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ABSTRACT 

Introduction Individuals with a family history of premature coronary artery disease (CAD) have 
an increased cardiovascular risk. Since current risk algorithms poorly predict risk, especially in 
younger individuals, novel methods are needed to assess cardiovascular risk in these families. 
Recently, microvascular function (using imaging of the sublingual microvasculature with 
videomicroscopy) was put forward as an indicator of vascular vulnerability in CAD. We set out to 
evaluate if microvascular dysfunction was present in premature CAD families. 

Methods In 50 patients with premature CAD (men <41 years, women <46 years), 50 healthy first 
degree relatives (FDRs) and 50 age and gender-matched controls, sublingual microvascular 
function was assessed. Using sidestream darkfield imaging, the erythrocyte perfused boundary 
region (PBR) was assessed as an indicator for increased penetration of the erythrocyte column 
towards the endothelium, indicative of microvascular dysfunction. 

Results Participants had a mean age of 45.7 ± 6.3 years, 54.3% were men. Both in patients with 
premature CAD as well as their FDRs an increased PBR was observed (2.2±0.3μm and 2.2±0.3μm, 
respectively) compared to controls (2.0±0.2μm; p<0.05 vs. patients and FDRs). In the FDRs, the 
PBR was highest in those characterized by increased coronary artery calcification. Significance 
was retained after adjustment for traditional cardiovascular risk factors.  

Conclusion  Patients with premature CAD and their FDRs are characterized by microvascular
dysfunction, independent of other cardiovascular risk factors. Further studies are needed to 
address the predictive value of PBR changes for cardiovascular risk as well as the potential 
reversibility of these changes by risk-lowering interventions.  
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INTRODUCTION 
 
A positive family history for premature coronary artery disease (CAD) is an independent risk 
factor for cardiovascular events [1,2]. Several studies have shown that age at the time of event 
[3,4] and the number of affected relatives [5,6] affect the risk, eventually reaching Odds ratios 
(OR) up to a 10-fold increase.  
Whereas a positive family history for CAD elegantly identifies families at risk, it does not specify 
however who of the kindreds are at risk. This emphasizes the need for refinement of risk 
stratification among siblings within these families. Usually, cardiovascular risk is assessed via risk 
score algorithms. The predictive value of these algorithms is limited in the general population, 
whereas this is even worse in relatives of patients with premature CAD [7]. The latter is mainly 
attributable to the fact that age is the most potent factor determining CAD, thereby falsely 
minimizing the risk particularly in younger siblings of high-risk families. The failure to accurately 
predict risk relates to the fact that risk score algorithms use markers of risk rather than 
identifying the atherosclerotic disease itself [8,9]. The best way to improve risk prediction most 
likely rests on the implementation of imaging methods aimed at detecting subclinical disease, 
which may allow for identification of younger subjects already characterized by an increased risk 
of (premature) CAD. 
Imaging of microvascular integrity has been put forward as a potential diagnostic target in CAD 
[10] since micro- and macrovascular disease share common pathophysiological processes 
including the presence of a systemic endothelial dysfunction during pro-atherogenic states [11].  
If a diagnosis is made before the onset of macrovascular disease, the effect of future events can 
be averted. Hence, a reliable measure to qualify or -even better- quantify microvascular 
dysfunction at an early stage holds the promise to predict vascular morbidity and cardiovascular 
risk more accurately than merely focusing at traditional cardiovascular risk factors. Recently, an 
imaging-based method was developed to detect changes in microvascular function via in vivo 
recordings of the sublingual microcirculation, enabling us to assess microvascular function in 
humans [12]. 
In the present study, we evaluated whether subclinical atherosclerosis, as identified by coronary 
artery calcification in first degree relatives (FDRs) of patients with premature CAD, can also be 
observed by microvascular dysfunction compared to healthy controls. To test this, we evaluated 
microvascular function via sublingual sidestream dark field (SDF) imaging in patients with 
premature CAD, their FDRs as well as age- and gender-matched controls. 
 
METHODS 
 
Study design 
50 patients with premature CAD and a positive family history for premature cardiovascular 
disease (CVD) were recruited. In addition, 50 FDRs of these patients were recruited, without a 
history of overt CVD. Finally, 50 unrelated healthy controls were recruited without a history of 
CVD or cardiovascular complaints. All individuals were matched for age and gender. Participants 
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visited the hospital after an overnight fast and were asked to refrain from smoking at least 8 
hours before the visit. 
The primary objective of the study was to evaluate differences in microvascular function, as 
assessed by sublingual SDF imaging before as well as following nitroglycerin challenge in patients 
with premature CAD, their FDRs and controls. Secondary objective was to evaluate whether the 
presence of coronary artery calcification (CAC) in the FDRs was related to differences in 
microvascular function. 
The FDRs and controls were excluded if they had any signs or symptoms of CVD, which was 
assessed by a standardized questionnaire. In addition, the controls were not allowed to use any 
medication, nor to have a positive family history for CVD.  
To minimize the influence of other cardiovascular risk factors, individuals in all groups were 
excluded if they had severe hypertension (above 180/110 mmHg), diabetes mellitus or primary 
dyslipidemia. Individuals were also excluded if they were under the age of 18 years, if they were 
unable to give informed consent or in case of pregnancy or lactation. 
The study was conducted in accordance to the Declaration of Helsinki. All participants gave 
written informed consent and the study was approved by the local Institutional Review Board. 

Definitions 
CAD was defined as an acute myocardial infarction or coronary artery disease, needing 
revascularization by percutaneous coronary intervention (PCI) or coronary artery bypass grafting 
(CABG). To increase the likelihood of including families with a genetic predisposition for CAD, all 
patients had to have an event before 41 years in men and 46 years in women. A positive family 
history was defined as ≥ 1 first degree and/ or ≥ 2 second degree family members with CVD 
before the age of 51 years in men and 56 years in women, in line with the GENECARD definition 
[13]. CVD was defined as CAD, strokes or peripheral artery disease necessitating percutaneous 
transluminal angioplasty or bypass surgery. Hypertension and hypercholesterolemia were 
defined in patients as the use of blood pressure or cholesterol lowering medication before the 
first event; in FDRs and controls as medication use at the time of the study visit or a blood 
pressure above 140/90 mmHg, or a fasting total cholesterol levels above 6.2 mmol/L, as defined 
by the Third Report of the National Cholesterol Education Program [14]. Smoking was defined as 
current smoking or quitted smoking ≤ 5 years ago. 

Microvascular function 
The erythrocyte perfused boundary region (PBR) was assessed as an index for microvascular 
function using an SDF Microscan videomicroscope (MicroVision Medical Inc., Wallingford, PA) 
[12] on sublingual microvasculature. An increased PBR represents facilitated penetration of 
circulating erythrocytes towards the endothelium [15], which is normally protected from cell 
penetration by a cell excluding, protective layer (also known as ‘endothelial glycocalyx’) [12,16]. 
Subsequently, the PBR change was assessed 5, 10 and 15 minutes after nitroglycerin 
administration sublingually (0.4 mg). Under ‘physiological’ conditions, nitroglycerin rapidly 
increases the PBR [17,18]. This is due to a rapid loss of barrier properties of the cell excluding 
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layer [19]. In contrast, PBR increase following nitroglycerin is abolished in diseased states such as 
hyperlipidemia [19]. Thus, lack of PBR increase after nitroglycerin challenge is considered to 
reflect microvascular dysfunction. PBR was recorded as previously published [15]. In short, 
sublingual images were collected with a 5 times objective providing a 325-fold magnification on 
screen with a frame rate of 23 per second. Videos were recorded in at least 10 sublingual areas 
using Streampix software (Norpix Inc., Montreal, Canada). Vessels with a diameter above 50μm 
were excluded. The first movie frame was used to identify all available microvessels and 
measurement lines perpendicular to vessel direction were placed automatically every 10 μm 
along each vessel. Each of these lines represented a measurement site; at each measurement 
site, every 0.5μm, a total of 21 parallel intensity profiles was plotted using ImageJ (National 
Institutes of Health, Bethesda, MD), and erythrocyte column width was determined at each line 
for all 40 consecutive frames in a movie, revealing a total of 840 measurements per site (40 
frames x 21 segments). The ensuing erythrocyte column width distributions of each participant 
were used to determine the median erythrocyte column width and the outer diameter of the 
erythrocyte perfused lumen (figure 1) for each individual measurement site. The diameter of the 
total lumen diameter was assessed by linear extrapolation of the cumulative erythrocyte width 
distribution between the 25th and 75th percentile. Subsequently, the distance of the median 
erythrocyte column width to the position of the outer lumen was measured and defined as the 
PBR. Thus, PBR = (perfused lumen –median erythrocyte column width) / 2. 
 
Coronary artery calcification 
In all FDRs we performed a coronary computed tomography (CT) to assess the presence of 
coronary calcium. Assuming a hereditary component in the families, the FDRs might consist of 
individuals which have and which have not inherited the genetic defect. Since we do not know 
the specific defect in the families, we chose to evaluate subclinical atherosclerosis by means of 
CAC [20].  
All CT’s were performed using a 64-slice multi-detector CT scanner (Philips Medical Systems, 
Best, the Netherlands). The scanning protocol was as follows: tube voltage, 120 kV; tube current, 
55 mAs; detector collimation, 40 × 2.5 mm; gantry rotation, 420 ms. We recorded CAC for the 
main arteries, the total score was calculated by summing lesion scores of all sections. We 
evaluated CAC according to Agatston [20] and expressed further as age/sex percentiles. FDRs 
were divided in two groups, according to the results of the CAC. A score above the 80th 
percentile was considered as abnormal, consistent with literature [21]. 
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Figure 1 Model of a cross section of a blood vessel with the determinants of microvascular function 
explained  

mECW, mean erythrocyte column width; PBR, perfused boundary region 

Statistical analyses 
Differences in baseline characteristics were assessed between the three groups using chi-square 
tests (in case of proportions), or ANOVA (in case of continuous data) and individual group 
comparison was done by Bonferroni correction. Secondly, we performed linear regression 
analyses on the microvascular function to adjust for parameters which differed among the 
groups.  Finally, we assessed differences in microvascular function before and after nitroglycerin 
administration in a linear mixed model, which uses time dependent differences between the 
groups, using Bonferroni correction. These analyses were also adjusted for the same 
confounders. A p-value <0.05 was considered statistical significant. Data were analysed using 
SPSS software version 16.0 (SPSS Inc., Chicago, Illinois, USA). 
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RESULTS 
 
Baseline characteristics 
Characteristics of the participants are listed in table 1. The groups were well matched for age 
and sex. Patients with premature CAD had lower LDL cholesterol levels (2.2 ± 0.7 mmol/L vs. 3.5 
± 0.9 mmol/L and 3.1 ± 0.7 mmol/L; p<0.05) and higher triglycerides (2.1 ± 3.8 mmol/L vs. 1.1 ± 
0.6 mmol/L and 1.0 ± 0.5 mmol/L; p<0.05) compared to FDRs and controls. Patients also used 
more antihypertensive and cholesterol lowering medication. FDRs were more often smokers 
(38% vs. 20%; p<0.05), had higher low-density lipoprotein (LDL) cholesterol levels (3.5 ± 0.9 
mmol/L vs. 3.1 ± 0.7 mmol/L; p<0.05) compared to controls. The Framingham Risk Score tended 
to be higher in FDRs compared to controls. 
 
Microvascular function (PBR) 
The baseline PBR was larger in patients compared to controls (p<0.05). In line, baseline PBR was 
also increased in the FDRs compared to controls (p<0.05) (table 1). All these differences 
remained after adjustment for confounding factors, including smoking, cholesterol levels, and 
blood pressure.  
Upon sublingual nitroglycerin challenge, we found in the mixed-model analysis that there was a 
significant interaction between the groups and time after nitroglycerin challenge. PBR decreased 
in both patients and FDRs compared to baseline, while sublingual nitroglycerin challenge 
increased PBR in healthy controls (p<0.05 vs. patients and FDRs; figure 2). All effects of 
nitroglycerin normalized after 10-15 minutes. 
We then set out to investigate an association of altered PBR with another imaging marker of 
premature atherosclerosis. After dividing the FDRs in a group with elevated CAC and a group 
with normal CAC score, we found that 34% (n=17) of all FDRs had an elevated CAC score (above 
the 80th percentile). Besides a higher age in the group with higher CAC (table 1), other 
characteristics were comparable. Baseline PBR was larger in patients and FDRs with an elevated 
CAC score, compared to controls (all p<0.05), which persisted after adjustment for confounding 
factors including age, smoking, blood pressure and cholesterol levels (table 2).  
Upon sublingual nitroglycerin challenge, we found in the mixed-model analysis that there was a 
significant interaction between the groups and time after nitroglycerin challenge. PBR also 
decreased in patients as well as in FDRs with elevated CAC compared to controls (all p<0.05), but 
not in FDRs with normal CAC (figure 3). Once again, these differences remained after adjustment 
for confounders. 
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Table 1 Baseline characteristics of the participants 
Controls All FDRs 

n=50 n=50 

Age, years 45.6 ± 6.6 45.6 ± 7.9 

Male gender, n (%) 27 (54) 27 (54) 

Smoking, n (%) 10 (20) 19 (38) * 

SBP, mmHg 125.2 ± 15.6 129.7 ± 11.3 

DBP, mmHg 79.4 ± 9.9 82.6 ± 8.8 

BMI, kg/m2 23.0 ± 4.4 23.7 ± 3.9 

Total cholesterol, mmol/L 5.0 ± 0.8 5.4 ± 0.9 * 

HDL-C, mmol/L 1.5 ± 0.4 1.4 ± 0.4 

LDL-C, mmol/L 3.1 ± 0.7 3.5 ± 0.9 * 

Triglycerides, mmol/L 1.0 ± 0.5 1.1 ± 0.6 

Hypertension, n (%) 0 (0) 6 (12) 

Hypercholesterolemia, n (%) 0 (0) 7 (14) * 

Framingham Risk Score 2.3 (1.2; 3.3) 3.2 (1.2; 4.8) 

Medication use 

   Antihypertensive, n (%) 0 (0) 5 (10) 

   Statin, n (%) 0 (0) 6 (12) 

Perfused boundary gion, μm 2.0 ± 0.2 2.2 ± 0.3 * 

Continuous data are expressed as mean ± standard deviation except for Framingham Risk Score which is 
expressed as median (25th; 75th percentiles), categorical data as absolute numbers with (percentages) 
* p<0.05 compared to controls; † p<0.05 compared to FDRs; § compared to FDRs with CAC <80th percentile
FDRs, first degree relatives; CAC, coronary artery calcification; pct, percentile; BMI, Body mass index; LDL-C, 
Low density lipoprotein cholesterol; HDL-C, High density lipoprotein cholesterol; SBP, Systolic blood 
pressure; DBP, Diastolic blood pressure 
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FDRs CAC <80th pct FDRs Elevated CAC 

n=32 n=18 n=50 

43.0 ± 8.3 50.1 ± 4.7 § 46.0 ± 3.6 

16 (50) 11 (61.1) 27 (54) 

12 (37.5) 7 (38.9) 28 (56) * 

126.0 ± 9.9 132.1 ± 12.6 130.7 ± 18.5 

84.0 ± 12.8 82.6 ± 9.4 84.8 ± 10.4 * 

23.6 ± 3.4 23.6 ± 4.8 24.4 ± 5.0 

5.34 ± 0.85 5.53 ± 1.05 4.2 ± 1.0 *† 

3.43 ± 0.85 3.60 ± 0.98 1.2 ± 0.3 *† 

1.44 ± 0.41 1.35 ± 0.36 2.2 ± 0.7 *† 

1.03 ± 0.55 1.28 ± 0.53 2.1 ± 3.8 *† 

3 (9.4) 3 (16.7) 10 (20) * 

4 (12.5) 3 (16.7) 11 (22) *† 

2.3 (1.0; 4.6) 4.1 (2.4; 6.7) * - 

3 (9.4) 2 (11.1) 46 (92) *† 

3 (9.4) 3 (16.7) 46 (92) *† 

2.1 ± 0.2 2.2 ± 0.3 * 2.2 ± 0.3 * 
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Figure 2 Perfused boundary region after nitroglycerin challenge 

Mixed-model analysis for repeated measurements showed patients vs. controls p<0.05; FDRs vs. controls 
p<0.05. Analyses were adjusted for smoking, cholesterol levels and blood pressure 

Figure 3 Perfused boundary region after nitroglycerin challenge according to CAC results 

Mixed-model analysis for repeated measurements showed patients vs. controls p<0.05; FDRs with elevated 
CAC vs. controls p<0.05. Analyses were adjusted for smoking, cholesterol levels, blood pressure and age. 
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Table 2 Linear regression analyses of baseline microvascular function among the groups 

 Perfused boundary region, μm 

Controls 0 (ref) 

FDRs (all) 0.13 (0.03-0.24) * 

     CAC <80th pct 0.09 (-0.03-0.21) 

     Elevated CAC 0.19 (0.05-0.34) * 

Patients 0.15 (0.02-0.27) * 

Data are expressed as beta’s (95% confidence intervals) 
* p<0.05 compared to controls 
Analyses were adjusted for smoking, cholesterol levels, and blood pressure. These analyses were additionally 
adjusted for age comparing the FDRs with normal and elevated CAC. 
FDRs, first degree relatives; CAC, coronary artery calcification; pct, percentile 
 
 
 
DISCUSSION 
 
In the present study, we observed that both patients with premature CAD as well as their first 
degree relatives were characterized by sublingual microvascular dysfunction compared to 
healthy controls. Moreover, the physiological increase in PBR upon nitroglycerine challenge 
observed in controls was reverted into a pathological decrease in both patients and FDRs, 
indicative of local endothelial dysfunction. Interestingly, these microvascular changes were 
predominantly seen in FDRs with elevated CAC scores, indicative of increased atherosclerotic 
burden in the coronary arteries. Collectively, these data show that apparently healthy 
asymptomatic FDRs of patients with premature CAD already display features of microvascular 
dysfunction at a relatively young age. Further studies are needed to assess whether 
microvascular dysfunction predicts future cardiovascular risk in these relatives as well as 
whether these abnormalities are amenable to early therapeutic intervention such as statin or 
antihypertensive medication. 
 
PBR perturbation in patients and first degree relatives 
It is interesting to note that the present measurement of PBR provides a reflection of 
microvascular abnormalities, whereas atherogenesis is a disease restricted to the large arteries. 
Moreover, the relation between PBR abnormalities in FDRs and CAC score implies that there is a 
direct relation between micro- and macrovascular abnormalities in CVD. The latter concept is 
supported by earlier work of Halcox et al. who found that at the level of the coronary circulation 
that there was a close relation between microvascular endothelial dysfunction and the presence 
of CAD in the larger arteries [22]. This association was also found between diabetic retinopathy 
and impaired flow-mediated vasodilation [23]. Furthermore, multiple studies show that both 
micro- as macrovascular disease share similar causes, such as hyperglycemia, inflammation and 
altered erythrocyte distribution width [24-26]. Also, it was observed in patients with diabetes, 
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that improvement of local endothelial function lead to a slowed progression of CAC in the 
coronary arteries [27]. With respect to potential genetic traits, Schachinger et al. reported that a 
positive family history of premature CAD predicted endothelium-dependent coronary blood flow 
regulation, independent of other risk factors [28]. These data clearly show that endothelial 
dysfunction is a systemic disease, which affects both the large as well as the smaller vessels [29]. 
Therefore, it is interesting to obtain a method to quantify microvascular dysfunction, if this will 
be able to predict vascular morbidity. 

Potential consequences of PBR perturbation 
The potential detrimental effects of an increased PBR are generally ascribed to a perturbed 
endothelial glycocalyx [30]. This layer protects the vessel wall from direct exposure to elements 
circulating in the plasma, whereas this layer acts as a mechano-sensor converting shear stress 
into the release of endothelial nitric oxide [31]. This layer is composed of a mixture of 
proteoglycans and glycosaminoglycans covering the endothelial cells. Furthermore, it plays an 
important role in vascular permeability [32], inhibits adherence of leukocytes and plays an 
important role in regulating the homeostatic balance [33]. Damage to this layer has been put 
forward to lead to an enhanced sensitivity of the vessel wall towards atherogenic stimuli [31]. 
Previous studies, in which systemic human glycocalyx volume have been evaluated [34], 
combined with earlier experimental studies [35], have led to the concept that a diminished 
glycocalyx is associated with an impairment of its erythrocyte-excluding properties, affecting the 
variations of the microvascular erythrocyte column width. This has been assessed in patients 
with acute heart failure [36], diabetes mellitus [37], familial hypercholesterolemia [37] and in 
patients following kidney transplantation [38]. A more recent study in patients with chronic 
kidney disease also revealed that an increased PBR is associated with higher serum levels of 
glycocalyx components hyaluronan and syndecan-1 and increased hyaluronidase activity, 
suggesting glycocalyx degradation and shedding of these components which can lead to 
impaired endothelial integrity [15]. 
Individuals with an increased erythrocyte perfused region, such as those with a positive family 
history, might be an attractive population for future preventive strategies, since other studies 
have reported improvements in microvascular function following treatment with rosuvastatin 
[39] or oral supplementation with glycosaminoglycans (sulodexide) [37]. Further studies are 
needed however to address the predictive value of PBR changes for cardiovascular risk as well as 
the potential reversibility of these changes by risk-lowering interventions.  

Limitations 
Several limitations of this study merit closer consideration. First, the cross-sectional design of 
our study does not render information about the cause or consequence of the observed data. 
Whether increased microvascular dysfunction contributes to accelerated atherogenesis with 
increased CAC scores, or vice versa needs to be established in future studies. Second, the used 
method for evaluating microvascular function needs further prospective validation in other 
study populations and prospective cohorts, which is currently in progress [40]. Compared with a 
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previously published study (15), the recorded videos in the current study were subjected to 
additional quality control of image intensity, focus and tissue movement prior to measurement 
and analysis of erythrocyte. Exclusion of poorly focused images from the analysis resulted in a 
slight reduction of the width of the erythrocyte distributions and corresponding PBR values in 
controls at baseline.  
Also, after dividing the FDRs in a group with elevated and normal CAC, microvascular function of 
those with elevated CAC resembled the patients with CAD, while it resembled healthy controls in 
those with normal CAC. Since CAC score is an independent predictor of incident cardiovascular 
events [41], this might also account for the observed microvascular dysfunction. Third, relatives 
of patients with premature CAD were characterized by a higher prevalence of classic risk factors 
compared to controls, which could have affected microvascular function. However, after 
multivariate analyses our observations were independent of the cardiovascular risk factors. 
Furthermore, the question is whether you should adjust for risk factors as cholesterol levels and 
blood pressure in families with premature CAD of unknown origin. If the increased familial risk is 
caused by inherited high cholesterol, the effect will remain unobserved. Indeed, also after 
adjustment for lifestyle factors such as smoking, waist and body mass index, differences in 
microvascular function remained (data not shown). 
 
Conclusion 
In conclusion, we observed in the sublingual microcirculation that FDRs of patients with 
premature CAD were characterized by an increased sublingual capillary PBR compared to 
unrelated healthy controls, which was independent of other risk factors. Interestingly, the FDRs 
with elevated CAC score also had an increased PBR, while this was not seen in the FDRs with 
normal CAC score. Thus, sublingual capillary microvascular dysfunction might be an interesting 
non-invasive marker that might be useful for early risk prediction within families with premature 
CAD.  
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