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Abstract

Introduction—Thrombelastography (TEG) has been used to characterize the coagulation
changes associated with injury and shock. Animal models developed to investigate trauma-induced
coagulopathy (TIC) have failed to produce excessive bleeding. We hypothesize that a native TEG
will demonstrate marked differences in humans compared to these experimental models, which
explains the difficulties in reproducing a clinically relevant coagulopathy in animal models.

Methods—Whole blood was collected from 138 healthy human volunteers, 25 swine and 66
Sprague Dawley rats prior to experimentation. Citrated native TEGs were conducted on each
whole blood sample within 2 hours of collection. The clot initiation (R-time, min), angle
(degrees), MA (mm), and LY 30 (%) were analyzed and contrasted between species with data
represented as the median and 25% to 75™ quartile range. Difference between species was
conducted with a Kruskall Wallis test with alpha adjusted with a Bonferroni correction for
multiple comparisons (alpha = 0.016).

Results—Median R-Time (clot initiation) 14.65 min (IQR: 13.2-16.3 min) for humans, 5.7 (4.9-
8.8) for pigs, and 5.2 (4.4-6) for rodents. Humans had longer R-Times than both pigs (p<0.0001)
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and rats (p<0.0001); pigs were not different from rats (p= 0.4439). Angle (fibrin cross-linking)
was 42.3 degrees (IQR: 37.5-50.2) for humans, 71.7 (64.3-75.6) for pigs, and 61.8 (56.8-66.7) for
rats. Humans had reduced Angle compared to both pigs (p<0.0001) and rats (p<0.0001); pigs were
not different from rats (p=0.6052). MA (clot strength) was 55.5 mm (IQR: 52.0-59.5 for humans,
72.5 (70.4-75.5) for pigs, and 66.5 (56.5-68.6) for rats. Humans had reduced MA compared to
both pigs (p<0.0001) and rats (p<0.0001); pigs were not different from rats (p=0.0161). LY 30
(fibrinolysis) was 1.5 % (IQR: 0.975-2.5) for humans, 3.3 (1.9-4.3) for pigs, and 0.5 (0.1-1.2) for
rats. Humans had a lesser LY 30 than pigs (p=0.0062) and a greater LY 30 than rats (p<0.0001), and
pigs had a greater LY 30 than rats (p<0.0001).

Conclusion—Humans, swine, and rodents have distinctly different coagulation systems, when
evaluated by citrated native TEG. Animals are hypercoagulable with rapid clotting times and clots
strengths nearly 50% stronger than humans. These coagulation differences indicate the limitations
of previous models of TIC in producing coagulation abnormalities associated with increased
bleeding. The inherent hypercoagulable baseline tendencies of these animals may result in
subclinical biochemical changes that are not detected by conventional TEG and should be taken
into consideration when extrapolated to clinical medicine.
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trauma-induced-coagulopathy; thrombelastography; clot initiation; rate of clot formation; clot
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Introduction

Thrombelastography (TEG) based resuscitation compared to conventional laboratory
coagulation assays reduces mortality in trauma patients undergoing massive transfusion [1].
The implementation of TEG into clinical practice has been due to the ability to characterize
the coagulation changes associated with injury and hemorrhagic shock [2, 3] However, it has
been challenging to develop animals that replicate the excessive bleeding observed in
seriously injured patients. [4]. This is likely due to inherent differences between human and
animal coagulation systems. Previous work has emphasized differences in various
coagulation components in animal models in an attempt to define the ideal model that
mimics the coagulation profile of humans [5]. Furthermore, rodents are resistant to shock
induced fibrinolysis, and the amount of exogenous t-PA to elicit fibrinolysis in whole blood
in a rat is 10 fold higher than a human|[6].

Viscoelastic assays provide a comprehensive assessment of clot formation and clot
remodeling and degradation. There is a paucity of data that contrasts TEG measurements
between animal models to human subjects. Therefore, the purpose of this study was to
explain the difficulties in reproducing a clinically relevant coagulopathy in animal models
through discrepancies between animal and human TEG indices. We hypothesize that a TEGs
demonstrate substantial differences in humans compared to animals employed in these
experimental models, which underscores the challenges in reproducing a clinically relevant
coagulopathy.

J Surg Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stettler et al.

Page 3

Materials and Methods

Materials

Whole blood was collected from 138 healthy human volunteers under the Colorado Multiple
Institutional Review Board (COMIRB) protocol number 14-0366. Whole blood was also
collected from 25 outbred pigs (Colorado State University farm, Fort Collins, CO) and 66
Sprague Dawley rats (Envigo, Indianapolis, IN) prior to experimentation, through a protocol
approved by the University of Colorado Institutional Animal Care and Use Committee
(Protocol 90814(11)1D, 90814(12)1D, and 90811(11)1D). Human data were compiled from
a database evaluating the normal baseline viscoelastic parameters of healthy volunteers. Pig
and rat data were complied from a database of TEGs collected on previously conducted
animal experiments. There were no additional animals used for these experiments. The
primary outcome was differences in baseline viscoelastic parameters.

Blood Collection

Human blood samples were collected from healthy volunteers after informed consent was
obtained. Blood was collected in citrate (3.2%) tubes (Vacutainer, Becton-Dickingson,
Franklin Lakes, NJ) following venipuncture of the antecubital fossa. Rat blood was collected
after femoral artery cannulation. The process of rat blood collection was done as previously
described [7]. Pig blood was similarly collected after femoral artery cut down and
cannulation. Rat and pig blood was collected in 3.2% citrate similar to that of human blood.
For humans and pigs, blood was collected in a single 3.2% citrate tube. For rats, 900 uL of
blood was collected from the femoral artery cannula in 100 uL of sodium citrate in a
standardize method as previously reported [7]. All animal studies and procedures were
carried out in accordance with University of Colorado University of Colorado Institutional
Animal Care and Use Committee guidelines and in accordance with the National Institute of
Health guide for care and use of laboratory animals.

Thrombelastography

Statistics

Citrated whole blood samples were analyzed at 37° C using a Model 5000
Thrombelastograph Haemostasis Analyzer (Haemonetics, Boston, MA) per the
manufacturer’s instructions. Native TEG was employed because standard activators, such as
tissue factor or kaolin, can mask subtle changes in coagulation [7]. The following
parameters were recorded from the temporal impedance tracings of the TEG: R time (min),
angle (a, degrees), maximum amplitude (MA, mm), and lysis 30 min after MA (LY 30, %).
These values were contrasted between species with data represented as the median and 25th
to 75th quartile range.

Statistics were done using GraphPad Prism version 7.0a (GraphPad Software, Inc; La Jolla,
CA) and Excel version 12.2.5 (Microsoft Corporation; Redmond, WA), Citrated native TEG
properties (R-time, Angle, MA, LY30) demonstrate a non-normal, skewed distribution. TEG
properties were analyzed for differences between species with a nonparametric non-related
Kruskall Wallis test with alpha adjusted with a Bonferroni correction for multiple
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comparisons (alpha = 0.016). The primary outcome analyzed was the difference in the four
viscoelastic parameters measured (R-Time, Angle, MA, and LY 30)

Citrated Native TEG Properties

Human time to clot initiation (R-Time) was 14.65 min (IQR: 13.2-16.3 min), while animals
demonstrated a shorter time with a median R-time of 5.7 (IQR: 4.9-8.8) for pigs, and 5.2
(IQR: 4.4-6.2) for rodents. Humans had longer R-Times than both pigs (p<0.0001) and rats
(p<0.0001), and pigs were not statistically different from rats (p= 0.4439) (Figure 1). The
rate of clot formation (angle) was significantly more shallow in humans at 42.3 degrees
(IQR: 37.5-50.2) as compared 71.7 (IQR: 64.3-75.6) for pigs, and 61.8 (IQR: 56.8-66.7)
for rats. Humans demonstrated reduced angle compared to both pigs (p<0.0001) and rats
(p<0.0001); while pigs were not statistically different from rats (p=0.6052) (Figure 2).
Maximum clot strength (MA) was significantly less in humans at 55.5 mm (IQR: 52.0-59.5)
as compared to 72.5 (IQR: 70.4-75.5) for pigs, and 66.5 (IQR: 56.5-68.6) for rats. Humans
also had reduced MA compared to both pigs (p<0.0001) and rats (p<0.0001), and pigs were
not different from rats (p=0.0161) (Figure 3). LY30 (fibrinolysis) was 1.5 % (IQR: 0.975-
2.5) for humans, 3.3 (IQR: 1.9-4.3) for pigs, and 0.5 (IQR: 0.1-1.2) for rats. Humans had a
lesser LY 30 than pigs (p=0.0062) and a greater LY 30 than rats (p<0.0001), and pigs had a
greater LY 30 than rats (p<0.0001)(Figure 4). The TEG tracings of human, pig, and rat whole
blood and illustrates the differences in clot formation and breakdown dynamics of each
species are shown in Figure 5. The clot initiation time is more rapid in both pigs and rats,
with a greater rate of clot propagation and maximal clot strength. Finally, the TEG tracing
reveals different lysis profiles for all three species evaluated

Discussion

The purpose of this study is to define the thrombelastographic differences in animals species
commonly used for experimental models of TIC. Our findings demonstrate marked
differences in human clotting properties compared to swine and rat citrated native TEG.
These data explain the difficulties in reproducing a clinically relevant coagulopathy in
animal models due to the significant differences in baseline clotting properties as measure by
thrombelastography.

The results demonstrated that healthy humans have a significantly longer time to clot
initiation compared to both swine and rats, with swine and rats with similar R-times.
Interestingly, the R-time in swine and rats is similar to previously published values of native
TEGs for cats [8]. Reported data for both pigs and rats have shown similar prothombin time
(PT) and activated thromboplastin time (APTT) compared to humans [5, 9] (Table 1).
Furthermore, endogenous thrombin generation in pig and rat models has been shown to be
faster than humans, which could explain the difference in R-Time [5]. Humans had a
reduced angle in comparison to pigs and rats, while these two animal species were not
different from each other. Interestingly fibrinogen levels for pigs and rats are reported to be
in the normal reference range of humans [5]. The similar fibrinogen levels do not indicate
the cause of reduced angle in humans compared to rats and pigs. However, a possible
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explanation could be the faster thrombin generation time that could catalyze clot formation
in rats and pigs at a much greater rate than humans. MA is most closely correlated to platelet
function and fibrinogen level [10]. Both rats and swine had significantly higher MA than
humans but were not different from one another (Figure 1). Siller-Matula et a/. showed
differences in platelet count that could indicate the reason for the difference between rat,
swine and human. Rats had significantly higher (six-fold) levels of circulating platelets
compared to humans. Similarly, the circulating levels of platelets in pigs were about two-
fold higher than humans [5]. In both cases, there is likely a strong contribution of pig and rat
relative thrombocytosis in comparison to humans as the explanation to the elevated MA.

LY 30 reflects percent of clot lysis in 30 minutes after MA is attained. Recent data focused
on the significance and pathophysiology of elevated LY 30, or hyperfibrinolysis, and it’s
association with increased mortality in traumatically injured patients [11]. There are three
distinct fibrinolysis phenotypes, which included fibrinolysis shutdown, physiologic
fibrinolysis, and hyperfibrinolysis, with the most prevalent in injured patients being the
fibrinolysis shutdown phenotype [11]. However, while the shutdown phenotype was most
prevalent, the mortality was greatest for the hyperfibrinolysis group at almost 44% [11].
Studies have been designed to evaluate the effect of medications such as tranexamic acid
(TXA) on early prevention of hyperfibrinolysis and the effect that TXA has referred to as
fibrinolysis shutdown [12-14]. Swine had more fibrinolysis at 3.3% and rats with the lowest
lysis at 0.5% (Figure 5). This data, as well as previously published results, suggest that given
the higher degree of baseline fibrinolysis, as well the similarities in the functional structure
of coagulation proteins between humans and pigs, pigs may be a useful animal model to
investigate the fibrinolytic pathway and hyperfibrinolysis [5]. However, our experience
suggests caution in using pigs as an experimental model when studying fibrinolysis because
pigs are highly resistant to tissue plasminogen activator (t-PA)-catalyzed lysis, and have
required up to 1200 ng/ml ex vivo at baseline to produce TEG detectable fibrinolysis (data
not published) compared to healthy subjects in which 75ng/ml significantly increases LY 30
in a native TEG. Similarly, rats also exhibit an innate fibrinolytic shutdown phenotype
requiring very high doses of tPA to elucidate lysis on TEG [4].

The ideal experimental model of TIC remains elusive. While swine models of hemorrhagic
shock and TIC simulate human coagulation and hemodynamics better than rodents they are
hypercoagulable and relatively expensive. Perhaps gene modification of the coagulation
proteins may provide an opportunity in the future. Nonhuman primates represent the best
approximation at this time , but are logistically prohibitive [18, 19]. Although rats are widely
used in coagulation studies, they represent a limited animal model to study TIC [5].
However, rat thrombocytosis may provide an opportunity to modify the coagulation system;
i.e. reducing platelets via chemotherapy or antiplatelet therapy. Furthermore, specific aspects
of coagulation may be studied in animal models. For example, there are similarities between
the functional structure of coagulation proteins in humans and pigs. Cross-species
comparison of the proteolytic activity of plasmin activated by the staphylokinase has shown
substantial similarities between humans and pigs [20].
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Conclusion

There are substantial differences in the TEG-based coagulation profiles of healthy human
volunteers, pigs, and rats. In all four TEG parameters studied (R- time, angle, MA, and
LY30) humans showed statistically significant differences compared to both rats and pigs.
While these data highlight the strengths and weaknesses in these animal models for the
study of TIC, they also illustrate the limitations of direct translation of animal models to
humans and, therefore, ultimately into the clinical setting.
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Figure 1.
Box plot of time to clot initiation (R-Time) by citrated native TEG for humans, pigs, and

rats. Human time to clot initiation was 14.65 min (IQR: 13.2-16.3 min), while animals
demonstrated a shorter time with a median R-time of 5.7 (IQR: 4.9-8.8) for pigs and 5.2
(IQR: 4.4-6.2) for rodents. *=P<0.0001 for humans compared to pigs and rats.
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Figure 2.
Box plot of dynamics of clot formation (angle) by citrated native TEG for humans, pigs, and

rats. Angle was significantly more shallow in humans at degrees (IQR: 37.5-50.2) as
compared 71.7 (IQR: 64.3-75.6) for pigs, and 61.8 (IQR: 56.8-66.7) for rats (*=p<0.0001
for humans compared to both rats and pigs)
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Figure 3.
Box plot of the maximum clot strength (MA) by citrated native TEG for humans, pigs, and

rats. MA was significantly less in humans at 55.5 mm (IQR: 52.0-59.5) as compared to 72.5
(IQR: 70.4-75.5) for pigs, and 66.5 (IQR: 56.5-68.6) for rats. *=p<0.0001 for humans
compared to pigs and rats
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Fibrinolysis

3

Q_‘b

Figure 4.
Box plot of the fibrinolysis (LY 30) by citrated native TEG for humans, pigs, and rats. LY 30

(fibrinolysis) was 1.5 % (IQR: 0.975-2.5) for humans, 3.3 (IQR: 1.9-4.3) for pigs, and 0.5
(IQR: 0.1-1.2) for rats. *=p<0.0062 for humans compared to other species, **=p<0.0001 for
pigs compared to rats.
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Humans

Figure 5.
Representative thrombelastography tracings of the three species evaluated (Human, Pig, and

Rat). Both pig and rat have a more rapid clot initiation time, steeper angle, and large
maximum clot strength. The pig tracing also shows more fibrinolysis than the other species
while the rat has the least amount of fibrinolysis (lowest LY 30).
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Table 1

Coagulation Parameters of Humans, Pigs, and Rats from Literature

Species
Laboratory Test Human Pig Rat
PT (sec) 13.2 11.7 26.7
APTT (sec) 33.8 155 16.5
Platelet Count (G/L) 187 430 1,180
Fibrinogen (mg/dL) 278 301 209

Coagulation parameters of Humans, Pigs, and Rats adapted from review of the literature. Prothrombin time (PT), activated partial thromboplastin
time (APTT), and fibrinogen were most commonly reported as mean while platelet count was reported as median. Therefore mean is reported for
PT, APTT, and fibrinogen, while median value is used to report platelet count [5, 15-17]
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