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Abstract

Hemorrhagic shock is one of the leading causes of mortality and morbidity in pediatric
trauma. Current treatment based on volume resuscitation is associated to adverse effects,
and it has been proposed that vasopressors may be used in the pharmacological manage-
ment of trauma. Terlipressin has demonstrated its usefulness in other pediatric critical care
scenarios and its long half-life allows its use as a bolus in an outpatient critical settings. The
aim of this study was to analyze whether the addition of a dose of terlipressin to the initial vol-
ume expansion produces an improvement in hemodynamic and cerebral perfusion at early
stages of hemorrhagic shock in an infant animal model. We conducted an experimental ran-
domized animal study with 1-month old pigs. After 30 minutes of hypotension (mean arterial
blood pressure [MAP]<45 mmHg) induced by the withdrawal of blood over 30 min, animals
were randomized to receive either normal saline (NS) 30 mL/kg (n = 8) or a bolus of 20 mcg/
kg of terlipressin plus 30 mL/kg of normal saline (TP) (n = 8). Global hemodynamic and cere-
bral monitoring parameters, brain damage markers and histology samples were compared.
After controlled bleeding, significant decreases were observed in MAP, cardiac index (Cl),
central venous pressure, global end-diastolic volume index (GEDI), left cardiac output
index, SvO,, intracranial pressure, carotid blood flow, bispectral index (BIS), cerebral perfu-
sion pressure (CPP) and increases in systemic vascular resistance index, heart rate and
lactate. After treatment, MAP, GEDI, CI, CPP and BIS remained significantly higher in the
TP group. The addition of a dose of terlipressin to initial fluid resuscitation was associated
with hemodynamic improvement, intracranial pressure maintenance and better cerebral
perfusion, which would mean protection from ischemic injury. Brain monitoring through BIS
was able to detect changes caused by hemorrhagic shock and treatment.
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Introduction

Hemorrhage is the most prevalent cause of shock in injured children, being trauma one of the
most common causes. Typically, hemorrhage occurs soon after injury and can produce imme-
diate consequences, making it imperative to begin adequate resuscitative measures in initial
trauma care, above all in a prehospital setting. Hemodynamic effects, which include decreases
in cardiac output (CO) and blood pressure, result in a reduction in the supply of oxygen to tis-
sues triggering an inflammatory cascade and the production of free radicals, leading to sys-
temic capillary leak syndrome, vasoplegia and myocardial depression [1]. Pending a definitive
etiology-driven approach, usually surgery, resuscitation is based on volume replacement using
multiple intravenous solutions (e.g., crystalloids/colloids and hypertonic saline) [2]. Nonethe-
less, numerous clinical studies in adult humans and in animal models have shown that an
approach involving early aggressive fluid resuscitation can have negative effects (such as dilu-
tion of coagulation factors, clot destabilization, increased bleeding, worsening of acidosis and
severe hemodilution), that will reduce the oxygen supply to tissues and increase mortality. For
this reason, we must develop new strategies that, avoiding the negative effects of aggressive
fluid therapy, allow us to restore adequate tissue perfusion even in the initial phases of prehos-
pital care, giving patients time to be transferred to a trauma center to receive definitive hemo-
static and surgical treatment.

In relation to this issue, the use of vasopressors, in particular, noradrenaline, is starting to
be assessed for the management of hemorrhagic shock, seeking to achieve the level of blood
pressure needed to maintain oxygen supply [3]. The European guideline on management of
major bleeding and coagulopathy following trauma recommends a restricted volume replace-
ment strategy to achieve target blood pressure until bleeding can be controlled (Grade 1B) and
administration of vasopressors in addition to fluids to maintain arterial pressure target in the
presence of life-threatening hypotension (Grade 1C) [4].

Arginine vasopressin (AVP) is a stress hormone, produced in the posterior pituitary as a
response to low blood pressure. Via stimulation of V1 receptors, it causes an increase in vascu-
lar resistance with a redistribution of the blood flow to the heart, brain and kidneys [5]. Its
action is more intense than that of angiotensin II or noradrenalin. Given the short half-life of
AVP (10-35 minutes), it needs continuous infusion and this may limit its prehospital use in
cases of traumatic hemorrhagic shock. Experimental use of AVP in animal models of hemor-
rhagic shock is well documented [6], and it notably contributed to maintaining cerebral perfu-
sion pressure in a porcine hemorrhage model [7]. It is not, however, free of potential adverse
effects [8]. Regarding clinical practice, the results of the most promising international multi-
center study on vasopressin for trauma-related shock, the Vasopressin in Refractory Traumatic
Hemorrhagic Shock (VITRIS) study, are yet to be published and should help to shed light on
the value of using vasopressors in resuscitation in trauma [9].

If a vasopressor drug could be used as a single dose bolus, it would reduce the hassle of
transporting large volumes of fluids and need to use continuous infusion pumps, which would
be of special interest for multi-casualty incidents. Terlipressin (tri-glycyl-lysine-vasopressin)
(TP) is a long-acting synthetic analogue that is a more specific agonist for the V1 receptor, and
can be given as a single dose and even intraosseously, which is of great interest in children, due
to the difficult venous access in children. Its characteristic long half-life makes it especially
interesting in situations where the patient has to wait before they are transferred to a trauma
center. In previous studies, we have assessed the role of TP in other critical clinical situations,
such as cardiac arrest [10] and septic shock [11] obtaining favorable hemodynamic outcomes.

The use of TP in animal models of uncontrolled hemorrhage has been associated with a ten-
dency towards mortality reduction without increased bleeding [12]. In addition to its
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hemodynamic effect, associated with a better blood pressure profile, it has a notable immuno-
modulatory effect, reducing blood levels of proinflammatory cytokines (IL6) and increasing
those of anti-inflammatory (IL10) cytokines, in turn lessening the extent of histological dam-
age [13].

The administration of TP in combination with volume expanders may be a safe and effec-
tive therapy in the treatment of hemorrhagic shock [14], but its clinical application in this type
of shock has yet to be established in children. In 2017, a meta-analysis was published [15]
based on three randomized clinical trials including 224 children with shock of various etiolo-
gies who received vasopressin or TP. The analysis confirmed their hemodynamic effect
(increase in blood pressure and reduction in heart rate [HR], but failed to demonstrate any
benefits in terms of mortality. On the other hand, the heterogeneity of the studies included
suggests the need for further research to assess their potential benefits. Indeed, a beneficial
effect on mortality has been demonstrated in adult patients [16].

There is also a need for research studying potential adverse effects, such as ischemic compli-
cations involving the spleen and skin, as well as negative cardiac inotropism. For this reason, it
is critically important to conduct preclinical evaluation of drugs in animal models with an age
similar to that of patients to whom they may be given later. Before the use of any therapy, it is
essential to estimate its repercussions at systemic, pulmonary and cerebral levels, to attempt to
reduce potential any potential adverse effects during their clinical use.

Based on current data, further clinical studies designed to compare early vasopressor sup-
port plus fluid resuscitation versus fluid resuscitation alone are warranted [17]. The objective
of this experiment with an infant animal model was to investigate the effect at hemodynamic
and cerebral levels of a single dose of TP on initial resuscitation in a model of hemorrhagic
shock without brain injury.

Methods

This study was carried out in 17 young male pigs (10.1 + 0.6 kg) in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals. The experimental
protocol met European and Spanish regulations for the protection of experimental animals
(2010/63/UE and RD53/2013) and was approved by the Ethics Committee for Animal Welfare
of Biocruces Bizkaia Health Research Institute. Animals were obtained from a local farm
authorized by the Basque Country Regulatory Agency to supply animal for research (ARRI--
TURRI S.L., Galarreta, Basque Country, Spain).

Surgical preparation

The animals were sedated with intramuscular ketamine (15 mg/kg), diazepam (2 mg/kg) and
atropine (0.05 mg/kg). A face mask was placed and animals were anesthetized with 3-5% of
sevoflurane and oxygen. A tracheal tube (5.0 mm ID) was inserted, through a tracheostomy,
and connected to an inhalation anesthesia system with 2-3% of sevoflurane to maintain the
anesthesia and analgesia during the experimental procedure. Animals were then positive pres-
sure ventilated (VIP Bird, Bird Products Corp., Palm Springs, CA) with the following initial
settings: fraction of inspired oxygen = 0.21-0.3, respiratory frequency = 20-30 breaths/minute,
positive end-expiratory pressure = 4 cmH,O, L:E ratio = 1:2 and positive inspiratory pres-

sure = 15-18 cmH,O. Deviations from acceptable blood gas values (PaO, 90-110 mmHg,
PaCO, 35-45 mmHg and pH 7.35-7.45) were corrected by adjusting the ventilator settings. At
the same time, the animals were paralyzed using a continuous IV infusion of atracurium besy-
late (3 mg/kg/h). Continuous three-lead ECG monitoring was established in all animals.
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Fig 1. Timeline for the experiment.

https://doi.org/10.1371/journal.pone.0235084.9001

A thermodilution arterial catheter (5 Fr, PICCO Plus, Pulsion, Miinchen, Germany) was
inserted into the femoral artery to monitor MAP and HR, to measure CI and to obtain arterial
blood samples for blood gas analysis (PaO,, PaCO,, pH, base excess, Sa0,), lactate, hemoglo-
bin (Hb) and hematocrit (GEM Premier 4000, Instrumentation Laboratory Company, Lexing-
ton, MA). In addition, a 7 Fr three-lumen catheter was inserted into the internal jugular vein
to inject cold saline, monitor central venous pressure (CVP), obtain blood samples for blood
gas analysis and biochemical analysis and perform blood withdrawal and volume expansion.
Blood temperature, measured with a thermistor at the thermodilution arterial catheter tip, was
maintained at 38-39°C using an overhead warmer throughout the experiment.

Experimental design

After surgery, animals were allowed to stabilize for 20 min. Once a steady state was achieved
and basal data had been gathered, hypovolemic shock was induced by the withdrawal of blood
over 30 min until MAP was less than 45 mmHg for 30 min (Hemo). At that point, animals
were randomly assigned to:

o Normal saline (NS) Group (n = 8): animals received an intravenous bolus of 30 mL/kg of
normal saline over 30 min.

o Terlipressin (TP) Group (n = 8): animals received a single dose of 20 mcg/kg of TP (Glypres-
sin, Ferring Pharmaceuticals, Saint-Prex, Switzerland) and, immediately afterwards, an
intravenous bolus of 30 mL/kg of normal saline over 30 min.

The experimental design is outlined in Fig 1.

Measurements

At several time points (Fig 1), blood samples were drawn from the femoral artery and jugular
vein to measure blood gases, base excess and lactate, including electrolytes. MAP, HR, CVP
and temperature were monitored (IntelliVue MP50, Phillips, The Netherlands) (Fig 1).

A thermodilution method was used to assess CO at five points during the experimental
period (basal, hemo, 30 min, 90 min and 180 min). Briefly, 5 ml of cold saline (< 8°C) was
injected into the central venous catheter to be dispersed volumetrically and thermally within
the pulmonary and cardiac volumes. This volume of distribution is named the intrathoracic
volume. When the thermal signal reaches the thermistor at the tip of the femoral catheter, a
temperature difference is detected and a dissipation curve is generated. Then, the monitor uses
specific algorithms to determine the cardiac output, by integrating the area under the curve of
the arterial pressure vs. time trace. The global end-diastolic volume index (GEDI) was
obtained by advanced analysis of the thermodilution curve.

Subsequently, the following variables were calculated:

Cardiac index (CI) (L/min/m?) = CO/body surface
Systemic vascular resistance index (SVRI) (mmHg/mlkg'.min™") = (MAP-CVP)/CI
Left cardiac output index (LCOI) (Kg.m/mz) =CIx MAP x 0.0136
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Arterial (venous) oxygen content (Ca(v)O,) (O, ml/dl) = (Sa(v)O, x Hb x 1.39/100) + (Pa(v)
0, x 0.003)

Oxygen delivery (OD) (O, ml/kg/min) = CaO, x CI
Oxygen consumption (VO,) (O, ml/kg/min) = (CaO, -CvO,) x CI

Fractional tissue oxygen extraction (FTOE) = (SaO, -SvO,)/SaO,, where SaO, is arterial oxy-
gen saturation and SvO, is venous oxygen saturation.

The right common carotid blood flow was measured, with an ultrasonic flow probe (Tran-
sonic Systems Inc., NY), as a proxy for cerebral blood flow. For continuous monitoring of
intracranial pressure (ICP) during the experiment, a cranial window was opened using a mini-
drill, to place an intraparenchymal fiber optic sensor (Codman ICP EXPRESS Monitoring Sys-
tem; Codman Neuro, Raynham, MA, USA), over the left coronal suture. It was fixed to the
skull using a screw designed for this purpose. ICP values were recorded continuously through-
out the experimental period. The CPP was calculated using a standard formula (CPP = MAP
~ICP).

The level of electrical activity in the brain was assessed using a bispectral index (BIS). This
was measured by placing a bilateral sensor on the frontal-temporal region coupled to the BIS
Vista™ monitor (Aspect Medical Systems, Newton, Massachusetts), which recorded data until
the end of the experiment.

Sample collection and histological analysis

Standard complete blood counts and coagulation studies were performed at basal point, after
inducing hypovolemia and at 90 and 180 min during the follow-up period. The concentrations
of neuronal-specific enolase (NSE) and S100p protein in cerebrospinal samples taken at the
end of the experiment were measured using specific ELISA kits (DRG International, Inc.,
Springfield, NJ).

At the end of the experiment, animals were sacrificed with an overdose of anesthetic (6% of
sevoflurane, 1.5 mg/kg of besilate of atracurium and 300 mg/kg of potassium chloride). Post-
mortem, the brain was removed, fixed (4% formalin) and divided into different regions: cor-
tex, thalamus and hippocampus. Samples of the aforementioned regions were embedded in
paraftin wax and sectioned at 5 um. Slides from each section were stained with hematoxylin-
eosin and analyzed by light microscopy. The histological examinations were carried out by a
pathologist who was blinded to group allocation. Brain injury was scored using a semi-quanti-
tative scoring system.

Pathological features of brain injury (inflammation, hemorrhage, edema and infarction)
were each scored on a 0- to 3-point scale: 0 corresponding to no injury; and 1, 2, and 3 to
injury to mild, moderate, and severe injury across the field. A total of 20 fields were analyzed.
The presence of more than five necrotic cells per field was considered to indicate neuronal
necrosis (summing a score of 1 for each field with > 5 necrotic cells, yielded a necrosis score,
range: 0-20).

Statistical analysis

Data were analyzed using JMP statistical discovery software (version 8, SAS Institute Inc.,
North Carolina). One-way analysis of variance (ANOV A) was performed to assess time point
differences in gas exchange, cardiovascular parameters and systemic oxygenation and perfu-
sion as a function of group. Comparisons of results at all time points were performed by two-
way repeated-measures ANOVA as a function of group and time. Comparison of measured
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values with basal and hemo time points were assessed with Student’s paired t test. Simple linear
correlation analysis was used to assess the relationship between various cardiovascular and
cerebral parameters. A p < 0.05 was considered statistically significant. Values are expressed as
mean + SD.

Results

The volume of blood extracted in each group was similar, 30+2 ml/kg, considered to be equiva-
lent to 45-50% of the blood volume. One animal died during blood extraction and 16 were
randomized.

Hemodynamics

Controlled hemorrhage resulted in a significant decrease in MAP, CI, CVP, GEDI and LCOI
with a significant increase in SVRI and HR in both groups (Table 1).

Regarding treatment, tachycardia induced by hemorrhage slightly decreased in both
groups, without significant differences between both groups. Animals receiving TP maintained
significantly higher mean MAP than animals receiving NS alone during treatment and follow-
up time points until the end of the experiment. Post-hemorrhage, MAP in the TP group, was
significantly higher than in controls up to 150 minutes and remained above 40 mmHg. In the
NS group, MAP fell to below 40 mmHg after 60 minutes, becoming significantly lower than
post-hemorrhage levels by the final minutes (Fig 2A).

In the TP group, CI remained significantly higher than immediately post-hemorrhage
throughout the observation period and higher than in the NS group, overall and especially in
the last hour (Fig 2B). Logically, given the results observed for MAP and CI, LCOI in animals
receiving TP was significantly higher than post-hemorrhage at all subsequent time points and
also higher than values in those receiving NS comparing point-by-point (Fig 2C).

Table 1. Hemodynamic parameters.

Basal Hemo 30 min 60 min 90 min 120 min 150 min 180 min
HR bpm NS 171429 229+24% 200+20" 197+30" 200+32" 199+30" 195+31% 189+317
TP 166+18 228+29% 204+27* 202+25" 201+23" 196+19* 195+25" 189+22%
MAP® mmHg NS 7211 38+5% 535" 434" 39+4 3743 355" 3125"
TP 6746 37+2% 65+8** 54+6+* 51+6** 45+5*% 43+5*% 38+4*
CI° L/min/m? NS 4.6+0.8 2.1+0.1% 3.2+0.4" 2.740.4° 2.6+0.3" 2.340.3 2.3+0.3 2.140.3
TP 4.5+0.6 2.2+0.3% 3.440.5" 3.1+0.5 2.9+0.4* 2.8+0.5** 2.740.5** 2.6+0.4**
LCOI® Kg.m/m? NS 4.611.1 1.1£0.2% 2.240.3" 1.6+0.4" 1.4+0.27 1.240.2 1.1+0.2 0.9+0.2
TP 4.2+0.7 1.1+0.2% 3.0+0.6** 2.3+0.5*% 2.0+0.4** 1.7+0.4** 1.6+0.4% 1.4+0.3*
SVRI® mmHg/mlkg.min"* NS 11684263 1333+15% 1157217 11774230 1091+180" 1099+204" 1058+213" 1017+222%
TP 1085+159 1219+15% 1361+227% 13244274 12804229 1160+215 1109+182 1019+157*
CVP mmHg NS 7+1 5+1% 6+1 5+1 5+1 541 5+1 5+1
TP 7+1 5+2% 6+1 642 6+1 6+1 6+1 6+1
GEDI* ml/m? NS 369429 199+28% 242+31% 229+37% 226+35" 210+41 211+38 210+42
TP 364+39 213+37% 283+50" 273457 244+29" 248+47" 241+44" 240+32°

® p<0.05 two-factor ANOVA
(%) p<0.05 Hemo vs. Basal time point in the same group

(*) p<0.05 treatment time points vs. Hemo in the same group
(*) p<0.05 One-Factor ANOVA. NS (normal saline); TP (terlipressin); HR (heart rate); MAP (mean arterial blood pressure); CI (cardiac index); LCOI (Left cardiac

output index); SVRI (systemic vascular resistance index); CVP (central venous pressure; GEDI (global end-diastolic volume index).

https://doi.org/10.1371/journal.pone.0235084.t001
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Fig 2. (A) Mean arterial blood pressure (MAP), (B) cardiac index (CI) and (C) left cardiac output index (LCOI) in
normal saline group (white circles) and terlipressin group (black triangles). Data are expressed as mean and SD. ($)
p<0.05 two-factor ANOVA; (¥) p<0.05 Hemo vs. basal time point in the same group; (*)p<0.05 treatment time points
vs. Hemo in the same group; (*) p<0.05 One Factor ANOVA.

https://doi.org/10.1371/journal.pone.0235084.9002

In the TP group, there was a short-term increase (30 min) in SVRI after the hemorrhage,
with more normal values than in the NS group. In the NS group, SVRI significantly decreased
over the 90 minute time point. That pronounced decrease was not observed until the last fol-
low-up time point (180 minutes) in the TP group (Fig 3A).

A 1800 -+

=== Normal saline

Systemic vascular resistance index (DSm?/cm?%)

Global end-diastolic volume (ml/m?)

1600 -

1400

1200

1000

800

600

400

200

450

400

350

300

250

200

150 A

100 -

50

g Terlipressin

BASAL

Shock

HEMO POST-
HEMO

Treatment Post-resuscitation follow-up

ISMIN 30MIN 60MIN SOMIN 120 MIN 150 MIN 180 MIN

TIME (min)

Shock

Treatment Post-resuscitation follow-up

BASAL

HEMO  POST-
HEMO

1ISMIN 30MIN 60MIN 90MIN 120 MIN 150 MIN 180 MIN
TIME (min)

Fig 3. (A) Systemic vascular resistance index (SVRI) and (B) global end-diastolic volume index (GEDI) in normal
saline group (white circles) and terlipressin group (black triangles). Data are expressed as mean and SD. (§) p<0.05
two-factor ANOVA; (%) p<0.05 Hemo vs. basal time point in the same group; ()p<0.05 treatment time points vs.

Hemo in the same group.

https://doi.org/10.1371/journal.pone.0235084.g003
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Regarding the assessment of blood volume, differences in CVP between treatment groups
were not significant. Furthermore GEDI in the TP group was significantly higher than after
hemorrhage at all subsequent time points and also higher than values in the NS group (Fig
3B).

Blood gases, electrolytes and hematology

Exsanguination led to lactic acidosis that improved with treatment, though pH had not recov-
ered to basal values by the end of follow-up, with no significant differences between groups.
SvO, fell after the hemorrhage in both groups, with a tendency to recover more initially in the
NS group and at the end of the experiment in the TP group, but differences did not reach sig-
nificance. Arterial oxygen content decreased slightly in relation to the anemia developed after
treatment, while venous oxygen content fell earlier, at the time of hemorrhagic shock, largely
related to the increase in oxygen extraction. Although differences between groups were not
large, we note that oxygen delivery was better in the TP group in the last 90 minutes of follow-
up, in line with the improved CI.

Hemorrhage led to hyperkalemia, which improved over the last hour of follow-up, and
hyponatremia and hypochloremia, without significant differences between groups. Regarding
hematological parameters, hemoglobin and hematocrit decreased after volume replacement,
again without significant differences between groups. Further, no differences were found
between treatments administered in white blood cell count or clotting parameters. These
results are shown in S1 Table.

Table 2 lists the results of the blood gas, oxygen transport and hematological analyses.

Neurological status

The experimental data from neurological monitoring are reported in Table 3.

Hemorrhage led to significant decreases from basal point in ICP, carotid blood flow, BIS
and CPP in both groups. ICP recovered with treatment in both groups, with no significant dif-
ferences between them at any point during follow-up. The most relevant differences were
found in the analysis of CPP. Namely, in the TP group, pressure was significantly higher than
in the NS group at all time points and from 30 to 120 minutes remained significantly higher
than the immediately after hemorrhage. Furthermore, it remained above 40 mmHg up to 90
minutes. In contrast, in the NS group, CPP was significantly lower than immediately post-
hemorrhage from 90 minutes onwards (Fig 4A).

Carotid blood flow initially improved with treatment in both groups, but this improvement
was sustained after 90 minutes with TP, resulting in an overall significant difference. The cor-
relation between carotid flow and CI (0.71, p<0.0001) was good. Regarding BIS, significant
recovery after hemorrhage was observed in the TP group at 30, 150 and 180 minutes, and val-
ues were higher than in the NS group at each time point (Fig 4B).

About markers of brain damage in CSF, neither of the parameters measured differed signif-
icantly in the TP group at the end of the experiment: concentrations of NSE of 1.7+0.8 mcg/1
vs 2.7+3.7 mcg/l in controls and S100P of 2.7+0.9 vs 2.7£1.9 mcg/l in controls. Similarly, histo-
logical analysis based on data on necrosis, edema, inflammation, hemorrhage and infarction in
the thalamic regions, occipital cortex and hippocampus did not reveal any significant differ-
ences, with mild edema, inflammation and hemorrhage in both groups (mean score less than 1
in all parameters) without infarction. The mean necrosis score was 8+4 in the TP group and 6
+3 in the NS group, without significant differences between them (necrosis score range: 0-20).
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Table 2. Blood tests results.

Basal Hemo 30 min 60 min 90 min 120 min 150 min 180 min
pH NS 7.46+0.05 7.34+0.09% 7.35+0.07 7.38+0.07 7.39+0.05 7.39+0.03 7.39+0,04 7.38+0.04
TP 7.43+0.05 7.34+0.07% 7.35+0.06 7.36+0.03 7.37+0.03 7.38+0.02 7.39+0.04 7.39+0.02
Lactate mmol/l NS 1.0£0.4 2.8+0.8% 1.940.5% 1.740.5% 1.6+0.5" 1.7+0.7% 1.7+0.8* 2.041.0
TP 0.9+0.4 2.6+0.7% 1.8+0.7% 1.6+0.6" 1.5+0.6" 1.5+0.5% 1.6+0.6" 1.8+0.7%
Sv0,* % NS 81+9 35+12% 62+7" 51+10° 43+10° 45+9° 46+8° 43412
TP 83+6 41+16% 52+13 44+16 47423 50+13 57+17 52+17
Ca0, 0, ml/dl NS 11.0+1.1 10.7+1.0 8.4+1.1 8.9+0.7 8.8+1.2 9.0+1.0 8.8+0.7 8.7+1.1
TP 11.4+1.7 10.7+1.0 8.6+1.0 9.1+1.4 9.741.4 9.241.2 9.3+1.1 9.241.3
CvO, O, ml/dl NS 8.7+1.2 3.7+1.2 52+1.2 4.4+0.7 3.740.9 4.040.8 4.0+0.7 3.6+0.8
TP 9.0+1.3 43420 4.4+1.0 3.841.7 43422 4.6%1.5 5.3+1.8 48+1.9
VO, O, ml/kg/min NS 41+14 61+16 4349 48+8 53+12 48+8 4546 43+12
TP 38+14 60+21 60+19* 67+21* 66+34 53+14 46+17 47414
OD 0, ml/kg/min NS 212452 92+13 11114 97+11 92+9 87+8 82+7 75+10
TP 224470 98+14 123+16 117+24 120+25* 107+23* 107+25* 101+21*
FTOE® NS 0.20+0.08 0.65+0.12% 0.39+0.07 0.50+0.09 0.57+0.10 0.56+0.08 0.54+0.07 0.58+0.11
TP 0.18+0.06 0.60+0.18% 0.49+0.13 0.59+0.17 0.55+0.24 0.50+0.13 0.44+0.17 0.48+0.17
K* mmol/l NS 3.5+0.5 4.2+0.8% 3.3+1.0% 3.940.8 4.340.9 4.6+1.0 4.740.9 5.3+1.0°
TP 3.5+0.5 4.3+0.7% 3.740.9% 4.140.9 4.640.9 4.6+1.1 4.9+0.8" 5.4+0.9"
Na* mmol/l NS 14242 137+4% 141+2° 140+2° 137+7 139+1 13943 138+2
TP 143+3 140+2% 142+2° 14143 13943 14143 140+4 138+3%
CI' mmol/l NS 11443 109+5% 115+3° 114+3° 1117 112+3° 113+4° 112+3°
TP 114+4 112+3% 116+2° 115+3° 112+4 114+3° 114+4 11243
Ca** mmol/l NS 1.08+0.15 1.16+0.12 1.06+0.13 1.14+0.12 1.13+0.15 1.1240.12 1.03+0.10% 1.04+0.10%
TP 1.12+0.15 1.17+0.11 1.04+0.10" 1.10+0.16 1.20+0.23 1.05+0.12° 1.05+0.15% 1.0240.16"
Hb (g/dl) NS 9.8+1.7 9.4+2.7 7.30.9" 7.120.8"
TP 9.6+1.2 8.9+0.6 7.940.7% 7.5+0.7"
Hto (%) NS 3046 3049 23+2% 23+2%
TP 30+4 29+1 25+3% 24+2%

($) p<0.05 two-factor ANOVA

(%) p<0.05 Hemo vs. basal time point in the same group

(*)p<0.05 treatment points vs. Hemo in the same group

(*) p<0.05 One Factor ANOVA. NS (normal saline); TP (terlipressin); CaO, (arterial oxygen content); CvO, (venous oxygen content); OD (oxygen delivery); VO,

(oxygen consumption); FTOE (fractional oxygen extraction); Hto (hematocrit); Hb (hemoglobin).

https://doi.org/10.1371/journal.pone.0235084.t002

Discussion

Hemodynamics

Exsanguination led to the expected hemodynamic changes: decreases in MAP, CVP and CI
and increases SVRI and HR. Our analysis focused on assessing and comparing the changes
observed within 3 hours after exsanguination with the two resuscitation regimens. The group
treated with TP had a better blood pressure profile, and importantly, pressure remained above
the threshold of 40 mmHg for longer, which is key to being able to maintain CPP during
patient transfer while awaiting definitive care. This effect on blood pressure maintenance over
time has previously been described in rats, lasting for 75 minutes [13]. In our series, we cannot
rule out an additional effect of TP counteracting vasodilation of inhaled anesthesia, but in a
clinical scenario, sedation/anesthesia would be necessary, and hence, this pharmacologic vaso-
dilatation would be frequently present.
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Table 3. Results of the neurological monitoring.

Basal Hemo 30 min 60 min 90 min 120 min 150 min 180 min
ICP mmHg NS 8+2 6+1% 10+2% 10+2% 10+2% 9+2° 942" 8+2"
TP 7+3 5+1% 8+2" 8+2" 8+2" 8+1% 8+2" 8+1%
CPP® mmHg NS 62+12 30+7% 4216" 33+4 29+5 264" 257" 22+7%
TP 62+3 324+4% 59+9** 4747 4347 38+5* 3545* 31+4*
Qcar® ml/min NS 82428 32+18% 50+21% 39+19% 34+14* 3213 31+13 27+11
TP 74428 34+11% 55+14" 44+13* 46+14" 42+15* 43+12% 3749
BIS* NS 3547 27+8% 28+6 27412 23+11 2549 28+8 25+8
TP 366 22+10% 42+10*" 3749 35+6* 42+13* 43+5** 41+10**

® p<0.05 two-factor ANOVA

(¥) p<0.05 Hemo vs. basal timepoint in the same group

(*) p<0.05 treatment points vs. Hemo in the same group

(*) p<0.05 One Factor ANOVA. NS (normal saline); TP (terlipressin); ICP (intracranial pressure); CPP (cerebral perfusion pressure); Qcar (carotid blood flow); BIS
(Bispectral index).

https://doi.org/10.1371/journal.pone.0235084.t003

The effect on arterial pressure was accompanied by a better pattern of cardiac output. To
explain this positive result for both MAP and output, we analyzed the behavior of the two hemo-
dynamic determinants that could be affected by TP. Regarding systemic resistances, it has been
described that the endogenous release of catecholamines is able to maintain them high with
respect to baseline for some time [5]. In our study, the addition of the vasoconstrictor was associ-
ated with longer maintenance of the values obtained in response to the aggression. In another
experimental porcine model, no variations were observed in SRVI attributable to the addition of
TP, although it was given at a dose of 15 mcg/kg and compared to hypertonic saline [18].

Concerning preload, CVP did not differ between groups, although the low reliability of this
measure for assessing blood volume has been widely described [19]. On the other hand, a
more specific parameter for measuring blood volume, namely, GEDI, does reflect a better out-
come for animals treated with TP; specifically, they had significantly higher GEDI and this ele-
vation was maintained throughout the experiment compared to the fall after exsanguination.
As a consequence, we believe that improvement in the preload through the effect on venous
capacitance would have a leading role in the effect of the resistances on hemodynamics, since
it is the only factor that is able to increase MAP and CI at the same time. The good correlation
between these two parameters in our study supports this hypothesis. This role of vasopressors
in the mobilization of fluid from venous capacitance vessels to the central circulation has been
previously described in animal trials [20] and septic patients [21].

This overall beneficial hemodynamic effect is demonstrated in LCOI, which was significantly
higher in the TP group, as has previously been described in an adult experimental model [22],
both with Ringer lactate and with TP. In our model, the combination of TP and volume expan-
sion was associated with a greater increase than that observed using volume loading alone.

This hemodynamic profile obtained with a single dose of TP is particularly interesting
given that its use would be a rapid and easily implementable action, which would be a great
advantage in the context of sudden mass casualties due to bombings or other types of attack
which have been increasing in recent years [23].

Oxygen, electrolyte and blood gas levels

Firstly, we have not found a correlation between treatment with TP and lactic acidosis. It is
known that oxygen extraction increases due to hemorrhage and remains high after volume
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Fig 4. (A) Cerebral perfusion pressure (CPP) and (B) bispectral index (BIS) in the normal saline group (white circles)
and terlipressin group (black triangles). Data are expressed as mean and SD. ($) p<0.05 two-factor ANOVA; (%)
p<0.05 Hemo vs. basal time point in the same group; () p<0.05 treatment time points vs. Hemo in the same group;
(*) p<0.05 One Factor ANOVA.

https://doi.org/10.1371/journal.pone.0235084.g004

resuscitation [24]. Our study shows a more favorable profile for the TP group in terms of better
venous saturation and CI, which would be more relevant than the actual maintenance of car-
diac output in terms of any tissue-protecting effect.

Our strategy was not associated with changes in coagulation function, or even in platelet
count, which would support this strategy of restricted volume expansion to avoid coagulopathy
related to hemodilution [25].

Neurological status

In animals treated with TP, there was better maintenance of CPP, based on greater MAP val-
ues, as there was no significant change in ICP. This effect was maintained over time and has
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clinical relevance, given that the pressure stayed >40 mmHg for 90 minutes and significantly
higher than the post-hemorrhage value for 2 hours. This contribution of TP to the mainte-
nance of CPP has been previously described in an adult animal model without trauma brain
injury and no basal ICP increase [22] while in porcine polytrauma models, the maintenance of
CPP has been correlated with a reduction in brain mitochondrial dysfunction [26], which
would provide protection against secondary brain injury.

The pathophysiological effect of TP on venous compliance might optimize initial hemody-
namics and consequently prevent neurological damage associated with hemorrhagic shock,
helping to maintain CPP [27] and consequently brain oxygen supply.

Basal BIS was low, as would be expected, due to sedation and significantly decreased with
the hemorrhage. Treatment with TP achieved significant improvements in BIS compared to
values in the NS group. TP was associated with a statistically significant recovery in BIS follow-
ing the blood loss at 30, 150 and 180 minutes and, at all times, BIS was significantly better than
in the NS group, which hardly changed with treatment. This positive effect of the use of vaso-
constrictors on cerebral perfusion, reflected in BIS, has previously been reported with vaso-
pressin in hemorrhagic resuscitation in an adult porcine model [28] and opens up the
possibility of cerebral monitoring with BIS during trauma care provision.

We did not observe differences in either histological analysis or neuronal markers, which
may be explained by the short observation period prior to sample collection. A more specific
analysis of the water balance, oxidative damage and apoptosis in an adult porcine model dem-
onstrated a protective effect of TP [22] in a similar observation period.

With respect to cerebrospinal fluid markers of brain injury, neuron-specific enolase is an
isoenzyme present in the neural and neuroendocrine cells and it is considered to be the most
specific enzymatic marker of brain damage. S100B protein is an acidic, dimeric, calcium-bind-
ing protein, mostly found in the cytoplasm of astrocytes and Schwann cells, used as a marker
of central nervous system damage. Elevated levels NSE (2.1 mcg/1) and S1008 (1.1 mcg/1) have
been described in a sham group in neonatal models 6 hours after hypoxic insult [29]. In our
study, we did not have such a long observation period or a sham group, and hence, we are only
able to draw conclusions concerning the lack of differences between treatment groups.

Limitations

The experimental model itself has limitations compared to real trauma, given that it involves
controlled hemorrhage without lesions associated with brain injury. The logical requirements
of animal welfare make it necessary to use anesthetics, which have effects at hemodynamic and
neurological levels. In that sense, we lacked a sham group for comparison. About tissue dam-
age, the study was restricted to the first 3 hours of care, and we did not assess cell ischemia or
microcirculation. Furthermore, the results in these animals cannot be directly extrapolated to
humans. The inflammatory response, mechanisms of coagulation, and vasopressin receptors
are different in swine [30]. In terms of the monitoring, we underline that BIS has been devel-
oped for use in humans and it may not be possible to extrapolate values obtained in swine to
humans, given the differences in head shape. Lastly, in this study, only male animals were
used.

Conclusions

The addition of one dose of TP to initial resuscitation with fluids resulted in a hemodynamic

improvement (preload, cardiac output and blood pressure). In cases of hemorrhagic shock, the
use of a vasopressor with a long half-life would help maintain the hemodynamic improvement
for the time needed for a patient to reach hospital where they could receive definite hemostatic
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and surgical treatment. The addition of TP to initial resuscitation was significantly associated
with an improvement in CPP and higher carotid blood flow, without significant changes in
intracranial pressure in a model without brain injury. All these factors are associated with the
preservation of cerebral blood flow, which implies protection against ischemic injury; how-
ever, the implications of these results should be tested in a brain injury/polytrauma model.
Early biochemical and histopathological analyses did not reveal any significant differences
between the treatments, and therefore, we are not able to establish whether there was any bene-
fit or harm in terms of additional tissue damage associated with TP over a short follow-up.
Our findings need to be confirmed in longer-term studies. Brain monitoring using BIS is able
to detect changes caused by induced hemorrhagic shock and treatment response. All these
findings are experimental and should be confirmed in pediatric patients.

Supporting information

S1 Table. Hematological results. (*) p<0.05 treatment points vs. Hemo in the same group.
NS (normal saline); TP (terlipressin); PT (prothrombin time); INR (international normalized
ratio).

(DOCX)

S1 Raw data.
(PDF)

Acknowledgments

The authors thank Alfredo Alonso Digon for excellent technical assistance and for his valuable
support in the experimental handling of the animals.

Author Contributions

Conceptualization: Javier Gil-Anton, Carmen Rey-Santano, Yolanda Lopez-Fernandez, Elvira
Morteruel.

Data curation: Carlos Santos, Silvia Redondo.
Formal analysis: Victoria E. Mielgo, Carlos Santos, Elvira Morteruel.
Funding acquisition: Javier Gil-Anton.

Investigation: Victoria E. Mielgo, Carmen Rey-Santano, Lara Galbarriatu, Maria Unceta, Sil-
via Redondo.

Methodology: Victoria E. Mielgo, Carmen Rey-Santano, Lara Galbarriatu, Carlos Santos,
Maria Unceta, Yolanda Lopez-Fernandez.

Project administration: Javier Gil-Anton.

Supervision: Javier Gil-Anton, Yolanda Lépez-Fernandez.
Validation: Maria Unceta.

Writing - original draft: Javier Gil-Anton.

Writing - review & editing: Victoria E. Mielgo, Carmen Rey-Santano, Elvira Morteruel.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235084  July 2, 2020 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235084.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235084.s002
https://doi.org/10.1371/journal.pone.0235084

PLOS ONE

Terlipressin in hemorrhagic shock improves hemodynamics and cerebral perfusion

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Lienhart HG, Lindner KH, Wenzel V. Developing alternative strategies for the treatment of traumatic
haemorrhagic shock. Curr Opin Crit Care. 2008; 14(3):247-53. https://doi.org/10.1097/MCC.
0b013e3282fce62a PMID: 18467882

Spahn DR, Bouillon B, Cerny V, Coats TJ, Duranteau J, Fernandez-Mondéjar E, et al. Management of
bleeding and coagulopathy following major trauma: an updated European guideline. Crit Care. 2013; 17
(2):R76. https://doi.org/10.1186/cc12685 PMID: 23601765

Bouglé A, Harrois A, Duranteau J. Resuscitative strategies in traumatic hemorrhagic shock. Ann Inten-
sive Care. 2013; 3(1):1. https://doi.org/10.1186/2110-5820-3-1 PMID: 23311726

Spahn DR, Bouillon B, Cerny V, Duranteau J, Filipescu D, Hunt BJ, et al. The European guideline on
management of major bleeding and coagulopathy following trauma: fifth edition. Crit Care. 2019; 23
(1):98. https://doi.org/10.1186/s13054-019-2347-3 PMID: 30917843

Voelckel WG, Convertino VA, Lurie KG, Karlbauer A, Schochl H, Lindner KH, et al. Vasopressin for
Hemorrhagic Shock Management: Revisiting the Potential Value in Civilian and Combat Casualty Care.
J Trauma. 2010; 69 (Suppl 1):S69-74.

Cossu AP, Mura P, De Giudici LM, Puddu D, Pasin L, Evangelista M, et al. Vasopressin in hemorrhagic
shock: a systematic review and meta-analysis of randomized animal trials. Biomed Res Int. 2014;
2014:421291. https://doi.org/10.1155/2014/421291 PMID: 25254206

Meybohm P, Cavus E, Dérges V, Weber B, Stadlbauer KH, Wenzel V, et al. Release of protein S100B
in haemorrhagic shock: effects of small volume resuscitation combined with arginine vasopressin.
Resuscitation. 2008; 76(3):449-56. https://doi.org/10.1016/j.resuscitation.2007.09.002 PMID:
17976887

Sperry JL, Minei JP, Frankel HL, West MA, Harbrecht BG, Moore EE, et al. Early use of vasopressors
after injury: caution before constriction. J Trauma. 2008; 64(1):9—-14. https://doi.org/10.1097/TA.
0b013e31815dd029 PMID: 18188092

Lienhart HG, Wenzel V, Braun J, Dérges V, Dlnser M, Gries A, et al. Vasopressin for therapy of persis-
tent traumatic hemorrhagic shock: The VITRIS.at study. Anaesthesist. 2007; 56(2):145-8. https://doi.
org/10.1007/s00101-006-1114-4 PMID: 17265038

Rodriguez-Nufez A, Oulego-Erroz I, Gil-Antdn J, Pérez-Caballero C, Lépez-Herce J, Gaboli M, et al.
Continuous terlipressin infusion as rescue treatment in a case series of children with refractory septic
shock. Ann Pharmacother. 2010; 44(10):1545-53. https://doi.org/10.1345/aph.1P254 PMID: 20841511

Gil-Antdn J, Lépez-Herce J, Morteruel E, Carrillo A, Rodriguez-Nufez A. Pediatric cardiac arrest refrac-
tory to advanced life support: Is there a role for terlipressin? Pediatr Crit Care Med. 2010; 11(1):13941.
https://doi.org/10.1097/PCC.0b013e3181ae7834 PMID: 19581820

Bayram B, Hocaoglu N, Atilla R, Kalkan S. Effects of terlipressin in a rat model of severe uncontrolled
hemorrhage via liver injury. Am J Emerg Med. 2012; 30(7):1176-82. https://doi.org/10.1016/j.ajem.
2011.09.007 PMID: 22100472

Lee CC, Lee MT, Chang SS, Lee SH, Huang YC, Yo CH, et al. A comparison of vasopressin, terlipres-
sin, and lactated ringers for resuscitation of uncontrolled hemorrhagic shock in an animal model. PLoS
One. 2014; 9(4):€95821. https://doi.org/10.1371/journal.pone.0095821 PMID: 24759799

Healey MA, Samphire J, Hoyt DB, Liu F, Davis R, Loomis WH. Irreversible shock is not irreversible: A
new model of massive hemorrhage and resuscitation. J Trauma. 2001; 50(5):826—34. https://doi.org/
10.1097/00005373-200105000-00009 PMID: 11371837

Masarwa R, Paret G, Periman A, Reif S, Raccah BH, Matok I. Role of vasopressin and terlipressin in
refractory shock compared to conventional therapy in the neonatal and pediatric population: a system-
atic review, meta-analysis, and trial sequential analysis. Crit Care. 2017; 21(1):1. https://doi.org/10.
1186/s13054-016-1589-6 PMID: 28057037

Cohn SM, McCarthy J, Stewart RM, Jonas RB, Dent DL, Michalek JE. Impact of low-dose vasopressin
on trauma outcome: prospective randomized study. World J Surg. 2011; 35(2):430-9. https://doi.org/
10.1007/s00268-010-0875-8 PMID: 21161222

Beloncle F, Meziani F, Lerolle N, Radermacher P, Asfar P. Does vasopressor therapy have an indica-
tion in hemorrhagic shock? Ann Intensive Care. 2013; 3(1):13. https://doi.org/10.1186/2110-5820-3-13
PMID: 23697682

Urbano J, Gonzalez R, Lépez J, Solana MJ, Bellon JM, Botran M, et al. Comparison of normal saline,
hypertonic saline albumin and terlipressin plus hypertonic saline albumin in an infant animal model of
hypovolemic shock. PLoS One. 2015; 10(3):e0121678. https://doi.org/10.1371/journal.pone.0121678
PMID: 25794276

PLOS ONE | https://doi.org/10.1371/journal.pone.0235084  July 2, 2020 15/16


https://doi.org/10.1097/MCC.0b013e3282fce62a
https://doi.org/10.1097/MCC.0b013e3282fce62a
http://www.ncbi.nlm.nih.gov/pubmed/18467882
https://doi.org/10.1186/cc12685
http://www.ncbi.nlm.nih.gov/pubmed/23601765
https://doi.org/10.1186/2110-5820-3-1
http://www.ncbi.nlm.nih.gov/pubmed/23311726
https://doi.org/10.1186/s13054-019-2347-3
http://www.ncbi.nlm.nih.gov/pubmed/30917843
https://doi.org/10.1155/2014/421291
http://www.ncbi.nlm.nih.gov/pubmed/25254206
https://doi.org/10.1016/j.resuscitation.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17976887
https://doi.org/10.1097/TA.0b013e31815dd029
https://doi.org/10.1097/TA.0b013e31815dd029
http://www.ncbi.nlm.nih.gov/pubmed/18188092
https://doi.org/10.1007/s00101-006-1114-4
https://doi.org/10.1007/s00101-006-1114-4
http://www.ncbi.nlm.nih.gov/pubmed/17265038
https://doi.org/10.1345/aph.1P254
http://www.ncbi.nlm.nih.gov/pubmed/20841511
https://doi.org/10.1097/PCC.0b013e3181ae7834
http://www.ncbi.nlm.nih.gov/pubmed/19581820
https://doi.org/10.1016/j.ajem.2011.09.007
https://doi.org/10.1016/j.ajem.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22100472
https://doi.org/10.1371/journal.pone.0095821
http://www.ncbi.nlm.nih.gov/pubmed/24759799
https://doi.org/10.1097/00005373-200105000-00009
https://doi.org/10.1097/00005373-200105000-00009
http://www.ncbi.nlm.nih.gov/pubmed/11371837
https://doi.org/10.1186/s13054-016-1589-6
https://doi.org/10.1186/s13054-016-1589-6
http://www.ncbi.nlm.nih.gov/pubmed/28057037
https://doi.org/10.1007/s00268-010-0875-8
https://doi.org/10.1007/s00268-010-0875-8
http://www.ncbi.nlm.nih.gov/pubmed/21161222
https://doi.org/10.1186/2110-5820-3-13
http://www.ncbi.nlm.nih.gov/pubmed/23697682
https://doi.org/10.1371/journal.pone.0121678
http://www.ncbi.nlm.nih.gov/pubmed/25794276
https://doi.org/10.1371/journal.pone.0235084

PLOS ONE

Terlipressin in hemorrhagic shock improves hemodynamics and cerebral perfusion

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Sivarajan VB, Bohn D. Monitoring of standard hemodynamic parameters: Heart rate, systemic blood
pressure, atrial pressure, pulse oximetry, and end-tidal CO,. Pediatr Crit Care Med. 2011; 12(4 Suppl):
S2-S11.

Ericsson BF. Effect of vasopressin on the distribution of cardiac output and organ flow in the anesthe-
tized dog. Acta Chir Scand. 1971; 137(8):729-38. PMID: 5148850

Hamzaoui O, Georger JF, Monnet X, Ksouri H, Maizel J, Richard C, et al. Early administration of norepi-
nephrine increases cardiac preload and cardiac output in septic patients with life-threatening hypoten-
sion. Crit Care. 2010; 14(4):R142. https://doi.org/10.1186/cc9207 PMID: 20670424

Ida KK, Otsuki DA, Sasaki AT, Borges ES, Castro LU, Sanches TR, et al. Effects of terlipressin as early
treatment for protection of brain in a model of haemorrhagic shock. Crit Care. 2015; 19:107. https://doi.
org/10.1186/s13054-015-0825-9 PMID: 25888229

Hirsch M, Carli P, Nizard R, Riou B, Baroudjian B, Baubet T, et al. The medical response to multisite ter-
rorist attacks in Paris. Lancet. 2015; 386(10012):2535-8. https://doi.org/10.1016/S0140-6736(15)
01063-6 PMID: 26628327

Németh M, Tanczos K, Demeter G, Erces D, Kaszaki J, Mikor A, et al. Central venous oxygen satura-
tion and carbon dioxide gap as resuscitation targets in a hemorrhagic shock. Acta Anaesthesiol Scand.
2014; 58(5):611-9. https://doi.org/10.1111/aas.12312 PMID: 24641618

Christiaans SC, Duhachek-Stapelman AL, Russell RT, Lisco SJ, Kerby JD, Pittet JF. Coagulopathy
after severe pediatric trauma. Shock. 2014; 41(6):476—490. https://doi.org/10.1097/SHK.
0000000000000151 PMID: 24569507

Hwabejire JO, Imam AM, Jin G, Liu B, Li Y, Sillesen M, et al. Differential effects of fresh frozen plasma
and normal saline on secondary brain damage in a large animal model of polytrauma, hemorrhage and
traumatic brain injury. J Trauma Acute Care Surg. 2013; 75(6):968—74. https://doi.org/10.1097/TA.
0b013e31829a021a PMID: 24256668

Salluh JI, Martins GA, Santino MS, Aradjo LV, Freitas GG, Verdeal JC. Early use of terlipressin in cate-
cholamine-resistant shock improves cerebral perfusion pressure in severe traumatic brain injury. Acta
Anaesthesiol Scand. 2007; 51(4):505-8. https://doi.org/10.1111/j.1399-6576.2006.01252.x PMID:
17378791

Cavus E, Meybohm P, Doerges V, Hoecker J, Betz M, Hanss R, et al. Effects of cerebral hypoperfusion
on bispectral index: A randomised controlled animal experiment during haemorrhagic shock. Resuscita-
tion. 2010; 81(9):1183-9. https://doi.org/10.1016/j.resuscitation.2010.05.018 PMID: 20598424

Lafuente H, Alvarez FJ, Pazos MR, Alvarez A, Rey-Santano MC, Mielgo V, et al. Cannabidiol reduces
brain damage and improves functional recovery after acute hypoxia-ischemia in newborn pigs. Pediatr
Res. 2011; 70(3):272—7. https://doi.org/10.1203/PDR.0b013e3182276b11 PMID: 21654550

Hildebrand F, Andruszkow H, Huber-Lang M, Pape HC, van Griensven M. Combined hemorrhage/
trauma models in pigs-current state and future perspectives. Shock. 2013; 40(4):247—73. hitps://doi.
org/10.1097/SHK.0b013e3182a3cd74 PMID: 23856921

PLOS ONE | https://doi.org/10.1371/journal.pone.0235084  July 2, 2020 16/16


http://www.ncbi.nlm.nih.gov/pubmed/5148850
https://doi.org/10.1186/cc9207
http://www.ncbi.nlm.nih.gov/pubmed/20670424
https://doi.org/10.1186/s13054-015-0825-9
https://doi.org/10.1186/s13054-015-0825-9
http://www.ncbi.nlm.nih.gov/pubmed/25888229
https://doi.org/10.1016/S0140-6736(15)01063-6
https://doi.org/10.1016/S0140-6736(15)01063-6
http://www.ncbi.nlm.nih.gov/pubmed/26628327
https://doi.org/10.1111/aas.12312
http://www.ncbi.nlm.nih.gov/pubmed/24641618
https://doi.org/10.1097/SHK.0000000000000151
https://doi.org/10.1097/SHK.0000000000000151
http://www.ncbi.nlm.nih.gov/pubmed/24569507
https://doi.org/10.1097/TA.0b013e31829a021a
https://doi.org/10.1097/TA.0b013e31829a021a
http://www.ncbi.nlm.nih.gov/pubmed/24256668
https://doi.org/10.1111/j.1399-6576.2006.01252.x
http://www.ncbi.nlm.nih.gov/pubmed/17378791
https://doi.org/10.1016/j.resuscitation.2010.05.018
http://www.ncbi.nlm.nih.gov/pubmed/20598424
https://doi.org/10.1203/PDR.0b013e3182276b11
http://www.ncbi.nlm.nih.gov/pubmed/21654550
https://doi.org/10.1097/SHK.0b013e3182a3cd74
https://doi.org/10.1097/SHK.0b013e3182a3cd74
http://www.ncbi.nlm.nih.gov/pubmed/23856921
https://doi.org/10.1371/journal.pone.0235084

