so the 

mouth will be drier (this will make it easier to record). If the 

participant says that their mouth is already dry, explain that there is 

always saliva present in the mouth, even when we think that this is 

not the case, and ask them to try it anyway. 

b. position their head and back firmly against the back of the chair. 

- The chair and the head support should be adjusted to the 

participant to ensure that the participant’s neck is not tilted 

backwards, but straight and aligned with the torso and the 

head. If this is not the case, the tongue and the saliva will 

move to the back of the throat and the participant will 

cough/swallow often during the recording. 

c. open the mouth wide and raise the tongue for just one second (after 

which they will be able to relax the tongue). 

3) Find a stable but comfortable position for yourself (for example, placing the 

weight of the body fully on one of the two legs). 

Gently place the camera in the participant’s mouth approaching from the 

side. 

Then let the camera rest on the bottom teeth of the participant (this will not 

cause the participant any discomfort). 

Place the tip of the camera on the mucous membrane at the underside of the 

tongue or in the corner between the lingual frenulum and the underside of 

the tongue or between the lingual frenulum and the floor of the mouth. 

The camera should be in contact with the mucous membrane throughout. 

During the entire test, apply moderate pressure without hurting the 

participant. 

4) Ask the participant to relax the tongue again; to be more specific you could 

use the words "relax the tongue”, “soften the tongue” and “rest the tongue on 

the camera”. 
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5) Next, click on Perform selected visit in the fourth column on the screen (XX). 

 

If the message EEncountered a problem appears on the screen, please check: 

- both ends of the cable between the camera and the unit and of the cable between 

the unit and the computer; both cables should be properly connected at all ends. 

- that the GlycoCheck™ unit is on (switch is in the “on” position and green light). 

 

- If you choose “Abort” you will be asked to type some text; a small word, for example 

“no” or “ok”, will suffice. 

6) Ask the participant to find a comfortable position for their tongue, so it can 

relax and rest naturally in the mouth and ttell them they can close their eyes.  

In general, the bottom teeth provide sufficient stability, but you could ask the 

participant to bbite the camera with their teeth to hold it in a correct position if 

necessary. 
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NNote 

You can use a different measuring method. Ask the participant to: 

- sit on a stool or chair in front of the screen; 

- place both elbows on the table; 

- hold the camera in both hands and place it under their tongue; 

- look at the screen and keep the image as steady as possible. 

You yourself can adjust the Focus ring and the LIGHT button and move the camera. 

This method could be useful if you find it difficult to keep your leg/arm/hand stable: 

because the participant is looking at the screen, he/she can use their tongue/hand 

coordination to keep the image steady. 

2d. Measuring 

- The screen will look like this: 

 

- If you see any stains or water drops on the screen at the start of the test, the water 

drops could be from the participant’s breath and can be either at the inside or at the 

outside of the cap. 

- Position the camera firmly on the mucous membrane: if the water drops are located 

on the outside, they will disappear. 
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- If you still see the stains and they do not move when you move the camera, the cap 

is dirty on the inside. Replace the cap. 

- Adjust Intensity and Focus by turning the relevant controls at the back of the 

camera, similar as during calibration. The image on the screen should become clear, 

the blood vessels should be visible and the indicators on the screen (AA and B) 

should be in the green zone. IIntensity is more important than focus: first adjust the 

intensity every time it is outside the green zone before you adjust the focus. There is 

no point adjusting the focus if the intensity is not in the green zone. 

 

Important tips for a good focus.  

- If the participant has much saliva, please ask them again to swallow it or 

give the participant a sip of water. 

- Check upon placing the cap that the light turns green and is green during the 

entire test. This is something that can be done with one brief look. 

- If after several attempts the cap is not attached properly or if the tip 

becomes wet with water bubbles that will not go away, just use a new cap. 

- Ensure the participant’s stability, both physically (the head, but also the rest 

of the body) and psychologically (the participant should understand that the 

tongue can be soft and can be lowered and that thereby the recording will 

take less time: do not start the test when the participant has not grasped 

this concept yet): 

o let the participant know when he/she is not yet relaxed enough; 

o let the participant know when he/she sits stable and still enough 

(“it is going well”; “this is perfect”, “if you can stay like this, we’ll be 

finished in no time”), so the participant understands what is 

expected. 

- Ensure stability of your arm/wrist (you can apply more pressure to the lower 

teeth than you might expect. 

- The camera should be in contact with the mucous membrane using 

moderate but firm pressure – in this case you can also apply more pressure 

than you might expect, without hurting the participant. 

- Locate a site that has a sufficient amount of blood vessels. 

- Locate a site where the red blood cells appear as bblack and well-defined 

against a white background instead of grey set against a grey background. 

Even when you cannot find a site with many large and black vessels, you may 

get good focus at sites with small, short and curved blood vessels. 
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- The Focus ring should only be rotated rarely and must be turned rapidly (and 

only one direction will brighten the image). If you are at a site where the 

intensity is in a good position, but there is no focus, even after a few fast 

turns of the Focus ring, it might be better to find a more suitable site than to 

keep turning at the Focus ring. 

- If the screen shows any aair bubbles, which is often but not always indicated 

by a red alert in position C, or if there are no suitable blood vessels visible, 

move the camera by either tilting it, moving it or placing it at the other side of 

the lingual frenulum. 

- Sometimes an image in focus can suddenly lose focus. This can occur due to 

saliva or because the camera has moved a millimetre. Try adjusting the 

focus as quickly as possible and place the camera deeper in the mouth, or 

try measuring at another site. 

- When both indicators are in the green zone, the software will automatically 

start recording data and the bar D at the right side of the screen starts 

loading to indicate that the test is running. If the indicators are outside the 

green zone, the test will stop; try to get back in the green zone and stay as 

still as possible, the test will automatically proceed. 

- This is the ideal situation, with a clear image (the blood cells can be clearly 

distinguished and they are almost black), all the indicators in the green zone and 

the bar at the right loading: 

 

- When the test is finished, the screen Measurement Evaluation will appear. There 
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are 3 steps that should be taken iimmediately. 

 

1) Remove the camera from the participant’s mouth and discard the cap of the 

camera in the bin by pressing the Eject button at the back of the camera. 

2) Click on the white field Add your comment (A) as soon as possible and type 

“y” or "ok”. 

3) Click on Next Visit (B) and return to the Home screen. 

- If there is no successful recording after 5 minutes the software will give the options 

Continue and Stop. Choose Stop. You will be asked to type some text, this time 

twice. You can type “n” both times and return to the Home screen. Do not try again 

and tell the participant that the test is finished. 

- On the day sheet, next to the HELIUS identification code, record a “Y” for the 

participants who had a successful test, and an “N” for the participants who did not 

have a successful test. 

- In both cases, you can select or add the next participant for the next test on the 

Home screen. 

2e. End of the test 

- Do not discard the used cap. Place it on the plastic mat in the desk drawer. Used 

caps will be disinfected by Luca at the end of the week and stored in one of the 

paper packages. 



Reproducibility of sublingual microcirculation parameters 

122 

SOP HELIUS GLYCOCHECK™  

De glycocalyx is een laag moleculen die de binnenwand van de bloedvaten bedekt en 

beschermt, met veel biochemische functies. De dikte van de glycocalyx kan een rol 

spelen bij het ontstaan van cardiovasculaire ziektes zoals hartinfarct en beroertes.  

Het GlycoCheck™-systeem meet de dikte van de glycocalyx: een camera neemt een 

video op van de kleine, oppervlakkige bloedvaten onder de tong en in de tongriem en 

van de bloedstroom erin, terwijl een software de opnames gebruikt om automatisch de 

dikte van de glycocalyx in te schatten. De dikte van de glycocalyx in de tongbloedvaten 

weerspiegelt de dikte van de glycocalyx in al de lichamelijke bloedvaten. In HELIUS 

bestuderen we of er een relatie is tussen de dikte van de glycocalyx en etnische 

afkomst, de andere cardiovasculaire parameters zoals bloeddruk, en het voorkomen 

van hart- en vaatziekten zoals hartinfarct en diabetes later in het leven. 

22.Deelnemeronderzoek 

2a. Introductie 

Bij binnenkomst van de deelnemer:  
De deelnemer kan gaan zitten en de onderzoeker is bij de computer. Vier korte zinnen 

zijn genoeg om het onderzoek te introduceren (de belangrijkste worden zijn 

onderstreept):  

1) Het eerste onderzoek van deze kamer is een nieuw apparaat: een camera 

die een video/filmpje gaat opnemen onder uw tong;  

2) Het is om de kleine bloedvaten te bestuderen die onder de tong zitten (je 

kunt ook naar je pols wijzen om te laten zien dat oppervlakkige bloedvaten 

zichtbaar zijn); 

 Indien de deelnemer nog vragen stelt, dan kun je toevoegen dat wij 

door die tongbloedvaten te bestuderen informatie krijgen over al de 

andere bloedvaten van het lichaam, die op de tongbloedvaten lijken; 

en dat deze informatie nuttig kan zijn om ziektes zoals hoge 

bloeddruk, hart- en vaatziektes en diabetes te onderzoeken. 

3) Het duurt maar een paar minuten en het is volledig automatisch, u voelt 

niets.  

4) Het gaat om een nieuw soort meting die in de experimentele fase is, en u 

ontvangt hier geen uitslag van.  
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22b. Registratie van de deelnemer  

- Zodra de deelnemer in de kamer is, moet hij/zij in het programma worden 

geregistreerd. 

- In de tweede kolom (Patient registration) (B), doe het volgende voor elke deelnemer: 

- Onder Auto search modus, kies Add new patient.  

- Vul de volgende gegevens in: 

- Vul het HELIUSnummer van de deelnemer in in het veld Original PatientID. 

- Vul de geboortedatum van de deelnemer in in het formaat “dd-mm-jjjj” (zoals 

naast het veld aangegeven), in het veld Date of birth. 

- Vul de initialen (eerste letters van de achter- en voornaam) in in de velden 

Surname en First Name (maximaal 3 letters per veld). 

- Selecteer onder Gender het geslacht van de deelnemer. 

- Klik op Add patient en vervolgens klik op Admission (links van Add patient). 

 
- Als het programma zegt dat een deelnemer met hetzelfde nummer al in de lijst 

aanwezig is, vul dan het HELIUSnummer van de deelnemer in, gevolgd door een “x” 

(bijvoorbeeld: 123456x inplaats van 123456) en meld deze verandering op de 

daglijst. 

- De toegevoegde deelnemer verschijnt in de lijst van de kolom 2, Active patients (de 

naam van de deelnemer zal niet onmiddellijk zichtbaar zijn als er al veel patiënten 

op de lijst aanwezig zijn, maar hij/zij kan automatisch worden gezocht) → ga naar 

sectie 22c.Onderzoek. 
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22c. Begin van het onderzoek  

1) Neem het pakje van een camerakapje (A) uit de rechterkant van de lade van 

het bureau, waar schone kapjes klaar staan. Toon het aan de deelnemer, en 

vertel dat je nu eeen nieuw, schoon kapje op de camera zet, wat bij elke 

deelnemer gebeurt. 

Haal het oude kapje dat ter bescherming wordt gebruikt van de camera en 

leg het op de tafel. Open het papieren pakje zonder het kapje aan te raken 

door het plasticlaagje te verwijderen, zonder het papier te scheuren. Leg het 

oude papieren pakje in het bakje onder het bureau. Oude papieren pakjes 

zullen hergebruikt worden. 

Sluit het kapje aan op de camera met een krachtige beweging: je hoort een 

klik en het licht achter de camera moet groen worden (groene pijl in het 

figuur rechts). Indien het licht niet meteen groen wordt, probeer het kapje 

dan met meer kracht aan te sluiten. 

 
2) Vraag de deelnemer om 

a. het speeksel in hun mond zo goed mogelijk door te slikken zodat de 

mond droger is (wat de opname makkelijker maakt). Indien de 

deelnemer beweert dat de mond al droog is, leg uit dat er altijd 

speeksel onder in de mondzit, zelfs wanneer we denken dat dat niet 

zo is, en vraag om het toch te proberen. 

b. goed met hoofd en rug tegen de rugleuning te liggen.  

- De stoel en de hoofdsteun moeten worden aangepast zodat 

de keel van de deelnemer niet naar achteren gebogen is, 

maar parallel is aan torso en hoofd. Anders gaan de tong en 

het speeksel achter in de keel zitten en de deelnemer zal 

vaak moeten hoesten/doorslikken tijdens de opname. 

c. De mond goed open te doen; en de tong maar één seconde omhoog 

te doen (daarna kunnen ze hem weer ontspannen).  

3) Vind een stabiele maar ontspannen positie voor jezelf (bvb het gewicht van 

het lichaamkan volledig op één van de twee benen rusten). 
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Breng voorzichtig de camera in de mond van de deelnemer vanaf de zijkant. 

Laat vervolgens de camera op de ondertanden van de deelnemer rusten (het 

is niet oncomfortabel voor de deelnemer). 

Zet de punt van de camera tegen het slijmvlies aan de onderkant van de tong 

of in de hoek tussen de tongriem en de onderkant van de tong of de tongriem 

en de bodem van de mond. 

De camera moet in contact blijven met het slijmvlies. Oefen tijdens de gehele 

meting matige druk uit zonder dat dit pijn veroorzaakt bij de deelnemer. 

4) Vraag nu de deelnemer om dde tong weer te ontspannen; om duidelijker te 

zijn kun jede woorden “tong ontspannen”, “tong zacht maken” en “tong op de 

camera laten rusten”gebruiken. 

5) Klik vervolgens op Perform selected visit in de vierde kolom op het scherm 

(X). 

 
Als er het bericht EEncountered a problem verschijnt, controleer  

- de kabel tussen camera en unit aan beide uiteinden, en de kabel tussen unit en 

computer aan beide uiteinden; beide kabels moeten op alle punten goed 

aangesloten zijn. 

- dat de GlycoCheck™-unit aan is (knopje in “aan”-positie en groen licht). 



Reproducibility of sublingual microcirculation parameters 

126 

 
- Als je “abort” kiest, dan word je gevraagd om tekst te typen; een klein woord zoals 

“no” of“ok” is genoeg. 

6) Vraag de deelnemer om een comfortabele positie voor hun tong te vinden, 

zodat deze rustig en ontspannen kan blijven, en zzeg dat de ze de ogen dicht 

kunnen doen. Gewoonlijk bieden de ondertanden voldoende stabiliteit, maar 

indien nodig kun je de deelnemer vragen om op de camera te bbijten met hun 

tanden om een goede positie te houden. 

 

Aanmerking  

Het is ook mogelijk om de meting met een andere methode te verrichten. Je kunt de 

deelnemer vragen om  

- Op een kruk op stoel vóór het scherm te zitten; 

- Beide ellebogen op de tafel te zetten; 

- De camera zelf met beide handen vast te houden en onder hun tong te zetten; 

- Naar het scherm kijken en het beeld zo stil mogelijk proberen te houden. 

Je kunt zelf het Focus-wiel en het LIGHT-knopje aanpassen en de camera verplaatsen.  

Deze methode is nuttig als je het moeilijk vindt om zelf stabiel met je been/arm/hand 

te blijven: omdat de deelnemer het scherm ziet, kan hij/zij de coordinatie tussen zijn 

eigen tong en handen gebruiken om stil te blijven. 

2d. Meting  

- Het scherm zal er zo uitzien: 
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- Als er aan het begin van de meting vlekken of waterdruppels zichtbaar zijn, dan 

kunnen die waterdruppels uit de ademhaling van de deelnemer komen en ze 

kunnen of aan de buitenkant van het kapje zijn of aan de binnenkant van het kapje. 

- breng de camera goed in contact met het slijmvlies: als de waterdruppels aan de 

buitenkant zijn, dan zullen ze weggaan. 

- als de vlekken blijven, en ze niet bewegen wanneer de camera wordt bewogen, dan 

is het kapje vies aan de binnenkant. Vervang het kapje. 

- Pas de Intensity en de Focus aan door de betreffende knoppen achter de camera te 

draaien, net zoals bij de calibratie. Het beeld moet helder worden met zichtbare 

bloedvaten, en de indicatoren op het scherm (AA en B) moeten in de groene zone 

vallen. DDe intensiteit heeft voorrang op de focus: elke keer dat de intensiteit buiten 

de groene zone valt, pas het aan voordat je de focus aanpast. Het is niet zinvol om 

de focus aan te passen als de intensiteit niet in de groene zone is. 

 

Belangrijke tips voor een goede focus.  

- Als de deelnemer nog heel veel speeksel heeft, vraag opnieuw om het door 

te slikken of geef de deelnemer een slokje water; 

- Kijk bij het bevestigen van het kapje na dat het licht groen is een groen blijft 

tijdens het hele onderzoek. Dat is ook iets wat je heel snel met een kijkje 

kunt controleren. 

- Als een kapje zelfs na heel veel pogingen nog niet goed vastzit, of als de 

punt nat wordt met waterbelletjes die niet weggaan, pak gewoon een nieuw 

kapje. 
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- Zorg voor de stabiliteit van deelnemer, zowel fysiek (het hoofd, maar ook de 

rest van het lichaam) als psychologisch (de deelnemer moet begrijpen dat de 

tong zacht kan zijn en zakken, en dat dat de opname ook sneller maakt: niet 

ineens beginnen met de meting als de deelnemer dit nog niet heeft 

begrepen); 

o laat de deelnemer weten wanneer ze nog niet ontspannen genoeg 

is. 

o laat de deelnemer weten wanneer ze stabiel en stil genoeg zijn (“nú 

gaat het goed” , “zó is het bijvoorbeeld perfect”, “als u zó blijft zijn 

we snel klaar”), zodat hij/zij begrijpt wat de bedoeling is. 

- Zorg voor de stabiliteit van je arm/pols (je kunt meer druk uitoefenen op de 

ondertanden van de deelnemer dan je in eerste instantie zou denken); 

- De camera moet in contact zijn met het slijmvlies met een matige maar 

stevige druk – ook in dit geval kun je meer drukt uitoefenen dan je zou 

denken, zonder pijn te doen. 

- Een plek zoeken met genoeg bloedvaten; 

- Een plek zoeken waar de bloedlichaampjes er zzwart en goed onderscheiden 

uitzien tegen een wit achtergrond en niet grijs tegen een grijze achtergrond. 

Zelfs als je geen plek vindt met veel, grote en zwarte bloedvaten, kun je vaak 

een goede focus hebben bij plekken met kleine, korte en kromme 

bloedvaatjes. 

- Het Focus-wiel dient maar zelden en heel snel te worden gedraaid (en alleen 

maar een richting maakt het beeld helderer). Als je op een plek bent waar je 

een goede positie van Intensity hebt maar geen focus, ook niet na een paar 

snelle draaibewegingen van het Focus-wiel, is het zinvoller om elders te gaan 

zoeken dan om daar langer blijven en lang over het Focus-wiel te doen. 

- Als er lluchtbellen op het scherm zijn, wat vaak maar niet altijd door een rood 

alert wordt aangegeven in de positie C, of als er geen goede bloedvaten 

zichtbaar zijn, verplaats de camera dan door hem óf te kantelen, óf hem te 

verplaatsen, óf hem aan de andere kant van de tongriem te leggen. 

- Soms kan een beeld met focus plotseling geen focus meer hebben. Dat kan 

komen ofwel door het stromen van speeksel of omdat de camera een 

millimeter achteruit is gegaan. Probeer de focus snel aan te passen en de 

camera wat dieper te zetten, anders kun je gewoon ergens anders proberen 

te meten. 

- Zodra beide indicatoren in de groene zone zijn, begint de software 
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automatisch gegevens op te nemen, en de bar DD aan de rechterkant van het 

scherm loopt vol om aan te geven dat de meting onderweg is. Indien de 

indicatoren buiten de groene zone vallen, dan stopt de meting; probeer deze 

weer in de groene zone te brengen en zo stil mogelijk te blijven, de meting 

zal dan automatisch verder gaan. 

- Dit is dus de ideale situatie, met een helder beeld (de afzonderlijke 

bloedlichaampjes zijn goed te onderscheiden en ze zijn bijna zwart), al de 

indicatoren in de groene zone, en de balk rechts die aan het vollopen is: 

 
- Zodra de meting klaar is, verschijnt het scherm Measurement Evaluation, waarbij 

drie dingen onmiddellijk dienen te worden gedaan: 
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1) Haal de camera uit de mond van de deelnemer en gooi het kapje uit de 

camera direct in deprullenbak door het knopje Eject achter de camera te 

drukken. 

2) Klik zo snel mogelijk op het witte veld Add your comment (AA) en typ “j” of 

“ok”. 

3) Klik op Next visit (B), en je gaat naar het Home screen. 

- Indien na 5 minuten nog geen opname is gelukt, zal er een keuze worden 

aangeboden tussen Continue en Stop; kies Stop; je wordt gevraagd om tekst te 

typen, maar dan twee keer; beide keren kun je gewoon “n” typen, en je gaat naar 

het Home screen. Probeer het niet opnieuw en vertel de deelnemer dat je klaar bent 

met dit onderzoek. 

- Noteer op de daglijst bij welke deelnemers de meting is gelukt, met een “Y” naast 

de HELIUScode, en bij welke deelnemers de meting is niet gelukt, met een “N” 

naast de HELIUScode. 

- In beide gevallen kun je vanaf het Home  screen de volgende deelnemer selecteren 

of invoeren voor het volgende onderzoek. 

23.Einde meting 

- Het gebruikte kapje niet weggoien. Leg het op de plastic mat in de lade van het 

bureau. Oude kapjes zullen aan het einde van de week door Luca desinfecteerd 

worden en in één van de papieren pakjes gehouden worden.  
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SS5 Figure.  

Possible causes of inadequate reproducibility of a measurement method. 
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SS5 Figure (continued)  

Possible causes of inadequate reproducibility of a measurement method. 
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SS6 Figure.  

Scatter plots and Bland-Altman plots for the intra-rater and inter-rater analyses of the 

parameters VD and RBCF.  
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(A) Scatter plot of the intra-rater RBCF data. (B) Bland-Altman plot of the inter-rater RBCF data. 
(C) Scatter plot of the inter-rater RBCF data. (D) Bland-Altman plot of the inter-rater RBCF data. 
(E) Scatter plot of the intra-rater VD data. (F) Bland-Altman plot of the inter-rater VD data. (G) 
Scatter plot of the inter-rater VD data. (H) Bland-Altman plot of the inter-rater VD data.    
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The present work follows two general approaches to attempt to improve our ability to 

estimate the risk of acute cardiovascular events.  

 

The first approach uses established risk factors in novel ways, by exploring their 

interplay and robustness across ethnic groups. This approach may lead to redesigning 

and adapting current risk estimation methods, or to the inclusion of ethnicity as a 

relevant factor in risk estimation. In this perspective, the considerable residual 

association of family history of cardiovascular disease with cardiovascular disease 

found in our analysis of participants of the HELIUS study with hypertension (CChapter 2) 

may have implications for both clinical practice and future research. In clinical practice, 

family history may be considered as an independent risk factor in addition to 

established ones. Indeed, family history has been included in several risk scores after 

evidence of an independent value on top of established risk factors.1,2 The stronger 

impact of family history in women mirrors the findings of previous analyses.3,4 However, 

whether the impact of family history on the risk of CVD is stronger in women and in 

individuals with a South Asian ethnicity, as we found in our analysis, should be verified 

by studies with a longitudinal design, including objective documentation of incident 

cerebrovascular disease, in a multi-ethnic population. Our findings are in line with 

previous suggestions that the causal association between hypertension and clinical 

atherosclerotic vascular disease may be modulated by family history in complex 

ways.5,6 Future studies may consider testing the hypothesis that this residual 

association reflects the presence of underlying inheritable cardiometabolic 

disturbances, a question that is now being pursued in the line of research on the 

definition of the metabolic syndrome.7,8 

Focusing on ethnicities that are known to display a specific distribution of risk factors 

or a specific risk factor-outcome relationship may also provide insights that challenge 

our assumptions or the relationship between risk and clinical outcome. Our analysis of 

South Asian individuals from the DHIAAN study reported in CChapter 3 did not support 

the hypothesis that the difference between plasma glucose before and after a standard 

oral challenge (“glucose delta”) may improve of our ability to predict diabetes among 

individuals with prediabetes from this ethnicity. This finding may be explained by the 

collinearity between the absolute levels of postprandial glycemia and the glucose delta, 

and by the possible loss of the prognostic information provided by fasting plasma 

glucose when it is subtracted from post-challenge plasma glucose. However, our 

analysis led to an unexpected, robust confirmation of the previous finding of a high 

prevalence of postprandial plasma glucose lowering among South Asians in their 

country of origin. While this finding does not seem to have immediate clinical 
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implications, it confirms that the metabolic handling of glucose in this ethnic group may 

differ from other ethnic groups – even when considering a migrant population. Current 

assumptions on postprandial glycaemic excursion derived from other ethnicities may 

need to be retested in this ethnic group. A better characterisation of glucose 

metabolism among South Asians may contribute to new insights into metabolic 

abnormalities that may well have clinical relevance.  

 

The second approach to improving prediction and prevention of clinically relevant 

cardiovascular events relies on the detection of precursors of atherosclerosis or early, 

subclinical atherosclerosis at the individual level. We focused on the one specific 

technique for non-invasive assessment of microvascular dysfunction – the assessment 

of Perfused Boundary Region. Unfortunately, as seen in CChapter 4, we were unable to 

confirm the potential association with cardiovascular disease and risk factors 

suggested by previous animal9,10 and human studies. The possible reasons for the 

discrepancy with previous human studies include the use of select populations of 

patients with specific conditions that may be  associated with marked microcirculation 

abnormalities rather than healthy participants,11-15 differences in the method for PBR 

calculation,16 and the use of orthogonal polarization spectral microscopy with no PBR 

estimation rather than sidestream darkfield microscopy in certain previous studies17,18. 

On the other hand, some of our findings are in line with previous research. The lack of 

association with prevalent cardiovascular disease in our HELIUS population is 

consistent with the findings of a smaller-scale study with the same technique in a 

population of relatively healthy outpatients.19 The association with diabetes found in 

our analysis confirms the findings from other studies, suggesting that the PBR may be 

sensitive to some of the microcirculation abnormalities associated with this condition, 

even though this association does not capture the increase in cardiovascular risk.12,20 

The findings on the analytical characteristics presented in CChapter 5 provide another 

possible explanation for the poor association: a low reproducibility of the calculation of 

PBR using sidestream darkfield microscopy in its current form. The findings of this 

analysis suggest the direction of a possible technical improvement before this family of 

methods is re-evaluated. This analysis, and our illustration of the consequences of poor 

reproducibility on the statistical power needed to detect differences in biological 

parameters, serve as a reminder that the introduction of any measurement technique 

in medical practice and research must be preceded by a thorough and rigorous 

assessment and, if necessary, improvement of its analytical characteristics.21 
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ENGLISH SUMMARY  

Estimating the risk of atherosclerotic cardiovascular disease, mainly in the form of the 

clinically relevant events myocardial infarction and stroke, remains challenging. 

Improving our ability to estimate this risk would support the identification of individual 

patients at high risk in clinical practice. CChapter 1 briefly outlines the background of 

this thesis, which explores potential innovative approaches to improving our ability to 

estimate the risk of atherosclerotic cardiovascular disease using association studies.   

Multi-ethnic populations correspond more closely to the patient populations currently 

encountered in clinical practice than the ethnically homogeneous on which scientific 

evidence has long been based. Moreover, research findings increasingly support the 

notion that traditional risk factors are distributed differently across ethnic groups or 

may have different impact on cardiovascular risk in different ethnic groups. These 

insights are especially relevant to ethnic groups known for particularly high prevalence 

of certain forms of cardiovascular disease. PPart I of the thesis explored the performance 

of traditional risk factors in multiethnic populations and their interplay with ethnicity.  

While hypertension is a well-recognized risk factor for cardiovascular disease included 

in validated clinical risk estimation scores, it still describes a heterogeneous population 

in terms of cardiovascular risk. Conversely, family history of cardiovascular disease 

shows consistent association with cardiovascular disease even after adjustment for 

other cardiovascular risk factors. Family history may represent a suitable candidate to 

explain differences in cardiovascular disease across ethnic groups. CChapter 2 tested 

the independent association of family history of cardiovascular disease with self-

reported coronary/peripheral (non-stroke) vascular disease or cerebrovascular disease 

(stroke) in individuals with hypertension selected from a large cohort from the general 

population of Amsterdam, the HELIUS (Healthy Life in an Urban Setting) study. This 

cohort included individuals belonging to six ethnic groups. The analysis showed that, 

even in this selected population and after adjustment for other cardiovascular risk 

factors, family history of cardiovascular disease remained strongly associated with both 

non-stroke vascular disease and stroke. The association of family history of 

cardiovascular disease with stroke was significantly stronger in those of African 

Surinamese background than in those of other ethnic backgrounds. These results 

suggest that family history may remain associated with cardiovascular disease even in 

individuals with hypertension in a multi-ethnic population, and support the hypothesis 

that the family history may be considered as a candidate for the estimation of the risk 

of stroke in individuals of African Surinamese background.  
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Individuals of South Asian background suffer from high risk of cardiovascular disease, 

both in South Asia and in emigrant South Asian populations in other continents. Part of 

this risk is known to be mediated by a higher incidence of diabetes and earlier onset of 

diabetes than other ethnic groups. Therefore, insights on how to predict timely the 

onset of diabetes in individuals with this ethnic background may lead to improvement 

in prevention of diabetes and its complications. CChapter 3 presents a longitudinal 

analysis of a large sample of individuals from South Asian background living in the city 

of The Hague with prediabetes, a state of moderate impairment of glucose metabolism 

that precedes the onset of diabetes. The hypothesis was tested that a glucose “delta”, 

defined as the increase in blood glucose from the fasting state after a standard oral 

glucose load, better describes the metabolic handling of glucose and is thus better 

associated with the 5-year risk of diabetes than either of the two individual glucose 

levels before and after the oral load (which are standard tests for the diagnosis of 

diabetes). The results suggested that this “glucose delta”, while indeed associated with 

the onset of diabetes, is unlikely to improve prediction over the two individual, 

traditionally used glucose levels. However, the analysis revealed an unexpectedly high 

prevalence of a negative glucose delta (post-absorptive glucose lowering). Because this 

phenomenon has been described previously with lower prevalences in smaller cohorts 

of South Asian individuals, its extent and clinical significance may merit attention in 

future studies on glucose metabolism in this population.  

 

Part II of this thesis is devoted to the approach of improving the estimation of 

cardiovascular risk using novel markers of early vascular damage. Early markers of 

damage may improve individual risk estimates/estimation(?) as they circumvent the 

limitations of prediction scores based on known risk factors and identify, in fact, the 

disease itself at a very early stage. In this perspective, this thesis explored both the 

potential association with cardiovascular risk and the precision properties of non-

invasive markers of endothelial function – in particular, a marker of damage to the 

endothelial glycocalyx, a possible early marker of atherosclerosis.   

In CChapter 4, we investigated the association of the Perfused Boundary Region (PBR), 

a proposed indicator of glycocalyx damage, non-invasively derived from video images 

of the sublingual microcirculation, with both known risk factors of cardiovascular 

disease on one hand, and self-reported cardiovascular disease on the other hand. This 

analysis was conducted in a large, multi-ethnic sample of individuals from the HELIUS 

study. A small glycocalyx size as estimated using the PBR was associated with female 

sex and diabetes, but not with the other cardiovascular risk factors. Glycocalyx size was 

not associated with self-reported either non-stroke or stroke cardiovascular disease.  
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The precision of any measurement technique must be evaluated in order to establish 

whether differences observed in clinical studies are likely to be due to chance. In 

CChapter 5, an analysis is presented of the reproducibility characteristics of the PBR and 

other parameters (vascular density and red blood cell filling) obtained by the same 

technique proposed for the assessment of glycocalyx damage studied in the previous 

chapter. For each parameter, reproducibility was studied both across two 

measurements performed by the same investigator on the same individual (intra-rater) 

as well as across two measurements performed by two investigators (inter-rater) in a 

sub-study of the HELIUS study, and found to be moderate to poor. An additional study 

on healthy volunteers assessed the ability of the method to detect short-term changes 

in the three sublingual parameters after two acute stimuli – a meal and smoking one 

cigarette –, resulting in non-statistically significant changes unless very large samples 

were used. Possible reasons for the poor reproducibility features of this technique as 

well as possibilities for their improvement are presented.  

 

The results of the analyses presented in the thesis are summarized in CChapter 66. The 

potential of family history of cardiovascular disease in improving our knowledge of the 

pathways of cardiovascular risk in multi-ethnic populations as well as the possible need 

of more thorough analysis of glucose metabolism in individuals of South Asian 

Background are discussed. The reader, however, is invited to proceed with caution 

when generalizing the results of association studies such as those described here, 

which should always be regarded as merely hypothesis-generating and must be 

confirmed by longitudinal or interventional analyses before being considered for use in 

clinical practice. Similar caution is needed when proposing and evaluating novel early 

disease markers for use in clinical practice. The analysis on the association of 

glycocalyx damage as estimated by the PBR with prevalent cardiovascular disease did 

not confirm previous preliminary findings, and do not support its clinical use in the 

present form for the context of risk estimation in individuals from the general 

population explored in this thesis. Poor reproducibility may contribute to explain the 

lack of association of these sublingual parameters with risk factors or prevalent 

cardiovascular disease, but also indicates an approach for the improvement of this 

technology.  
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NEDERLANDSE SAMENVATTING 

Het inschatten van het risico op atherosclerotische hart- en vaatziekten, vooral in de 

vorm van de klinisch relevante gebeurtenissen hartinfarct en beroerte, blijft uitdagend. 

Een verbetering daarin zou helpen patiënten met een hoog risico in de klinische praktijk 

te identificeren. HHoofdstuk 1 licht beknopt de achtergrond van dit proefschrift toe. Het 

proefschrift verkent aan de hand van associatiestudies innovatieve benaderingen om 

het cardiovasculair risico te beoordelen. 

Multi-etnische populaties komen meer overeen met de in de dagelijkse medische 

praktijk geziene patiëntengroepen dan de etnisch homogene steekproeven waarop 

wetenschappelijke kennis lang was gebaseerd. Bovendien ondersteunen steeds meer 

wetenschappelijke bevindingen het idee dat traditionele risicofactoren in verschillende 

etnische groepen anders zijn gedistribueerd of een andere impact kunnen hebben. 

Deze inzichten zijn met name relevant voor etnische groepen die bekend staan om een 

bijzonder hoge prevalentie van specifieke vormen van hart- en vaatziekten. DDeel I van 

dit proefschrift verkent de waarde van traditionele cardiovasculaire risicofactoren in 

multi-etnische populaties en hun samenspel met etniciteit.  

Hoewel hypertensie een erkende risicofactor is voor hart- en vaatziekten die in 

gevalideerde klinische scores voor risico-inschatting wordt gebruikt, beschrijft ze een 

heterogene populatie wat cardiovasculair risico betreft. Familiegeschiedenissen van 

hart- en vaatziekten laten daarentegen consistent een associatie met individueel 

cardiovasculair risico zien, zelfs na correctie voor andere risicofactoren. 

Familiegeschiedenis is daarom een mogelijk aanknopingspunt om interetnische 

verschillen in cardiovasculair risico te verklaren. HHoofdstuk 2 onderzoekt de 

onafhankelijke associatie tussen een familiegeschiedenis van hart- en vaatziekten en 

zelfgerapporteerd coronair of perifeer vaatlijden (‘non-stroke’) of cerebrovasculaire 

ziekte (‘stroke’) onder personen met hypertensie in een groot cohort uit de bevolking 

van Amsterdam, de HELIUS-studie (Healthy Life in an Urban Setting). De personen uit 

deze steekproef behoorden tot zes etnische groepen. De analyse toonde dat, ook in 

deze geselecteerde populatie en na correctie voor andere cardiovasculaire 

risicofactoren, een familiegeschiedenis van hart- en vaatziekten sterk geassocieerd 

bleef met zowel non-stroke als stroke vaatziekten. De associatie tussen 

familiegeschiedenis en stroke was significant sterker bij individuen met een Afrikaans-

Surinaamse achtergrond dan bij die met andere etnische achtergronden. Deze 

bevindingen suggereren dat ook bij individuen met hypertensie uit een multi-etnische 

bevolking familiegeschiedenis geassocieerd is met hart- en vaatziekten en dat een 
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familiegeschiedenis van hart- en vaatziekten mogelijk indicatief is voor het risico op 

beroerte bij personen met een Afrikaans-Surinaamse achtergrond. 

Personen van Zuid-Aziatische afkomst hebben te maken met een hoog risico op hart- 

en vaatziekten, zowel in Zuid-Azië als onder Zuid-Aziatische migrantenpopulaties op 

andere continenten. Het is bekend dat dit risico deels kan worden toegeschreven aan 

een hogere incidentie van diabetes en het krijgen van diabetes op jongere leeftijd dan 

andere etnische groepen. Een betere predictie van diabetes kan bij individuen met 

deze etnische achtergrond leiden tot effectievere preventie en verbeterde behandeling 

van diabetes en de bijbehorende complicaties. HHoofdstuk 3 presenteert een 

longitudinale analyse van bewoners van de stad Den Haag met een Zuid-Aziatische 

achtergrond die lijden aan prediabetes, een conditie van matig gestoord 

glucosemetabolisme die aan diabetes voorafgaat. Onderzocht werd de hypothese dat 

een ‘glucosedelta’, gedefinieerd als de toename van bloedglucose in een nuchtere 

toestand na een orale glucosetolerantietest (de inname van een gestandaardiseerde 

hoeveelheid glucose), het glucosemetabolisme beter beschrijft en dus sterker met het 

risico op diabetes gedurende vijf jaar geassocieerd is dan de twee afzonderlijke 

glucosespiegels vóór en na de glucosetolerantietest (die beide standaardtests voor de 

diagnose van diabetes zijn). De uitkomsten suggereerden dat de ‘glucosedelta’ 

inderdaad geassocieerd was met de incidentie van diabetes, maar dat het 

onwaarschijnlijk was dat deze indicator het predictievermogen van de reeds gebruikte 

glucosespiegels zou kunnen verbeteren. De analyse toonde echter een onverwacht 

hoge prevalentie van een negatieve glucosedelta (post-absorptive glucose lowering). 

Dit verschijnsel, dat met lagere prevalenties en in kleinere steekproeven al eerder is 

waargenomen in Zuid-Aziatische populaties, verdient gezien omvang en klinische 

waarde mogelijk meer aandacht in toekomstig onderzoek naar het 

glucosemetabolisme van deze bevolkingsgroep. 

Deel II van dit proefschrift is gewijd aan een experimentele methode om het 

cardiovasculair risico in te schatten op basis van nieuwe markers van vroege 

vaatschade. Tekenen van vroege schade kunnen een beter beeld geven van het 

individueel risico doordat ze in feite de ziekte zelf in een vroeg stadium identificeren. 

De beperkingen van predicties op basis van bekende risicofactoren worden daarmee 

omzeild. Vanuit dit perspectief verkende dit proefschrift zowel de mogelijke associatie 

met cardiovasculair risico als de statistische eigenschappen van niet-invasieve markers 

van de endotheelfunctie. Daarbij werd in het bijzonder gekeken naar de schade aan de 

vasculaire gylcocalyx, een mogelijke vroege marker van atherosclerose. 

In HHoofdstuk 4 onderzochten we of de Perfused Boundary Region (PBR), een 

voorgestelde indicator van de schade aan de vasculaire glycocalyx die werd afgeleid uit 
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niet-invasieve video-opnamen van de sublinguale microcirculatie, geassocieerd was 

met bekende risicofactoren voor hart- en vaatziekten en zelfgerapporteerde hart- en 

vaatziekten. De analyse werd uitgevoerd in een grote multi-etnische steekproef van 

individuen uit de HELIUS-studie. Een op basis van de PBR ingeschatte dunnere 

glycocalyx was geassocieerd met het vrouwelijk geslacht en met diabetes, maar niet 

met de overige cardiovasculaire risicofactoren. Glycocalyxdikte was niet geassocieerd 

met zelfgerapporteerd coronair of perifeer vaatlijden of cerebrovasculaire ziekte. 

Om vast te stellen of de in klinische studies geobserveerde verschillen mogelijk op 

toeval berusten is het nodig de precisie van de meetmethode te beoordelen. In 

HHoofdstuk 5 wordt een analyse gepresenteerd van de 

reproduceerbaarheidseigenschappen van de BPR en andere parameters 

(vaatdichtheid en rodebloedcelgehalte) die werden verkregen door middel van dezelfde 

techniek waarmee de glycocalyxschade uit het vorige hoofdstuk werd bepaald. Voor 

elke parameter werd de reproduceerbaarheid bij zowel twee door dezelfde onderzoeker 

uitgevoerde metingen (intra-rater) als twee door verschillende onderzoekers (inter-
rater) uitgevoerde metingen in een substudie van de HELIUS-studie geëvalueerd. De 

reproduceerbaarheid bleek matig tot slecht te zijn. In een aanvullende studie onder 

gezonde vrijwilligers werd gekeken of de meetmethode kortetermijnveranderingen in 

de sublinguale parameters kon identificeren na twee acute prikkels – een maaltijd en 

het roken van een sigaret –, wat geen significante verschillen opleverde tenzij grote 

steekproeven zouden worden gebruikt. Mogelijke redenen voor de lage 

reproduceerbaarheid van deze techniek en mogelijkheden tot verbetering worden 

voorgesteld.  

De resultaten van de in dit proefschrift beschreven analysen zijn in HHoofdstuk 6 

samengevat. Het potentieel van een familiegeschiedenis van hart- en vaatziekten voor 

het verbeteren van onze kennis over de mechanismen achter het cardiovasculair risico 

in multi-etnische populaties wordt besproken, evenals de behoefte aan diepgravendere 

analysen van het glucosemetabolisme onder individuen met een Zuid-Aziatische 

achtergrond. De lezer wordt uitgenodigd terughoudend te zijn met het trekken van 

algemene conclusies uit associatiestudies zoals deze, die per definitie slechts 

hypothesen kunnen genereren en door longitudinaal of interventioneel onderzoek 

bevestigd moeten worden voordat er sprake kan zijn van mogelijke klinische 

toepassingen. Even voorzichtig moet met het voorstellen en het evalueren van nieuwe 

ziektemarkers voor klinisch gebruik omgegaan worden. De analyse van de associatie 

tussen de door middel van PBR ingeschatte glycocalyxschade en prevalente hart- en 

vaatziekten bevestigde eerdere preliminaire bevindingen niet, en ondersteunde 

evenmin de klinische inzet van deze techniek in zijn huidige vorm in de context die in 
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dit proefschrift beschreven wordt, namelijk die van risicobeoordeling in de algehele 

bevolking. Een schlechte reproduceerbaarheid kan tot het gebrek aan associatie 

tussen deze sublinguale parameters en hart- en vaatziekten of hun risicofactoren 

hebben bijgedragen, maar wijst tegelijkertijd op een mogelijke strategie ter verbetering 

van deze technologie. 
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DANKWOORD 

Net zoals sommige statistische modellen zijn ook het wetenschappelijk onderzoek en 

het leven niet altijd lineair. In deze situaties komt verlossing door mensen die met dit 

gebrek aan lineariteit kunnen omgaan en geduld, vriendschap, en ondersteuning 

aanbieden. Het geluk zulke vrienden en mentors tegen te komen heb ik consequent 

gehad, en dit werk is het directe resultaat van de hulp van velen. 

Ik zou als eerste graag de studiedeelnemers noemen die alle analysen in dit 

proefschrift mogelijk hebben gemaakt: de HELIUS-deelnemers, de DH!AAN-deelnemers 

en de niet-rokende vrijwilligers die voor de studie zelfs (met goedkeuring van de 

medisch-etische toetsingscommissie!) sigaretten hebben gerookt. Het geschenk van 

hun tijd en energie in de hoop een bijdrage te leveren aan de medische zorg mogen 

niet worden vergeten. 

Beste prof. Peters, beste Ron, in jou heb ik de rust bewonderd waarmee je problemen 

hanteert, maar ook de vaardigheid om het grotere geheel nooit uit het oog te verliezen: 

ik leerde van jou dat we vooral onderzoek doen omdat het nuttig en leuk is, en al het 

andere kunnen we relativeren. Door jou ben ik nog steeds geïnspireerd om me in deze 

opzichten te blijven verbeteren.   

Beste Sara-Joan, onze gesprekken behoren voor mij nog altijd tot de grootste 

leermomenten over hoe je onderzoek doet en een idee in de praktijk omzet. Maar 

vooral vind ik het belangrijk dat je weet dat ik het, hoewel ik niet altijd de makkelijkste 

promovendus was, zeer waardeer dat je ervoor wilde zorgen dat ik niet alleen als 

onderzoeker, maar ook als persoon groeide. Dat heeft mij enorm geholpen en ik zal je 

daarvoor altijd dankbaar blijven.  

Geachte leden van de promotiecommissie, geachte prof. dr. M. Nieuwdorp, geachte 

prof. dr. L. Vogt, geachte prof. dr. F. M. A. C. Martens, geachte prof. Dr. C. O. Agyemang, 

geachte prof. dr. K. Stronks, geachte prof. dr. A. J. Rabelink: veel dank voor jullie 

kritische beoordeling van dit proefschrift en het zitting nemen in mijn 

promotiecommissie. 

Beste prof. Zwinderman, beste Koos, ik heb van al onze gesprekken altijd genoten en 

het was een voorrecht ze zo vaak te kunnen voeren. Dank je voor je vriendelijke 

begeleiding en geduld: door jou is mijn passie voor de statistiek gegroeid en mijn 

beslissing er ook in de toekomst mee te blijven werken bevestigd. 

Een groot deel van mijn formele promotietijd werd aan het werk met deelnemers op 

locatie besteed. Gelukkig was deze lange tijd erg plezierig door het enthousiaste team 
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van HELIUS: gedurende twee jaar heb ik met zo veel leden van dit team samengewerkt 

dat ik hen niet allemaal bij naam kan noemen, maar voor de vriendschap, de 

gezelligheid, en de grote ondersteuning wil ik in het bijzonder Meredith, Petra en Anja 

heel erg bedanken.    

Dit brengt me tot diegenen die niet alleen onderzoekers op locatie waren, maar net als 

ik HELIUS-promovendi. Umar, Aydin, en Karlijn: ik ben blij met jullie dit belangrijke deel 

van ons leven gedeeld te hebben. Dank je voor jullie enthousiasme over mijn onderzoek 

en voor de gezellige tijd op locatie, in het AMC en daarbuiten.    

Deze interdisciplinaire promotie voerde langs meerdere afdelingen van het AMC. In de 

sociale geneeskunde heb ik de meeste tijd doorgebracht en daar heb ik mij altijd thuis 

gevoeld. In het bijzonder mijn hartelijke dank aan Anke, Jizzo, Lorraine, Dionne, Nita: 

dank je wel voor de gezelligheid en voor het feit dat ik me bij jullie nooit een 

buitenstaander heb gevoeld. Mijn grote dank ook aan alle collega’s die mijn kortere 

verblijven op de afdelingen vasculaire geneeskunde, cardiologie en KEBB – met lieve 

groeten aan Michel – erg plezierig hebben gemaakt.  

Tijdens mijn promotie heb ik als doseerarts bij Trombovitaal in Amsterdam gewerkt. 

Lieve Sabine, lieve Roderik, lieve collega’s van Trombovitaal: ik voelde mij bij jullie altijd 

op mijn gemak. Bedankt voor de aangename werksfeer en een erg leuke tijd.  

Aan het einde van mijn formele promotieperiode begon ik aan een unieke werkervaring 

op de Spoedeisende Hulp van het Admiraal de Ruyter Ziekenhuis te Goes, Zeeland. Aan 

alle ANIOS – Jeroen, Sebastiaan, Maike, Meike, Valentine, Lisa, Tyas, Jolien, Aniska, 

Karin, Yordi, Tim, Leon, Erik, Laurens, Kors, met een bijzondere vermelding voor mijn 

maten van de Framboos in juli 2017 en in Manchester, Nathan en Machiel: bedankt 

dat jullie met jullie gezelligheid en vriendschap deze periode onvergetelijk hebben 

gemaakt. Lieve Menno, Bert-Jan, Judith, Iwan, Saskia, Michiel, Rebekka, Lot en Tim – 

als ik iets waard ben als arts ben ik dat in de eerste plaats aan jullie verschuldigd (en 

voor de rest neem ik zelf verantwoordelijkheid). Bedankt aan alle artsen van de 

Intensive Care en de verschillende specialismen, zelfs aan de orthopeden; en met heel 

mijn hart aan alle verpleegkundigen van de SEH en IC. Ze hebben mij stuk voor stuk 

ondanks mijn gebrek aan ervaring een prachtige werkomgeving geschonken. Dr. Joris 

M. van Lieshout, toen Medisch Hoofd SEH, heeft misschien meer dan anderen aan den 

lijve meegemaakt hoe relatief de stelling ‘de promotie is bijna klaar’ kan zijn. Ik hoop 

met dit proefschrift enig vertrouwen te kunnen wekken dat ook mijn andere nog niet 

ingeloste belofte bij hem waarschijnlijk toch realiseerbaar is. Lieve Sjors: mijn periode 

in Goes was een van de gelukkigste in mijn leven, zowel op professioneel als ook op 
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menselijk niveau. Dit heb ik vooral te danken aan jouw beslissing in mij te vertrouwen 

en aan jouw leiderschap. Daarvoor zal ik jou áltijd dankbaar blijven.   

Der Abschluss meiner Dokterarbeit erfolgte in der Zeit, als ich bereits an der Unimedizin 

Mainz in Deutschland tätig war. Meine Kollegen im Zentrum für Thrombose und 

Hämostase sollen wissen, dass es kein Klischee ist, zu sagen, dass ihre Unterstützung 

in dieser Phase entscheidend war. Prof. Konstantinides, ich danke Ihnen von Herzen 

für Ihr kontinuierliches Vertrauen und Ihre großartige Unterstützung. Vor allem aber 

danke ich Ihnen für die unvergessliche Zusammenarbeit und freue mich auf weitere 

gemeinsame Projekte in der Zukunft. Ich möchte mich auch bei allen Kollegen und 

Mitarbeitern vom CTH bedanken – Brunhilde, Christina, Doris, Dorothea, Giannis, Jana, 

Karsten, Katharina, Lukas, Nadine, Silke – für ihre Freundschaft und Unterstützung. 

Vincent, dankzij onze nerdy gesprekken kan ik nog steeds ook overdag Nederlands 

spreken! 

Während der langen Stunden, die wir gemeinsam im Zentrum für Kardiologie verbracht 

haben, haben meine Kollegen oft von meiner Promotion gehört. Ich habe viel von allen 

ärztlichen Kollegen gelernt und bereits wiederholt von ihrer Unterstützung profitiert. Es 

ist mir insbesondere eine Ehre, Teil des begeisterten Teams der Assistenzärzte der 

Kardiologie zu sein. Ein besonderer Dank gilt meinen Freunden aus der berühmten 

CPU-Rotation von 2021/2022: Anna, Christopher, Clemens, Gabriel, Lena, Marc, Sonja. 

Wir waren ein tolles Team und ich werde eure Hilfe und Freundschaft nie vergessen. 

Die Kollegen auf 4C – Franziska, Christian, Chong Hyuk, Konstantina, Pascal, haben 

mich dann noch Monate erfolgreich ertragen. Ich möchte mich auch bei allen 

Pfleger:innen der CPU bedanken – meine tiefste Dankbarkeit und Bewunderung gilt 

euch allen. Ich vermisse euch sehr! 

Ein besonderer Dank geht an meine beiden Oberärzte Sebastian Steven und Kai-Helge 

Schmidt für ihre große Unterstützung unter nicht immer einfachen Umständen. Aus 

dem im niederländischen Teil dieses Dankworts häufig vorkommenden Wort „geduld“ 

wird es Ihnen bereits klar sein, dass sie sich hiermit auf jeden Fall in eine lange 

Tradition von Begleitern eingereiht haben, deren Führungsqualitäten von mir 

herausgefordert wurden – und die diese Herausforderung gemeistert haben.   

Dear Stefano, I will always remember the day that I entered the room at the department 

of vascular medicine and we found each other. Who would have thought, back then, 

where we would end up? Amsterdam, Utrecht, Mainz, a podium in Bremen, several 

trains, and even a big airplane leading literally to the other end of the world. It feels like 

we are still on that airplane.* Thank you for teaching me how important it is not to know 
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what the future holds. I look forward to seeing you, Alice, Agata and Isotta as often as 

possible. 

The circle of friends that developed in Utrecht already before the PhD and throughout 

it was the main reason for the special relationship I will always maintain with this city, 

even though most of us no longer live there. Xavier, Marko, Eveline, Jasper, Liza, 

Philomena, Gustavo, Laura, and all of the several other friends of the Couchsurfing and 

Language Café communities: thank you for your friendship and for all the great 

moments – may more and more come!  

Non posso non ricordare i miei amici del Collegio Lamaro-Pozzani di Roma, che mi 

hanno sostenuto a distanza sullo sfondo in questa lunga avventura. Siete tanti ma non 

ho dimenticato nessuno della nostra famiglia. Un saluto affettuoso al Direttore prof. 

Stefano Semplici, Dak, Caterina, Michelangelo, Alberto, Paolo, Luigi, Andrea, Daniela, 

e al collegiale non collegiale Mircea.   

Lieve Heleen, wat ben ik blij dat ik dit met jou kan delen. Dat ik een team ben met mijn 

lievelingspersoon in de wereld maakt elk moment de moeite waard.  

Cari mamma e papà, grazie per il supporto continuo, sempre risoluto, e incondizionato. 

Tutto quel che ho fatto l’abbiamo fatto insieme. Grazie per avermi insegnato con 

l’esempio cosa conta.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*If possible, though, let it be the Cathay Pacific one and not the Air China one.  
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en biostatistiek lag, daarmee ziijn interessen goed weerspiegelend. Tijdens de promotie 
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