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Background: Fluid resuscitation in hemorrhagic shock aims to restore 
hemodynamics and repair altered microcirculation. Hemodynamic coherence 
is the concordant performance of macro- and microcirculation. The present 
study on fluid therapy in hemorrhagic shock hypothesized that the choice of 
fluid (0.9% sodium chloride [saline group] or balanced 6% hydroxyethyl starch 
130/0.4 [hydroxyethyl starch group]) impacts on hemodynamic coherence.

Methods: After instrumentation, 10 sheep were bled up to 30 ml/kg body 
weight of blood stopping at a mean arterial pressure of 30 mmHg to estab-
lish hemorrhagic shock. To reestablish baseline mean arterial pressure, they 
received either saline or hydroxyethyl starch (each n = 5). Hemodynamic 
coherence was assessed by comparison of changes in mean arterial pressure 
and both perfused vessel density and microvascular flow index.

results: Bleeding of 23 ml/kg blood [21; 30] (median [25th; 75th percen-
tile]) in the saline group and 24 ml/kg [22; 25] (P = 0.916) in the hydroxyethyl 
starch group led to hemorrhagic shock. Fluid resuscitation reestablished 
baseline mean arterial pressure in all sheep of the hydroxyethyl starch group 
and in one sheep of the saline group. In the saline group 4,980 ml [3,312; 
5,700] and in the hydroxyethyl starch group 610 ml [489; 615] of fluid were 
needed (P = 0.009). In hemorrhagic shock perfused vessel density (saline 
from 100% to 83% [49; 86]; hydroxyethyl starch from 100% to 74% [61; 
80]) and microvascular flow index (saline from 3.1 [2.5; 3.3] to 2.0 [1.6; 2.3]; 
hydroxyethyl starch from 2.9 [2.9; 3.1] to 2.5 [2.3; 2.7]) decreased in both 
groups. After resuscitation both variables improved in the hydroxyethyl starch 
group (perfused vessel density: 125% [120; 147]; microvascular flow index: 
3.4 [3.2; 3.5]), whereas in the saline group perfused vessel density further 
decreased (64% [62; 79]) and microvascular flow index increased less than 
in the hydroxyethyl starch group (2.7 [2.4; 2.8]; both P < 0.001 for saline vs. 
hydroxyethyl starch).

Conclusions: Resuscitation with hydroxyethyl starch maintained coherence 
in hemorrhagic shock. In contrast, saline only improved macro- but not micro-
circulation. Hemodynamic coherence might be influenced by the choice of 
resuscitation fluid.
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Traumatic injury is a major cause of death and morbid-
ity,1 leading to about 5 million deaths per year world-

wide. This number is aggravated by the fact that mostly 

young people are affected. Hemorrhagic shock is respon-
sible for approximately one third of deaths among patients 
with traumatic injury.2 Microcirculatory disorders in the 
context of hemorrhagic shock have been shown to be asso-
ciated with adverse outcome.3

In addition to causal therapy, fluid resuscitation is a com-
mon supportive treatment, at least in controlled hemorrhagic 
shock.4 The rationale for fluid administration is to optimize 

editOr’S PerSPeCtiVe

What We Already Know about This Topic

• Both saline and hydroxyethyl starch can be used for fluid resuscita-
tion of hemorrhagic shock

• Hemodynamic coherence is the concordant performance of macro- 
and microcirculation

• It is not known whether saline or hydroxyethyl starch resuscitation 
achieves better hemodynamic coherence

What This Article Tells us That Is New

• In a sheep model of hemorrhagic shock, resuscitation with both 
saline and hydroxyethyl starch restored mean arterial pressure 
(macrocirculation)

• After fluid resuscitation with hydroxyethyl starch, microcirculatory 
perfused vessel density and microvascular flow index (microcircula-
tion) both improved, whereas saline only marginally improved micro-
vascular flow index and perfused vessel density decreased further

• Resuscitation with hydroxyethyl starch but not saline maintained 
hemodynamic coherence after hemorrhagic shock
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cardiac output (i.e., macrocirculation) and thereby to poten-
tially restore microcirculation and cellular oxygen delivery. The 
positive association between changes in macro- and micro-
circulation during resuscitation has recently been described 
as hemodynamic coherence by Ince.5 If, for various patho-
physiologic reasons, the microcirculation does not improve 
despite normalization of the macrocirculation, hemodynamic 
coherence is lost. Loss of hemodynamic coherence is associ-
ated with increased rates of organ failure and death.6

There are only a few experimental studies investigating 
the choice of fluid for resuscitation in hemorrhagic shock in 
the context of hemodynamic coherence. In rodent models 
of hemorrhagic shock, evidence suggests that resuscitation 
with colloids as well as balanced crystalloid solutions may 
be more advantageous than 0.9% sodium chloride solution 
(saline).7–9 However, saline is still the most commonly used 
resuscitation fluid.10 The microvascular effects of modern 
colloid solutions compared with saline with respect to 
microcirculation and hemodynamic coherence have not 
been sufficiently investigated in the setting of acute hemor-
rhagic hypovolemia.11 Nevertheless, colloids appear to have 
a higher efficacy in recruiting the microcirculation in other 
types of shock, e.g., sepsis.12

The aim of the present study was to investigate the impact 
of resuscitation with saline and balanced 6% hydroxyethyl 
starch 130/0.4 (hydroxyethyl starch) on macro- and micro-
circulation in a clinically relevant large animal model of 
hemorrhagic shock. The primary aim was to investigate 
whether hydroxyethyl starch and saline produce concor-
dant improvements on macro- and microcirculation and 
thus maintain hemodynamic coherence.

Materials and Methods

Anesthesia and Instrumentation

After approval by the local veterinary authority (North 
Rhine–Westphalia State Environment Agency, Duesseldorf, 
Germany, under the reference No. 84-02.04.2013.A003), 10 
healthy female sheep of the species Ovis orientalis aries (body 
weight, 43 kg [interquartile range 41; 48], aged between 6 
and 12 months) were anesthetized by intramuscular bolus 
injection of 10 mg · kg–1 S-ketamine and 0.3 mg · kg–1 mid-
azolam. Experiments began between 6:00 am and 7:00 am. 
The animals were tested in sequential order. After endo-
tracheal intubation, the animals were ventilated targeting 
an end-tidal carbon dioxide partial pressure of 35 mmHg. 
Balanced anesthesia was maintained by inhalational iso-
flurane with an expiratory fraction of 1.2 vol% as well as 
infusion of S-ketamine (1 mg · kg–1 · h–1) and midazolam 
(0.3 mg · kg–1 · h–1).

A central venous line was inserted into the right jugular 
vein to administer drugs and to conduct transpulmonary 
thermodilution as well as a 7.5 French catheter in the left 
jugular vein for blood withdrawal and fluid administration. 
A pulse contour cardiac output catheter (5 French PiCCO 

catheter, Pulsion Medical Systems, Germany) was placed 
in the left femoral artery to obtain hemodynamic variables 
and to take arterial blood samples. A Foley catheter was 
placed in the urinary bladder.

Afterward the sheep were turned into prone position. 
After a recovery period of 30 min, the experimental proto-
col was started.

Experimental Protocol

After baseline measurements (“baseline” time point; see 
below for details), 10 ml blood per kg body weight were 
withdrawn three times with a pause of 30 min after each 
step. When mean arterial pressure decreased under 30 
mmHg during the current step, withdrawal was stopped. 
The resulting amount of blood loss (up to 30 ml per kg 
body weight) equals approximately 50 to 60% of total blood 
volume in sheep.13 Thirty minutes after the last blood with-
drawal, the “shock” time point was reached. The animals 
were then randomly assigned by envelope method to receive 
either 0.9% sodium chloride solution (“saline group”; 0.9% 
sodium chloride solution, Fresenius Kabi, Germany) or 6% 
hydroxyethyl starch 130/0.4 preparation in balanced carrier 
solution (“hydroxyethyl starch group”; Volulyte, Fresenius 
Kabi) as resuscitation fluid. The balanced carrier solution 
was Ringer’s actetate. Blinding methods were not used 
regarding the type of fluid. The respective fluid was admin-
istered with an infusion rate of 60 ml · kg–1 · h–1 in the 
saline group and 30 ml · kg–1 · h–1 in the hydroxyethyl starch 
group until the individual baseline mean arterial pressure 
was reestablished. If, despite continuous fluid administra-
tion, mean arterial pressure did not further increase for 1 h 
or even dropped again, fluid administration was stopped 
for futility. When either the baseline mean arterial pressure 
was restored or the infusion had been stopped because of 
futility, the “resuscitation” time point measurements were 
conducted (see below for details). Thereafter anesthesia was 
deepened by intravenous injection of 4 mg · kg–1 propofol, 
and the animals were killed with an intravenous injection of 
200 ml of potassium chloride solution (7.45%).

Measurements

For all sheep body weight was determined at baseline (before 
blood withdrawal) and after resuscitation. The difference in 
body weight between both time points was calculated. In 
addition, the time period from shock to resuscitation (end-
ing of fluid resuscitation) was documented. Fluid balance 
was calculated as the difference of infused fluid volume and 
the sum of withdrawn blood and total urine volume.

At each time point (baseline, shock, and resuscitation), the 
macro- and microhemodynamic variables were measured, 
and arterial blood samples were analyzed. Hemodynamic 
measurements comprised mean arterial pressure, stroke vol-
ume index, and cardiac index. Mean arterial pressure was 
noted as presented by the PiCCO2 monitor (Pulsion Medical 
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Systems, Germany). Stroke volume index and cardiac index 
were obtained by threefold bolus transpulmonary thermodi-
lution through the pulse contour cardiac output system (each 
15 ml of 0.9% ice-cold saline) and calculated based on the 
body surface area of sheep as proposed by Quiring.14 The 
blood samples were analyzed by an ABL 725 radiometer 
automatic blood gas analyzer (Radiometer, Denmark).

Strong ion difference was calculated by the formula:

Strong� ion� difference[ ]      � =� Na � +� K � +2 Ca+ + 2+

                                      − −−� C1 �  [ ]lactate

Conjunctival microcirculation was measured in five differ-
ent randomly chosen positions of the left eye at each of 
the three measurement time points. Measurements were 
conducted using an incident dark field imaging camera 
(CytoCam, Braedius Medical BV, The Netherlands).15 The 
obtained videos consisted of 120 frames each (i.e., 6 s) and 
were reviewed for quality according to the recommen-
dations by Massey et al.16 and discarded, if necessary. The 
remaining high quality videos were analyzed with dedicated 
software (AVA Software version 3.2, MicroVision Medical, 
The Netherlands).17 Perfused vessel density, microvascular 
flow index, heterogeneity index, and percentage of perfused 
vessels were obtained as described by an independent expert 
panel18 for each video. Vessel density is obtained by drawing 
(helped by a semiautomatic computed algorithm) each ves-
sel in the video. Afterward the sum of their length is divided 
by the surface area of the microcirculatory measurement, 
which results in the total vessel density. Perfused vessel den-
sity is calculated by only including vessels with a flow at 
least classified as “sluggish” on the microvascular flow index 
scale in the previously described calculation of total vessel 
density. By dividing the video in four quadrants, associating 
each quadrant with the predominant type of flow in the 
respective area and averaging these four, the microvascu-
lar flow index is calculated. Flow is classified as absent (0), 
intermittent (1), sluggish (2), normal (3), or hyperdynamic 
(4). The percentage of perfused vessels is the percentage 
of vessels with a microvascular flow index classification of 
at least “sluggish” in relation to all vessels. Perfused vessel 
density values at shock and resuscitation time points were 
calculated as percentages of baseline values. All analyses of 
microcirculatory videos were conducted in a blinded man-
ner regarding group and time point.

Statistical Analysis

Statistical analysis was performed with IBM SPSS statistics 
software version 20 (IBM, USA). All data are presented as 
medians and interquartile ranges. There were no missing data 
except one single stroke volume index value lost to techni-
cal reasons. Comparisons between groups were made using 
Mann–Whitney U test. Comparisons between time points 
within groups were conducted using Wilcoxon signed-
rank test. Additional data and comparisons are available as 

Supplemental Digital Content 1 (http://links.lww.com/
ALN/C65). No a priori sample size calculation was possible 
because of a lack of sufficient previous data to estimate the 
influence of different fluid solutions on microcirculation. 
Thus, the sample size was based on our experience with 
the experimental model of ovine hemorrhagic shock. The 
P values were adjusted according to Bonferroni. Correction 
was introduced post hoc during review process. Asymptotic 
two-sided P values smaller than 0.05 were assumed as sta-
tistically significant.

results

Blood Withdrawal, Body Weight, Fluid Balance, and 
urine Output

Blood withdrawal had to be stopped because of predefined 
safety measures (i.e., mean arterial pressure less than 30 
mmHg as detailed in the Materials and Methods) in 7 
of 10 sheep (in 3 ewes of the saline group and 4 of the 
hydroxyethyl starch group). There was no difference in 
total blood withdrawal per body weight between the saline 
(23 ml/kg [21; 30]) and hydroxyethyl starch groups (24 ml/
kg [22; 25]; P = 0.916).

A total amount of 4,980 ml [3,312; 5,700] of saline was 
administered in the saline group and 610 ml [489; 615] of 
hydroxyethyl starch in the hydroxyethyl starch group (P = 
0.009). Time between shock and resuscitation was 178 min 
[173; 185] in the saline group and 76 min [74; 82] in the 
hydroxyethyl starch group (P = 0.009). Cumulative fluid 
balance was positive in the saline group (3,045 ml [1,742; 
3,370]) but negative (–945 ml [–1,060; –398]) in the 
hydroxyethyl starch group (P = 0.009). The body weight 
difference between baseline and resuscitation in the saline 
group was positive (2.8 kg [2.5; 4.0]), whereas it was nega-
tive in the hydroxyethyl starch group (–1.0 kg [–1.5; –1.0];  
P = 0.009). Total urine volume was lower in the hydroxyethyl 
starch group (440 ml [120; 550]) as compared with the 
saline group (690 ml [585; 700]; P = 0.028).

Hemodynamic Variables

Blood withdrawal induced a decrease in mean arterial pres-
sure, stroke volume index, and cardiac index between base-
line and shock in both groups to the same degree. After fluid 
administration, mean arterial pressure, stroke volume index, 
and cardiac index increased in both groups. There was no 
difference in hemodynamic variables between saline- and 
hydroxyethyl starch–resuscitated animals at any time point 
(fig. 1, A–C).

Baseline mean arterial pressure was reestablished by fluid 
resuscitation in all sheep of the hydroxyethyl starch group. In 
the saline group, only one sheep reached the Baseline mean 
arterial pressure, whereas in the other four sheep mean arte-
rial pressure stopped increasing during fluid administration 
before baseline mean arterial pressure was reached (fluid 

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/132/1/131/523982/20200100_0-00020.pdf by guest on 19 M

ay 2023

http://links.lww.com/ALN/C65
http://links.lww.com/ALN/C65


CritiCal Care MediCine

134 Anesthesiology 2020; 132:131–9 Arnemann et al.

stopped because of futility). The median mean arterial pres-
sure at the resuscitation time point in percentage of base-
line mean arterial pressure was 88% [79; 91] in the saline 
group and 95% [94; 96] in the hydroxyethyl starch group  
(P = 0.048).

Microcirculation

Perfused vessel density decreased from baseline to shock 
in both groups to the same degree. During resuscitation it 
further decreased in the saline group, whereas it increased 
in the hydroxyethyl starch group. At the resuscitation time 
point, perfused vessel density was significantly higher in 
the hydroxyethyl starch group than in the saline group 
(fig.  2A, P = 0.027). Microvascular flow index decreased 

Fig. 1. Hemodynamic variables. The saline group received 
0.9% sodium chloride solution. The hydroxyethyl starch group 
received 6% hydroxyethyl starch 130/0.4 in balanced carrier 
solution.

Fig. 2. Microcirculation. The saline group received 0.9% 
sodium chloride solution. The hydroxyethyl starch group 
received 6% hydroxyethyl starch 130/0.4 in balanced carrier 
solution. #Significant difference between groups with Bonferroni 
corrected P < 0.05.
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in both groups from baseline to shock and increased in 
both groups from shock to resuscitation (fig.  2B). At the 
resuscitation time point, the microvascular flow index was 
higher in the hydroxyethyl starch group compared with the 
saline group (P = 0.036). Heterogeneity index increased in 
both groups from baseline to resuscitation (saline: from 0.8 
[0.6; 1.1] to 0.9 [0.7; 1.0]; hydroxyethyl starch from 0.7 [0.3; 
0.8] to 0.7 [0.4; 0.8]). During resuscitation it decreased in 
the hydroxyethyl starch group and further increased in the 
saline group (saline: 1.0 [0.9; 1.1], hydroxyethyl starch: 0.3 
[0.3; 0.3]). The difference at resuscitation was significant  
(P = 0.027). The percentage of perfused vessels decreased 
from baseline to shock and improved toward resuscitation 
in both groups (saline: from 92% [77; 95] to 73 [60; 85] 
and to 80 [75; 90]; hydroxyethyl starch from 88% [79; 98] 
to 73 [49; 73] and to 93 [92; 95]). Typical video captures of 
each time point are included in the Supplemental Digital 
Content (video 1: Baseline, http://links.lww.com/ALN/
C66; video 2: Hemorrhagic shock, http://links.lww.com/
ALN/C67; video 3: After resuscitation with saline, http://
links.lww.com/ALN/C68; video 4: After resuscitation with 
hydroxyethyl starch, http://links.lww.com/ALN/C69).

Blood Gas Analysis

Hemoglobin concentration decreased in both groups from 
baseline to shock and further decreased from shock to resus-
citation. There were no relevant differences between the 
two groups in hemoglobin concentration (for all blood gas 
analysis–derived variables see table  1). Lactate concentra-
tions increased from baseline to shock in both groups. In the 
saline group, lactate concentration decreased between shock 
and resuscitation but further increased in the hydroxyethyl 
starch group. At resuscitation, lactate concentration in the 
hydroxyethyl starch group was higher than in the saline 
group but because of α-level correction was not significantly 
different. Chloride concentration increased from shock to 

resuscitation in the saline group but not in the hydroxyethyl 
starch group and was significantly different between both 
groups at resuscitation. Despite being statistically significant, 
base excess showed no physiologically relevant differences at 
baseline or at the other time points. Strong ion differences 
decreased in both groups from baseline to shock, decreased 
further from shock to resuscitation, but showed no differ-
ences between groups. No differences between groups were 
found regarding hydrogen ion concentration.

discussion
The main findings of the present study are that induction of 
hemorrhagic shock by controlled bleeding caused a parallel 
impairment of macro- and microcirculation. Resuscitation 
with either of the study fluids (0.9% sodium chloride solu-
tion [saline group] and 6% hydroxyethyl starch 130/0.4 in 
balanced solution [hydroxyethyl starch group]) improved 
macrohemodynamics. However, microvascular diffusion 
capacity, measured by perfused vessel density, was only 
improved in the hydroxyethyl starch group, whereas it fur-
ther decreased in the saline group. Notably, only about one 
eighth of the fluid volume was required to correct mean 
arterial pressure in the hydroxyethyl starch group compared 
with the saline group. In addition, microvascular convec-
tive flow, i.e., microvascular flow index, was higher in the 
hydroxyethyl starch than in the saline group. Resuscitation 
in the hydroxyethyl starch group required less time and 
markedly less volume of the respective resuscitation fluid. 
The concordant changes of macro- and microcircula-
tion suggest maintained hemodynamic coherence in the 
hydroxyethyl starch group, whereas hemodynamic coher-
ence was perturbed in the saline group.

Decreases of mean arterial pressure, stroke volume index, 
and cardiac index and an increase in lactate concentration 
caused by bleeding in the present model are expected 
findings in hemorrhagic shock, indicating that blood loss 

table 1. Blood Gas Analysis

Variable Group Baseline Shock resuscitation

Hemoglobin concentration [g · dl–1] Saline 8.8 [8.7; 9.0] 7.9 [7.9; 8.2] 5.8 [5.6; 6.7]
Hydroxyethyl starch 8.7 [8.6; 8.9] 8.1 [7.7; 8.4] 5.6 [5.5; 6.7]

Lactate concentration [mmol · l–1] Saline 0.6 [0.6; 1.1] 1.5 [1.5; 2.0] 1.5 [0.9; 1.7]
Hydroxyethyl starch 1.1 [0.9; 1.2] 2.2 [1.7; 2.4] 2.3 [2.2; 2.7]

Chloride concentration [mmol · l–1] Saline 96 [96; 97] 96 [96; 98] 107 [104; 108]*
Hydroxyethyl starch 95 [94; 96] 97 [93; 98] 96 [94; 98]*

Base excess [mmol · l–1] Saline 1.7 [1.6; 2.2]* 0.1 [0; 2.3] –6.1 [–6.2; –2.0]
Hydroxyethyl starch –1.2 [–1.8; –0.6]* –1.8 [–2.5; 0.4] –2.9 [–3.3; 1.1]

Strong ion difference [mmol · l–1] Saline 48 [46; 48] 45 [45; 46] 41 [40; 42]
Hydroxyethyl starch 47 [44; 47] 45 [43; 46] 42 [42; 44]

pH Saline 7.36 [7.33; 7.39] 7.36 [7.35; 7.40] 7.29 [7.28; 7.31]
Hydroxyethyl starch 7.31 [7.30; 7.33] 7.28 [7.26; 7.34] 7.34 [7.32; 7.45]

The saline group received 0.9% sodium chloride solution. The hydroxyethyl starch group received 6% hydroxyethyl starch 130/0.4 in balanced carrier solution.
*Significant difference between groups with Bonferroni corrected P < 0.05.
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resulted in impaired macrocirculation ultimately leading 
to impaired cellular oxygen delivery and increased cellu-
lar stress response, thereby increasing lactate concentrations. 
Concordant to the decrease in stroke volume index and 
cardiac index from baseline to shock, microvascular flow 
(measured by microvascular flow index) also decreased, sug-
gesting an intact coherence between macro- and micro-
circulation at this stage. These findings are consistent with 
previous experimental studies also demonstrating a reduced 
microvascular flow index in hemorrhagic shock.19 The 
reduced total intravascular volume leading to decreases in 
stroke volume index, cardiac index, and microvascular flow 
index probably also caused the decrease in perfused vessel 
density from baseline to shock.

Mean arterial pressure is a common clinical target for 
fluid resuscitation in acute hemorrhagic shock mainly 
because of its broad availability. The underlying assump-
tion is that by mean arterial pressure–guided fluid resusci-
tation, stroke volume index and cardiac index (which are 
not always measurable) are increased, which in turn leads to 
improvement of microcirculation. In the present study, fluid 
resuscitation targeting to reestablish baseline mean arterial 
pressure values likewise restored stroke volume index and 
cardiac index in both groups. The increase in stroke vol-
ume index and cardiac index during resuscitation was asso-
ciated with an increased microvascular flow index in both 
groups. Notably, sheep in the hydroxyethyl starch group had 
a significantly more pronounced increase in microvascular 
flow index compared with the saline group. Given a sim-
ilar cardiac index, this may be best attributed to improved 
blood rheology and decreased erythrocyte aggregation.20,21 
However, because only one microvascular organ site was 
measured, differential distribution of blood flow between 
organs may also explain the microvascular flow index dif-
ferences between both groups. Moreover, the numeric 
(even if not significant) differences in mean arterial pressure 
post resuscitation between groups may also have impact on 
microvascular flow index.

From shock to resuscitation, perfused vessel den-
sity decreased in the saline group and increased in the 
hydroxyethyl starch group to levels higher than baseline val-
ues of perfused vessel density. This may be explained by the 
large amount of administered fluid in the saline group that 
probably led to interstitial edema, thereby relatively reduc-
ing space for perfused capillaries and increasing extramural 
pressure on these capillaries and postcapillary venules.5 The 
different infusion rates in the study groups (saline was infused 
with the twofold velocity as compared with hydroxyethyl 
starch) may also have contributed to differences between 
groups. In this context, it has to be noted that slower infu-
sion rates in the saline group would probably have resulted 
in underresuscitation, whereas the higher infusion rate we 
chose may have led to increased inflammatory response and 
extravasation. This is supported by the difference in het-
erogeneity index of microcirculation. Moreover, identical 

infusion rates of saline and hydroxyethyl starch would have 
further increased the time difference between groups from 
shock to resuscitation.

The volume needed to achieve mean arterial pressure 
goals in the present study was more than eight times higher 
in the saline than in the hydroxyethyl starch group. This 
might be expected because crystalloid fluid solutions leave 
the vascular system soon after administration, resulting in a 
volume effect of approximately 20% or less,22–24 whereas the 
volume effect of isooncotic colloid solutions is nearly 100% 
in the absence of vascular leakage or hypervolemia.25,26 The 
marked difference in administered fluid volumes is reflected 
by the difference in body weight gain, meaning that fluids 
were not eliminated via the kidneys but remained in the 
interstitial compartment. This is supported by the lack of 
differences in hemoglobin concentrations between groups 
after resuscitation, suggesting a similar macrovascular vol-
ume effect and hemodilution. In normovolemic hemo-
dilution, hydroxyethyl starch compared with crystalloids 
has been shown to have a positive effect on microcircu-
lation and function in the kidney despite the same degree 
of hemodilution.27 The marked difference in administered 
fluid volumes may also partially explain the microcircula-
tory findings of the present study. Because high amounts of 
interstitial fluid may increase extramural pressure on capil-
laries, some of these capillaries may be excluded from cir-
culation and therefore explain lower perfused vessel density 
in the saline group.

Notably, the hydroxyethyl starch group even showed a 
negative fluid balance. A higher amount of fluid or more 
precisely a positive fluid balance was previously shown to 
be a risk factor for increasing morbidity and mortality in 
critically ill patients.28,29 Also, the presence of hyperchlo-
remia as found in this study is known to produce several 
unfavorable effects such as renal afferent arteriolar vasocon-
striction30 or formation of active nitrogen species leading 
to systemic vasodilation and increased vascular leakage.31 
Hyperchloremic acidosis has likewise been associated with 
adverse outcome.32

The lower urinary output in the hydroxyethyl starch 
group might be caused by several factors. First, the time 
from shock to resuscitation was shorter than in the saline 
group; thus it might be possible that not as much urine was 
produced in this amount of time. In addition, hydroxyethyl 
starch solutions have a volume effect of nearly 100% as 
mentioned above; therefore its water remains in the vascu-
lar system and does not leave it, e.g., via the kidneys as urine. 
On the other hand, the high amount of saline administered 
might be not only “lost” in the interstitium but also in part 
secreted via the kidneys as urine. Last, it is known that high 
amounts of hydroxyethyl starch solutions in critically ill 
patients may decrease kidney function, leading to decreased 
urine output. In the context of hemorrhagic shock, these 
findings are inconclusive33 but need to be taken into con-
sideration when regarding the results of the present study.
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The difference in lactate concentration after resuscita-
tion, despite not being statistically significant (rising lactate 
concentrations in the hydroxyethyl starch group compared 
with a decrease in the saline group), may be explained by 
the time delay of measurements. Because infusion rates 
were fixed and a lot more fluid had to be administered in 
the saline as compared with the hydroxyethyl starch group, 
the time until baseline mean arterial pressure was restored 
was much longer in the saline group (mean difference of 
102 min). This happened despite anticipation of this phe-
nomenon in the study protocol by infusing saline with a 
doubled infusion rate compared with hydroxyethyl starch; at 
first sight these results seem to contradict the ones of micro-
circulatory measurements, because high lactate levels are 
an indicator of impaired microcirculation. Notably, lactate 
clearance is time-dependent, because metabolic pathways 
are required. Moreover, lactate distributes to the complete 
extravascular space, which was markedly expanded in the 
saline group. Thus, dilution may be another explanation 
for higher lactate values in the hydroxyethyl starch group. 
A comparable effect has been shown for creatinine con-
centrations, which are also dependent on fluid balance.34 
Persistent microvascular dysfunction in other organs than 
the conjunctiva may at least theoretically be considered as 
a cause for higher lactate values in the hydroxyethyl starch 
group.

The ultimate goal of fluid resuscitation is to improve 
microvascular oxygen delivery, namely convection and dif-
fusion.35 Because convection is dependent on flow, whereas 
diffusion depends on the distance from erythrocyte to tis-
sue cell, they can be characterized by microvascular flow 
index and perfused vessel density. Transcribed into the pres-
ent study, resuscitation with hydroxyethyl starch was able 
to establish better convection and diffusion (by increasing 
microvascular flow index and perfused vessel density) than a 
large amount of saline. Thus, hemodynamic coherence (i.e., 
the positive association of changes in macro- and micro-
circulation5) was only maintained in hydroxyethyl starch 
group and not in saline group when targeting macrohemo-
dynamic variables, i.e., mean arterial pressure in the present 
study. These results are supported by studies showing that 
colloidal fluids are advantageous more than 0.9% sodium 
chloride in restoring intestinal microcirculation.7 Previous 
studies have shown that impairment of the microcirculation 
is associated with pronounced organ failure and adverse 
outcome,3 emphasizing the importance of restoring the 
microcirculation. Based on these findings and the results of 
the present study, the choice of fluid type appears to be a 
critical factor in effectively restoring microcirculation and 
ultimately cellular oxygenation in hemorrhagic shock.

The present study has some limitations that need to be 
mentioned. First of all, because no outcome-related param-
eters were measured, it is not possible to conclude on long-
term implications of the present findings. In addition, it is 
unclear whether the observed differences between groups 

are attributable to 6% hydroxyethyl starch 130/0.4 solu-
tion being a colloidal solution and/or a balanced solution. 
However, the aim of this study was to compare the most 
commonly used fluid worldwide (i.e., 0.9% saline) with 
a modern solution with several potential advantages. In 
addition, the difference in time between groups needed to 
finish fluid resuscitation and the different administration 
rates might have influenced the microcirculation. The rel-
evance of the single components (colloid and carrier solu-
tion) needs to be answered by further studies. In addition, 
the sample size is rather small. Nevertheless, the results are 
clearly significant and unlikely to change if the sample were 
increased. Moreover, only videos of conjunctival microcir-
culation were investigated, whereas other sites (sublingual, 
intestinal, renal) would have also been of interest.3,17 The 
reasons for monitoring only the conjunctival microcir-
culation were its good and reproducible accessibility and 
visualization in a very time-critical and fast resuscitation 
protocol. Recently, experimental studies demonstrated a 
convincing correlation between sublingual and conjuncti-
val microcirculation.36,37

Conclusions

Hemorrhagic shock was associated with coherent deterio-
rations in macro- and microcirculation in the present sheep 
model. Resuscitation with balanced 6% hydroxyethyl starch 
led to an improvement in both macrocirculatory variables, 
as well as microvascular flow and diffusion capacity, thereby 
preserving hemodynamic coherence. In contrast, resusci-
tation with 0.9% saline nearly normalized macrohemo-
dynamics but further deteriorated diffusion capacity. The 
present results suggest that in acute hemorrhagic shock, 
the type of resuscitation fluid is relevant for hemodynamic 
coherence. Future studies are warranted to investigate the 
optimal type of fluid and carrier solution for resuscitation 
in hemorrhagic shock with respect to the microcirculation.
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