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Time of dissociation between microcirculation, macrocirculation, and
lactate levels in a rabbit model of early endotoxemic shock
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Abstract

Background: The relationship between macrocirculation and microcirculation remains controversial. The loss of coherence bet@
microcirculation and macrocirculation has already been found in late-stage sepsis shock. The objective of this study was to determine
the earliest possible time of detecting the loss of coherence between microcirculation and macrocirculation in early-stage
endotoxemic shock.

Methods: We randomized 24 female New Zealand white rabbits into two groups: endotoxemic shock group (7 =14) and control
group (n=10). Rabbits in the endotoxemic shock group were equipped with arterial and venous catheters and received an
intravenous infusion of Escherichia coli lipopolysaccharide (LPS, 2 mg/kg over 10 min). Rabbits in the control group received the
same dose of saline infusion. Microcirculatory perfusion parameters were assessed in the sublingual mucosa using sidestream dark-
field video microscopy. Systemic hemodynamics and blood lactate levels were measured at baseline and over a 120-min period.
Results: Ninety minutes after completing LPS infusion, all animals in the endotoxemic shock group developed a hypodynamic septic
condition, characterized by low cardiac output and increased systemic vascular resistance; 120 min after completing LPS infusion, the
mean arterial pressure decreased by 25% (P =0.01), confirming ongoing endotoxemic shock. However, significant decreases in
sublingual microcirculatory parameters of small vessels (microvascular flow index, perfused vessel density, and proportion of small
perfused vessels) were observed 30 min after completing LPS infusion (P = 0.01, for all), and threshold decreases of 30 % were found 60
min after completing LPS infusion (P = 0.001, for all) in the endotoxemic shock group. Lactate levels significantly increased to more
than 2 mm/L at 90 min and more than 4 mm/L at 120 min in the endotoxemic shock group (P =0.02 and P = 0.01, respectively).
Conclusions: Changes in microcirculatory perfusion precede changes in macrocirculation and lactate levels in a rabbit model of
endotoxemia shock. Microcirculation, macrocirculation, and oxygen metabolism are distinct in early-stage endotoxic shock.
Keywords: Shock; Endotoxemia; Microcirculation; Lactate

Background

Septic shock is a common disease in critical ill patients and
remains associated with high morbidity and mortality.'"!
Recent multicenter trials conducted in the United States!*!
(Protocolized Care for Early Septic Shock), Australia and
Asial®! (Australasian Resuscitation in Sepsis Evaluation
trial), and the United Kingdom!* (Protocolized Manage-
ment in Sepsis) have demonstrated that normalized
macrocirculatory parameters fail to improve survival.l’!
Global hemodynamic parameters such as cardiac output,
blood pressure variables, and venous saturation are poorly
reflective of tissue perfusion.!®’ Therefore, normalizing
the systemic circulation does not guarantee the restoration
of microcirculatory perfusion and cellular O, metabolism
in the early stage of septic shock.l”! Many prior studies
of microcirculation have suggested that microvascular
perfusion appears to be relatively independent of global
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hemodynamic variables in the late stage of sepsis.*'%! In
particular, more researches have found that resuscitation
results in a normalization of systemic hemodynamic
variables but does not lead to a parallel improvement in
microcirculatory perfusion and oxygenation." '3 Wheth-
er this separation can be found earlier, rather than after
completion of macrocirculation resuscitation, is still a
great challenge in clinical practice at present. However, the
timing of the uncoupling of macro- and microcirculation in
early-stage septic shock has not been clearly studied.
Therefore, by monitoring sublingual microcirculation
using sidestream dark-field imaging (SDF), we aimed to
observe the changes in microvascular blood flow and
macrocirculation during the early stage of endotoxemic
shock. We hypothesized that microcirculatory abnormali-
ties occur earlier than those in macrocirculation and that
microcirculation, macrocirculation, and oxygen metabo-
lism are distinct in the early stage of endotoxic shock.
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Methods

We performed a randomized, open-label, controlled
experimental study. This study was reviewed and
approved by the Institutional Animals Experimentation
Committee of Ruijin Hospital of the Shanghai Jiao Tong
University School of Medicine (No. RJ-2015-025).

Study design

Twenty-four female specific pathogen-free New Zealand
white rabbits (Harlan Netherlands BV, Horst, the
Netherlands) with a mean body weight of 3.0 +0.3 kg
were used in this study. The animals were quarantined 1
week before the start of the investigation to permit
adaptation to environmental conditions. Animals were
housed in pairs in large conventional cages in a light-
controlled room maintained at 22 + 1°C with a relative
humidity of 55% + 10% and received a standard diet of
food pellets and water for consumption ad libitum.

Surgical procedure

All animals were anesthetized via intramuscular injection
of ketamine (20 mg/kg, Hengrui Medicine, China), and a
marginal ear vein was cannulated to ensure continuous
intravenous anesthesia (4 mg-kg™'-h™!, midazolam; Hen-
grui Medicine) during the entire study protocol. The
adequacy of anesthesia was assessed by monitoring heart
rate (HR) and blood pressure responses to external
noxious stimuli. Rabbits were block-randomized to the
endotoxemic shock group or control group.

Catheters were advanced through the right internal jugular
vein to administer drugs, and a thermodilution catheter (4F,
8 cm Pulsiocath PV2014L16; Pulsion Medical Systems,
Munich, Germany) was inserted through the right femoral
artery to measure blood pressure and to obtain blood gases.
Normal saline containing 4 UI/mL of heparin (BBCA
Pharmaceutical, China) was infused at a rate of 2 mL/h via
the arterial line. Basal measurements were acquired after a
stabilization period of at least 30 min.

The endotoxemic shock group was created via intravenous
infusion of 2 mg/kg of Escherichia coli lipopolysaccharide
(LPS, O55:BS5; Sigma Chem Co., St. Louis, MO, USA) over
10 min. We set a threshold decrease of 25% in mean
arterial pressure (MAP) as confirmation of ongoing
endotoxemic shock.*!

Hemodynamic parameters and measurements

HR and MAP were continuously monitored and recorded.
The hemodynamic measurements were acquired from all
rabbits using the dedicated indwelling arterial catheter and
pulse indicator continuous cardiac output (PiCCO) device
(Pulsion Medical Systems). This method was previously
used in several animal studies.!"”!

PiCCO monitoring was appropriately calibrated for pulse
contour analysis at every measurement time point using
two 3-mL bolus injections of 4°C normal saline. A third
calibration injection was performed whenever a difference
of >10% was observed between these measurements.
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The cardiac index (CI), stroke volume index (SVI), and
systemic vascular resistance index (SVRI) were recorded
via trans-pulmonary dilution. The central venous pressure
(CVP) was measured in the right external jugular vein.
Hemodynamic parameter measurements were recorded
every 30 min for a total of 120 min.

Microcirculation measurements

Microvascular blood flow imaging was performed using
SDF technology (Microscan Video Microscope System,
MicroVision Medical, Amsterdam, the Netherlands). The
SDF technique was incorporated into a handheld video
microscopy instrument and applied to the sublingual
mucosa after gentle removal of saliva with a gauze swab.
Microcirculation measurements were performed with
the animals resting in a dorsally recumbent position.!'®!
The jaws were carefully separated and fixed in an open
configuration using a 1.0-cm piece of cotton dental roll
wedged between the right maxillary and mandibular first
and second premolars. The tongue was then carefully
rolled backwards to allow free access to the palate mucosal
surface.

Without applying pressure and after gentle removal of
saliva or secretions by isotonic saline-drenched gauze,
steady images of at least 20 s were obtained using a
portable computer and analog-to-digital video converter
(ADVC110, Canopus Co., San Jose, CA, USA).[m
Microcirculation measurements were obtained pre-opera-
tively (baseline); immediately post-operatively; and after
30, 60, 90, and 120 min.

The images were stored under a random number for later
analysis using Automated Vascular Analysis 3.0 software
(Microvision Medical Inc., San Jose, CA, USA). To
compute the microvascular flow index (MFI), vessels with
continuous flow were further divided into normal and
sluggish. We performed an analysis!'®! based on semi-
quantitative criteria that distinguished between no flow
(0), intermittent flow (1), sluggish flow (2), and continu-
ous flow (3) in individual vessels. The overall score was
called the MFI and was the average of the individual
values. The total vessel density was calculated as the
number of vessels crossing defined gridlines divided by
the total length of the lines. Small-vessel perfusion was
defined as the proportion of small perfused vessels (PPV)
and calculated as the number of capillaries continuously
perfused divided by the total number of vessels of the
same type. The analysis was restricted to vessels with
diameters <20 wm, whereas the vessels of greater
diameter were assessed only to rule out compression
artifacts. The PPV was calculated as follows: 100 x ([to-
tal number of vessels — {no flow + intermittent flow}]/total
number of vessels). Perfused vessel density (PVD) was
calculated by multiplying the vessel density by the
proportion of PPV.

Blood gas and lactate level measurements

Arterial blood samples were obtained at baseline and after
every 30 min for a total of 120 min post-operatively for
measurements of pH, PO,, PCO,, HCOj;-, and arterial
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lactate levels using a blood gas analyzer (ABL 500;
Radiometer, Copenhagen, Denmark).

Statistical analysis

Data analysis was performed using SPSS 10.0 computer
software (SPSS, Chicago, IL, USA). Data are expressed as
mean =+ standard deviation. Hemodynamic data were
compared using analysis for repeated measurements
(general linear model procedure with analysis of variance).
The normal distribution of the data was assessed using the
Shapiro-Wilk test. The differences between variables
before and after volume expansion were evaluated using
the paired Student’s ¢ test. We considered a P < 0.05 as
statistically significant.

Results

In total, 24 rabbits were randomly assigned to either the
endotoxemic shock group (7 =14, 3.1 + 0.4 kg) or control
group (n=10, 3.1 £0.5 kg).

Macrovascular flow function change

Thirty minutes after completing LPS infusion, the CI had
increased (P =0.04) and MAP and SVRI had decreased
compared to baseline values (P=0.01 and P=0.1,
respectively). Sixty minutes after completing LPS infusion,
the Cland SVI had increased compare to baseline (P = 0.01
and P=0.03, respectively) and SVRI had decreased
compared to baseline values (P =0.01) [Figure 1]. Ninety
minutes after completing LPS infusion, all the other
animals in the endotoxemic group developed a hypody-
namic septic condition, characterized by the low cardiac
output and increased systemic vascular resistance [Table 1
and Figure 2]. Meanwhile, the MAP had decreased
from 85+2 to 71+3 mmHg (P=0.01). The MAP
showed a threshold decrease of 25% (from 85 +2 to
64 +2 mmHg), which confirmed ongoing endotoxemic
shock 120 min after initiating the infusion of LPS in all
rabbits in the endotoxemic shock group.

The HR and CVP stabilized at levels that were not
significantly different at any time (P > 0.05 for all). We
observed no significant changes in any variable in the
control group.

Microvascular flow function change

Sublingual microcirculation parameters of the small vessels
are presented in Table 2. Significant decreases in
microcirculatory parameters (MFI, PVD, and PPV) were
observed 30 min after completing LPS infusion in the
endotoxemic shock group (P=0.01 for all). Compared
with baseline, microcirculatory parameters (MFI, PVD,
PPV) decreased to 28%,40%, and 33 %, respectively, after
completing LPS infusion in the endotoxemic shock group
(P=0.001 for all) [Figure 3].

Blood gas and lactate level changes

Lactate levels increased to over 2 mmol/L at 60 min and
significantly increased to over 4 mmol/L at 120 min in the
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Figure 1: Differences in heart rate (HR) (A), Mean arterial pressure (MAP) (B), and Central
venous pressure (CVP) (C), during endotoxemic shock and controLgroups. Values shown as
mean + standard deviation of all animals at each time point. P < 0.05 vs. baseline.

endotoxemic shock group (P=0.02 and P =0.01, respec-
tively). Arterial pH and HCOj- levels decreased signifi-
cantly after 90 min in the endotoxemic shock group
compared to those at baseline (P=0.02 and P=0.01,
respectively). Table 3 shows the arterial blood gas and
metabolic variables in both the endotoxemic shock and
control groups.

Correlations among systemic hemodynamic variables,
lactate levels, and sublingual microcirculation

None of the microcirculation variables were directly
correlated to MAP levels at all time points. None of the
microcirculation variables were directly correlated to
lactate levels at all time points.
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Table 1: Systemic hemodynamic variables over time in endotoxemic shock group (n=14) and the control group (n=10).

Time
Variables Group Baseline 30 min 60 min 90 min 120 min
HR (beats/min) Shock 217.0+ 3.0 217.0+4.0 212.0+6.0 213.0+4.0 204.0 6.0
Control 227.0+1.0 221.0+5.0 225.0+5.0 222.0+3.0 23.00+3.0
MAP (mmHg) Shock 85.0+2.0 76.0+£1.0" 72.0+£2.0° 71.0+3.0" 64.0+2.0"
Control 83.0+1.0 83.0+1.0 860.+2.0 89.0+1.0 84.0+1.0
CVP (mmHg) Shock 6.0+0.3 60.+0.4 6.0+ 0.4 6.0+0.6 6.0+0.5
Control 7.0+0.6 6.0+0.5 6.0+0.3 5.0+0.7 6.0+0.3
CI (L/min/m?) Shock 31+0.8 3.540.1° 3.9+0.1° 26+02" 22+0.1°
Control 3.1+0.2 3.4+0.5 32+04 32+0.2 3.3+0.3
SVI (mL/m?) Shock 10.4+1.2 11.6+1.1 13.2+1.0° 8.6+0.6 75406
Control 9.8+0.5 8.3+0.3 8.0+0.7 9.5+0.5 9311
SVRI (dyn-s-cm~*-m?) Shock  2235.6+41.5  1778.5+49.5  1417.2+53.7°  2184.3+147.5°  2490.5+133.1"
Control ~ 2087.3+14.0 2168.8+73.8  2124.3+884  2022.0+35.6 2000.0 +32.1

Values shown as mean + standard deviation. " P < 0.05 vs. baseline. HR: Heart rate; MAP: Mean arterial pressure; CVP: Central venous pressure; Cl:
Cardiac index; SVI: Stroke volume index; SVRI: Systemic vascular resistance index.

Discussion

The main results of the present study are that LPS infusion-
induced endotoxemic shock in a rabbit model caused a
reduction in the MFI, PVD, and PPV in the sublingual
microcirculation beginning at 30 min post-completion of
infusion of LPS. However, the MAP decreased to 25% of
that at baseline 120 min after completing LPS infusion;
compared with microcirculation, macrocirculation was
delayed by about 90 min. Moreover, the alteration in
lactate levels occurred later (60 min after completing LPS
infusion) than the changes in the microcirculation occurred
(30 min after completing LPS infusion) in our study. These
results are consistent with the hypothesis that microcircu-
latory abnormalities occur earlier than systemic hemody-
namic abnormalities; microcirculation, macrocirculation,
and oxygen metabolism were distinct in the early stage of
endotoxic shock.

The main purpose of this study was to determine whether
the separation of macrocirculation and microcirculation
occurs in the early stage of sepsis without macrocirculatory
hemodynamic disorder and fluid resuscitation. A concept
referred to as the “loss of hemodynamic coherence”!™!
means that alterations in either microvascular perfusion
or in oxygen utilization have not been improved by
optimization of systemic hemodynamics, and thus,
hemodynamic coherence between the macrocirculation
and microcirculation has been eroded. Nevertheless, a
study of the loss of hemodynamic coherence mainly
focused on the late stage of shock or completion of macro-
resuscitation. Trzeciak et al'*®! found more impairments in
the indices of microcirculatory perfusion in severe sepsis
and septic shock in non- survivors compared with
survivors. De Backer et al'® found that the total vascular
density, density of perfused small vessels, and PPV were
higher in a late- sta%e sub-group than in an early-stage sub-
group. Van et al*"! found that fluid resuscitation applied
following endotoxemic shock is not successful in restoring
microcirculatory perfusion to baseline, despite the nor-
malization of cardiac output and MAP. Dubin e al??!

found that systemic and intestinal hemodynamics and
sublingual and serosal microcirculation are restored, but
the intestinal villi remain hypoperfused during the
resuscitation phase in sheep in endotoxic shock. In
contrast with these reports, we observed that in the early
stage of endotoxic shock, the microcirculation shows clear
evidence of dysfunction, even in the absence of any changes
in static hemodynamic parameters, and there was no
resuscitation treatment.

We believe that identifying the inconsistency in the early
stage of shock has more clinical significance than in the late
stage or after resuscitation because it can help us adjust the
appropriate treatment direction, rather than possibly
aggravating the disease. If loss of hemodynamic coherence
occurs, restoring macrocirculation (fluid resuscitation and
vasoactive drugs) will not improve microcirculation and
oxygen metabolism and may even aggravate their
deterioration. For example, fluid resuscitation increases
the risk of over-resuscitation, resulting in an increase in
dlffu510n distance between the capillaries and tissue
cells.” In addition, vasoactive medications can over-
whelm endogenous receptor-mediated vasoregulation,
further contr1but1ng to the loss of hemodynamic coher-
ence.l** Considering inappropriate fluid resuscitation or
unreasonable use of vasoactive drugs may lead to more
microcirculatory disorders; thus, it is very important to
rebuild coherence between macrocirculation and micro-
circulation in the early stage of septic shock.**! Boerma
et al®® identified that time is an important parameter in
the establishment of coherences. In the early stages of
sepsis, there is no coherence between intestinal and
sublingual microcirculation, but after 3 days, when the
septic insult generalizes, there is coherence between
sublingual and intestinal microcirculation.

It is well established that hyperlactemia may reflect
inadequate perfusion. However, the relationship between
lactate levels and m1croc1rculatory perfusmn during
circulatory shock is puzzling. Filbin et al*”! found
that microcirculatory abnormalities are correlated with
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Figure 2: Differences in cardiac index (Cl) (A), Stroke volume index (SVI) (B), and Systemic
vascular resistance index (SVRI) (C), during endotoxemic shock and gontrol groups. Values
shown as mean + standard deviation of all animals at each time point. P < 0.05 vs. baseline.
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elevated serum lactate levels in patients with normotensive
sepsis. Yeh et al'*®! demonstrated a correlation between
early sublingual small vessel density and late blood lactate
levels in critically ill surgical patients. Hernandez et al'*’!
found that the presence of hyperlactatemia and high
norepinephrine requirements increases the odds of identi-
fying a severe underlying microvascular dysfunction
during sublingual microcirculatory assessments in patients
with septic shock. Conversely, Vellinga et al'*°! identified
that microcirculatory flow abnormalities do not differ
between patients with and without mildly elevated lactate
levels. Patients with a capillary MFI <2.6 tend to have
higher lactate levels than those in patients with a higher
MEFL In our study, hyperlactemia of greater than 4.0 mmol/
L was observed at the onset of septic shock 120 min after
completing LPS infusion; in contrast, microcirculatory
variables (MFI, PVD, and PPV) were perturbed 60 min
after completing LPS infusion. Meanwhile, we found no
significant correlations between any microcirculatory
perfusion variables, such as MFI, PVD, PPV, and lactate
levels. Although lactate concentrations are relatively easy
to measure at the bedside, there may be some drawbacks.
For example, lactate represents a downstream metabolic
product, the origin of which may not always reflect a lack
of organ perfusion; thus, increased glycolysis may exceed
the capacity to metabolize pyruvate and thereby increase
lactate levels.®!! Therefore, the detection of abnormal
changes in the microcirculation is more valuable than the
detection of changes in lactate levels in the early stage.

Our study has some limitations, which warrant discussion.
Although LPS has been used extensively in models of septic
shock, the endotoxemia model is an imprecise replication
of human septic shock.®?! The presence of LPS in the
bloodstream causes fever, disseminated intravascular
coagulation, hypotension, multiple organ failure, and in
severe cases, septic shock and death.**! The LPS-induced
response is highly reproducible, opening a defined and
stable window of opportunity in which interventions can
be tested.>*¥ The 120-min length of evaluation is short,
and the endotoxic model does not reflect hyperdynamic
septic shock. However, the number of variables monitored
logistically required a significant amount of time; thus,
longer observation periods might have produced different
results. Indeed, we lacked oxygenation monitoring, but

Table 2: Microcirculatory variables over time in endotoxemic shock (n=14) and control (n=10) groups.

Time
Variables Group Baseline 30 min 60 min 90 min 120 min
MFI Shock 2.9+0.0 2.5+0.0° 21+0.1" 1.6+0.1" 0.9+0.1
Control 3.0+0.0 2.9+0.1 2.9+0.1 3.0+0.0 3.0+0.0
TVD (mm/mm?) Shock 15.6+0.6 14.3+0.5 13.7+0.4" 12.6+0.5" 10.5+0.6°
Control 15.3+0.9 152+0.8 14.4+0.9 14.8+0.9 14.8+0.5
PVD (mm/mm?) Shock 14.6 +0.6 11.3+0.4" 8.7+0.4" 6.8+0.3" 48+0.3"
Control 14.3+0.9 14.3+0.8 13.5+0.8 13.9+0.8 13.6+0.4
PPV (%) Shock 93.3+0.6 78.5+0.9" 62.5+1.5 53.9+1.3" 46.4+1.1"
Control 93.3+0.9 94.0 + 0.4 93.8+0.5 94.0 + 1.4 92.3+0.3

Values shown as mean + standard deviation. ~ P < 0.05 vs. baseline. MFI: Microvascular flow index; TVD: Total vessel density, PVD: Perfused vessel
density; PPV: Proportion of small perfused vessels.
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Table 3: Blood gases and metabolic variables over time in endotoxemic shock (n=14) and control (n=10) groups.

Time
Variables Group Baseline 30 min 60 min 90 min 120 min
Arterial pH Shock 7.4+0.1 7.3+0.0 7.3+0.1° 72401 72402
Control 7.3+0.1 7.3+0.1 7.3+0.1 7.3+0.1 7.3+£0.1
PaO, (mmHg) Shock 143.0 +14.0 140.0 £ 18.0 138.0 +£23.0 130.0+18.0° 125.0+28.0°
Control 150.0 +£20.0 142.0+11.0 145.0 +£15.0 144.0 £ 21.0 139.0 +£24.0
PaCO, (mmHg) Shock 31.4+6.2 29.5+4.1 25.0+3.4 24.2 +4.4 254+8.3
Control 30.5+5.3 31.5+3.6 29.8+6.5 28.1+6.9 27.6 +£3.2
HCO; (mmol/L) Shock 25.7+0.8 251+1.4 23.1+0.9 21.4+3.8" 16.6+1.9
Control 26.6 0.1 27.6+0.5 254+1.5 26.4+0.4 243 +3.2
Lactate (mmol/L) Shock 0.9+0.3 1.7+0.1 2.1+£0.5 33+1.3" 52+42"
Control 1.0+0.1 1.1+0.4 1.2+0.5 1.9+0.2 1.8+0.9
Temperature (°C) Shock 38.2+0.5 38.7+0.4 38.8+0.9 389+1.1 38.8+0.9
Control 37.8+0.4 38.5+0.9 38.7+0.7 38.8+0.7 38.5+0.8

Values shown as mean + standard deviation. ~ P < 0.05 vs. baseline. PaO,: Partial pressure of oxygen of arterial blood; PaCO»: Partial pressure of carbon
dioxide of arterial blood; HCOj3-: Plasma bicarbonate concentration.
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there were basic oxygenation measurements, that is,
arterial oxygen saturation and arterial blood lactate levels.
Although these were insufficient to analyze the problem of
oxygen metabolism in the sepsis pathogenesis, they should
suffice for the goal we aimed to achieve. There were limits
to the number of animals in each group, along with the use
of only one sex (females) and the lack of use of antibiotics.
However, as with our previous work, we were able to
detect statistical differences between groups. Finally,
sublingual microcirculation may not necessarily represent
the perfusion of other regions, such as the splanchnic area.
Thus, the data obtained from the sublingual region may
not represent other regions of the body.

During the early phase of endotoxemia shock in a rabbit
model, changes in microcirculatory perfusion precede
changes in the macrocirculation and lactate levels.
Microcirculation, macrocirculation, and oxygen metabo-
lism are distinct in the early stage of endotoxic shock.
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