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Abstract Objective: To compare
systemic hemodynamics with micro-
circulatory changes at different
vascular beds during progressive
hemorrhage. Setting: University-
based research laboratory.

Subjects: Twelve anesthetized,
mechanically ventilated sheep. Inter-
ventions: Sheep were randomly
assigned to HEMORRHAGE or
CONTROL group. In the HEMOR-
RHAGE group (n = 8), three
stepwise bleedings of 5 ml/kg at 30-
min intervals were performed to add
up 15 ml/kg. In the CONTROL group
(n = 4), sheep had the same surgical
preparation but were not bled.
Measurements and main

results: Progressive bleeding
decreased cardiac output, and supe-
rior mesenteric artery blood flow, and
systemic and intestinal oxygen trans-
ports from the first step of bleeding
whereas systemic and intestinal oxy-
gen consumption remained

Introduction

The outcome of shock is related to the magnitude of
acquired oxygen debt [1], as well as to delays in treatment
[2]. Indeed, the availability of diagnostic approaches for
the early identification of tissue hypoperfusion is crucial.

unchanged. Mean arterial blood
pressure, arterial pH and base excess,
and intramucosal-arterial PCO, were
only significantly modified in the last
step of bleeding. Arterial lactate
increased and sublingual, and intesti-
nal serosal and mucosal capillary
microvascular flow indexes and red
blood cell velocities progressively
decreased after the first step of
bleeding (3.0 £ 0.1 vs. 2.3 + 0.4,
32 £0.2vs.24 £+ 0.6,3.0 &£ 0.0 vs.
2.0 £ 0.2, and 1,082 £ 29 vs.

977 £ 79, 1,042 £ 24 vs. 953 + 60,
287 £ 65 vs. 262 £ 16 pm/s;

P < 0.05 for all).

Conclusions:  Alterations in sublin-
gual, intestinal microcirculation, and
arterial lactate simultaneously arose
from the first step of bleeding. The
microcirculatory changes were iden-
tified either by semi-quantitative flow
index or by quantitative red blood cell
velocity measurements.

Keywords Oxygen transport -
Blood flow - Hemorrhage -
Microcirculation - Intramucosal
acidosis - Lactate

Different parameters such as gastric tonomety [3], sub-
lingual capnometry [4], arterial lactate [5], venous oxygen

saturation [2], and base excess [6] have been used to track
changes in intravascular volume.

The monitoring of microcirculation may be helpful
for this goal. The direct evaluation of microvascular
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oxygenation gives more comprehensive information than
the PO, in the venous effluent. Sinaasappel et al. [7]
showed an increase in the gradient between microvascular
and venous PO,, during hemorrhagic shock in the pig
intestine, suggesting the occurrence of functional shunting
of the microcirculation. Application of various techniques
including intravital microscopy has shown the presence of
microcirculatory alterations during hemorrhage. These
alterations include reduced flow and arteriolar diameter in
the intestinal villi [8, 9], muscle [10], and skin [11]; altered
visualization of the villi vascular network [12]; decreased
buccal capillary flow [13]; and increased leukocyte rolling
and adhesion in the mesenteric microcirculation [14]. In
addition, Kerger et al. [15] have shown in an experimental
model of hemorrhagic shock and resuscitation that the
impairment of functional capillary density is the main
determinant of outcome. Nevertheless, due to technical
limitations, the use of these methods has been restricted to
basic research. Conversely, the development of orthogonal
polarization spectrum (OPS) and more recently sidestream
dark-field (SDF) imaging [16] allow clinicians to directly
visualize and monitor the microcirculation in critically ill
patients [17, 18].

Although different microvascular derangements have
been identified in hemorrhagic shock, no study has
focused on less severe degrees of hypovolemia, either in
patients or in clinically relevant animal models. Further-
more, there were no reports, in this setting, about the
simultaneous behavior of microcirculation in different
vascular beds and their relationship with systemic blood
flow. Our goal was to assess the behavior of sublingual and
serosal and mucosal intestinal microcirculation, during a
stepwise bleeding. Particularly, this study was designed to
compare the sequential changes of microcirculation with
other variables commonly used in the diagnosis and
monitoring of shock. Our main hypothesis in this study
was that microcirculatory alterations developed in differ-
ent organs and their compartments simultaneously. A
second hypothesis we wished to test was whether micro-
vascular changes as measured by an easy to implement
semi-quantitative microvascular flow index (MFI) [19]
could be used to identify hypovolemia. This work has been
previously presented in abstract form [20].

Materials and methods

Additional details are provided in the electronic supple-
mentary material (ESM).

Surgical preparation

Fourteen sheep (25 4+ 5 kg) were anesthetized with
30 mg/kg of sodium pentobarbital, intubated and

mechanically ventilated. Neuromuscular blockade was
performed with intravenous pancuronium bromide
(0.06 mg/kg). Additional pentobarbital boluses [1 mg/
(kg h)] were administered as required. Analgesia was
provided by fentanyl as a bolus of 2 pg/kg followed by
1 pg/(kg h).

Catheters were advanced through left femoral vein to
administer fluids and drugs, and through left femoral
artery to measure blood pressure and to obtain blood
samples. A pulmonary artery catheter was inserted
through right external jugular vein.

A midline laparotomy was performed followed by a
gastrostomy to allow drainage of gastric contents, and a
splenectomy. An electromagnetic flow probe was placed
around the superior mesenteric artery (SMA). A catheter
was placed in the mesenteric vein through a small vein
proximal to the gut to draw blood samples. A tonometer
was inserted through a small ileotomy to measure intra-
mucosal PCO,. A 10- to 15-cm segment of the ileum was
mobilized, placed outside the abdomen, and opened 2 cm
on its antimesenteric border to allow the examination of
the mucosa. The exteriorized intestinal segment was
covered, and moisture and temperature were preserved by
a device. Finally, after careful hemostasis, the abdominal
wall incision was closed, leaving a short segment for
externalization of the ileal loop.

Measurements and derived calculations

Arterial, pulmonary, and central venous pressures (CVP)
were measured with corresponding transducers. Cardiac
output was measured in triplicate and normalized to body
weight. SMA blood flow was measured by the electro-
magnetic method and normalized to gut weight.

Arterial, mixed venous, and mesenteric venous PO,
PCO,, and pH were measured with a blood gas analyzer,
and hemoglobin and oxygen saturation were measured
with a cooximeter. Systemic and intestinal oxygen
transports and consumptions (DO, and VO,) were cal-
culated by standard equations.

Intramucosal PCO, was measured with a tonometer
using an automated air tonometry system. Its value was
used to calculate APCO,. Arterial lactate was measured
with an electrode.

Microcirculatory measurements and analysis

The microcirculatory network was evaluated in the sub-
lingual mucosa and the intestinal mucosa and serosa using
a SDF-imaging device (Microscan®, MicroVision Medi-
cal, Amsterdam, The Netherlands) [16]. After gentle
removal of saliva/faeces, steady images of at least 20 s
were obtained, avoiding pressure artifacts, using a portable
computer and an analog/digital video converser. Each
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image was divided into four equal quadrants. Adequate
focus and contrast adjustments were verified. Images of
poor quality were discarded (19% of stored videos).

Video clips were analyzed blindly and randomly using
two approaches. First, we used a modification of a semi-
quantitative score [19]. It distinguishes no flow (0),
intermittent flow [1], sluggish flow [2], continuous flow
[3], and hyperdynamic blood flow [4]. The overall score,
called MFI, is the sum of each quadrant-score divided by
the number of quadrants in which the vessel type is vis-
ible [19]. For each animal, values obtained from three
fields were averaged.

Image analysis software developed for the SDF video
images (Microscan analysis software® (MAS 2.0), Mic-
roVision Medical, Amsterdam, The Netherlands) was
used to generate so-called “space—time diagrams” of
single vessel for quantitative measurement of red blood
cell velocity (RBCV) [21]. In addition, vascular density
(expressed as % of baseline) was measured.

To determine heterogeneity of perfusion in each ter-
ritory, the flow heterogeneity index was calculated as the
highest MFI minus the lowest MFI divided by the mean
MFI [22]. In addition, the coefficient of variation (CV) of
RBCVs was calculated [17].

In the sheep studied, most of sublingual and ileal
serosal vascular density (97 £ 1% of total vessel length),
and all villi vessels consisted of capillaries (diameter
below 20 pm) [23], so the analysis was focused on these
vessels.

Experimental procedure

Basal measurements were taken after a stabilization per-
iod of no less than 30 min. After basal measurements,
sheep were randomly assigned to either HEMORRHAGE
or CONTROL group. In the HEMORRHAGE group
(n = 8), three stepwise bleedings of 5 ml/kg at 30-min
intervals were performed to add up 15 ml/kg. In the
CONTROL group (n = 4), sheep had the same surgical
preparation but were not bled. Measurements were
recorded at the end of each step of bleeding.

At the end of the experiment, the animals were
euthanized with an additional dose of pentobarbital and a
potassium chloride bolus.

Care of animals was in accordance with National
Institute of Health guidelines.

Statistical analysis

Data were assessed for normality and expressed as
mean =+ standard deviation (SD). Two-way repeated
measures ANOVA was used. When significant time x -
group or time effect were observed, Student—-Newman—
Keuls or Dunnett’s tests were applied. The P value <0.05

was considered to be significant. Spearman rank correlation
coefficients between MFIs and RBCVs were calculated.

Results

Hemodynamic and oxygen transport variables

In the HEMORRHAGE group, cardiac output, SMA
blood flow, and systemic and intestinal DO, progressively
decreased following bleeding. The systemic and intestinal
VO,, however, remained unchanged. Mean arterial blood
pressure was significantly reduced only in the last step of
bleeding. CVP, pulmonary artery occlusion pressure
(PAOP), and heart rate did not change. In the CONTROL
group, all these variables were unchanged (Table 1 in
ESM).

Acid-base metabolism

Arterial pH and base excess decreased only in the last
phase of hemorrhage (Table 2 in ESM and Fig. 1). These
variables remained unchanged in the CONTROL group.

Arterial lactate and APCO,

Arterial lactate had progressive and significant increases
already in the first stage of bleeding, APCO, significantly
increased only in the final step (Fig. 1).

Microcirculation

Typical videos of the different microcirculatory beds, as
well as a space—time diagram used to calculate RBCV are
shown in ESM. RBCV measurements were more fre-
quently feasible in sublingual and ileal serosal than in
ileal mucosal sites (Table 1).

From the initial period of bleeding, a stepwise
decrease in sublingual, and ileal serosal and mucosal
MFIs, and RBCVs was observed in the HEMORRHAGE
group. These values remained unchanged in the control
group (Fig. 2).

The percent of baseline values for sublingual, and ileal
serosal and mucosal RBCVs was similar (17 £ 5,
22 + 11, and 16 £ 12%, P = NS) (Fig. 3). Capillary
densities were progressively reduced in ileal and sublin-
gual mucosa, but the decrease was not statistically
significant in ileal serosa. The reduction was higher in
ileal mucosa (63 + 11, 73 £22, and 55 4+ 2%, P < 0.05)
(Fig. 4).

Heterogeneity flow index increased in the three terri-
tories, but it was more impaired in ileal mucosa than in
ileal serosa and sublingual mucosa (0.66 £ 0.38,
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Fig. 1 Behaviour of arterial lactate (a), arterial base excess (b) and
ileal intramucosal-arterial PCO, gradient (¢) in HEMORRHAGE
and CONTROL groups. Bars are standard deviations. *P < 0.05
versus basal, and §P < 0.05 versus CONTROL group, after two-
way repeated measures ANOVA significant time x group effect

0.25 £ 0.16, and 0.15 + 0.07, P < 0.05) (Fig.2 in
ESM). CVs of RBCVs were only significantly modified in
ileal mucosa (Fig. 3 in ESM). RBCV histograms of typ-
ical experiments are shown in ESM (Figs. 4, 5, 6).
There were significant correlations between sublin-
gual, and ileal serosal and mucosal MFIs, and the

Table 1 Number of analyzed vessels and percentage of vessels in
which the measurement of red blood cell velocity was possible

Group Number of analyzed Vessels in which
vessels measurement
was possible
Mean + SD Median [25-75] Mean % + SD
Sublingual mucosa
Basal
Hemorrhage 62 £ 7 63 [59-65] 78 + 4
Control 62+ 6 69 [66-72] 78+6
5 ml/kg
Hemorrhage 59 4+ 9 59 [51-66] 71 £1
Control 60 £ 7 68 [63-71] 71 +£9
10 ml/kg
Hemorrhage 56 4+ 9 59 [49-63] 70 £ 5
Control 51+3 53 [51-55] 69 £+ 2
15 ml/kg
Hemorrhage 52 £ 12 52 [41-61] 66 =9
Control 52 +£ 15 54 [50-66] 66 + 6
1leal serosa
Basal
Hemorrhage 41 £ 4 41 [38-45] 61 +£7
Control 39+ 4 40 [41-45] 61 7
5 ml/kg
Hemorrhage 38 £ 6 33 [38-42] 56 £ 9
Control 37+ 4 38 [41-42] 56 + 10
10 ml/kg
Hemorrhage 35 + 4 33 [35-39] 54 +7
Control 35+£5 35 [36-39] 55+9
15 ml/kg
Hemorrhage 36 £ 7 29 [33-35] 52+9
Control 36 £ 6 31 [34-41] 53 £ 13
Ileal mucosa
Basal
Hemorrhage 12 £+ 3 13 [10-13] 32 +£ 13
Control 10+2 10 [10-10] 28 + 7
5 ml/kg
Hemorrhage 9+ 3 9 [7-10] 34 + 17
Control 942 9 [8-10] 28 £ 3
10 ml/kg
Hemorrhage 9 +£2 8 [7-11] 32+ 15
Control 942 10 [7-11] 31 &£ 15
15 ml/kg
Hemorrhage 9 +£2 9 [8-10] 28 + 8
Control 942 9 [8-11] 26 + 8

corresponding RBCVs (Fig. 5). However this correlation
was less evident in the mucosal microcirculation.

MFIs and RBCVs were significantly correlated with
lactate and APCO, (Figs. 7 and 8 in ESM).

Discussion

The main finding of the present study is that sublingual
and intestinal microcirculation becomes progressively
impaired during bleeding. These microcirculatory chan-
ges might be measured by either a semi-quantitative flow
score or by direct measurement. This study suggests that
the monitoring of the microcirculation may be a useful
measure of hypovolemia.
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Since our goal was to study the behavior of micro-
circulation at different territories and its relationship with
systemic hemodynamics and other currently used
parameters, we performed a progressive stepwise bleed-
ing. Given that intravascular volume of sheep is about
60 ml/kg [24], the first bleeding corresponded to about
8% of volemia (probably smaller than a grade I hemor-
rhage) [25]. Nevertheless, cardiac output decreased 24%
showing a high susceptibility of this model to bleeding.
Accordingly to previous reports [26], mean arterial blood
pressure was only decreased when the blood loss was
close to 25% of the volemia. CVP and PAOP, however,
remained unchanged.

Semi-quantitative and quantitative methods were used
for the evaluation of microcirculatory changes. These
showed significant and parallel changes in the three
locations from the first stage of hemorrhage onwards. The
semi-quantitative method used in this study was the MFI
score [19], developed and applied for identifying micro-
circulatory alterations in sepsis [22, 27, 28]. Its main
advantages are that it is relatively simple to determine and
takes into account the fact that flow can be continuous but
very slow (sluggish). The reproducibility of this approach
has been recently demonstrated [19, 22]. Nevertheless,

Bleeding (ml/kg)

this score does not provide information about functional
capillary density [23]. The excellent performance of MFI
in this model of hypovolemia does not imply that MFI can
be used for identifying microcirculatory alterations in
other disease states where the microcirculation is com-
promised. Each disease state may bring its own
characteristic scoring method.

The MFI index correlated with quantitatively mea-
sured RBCV in individual -capillaries. RBCV was
determined using space-time diagrams obtained by
automatically tiling the centerline intensity of a vessel as
vertical lines for a number of consecutive frames [21].
The good correlation between MFI and RBCV changes
during progressive bleeding validates the possible use of
the MFI as an index of hypovolemia, at least in the
conditions of global hypoperfusion. Indeed, Deruddre
et al. [29] recently used sublingual SDF images to titrate
volume loading in a clinical study.

The percent reductions of RBCV were lesser than those
of cardiac output. A possible explanation is that micro-
circulatory changes, at least in the studied territories, are
only adjustments driven by cardiac output. Conversely,
drops in RBCVs went along with diminished vascular
density and increased heterogeneity. Consequently, the
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Fig. 3 Percent of baseline cardiac output (a), sublingual (b), ileal
serosal (¢), and ileal mucosal (d) red blood cell velocities. Bars are
standard deviations. *P < 0.05 versus basal, and §P < 0.05 versus
CONTROL group, after two-way repeated measures ANOVA
significant time x group effect
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Fig. 4 Percent of baseline total capillary densities in sublingual
mucosa (a), ileal serosa (b), and ileal mucosa (¢). Bars are standard
deviations. *P < 0.05 versus basal, and §P < 0.05 versus CON-
TROL group, after two-way repeated measures ANOVA significant
time x group effect

effect on tissue perfusion might be different depending on
the interplay of velocity, density, and homogeneity com-
ponents of microcirculation.

There were significant correlations between RBCVs
and MFIs in the sublingual and intestinal beds. In ileal
mucosa, however, the correlation was weaker. Technical
reasons might underlie this finding. In sublingual mucosa
and ileal serosa, it was possible to measure RBCV in most
of the vessels. For the mucosa, however, the complex
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Fig. 5 Correlations between sublingual (a), ileal serosal (b), and
ileal mucosal (¢) microvascular flow indexes and red blood cell
velocities. RBCV was only measured in vessels with continuous
flow. It was not possible in vessels with intermittent or absent flow

anatomic characteristics of the microvascular network of
the villi only allowed measurement of a limited number of
capillaries. Bifurcations cause a change in RBCV so that
for a reliable assessment, space—time diagrams have to be
determined from a long enough vessel segment between
bifurcations. In addition, periodic fluctuations were found
to occur in capillary blood flow, an affect described

previously for hemorrhagic shock [30], and this introduced
inaccuracies in the determination of villi RBCV.

To our knowledge, this is the first study that compares
MFI and quantitative RBCV. Our data show that MFI
provides an appropriate index to characterize microvas-
cular blood flow.

The effects of hemorrhagic shock on intestinal
microcirculation, however, are controversial and probably
strongly dependent on the used models. Nakayima et al.
[31] have shown that hemorrhagic shock in mice only
produces moderate effects characterized by decreased
villi density without changes in blood flow velocity. On
the other hand, Fruchterman et al. [8] have shown that
microvascular blood flow decreased more than 70% from
baseline. Similar findings were reported by Watkins et al.
[9] and Zacaria et al. [32]. Our results evidenced that ileal
serosal and mucosal microcirculatory blood flow veloci-
ties are progressively compromised during stepwise
hemorrhage.

Good interobserver agreement has been reported for
the semi-quantitative analysis of microcirculation [17, 19,
22]. Nevertheless, Bracht et al. recently showed a poor
reproducibility of this evaluation. They showed that OPS
imaging only reveals changes in villi perfusion at 75% of
SMA flow reduction [33]. The reasons for these different
results are unclear [34]. The authors highlighted the
limitations of OPS evaluation but acknowledged that the
poor quality of the OPS images and the approach to
quantify the microcirculation could account for it. In our
study, interobserver agreement was not studied. MFI,
however, was strongly correlated with actual RBCV, a
measurement which is almost independent of the
operator.

While previous studies were focused on the effects of
severe hemorrhagic shock [8-15, 32], the present study
shows intestinal microvascular alterations after less
severe blood losses. Furthermore, our finding that the
sublingual microcirculation also becomes impaired makes
this location a potentially sensitive measurement for the
non-invasive monitoring of hypovolemia.

Our findings showed that stepwise bleeding results in a
progressive reduction in the microcirculatory velocities,
as evaluated either by RBCVs or MFIs, in the different
locations measured. In spite of this observation, there
were higher decreases in capillary density and increases in
heterogeneity in ileal mucosa than in ileal serosal and
sublingual mucosa. In sepsis, clinical and experimental
investigations have shown differential behavior between
the sublingual and gut microcirculation. Boerma et al.
[27] have reported, in patients with abdominal sepsis, the
lack of correlation between sublingual and intestinal
mucosal MFI. They also showed a disparity between skin
perfusion and sublingual microcirculatory alterations in
severe sepsis and septic shock [35]. In addition, Dubin
et al. showed that during experimental septic shock in
sheep, there are similar microvascular alterations in
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different sites. After fluid resuscitation, however, there is
a distributive defect that renders the villi hypoperfused
despite the normalization of systemic and intestinal blood
flows, and sublingual and gut serosal microcirculation
[28]. These differences may be caused by the action of
regulatory mechanisms that are more severely disrupted
in sepsis than during hemorrhage, resulting in shunting
and a more manifest dissociation of the circulation of the
various organ beds. Our data expands previous observa-
tions showing that microvascular heterogeneity is also an
important feature of the microvascular response to hyp-
ovolemia [30].

The development of heterogeneity and the differences
in the microcirculatory behavior between the three terri-
tories suggest that the microcirculatory findings not only
are a consequence of reduced cardiac output but might
also reflect distinct autoregulatory mechanisms at the
tissue level.

Some studies have shown that base deficit adequately
quantifies oxygen debt and correlates with lactate levels
[4]. In the present study, however, the decrease in arterial
pH and base excess was a late event.

In contrast to previous reports [3, 4, 36], intramucosal
acidosis only developed in the last step of the hemor-
rhage. Beyond tonometry drawbacks, reductions of blood
flow might have not been enough to produce intramucosal
acidosis. Reductions of SMA blood flow of 50% from
baseline are associated with only minor increases of in-
tramucosal PCO, measured by fiberoptic sensors [37].

Mixed and mesenteric venous PO, and O, saturations
were progressively reduced after the first episode of
hemorrhage. Nevertheless, they were only significantly
different from control group in the last step of bleeding.
Despite the absence of changes in VO,, lactate levels
rapidly arose. The underlying mechanism is uncertain [38].

This study has several limitations. Direct measure-
ments of volemia were not performed. Likewise, in
most large animal studies, the sample size is limited.
Even if the current data are significant, larger studies,
possibly in clinical settings, are advocated to confirm
the current findings. In addition, the microcirculation in
the three territories could not be measured simulta-
neously. During the sequential measurements, various
physiologic mechanisms triggered by the hemorrhage
may influence the microcirculation over time. This
might have modified the results, since the measurements
were always done in the same sequence. Another
potential source of bias might be the different number
of vessels that the software was able to analyze
according to the territory.

Conclusions

In this model of progressive hemorrhage, there were
significant microcirculatory changes. These microvascu-
lar changes appeared from the first step of bleeding and
not only reflect systemic alterations but might express
local adjustments that exceed the changes in cardiac
output. They could be adequately identified using both the
easy to implement semi-quantitative MFI as well as by
quantitative measurement of capillary red blood cell flow
using space—time diagrams.
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