
 

 

 

In vivo assessment of the human cerebral
microcirculation and its glycocalyx: A technical report
Citation for published version (APA):

Haeren, R. H. L., Rijkers, K., Schijns, O. E. M. G., Dings, J., Hoogland, G., van Zandvoort, M. A. M. J.,
Vink, H., & van Overbeeke, J. J. (2018). In vivo assessment of the human cerebral microcirculation and its
glycocalyx: A technical report. Journal of Neuroscience Methods, 303, 114-125.
https://doi.org/10.1016/j.jneumeth.2018.03.009

Document status and date:
Published: 01/06/2018

DOI:
10.1016/j.jneumeth.2018.03.009

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 01 Oct. 2023

https://doi.org/10.1016/j.jneumeth.2018.03.009
https://doi.org/10.1016/j.jneumeth.2018.03.009
https://cris.maastrichtuniversity.nl/en/publications/5e8eb208-aecd-427c-a99b-376b5222b8b9


I
g

R
M
a

b

c

M
d

e

h

•
•
•
•
•

a

A
R
R
A
A

K
G
M
B
C
E

h
0

Journal of Neuroscience Methods 303 (2018) 114–125

Contents lists available at ScienceDirect

Journal  of  Neuroscience  Methods

jo ur nal home p age: www.elsev ier .com/ locate / jneumeth

n  vivo  assessment  of  the  human  cerebral  microcirculation  and  its
lycocalyx:  A  technical  report

.H.L.  Haerena,∗,  K.  Rijkersa,  O.E.M.G.  Schijnsa,b, J.  Dingsa,b, G.  Hooglanda,b,
.A.M.J.  van  Zandvoortc,d,  H.  Vinke, J.J.  van  Overbeekea,b

Department of Neurosurgery, School for Mental Health and Neuroscience, Maastricht University Medical Center, Heerlen and Maastricht, The Netherlands
Academic Center for Epileptology, Maastricht University Medical Center and Kempenhaeghe, Maastricht/Heeze, The Netherlands
Department Molecular Cell Biology, School for Cardiovascular diseases CARIM and School for Mental Health and Neuroscience, Maastricht University,
aastricht, The Netherlands
Institute for Molecular Cardiovascular Research IMCAR, RWTH Aachen University, Aachen, Germany
Department of Physiology, School for Cardiovascular diseases CARIM, Maastricht University, Maastricht, The Netherlands

 i g  h  l  i  g  h  t  s

The  cerebrovascular  glycocalyx  might  be a blood-brain  barrier  regulator.
The  cerebrovascular  glycocalyx  has  only  sparsely  been  reported  on.
We  assessed  the  human  cerebrovascular  glycocalyx  intraoperatively.
Sidestream  dark  field  imaging  is a suitable  technique  to  perform  this  assessment.
A  sterile  slipcover  required  for  cerebral  assessment  affects  the  results.
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a  b  s  t  r  a  c  t

Introduction:  The  cerebral  microcirculation  and  its glycocalyx,  a matrix  coating  the  luminal  endothelium,
are  key  regulators  of  capillary  permeability  and  cerebral  blood  flow.  Microvascular  abnormalities  are
described  in  several  neurological  disorders.  However,  assessment  of  the  cerebral  microcirculation  and
glycocalyx  has  mainly  been  performed  ex vivo.
New  method:  Here,  the  technical  feasibility  of  in vivo assessment  of  the  human  cerebral  microcircula-
tion  and  its  glycocalyx  using  sidestream  dark field  (SDF)  imaging  is discussed.  Intraoperative  assessment
requires  the  application  of  a sterile  drape  covering  the camera  (slipcover).  First,  sublingual  measurements
with  and  without  slipcover  were  performed  in  a healthy  control  to assess  the  impact  of this  slipcover.
Subsequently,  using  SDF  imaging,  the  sublingual  (reference),  cortical,  and  hippocampal  microcircula-
tion  and  glycocalyx  were  evaluated  in patients  who  underwent  resective  brain  surgery  as  treatment  for
drug-resistant  temporal  lobe  epilepsy.  Finally,  vessel  density,  and  the  perfused  boundary  region  (PBR),  a
validated  gauge  of  glycocalyx  health,  were  calculated  using  GlycoCheck© software.
Results:  The  addition  of  a slipcover  affects  vessel  density  and  PBR  values  in  a  control  subject.  The  cerebral

measurements  in five  patients  were  more  difficult  to obtain  than  the sublingual  ones.  This was  probably
at  least  partly  due  to the  introduction  of  a sterile  slipcover.  Results  on vessel  density  and  PBR  showed
similar  patterns  at all three  measurement  sites.
Comparison with  existing  methods:  This  is the first  report  on in  vivo  assessment  of  the  human  cerebrovascu-
lar  glycocalyx.  Assessment  of  the glycocalyx  is an  additional  application  of  in  vivo  imaging  of  the  cerebral
microcirculation  using  SDF  technique.  This method  enables  functional  analysis  of  the  microcirculation

and  glycocalyx,  however  the  addition  of a  sterile  slipcover  affects  the measurements.
∗ Corresponding author at: Maastricht University Medical Center+, Department of Neurosurgery, PO Box 5800, 6202 AZ Maastricht, The Netherlands.
E-mail  address: roel.haeren@mumc.nl (R.H.L. Haeren).
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Conclusions:  SDF  imaging  is a safe,  quick,  and  straightforward  technique  to evaluate  the  functional  cere-
bral  microcirculation  and  glycocalyx.  Because  of  their eminent  role  in  cerebral  homeostasis,  this  method
may  significantly  add  to  research  on the  role  of vascular  pathophysiology  underling  various  neurological
disorders.
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. Introduction

In recent years, the study on the pathophysiology of neuro-
ogical disorders has shifted from a traditional neuronal focus
owards a more integrative paradigm that emphasizes cell–cell sig-
aling (Guo and Lo, 2009). In particular, the interactions between
he vascular and neuronal tissue have been of interest (Abbott
t al., 2010; Brown and Thore, 2011; Farrall and Wardlaw, 2009;
osenberg, 2012; Toth et al., 2017). Physiological brain function is
ighly dependent on adequate structure and function of the cere-
ral microcirculation due to the lack of energy reserves, an on
verage high and rapidly changing metabolic rate, and tight reg-
lation of brain homeostasis (Abbott et al., 2010; Iadecola, 2004;
oth et al., 2017). Hence, interest in the cerebral microcirculation
nd the neurovascular interface rapidly increases.

The microcirculation regulates local blood flow to meet neu-
onal metabolic demands, a mechanism known as neurovascular
oupling (Abbott et al., 2010; Iadecola, 2004; Muoio et al., 2014).
esides this, it orchestrates the rate of delivery and exchange of
ital nutrients across the blood-brain barrier (BBB) (Abbott et al.,
010; Gould et al., 2016; Jacob et al., 2016; Taccone et al., 2010).

The BBB exerts its barrier function mainly by endothelial cells
hich are interconnected by tight junctions, and surrounded by

he basal lamina, pericytes and astrocytes forming a stabilizing
etwork (Abbott et al., 2010). Another significant barrier function
ay  be exerted by the endothelial glycocalyx, further referred to

s ‘glycocalyx’ (Haeren et al., 2016). This gel-like matrix covers
he luminal side of the endothelium. An intact glycocalyx reduces
nteraction between the endothelium and blood components, and
lays an important role in flow regulation as a mechanotransductor
Ebong et al., 2014; Reitsma et al., 2007). Consequently, the glycoca-
yx is a key regulator of vascular permeability, cerebral blood flow,
apillary perfusion, and cell adhesion (Haeren et al., 2016; Megens
t al., 2007; Rahbar et al., 2015). Preservation of an intact glyco-
alyx is an important aspect of vascular health. Not surprisingly,
any vascular diseases and related risk factors like stroke, renal

ailure, sepsis, hypertension, and diabetes mellitus are associated
ith a disturbed glycocalyx (Becker et al., 2010; de Mesy Bentley,

011; Martens et al., 2013; Ostrowski et al., 2013; Singh et al., 2011;
lahu et al., 2012).

Imaging and assessment of the human cerebral microcircu-
ation and its glycocalyx has mainly been performed ex vivo
y microscopic evaluation of structural changes and analysis of
ascular (wall) stainings and markers (Hunsberger et al., 2005;
astanauskaite et al., 2009; Morin-Brureau et al., 2011; Pitkänen
nd Lukasiuk, 2009; Rigau et al., 2007). However, functional analy-
is of the microcirculation cannot be performed ex vivo. Nowadays,
on-invasive imaging techniques, including sidestream dark field
SDF) imaging, allow in vivo assessment of the microcirculation
nd glycocalyx. SDF imaging has mainly been performed to assess
he sublingual microcirculation (Dane et al., 2015; Martens et al.,
013; Vlahu et al., 2012). Recently, SDF imaging and its technical
redecessor have also been used to assess the cerebral microcircu-
ation (Mathura et al., 2001; Uhl et al., 2003; Pennings et al., 2004,
006a,b, 2009; Wan  et al., 2009; Pérez-Bárcena et al., 2011, 2015).
hese studies assessed microvascular parameters such as vessel
ensity and flow velocity in patients undergoing cranial surgery
© 2018  Elsevier  B.V. All  rights  reserved.

for by example aneurysm clipping or decompressive surgery. How-
ever, in vivo analysis of the cerebrovascular glycocalyx has not been
performed to date. The addition of specific software to SDF imaging
is assumed to enable assessment of the cerebrovascular glycocalyx
(Haeren et al., 2016).

We have developed a prospective observational case-control
study in which the human sublingual, cortical, and hippocampal
microcirculation and glycocalyx were assessed in vivo by SDF imag-
ing. Intraoperative use of the SDF camera required adding a sterile
slipcover.

The intention of this study was to evaluate cerebral microvas-
cular and glycocalyx properties in epilepsy patients. Microvascular
abnormalities and BBB dysfunction have previously been associ-
ated with the pathophysiology of epilepsy (Alonso-Nanclares and
DeFelipe, 2014; Heinemann et al., 2012; Kastanauskaite et al., 2009;
Parfenova et al., 2005; Rigau et al., 2007; van Vliet et al., 2014).
In this paper, the technical feasibility of in vivo, i.e. during brain
surgery, assessment of the cerebral microcirculation and its glyco-
calyx in epilepsy patients is discussed.

2. Material and methods

This study was approved by the local medical ethical committee
(METC azM/UM) and complies with the Declaration of Helsinki and
principals of Good Clinical Practice. This study has been registered
at The Netherlands National Trial Register (ID: NTR 5568). The study
protocol was published recently (Haeren et al., 2017). Patients were
included upon obtained informed consent.

2.1. Participants

Included epilepsy patients were mentally competent patients
between 18 and 60 years of age who were candidates for epilepsy
surgery because of chronic drug-resistant temporal lobe epilepsy
(TLE) as was  revealed by thorough preoperative examination.
Surgical treatment included anterior temporal lobectomy plus
amygdalohippocampectomy. Exclusion criteria were pregnancy,
history of hypertension, diabetes mellitus, hyperlipidemia, stroke
or other cardiovascular diseases, use of cardiovascular medication,
or signs of cerebral small vessel disease on cerebral MRI.

Since intraoperative assessment of the cerebral microcirculation
requires the application of a sterile drape covering the camera (slip-
cover), one healthy control was  included to compare sublingual
measurements with and without sterile slipcover.

2.2. Imaging procedures: videomicroscopy

Measurements were performed using a Capiscope video-
microscope camera (KK Technology; Honiton, UK). This handheld
camera is based on SDF technique. The camera contains a central
light guide that is surrounded by concentrically placed light emit-
ting diodes (LEDs) emitting light at a wavelength of 530 nm, which
is absorbed by (des-)oxyhemoglobin in erythrocytes. Consequently,

erythrocytes appear as dark disks on a grayish background. The
light is re-emitted via the central light guide towards the objec-
tive lens providing an image of the illuminated area. Images of
752 × 480 pixels are collected with a 5× objective at 30 frames per
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econd. Spatial resolution of the images is 0.91 �m per pixel. To
educe operator-related variability, all images were acquired by
he same investigator (RH).

.3. Imaging procedure protocol

In patients, one sublingual (M1) and two cerebral (cortically
M2) and hippocampally (M3)) were included. The sublingual mea-
urement, performed directly following the induction of general
nesthesia, served as a validated reference, as most reports on
icrocirculation assessment using SDF imaging are performed sub-

ingually (Martens et al., 2013; Nieuwdorp et al., 2008; Vlahu et al.,
012). At each measurement, systolic and diastolic blood pressure,
nd heart rate were recorded. For the cerebral measurements, the
DF camera is enclosed within a sterile slipcover (Camera Drape
ith EZ SERT, Microtek Medical Inc).

To assess the potential effect of the slipcover on the out-
ome parameters, a healthy control subject underwent sublingual
easurements both, with (n = 15) and without (n = 15) a sterile slip-

over in the morning after an overnight fast. Measurements were
erformed in alternating (with or without sterile slipcover) blocks
f five measurements. This result is discussed before those obtained
rom patients in order to adequately take the patient’s results into
ccount.

.4. Measurement parameters

For each measurement, at least 10 recording sites and a mini-
um  of 3000 microvessel segments were selected automatically. A

ecording site is defined as a tissue surface location where on aver-
ge 300 microvessel segments were selected for recording. This
election only takes place when focus, contrast, and image quality
re within predefined acceptable ranges, with as a prerequisite that
he camera does not move simultaneously. Of these, obtaining ade-
uate focus is performed manually by turning the rotary knob on
he camera thereby altering the focus point of the lens. A microves-
el segment is defined as a segment of 10 �m along the length of

 selected vessel. Next, a sequence of 40 frames containing around
00 microvessel segments is recorded in time thereby fulfilling the
riteria for a measurement site. Recording is continued until at least
0 sites and 3000 microvessel segments are included. As the tissue
nd camera move over time, the measurement sites contain various
icrovessel segments.
During this procedure, pressure artefacts were avoided by plac-

ng the camera on the tissue surface while maintaining red blood
ell flow in the microvessels. In addition, artefacts by blood clots
ere reduced by rinsing the cerebral tissue before measurement
sing 37 ◦C Ringer’s lactate.

GlycoCheck © software was used to select and measure the
idth of the red blood cell column (RBCC) in vessel segments with
edian RBCC widths ranking from 5 to 20 �m.  RBCC width is cal-

ulated in all microvessel segments. As mentioned, each vessel
egment has a length 10 �m.  The software automatically places
wenty-one line markers at an interval of 0,5 �m along all seg-

ents. The RBCC width is measured at all single line markers. Since
ach segment is recorded as a sequence containing 40 frames, a
otal of 840 RBCC widths are included per vessel segment. Sub-
equently, the median RBCC width for each vessel segment is
alculated based on these 840 RBCC widths.

Determination of the vessel diameter is difficult in these small
essels since erythrocytes are visualized, but not the vessel wall. As
he reported diameters correspond to the median RBCC diameter

f a certain vessel, they are an underestimation of actual anatomic
essel diameter.

Dane et al. have described the above-mentioned measurement
arameters in more detail, including a validation study and images
nce Methods 303 (2018) 114–125

illustrating vessel analysis in adequate magnification (Dane et al.,
2014).

2.5. Outcome parameters

Functional vessel density is defined as the number of microves-
sels for each RBCC diameter class per mm2 and was  automatically
determined by the Glycocheck © software.

The glycocalyx is also evaluated using Glycocheck © software.
Since compression of a ‘healthy’ glycocalyx by erythrocytes is lim-
ited, an exclusion zone between the RBCC and endothelium is
apparent. This exclusion zone forms the basis of glycocalyx analy-
sis. However, when using SDF imaging the exclusion zone cannot
be determined as the vessel wall (endothelium) is not visualized.
Therefore, the perfused boundary region (PBR) is used as a sur-
rogate gauge of glycocalyx stability and thickness. The PBR is the
outermost luminal part of glycocalyx that is slightly permeable for
erythrocytes. Hence, the PBR is based on the variations of RBCC
width in each vessel segment. To calculate the PBR, one should
first determine the total perfused diameter (Dperf). The Dperf is
calculated by linear regression analysis of the slope between the
25th and 75th RBCC width percentiles of each vessel segment
(Dane et al., 2014; Martens et al., 2013). The point where this line
intersects with the x-axis is a reliable marker (when including all
840 measurements) if the most outward location of the RBCC, i.e.
the Dperf. The PBR is defined as the distance between the RBCC
width and Dperf and is present on both sides of the RBCC. The
PBR, expressed in micrometers (�m) is thus calculated as follows:
PBR = (Dperf − median RBCC width)/2.

Calculation of Dperf and PBR strongly depend on the mea-
surement of the median RBCC width. To ensure that these
measurements are independent of red blood cell filling of the vessel
segments (hematocrit), the software only includes vessel segments
that have a filling percentage of more than 50%. Hence, vessel seg-
ments are only selected when at least 11 of the 21 line markers
have a positive signal for the presence of an erythrocyte. Being inde-
pendent of hematocrit, increased Dperf and PBR values reflect an
unstable or damaged glycocalyx that is more accessible for erythro-
cytes.

2.6. Data and statistical analysis

All relevant clinical and measurement data were recorded in a
secured and encoded database. Clinical and procedural parameters
are presented as mean ± standard error of mean (SEM). The sublin-
gual measurements with and without sterile slipcover to assess the
effect of slipcover were compared using paired T-tests. Results of
vessel density and PBR of the sublingual, cortical and hippocampal
microcirculation are presented as mean ± SEM and are illustrated
in graphs per RBCC diameter. The predictive value of the sublingual
PBR for cortical and hippocampal PBR is calculated using Pear-
son correlation coefficient. Calculations were performed using SPSS
(IBM, SPSS Statistics for Windows, version 20.0, 2011).

3. Results

3.1. General patient characteristics

A total of five TLE-patients with a mean age of 44.4 years were
included in this study. Further clinical details are summarized in
Table 1. All measurements were performed after an overnight fast

which was  required for anesthesia induction. Assessment of the
sublingual and hippocampal microcirculation was completed in all
patients, while the cortical measurements were accomplished in 4
TLE-patients.
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Table  1
Clinical and surgical data of TLE-patients.

Sex Age (years) BMI  (kg/m2) Smok Indication Side Cortical site PA HS  type FCD type

P1 F 26 25.6 N TLE R STG Hippocampal sclerosis 1 N/A
P2  F 46 26.9 N TLE L STG Hippocampal sclerosis 2 N/A
P3  F 50 25.6 N TLE R STG Hippocampal sclerosis 1 N/A
P4  M 47 28.1 N TLE R STG No abnormalities N/A N/A
P5  F 53 25.5 N TLE L STG Meningioma and DNET N/A N/A

In this table, clinical and surgical data of the included TLE-patients are summarized.
BMI: body mass index, DNET: dysembryoplastic neuroepithelial tumor, F: female, FCD type: type of (focal) cortical dysplasia, HS type: type of hippocampal sclerosis according
to  ILAE classification, L: left, M:  male, N: no, N/A: non-applicable, R: right, Smok: smoking, PA: results of histopathological examination, SFG: superior frontal gyrus, Side:
side  of surgery/measurement, STG: superior temporal gyrus, Y: yes.

Table 2
Clinical and technical measurement characteristics.

SBP ± SEM (mmHg) DBP (±SEM) (mmHg) HR ± SEM (per minute) Duration (seconds) Recording sites Microvessel segments

M1  (n = 5) 95.4 ± 3.8 59.4 ± 5.1 62.8 ± 3.9 40.0 ± 6.3 16.0 ± 1.1 3287.4 ± 27.0
M2  (n = 4) 111.0 ± 4.6 55.0 ± 1.2 58.5 ± 3.6 141 ± 65.9 27.5 ± 2.3 3263 ± 44.8
M3  (n = 5) 112.2 ± 7.7 61.4 ± 3.9 65.2 ± 5.4 115.8 ± 39.0 27.0 ± 5.0 3213.0 ± 70.7

Hemodynamic parameters (SBP, DBP and HR) were recorded during each measurement. Besides a slightly lower SBP in M1 and DBP in M2, hemodynamics parameters were
comparable between measurements. The duration of the cerebral measurements, M2 and M3, was  substantially longer than those of the sublingual measurements. Each
measurement required at least 3000 microvessel segments. As a result, the number of recordings was  higher for cerebral measurements (M2  and M3)  than for sublingual
m
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easurements.
BP:  diastolic blood pressure, HR: heart rate, M1:  sublingual measurements, M2:  co

tandard error of mean.

Hemodynamic parameters for each measurement are presented
n Table 2. In this table, the duration of each assessment is also pro-
ided. Mean time for sublingual microcirculation (M1) assessment
as 40.0 s. The duration of the cortical (M2) and hippocampal (M3)
easurements was substantially longer with a maximum of 6 and

 min, respectively. The number of recordings to include at least
000 microvessel segments was markedly higher in M2  and M3.

.2. Imaging procedure in patients

Directly following anesthesia induction and intubation with
xation of the endotracheal tube by adhesive plaster, sublingual
easurements were carried out. Study subjects were in supine

osition and the camera was brought in orally along the endotra-
heal tube (Fig. 1A). The central sublingual surface area was  chosen

or examination.

Next, incision, craniotomy, and durotomy were performed
ccording to site of surgery and surgeon’s preference. When the
ortex was in view, the tip of the camera was wettened in Ringer’s

ig. 1. This figure exemplifies the position of the patient, measurement site, and handling
A),  the outer temporal cortical surface (B), and the lateral hippocampal surface (C). In A
ear  the handgrip is used to obtain adequate focus. During the cortical (B) and hippocam
laced  around the camera tube to stabilize the camera and reduce movement artefacts. Th
ip  of the camera is the hippocampus. This structure is situated deeply within the cranium
measurements, M3: hippocampal measurement, SBP: systolic blood pressure, SEM:

lactate and enclosed with the sterile slipcover. Blood clots were
rinsed off the cortex surface using warm Ringer’s Lactate. Finally,
the camera was gently placed on the surface of temporal cortex
(Fig. 1B) and subtly fixed by the neurosurgeon to minimize pressure
and movement artefacts. In contrast to sublingual measurements,
this was  a rather time-consuming procedure in cortical measure-
ments.

Anterior temporal lobe resection was  performed subsequently.
When the hippocampus was  fully visualized, blood clots were
rinsed off using warm Ringer’s lactate. Thereafter, the camera with
sterile slipcover was  gently placed on the lateral surface of the hip-
pocampus and loosely fixed by the neurosurgeon (Fig. 1C). Fig. 2A
and B, and Video 1 (in the Supplementary material) show images
of the microcirculation.
3.3. Imaging procedure: issues and solutions

In the first participant, we were not able to adequately visualize
the cortical microcirculation. During this measurement, air bubbles

 of the Capiscope camera during the measurement of the central sublingual surface
, the tip of the camera is placed alongside the endotracheal tube. The rotary knob
pal (C) measurement, the camera is enclosed in the sterile slipcover. One hand is
e other hand is used to obtain adequate focus. In Fig. 1C, the white structure at the

 at the most mesial part of the temporal lobe.
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Fig. 2. Visualization of the hippocampal microcirculation as shown by SDF imaging (A). In Fig. 2B, the similar image is depicted while analysis is performed using Glycocheck
©  software. Here, red lines indicate the vessels that are recognized by the flow of erythrocytes. The red blood cell column (RBCC) width variation is then estimated based on
the  green and yellow lines that are placed perpendicular on the vessels. These green and yellow lines indicate 10 �m vessel segments within the vessel. Green lines reflect
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essel  segments that recognized red blood cells in >50% of its line markers and we
hat  were excluded due to red blood cell filling percentage <50% or due to a poor
essels, despite adequate focus. (For interpretation of the references to colour in th

ere encountered in the slipcovered tip of the camera, obstruct-
ng acquisition of adequate focus to assess the microcirculation
Fig. 2C). We  assumed that the introduction of the sterile slip-
over enclosing the camera enabled air bubbles to enter in between,
ven though the tip of the camera was wettened in Ringer’s lactate
efore it was enclosed by the slipcover. Therefore, the conduct-

ng and pasting substance between the camera and slipcover was
ltered to sterile gel (Aquasonic sterile ultrasound transmission gel,
arker laboratories, Fairfield, USA). In the subsequently performed
terile hippocampal measurement, no air bubbles were noted. All
ollowing measurements were successfully completed using the
el instead of water. Nevertheless, we noted that it was some-
imes difficult to properly visualize the cortical and hippocampal

icrocirculation and obtaining adequate focus appeared time con-
uming, independently of learning curve.

No (serious) adverse events were recorded during the measure-
ent procedures or surgery.

.4. Microvascular density

.4.1. Results in control subject: effect of slipcover
Sublingual vessel density was affected by the slipcover, i.e.

 lower total number of vessels was detected when the sterile
lipcover was placed over the camera compare to measurements
ithout a slipcover, 296 ± 18 and 381 ± 26 respectively (p = .009).

n particular, a significant reduction of the smaller microvessels, i.e.
BCC diameter classes 6–10, was noted (see Fig. 3).

.4.2. Results in patients
The sublingual measurement was completed in all five partici-

ants. Mean sublingual vessel density was 274 ± 47 per mm2. Mean
ortical vessel density (n = 4) and hippocampal vessel density (n = 5)
ere substantially lower compared to the sublingual vessel density,

44 ± 21 per mm2 and 193 ± 47 per mm2, respectively. In Fig. 4,
icrovascular density per RBCC diameter is presented. Mean sub-

ingual vessel density is increased for all RBCC diameters when
ompared to the cortical and hippocampal vessel density. All three
ites show a similar pattern, with a vessel increase of 7–10 �m RBCC
iameter classes.

.5. Perfused boundary region

.5.1. Results in control subject: effect of slipcover
The calculated PBR was affected by the introduction of the slip-
over as well. The overall mean PBR increased from 1.93 ± 0.07 �m
o 2.20 ± 0.06 �m in the measurements without and with slipcover,
espectively (p = .004). This was mainly due to significantly higher
BR values in the larger RBCC diameter classes of 13–20 �m,  with
refore included in further calculations. The yellow lines indicate vessels segments
l to noise ratio. Fig. 2C shows an air bubble obstructing the software to recognize
re legend, the reader is referred to the web version of this article.)

the exception of the nearly significant (p = .057) increase in RBCC
diameter class of 16 �m.  The results are presented in Fig. 5.

3.5.2. Results in patients
The mean sublingual PBR (n = 5) was  1.85 ± 0.19 �m.  The mean

cortical PBR of the successfully assessed four patients was evidently
increased, 2.28 ± 0.18 �m.  The mean hippocampal PBR (n = 5, TLE-
patients) was  2.01 ± 0.13 �m.  Mean PBR values per RBCC diameter
of all three sites are illustrated in Fig. 6. This figure shows incre-
mental PBR values in increasing vessel diameters.

3.6. Predictive value of the sublingual measurements

As can be seen in Fig. 7 (graphs A-C-E-G-I), high intra- and
interindividual variation was found between sublingual, corti-
cal, and hippocampal vessel densities. No correlation was  found
between the sublingual and cortical (Pearson correlation 0.425,
p = .58) or hippocampal (Pearson correlation −0.491, p = .40) PBR
values (Fig. 7, graphs B-D-F-H-J).

4. Discussion

In this study, we  have described a method to assess the human
cerebral microcirculation and its glycocalyx during a craniotomy.
Using SDF imaging, the cerebral microcirculation can be visualized
easily, safely, and quickly. Subsequent analysis by Glycocheck ©
software, enabled us to analyze the cerebrovascular glycocalyx.

Measurements are affected by the slipcover that is required for
sterile cerebral measurements. The preliminary results on vessel
density and PBR presented here, are provided to illustrate the fea-
sibility of in vivo measurements on cortical and hippocampal tissue.

4.1. Evaluation of the slipcover effect

As comes clear from Figs. 3 and 6, the addition of a slipcover
affects the results for vessel density and PBR values. Regarding ves-
sel density, a reduced vessel density is noted when the camera
is enclosed by the sterile slipcover. This ‘slipcover effect’ is most
pronounced for the recognition of the smallest vessels, i.e. with a
RBCC diameter of 10 �m or smaller. This effect might be due to
loss of adequate focus when the slipcover is introduced. The slip-
cover alters fraction of the emitted and re-emitted light impeding
adequate focus. In addition, the slipcover disturbs image quality
reducing the recognition of the smallest microvessels in particular.

In line with the cerebral measurements, the sublingual measure-
ments performed with the sterile slipcover also included sterile
transmission gel (Aquasonic sterile ultrasound transmission gel,
Parker laboratories, Fairfield, USA) between the slipcover and cam-
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Fig. 3. In this figure, the red blood cell column (RBCC) width is presented per diameter classes on the X-axis. The mean number of microvessels recognized for each RBCC
diameter class is illustrated on the Y-axis. The sublingual measurements without a slipcover are illustrated by the black line, whereas the orange line indicates the sublingual
measurements with a slipcover. Clearly, the number of vessels recognized is reduced after introduction of the slipcover. For RBCC diameters classes 6–10 �m, these differences
are  significant. Error bars shown reflect the standard error of mean. * p-value < .05. (For interpretation of the references to colour in this figure legend, the reader is referred
to  the web version of this article.)

Fig. 4. Mean ± standard error of mean number of microvessels are expressed per red blood cell column (RBCC) diameter class, reflecting microvascular density. The sublingual
( e micr
t pocam
i

e
a

f
a
v

blue  line) microvascular density is evidently higher for all RBCC diameters than th
he  density of vessels up to 8 �m is substantially lower in the cortex than in the hip
s  referred to the web version of this article.)

ra tip. The presence of this gel further complicates light fraction
nd image quality.
As mentioned, the software only selects vessel segments when
ocus, contrast, and image quality are within predefined accept-
ble ranges. When the images are in near-focus, the smallest
essels are not recognized and do not acquire the required fill-
ovascular density of the hippocampus (green line) and cortex (red line). Note that
pus. (For interpretation of the references to colour in this figure legend, the reader

ing percentage due to lack of focus. Larger vessels are less
sensitive to this effect, as these vessels are already selected

when the images are in near-focus. This would explain why  the
introduction of the slipcover leads to a low density of smaller
microvessels, whereas it does not affect density of larger microves-
sels.
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Fig. 5. In this figure, mean perfused boundary region (PBR) values are presented for each red blood cell column diameter (RBCC) diameter classes. The sublingual measurements
without  a slipcover are illustrated by the black line, whereas the orange line represents the sublingual measurements with a slipcover. With increasing RBCC diameter classes,
increased PBR values are noted in the measurements performed with a slipcover. These values were significantly higher for RBCC diameters classes 13–15 �m and 17–20 �m.
Error  bars shown reflect the standard error of mean. * p-value < .05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. Mean ± standard error of mean perfused boundary region (PBR) values are expressed peris presented red blood cell column (RBCC) diameter classes. Sublingual (blue
l ith in
i gual a
l

a
w
o
o

ine),  cortical (red line), and hippocampal (green line) PBR values tend to increase w
ncreased between RBCC diameters of 5 and 15 �m when compared to both, sublin
egend, the reader is referred to the web version of this article.)

If the same holds true for cerebral measurements, the ‘slipcover-

ssociated’ reduced number of recognized (smaller) microvessels
ill lead to an increase in the number of recordings required to

btain at least 3000 vessel segments. This is indeed in line with
ur observation that vessel density of the cortical and hippocam-
creasing RBCC diameter. The PBR values of the cortical microcirculation are slightly
nd cortical PBR values. (For interpretation of the references to colour in this figure

pal (smaller) microcirculation was  lower than sublingually and the

number of recordings were markedly increased for the cerebral
measurements.

In contrast to the above described effects on vessel density,
the effect of the slipcover on PBR values is mainly apparent in
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Fig. 7. In the graphs on the left, vessel density per red blood cell column(RBCC) width of the sublingual (blue), cortical (red), and hippocampal (green) microcirculation are
s ities o
p gh no
h re leg

l
1
a
i
v
s

pecified per patient. There is high intra- and interindividual variation between dens
er  patient. Incremental PBR values for increasing RBCC width can be noted, althou
ippocampal (green) PBR. (For interpretation of the references to colour in this figu

arger microvessels, i.e. microvessels with RBCC diameters ranging
3–20 �m.  We  believe this is the result of inclusion of both in-focus
nd near-focus images. Despite the inclusion of near-focus images,

n-focus images were still acquired. This can be deduced from the
essel density results as the vessel density of the smallest microves-
els was reduced but was not zero. As mentioned, recognition of the
f these sites. The perfused boundary region (PBR) per RBCC width are also specified
 statistical correlation was found between the sublingual (blue), cortical (red), and
end, the reader is referred to the web version of this article.)

smallest vessels requires in-focus images indicating that the num-
ber of in-focus images was reduced but not zero. As the smallest
vessels were recognized on in-focus images, PBR values were ade-

quately calculated by the software. Consequently, the PBR values of
the smallest microvessels were comparable. On the contrary, larger
microvessels are also recognized in near-focus images. Their vessel
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ensity is therefore independent of the presence or absence of the
terile slipcover. However, recognition of variations in RBCC width
s still affected in the larger microvessels included from the near-
ocus images. This alters the calculation of Dperf and PBR resulting
n increased PBR values.

In summary, the introduction of the slipcovers reduces the
umber of recognized microvessels, in particular the smaller
icrovessels, and results in increased PBR values, in particular in

he larger microvessels. This should be taken into account in future
xperiments when a slipcover is introduced.

.2. Evaluation of imaging procedure in patients

In general, visualization of the sublingual, cortical, and hip-
ocampal microcirculation using SDF imaging is a safe technique
hat does not significantly prolong surgery or affects sterility. How-
ver, the sterile cerebral measurements were more difficult to
btain when compared to the sublingual. The entry of air bubbles
etween the camera and the sterile slipcover can be prevented by
sing a gel as pasting conductor. Nevertheless, the time to obtain
dequate focus that was required to start data recording for cerebral
easurements varied from 30 s up to 6 min. We  assume that this

s mainly due to the introduction of the sterile slipcover requiring
ore measurement sites as discussed above. Additionally, phys-

ological pulsations of the brain and cerebrospinal fluid that are
ot present sublingually may  have contributed to the prolonged
uration of cerebral measurements.

.3. Microvascular density in patients

Assessment of the human cerebral microcirculation has mainly
een performed ex vivo by histologic evaluation (Kastanauskaite
t al., 2009; Morin-Brureau et al., 2011; Pitkänen and Lukasiuk,
009; Rigau et al., 2007). Ex vivo assessment does not allow func-
ional analysis of the microcirculation. Recently, SDF imaging and
imilar videomicroscopy techniques have been used to evaluate the
uman cerebral microcirculation (Mathura et al., 2001; Pennings
t al., 2006a,b, 2009, 2004; Pérez-Bárcena et al., 2015, 2011; Uhl
t al., 2003). In our study, we have confirmed these results by
isualizing the sublingual, cortical, and hippocampal functional
icrocirculation and analyzing microvascular density. The sub-

ingual vessel density was substantially higher than that in the
ippocampus and even more so compared to that in the cortex.
s was pointed out above, this is partly due to the introduction of

he sterile slipcover altering image acquisition properties.
Yet, when comparing the two sterile cerebral measurements,

essel density of the smallest microvessels is higher in the hip-
ocampal than in the cortical microcirculation. This difference
annot be explained by the slipcover, as both measurements were
erformed using the slipcover. To discuss whether this is a phys-

ological or pathophysiological finding is difficult due to the low
umber of included patients thus far.

We  have tried to compare our results on the human cerebral
essel density to other reports using SDF imaging or its tech-
ical predecessor. However, most of these reports have mainly
ssessed parenchymal arterioles and venules with larger diame-
ers (Mathura et al., 2001; Pennings et al., 2004, 2006a,b, 2009).

e found two reports on the vessel density of the cortical microcir-
ulation defined as RBCC diameters of 10–100 �m (Pérez-Bárcena
t al., 2015, 2011). Vessel density was expressed as perfused ves-
el density defined as the length (in millimeter) of perfused vessels
f all diameters per mm2. The median perfused vessel density was

.16 per mm2 in control subjects, compared to 2.77 per mm2 in
troke patients (Pérez-Bárcena et al., 2011). In patients with trau-
atic brain injury, mean perfused vessel density was 6.5 per mm2

Pérez-Bárcena et al., 2015). To calculate the total length of per-
nce Methods 303 (2018) 114–125

fused vessels for our data, we have to multiply the total number
of vessel segments with 10 (each vessel segment has a length of
10 �m).  Next, the total length of perfused vessels in �m needs
to be divided by 1000 to express the length in millimeters. Doing
so, the mean perfused vessel density of the cortical microcircula-
tion was 1.44 per mm2. In our study, microvessel between 5 and
20 �m were included whereas Pérez-Bárcena et al. included vessel
between 10 and 100 �m.  This probably explains the low perfused
vessel density of the cortical microcirculation in our study. In addi-
tion, microvascular density was  also affected by the slipcover as
explained above.

In our study, the distribution of RBCC diameters was com-
parable between all three sites with a predominant peak in the
range of 7–10 �m.  As this is the first study characterizing cere-
bral microvascular densities at different cerebral parenchymal sites
and comparing them to sublingual densities, we cannot relate these
findings to other reports. Noteworthy, a similar peak was  also found
in the sublingual microcirculation of the control subject.

When sublingual vessel density would be comparable or corre-
lated to cortical and/or hippocampal vessel density, the assessment
of the sublingual microcirculation would suffice to predict cere-
bral microvascular densities. However, we found high intra- and
interindividual variation of site-specific vessel densities reducing
the predictive value of the sublingual measurement.

4.4. Perfused boundary region in patients

The glycocalyx is a matrix covering the luminal side of the
endothelial cells. It consists of proteoglycans and glycoproteins that
provide a network in which other plasma- or endothelium-derived
molecules are incorporated (Haeren et al., 2016). The endothelial
side of the glycocalyx is more stable and firmly connected to the
endothelium, whereas the luminal side is more dynamic and per-
meable for blood components like erythrocytes (Haeren et al., 2016;
Reitsma et al., 2007). The PBR reflects this dynamic and permeable
part of the glycocalyx interacting with erythrocytes. During inflam-
mation or in cardiovascular disease, the glycocalyx is damaged and
unstable which is characterized by a more dynamic and accessible
glycocalyx that is reflected by an increased PBR. Consequently, an
increase of the RBCC width variation and PBR can be detected. Thus,
small PBR values illustrate health and stability of the glycocalyx. As
PBR is the results of interactions with erythrocytes, the number of
erythrocytes within the blood (hematocrit) can affect PBR values. In
our study, this is taken into account by only including vessels seg-
ments with a filling percentage >50% thereby ensuring adequate
RBCC width calculations.

Mean sublingual PBR of the TLE-patients was  comparable to
the author’s mean sublingual PBR values when measured without
the slipcover, 1.85 ± 0.19 �m versus 1.91 ± 0.07 �m,  respectively.
These results are also comparable to sublingual PBRs in healthy
controls as previously reported by Dane et al. and Martens et al.,
who found an average of 1.85 ± 0.20 �m (n = 10) and 2.08 ± 0.24 �m
(n = 19), respectively (Dane et al., 2014; Martens et al., 2013). In
these studies, microvessels with RBCC widths of 5–25 �m were
included.

Cerebrovascular glycocalyx thickness has only sparsely been
evaluated. Most reports have assessed this glycocalyx using ex vivo
techniques. It is well known that ex vivo measurements of the gly-
cocalyx underestimates its actual thickness due to collapse of the
glycocalyx in ex vivo conditions. To the best of our knowledge, there
is only one report on the in vivo thickness of the cerebrovascular
glycocalyx (Yoon et al., 2017). In this study, the cerebrovascu-

lar glycocalyx was  evaluated in healthy mice by making a cranial
window including durotomy. Fluorescent wheat germ agglutinin
lectins were used to label various components of the glycocalyx
and were evaluated using two-photon laser scanning microscopy.
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he mean glycocalyx thickness within capillaries (ranging 3–5 �m)
as 0.42 ± 0.02 �m and 1.15 ± 0.03 �m in parenchymal arterioles

ranging 10–25 �m).  Hence, the capillary glycocalyx thickness is
maller than the PBR values for the smallest microvessels in our
tudy. This might be related to the inclusion of smaller vessels
ranging 3–5 �m)  in the study by Yoon et al., whereas the lowest
BCC width in our study was 5 �m.  As mentioned, RBCC width is an
nderestimation of vessel diameter. That does however not explain
hy the mean glycocalyx thickness of parenchymal arterioles is

lso lower than our PBR values in similar sized microvessels. This
s probably due to underestimation of the actual glycocalyx thick-
ess when using wheat germ agglutinin lectins, as these lectins
nly label specific glycocalyx components, like heparan sulfate and
yaluronan (Haeren et al., 2016). Moreover, cerebrovascular glyco-
alyx components and thickness in mice may  differ from those of
umans.

Naturally, PBR values gradually increase with increasing ves-
el diameter, which is confirmed in our sublingual and cerebral
bservations. These observations also demonstrate that PBR val-
es seem to reach a plateau from a RBCC width of 15 �m upwards.
he glycocalyx thickness, and hence PBR values, has been related
o shear stress levels (Yoon et al., 2017). Capillaries receive low
hear stress due to low blood flow velocity and small vessel diam-
ter. Hence, they are characterized by a thinner glycocalyx layer.
n contrast, larger parenchymal arterioles with higher blood flow
elocities experience higher shear stress and have a thicker gly-
ocalyx layer. The plateau probably reflects comparable levels of
hear stress within the larger microvessels (arterioles).

Furthermore, we found that PBR values of the sublingual and
ippocampal microcirculation were rather well comparable, while
ortical PBR values appeared to be increased between 5 and 15 �m
BCC widths. This difference cannot be explained by the ‘slip-
over effect’, as this effect mostly affects larger microvessels with
BCC diameters of 13 �m or larger. Hence, a more permeable and
nstable glycocalyx in the cortical microcirculation is suggested.
owever, the limited number of included patients reduces the
ffect of this interesting finding. We  found no correlation between
ublingual, cortical, and hippocampal PBR values, probably due to
he limited number of included patients. When sublingual PBR
ould be comparable or correlated to cortical and/or hippocam-
al PBR, the assessment of the sublingual microcirculation would
uffice to estimate cerebral glycocalyx ‘health’.

To the best of our knowledge, this is the first report on the in
ivo assessment of the human cerebrovascular glycocalyx. To date,
BR has mainly been evaluated sublingually and has widely been
ccepted as a valid gauge of glycocalyx health (Dane et al., 2014;
aeren et al., 2016; Martens et al., 2013)

.5. Relevance of this technique

In this paper, technical details of the assessment of the cerebral
icrocirculation and its glycocalyx are discussed as a poten-

ial tool to study the pathophysiology of underlying chronic
rug-resistant epilepsy. Microcirculatory abnormalities in epilepsy
atients include altered microvascular density, dysfunctional ves-
els, and inadequate neurovascular coupling (Heinemann et al.,
012; Kastanauskaite et al., 2009; Parfenova et al., 2005; Rigau et al.,
007). Moreover, increased BBB permeability has been observed

n epilepsy patients leading to astrocytic dysfunction and inflam-
ation contributing to the reorganization of the local neuronal

etwork, hyperexcitability, and dysfunctional neurovascular cou-

ling in epilepsy (Heinemann et al., 2012; van Vliet et al., 2014).
ince the glycocalyx orchestrates vascular permeability, capillary
erfusion, and plasma cell adhesion, it is imperative to further ana-

yze the role of the glycocalyx in the pathophysiology of epilepsy.
nce Methods 303 (2018) 114–125 123

Furthermore, alterations in cerebral microvascular structure,
neurovascular coupling, and BBB permeability have been impli-
cated to play a role in various neurological disorders, including
stroke, dementia, Alzheimer’s disease, multiple sclerosis, and
Parkinson’s disease (Bell and Zlokovic, 2009; Erdő et al., 2017;
Martens et al., 2013; Ortiz et al., 2014; Rosenberg, 2012; Zhang
et al., 2012). Epilepsy is one of the few chronic neurological dis-
orders in which surgical treatment can be considered, thereby
allowing in vivo assessment of the cerebral microcirculation and
functionally important elements, like the glycocalyx. The current
study may  therefore contribute to unravel the pathophysiology of
epilepsy and other neurological disorders, leading to novel thera-
peutic approaches. There is still need for this in epilepsy, because
an estimated 30–40% of epilepsy patients are drug-resistant (Picot
et al., 2008). The development of techniques to assess the cere-
bral microcirculation and its glycocalyx, as described in this report,
is thus highly relevant. Future studies should also be aimed at
comparing local cerebral microvascular with retinal microvascu-
lar properties. The retina is an easily accessible site of the cerebral
microcirculation that can be imaged using non-invasive techniques
(Patton et al., 2005).

4.6. Limitations

SDF imaging emits light at a wavelength absorbed by (de)-
oxyhemoglobin, visualizing erythrocytes but not the vessel wall.
Thus, vessel diameter and glycocalyx health and accessibility are
measured indirectly, based on RBCC width variation and PBR,
respectively.

Since the aim of this manuscript is technical, the included results
are limited to a brief overview of only a few outcome parameters
and should be interpreted with caution. Detailed results includ-
ing a relation to clinical and histopathological parameters will be
presented when the study is completed.

5. Conclusion

This is the first report on the in vivo assessment of the human
cerebrovascular glycocalyx. SDF imaging is a safe, quick, and
straightforward technique to evaluate the cerebral microcircula-
tion and its glycocalyx. Since the cerebral microcirculation and
its glycocalyx play an eminent role in neurovascular coupling
and accommodating cerebral homeostasis, this method may  sig-
nificantly advance research on the pathophysiology of various
neurological disorders.
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