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Abstract

Changes in endothelial glycocalyx are one of the earliest changes in development of cardiovascular disease. The endothelial
glycocalyx is both an important biological modifier of interactions between flowing blood and the vessel wall, and a
determinant of organ perfusion. We hypothesize that deeper penetration of erythrocytes into the glycocalyx is associated
with reduced microvascular perfusion. The population-based prospective cohort study (the Netherlands Epidemiology of
Obesity [NEQ] study) includes 6,673 middle-aged individuals (oversampling of overweight and obese individuals). Within
this cohort, we have imaged the sublingual microvasculature of 915 participants using sidestream darkfield (SDF) imaging
together with a recently developed automated acquisition and analysis approach. Presence of RBC (as a marker of
microvascular perfusion) and perfused boundary region (PBR), a marker for endothelial glycocalyx barrier properties for RBC
accessibility, were assessed in vessels between 5 and 25 pm RBC column width. A wide range of variability in PBR
measurements, with a mean PBR of 2.14 um (range: 1.43-2.86 um), was observed. Linear regression analysis showed a
marked association between PBR and microvascular perfusion, reflected by RBC filling percentage (regression coefficient f3:
—0.034; 95% confidence interval: —0.037 to —0.031). We conclude that microvascular beds with a thick (“healthy”)
glycocalyx (low PBR), reflects efficient perfusion of the microvascular bed. In contrast, a thin (“risk”) glycocalyx (high PBR) is
associated with a less efficient and defective microvascular perfusion.
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Introduction glycocalyx with hyaluronidase led to glomerular albumin leakage
[4].

Another function of the endothelial glycocalyx has been
proposed to be the regulation of microvascular perfusion. The
concept that the glycocalyx contributes to the regulation of
microvascular perfusion was originally hypothesized by the group
of Duling in 1990 when they showed that the adenosine-induced
increase in capillary tube hematocrit in hamster cremaster muscle
vessels was diminished after enzymatic glycocalyx degradation [8].
Further evidence for the role of the glycocalyx in regulation of
functional microvascular perfusion has subsequently been gath-
ered [9-13]. Changes in glycocalyx composition have been
demonstrated to result in a decrease of shear- dependent nitric
oxide (NO) -mediated arteriolar vasodilation [14], to decrease
functional capillary density [15] and to induce platelet- and
leukocyte adhesion in microvessels [6,7,16]; all effects that
potentially affect microvascular perfusion. Loss of microvascular
perfusion is a principal process in chronic organ failure, including

Cardiovascular disease is the leading cause of death in
developed countries and one of the earliest changes in the
pathogenesis of cardiovascular disease is microvascular dysfunc-
tion [1]. Within the inner vessel wall, a luminal endothelial
glycocalyx is strategically located to continuously interact with the
flowing blood. This endothelial glycocalyx is a thick gel-like
meshwork of proteoglycans, glycosaminoglycans and plasma
proteins; it functions as an important biological modifier in the
interaction between the blood and the vessel wall [2,3].
Degradation and modification of the endothelial glycocalyx is,
therefore, thought to be one of the earliest changes occurring in
the pathogenesis of vascular disease [4,5]. For example, the
endothelial glycocalyx exerts an anti-inflammatory and anti-
thrombotic role by covering various glycoprotein adhesion
receptors for leukocytes [6] and platelets [7]. Also, the endothelial
glycocalyx has a protective role against protein leakage, as shown
by our group previously, when selective degradation of endothelial
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heart, kidney and vascular dementia. The central concept is that
endothelial (EC) activation turns pericytes into myofibroblasts,
resulting in loss of capillaries, tissue hypoxia and subsequent organ
fibrosis. However, there is currently no data on the relation
between health of the endothelial glycocalyx and microvascular
perfusion regulation in man.

Of the several methods to measure glycocalyx health in vivo, we
have utilized the property of the endothelial glycocalyx to function
as a barrier to maintain a certain distance between red blood cells
(RBC) and the endothelial cell membrane [17-19]. To determine
the spatio-temporal variation in radial displacement of individual
RBCs into the endothelial glycocalyx in microvessels we used
sidestream darkfield (SDF) imaging. SDF imaging is a non-invasive
technique which visualizes hemoglobin within the RBC by
reflected light emitting diode (LED) light from the microvascula-
ture [20]. With this technique, it has been shown that the RBCs
(diameter of 7 to 8 um) maintain a certain distance from the
endothelium of capillaries (diameter of 5 pm), which was
postulated to be due to the barrier function of the glycocalyx
against the RBC [19]. Using SDF imaging, we imaged the
longitudinal and radial distribution of RBC in sublingual
microvessels to obtain information about the @ vivo endothelial
glycocalyx barrier properties in humans [21]. This concept has
recently been tested in various patient groups with cardiovascular
disease or risk factors, such as end-stage renal disease [17,21],
stroke [18], premature coronary artery disease [22] and critically
ill patients (septic and non-septic)[23], in which it was indicated
that a perturbed glycocalyx allowed the erythrocytes to penetrate
deeper towards the endothelium, resulting in an increase in the
perfused boundary region (PBR). In addition to the lateral RBC
movements, the longitudinal presence of RBCs (along known as
vascular segments per surface area) is measured, allowing a
simultaneous examination of the glycocalyx exclusion properties
and the microvascular spatio-temporal RBC perfusion. We
hypothesized that impaired glycocalyx barrier properties in the
sublingual microcirculation is associated with changes in micro-
vascular perfusion capacity in the general population.

Methods
Study Design and study population

We performed a cross-sectional analysis among participants
recruited for the Netherlands Epidemiology of Obesity (NEO)
study [24] to examine the association between endothelial
glycocalyx integrity and microvascular perfusion. The NEO study
is a population-based, prospective cohort study of 6,673 individ-
uals aged between 45 and 65 years, with oversampling of
overweight and obese individuals, to study pathways that lead to
obesity-related diseases for a better understanding of the mech-
anisms underlying development of disease in obesity.

Detailed information about the study design and data collection
has been described previously [24]. Men and women aged
between 45 and 65 years with a self-reported BMI of 27 kg/m? or
higher and living in the greater area of Leiden (in the west of the
Netherlands) were eligible to participate in the NEO study. In
addition, all inhabitants aged between 45 and 65 years from one
municipality (Leiderdorp, the Netherlands) were invited, irrespec-
tive of their BMI, allowing for a reference BMI distribution. SDF
imaging was performed in a random subgroup of 937 participants
from the 1394 participants who were included from January 2012
to October 2012. The study was carried out in accordance with
the Declaration of Helsinki. Approval was obtained from the
Committee of Medical Ethics of Leiden University Medical Center
and all participants gave written informed consent.
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General Measurements

Prior to the NEO study visit, participants completed a
questionnaire about demography, lifestyle and medical history
and fasted for at least 10 hours. Participants came to the research
site in the morning to undergo several baseline measurements
including anthropometric measurements, and blood sampling.
Hemoglobin (Hb) was measured by the SLS hemoglobin detection
method and hematocrit (Hct) by the RBC cumulative pulse height
detection method with a Sysmex XE-2100 system (Sysmex, UK).

Extensive physical examination was conducted, including
anthropometry and blood pressure measurements. Blood pressure
was measured three times in a seated position on the right arm
with a 5 minutes resting interval using a validated automatic
oscillometric device (OMRON, Model M10-IT, Omron Health
Care Inc., IL, USA). Prehypertension and hypertension were
diagnosed according to JNC 7 criteria [25].

Imaging of microcirculation

Intravital microscopy was performed at bedside with a SDF
camera (MicroVision Medical Inc., Wallingford, PA) to visualize
the sublingual microvasculature. The SDF camera uses green light
emitting diodes (540 nm) to detect the hemoglobin of passing
RBC. The images were captured using a 5X objective with a 0.2
NA (numerical aperture), providing a 325- fold magnification in
720x576 pixels (tissue dimension: 950x700 um; tissue area:
0.665 mm®) at 23 frames per second. The system makes up to
840 measurements of the width of the RBC column at a specific
site. These individual width measurements are obtained after 8-
fold pixel size interpolations of the corresponding radial intensity
profiles, allowing detection of small changes in width between
individual width measurements as small as 0.1 um, which
translates in accuracy of estimates of boundary layer of approx-
imately 0.05 um. The image acquisition is automatically mediated
through the Glycocheck software (Glycocheck BV, Maastricht, the
Netherlands) (Figure 1. for illustration of software algorithm). It
detects the dynamic lateral RBC movement into the glycocalyx,
which is expressed as the perfused boundary region (PBR, in pm).
Therefore, a perturbed or degraded glycocalyx would allow more
RBCs to penetrate deeper towards the endothelial surface, which
is reflected by an increase in PBR (figure 1d.). The method of
calculating the PBR has been used and validated in various
publications [17,18,21-23].

In short, the software automatically identifies all available
measurable micro-vessels (below 30 pm thickness) during the
acquisition by contrast between the RBC and the background, in
focus and without movement of the imaging unit (raw data in
figure la). With this, it places vascular segments every 10 um
along the length of these vessels. Subsequently, a sequence of 40
frames 1s recorded containing, on average, 300 major vascular
segments (depicted as green lines in figure 1b). Next, the observer
moves the camera to a different location to record another 40
frames, until a minimum total of 3,000 vascular segments are
placed. After acquisition, the software undergoes a series of quality
checks to only measure vascular segments that are of good quality.
First, on the first frame of each recording session, ten line markers
are placed every 0.5 pm along each side of the vascular segments
(total of 21 line markers). Only those that have sufficient contrast
on more than 60% of the 21 line markers of each vascular segment
are considered a valid vascular segment (green lines in figure lc),
in contrast to the invalid vascular segment (yellow lines in
figure 1c). Since all vascular segments are placed every 10 pum, the
length of perfused microvascular length can be expressed by
multiplying 10 pm and the number of valid vascular segments per
area of tissue visualized (valid microvascular density). For the
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Figure 1. Glycocheck algorithm on endothelial PBR determination and microvascular perfusion properties. A) Red blood cells (RBC)
are detected through reflection of light emitting diodes by hemoglobin. Images captured by the sidestream darkfield camera are sent to the
computer for quality checks and assessment. The black contrast is the perfused lumen of the vessels. B) In each recording, the software automatically
places the vascular segments (green), every 10 um along the vascular segments (black contrast). C) After the acquisition, for the analysis, the software
undergoes several quality check in the first frame of each recording (see text), to select vascular segments with sufficient quality for further analysis.
Invalid vascular segments (yellow) are distinguished from the valid vascular segments (green). During the whole recording session of 40 frames, the
percentage of time in which a particular valid vascular segment has RBCs present is used to calculate RBC filling percentage. D) Depiction of the
concept of glycocalyx thickness by lateral RBC movement is shown here. E) For each vascular segment, the intensity profile is calculated to derive
median RBC column width. F) Then, the distribution of RBC column width is used to calculate the perfused diameter, median RBC column width, and

subsequently the perfused boundary region (PBR).
doi:10.1371/journal.pone.0096477.g001

second quality check, during the measurement of RBC column
widths for all 40 frames of recording session, the software screens
for minimal RBC width, position of RBC column and the signal-
to-noise ratio. At this step, the software calculates the percentage
of vascular segments with RBC present during all 40 frames of the
recording session, to determine the RBC filling percentage. Both
the valid microvascular density and the RBC filling percentage
were used as an estimate for the microvascular perfusion. For the
last quality check, the curve fit for calculating the median RBC
column widths is tested also for irregularities (figure le). Thus,
after all these quality checks, those that fulfill these criteria are
subject to analysis for the radial distribution of RBC, as a
measurement of glycocalyx function.

For each vascular segment, the dynamic lateral position of
RBCs (per RBC column width) is determined. The intensity
profiles of the distribution of RBC column widths are used to
calculate a cumulative distribution. From this distribution, the
median RBC column width is obtained while a linear regression
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analysis of the RBC column width is performed to derive the
perfused diameter (the X-axis intercept of the extrapolated
regression line) is calculated (figure 1f). Then, the PBR is defined
as the distance between RBC column width and perfused diameter
and is calculated using the equation, ([Perfused diameter — median
RBC column width]/2). Next, the calculated PBR wvalues,
classified according to their corresponding RBC column width
between 5-25 um, are averaged to provide a single PBR value for
each participant.

Statistical Analysis

In the NEO study there is an oversampling of persons with a
BMI of 27 kg/m? or higher. For the present study, to correctly
represent associations in the general population [26], adjustments
for the oversampling of individuals with a BMI =27 kg/m? were
made. This was done by weighting individuals towards the BMI
distribution of participants from the Leiderdorp municipality,
whose BMI distribution was similar to the BMI distribution of the
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Table 1. General Clinical Characteristics.

Glycocalyx and Microvascular Perfusion

Total (n=915)

Gender (% of male/female)
Age (year)

BMI (kg/m?)

Hb (mmol/L)

Hct

Hypertension (%)

Systolic BP (mmHg)
Diastolic BP (mmHg)

46/54
56.1£6.0
26.4+4.2
871x1.1
0.41+0.12
33.5%
131.0£16.2
83.2+9.7

doi:10.1371/journal.pone.0096477.t001

general Dutch population [26]. All results were based on weighted
analyses. Consequently, results apply to a population-based study
without an oversampling of BMI =27 kg/m?.

Participants with unsuccessful measurements through SDF
imaging (including participants with incomplete recording sessions
(less than 10; n=16) and abnormal video images, such as
consistent presence of air bubbles (n =6), all PBR outlier values),
preventing correct analysis were excluded (n = 22). In the end, 915
participants were included in the analysis of data. Baseline
characteristics of the population were expressed as mean
(£standard deviation [SD]), median (interquartile range), or as
percentage. We performed linear regression analysis to investigate
the associations of perfused boundary region with RBC filling
percentage and valid microvascular density, while adjusting for
age and sex. All statistical analyses were performed using SPSS
version 20.0 (Chicago, IL), STATA Statistical Software (Statacorp,
College Station, Texas) and GraphPad version 5.0 (GraphPad
Prism Software Inc., San Diego, CA). A p-value <0.05 was
defined as statistically significant.

Results

General clinical characteristics

The clinical characteristics of individuals with measured SDF
are shown in Table 1. All participants were between 45 to 65 year
old. Of all participants, 42% were lean, 42% were overweight, and
16.0% were obese. The mean systolic blood pressure was
131 mmHg (S.D.: 16 mmHg) and diastolic blood pressure was
83 mmHg (S.D.: 10 mmHg), with 36% with hypertension.

Hb, hemoglobin; Hct, hematocrit; BP, blood pressure. Data is presented as mean * standard deviation.

Determination of microcirculatory properties

From the RBC column width and perfused diameter, perfused
boundary region was calculated to derive the glycocalyx barrier
function (Table 2, #1 to #3). Overall, the mean PBR was
2.14 um with a wide range of variability (range: 1.43-2.86 pm)
(table 2). Despite the wide distribution of PBR in our cohort, there
was a difference in PBR between men and women (mean: 2.09 um
and 2.18 um, respectively).

In addition to the glycocalyx barrier function by means of PBR,
microvascular perfusion outcomes were calculated, resulting in a
mean valid microvascular density of 3213 um/mm? (table 2, #5)
and a mean RBC filling percentage of 73.2% (table 2, #6). In
other words, there is 3246 um of perfused microvessels per mm? of
tissue area which was in 73.2% positive for the presence of RBCs
at a given time point during the 40 frames of video recording.

Association of the glycocalyx barrier properties with

microcirculatory perfusion

To test the hypothesis whether impaired glycocalyx barrier
properties are associated with impaired microvascular perfusion,
we examined the association between PBR and the two used
estimates for microvascular perfusion (Table 3 and figure 2). Of
the two microvascular perfusion outcomes, RBC filling percentage
was associated with PBR (regression coefficient f: —0.034; 95%
CL: —0.037 to —0.031) and explained 47% of variability of
perfused boundary region (R% 0.475, p<<0.001). The valid
microvascular density was also associated with PBR but explained
the variability of PBR to a lesser extent (R 0.030), although still
significant. Examples of video-clips obtained from participants
with different PBR values and corresponding changes in

Table 2. Sidestream darkfield imaging derived variables characteristics.

# Parameter Total Men Women

1 RBC Column width (um) 10.561.12 10.74*1.10 1041111
2 Perfused diameter (um) 14.84+1.18 14.92+1.19 1477117
3 Perfused boundary region (um) 2.14+0.25 2.09+0.24 2.18+0.25

4 Total microvascular density (pm/mmz) 4314+882 4223+821 4391+924

5 Valid microvascular density (pm/mmz) 3213+691 3144+627 3272+736

6 RBC filling (%) 73.2%5.0 74.0*+4.8 724*50

Data is presented as mean * standard deviation.
doi:10.1371/journal.pone.0096477.t002
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Figure 2. Scatterplot between PBR and outcomes of microvascular perfusion. The perfused boundary region (PBR), a measurement for
glycocalyx accessibility to red blood cells (RBC), is associated significantly with spatio-temporal aspects of microvascular perfusion variables: A) RBC
filling percentage (percentage of time in which a particular vascular segment is perfused) B) Valid microvascular density. In particular, lower PBR (less
accessible glycocalyx, thus a better and thicker glycocalyx) is associated with higher RBC filling percentage (temporal perfusion).

doi:10.1371/journal.pone.0096477.9002

microvascular perfusion are shown in Movie S1 and S2 (high and
low PBR, respectively).

Discussion

We have measured the RBC accessibility into the endothelial
glycocalyx, i.e. perfused boundary region (PBR) together with
RBC filling percentage and valid microvascular density in the
sublingual microvasculature of over 900 participants recruited for
the NEO study.

In this study we observed a strong association between changes
in endothelial glycocalyx properties (PBR) and estimates of
microvascular perfusion in the sublingual
(Figure 2 and Table 3). The strongest association existed between
PBR and RBC filling percentage, which represents the microvas-
cular perfusion changes over time.

The mechanically stable gel-like layer on the endothelial surface
limits the area in which RBCs and large plasma proteins are
distributed (RBC exclusion properties of glycocalyx), which is
reflected by a low PBR (figure 3a). An earlier observation of
individual RBC in capillaries showed that compression of the
RBCs by intact glycocalyx result in more elongated RBCs (7—
8 um length and 3—4 um width), and therefore a more efficient
and faster passage of these RBCs [19]. Also, this would lead to
increased RBC longitudinal passage, allowing more oxygen

microcirculation

exchange capacity. The relation between PBR and vascular
perfusion has been studied, however, in a variety of different
physiological stimulants, such as by exercise, nitroglycerine,
adenosine or insulin [9,10,22]. For instance, nitroglycerine
challenge in a healthy population led to an increase in PBR and
a recruitment of reserve capacity, further arguing that in a healthy
state of acute physiological need, the glycocalyx has the potential
to become more porous to facilitate the increased metabolic
demand [10]. With such transient stimuli, both PBR and perfusion
increases, leading to a temporary local increase in oxygen/nutrient
exchange. Therefore the observed variation in PBR and its
correlation with perfusion could theoretically be explained by this
dynamic regulation. Nonetheless, we have performed our mea-
surements in a strictly controlled environment (e.g. overnight
fasting, resting for more than 15 minutes, exclusion of caffeine and
smoking). Thus, the observed variation in PBR and clear negative
correlation (figure 2b) with the microvascular perfusion would
argue for differences in vascular health in our population.
Therefore, in an unhealthy vascular state, PBR increase
(reflecting increased outward penetration of RBC) together with
decreased RBC filling percentage and functional microvascular
density, reflects poor perfusion (figure3b). When the glycocalyx is
degraded for a prolonged time, protein extravasation increases
with subsequent edema formation [4,27], and a reduction in nitric
oxide bioavailability [14], all together leading to endothelial

Table 3. Linear regression analysis show association between perfused boundary region and microvascular perfusion parameters.

95% CI for coefficient '

Independent variable* Regression coefficient f R-Square
Lower Bound Upper Bound
RBC filling percentage —0.034 0.475 —0.037 —0.031
+Age, sex, BMI* —0.034 0.482 —0.036 —0.031
Valid microvascular density® —0.054 0.02 —0.083 —0.025
+Age, sex, BMI* —0.059 0.06 —0.087 —0.030

*Dependent variable: Perfused boundary region (PBR).
95% confidence interval for regression coefficient p.
*Linear regression analysis adjusted for age, sex and BMI.

from PBR.
doi:10.1371/journal.pone.0096477.t003
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Figure 3. Schematic illustration on relation between glycocalyx
accessibility and microvascular perfusion regulation. A) Healthy
state: Intact glycocalyx prevents red blood cells (RBC, red dots) from
penetrating into its domain, reflected by a low perfused boundary
region (PBR), and nicely aligned elongated RBC. The vessels are well
perfused (higher tube hematocrit of microvessel and elongated shape
of erythrocyte) resulting in a higher percentage of vessel segments with
RBC present at any particular time point (high RBC filling percentage).
B) Risk State: Altered composition of glycocalyx (lined dots) allows RBCs
to penetrate deeper into the glycocalyx, closer to the anatomical border
of lumen (endothelium), reflected by the high PBR. Due to the widening
of RBC distribution width and volume, there is more space in between
each RBC, as shown by decreased RBC filling percentage (less positive
contrast per vascular segment per time point). Also, prolonged state of
glycocalyx degradation leads to edematous and non-functioning
vessels, leading to shorter vessel density per area of tissue (reduced
valid microvascular density in risk PBR), depicted by the loss of bottom
vessel.

doi:10.1371/journal.pone.0096477.g003

dysfunction and perfusion defects [10,15]. For instance, in patients
with diabetes, there is increased hyaluronidase activity [28], which
probably decreases glycocalyx volume and functional capillary
density [15,28,29]. The increase in distance between RBCs
(reflected by low RBC filling percentage) might be due to both
RBC changes into a wider shape [19] and more intravascular
volume in which RBC could distribute. Ultimately, these changes
lead to slow, diffuse and inefficient perfusion [30], as schematically
depicted in figure 3.

Variability in the width of the RBC column, and thus PBR
could theoretically also decrease to lower values when the
glycocalyx layer becomes very thin. However, it is empirically
and consistently found in all available and known (clinical) data,
that PBR progressively increases with the severity of disease and
glycocalyx damage. The most striking increases in PBR are found
in critically diseased patients with severe septic shock in the ICU
(unpublished data), who are supposed to have shed off the
glycocalyx [6,23]. In these subjects the level of PBR increase

PLOS ONE | www.plosone.org
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correlates directly with mortality and cardiovascular organ
complications. It therefore appears that relatively infrequent
deeper penetration of RBCs into the layer during degradation/
damage of glycocalyx precedes the radial outside movement of the
majority of the RBCs in the RBC column, resulting in increases in
PBR on top of potential increases in median width of the RBC
column. Moreover, in the present study, we performed the
measurements in a large group of relative healthy participants,
making the loss of glycocalyx in the microvasculature also a
relative unlikely event.

A question obviously is, whether glycocalyx assessment of the
sublingual microcirculation is representative for glycocalyx
dimensions in other tissues. Glycocalyx thickness and functional
properties may indeed differ substantially from one organ to
another [31]. However, as with other measurements of endothelial
function, systemic factors will affect representative functional
endothelial changes throughout the circulation. For example,
using the SDF technique we and others have shown that
sublingual vascular changes correlate with changes in the
microvasculature of gastric, renal and nervous system organs
[17,18,21,32-38]. In addition, we have shown in diabetic subjects
that glycocalyx dimensions correlated with systemic glycocalyx
volume changes [28]. Also, changes in the sublingual PBR in
patients with coronary artery disease or stroke imply that local
microvascular abnormalities indeed reflect changes in the systemic
microvasculature [18,22].

During the past few years, there have been several methodo-
logical advances introduced in estimating glycocalyx dimensions.
In the past, SDF glycocalyx dimensions were calculated as the
difference in RBC column width before (functionally perfused
capillary diameter) and after (anatomical capillary diameter)
leukocyte passage [28,39]. Thereby, it measures the transient
change in thickness due to leukocyte- induced compression of the
glycocalyx. These previous measurements have shown reduced
glycocalyx dimensions in various cardiovascular diseases such as
diabetes [28,29], obesity [39], and hypercholesterolemia [40].
However, it is a labor-intensive process by manually capturing
leukocyte passages for a longer time period and analyzing the
results. In addition, it is subject to investigator bias. The current
method of SDF imaging we have used, which detects the dynamic
changes in the erythrocyte movements, acquires and analyses the
recordings in an unbiased, fully automated fashion.

While this technique estimates the glycocalyx thickness and
microvascular perfusion non-invasively and automatically, it does
have its limitations. First, the SDF camera only detects RBCs.
Therefore, the perfused diameter and PBR is not the anatomical
diameter of the vessel or the thickness of the anatomical
glycocalyx, respectively. Nonetheless, by measuring the distribu-
tion of RBCs in a dense spatio-temporal manner, the software
measures the location of the RBCs and can thereby statistically
calculate the perfused diameter and PBR. In addition, we have
recently validated that the measurement for PBR reflects actual
anatomical glycocalyx damage, as shown by reduced distance
between endothelial cell and RBC after hyaluronidase treatment
using intravital microscopy [21]. Second, by visualizing the spatio-
temporal location of the RBCs, the software estimates the
microvascular perfusion by how often a certain vascular segment
has a passing RBC. However, conventional outcome of perfusion
variables includes RBC velocity or the anatomical microvascular
density in a tissue [32]. Also, during the acquisition of
approximately 2 seconds, the software cannot detect the vessel if
there are no RBCs passing through. Therefore, it cannot visualize
all vessels.
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In conclusion, SDF imaging of the mucosal microvasculature in
an adjusted subgroup of participants recruited for the NEO study,
to represent associations in a general population, showed a wide
range of variability in RBC accessibility to the glycocalyx, which
was negatively associated with microvascular perfusion. This
means that with a thick (“healthy”) glycocalyx (reflected by a low
PBR) there is efficient perfusion of the microvascular bed. In
contrast, a thin (“risk”) glycocalyx (reflected by a high PBR) is
associated with less efficient and perturbed perfusion. The strong,
and until now unknown, correlations of PBR with microvascular
perfusion in man, indicate that values of PBR might allow us to
report on relations between these parameters during follow up of
these subjects, and relate it to future cardiovascular risk. This is
clinically very relevant as microvascular rarefaction is a principal
process in development of chronic organ failure.

Supporting Information

Movie S1 Video clip of participants with high perfused
boundary region with altered microvascular perfusion.
A single recording session (from ten or more recording sessions per
measurement) i3 extracted from random participants with high
and low (Movie S2) PBR to illustrate the difference in level of
perfusion. Video clip of a participant with high PBR (2.52 um)
shows altered microvascular perfusion. Descriptively, the move-
ment of RBCs seem sluggish. Automated quantitative analysis
through the software shows that the RBC filling percentage was
65.3% and the functional microvascular density (total length of
perfused vessel per area of tissue) is 1985 pm/mm?.

(AVI)

Movie 82 Video clip of participants with low perfused
boundary region with normal microvascular perfusion.
Video clip of a participant with low PBR (1.84 pum) shows fast and
efficient passage of RBCs through the microvessels. Quantitatively,
the functional microvascular density is longer 6782 pum/mm?
compared to that of participant with high PBR (in Movie S1). The

References

1. Deanfield JE, Halcox JP, Rabelink T]J (2007) Endothelial function and
dysfunction: testing and clinical relevance. Circulation 115: 1285-1295.

2. Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG (2007)
The endothelial glycocalyx: composition, functions, and visualization. Pflugers
Arch 454: 345-359.

3. Weinbaum S, Tarbell JM, Damiano ER (2007) The structure and function of
the endothelial glycocalyx layer. Annu Rev Biomed Eng 9: 121-167.

4. Dane MJC, van den Berg BM, Avramut MC, Faas FGA, van der Vlag J, et al.
(2013) Glomerular Endothelial Surface Layer Acts as a Barrier against Albumin
Filtration. American Journal of Pathology 182: 1532-1540.

5. Rabelink TJ, de Boer HC, van Zonneveld AJ (2010) Endothelial activation and
circulating markers of endothelial activation in kidney disease. Nat Rev Nephrol
6: 404-414.

6. Schmidt EP, Yang Y, Janssen WJ, Gandjeva A, Perez M]J, et al. (2012) The
pulmonary endothelial glycocalyx regulates neutrophil adhesion and lung injury
during experimental sepsis. Nat Med 18: 1217.

7. Reitsma S, Oude Egbrink MG, Heijnen VV, Megens RT, Engels W, et al.
(2011) Endothelial glycocalyx thickness and platelet-vessel wall interactions
during atherogenesis. Thromb Haemost 106: 939-946.

8. Desjardins C, Duling BR (1990) Heparinase treatment suggests a role for the
endothelial cell glycocalyx in regulation of capillary hematocrit. Am J Physiol
258: H647-654.

9. Eskens BJM, Mooij HL, Cleutjens JPM, Roos JMA, Cobelens JE, et al. (2013)
Rapid Insulin-Mediated Increase in Microvascular Glycocalyx Accessibility in
Skeletal Muscle May Contribute to Insulin-Mediated Glucose Disposal in Rats.
Plos One 8: €55399.

10. VanTeeffelen JW, Brands J, Vink H (2010) Agonist-induced impairment of
glycocalyx exclusion properties: contribution to coronary effects of adenosine.
Cardiovasc Res 87: 311-319.

11. Brands J, Spaan JA, Van den Berg BM, Vink H, VanTeeffelen JW (2010) Acute
attenuation of glycocalyx barrier properties increases coronary blood volume
independently of coronary flow reserve. Am J Physiol Heart Circ Physiol 298:
H515-523.

PLOS ONE | www.plosone.org

Glycocalyx and Microvascular Perfusion

RBC filling percentage of this participant was higher at 74.1%,
which means that the time in which a particular vascular segment
contains an RBC present is increased. Note: While the functional
microvascular density is based on the individual video clip, the
PBR and RBC filling percentage are not just from the shown video
clip, but calculated from all recording sessions.

(AVI)

Acknowledgments

We express our gratitude to all individuals who participate in the
Netherlands Epidemiology in Obesity (NEO) study. We are grateful to all
participating general practitioners for inviting eligible participants. The
authors would like to thank Christa Broekhuizen, Vera van der Slot and
Kimberly de Koning (Department of Epidemiology, Leiden University
Medical Center) for data collection; Ingeborg de Jonge (Department of
Epidemiology, Leiden University Medical Center) for helpful database
management; all research nurses for collecting the data; Dr. Marku Mallat
(Department of Nephrology, Leiden University Medical Center) for helpful
statistical advice.

The NEO study group: Frits R. Rosendaal, Renée de Mutsert, Saskia
Middeldorp, Ton J. Rabelink, Johannes W.A. Smit, Johannes A. Romijn,
Klaus F. Rabe, J. Wouter Jukema, Albert de Roos, Saskia le Cessie, Pieter
S. Hiemstra, Margreet Kloppenburg, Ton W J. Huizinga, Hanno Pijl,
Jouke T. Tamsma, Eelco J.P. de Koning, Pim J.J. Assendelft, Pieter H.
Reitsma, Ko Willems van Dijk, Aiko PJ. de Vries, Hildo J. Lamb, Ingrid
M. Jazet, Olaf M. Dekkers, Nienke R. Biermasz, Christa M. Cobbaert
(Leiden University and Medical Center, Leiden, the Netherlands), Martin
den Heijer, Jacqueline M. Dekker and Brenda W. Penninx (VU Medical
Center, Amsterdam, The Netherlands).

Author Contributions

Conceived and designed the experiments: DHL BMvdB MdH FRR JvdV
AJvZ TJR. Performed the experiments: DHL MJCD BMvdB. Analyzed
the data: DHL MJCD BMvdB JWvT RdM HV. Contributed reagents/
materials/analysis tools: HV. Wrote the paper: DHL BMvdB TJR.
Prepared figures: DHL MJCD MGSB. Edited and revised manuscript:
DHL BMvdB JWvT JvdV AJvZ TJR.

12. Vink H, Duling BR (2000) Capillary endothelial surface layer selectively reduces
plasma solute distribution volume. Am J Physiol Heart Circ Physiol 278: H285—
289.

13. VanTeeffelen JW, Dekker S, Fokkema DS, Siebes M, Vink H, et al. (2005)
Hyaluronidase treatment of coronary glycocalyx increases reactive hyperemia
but not adenosine hyperemia in dog hearts. Am J Physiol Heart Circ Physiol
289: H2508-2513.

14. Mochizuki S, Vink H, Hiramatsu O, Kajita T, Shigeto F, et al. (2003) Role of
hyaluronic acid glycosaminoglycans in shear-induced endothelium-derived nitric
oxide release. Am J Physiol Heart Circ Physiol 285: H722-726.

15. Cabrales P, Vazquez BY, Tsai AG, Intaglietta M (2007) Microvascular and
capillary perfusion following glycocalyx degradation. J Appl Physiol 102: 2251~
2259.

16. Constantinescu AA, Vink H, Spaan JA (2003) Endothelial cell glycocalyx
modulates immobilization of leukocytes at the endothelial surface. Arterioscler
Thromb Vasc Biol 23: 1541-1547.

17. Vlahu CA, Lemkes BA, Struijk DG, Koopman MG, Krediet RT, et al. (2012)
Damage of the endothelial glycocalyx in dialysis patients. ] Am Soc Nephrol 23:
1900-1908.

18. Martens RJ, Vink H, van Oostenbrugge R]J, Staals J (2013) Sublingual
microvascular glycocalyx dimensions in lacunar stroke patients. Cerebrovasc Dis
35: 451-454.

19. Vink H, Duling BR (1996) Identification of distinct luminal domains for
macromolecules, erythrocytes, and leukocytes within mammalian capillaries.
Circulation Research 79: 581-589.

20. Goedhart PT, Khalilzada M, Bezemer R, Merza J, Ince C (2007) Sidestream
Dark Field (SDF) imaging: a novel stroboscopic LED ring-based imaging
modality for clinical assessment of the microcirculation. Opt Express 15: 15101—
15114.

21. Dane MJ, Khairoun M, Lee DH, van den Berg BM, Eskens BJ, et al. (2014)
Association of Kidney Function with Changes in the Endothelial Surface Layer.
Clin J Am Soc Nephrol. doi: 10.2215/CJN.08160813.

May 2014 | Volume 9 | Issue 5 | 96477



22.

26.

27.

28.

29.

30.

31

Mulders TA, Nieuwdorp M, Stroes ES, Vink H, Pinto-Sietsma SJ (2013) Non-
invasive assessment of microvascular dysfunction in families with premature

coronary artery disease. Int J Cardiol 168: 5026-5028.

. Donati A, Damiani E, Domizi R, Romano R, Adrario E, et al. (2013) Alteration

of the sublingual microvascular glycocalyx in critically ill patients. Microvasc Res
90: 86-89.

. de Mutsert R, den Heijer M, Rabelink TJ, Smit JW, Romijn JA, et al. (2013)

The Netherlands Epidemiology of Obesity (NEO) study: study design and data
collection. Eur J Epidemiol 28: 513-523.

. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, et al. (2003)

Seventh report of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure. Hypertension 42: 1206
1252.

Korn EL, Graubard BI (1991) Epidemiologic studies utilizing surveys:
accounting for the sampling design. Am J Public Health 81: 1166-1173.

van den Berg BM, Vink H, Spaan JA (2003) The endothelial glycocalyx protects
against myocardial edema. Circ Res 92: 592-594.

Nieuwdorp M, Mooij HL, Kroon J, Atasever B, Spaan JA, et al. (2006)
Endothelial glycocalyx damage coincides with microalbuminuria in type 1
diabetes. Diabetes 55: 1127-1132.

Broekhuizen LN, Lemkes BA, Mooij HL, Meuwese MC, Verberne H, et al.
(2010) Effect of sulodexide on endothelial glycocalyx and vascular permeability
in patients with type 2 diabetes mellitus. Diabetologia 53: 2646-2655.

Edul VS, Enrico C, Laviolle B, Vazquez AR, Ince C, et al. (2012) Quantitative
assessment of the microcirculation in healthy volunteers and in patients with
septic shock. Crit Care Med 40: 1443-1448.

Boels MG, Lee DH, van den Berg BM, Dane MJ, van der Vlag ], et al. (2013)
The endothelial glycocalyx as a potential modifier of the hemolytic uremic
syndrome. Eur J Intern Med.

PLOS ONE | www.plosone.org

32.

36.

37.

38.

39.

40.

Glycocalyx and Microvascular Perfusion

De Backer D, Hollenberg S, Boerma C, Goedhart P, Buchele G, et al. (2007)
How to evaluate the microcirculation: report of a round table conference. Crit

Care 11: R101.

. Piagnerelli M, Ince C, Dubin A (2012) Microcirculation. Crit Care Res Pract

2012: 867176.

Sallisalmi M, Oksala N, Pettila V, Tenhunen J (2012) Evaluation of sublingual
microcirculatory blood flow in the critically ill. Acta Anaesthesiol Scand 56: 298
306.

. Pranskunas A, Pilvinis V, Dambrauskas Z, Rasimaviciute R, Planciuniene R,

et al. (2012) Early course of microcirculatory perfusion in eye and digestive tract

during hypodynamic sepsis. Crit Care 16: R83.

Klijn E, Den Uil CA, Bakker J, Ince C (2008) The heterogeneity of the

microcirculation in critical illness. Clin Chest Med 29: 643-654, viii.

Verdant CL, De Backer D, Bruhn A, Clausi CM, Su F, et al. (2009) Evaluation

of sublingual and gut mucosal microcirculation in sepsis: a quantitative analysis.
“rit Care Med 37: 2875-2881.

Creteur J, De Backer D, Sakr Y, Koch M, Vincent JL (2006) Sublingual

capnometry tracks microcirculatory changes in septic patients. Intensive Care

Med 32: 516-523.

Nieuwdorp M, Meuwese MC, Mooij HL, Ince C, Broekhuizen LN, et al. (2008)

Measuring endothelial glycocalyx dimensions in humans: a potential novel tool

to monitor vascular vulnerability. J Appl Physiol 104: 845-852.

Meuwese MC, Mooij HL,, Nieuwdorp M, van Lith B, Marck R, et al. (2009)

Partial recovery of the endothelial glycocalyx upon rosuvastatin therapy in

patients with heterozygous familial hypercholesterolemia. J Lipid Res 50: 148
153.

May 2014 | Volume 9 | Issue 5 | 96477



