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Abstract

Introduction—The causes of cardiovascular collapse (CC) during hemorrhagic shock (HS) are
unknown. We hypothesized that vascular tone loss characterizes CC, and that arterial pulse
pressure/stroke volume index ratio or vascular tone index (VTI), would identify CC.

Methods—14 Yorkshire-Durock pigs were bled to 30 mmHg mean arterial pressure and held
there by repetitive bleeding until rendered unable to compensate (CC) or for 90 min (NoCC). They
were then resuscitated in equal parts to shed volume and observed for 2 h. CC was defined as a
MAP < 30 mmHg for 10 min or < 20 mmHg for 10 sec. Study variables were recorded at Baseline
(B0), 30, 60, 90 min after bleeding and at resuscitation (R0), 30, and 60 min afterward.

Results—Swine were bled to 32+9% of total blood volume. Epinephrine (Epi) and VTI were low
and did not change in NoCC after bleeding as compared to CC swine, in which both increased
(0.97£0.22 to 2.57+1.42 mcg/dl, and 173£181 to 939+474 mmHg/ml, respectively), despite no
differences in bled volume. Lactate increase rate (LIR) increased with hemorrhage and was higher
at RO for CC, but did not vary in NoCC. VTI identified CC from NoCC and Survivors from Non-
survivors before CC. A large increase in LIR was coincident with VT decrement before CC
occurred.

Conclusions—Vasodilatation immediately prior to CC in severe HS occurs at the same time as
an increase in LIR, suggesting loss of tone as the mechanism causing CC, and energy failure as its
probable cause.

Keywords
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Introduction

Cardiovascular collapse (CC) is thought to be the final lethal pathway of progressive
traumatic hemorrhagic shock (T/HS). Its cause has not been completely elucidated, but
various hypotheses based on animal and clinical research in trauma and sepsis suggests that
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failure of the compensatory response mechanisms dependant on a functional autonomic
balance may be the precipitating factor leading to CC.

Several potential mechanisms can explain CC in T/HS. Failure of the sympathetic drive and
the underlying endocrine response may account for refractoriness to conventional
resuscitation maneuvers (13, 14, 20, 21, 23, 33). Clinical studies demonstrated diminished
endocrine responses to trauma, suggesting a possible role for endocrine failure (13). In
addition, in sepsis, hormone replacement therapy has proven effective in reversing
refractoriness to shock (1-9, 40, 43). The failure to couple the sympathetic/endocrine
effectors (i.e. epinephrine) release to vascular endothelial-smooth muscle response is an
alternative explanation for CC in these settings (27). Finally, cellular energy failure due to
impaired mitochondrial oxidative phosphorylation could also explain the vasoplegia seen in
the late stages of T/HS in a fashion similar to that reported in septic shock (29, 42).

Sympathetic and endocrine responses to shock can be quantified by measuring blood
hormone levels (e.g. catecholamines, angiotensin 11, and vasopressin) (36). Although these
hormonal effectors exert various metabolic effects on diverse tissues, their main
hemodynamic actions during shock are to differentially alter vasomotor tone, redistribute
blood flow to the central compartment, and sustain effective circulating blood flow to vital
organs (41). Accordingly, these sympathetic responses sustained by the adrenal glands, the
kidney, and the pituitary system, if coupled to increased vasomotor tone, should reflect the
effectiveness of the sympathetic response in increasing and sustaining vascular tone (37).
Clinical surrogates of the magnitude of this coupled sympathetic-vasomotor tone response or
its failure would be very useful for the diagnosis of cardiovascular sufficiency or
insufficiency, respectively. We hypothesized that the relation between systemic arterial
pulse pressure and stroke volume, as a surrogate for vasomotor tone, may help to quantify
these interactions.

Due to the properties of left ventricular (LV) ejection and the elastic properties of the central
arterial vascular system, the key determinants of arterial pulse pressure (PP = systolic —
diastolic pressure) are stroke volume (SV) and central arterial tone. Variations in the
magnitude of PP change with respect to SV will be indicative of changes in central arterial
tone, which suggests that the slope of the PP/SV ratio may be a simple quantitative indicator
of arterial tone. Based on this physiological principle, we defined the vascular tone index
(\VTI) as the ratio of arterial PP and stroke volume index (SVI) (22). We hypothesized that
loss of vasomotor tone as quantified by VTI predicts CC, and that the origin of this
vasoplegia is rooted in a cellular energy failure.

The study protocol was approved by the University of Pittsburgh Institutional Animal Care
and Use Committee.

14 Yorkshire-Durock pigs (wt 31.6+3.9 kg) were acclimatized for at least five days prior to
the study. The animals were fasted overnight before the experiment but had free access to
water. They were anesthetized with a 0.05 ml/kg body weight of a mixture of Ketamine,
Xylazine and Telazol (at a concentration of 200mg/ml each) intramuscular injection for
induction, followed by endotracheal intubation and maintenance anesthesia with isoflurane
1.0% to 2.0% during the remainder of the experiment. Swine were ventilated with a mixture
of air and oxygen, with an approximate fraction of inspired oxygen (FiO,) of 0.6 throughout
the experiment. FiO, was increased to 1.0 during thoracotomy. A 21-ga catheter was
inserted in an ear vein and 0.9N NaCl infusion at 60 ml/h plus 1ml/kg/h for every kg above
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20 kg. During thoracotomy, the infusion rate was increased an additional 7 ml/kg/h to
compensate for additional insensible losses.

Under aseptic conditions, a pulmonary artery catheter (Vigilance catheter, Edwards
LifeSciences, Irvine, CA) was surgically inserted via the internal jugular vein and into the
pulmonary artery as determined by blood pressure waveform analysis. Bolus thermodilution
cardiac output was measured every 15 min and continuous cardiac output measurements
were also measured and recorded. A high fidelity pressure-tipped transducer was inserted
into the aortic arch via a carotid artery (Millar MPC-500, Millar Inc, Houston, TX) for
continuous blood pressure monitoring. A triple lumen 18-ga catheter was surgically inserted
in the femoral artery for blood sampling and blood pressure monitoring using a low volume
pressure transducer (MP50, Gould Inc., Cleveland, OH). A large-bore introducer (8 Fr) was
placed in the femoral vein as the blood withdrawal and infusion port for the bleeding/
resuscitation protocol described below.

A left anterior thoracotomy was performed. The pericardium was opened and ultrasonic
flow probes (Transonic®Flowprobe® $933, $928, Transonic systems inc. Ithaca, N.Y.)
placed around the aortic and pulmonary arteries. Another high fidelity pressure tipped
catheter (Millar) was inserted in the left atrium via the left atrial appendage to monitor left
atrial pressure and held in place by a purse string suture. Once all the surgical procedures
were completed and evidence of no surgical bleeding was confirmed heparin was infused
(5000 U bolus i.v.).

Every experiment was performed by the same group of investigators, the same surgical team
and in the same laboratory in order to control pre-hemorrhage events that could potentially
alter our observations. Specifically, we made sure that the surgical intervention was
reproducible and consistent, and that the laboratory was kept at the same temperature.

Hemorrhage, resuscitation protocol and subgroups

Figure 1 shows a schematic representation of the model. After surgery the swine were
allowed to stabilize for 15 min with the measured variables taken then considered as
baseline (BL). Stability was defined as a constant HR without arrhythmias, constant MAP
similar to pre-thoracotomy values and no evidence of bleeding from the surgical sites. Once
the stabilization period was concluded, initial baseline hemodynamic data were collected
(B0). The animals were then bled through the femoral vein using a pump (Masterflex L/S-
Easyload Il, Model 7550-10, 10-600RPM, Barnant Co. Barrington, IL) at 60 ml/min. Shed
blood was collected in a heparinized reservoir (1 unit/ml) and weighted (Sartorius AG scale,
LA 4200, Gottingen, Germany). The bled blood volume was determined by the quotient of
the weight of the shed blood and its density (1.1 gram/ml). The initial bleeding was
continued until mean arterial pressure (MAP) decreased to 30 mmHg. Bleeding was re-
initiated if MAP increased to 40 mmHg and was continued until MAP dropped to 30 mmHg.

Resuscitation was initiated when MAP decreased below 30 mmHg for 10 min or below 20
mmHg for 10 seconds. Swine reaching this definition are referred to as cardiovascular
collapse (CC) animals. If the animal was capable of maintaining a MAP between 30 and 40
mmHg for more than 90 min after the initial bleed, resuscitation was also started. These pigs
are referred to as no cardiovascular collapse (NoCC) animals. Hextend™ (6% Hetastarch in
lactated electrolyte injection, Hospira, Inc., Lake Forest, IL) was infused as the resuscitation
fluid at 60 ml/min and at room temperature.

After resuscitation of the shed volume, the swine were observed for 2 h or until subsequent
decompensation and death occurred. Survival was defined as being alive at the end of the 2-
h observation period.
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Blood samples

The first blood sample, denoted the pre-surgical baseline sample (PreSx), was drawn from
an ear vein immediately after intubation of the animals. After pulmonary artery
catheterization and arterial catheterization, mixed venous blood and arterial samples were
taken every 30 min after the first incision until surgery was completed (denoted as: S30,
S60, etc.). The end of surgery was defined as BL. After the post-surgical stabilization period
(15 min after BL and before hemorrhage was started), a baseline sample was obtained and
designated as time 0 (BO). During hemorrhage, blood samples were obtained every 30 min
thereafter until resuscitation started (denoted as: B30, B60 etc). The moment at which swine
reached the CC definition (CC animals) or 90 min had elapsed (NoCC animals) was defined
as RO for timeline and sampling purposes. After this sample, resuscitation was initiated and
samples were obtained every 30 min from then on (denoted as: R30, R60, etc). Mixed
venous blood samples were immediately centrifuged at 2000 rpm (ALC Refrigerated
centrifuge, PM140R) and plasma was stored at —80°C until further analysis to measure
cytokines, NO,7/NO3™ and catecholamines. Arterial blood samples were immediately
analyzed for pH, pCO,, pOy, glucose and lactate (Radiometer America Inc. Model
ABL-725, Copenhagen). Delta glucose (AG) was calculated as the difference between
glucose at BL and the glucose level at RO.

To summarize, the sampling sequence for all blood analyses was PreSx, S30-S60, etc., BL,
B0-B30, etc. RO-R30, etc.

Cytokines and NO,7/NO3~—Blood levels of TNF, IL-6 and IL-10 were determined
using .commercially available pig-specific ELISA kits (R&D Systems, Minneapolis, MN)
and NO,/NO3~ was measured using the nitrate reductase method (Cayman Chemical, Ann
Arbor, MI).

Catecholamines—We measured epinephrine, norepinephrine and dopamine levels from
mixed venous blood using high performance liquid chromatography or HPLC (Waters™
Autosampler model 717 plus, Controller model 600 and Fluid Unit model 610, Milford,
MA). Samples were centrifuged at 2000 rpm, and stored at —80°C until analyzed.

Tissue O, saturation—Tissue O, saturation (StO,) was measured on the inner thigh of
all animals using near infrared spectroscopy (InSpectra probe, Hutchinson Industries,
Hutchinson, MN), as previously described. (49)

Hemodynamic parameters

Hemodynamic data were recorded using customized software on the LabView™ system
(National Instruments Corporation, Austin, TX).

The following formulas were used to calculate different indices:

Cardiac Index (Cl) =  Cardiac output (CO)/Body surface area (BSA)
Stroke Volume Index (SVI) =  Cardiac index (Cl)/Heart rate (HR)
Vascular Tone Index (VTI) =  Pulse pressure (PP)/SVI
Total Peripheral Resistance (TPR) = MAP/CO
Arterial Oxygen Content (C,0,) = Hemoglobin (Hb) x 1.34 ml O,/g Hb x S,0,

Venous Oxygen Content (C,0,) = Hb x 1.34 ml O,/g Hb x S,0,
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Oxygen Delivery Index (IDO,) = ClI x C,0, x 10 dL/L
Oxygen Consumption Index (IVO,) =  CI x (C,0, — CvO,) x 10dL/L
Oxygen extraction rate (O,ER) = (C,0, - C,0,)/C,0,
Delta mean arterial pressure (A MAP) = MAP(R30) - MAP(ROS
BSA for the female pig = 0.0734 x Weight 0656 (24)

*
RO = Time point at which resuscitation was indicated, but not yet started.

Statistical analysis

Results

All data are reported as mean + SD unless otherwise stated. Comparison of hemodynamic,
cytokine, and catecholamine data between time points was done by the Friedman test and
the Wilcoxon rank sum test for paired groups. The comparisons between survivor and non-
survivor groups were performed using the Mann-Whitney test. Correlations were assessed
using Pearson’s correlation coefficient and results are presented as correlation coefficients
(r) and p value. The reported p-values are two-sided, and significance reports a p value of <
0.05.

Animal characteristics, surgical preparation and hemorrhagic model

Fourteen animals (mean wt 31.6+3.9 kg) with a calculated total blood volume (TBV) of
2134262 ml were studied. Two of the 14 pigs, both from the CC group were excluded: one
because of an error in the data electronic collection system during the experiment and the
other because of profound metabolic derangement after surgery but prior to hemorrhage
(lactate 6 mmol/L, HR 147 bpm and hyperthermia), presumably due to malignant
hyperthermia.

The surgery lasted 182.2+27.1 min, and was not different between CC and NoCC groups
(Table 1). There was a slight increment in HR in the NoCC group in the first 30 minutes of
surgery, which was not statistically significant. Prior to the experiment, animals were kept in
the same conditions at the animal facility. Potential explanations for this may be differences
in inhaled anesthetic delivery (not monitored with end tidal gas analysis) yielding either
higher levels of anesthesia with increased vasodilatation, or lighter anesthetic plain with
autonomic response. Measured hemodynamic variables were stable throughout the surgical
procedure. The lowest values for MAP, oxygen delivery index (DOI,) and SvO, were
recorded at 120 min (58+5 mmHg, 586+153 ml Oo/min/m? and 62+7%, respectively).
Hemodynamic and metabolic variables did not vary significantly in both CC and NoCC
animals throughout the surgical procedure (Table 1).

Swine were bled 2.1+0.8 times on average, for a mean bleeding volume of 684167 ml
(32.8+8.9% of TBV). Time to CC after stopping bleeding was 52.8+31.5 min in those
animals that exhibited CC, and total duration of shock (defined as the time from the
beginning of the first bleed until beginning of resuscitation) was 90.8+33.7 min (Table 1).
Although the absolute bleeding volume was not different between CC and NoCC animals,
the percentage of TBV bled was significantly higher in CC animals (35+8 v. 23+4%, p <
0.05). Due to protocol, time to CC or resuscitation and total duration of shock were higher in
NoCC than in CC animals (Table 1).
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VTI, Epinephrine and Lactate

Table 2 summarizes the hemodynamic parameters throughout the experiment for the entire
cohort, as well as for both CC and NoCC groups.

Figure 2 shows how the pressure/flow relationships changed during different stages of the
experiment in one CC animal. These changes were seen regardless of whether we examined
MAP (Fig. 2A) or PP (Fig. 2B). Interestingly, during CC both MAP and PP decreased, while
SVI remained constant (black squares). A decrement in MAP or PP without a change in
flow was taken to infer a decrease in vascular tone. In support of that assumption, VTI
decreased between B90 and RO in CC animals (2.6+1.4 to 1.9+0.8 mm Hg/ml-beat-m?,
p=0.06) (Fig. 3). Importantly, this decrement in VTI preceded CC by 17.7+20.1 min.

The vascular tone response as measured by VTI was different in CC and NoCC animals.
Although there was an increase in VTI in both groups, it was significantly higher in CC
animals (from 0.97+0.22 to 2.57+1.42, 250% increase vs. 0.95+0.02 to 1.53+0.28 mm Hg/
ml-beat-m2, 50% increase, respectively). Furthermore, VTI was consistently higher in
survivors (S) as compared to non-survivors (NS) as early as 30 min after hemorrhage (Fig.
4).

VTI increased parallel to Epi levels during the initial phase of shock. However, Epi peaked
before VTI (B30, 939.7+474 pg/ml, p=0.028 and B90, 2.13+1.2 mm Hg/ml-m2-beat, p =
0.02, respectively). More importantly, in CC animals VTI started to decrease before CC
occurred (B90) without a concomitant drop in Epi (Epi levels: B60 749.3+365.9, B90
696+564.8, R0 581+482.9; B60 — B90, p=0.46; B90 — RO, p= 0.14; B60 — R0, p=0.32),
norepinephrine or dopamine (data not shown) levels. Furthermore, NO,7/NO3~ did not
change between BL and RO (102.2+73.5 vs. 95.7+63.8 uMol respectively, difference
-6.55+14.3 uMol, p=0.29), suggesting that at least at the systemic level, circulating NO
levels derived from the expression of the inducible form of NO synthase (iNOS) did not
explain the observed vasodilatation seen in CC. It is worth noting that the NO,7/NO3~ assay
is rather insensitive to assess NO derived from the expression of the endothelial form of NO
synthase (eNOS), and thus we cannot conclude with regards to endothelial derived NO.

NoCC animals showed a different VTI and catecholamine pattern than CC animals.
Bleeding did not cause significant increases in Epi and only one-third the increase in VTI as
seen in CC animals. Specifically, VTI rose 75% at B90 (0.87+0.07 to 1.53+£0.28, p = 0.11)
without parallel increases in Epi (46.3+80.2 to 86.7+122.7 pg/ml, p =0.32) (Fig. 3).

As a dynamic measure of lactate production, we quantified the rate at which lactate
increased (Lactate Increase Rate or LIR) between time points (i.e. BO to B30, B30 to B60,
etc.) (Fig. 5). For the entire cohort LIR increased significantly from B90 to RO, as compared
to previous periods (BL to B30, 0.22+0.21; B30 to B60, 0.15+0.13; B60 to B90, 0.17+0.12
vs. B90 to RO, 0.77+£0.61 mmol/L, p = 0.046). Subgroup analysis showed that this increment
was fully explained by LIR increase in CC animals (BL to B30, 0.23+0.23; B30 to B60,
0.19+0.11; B60 to B90, 0.18+0.08 vs. B90 to RO, 2.41+0.68 mmol/L, p = 0.051), as no
increment was seen in the NoCC group. Furthermore, the comparison of B90-R0 timepoint
showed a higher LIR in CC versus NoCC (p = 0.034).

As a complement of lactate and LIR analysis, we explored the trend of pH and Base Excess
(BE) in both groups. BE showed a very similar pattern as pH. BE and pH were consistently
higher in NoCC as compared to CC animals (Fig. 6A and B). Importantly, in NoCC animals
BE did not decrease below 0 mmol/L, whereas in CC animals, it became negative as early as
30 min after beginning hemorrhage (B30).
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Hemodynamic measurements and tissue O, delivery

The quotient of MAP and CO reflecting total peripheral resistance (TPR) increased
significantly only after B60 in CC animals, whereas VTI detected changes in tone much
earlier (B0-B30) while TPR did not change in NoCC animals.

DOI; decreased after initiation of hemorrhage in parallel with the decrease in CO because
both arterial O, saturation and hemoglobin remained unchanged through hemorrhage and
shock until B90 (data not shown). The fact that hemoglobin concentrations remained stable
until B90 despite the blood loss means that vascular refill did not contribute significantly to
circulating blood volume. Thus, the primary process that sustained blood pressure during
hemorrhage and shock was the increased vasomotor tone with its associated blood flow
redistribution (Fig. 1).

We found no differences in DOI5, systemic oxygen consumption (VOI,) or O, extraction
ratio (O,ER) between CC and NoCC (Table 2) despite profound acid-base equilibrium
alterations seen only in CC animals.

Finally, StO,, as a measure of tissue perfusion, did not track other perfusion (SvO,, IDO5),
flow (CO, SVI) or pressure (MAP) indices during hemorrhage. Furthermore, the <75% StO,
threshold, which was found to predict multiple organ dysfunction and mortality in shocked
trauma patients (15), was never reached in our animals. StO, fell to approximately 60+36%
in the NoCC group after resuscitation (R30). However, the analysis of the three swine
showed that this drop was driven by one of the three. This animal (Pig 49) had a recorded
StO, of 18% at R30, whereas the other two animals had 82 and 80%. Before RO, pig 49 had
a StO, of 71%, and there were no specific signs of additional stress. However, post-
resuscitation the animal developed increased work of breathing with use of accessory
muscles and tachypnea, requiring increments in tidal volume and respiratory rate.
Concomitantly with this, the last ABG sample drawn showed profound arterial hypoxemia
with SpO2 61% and PaO2 of 42 mmHg. The most likely explanation for this finding is that
the animal developed a lethal cardiovascular collapse with pulmonary edema, and was
ultimately in extremis as it finally expired 10 minutes after these last data points were
collected.

Discussion

Our porcine model was created to explore the individual response of the animals to severe T/
HS. To do so, we designed our protocol to match the effect of profound circulatory shock to
a defined level of hypotension rather than to a fix volume of hemorrhage. Although it is
possible that the animals that collapsed did so because of higher volumes of bleeding, the
model allowed us to discern important differences in the animal’s vasomotor and endocrine
response. Our protocol design allowed each animal to generate an individual compensatory
response accounting for inter-individual variability. The model was also severe enough so as
to produce CC in the majority of animals (79%). Using this model, we compared differences
in known measures of cardiovascular, metabolic, and immunological function between
animals who developed CC and NoCC. Our pre hoc hypothesis was that differences would
exist during hemorrhagic shock, CC and the response to fluid therapy between CC and
NoCC groups.

Our model matched the effect of induced profound circulatory shock where the common
stress was a defined level of hypotension causing decreased tissue hypoperfusion rather than
a fix volume hemorrhage. This may be more clinically relevant (with obvious limitations)
for several reasons. First, because uncontrolled bleeding is usually fixed to a perfusion
pressure which defines the limiting pressure for continued hemorrhage. Second, because it
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allows differences in cardiovascular reserve to play out differently in each animal thereby
allowing us to have a hemorrhagic shock model of variable outcome but constant
hypotension. Lastly, because mean arterial pressure and not volume bled, is the information
available to primary and secondary responders when assessing and treating a trauma victim.

We were able to demonstrate that animals that had a more robust response to initial
hemorrhage (higher MAP), and thus were bled to a higher extent (same total bled volume
but higher %/kg volume bled), had a higher risk of developing CC than animals who
responded with less vasoconstriction. The fact that CC animals had more episodes of
controlled hemorrhage was not a consequence of technical errors or sample handling
difficulties, but rather, a result of the animal’s physiologic response and the hemorrhage
protocol. This resembles uncontrolled bleeding in the field, as a higher MAP in response to
hemorrhage will produce greater amount of hemorrhage, and thus confers translational
characteristics to our model.

Our study shows that in this porcine model the hemodynamic and metabolic response to T/
HS is phenotypically different in CC and NoCC animals. This was described best by the
VTI, which was different between both groups at all times during hemorrhage and shock,
and most importantly before the overt expression of CC. CC animals displayed a greater
VTI increase than NoCC animals as early as B30, which persisted until B90. Similarly,
17.7+20.1 min before CC, CC animals showed a significant decline in VTI, whereas in
NoCC animals VTI remained constant until the 90 min interval was over. This indicates that
VTI may be capable of detecting underlying vasodilatation before irreversible CC occurs.
These conclusions are consistent with previous studies (27, 36) and may confer VTI with
predictive capacity. In this regard, VTI and LIR were the best predictors of CC
development, and mortality (only VTI, Fig. 4), as compared to other parameters such as
StO, measurement (15-17).

In addition, VTI has the advantage of being completely independent on the effect of HR on
SV. Only in the setting of HR-induced changes in contractility, will VTI be affected by
variation of HR and then only minimally. Regardless of how SV is created, its relationship
to PP is defined by central arterial tone. The PP created by the SV is a function of central
arterial compliance and resistance, such that if SV fell, pulse pressure would also fall and
vice versa, maintaining VTI unchanged. Only with decreased vasomotor tone would PP
decrease for the same SV. On the other hand, only with increased vasomotor tone would PP
increase for the same SV, all independent of HR.

Interestingly, the decrease in VVTI was not concordant with any decrease in hemoglobin or
catecholamine levels or increases in NO levels. Furthermore, NoCC animals experiencing
the same level of T/HS did not display relative vasodilatation despite Epi levels being lower
than in CC animals. These collective data suggest that terminal vasodilatation in T/HS is due
to a decreased vascular responsiveness to circulating Epi, norepinephrine or dopamine,
rather than to catecholamine exhaustion (31, 36), loss of intravascular volume or NO release
(28, 30, 47), and that this loss of vascular responsiveness is a determining factor of CC. An
important limitation to our study is that we did not measure smooth muscle response to
vasopressors and vasodilators directly, nor did we quantify vasopressin or angiotensin
levels. Thus, we cannot provide direct evidence of a lack of vascular response or
demonstrate vasopressin deficiency in this study. This limitation is significant since
depletion of vasopressin in the first 60 min after hemorrhage is a potential mechanism of
vasodilatation (31, 36).

The vascular hypo-responsiveness phenomenon has been previously described in the setting
of energetic failure (29, 42) and during activation of vascular smooth muscle Katp channels
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(18, 25, 27, 34, 36, 44) and subsequent membrane hyperpolarization in the context of ATP
deficiency (34), acidosis (18) and hyperlactatemia (47). In support of this hypothesis also
being operative in our model, we found incremental increases in LIR before vasodilatation
(Fig. 5). The fact that LIR increased significantly when VTI started decreasing may be due
to either a manifestation of cellular energetic failure and anaerobic metabolism or as a
“wash-out” phenomenon after this initial “sub-clinical” vasodilatation occurred. Our model
does not allow us to discriminate between these two mechanisms. CC animals exhibited an
increase in LIR from B90 to RO followed by vasodilatation whereas NoCC animals did not.
Lactate, in the setting of hemorrhagic shock can accumulate by increased production due to
anaerobic metabolism, clearance failure, or both (19). Increased lactate production may be
secondary to anerobiosis if IDO, is insufficient to sustain cellular respiration (10, 38). This
phenomenon is often cited as a primary cause of lactic acidosis in circulatory shock states
(10, 38). Our data showed no immediate significant changes in IDO5, paralleling the rapid
increase in lactate accumulation at B90-R0. However, after 30 min of bleeding (B30), IDO,
became insufficient (< 300 ml/min/M?), and O,ER and lactate increased (> 50% and > 2
mmol/l, respectively) for at least an hour before CC occurred. These data suggest that
inadequate substrate supply contributed to energetic and mitochondrial failure (42) and
supports the traditional concept of O, debt as a determinant of cellular energetic failure (11,
35), even in the acute phase of shock. We cannot speculate further on this issue because we
did not measure mitochondrial redox potentials, intracellular ADP/ATP ratios or lactate/
pyruvate ratios.

Despite having evidence of possible O, debt as a precursor for hyperlactatemia, our
sampling protocol did not allow us to identify their temporal relationships more precisely.
The analysis of BE provided further insight into this matter. We used BE to evaluate other
possible ion shifts during the shock period that would not be detected by measuring and
analyzing lactate. We observed that CC animals had BE changes consistent with an
increased acid load, whereas NoCC animals never had BE lower than 0 (neutral).
Furthermore, changes in BE in CC animals occurred as early as B30, which suggests that the
increment seen in LIR at B90-RO is at least in part secondary to energetic failure leading to
cellular acidosis and not entirely to a washout phenomenon. This data also provides proof of
temporal relationship between these events, placing metabolic acidosis/hyperlactatemia
preceding actual vasodilatation.

Finally, the presence of adrenal insufficiency can also explain the lack of responsiveness of
the vascular smooth muscle to the presence of vasoconstrictor ligands (13, 39). Adrenal
insufficiency can cause vasodilatation mainly by a decreased cortisol stress response.
Cortisol stimulates vascular responsiveness by potentiating the vasoconstrictor actions (12,
26, 32, 48) of norepinephrine (by a non-receptor mediated, unclear mechanism) and
angiotensin Il (by up regulation of angiotensin Il receptors in the vascular smooth muscle
membrane) (45, 46). A deficient cortisol response results in vascular hyporesponsiveness to
pressors and also in more indirect findings such as hypoglycemia. We did not measure
adrenal function in our experiment. However, indirect findings provide information to
propose testable hypotheses. Our data showed that vasodilatation occurred in the group of
animals with highest levels of Epi (CC group), which could be indirect evidence of vascular
hyporesponsiveness to adrenal insufficiency, but does not provide proof of principle or
causality. In addition, there were no differences in glucose levels between CC and NoCC.
On the other hand, the subgroup analysis by survival showed that NS had consistently lower
levels of Epi and glucose than S even before hemorrhage (data not shown), suggesting a
potential endocrine failure manifested during the surgical procedure before shock.
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Limitations

Besides the limitations described above, our major practical limitation was the small number
of NoCC animals. Only 3 animals had NoCC and 5 animals did not survive our resuscitation
protocol. This small number of NoCC and NS animals represents a limitation when drawing
conclusions on the comparison between CC and NoCC, as well as between S and NS.

In conclusion, we describe here a severe T/HS model that mimics the real life trauma
conditions and precipitates CC in a majority of the test animals. Furthermore we observed
that CC was always preceded by a decrease in VTI and a higher EPI than Non-CC animals
and that the LIR rise markedly increased prior to CC. These data collectively support the
hypothesis that loss of vasomotor tone precedes CC and that the mechanisms for CC is
cellular energy failure owing to an increasing O, debt which displays a different threshold
value among subjects.
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Table 1

Hemodynamic characteristics during surgery and bleeding

Characteristic Cohort cC No CC
n 14 11 3
Excluded animals? 2 2 0
Weight (kg) 31.6+3.7 306 +1.3 35.0+7.8
Total Blood Volume (ml) 2127 + 252 2063 + 87 2355 + 525
Survivors (n, %) 9/14 (64%) 7/11 (64%) 2/3 (67%)
Surgery period (prior to hemorrhage)
Duration of Surgery 1822+27.1 1819+292 175.6+18.6
Hemodynamics during surgery
HR (beats/min) 113+ 18 110+ 10 128 + 39
30min  MAP (mmHg) 64 +14 66 + 16 50+7
SpO, (%) 98+1 98+1 97+1
HR (beats/min) 102 +12 104 £ 12 95+ 13
MAP (mmHg) 69+8 69+9 69+8
SpO; (%) 96+ 6 96+7 97+3
90 min  Cl (L/min/m?) 6.2+1.6 6417 54+0.1
IDO, (MIO,/min/m2) 790 + 186 814 + 195 707 £178
SVO, (%) 70+8 67+7 77+8
Lactate (mmol/L) 1.3+03 13+04 1405
HR (beats/min) 94 +13 96 + 15 89+5
MAP (mmHg) 59+5 59+5 59 + 10
SpO, (%) 99+1 99+1 981
Bomin o, (L/min/m?) 4107 43£06 34%05
IDO, (MIO,/min/m?) 551 + 86 577 + 64 476 + 125
SvO, (%) 62+9 62+7 63+18
Shock period
No. Bleedings 21+038 22+09 1.7+06
Volume bled (mL) 684 + 167 722 + 154 544 + 159
Volume bled/bleeding (mL) 370 £ 142 379 £ 158 337 £ 65
% Total Blood Volume Bled 32+9 35+8 23+4 %
Time to Decompensation (min) 52.8+315 42.3+26.8 916+16 F
Total duration of Shock (min) ~ 90.8+33.7 808281 {974+208 *

Data presented as mean + SD;

*
p > 0.05 as compared to CC.

’tTwo animals were excluded from the study, the first due to an error in the hemodynamic data collection system. The second was excluded
because of profound metabolic derangement after surgery but before hemorrhage, presumably due to malignant hyperthermia.
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