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Background: Fluid loading and hyperosmolar solutions can
modify the cortical brain microcirculation and the endothelial
glycocalyx (EG). This study compared the short-term effects of
liberal fluid loading with a restrictive fluid intake followed by
osmotherapy with hypertonic saline (HTS) on cerebral cortical
microcirculation and EG integrity in a rabbit craniotomy model.

Methods: The experimental rabbits were allocated randomly to
receive either <2 mL/kg/h (group R, n= 14) or 30 mL/kg/h
(group L, n= 14) of balanced isotonic fluids for 1 hour. Then, the
animals were randomized to receive 5 mL/kg intravenous in-
fusion of either 3.2% saline (group HTS, n= 14) or 0.9% saline
(group normal saline, n= 13) in a 20-minute infusion. Micro-
circulation in the cerebral cortex based on sidestream dark-field
imaging, a morphologic index of glycocalyx damage to sublingual

and cortical brain microcirculation (the perfused boundary region),
and serum syndecan-1 levels were evaluated.

Results: Lower cortical brain perfused small vessel density
(P=0.0178), perfused vessel density (P=0.0286), and total vessel
density (P=0.0447) were observed in group L, compared with group
R. No differences were observed between the HTS and normal saline
groups after osmotherapy. Cerebral perfused boundary region values
(P=0.0692) and hematocrit-corrected serum syndecan-1 levels
(P=0.0324) tended to be higher in group L than in group R animals.

Conclusions: Liberal fluid loading was associated with altered
cortical cerebral microcirculation and EG integrity parameters.
The 3.2% saline treatment did not affect cortical cerebral mi-
crocirculation or EG integrity markers.

Key Words: brain, hypertonic saline, microcirculation, osmo-
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BACKGROUND
Fluid therapy is a fundamental component of the in-

traoperative management for neurosurgical patients. Peri-
operative fluid therapy can affect longer-term postoperative
outcomes.1 The volume of fluid administered during the
perioperative period is dependent upon multiple factors,
such as preoperative hydration, intraoperative blood loss,
and hemodynamic stability, as well as the preferences of the
anesthesiologist and surgeon.2 However, accumulating evi-
dence implies harmful effects from positive fluid balance and
higher fluid intake, mainly in patients with a subarachnoid
hemorrhage.3 Furthermore, goal-directed fluid restriction
reduced the length of the intensive care unit stay in patients
undergoing high-risk brain surgery, probably due to a lower
incidence of respiratory complications.4 Moreover, fluid
restriction can also modify the extent of edema at the sur-
gical site, because overhydration and surgical trauma can
cause endothelial dysfunction and interstitial edema.5

Local cerebral blood flow is regulated to meet neuronal
metabolic demands under normal conditions, a mechanism
known as neurovascular coupling that adapts the local flow to
the rate of exchange of vital nutrients across the blood-brain
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barrier (BBB).6–8 The BBB exerts its barrier function mainly
by endothelial cells that are interconnected by tight junctions,
and are surrounded by the basal lamina, pericytes, and as-
trocytes, forming a stabilizing network.7 Another significant
barrier function is provided by the endothelial glycocalyx
(EG).8 EG is a gel-like matrix that covers the luminal side of
the endothelium. An intact EG reduces the interactions be-
tween the endothelium and blood components and plays an
important role in flow regulation. Consequently, EG is a key
regulator of vascular permeability, cerebral blood flow, capil-
lary perfusion, and cell adhesion.8–11 Severe damage to the
glycocalyx is associated with increased BBB permeability,
probably due to a loss of the negative EG charge and a local
increase in inflammatory factors, such as matrix metal-
loproteinases and vascular endothelial growth factor, which
disrupt the tight junctions and BBB hyperpermeability.12 The
EG can be damaged by several mechanisms and conditions,
including fluid and salt overload.13–15

Hyperosmolar solutions are used during neuro-
surgical procedures to facilitate intraoperative brain re-
laxation, to improve operating conditions, and to prevent
neurological deterioration. Intraoperative infusion of
crystalloid solutions and the use of hyperosmolar solutions
can modify cortical brain microcirculation and the EG.

Changes in microcirculation can be investigated us-
ing sidestream dark-field (SDF) imaging, a well-validated
stroboscopic light-emitting diode ring-based imaging mo-
dality used in a clinical setting,16 and previously used to
study changes in microcirculation under various clinical
conditions in both animal17 and human studies.18 SDF has
also been used to analyze cortical brain microcirculation
in animals with different pathologic conditions, including
sepsis.19–22 SDF technology has been recently used by our
group to study the short-term effects of mannitol, hyper-
tonic saline (HTS), and hypertonic lactate infusion on
cortical microcirculation in rabbits.23,24

Changes in the glycocalyx can also be monitored
using biochemical or imaging methods.9,11 The circulating
level of the cell surface heparan sulfate proteoglycan
syndecan-1 is a commonly used biochemical marker of
EG damage.9,11 The perfused boundary region (PBR) is a
novel parameter that indirectly describes the degree of EG
damage, signifying the number of penetrating red blood
cells (RBCs) into the EG,9,11,25–27 which has been recently
used for in vivo assessment of the human cerebrovascular
glycocalyx.28

The aim of the present study was to compare the
short-term effects of restrictive infusion (R) with liberal
fluid loading (L) of a balanced isotonic crystalloid solution
on cerebral cortical microcirculation, and to compare the
short-term effects of osmotherapy using HTS (with/without
the R or L infusion strategy) on cerebral cortical micro-
circulation and EG integrity.

METHODS

Animals
All experimental procedures were performed after

approval from the Animal Welfare Body of the University

of Defense, Faculty of Military Health Sciences in Hradec
Kralove, the Czech Republic (approval no. 50-37/2016-
6848), in accordance with Czech legislation on the pro-
tection of animals in compliance with the Directive 2010/
63/EU of the European Parliament and Council. In total,
28 female rabbits (New Zealand white rabbits; weight: 2.6
to 3.0 kg; VELAZ 34081/2008-10001, CZ 21906828, Un-
etice, the Czech Republic) were included in the study. The
animals were housed in a standard cage at 21°C under a
12-hour dark/12-hour light cycle with ad libitum access to
laboratory chow and tap water. The rabbits were used for
the study after a 1-week acclimatization period.

Anesthesia, Surgical Preparation,
and Biochemical Analysis

After an overnight fast with unrestricted access to tap
water, the rabbits were anesthetized using intramuscular in-
duction doses of ketamine (15mg/kg) and xylazine (3mg/kg).
The body locations used for cannulation, electrocardiogram
electrodes, tracheostomy, and both the right and the left
temporo-parieto-occipital areas of the head were shaved. The
animals were placed in the supine position on an operating
table; inhalation of 2 L/min of oxygen was started. Intra-
vascular cannulas (Vasofix Safety, B. Braun, Melsungen,
Germany) were inserted into both marginal ear veins (G24)
and the right central ear artery (G22) for continuous blood
pressure monitoring, arterial blood gas analysis, and intra-
venous infusion. Supported ventilation via a cone-shaped
mask was started after intravenous induction with propofol
(3mg/kg, propofol 1% MCT/LCT Fresenius; Fresenius Kabi
Deutschland GmbH, Bad Homburg, Germany), fentanyl
(1 μg/kg, Fentanyl Torrex; Chiesi Pharmaceuticals GmbH,
Vienna, Austria), muscle relaxation with pipecuronium bro-
mide (0.6mg/kg/h, Arduan; Gedeon Richter Plc., Budapest,
Hungary), and inhalation of isoflurane via a mask (1.5 vol%,
Forane; AbbVie Inc., Chicago, IL). The animals were tra-
cheotomized, and a cuffless tracheal tube with an outer dia-
meter of 3mm was inserted, between the third and fourth
tracheal rings. Mechanical ventilation was initiated using an
anesthesia machine (Cirrus Trans 2/Vent 2; Datex, Helsinki,
Finland) with initial settings of pressure-controlled ven-
tilation, positive end-expiratory pressure of 3 cmH2O (lowest
value on the ventilator), respiratory rate of 40 breaths/min,
and inspiratory pressure of 14 to 16 cmH2O according to
weight, and subsequently adjusted according to end-tidal
carbon dioxide tension and the first blood gas analysis results.
A baseline sample of arterial blood was sent to the laboratory
to evaluate the level of blood gases, sodium, chloride, syn-
decan-1, and hemoglobin. Hemodynamic data were re-
corded, and baseline sublingual SDF imaging was performed.
Mean arterial blood pressure was maintained at >55mmHg
with a norepinephrine infusion, as necessary. Mean arterial
blood pressure, heart rate, and rectal temperature were re-
corded throughout the study. Temperature was maintained at
38.5 to 39.5°C using a heating pad and a thermoisolation
blanket. Balanced anesthesia was maintained using isoflurane
(0.6 to 1 vol%, Forane; AbbVie Inc.) in a mixture of 1 L/min
oxygen and 1.2 L/min air with an inspiratory oxygen fraction
of 50% to 55%, and intermittent fentanyl (1 μg/kg) and
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pipecuronium bromide (0.5mg/kg) boluses. Intravenous in-
fusion of a balanced crystalloid solution was administered
according to the experimental group.

After tracheostomy, each animal was rotated into
the prone position. The skin and periosteum of the skull
were incised and reflected; bleeding was contained by bi-
polar electrocoagulation. The margins of the exposed area
were determined by the midline, the base of the right ear,
the external occipital protuberance, and the right caudal
supraorbital process. A 3mm hole was drilled through the
exposed skull into the right side and was increased in size
using curved mosquito forceps. The final size of the cranial
window was obtained using a Kerrison rongeur. Bleeding
from the diploe was prevented using bone wax. The dura
mater was cut carefully around the edges of the cranial
window using microscissors to minimize brain surface
injury. The dimensions of the cranial window were ∼12×8
mm, with intact arachnoid mater at the base of the win-
dow. A stabilization period was maintained before and
between SDF recordings. The wound was flushed fre-
quently with sterile 37°C 0.9% saline during this period.

Experimental Groups
Restrictive and Liberal Groups

In the first phase of the study (Fig. 1), the animals were
randomized (a computer-generated random list of animals
was used) to receive either <2mL/kg/h fluids (restrictive R
group), 0.9% saline was allowed only to flush the intravenous
medication, or 30mL/kg/h (liberal L group) of a balanced
isotonic crystalloid solution (Plasmalyte; Baxter SA,

Lessines, Belgium). The first set of brain SDF imaging
data and a set of sublingual PBR measurements, as well as
hemodynamic and laboratory data, were obtained after
infusing the study fluid.

Hypertonic Versus Isotonic Saline Groups
In the second phase of the study (Fig. 1), the animals

were randomized (a computer-generated random list of
animals was used) to receive 5 mL/kg body weight of either
0.9% saline (group normal saline [NS]) or 3.2% saline
(group HTS), administered intravenously over 20 minutes
using an infusion pump. The 3.2% saline solution was
prepared by the hospital pharmacy. A second set of brain
SDF images and a set of sublingual and brain PBR
measurements and hemodynamic and laboratory data
including syndecan-1 levels were obtained after infusing
the study fluid. Hematocrit-corrected serum syndecan-1
levels were calculated according to an equation to
compensate for a possible dilution effect of fluids on
serum syndecan-1 level: syndecan corrected= syndecan
measured×(0.30/measured hematocrit).

The animals were euthanized at the end of the
experiment with an overdose of thiopentone (30mg/kg body
weight), and mechanical ventilation was stopped. Syndecan-
1 levels were measured using an enzyme-linked im-
munosorbent assay kit for Syndecan-1 (Blue Gene, Shanghai,
China) according to the manufacturer’s instructions. The bio-
chemical values were determined by a blood gas analyzer
(ABL 800FLEX; Radiometer, Brønshøj, Denmark) and
osmometer (Osmometer; Arkray, Tokyo, Japan).

Intramuscular anesthesia with xylazine
and ketamine

Venous and arterial catheter, intravenous 
induction of anesthesia, mask ventilation with 

isoflurane

1st phase of study:

Liberal or restrictive crystaloid intravenous infusion (60 
min)

Tracheostomy, mechanical ventilation, 
prone position

Baseline values, blood samples, 
baseline sublingual PBR, 

syndecan-1
Blood samples, sublingual 

PBR and brain SDF

2nd phase of study:

Hypertonic saline or normal 
saline infusion (20 min)

Final blood samples, 
sublingual and brain PBR, 

brain SDF, syndecan-1

Craniotomy

End of study

FIGURE 1. Study timeline. PBR indicates perfused boundary region; SDF, sidestream dark-field.
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The team members were blinded to the assigned groups
while preparing the animals, acquiring data, analyzing the
video clips, and conducting the statistical analysis. The ad-
ministered solution was drawn up offsite and administered by
an unblinded coworker (laboratory staff member).

SDF Imaging Procedure
The SDF imaging video microscopic probes were

covered with a sterile plastic sheath and placed above the
target tissue; a hand-held technique was used. For brain SDF
imaging (MicroScan; MicroVision Medical, Amsterdam, the
Netherlands), data were recorded digitally within the site of
interest on the brain surface for each animal at each meas-
urement, and video clips lasting 20 seconds on average were
recorded from each area. A blood flow analysis of larger
vessels was used as a control measure, ensuring that excessive
pressure was not applied to the tissue.29 The sites of interest in
the sublingual area and on the brain surface were selected
randomly. The exposed tissues, other than those covered by
the SDF imaging probe, were moisturized intermittently us-
ing 37°C sterile 0.9% saline.

Videos for the PBR analysis were recorded with a
specialized SDF imaging video microscope (KK camera;
Research Technology Limited, Honiton, UK) connected to
a laptop computer with specialized recording and analysis
software (Version 1.2.5.7211; GlycoCheck, Maastricht, the
Netherlands). After acquisition, the software performs a
series of quality checks to validate that the identified
measurement sites reflected the straight segments of the
microvessels containing a sufficient number of RBCs, and
automatically discards invalid vascular segments and sub-
jects all valid vascular segments to further analysis. Up to
840 radial intensity profiles were obtained for each valid
vascular segment, which were tested for the presence of
RBCs. RBC filling percentage, signal quality, and RBC
column (RBCC) widths were determined from these in-
tensity profiles. This results in an RBC width (RBCW)
distribution for each individual vascular segment from
which the median RBCW and the outer edge of the RBC-
perfused lumen (Dperf) were determined. The distance from
the median RBCW value to the outer edge of the RBC-
perfused lumen was measured and defined as the PBR
(Dperf—RBCW)/2. Finally, the calculated PBR values,
classified according to their corresponding RBCC width
between 5 and 25 μm, were presented as a single median
PBR score for each vessel diameter class, and the corre-
sponding 21 PBR values for diameter classes of 5 to 25 μm
were averaged to provide a single PBR value for each
measurement.27 This method of calculating the PBR ensures
that the average PBR value is equally weighted for each
vessel diameter class.25–27 A more detailed description of
this method is available elsewhere.25,27,28 The more the EG
is injured, the deeper the RBCs penetrate into the glycocalyx
and the higher the PBR.9,11,25

SDF Imaging Offline Analysis
The recorded video clips were randomly coded and

analyzed offline by a single observer blinded to the order of
the files. The 3 clearest and most stable parts of each video

clip (sequences) meeting the software’s stability criteria were
selected for analysis. The blood flow in larger vessels was
checked to ensure that excessive pressure was not applied
during recording. Three sequences per measurement were
analyzed from each animal, and the average was used for
the calculations. The final onscreen magnification of the
images obtained using the SDF imaging device was 325-fold
from the original, and the actual size of the field evaluated
was 1280×960 μm. The microcirculation parameters were
measured using AVA version 3.0 software (AMC, Uni-
versity of Amsterdam, the Netherlands). All analyses were
performed by a single, blinded researcher (V.D.Jr) to de-
crease the probability of interobserver variability.

The following parameters were analyzed offline:
(1) Total small vessel density (SVD) and total vessel

density (TVD) were defined as the total length of the
respective vessels inside the image divided by the total
area of the image. Small vessels were defined as those
with diameters ≤ 25 μm.29

(2) The DeBacker score, given in /mm, was defined as the
number of vessels crossing 3 arbitrary horizontal and 3
vertical equidistant lines (drawn on the screen) divided
by the total length of the lines.29

(3) The microvascular flow index was calculated as an
average value of the semiquantitative score (0=absent
flow, 1= intermittent flow, 2= continuous sluggish [slow]
flow, 3= continuous [normal] flow, 4=hyperdynamic
[fast] flow) of the microvascular flow in the 4 image
quadrants, as assessed subjectively by an observer.29

(4) The proportion of perfused vessels (PPV) was defined
as the percentage of all visible vessels with at least
sluggish flow. Perfused small vessel density (PSVD)
and perfused vessel density (PVD) were obtained as
SVD and TVD multiplied by the respective PPVs.

Statistical Analysis
A power analysis using an α error of 0.05 and β error

of 0.95 was performed on the basis of our previously
published brain microcirculation data for rabbits23 using
G*Power version 3.1.9.2 software (Kiel University, Kiel,
Germany). The sample size needed for the t test (un-
matched pairs) to detect a 20% difference in PVD was
calculated. This calculation yielded a sample size of 26
animals (13 subjects/group). The sample size was increased
to 28 animals to compensate for potential dropouts and
inaccurate predictions used in the power analysis.

The continuous variable results are presented as
mean±SD or as median with interquartile range on the
basis of the results of a normality test of the distribution
using the 1-sample Kolmogorov-Smirnov test. Differences
in the numbers of animals receiving norepinephrine were
analyzed using the Fisher exact test. The Mann-Whitney
U test was used to compare results between groups, and
the Wilcoxon test was used to detect significant changes
over time within each group when the sample distribution
was not normal (pH, arterial tension of carbon dioxide,
arterial tension of oxygen, PPV, microvascular flow
index [MFI], hemoglobin, and norepinephrine dose). The
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unpaired 2-tailed t test was used to compare all other re-
sults between the groups; the paired 2-tailed t test or 1-way
analysis of variance with the Student-Newman-Keuls test
for pairwise comparisons was used to compare other re-
sults within the groups. One-way analysis of variance with
the Student-Newman-Keuls test for pairwise comparisons
of subgroups and the Kruskal-Wallis test were used to
compare results between subgroups on the basis of the
results of normality testing. Uncorrected P-values are
presented, and a P< 0.05 was considered significant. The
statistical analysis was performed using MedCalc Statistical
Software version 16.4.3 (MedCalc Software, Ostend, Belgium;
https://www.medcalc.org; 2018).

RESULTS
One animal died during the instrumentation phase,

and 27 animals completed the first part of the study (14 in
the R group and 13 in the L group). No differences were
observed in weight (2.96 ± 0.24 vs. 2.87 ± 0.24 kg;
P= 0.940) or initial hemodynamic and laboratory data
between the groups (Table 1).

Fluid intake was significantly higher in the L group
than in the R group (86.9 ± 8.3 vs. 6.2 ± 3.2 mL;
P< 0.0001). After administering fluids, a higher hemo-
globin value and a lower sodium value were recorded in
the R group compared with the L group (Table 1). No
difference was observed between the animals receiving
norepinephrine and those not receiving norepinephrine.
No differences in sublingual PBR values were observed
before and after fluid administration (Table 1).

Table 2 lists the cortical brain microcirculation
parameters obtained after fluid administration. Lower TVD
(P=0.0447), PSVD (P=0.0178), and PVD (P=0.0286)
values were observed in the L group than in the R group.

In total, 27 animals completed the second phase of
the study (14 HTS and 13 NS). The volume of fluid ad-
ministered during the first phase of the study was similar in
the HTS and NS groups, 41.0 (6.0; 94.0) versus 14.0 (5.8;
82.8) mL, respectively (P= 0.6448).

Table 3 compares the hemodynamic data and
laboratory values as well as administered fluids,
catecholamines, and sublingual PBR before and after
osmotherapy. Higher serum osmolality, and sodium and
chloride levels were observed after osmotherapy in the HTS
group compared with the NS group. Lower pH values were
recorded in both groups, as well as higher arterial tension of
carbon dioxide and lower chloride levels in the NS group,
but lower bicarbonate and higher sodium and chloride levels
were observed in the HTS group after osmotherapy. No
differences were observed in the hemodynamic data, the use
of catecholamines, or sublingual PBR between the groups
before or after osmotherapy.

Table 4 lists the cortical brain microcirculation
parameters and brain PBR values obtained before and
after osmotherapy. MFI values were lower in the HTS
group than in the NR group before and after
osmotherapy. No other difference was recorded in the
observed microcirculation parameters.

After osmotherapy, serum syndecan-1 levels (1.37±0.51
vs. 1.24±0.39 ng/mL; P=0.5174) were not different between

TABLE 1. Hemodynamic and Laboratory Data, Use of Fluids and Catecholamines; Before and After Fluids
Baseline After Infusion

R Group (n= 14) L Group (n= 13) P R Group (n= 14) L Group (n= 13) P

MAP (mmHg) 66±7 68±11 0.5172 72± 13 77± 23 0.5290
Heart rate (beats/min) 211±29 231±32 0.0906 207± 35 211± 26 0.7062
pH 7.35 (7.33-7.38) 7.36 (7.35-7.44) 0.5935 7.46 (7.44-7.51)* 7.46 (7.41-7.52)* 0.8083
PaCO2 (mmHg) 50.9 (41.3-55.2) 50.6 (41.3-55.1) 0.6623 38.7 (35.1-40.7)* 38.6 (34.1-40.5)* 0.4969
PaO2 (mmHg) 156 (129-175) 149 (92-175) 0.5281 188 (174-197)* 179 (175-195)* 0.7524
HCO3

− (mmol/L) 27.4± 2.6 27.0± 3.6 0.7283 28.0± 2.2 26.3± 2.9 0.0964
Hemoglobin (g/L) 94.3± 6.2 92.2± 9.3 0.5036 98.4± 6.9* 89.2± 7.8 0.0032
Sodium (mmol/L) 140 (139-141) 141 (139-142) 0.4485 138 (137-139)* 140 (139-140) 0.0080
Chlorides (mmol/L) 102±4 101±5 0.5731 100± 3 101± 3 0.4525
No. animals receiving norepinephrine (N/%) 11/78.6 9/69.3 0.6776 12/85.7 11/84.6 1.000
Norepinephrine (mL/h) 0.600 (0.100-1.000) 0.200 (0.000-1.775) 0.8452 0.350 (0.100-0.500) 0.300 (0.100-0.550) 0.9806
Sublingual PBR (μm) 1.93±0.26 2.00±0.22 0.5808 2.05± 0.21 2.02± 0.26 0.8082

Continuous data are presented as mean± SD or as median (IQR) based on the results of the Kolmogorov-Smirnov test. Categorical data are given as counts/percentages.
HCO3

− indicates actual bicarbonate; L group, liberal group; MAP, mean arterial pressure; PaCO2, arterial tension of carbon dioxide, PaO2, arterial tension of oxygen;
PBR, perfused boundary region; R group, restrictive group.

*P< 0.05 versus baseline.

TABLE 2. Brain Microcirculation Parameters After Fluids
R Group (n= 14) L Group (n= 13) P

SVD (mm/mm2) 7.36± 1.48 6.27± 1.33 0.0816
TVD (mm/mm2) 9.85± 1.37 8.79± 0.96 0.0447
PSVD (mm/mm2) 7.20± 1.38 5.83± 1.16 0.0178
PVD (mm/mm2) 9.70± 1.37 8.40± 1.27 0.0286
PPV (%) 100.0 (98.6-100.0) 98.4 (86.2-100.0) 0.2037
MFI small vessels 3.0 (3.0-3.0) 3.0 (2.9-3.0) 0.3851
DeBacker score (/mm) 6.44± 1.2 5.77± 0.48 0.1172
DeBacker grid
crossings

24.4± 5.0 21.4± 2.2 0.0796

Continuous data are presented as mean±SD or as median (IQR) based on the
results of the Kolmogorov-Smirnov test.

L group indicates liberal group; MFI, microvascular flow index; PPV, pro-
portion of perfused vessels; PSVD, perfused small vessel density; PVD, perfused
vessel density; R group, restrictive group; SVD, small vessel density; TVD, total
vessel density.
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the HTS and NS groups or from baseline values (1.29±0.29
vs. 1.05±0.39 ng/mL; P=0.1032). Hematocrit-corrected se-
rum syndecan-1 levels were also not different between the HTS
and NS groups (1.43±0.60 vs. 1.36±0.49 ng/mL; P=0.7372)
or from baseline values.

Table 5 lists the cortical brain microcirculation
parameters, and brain and sublingual PBR and serum
syndecan-1 levels in the 4 animal subgroups divided
according to osmotherapy and infusion strategy. No
significant difference was detected between the subgroups.

A subgroup analysis of animals receiving liberal fluid
loading (animals from subgroups liberal with normal saline
[LNS] and liberal with hypertonic saline [LHTS]) showed a
tendency for slightly higher syndecan-1 levels (1.47±0.51
vs. 1.16±0.35 ng/mL; P=0.0993) compared with animals
receiving restricted fluid infusion (animals from subgroups
RNS and RHTS). This difference was significant if serum
hematocrit-corrected syndecan-1 levels were considered
(1.64±0.63 vs. 1.16±0.31 ng/mL; P= 0.0324).

Sublingual and cerebral PBR values after fluids and
osmotherapy were not different (1.90±0.41 vs. 1.89±0.33

μm; P=0.9440). No significant differences were observed in
the sublingual PBR values between animals from the liberal
fluid loading and restrictive fluid subgroups (1.86±0.57 vs.
1.94±0.26 μm; P= 0.5763).

Cerebral PBR values tended to be higher in animals
from the liberal fluid loading and restrictive fluid sub-
groups (2.04 ± 0.33 vs. 1.77 ± 0.28 μm; P= 0.0692, re-
spectively). A significant difference (Fig. 2) was identified
in the range of RBCC widths between 20 and 25 μm
(1.76 ± 0.27 vs. 2.39 ± 0.61 μm; P= 0.0066).

DISCUSSION
In this study, we observed that liberal fluid loading

with an isotonic balanced crystalloid solution was asso-
ciated with altered cerebral cortex microcirculation com-
pared with a restrictive infusion strategy, whereas the use
of HTS did not alter cerebral cortex microcirculation in
the animal craniotomy model.

Fluid loading can alter cerebral cortex microcirculation
through several mechanisms. Intravenous crystalloid solution

TABLE 3. Hemodynamic and Laboratory Data, Use of Fluids, Catecholamines, Sublingual PBR After NS or HTS
Before Osmotherapy After Osmotherapy

HTS Group (n= 14) NS Group (n= 13) P HTS Group (n= 14) NS Group (n= 13) P

MAP (mmHg) 71.9± 13.2 76.5± 12.3 0.0530 71.8± 16.7 75.2± 10.5 0.5395
Heart rate (beats/min) 207± 35 211±25 0.2800 200± 36 199± 27 0.9461
pH 7.45 (7.41-7.51) 7.48 (7.44-7.52) 0.2541 7.41 (7.38-7.47)* 7.42 (7.40-7.49)* 0.7203
PaCO2 (mmHg) 39.4 (35.1-44.9) 37.8 (33.7-39.4) 0.0900 40.5 (37.5-45.1) 42.1 (39.1-44.9)* 0.4667
PaO2 (mmHg) 186 (178-197) 178 (172-194) 0.1742 183 (170-188) 176 (160-186) 0.5441
HCO3

− (mmol/L) 27.3± 2.7 27.0± 2.6 0.7298 26.1± 2.5* 26.9± 4.3 0.5834
Hemoglobin (g/L) 92.0 (91.0-101.0) 94.0 (88.8-99.0) 0.7339 91.5 (87.0-94.0)* 93.0 (88.5-103.3 0.2069
Sodium (mmol/L) 139± 2 139±2 0.8388 143± 2* 138± 1 < 0.0001
Chlorides (mmol/L) 100 (99-102) 100 (99-102) 0.7890 107 (105-108)* 99 (97-102)* < 0.0001
Serum osmolality (mmol/kg) — — — 302 (300-304) 292 (290-295) 0.0004
No. animals receiving norepinephrine
(N/%)

13/92.9 11/84.6 0.5956 13/92.9 13/100 1.0000

Norepinephrine (mL/h) 0.45 (0.30-0.70) 0.20 (0.10-0.43) 0.0840 0.50 (0.40-0.80) 0.50 (0.20-0.73) 0.5597
Sublingual PBR (μm) 2.04± 0.23 2.04±0.26 0.9893 1.88± 0.54 1.92± 0.24 0.8177

Continuous data are presented as mean± SD or as median (IQR) based on the results of the Kolmogorov-Smirnov test. Categorical data are given as counts/percentages.
HCO3

− indicates actual bicarbonate; HTS, hypertonic saline; MAP, mean arterial pressure; NS, normal saline; PaCO2, arterial tension of carbon dioxide; PaO2, arterial
tension of oxygen; PBR, perfused boundary region.

*P< 0.05 versus before osmotherapy.

TABLE 4. Brain Microcirculation Parameters and Cortical Brain PBR Before and After Osmotherapy
Before Osmotherapy After Osmotherapy

HTS Group (n= 14) NS Group (n= 13) P HTS Group (n= 14) NS Group (n= 13) P

SVD (mm/mm2) 6.76± 1.51 6.93± 1.53 0.7933 6.69± 1.42 7.16± 1.74 0.4606
TVD (mm/mm2) 9.15± 1.18 9.56± 1.42 0.4553 9.13± 0.78 9.44± 1.77 0.5789
PSVD (mm/mm2) 6.26± 1.36 6.85± 1.51 0.3308 6.56± 1.39 6.90± 1.59 0.5713
PVD (mm/mm2) 8.70± 1.44 9.49± 1.41 0.2008 8.93± 0.64 9.19± 1.79 0.6370
PPV (%) 98.5 (85.72-100.0) 100.0 (98.7-100.0) 0.1102 98.9 (97.5-100.0) 100.0 (97.4-100.0) 0.8052
MFI 3.0 (2.8-3.0) 3.0 (3.0-3.0) 0.0106 3.0 (3.0-3.0) 3.00 (2.9-3.00) 0.0326
DeBacker score (/mm) 5.95± 0.65 6.30± 1.32 0.4482 5.91± 0.68 6.17± 1.24 0.5221
DeBacker grid crossings 22.1± 2.9 23.9± 5.1 0.2858 22.4± 2.6 23.4± 4.8 0.5146
PBR brain (μm) — — — 1.88± 0.31 1.90± 0.35 0.9284

Continuous data are presented as mean±SD or as median (IQR) based on results of Kolmogorov-Smirnov test.
HTS indicates hypertonic saline; MFI, microvascular flow index; NS, normal saline; PBR, perfused boundary region; PPV, proportion of perfused vessels; PSVD,

perfused small vessel density; PVD, perfused vessel density; SVD, small vessel density; TVD, total vessel density.
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leaves the blood vessels and is distributed in the extracellular
volume causing edema. It is generally accepted that plasma
osmolality is the key determinant of water movement between
the central nervous system and the intravascular space in the
presence of an intact BBB.30 Available data indicate that
volume replacement and expansion should have no effect on
cerebral edema as long as normal serum osmolality is main-
tained and cerebral hydrostatic pressure does not increase
markedly due to a true volume overload and elevated right
heart pressure.31 If the BBB is disrupted, brain capillaries will
be likely to act more like peripheral capillaries. A blunt or
penetrating injury incites mechanical and autodigestive de-
struction of the normally tightly intact endothelium of the
BBB,32 allowing for uncontrolled movement of fluid and se-
rum proteins into the brain parenchyma, and eventually
leading to vasogenic cerebral edema and increased intracranial
pressure (ICP). The combined effect of fluid overload and

altered BBB tightness due to a minor mechanical injury to the
brain surface during the instrumentation phase seems to be the
most probable explanation for our observation.

Aggressive fluid administration can be associated
with volume overload,33 which could, in turn, be linked to
venous congestion and a decline in cardiac output in
subjects with heart failure.34 Increased central venous
pressure may impede brain venous outflow and contribute
to increased ICP or cerebral edema.3 We performed an
extensive craniotomy to measure microcirculation; there-
fore, we do not consider an increase in ICP as an alter-
ation mechanism of microcirculation in the liberal group.
We did not measure central venous pressure, cerebral
perfusion pressure, or cerebral blood flow; therefore, we
cannot fully exclude the effects of these mechanisms.

Tonicity changes may also be important, as hypo-
tonic fluids promote water shifts in the brain, because the
BBB is water permeable, whereas hypertonic fluids cause
brain dehydration, when the BBB is intact or disrupted.35

The solution used in this study had an osmolality of 295
mOsml/L, which should have prevented any changes in
osmolality and increased brain water content under nor-
mal conditions.36 Although osmolality was not directly
measured after fluid administration, lower serum sodium
levels in the R group and similar serum levels of bicar-
bonate and chloride observed in both groups do not sup-
port this mechanism of action.

Acute volume overload can modify sympathetic tone
and vasoconstriction; however, this response has only
been described in renal circulation after massive 0.9%
saline infusion leading to hypernatremia and hyper-
chloremic metabolic acidosis.37,38 We did not observe any
significant difference in the use of norepinephrine, circu-
latory parameters, or sodium or chloride levels between
the groups after fluid administration that could imply the
effects of these mechanisms.

Lung function complications associated with fluid
overload can be associated with reduced lung compliance
and altered oxygen or carbon dioxide levels in arterial
blood39; however, our data do not support this event.

TABLE 5. Brain Microcirculation Parameters and Syndecan-1 Levels After Fluids and Osmotherapy—Subgroups
LHTS Subgroup (n= 7) LNS Subgroup (n= 6) RHTS Subgroup (n= 7) RNS Subgroup (n= 7) P

SVD (mm/mm2) 6.62± 1.56 6.80± 1.29 7.78±1.87 6.59±1.63 0.8847
TVD (mm/mm2) 8.96± 2.13 9.08± 0.66 10.00±1.18 9.18±0.92 0.5472
PSVD (mm/mm2) 6.50± 1.64 6.72± 1.25 7.36±1.55 6.42±1.58 0.6950
PVD (mm/mm2) 8.86± 2.22 8.91± 0.56 9.57±1.19 8.96±0.75 0.7821
PPV (%) 100 (98.9-100.0) 99.5 (98.9-100.0) 98.9 (96.3-100.0) 98.6 (96.5-100.0) 0.8417
MFI 2.96 (2.89-3.00) 3.00 (3.00-3.00) 3 (2.83-3.00) 3.00 (3.00-3.00) 0.1349
DeBacker score (/mm) 5.83 (4.70-6.79) 5.89 (5.75-6.09) 6.14 (6.08-6.76) 6.11 (4.96-6.50) 0.4798
DeBacker grid crossings 22.3 (17.8-23.0) 22.7 (21.3-23.0) 23.3 (23.3-25.0) 23.7 (19.1-24.7) 0.5150
PBR brain (μm) 1.95± 0.38 2.21± 0.07 1.84±0.35 1.72±0.23 0.1774
PBR sublingual (μm) 1.71± 0.73 2.02± 0.26 2.03±0.27 1.85±0.22 0.4912
Syndecan-1 (ng/mL) 1.55± 0.58 1.37± 0.42 1.20±0.38 1.08±0.32 0.3633
Syndecan-1 Ht corrected (ng/mL) 1.71± 0.71 1.53± 0.55 1.17±0.31 1.13±0.39 0.1968

Continuous data are presented as mean± SD or as median (IQR) based on the results of the Kolmogorov-Smirnov test.
Ht indicates hematocrit; LHTS, liberal with hypertonic saline; LNS, liberal with normal saline; MFI, microvascular flow index; PBR, perfused boundary region; PPV,

proportion of perfused vessels; PSVD, perfused small vessel density; PVD, perfused vessel density; RHTS, restrictive with hypertonic saline; RNS, restrictive with normal
saline; SVD, small vessel density; TVD, total vessel density.
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Normovolemic hemodilution can also decrease
blood viscosity and blood oxygen content, and increase
cerebral blood flow under experimental conditions. These
changes, which are probably dependent on reduced blood
oxygen content,40 are contrary to our observations. We
observed lower hemoglobin levels under a liberal infusion
strategy, as expected; however, better microcirculation
parameters were observed in the R infusion group.

The extent of the difference in the microcirculatory
parameters between the R and the L groups ranged from
∼9% for TVD, to 15% and 20% for PVD and PSVD,
respectively. The clinical significance of these differences is
unclear. A similar, although nonsignificant difference in
PVD values, and no change in the MFI or PPV values,
were observed when comparing microcirculation in “per-
icontusional” with “surrounding” cortical brain areas in
patients with traumatic brain injury.41 A different finding
was observed in patients undergoing decompressive cra-
niectomy after an ischemic stroke.42 In that study, the
PPVs was near 100% in control subjects and only 63.44%
in patients with stroke. Patients with stroke also presented
intermittent or no flow in all vessels. The PVD index was
<50% of the control value.

Importantly, the liberal use of crystalloids was ac-
companied by altered EG structure, as implied by hem-
atocrit-corrected serum syndecan-1 levels. The EG acts as
an anionic biopolymer with specific ion-binding
properties.43 Volume loading may release an excess of the
atrial natriuretic factor associated with increased shed-
ding of the EG, as recently described after a 20 mL/kg
infusion of 6% hydroxyethyl starch 130/0.4 in patients
undergoing elective surgery.13 Similar results were re-
plicated in patients undergoing elective laparoscopic
surgery who received 15 mL/kg/h of Ringer’s solution
intraoperatively and 10mL/kg/h for 6 hours postoperatively.44

The dose of crystalloids used in our study corresponded
to ∼12% of the rabbit extracellular fluid volume.45 The
equivalent change in human extracellular fluid volume
would be obtained by ∼20 mL/kg of isotonic crystalloid
solution.

The use of a hyperosmolar solution can alter cer-
ebral microcirculation by several mechanisms. The
short-term effects of 3.2% saline, 0.5 M sodium lactate,
and 0.9% saline solutions were recently studied using
SDF imaging technology in a rabbit craniotomy model
by our group.24 No differences in the microcirculatory
parameters were observed between the groups after os-
motherapy.

Ambient sodium overload may also alter the glyco-
calyx structure, probably due to reduced heparan sulfate
content leading to collapse of the EG.14 Hypertonic sol-
utions also modify microvascular permeability and show a
dose-dependent effect on hydraulic permeability as a
measure of water flow across the endothelial barrier in the
mesenteric vessels of rats.46 Such an increase in vascular
permeability has been considered an indirect sign of EG
damage. Moreover, sodium flux into endothelial cells
triggers intracellular signaling and influences endothelial
function as long as intracellular aldosterone receptors are

functional.47,48 Glycocalyx shedding allows sodium to
enter into the endothelial cells and subsequently disturb
endothelial function. Thus, high sodium levels may
weaken the protective sodium buffer barrier of the EG.
Increased osmolality may also contribute to glycocalyx
shedding49; however, our results disagree with these ob-
servations, possibly due to the limited change of osmo-
lality in our experimental model. In addition, the time
factor could also have affected our results, given the lim-
ited observation period.

Although we found elevated hematocrit-corrected
syndecan-1 levels in the L fluid-loaded animals, this find-
ing was accompanied with only a nonsignificant trend
toward higher cerebral PBR values, and significantly
lower PBR values were recorded only in the 20 to 25 μm
range of RBCC diameters in the L fluid-loaded animals.
The lower PBR value in larger vessels contrasts with re-
cent findings, implying that PBR values reach a plateau
from an RBCC width of 15 μm upwards.28 Our finding
could possibly be a result of lower shear stress in arterioles
in the R group,10 but the finding could also be a con-
sequence of a technical limitation of the method. The
glycocalyx is determined by RBCC width variation during
SDF imaging.9,10,25,27 SDF imaging is prone to motion
and pressure artifacts, similar to orthogonal polarization
spectral imaging. Motion-induced image blurring due to
movement of the SDF device and the tissue, and flow of
erythrocytes, can cause suboptimal imaging.9 It has re-
cently been shown that pressure artifacts caused by a
sterile slipcover influences the PBR values obtained.28 In
contrast to that human study, we did not observe sig-
nificantly different PBR values in cortical and sublingual
regions. Our results imply that PBR may be less sensitive
or more operator dependent than the use of biochemical
markers of EG damage.

Our study had several limitations. The absence of a
baseline brain SDF examination before fluid loading
weakened the strength of our conclusion on the effect of
fluid loading on brain microcirculation. The use of fluid
loading in the first phase of the study caused large intra-
group differences that might make significant changes in
the second phase undetectable. This study had insufficient
power to test differences in PBR and serum syndecan-1
levels between the subgroups. A higher number of animals
may have resulted in a greater difference between the
groups and a decreased risk of false-positive or false-
negative results. We did not directly measure BBB per-
meability; therefore, our conclusions on the mechanism of
altered microcirculation after fluid loading remain spec-
ulative. We visualized only pial vessels and the frontal
cortex; however, these areas may not be representative of
deeper brain structures. The PBR analysis has not been
validated in the cerebral cortex or in rabbits. To limit
brain surface injury, changes in microcirculation were
evaluated only at predefined timepoints; therefore, we
cannot exclude the possibility that the observed effects
may have been different if other timepoints had been
chosen. We also used rabbit brain, which has unknown
similarities in blood flow regulation to those of the human
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brain. Therefore, it is unclear whether our results can be
safely extrapolated to humans.

CONCLUSIONS
Within the limitations of the present study, our

findings imply that L fluid loading was associated with
altered cortical cerebral microcirculation and elevated
markers of EG integrity compared with the R infusion
strategy in the rabbit craniotomy model. The use of a
single bolus of 3.2% saline did not affect cortical cerebral
microcirculation or markers of EG integrity.
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