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Thrombelastography is Better Than PT, aPTT, and Activated
Clotting Time in Detecting Clinically Relevant Clotting
Abnormalities After Hypothermia, Hemorrhagic Shock and
Resuscitation in Pigs

Wenjun Z. Martini, PhD, Douglas S. Cortez, BS, Michael A. Dubick, PhD, Myung S. Park, MD,

and John B. Holcomb, MD

Background: Hypothermia and hem-
orrhagic shock contribute to coagulopathy
after trauma. In this study, we investigated
the independent and combined effects of hy-
pothermia and hemorrhage with resuscita-
tion on coagulation in swine and evaluated
clinically relevant tests of coagulation.

Methods: pigs (n = 24) were ran-
domized into four groups of six animals
each: sham control, hypothermia, hem-
orrhage with resuscitation, and hypo-
thermia, hemorrhage with resuscitation
combined. Hypothermia to 32°C was in-
duced with a cold blanket. Hemorrhage
was induced by bleeding 35% of total
blood volume followed by resuscitation
with lactated Ringer’s solution. Coagula-
tion was assessed by thrombin generation,
prothrombin time (PT), activated partial
thromboplastin time (aPTT), activated clot-
ting time (ACT), and thrombelastography
(TEG) from blood samples taken at baseline
and 4 hour after hypothermia and/or hem-
orrhage with resuscitation. Data were com-
pared with analysis of variance.

Results: Baseline values were similar
among groups. There were no changes in
any measurements in the control group.
Compared with baseline values, hemor-
rhage with resuscitation increased lactate to
140% = 15% (p < 0.05). Hypothermia
decreased platelets to 73% = 3% (p <
0.05) with no effect on fibrinogen. Hemor-
rhage with resuscitation reduced platelets
to 72% = 4% and fibrinogen to 71% =
3% (both p < 0.05), with similar decreases
in platelets and fibrinogen observed in the
combined group. Thrombin generation
was decreased to 75% = 4% in hypother-
mia, 67% * 6% in hemorrhage with
resuscitation, and 75% = 10% in the
combined group (all p < 0.05). There
were no significant changes in PT or
aPTT by hemorrhage or hypothermia.
ACT was prolonged to 122% = 1% in
hypothermia, 111% = 4% in hemor-
rhage with resuscitation, and 127% =
3% in the combined group (all p < 0.05).
Hypothermia prolonged the initial clot-
ting time (R) and clot formation time

(K), and decreased clotting rapidity («)
(all p < 0.05). Hemorrhage with resus-
citation only decreased clot strength
(maximum amplitude [MA], p < 0.05).
TEG parameters in the combined group
reflected the abnormal R, K, MA, and «
observed in the other groups.

Conclusion: Hypothermia inhibited
clotting times and clotting rate, whereas
hemorrhage impaired clot strength.
Combining hypothermia with hemor-
rhage impaired all these clotting param-
eters. PT, aPTT were not sensitive
whereas ACT was not specific in detect-
ing these coagulation defects. Only TEG
differentiated mechanism related to clot-
ting abnormalities, and thus may allow
focused treatment of clotting alterations
associated with hypothermia and hemor-
rhagic shock.
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emorrhage is the leading potentially preventable
cause of death on the battlefields and a major cause
of death in civilian trauma.'? In addition to func-
tional alterations in heart, liver, lung, kidney, and gastro-
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intestinal systems,>> hemorrhage disrupts the coagulation
process, resulting in the clinical consequences of uncontrolled
bleeding, disseminated intravascular coagulation, and throm-
botic complications.>>'* Although hemorrhage-associated co-
agulation complications have been demonstrated in trauma
patients,®~'? our understanding of these coagulation abnor-
malities is limited to the depletions of coagulation com-
ponents and factors.

Deliberate hypothermia is being used as a neuroprotec-
tive mechanism during cardiopulmonary bypass surgery.''!?
However, accidental hypothermia is associated with abnor-
mal bleeding and increased mortality in trauma victims.'*~"”
Hypothermia of 32°C alone is associated with a 23% mor-
tality rate; less than 32°C of trauma induced-hypothermia
is associated with nearly 100% mortality as a result of
arrhythmias.'*'*'® The effects of hypothermia on coagula-
tion relate to inhibition of platelet function and reduced clot-
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ting factor activities.'®>° However, the combined effect from
hemorrhagic shock and hypothermia on the coagulation pro-
cess has received little attention. In addition, clinical standard
coagulation tests (i.e., PT, aPTT) are often normal despite
significant changes in coagulation function'®*'® and com-
parisons of these tests are infrequent.

The purpose of this study was to investigate the individual
and combined effects of hypothermia and hemorrhage on the
clotting process in a swine model. Coagulation abnormalities
were characterized by changes in platelet counts, fibrinogen
levels, thrombin generation, and clotting function evaluated by
standard clinical tests of PT, aPTT, activated clotting time
(ACT), and thrombelastography (TEG) after hemorrhagic
shock and hypothermia.

METHODS

This study was approved by the Institutional Animal
Care and Use Committee of the US Army Institute of Surgi-
cal Research and adhered to the NIH guidelines for the Care
and Use of Laboratory Animals (DHHS Publication NIH
88-23). A total of 24 pigs (39 * 1 kg) were randomly
assigned into four groups: the sham control group (control,
n = 6), the hemorrhage-resuscitation group (hemorrhage, n =
6), the hypothermia group (hypothermia, n = 6), and the
hemorrhage-resuscitation hypothermia combined group
(combined, n = 6). After an overnight fast, animals were
preanesthetized with glycopyrrolate (0.1 mg/kg) and tela-
zol (6 mg/kg). The pigs were then intubated and main-
tained by 1.0%-1.5% isoflurane in 100% oxygen by mask
for the surgical procedures. Polyvinyl chloride catheters
were inserted into the thoracic aorta via the carotid artery
for measurement of mean arterial pressures, heart rates,
and temperatures. The right femoral artery was cannulated
for arterial blood sampling and the left femoral artery for
induction of bleeding. The left femoral vein was cannu-
lated for lactated Ringer’s (LR) resuscitation. The right
femoral vein was cannulated for intravenous anesthesia of
ketamine during the study.

Upon completion of catheter cannulation, anesthesia was
switched to a combination of isoflurane (0.5%) and continuous
intravenous drip of ketamine (0.15 mL/kg/h of 100 mg/mL) in
all pigs for the remainder of the study period. After a 10-minutes
stabilization period, blood samples were taken for baseline mea-
surements (0 hour, normal pig body temperature of 39°C). Hem-
orrhagic shock was then induced in the hemorrhage group by
bleeding approximately 35% of total blood volume (24.5 = 0.1
mL/kg) over about a 30 minutes period from the left femoral
artery to a preweighed canister on a balance. The rate of bleed-
ing was controlled by adjusting the clamp on the left femoral
artery catheter to maintain mean arterial pressure above 40 mm
Hg. Afterward, pigs were resuscitated with LR at three times the
bled volume over approximately 30 minutes. Pigs in the control
and hypothermia groups were not bled or resuscitated. Hypo-
thermia of 32°C was induced over approximately 1 hour in the
hypothermia group using a cold blanket with 4°C circulating
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water. In the combined group, hemorrhagic shock and LR re-
suscitation were induced the same way as in the hemorrhage
group and hypothermia was induced after starting of the 35%
bleed. At 4 hours after baseline measurements (4 hour), blood
samples were taken for measurements of coagulation and
hemodynamics. Animals were euthanized afterward with an
overdose of a veterinary euthanasia solution (FatalPlus, Fort
Dodge, 1A).

Mean arterial pressures and heart rate were recorded hourly
during the study. Pig blood temperatures were monitored in vivo
using intra-arterial sensors precalibrated according to the man-
ufactures instructions (Paratrend 7 Trendcare System, Diametrics
Medical, Roseville, MN). Cardiac output was measured hourly by
thermodilution in triplicate during the study.

Analytical Methods

Platelet counts were measured from citrated blood using
an ABX Pentra 120 Hematology Analyzer (ABX Diagnos-
tics, Irvine, CA). Blood gas measurements (i.e., lactate) were
analyzed by the Omni-9 Blood Gas Analyzer (AVL, Mont-
pellier, France). Blood chemistries (i.e., total protein and
albumin) were measured by the Dimension Clinical Chemis-
try System (Dade Behring, Newark, DE). Plasma fibrinogen
concentration was measured using the BCS Coagulation Sys-
tem (Dade Behring, Deerfield, IL). PT and aPTT were mea-
sured using the BCS coagulation system at the pig’s body
temperatures when blood samples were taken (39°C (normal
temperature for swine) or 32°C). ACT was measured in fresh
whole blood using Hemochrone (HRFTCA 510 Hemochron,
Internation Technique, Edison, NJ). TEG (TEG 5000 Hemo-
stsis Analyzer, Hemoscope, Niles, IL) was performed using
fresh whole blood samples with tissue factor at pig body
temperatures (39°C or 32°C).

Thrombin generation was assessed by quantifying
thrombin-antithrombin III (TAT) complex from minimally
altered fresh whole blood samples, after the procedure de-
scribed by Rand et al.?’ Briefly, fresh whole blood samples
were added into tubes set on a shaker plate. After 20
minutes, a “quench” solution of 50 mmol/L EDTA and 10
mmol/L benzamidine in N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid (HEPES)-buffered saline was added to
the blood samples to stop clot formation. The quenched
samples were centrifuged and supernatants were collected for
TAT concentration measurement using commercially avail-
able enzyme-linked immunosorbent assay kits (Enzygnost
TAT, Dade Behring, Deerfield, IL). The TAT concentrations
from the supernatant samples reflect thrombin content gen-
erated from fresh whole blood samples before the addition of
quench solution.

Statistical Analysis

Data were expressed as means = SEM and analyzed using
SAS statistical software. In each group, comparisons were made
in all measurements on a pre/post basis using one-way analysis
of variance. Between group comparisons were made with ap-
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propriate adjustments for multiplicity using Tukey adjustment.
The statistically significant level was set at p < 0.05.

RESULTS
Physiology and Hemodynamics

All animals survived to the end of the study. There
were no significant changes observed in any measurements
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in the control group during the study. Mean arterial pres-
sure was decreased in the hemorrhage, hypothermia, and
the combined groups (Fig. 1). Cardiac output was initially
elevated in the hemorrhage group at the 1-hour time pe-
riod, followed by a return to baseline values (Fig. 1). In
contrast, cardiac output only decreased compared with
baseline in both the hypothermia and the combined groups
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Fig. 1. Physiologic changes after hypothermia and hemorrhage in pigs. Data represent mean = SEM for six animals per group. *p < 0.05

compared with corresponding baseline. Tp < 0.05 compared with changes in the hemorrhage group.

Volume 65 ® Number 3

537

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



The Journal of TRAUMA® Injury, Infection, and Critical Care
|

(Fig. 1). Heart rate was decreased from baseline in the
hypothermia and the combined groups, but not in the
hemorrhage group (Fig. 1).

Compared with corresponding baseline values, lactate
levels were increased similarly in the hemorrhage group
(from 1.8 = 0.1 mmol/L to 2.5 = 0.2 mmol/L) and the
hypothermia group (from 1.7 = 0.4 mmol/L to 2.8 = 0.4
mmol/L, both p < 0.05). A larger increase of lactate was
observed in the combined group (from 1.8 = 0.1 mmol/L to
7.1 = 1.4 mmol/L, p < 0.05 compared with baseline and to
the changes in the hemorrhage and hypothermia groups).
Plasma total protein was similarly decreased in the hemor-
rhage group (from 5.5 = 0.1 g/dL to 3.8 = 0.1 g/dL) and the
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combined group (5.2 *= 0.3 g/dL to 3.3 = 0.2 g/dL, both p <
0.05). Plasma albumin level was also similarly decreased in
the hemorrhage group (65% = 3% of baseline) and in the
combined group (58% = 4% of baseline, both p < 0.05).
There were no significant changes in total protein and albu-
min in the hypothermia group.

Fibrinogen, Platelets, and Thrombin Generation
Plasma fibrinogen concentrations were similarly de-
creased in the hemorrhage group to 71% = 3% of baseline
and in the combined group to 65% = 4% of baseline (both
p < 0.05), with no significant changes in the hypothermia
group (Fig. 2). Platelet counts were similarly decreased in the
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Fi9. 2. Changes in fibrinogen and platelet counts after hypothermia and hemorrhage with resuscitation in pigs. Data represent mean + SEM
for six animals per group. *p < 0.05 compared with corresponding baseline.
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Table 1 Changes in PT and aPTT After Hypothermia and/or Hemorrhage With Resuscitation

PT (sec) PTT (sec)
Baseline (39°C) 4 h (39°C) 4 h (32°C) Baseline (39°C) 4 h (39°C) 4 h (32°C)
Control 10.1 £ 0.2 10.1 = 0.1 N/A 16.0 £ 0.2 16.4 = 0.2 N/A
Hemorrhage-resuscitation 10.3 = 0.4 10.8 = 0.4 N/A 159 = 0.2 16.3 £ 0.2 N/A
Hypothermia 104 £0.2 10.3 £ 0.1 10.6 = 0.2 15.2 = 0.1 15.4 £ 0.2 15.9 = 0.3
Combined* 10.3 £ 0.2 10.8 = 0.3 14.0 = 0.47 15.9 £ 0.2 15.8 £ 0.2 16.3 £ 0.2

Data are means *+ SE. Temperatures in parentheses were temperatures when assay was performed.

*p < 0.05 compared with baseline values.

T Combined is the hypothermia, hemorrhage with resuscitation combined group.

N/A indicates not applicable.

hemorrhage group, hypothermia and combined groups to
72% * 4%, 13% = 3%, and 66% = 4% of baseline, respec-
tively (all p < 0.05, Fig. 2). Thrombin generation, measured
from fresh whole blood samples, was similarly decreased
in the three experimental groups. Thrombin generation at 4
hour decreased to 67% = 6% in the hemorrhage group, to
75% = 4% in the hypothermia group, and to 75% = 10%
of baseline in the combined groups (all p < 0.05 compared
with baseline).

Coagulation Tests

PT and aPTT were measured at pig body temperatures
when blood samples were taken at baseline and at 4 hour
during the study. In the hypothermia and the combined
groups, PT and aPTT at 4 hour were also measured at 39°C
and the pig target body temperature of 32°C for comparison.
There were no changes in PT or aPTT observed in the
hemorrhage group (Table 1). There were also no changes
observed in PT or aPTT in the hypothermia group, regardless
of the assay temperature (Table 1). In the combined group,
PT was prolonged by 40% whereas aPTT remained un-
changed when the assay temperature was 32°C (Table 1).
However, when assayed at 39°C, there were no significant
changes in PT or aPTT in the combined group (Table 1).

ACT measured from fresh whole blood was prolonged in
the three experimental groups. ACT was increased from a
baseline of 107 £ 6 seconds to 117 *= 2 seconds in the
hemorrhage group. There was a larger increase in ACT in the
hypothermia group (from baseline of 104 *= 2 seconds to
128 = 3 seconds, p < 0.05 compared with baseline and to
changes in the hemorrhage group). The increase of ACT in
the combined group (from baseline of 105 = 3 seconds to
133 = 3 seconds, p < 0.05) was similar to that in the
hypothermia group.

Coagulation function was assessed using TEG from fresh
whole blood samples taken at baseline and 4 hour during the
study. Hypothermia prolonged the initial clot formation time
(R time) and time to maximum clot formation (K time), and
slowed clot rapidity («) with no effects on clot strength (MA,
Fig. 3). In contrast, hemorrhage and resuscitation did not
change R time, K time, or clot rapidity, but impaired clot
strength. In the combined group, R time, K time, clot rapidity,
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and clot strength were all impaired (Fig. 3). Thus, there were
independent additive effects on TEG measurements in the
combined group.

DISCUSSION

In this study, we investigated the individual and com-
bined effects of hemorrhage and hypothermia on the co-
agulation process in a swine model. The contribution of
hypothermia and hemorrhage to coagulation was examined
through clinical coagulation tests such as PT, and aPTT,
fibrinogen levels, platelet counts, thrombin generation, and
clotting function. Our data showed that hypothermia and
hemorrhage affected different aspects of the coagulation pro-
cess and both caused coagulation functional abnormalities.
Further, the standard laboratory tests most clinicians use (i.e.,
PT and aPTT) to evaluate clotting function in trauma patients
were inadequate to document these significant changes.

The coagulation process consists of a cascade of enzy-
matic reactions. The effect of temperature on an enzyme-
catalyzed reaction is known as the Q,, effect, as the activity
of an enzyme reaction is decreased by about 50% for every
10°C drop in temperature.® The clinical aPTT test represents
enzymatic reactions in the intrinsic system, including the
activation of factor XIla, XIa, IXa, Xa, and Ila. In the current
study, hypothermia of 32°C induced in vivo did not cause
significant changes in aPTT (when assayed at 32°C or 39°C).
This indicates that the drop in temperature from 39°C to 32°C
did not affect the overall enzymatic activity in the intrinsic
pathway. Similar observations were reported by Wolberg et
al. in an in vitro study.?* When plasma samples were chilled
from 37°C to 33°C, the authors reported that there were no
changes in aPTT.? It appears that the Q,, effect of a single
enzyme reaction does not translate into a multienzyme reac-
tion system in the coagulation process.

The clinical PT test reflects the enzymatic activation in
the extrinsic system, which includes the activation of factor
VIIa, Xa, and ITa. Similar to aPTT, PT did not change after
hypothermia in this study (when assayed at 39°C or 32°C).
When plasma samples from normal humans and from non-
coagupathic patients were chilled from 37°C to 25°C, Reed
et al.*® and Gubler et al.>> showed that PT and PTT were
significantly prolonged by hypothermia less than 35°C. In the
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Fiu. 3. Changes in TEG measurements after hypothermia and hemorrhage with resuscitation in pigs. Data represent mean = SEM for six

animals per group. *p < 0.05 compared with corresponding baseline.

present study, hypothermia of 32°C was induced in pigs and
we did not observed significant changes in PT or aPTT
(assayed at 32°C). The differences between our study and
those studies may be due to the differences of hypothermia
induced in a test tube versus in vivo, as well as differences in
species. In addition, when hypothermia was combined with
hemorrhage and resuscitation, PT (assayed at 32°C) was pro-
longed nearly 40%. Apparently both temperature drop and shock
with hemodilution were necessary to cause a detectable change
in PT. However, with faster and more severe hemorrhage, shock
and hemodilution alone may possibly cause detectable changes
in PT. It is worth mentioning that the changes in PT by
combined hypothermia and hemorrhage were not detected
when PT was assayed at 39°C, the pig’s normal temperature,
supporting the current clinical recommendation that advo-
cates PT and aPTT testing at temperatures equivalent to the
patient’s body temperature.

Although PT (assayed at 32°C, pig body temperature
when blood sample were withdrawn) was prolonged in the
combined group, we did not observe significant changes in
aPTT (assayed at 32°C) in the same group in this study. The
lack of changes in aPTT and significant changes in PT in the
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combined group indicate that temperature has differential
effects on the intrinsic and extrinsic pathways of the coagu-
lation process. Further, since there are more enzymatic steps
involved in aPTT when compared with those in PT, it is clear
that the effects of temperatures on coagulation pathways are
not simply an accumulation of effects from individual steps.

Besides temperature, enzyme concentrations contribute
to the activities of enzyme reactions. In this study, a 35%
blood loss and fluid resuscitation caused similar decreases in
fibrinogen levels and platelet counts as the combined group.
However, these decreases did not cause significant changes in
PT or aPTT in this study. It is known that there are abundant
coagulation components and factors present in the circula-
tion. Thus, a 35% blood loss and fluid resuscitation in this
study might not reduce the levels of coagulation factors
below the threshold for normal function. Consistently, to
correlate clotting factor deficiency to functional changes, Al
Dieri et al.?’ measured changes of clotting potential (using
thrombin potential measured by the area under the curve from
the thrombogram) from plasma samples taken from patients
with congenital deficiencies of various coagulation factors.
The authors concluded that clotting factors had to be de-
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creased to a considerable extent for changes of clotting po-
tential to be detected. For example, factor V, VII, XI ,and X
had to be decreased to 1% to 5% of normal values to cause a
50% change in clotting potential.>” Thus, the simple moder-
ate hemorrhage and LR resuscitation model used in this study
did not deplete coagulation substances low enough to change
clotting time (enzyme activities). However, a different situ-
ation might be expected after multiple injuries with uncon-
trolled hemorrhage in patients with severe trauma.

Platelet dysfunction from hypothermia has been reported
in the literature.'®**%32*3% In this study, hypothermia of
32°C caused a 28% drop in platelet counts, similar to the drop
from blood loss and fluid resuscitation in the hemorrhage
group (25%). The mechanisms leading to the decrease by
hypothermia is unclear. When platelets isolated from human
blood were chilled from 37°C to 33°C, Wolberg et al.**
reported that platelet aggregation and adhesion were reduced.
Thus, changes in aggregation and adhesion might possibly
lead to an accelerated removal of platelet from the circulation
and a decrease in platelet counts. Fibrinogen levels, in con-
trast, were not changed significantly from baseline by hypo-
thermia in this study, while there was about a 30% depletion
of fibrinogen levels observed in the hemorrhage and the
combined groups. Although fibrinogen level was reduced by
30% after hemorrhage and resuscitation, there were no sig-
nificant changes in TEG « (clotting rapidity) measurements.
The lack of changes in « indicates that a larger drop in
fibrinogen may be needed to cause significant changes in «,
or fibrinogen may not be the only factor to affect a values.
Considering a 35% blood loss induced in hemorrhage and
combined groups and similar 30% to 35% drops in total
protein and albumin were also observed in both groups, the
depletion of fibrinogen in both groups most likely reflect the
blood loss and fluid resuscitation-induced changes in blood
volume.

Catalyzing the conversion of fibrinogen to fibrin clots,
thrombin plays a central role in the clotting process.?' Throm-
bin is generated from prothrombin upon the activation of
factor Xa, Va, and platelets. In this study, hypothermia caused
about a 25% decrease in thrombin generation. Similar decreases
were observed in the hemorrhage and combined groups. Be-
cause platelet counts were similarly decreased in all three
groups, we speculate that the inhibition in thrombin generation
may be due to inhibition of platelet activation involved in throm-
bin generation process. Further investigation into this mecha-
nism appears warranted.

ACT is a bedside clotting test that is often used for
monitoring high-dose heparin anticoagulation. It measures
the clot formation time from fresh whole blood samples in
a tube containing an activator in the intrinsic pathway of
coagulation.® ACT is thus similar to aPTT except that it
includes the interaction of platelets with other clotting
components. In contrast to aPTT, ACT in this study was
prolonged by hypothermia and hemorrhage with fluid re-
suscitation, individually and combined. The differences
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between changes of ACT and aPTT suggest that platelets,
which are not included in aPTT test, are likely an important
contributor to changes observed in this study. In addition,
since ACT was prolonged more in the hypothermia group
(about 20%) than that in the hemorrhage group (about 10%),
it is reasonable to speculate that hypothermia possibly cause
more platelet dysfunction than a moderate blood loss and
fluid resuscitation. Further, ACT was similarly prolonged by
hypothermia and by hypothermia and hemorrhage with re-
suscitation combined in this study, supporting that hypother-
mia is possibly the primary contributor to the changes in ACT
after hypothermia and hemorrhage.

The coagulation process is a symphony of inseparable
interactions of fibrinogen, platelets, clotting enzymes, clot-
ting factors, Ca™ ™, and the endothelium. The overall effects
from individual factors are best presented in coagulation
functional assessment. TEG provides comprehensive clotting
profile analysis as it measures initial clot formation time, time
to maximum clot, clot speed, clot strength, and fibrinolysis.
In this study, TEG analysis showed that hypothermia delayed
initial clot formation and decreased clot rapidity, but did not
affect clot strength. Hemorrhage and resuscitation, on the
other hand, did not change the initial clot formation or clot
rapidity, but impaired clot strength. Thus, hypothermia and
hemorrhage have differential effects on coagulation function.
Since overall enzyme activity in this study did not appear to
be a significant contributor, these functional changes are
likely due to platelet dysfunction from hypothermia and de-
pletion of fibrinogen and platelets from hemorrhage and fluid
resuscitation. When hypothermia and hemorrhage with fluid
resuscitation were combined, there were impairments in all of
the above parameters, indicating independent additive effects.
Our data suggest that comprehensive approaches (i.e., re-
warming, supplementation of clotting factors, avoiding iatro-
genic dilution, etc.) may be needed for effective treatments of
trauma patients with hypothermia and hemorrhage associated
coagulopathy.

Commonly used clinical coagulation tests include PT,
aPTT, and ACT. Each of these tests monitors different as-
pects of coagulation. PT and aPTT are performed in platelet
poor plasma, which exclude the interaction of platelets and
other blood components. PT and aPTT reflect the overall
activity from plasma clotting factors involved in the extrinsic
and intrinsic pathways, respectively. Because the overall en-
zyme activity from extrinsic or intrinsic pathway did not
appear to change significantly, and the significant contribu-
tor, platelets, was excluded in the measurements, PT or aPTT
is therefore unable to adequately reflect coagulation defects
from hypothermia and hemorrhage in this study. Indeed,
Tripodi et al.*® described that our current standard tests of PT
and aPTT are useful to reveal information on a clotting
process that exists in an in vitro test tube, but bears little
relation to the in vivo perturbation of the coagulation system.
On the other hand, significant changes in PT or aPTT indicate
significant inhibition in the overall enzyme activities and
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severe impairment in the enzymatic reaction driven coagula-
tion process, as demonstrated in recent articles about PT or
international normalized ratio (INR) being indicative of poor
clinical outcomes.**® Thus, although the insensitivity of PT
or aPTT under some circumstances is not appreciated, it
should be recognized that significant changes in PT and aPTT
signal severe impairment in coagulation. As mentioned, ACT
measures the clot formation time from fresh whole blood
samples.*” Since platelets and other blood clotting compo-
nents are included, ACT is more sensitive than PT and aPTT
in detecting clotting changes, as has been shown in this study.
However, since it only monitors the clot formation time, ACT
cannot specifically indicate changes in clotting speed and
strength other than the clotting time. In contrast, TEG pro-
vides assessments of the initial clotting time, time to maxi-
mum clotting, clotting rapidity, clot strength, and fibrinolysis.
Hypothermia and hemorrhage used in this study caused
changes in these parameters, which have been reflected in
TEG measurements in this study. Thus, the advantages of
TEG measurements come from its comprehensive coverage
of the coagulation process in helping to elucidate mechanisms
associated with coagulation abnormalities associated with
clinical conditions relevant to trauma.

TEG measurements with tissue factor provide coagula-
tion changes through the activation of extrinsic pathway,
whereas the measurements with kaolin reflect changes
through the activation of intrinsic pathway. After trauma
injury, tissue factor is released into blood stream to affect
coagulation. Thus, coagulation changes measured through the
activation of extrinsic pathway may be more physiologically
relevant. Therefore, tissue factor was used in TEG measure-
ments in this study. Since some TEG measurements are
performed with kaolin in hospital setting, it is worthwhile to
compare the two sets of measurements in our future studies.

In summary, we examined the systematic effects of hy-
pothermia and hemorrhage on the coagulation process in a
swine model. The overall enzyme activities in the extrinsic or
intrinsic pathways, as reflected in the PT and aPTT tests,
were not affected by hypothermia or hemorrhage, but plate-
lets and thrombin generation were inhibited by hypothermia
and/or hemorrhage with fluid resuscitation. Hypothermia and
hemorrhage have differential effects on the coagulation pro-
cess. Hypothermia inhibited the initial clot formation and clot
rapidity, whereas hemorrhage and fluid resuscitation primar-
ily impaired clot strength. Combined hypothermia and hem-
orrhage impaired all of these parameters. Compared with PT,
aPTT, and ACT, TEG appears to be a better test to detect
mechanisms associated with coagulation abnormalities in-
duced by hypothermia and hemorrhage and may provide a
guide for more focused treatments of clotting abnormalities
after trauma.
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