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Abstract
Introduction—Recent data has associated improved survival after hemorrhagic shock with the
early use of plasma based resuscitation. Our lab has shown that FFP5 has decreased hemostatic
potential compared to freshly thawed plasma (FFP0). We hypothesized that FFP5 would increase
bleeding and mortality compared to FFP0 in a rodent bioassay model of uncontrolled liver
hemorrhage.

Methods—Hemostatic potential of plasma was assessed with the Calibrated Automated
Thrombogram (CAT) assay. Rats underwent isovolemic hemodilution by 15% of blood volume
with the two human plasma groups (FFP0 and FFP5) and two controls (sham and lactated
Ringers). A liver injury was created by excising a portion of liver resulting in uncontrolled
hemorrhage. Rats that lived for 30 minutes after liver injury were resuscitated to their baseline
blood pressure and followed for 6 hours. Hemostasis was assessed by thromboelastography.

Results—Hemostatic potential of FFP5 decreased significantly in all areas measured in the CAT
assay as compared to FFP0 (p<0.01). In the FFP5 group overall survival was 54%, compared to
100% in the FFP0 and sham group (p=0.03). For animals that survived 30 minutes and were
resuscitated, there was no difference in bleeding and/or coagulopathy between groups. Irrespective
of treatment, animals that died following resuscitation demonstrated increased intraperitoneal fluid
volume (14.85 ± 1.9 mL vs. 7.02 ± 0.3 mL, p<0.001).

Conclusion—In this model of mild pre-injury hemodilution with plasma, rats that received FFP5
had decreased survival after uncontrolled hemorrhage from hepatic injury. There were no
differences in coagulation function or intraperitoneal fluid volume between the two plasma
groups.
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Introduction
The advent of damage control resuscitation (DCR) has altered the way that many trauma
patients are resuscitated. The tenants of DCR define a number of important maneuvers
during the resuscitation.[1–3] First is permissive, or hypotensive, resuscitation, with a goal
systolic blood pressure below normal while allowing for adequate cerebral perfusion and
oxygen delivery. Next is prevention and treatment of hypothermia, acidosis, and
hypocalcemia, while avoiding hemodilution with crystalloid fluids. Early mechanical and
surgical control of bleeding is paramount to this methodology. Lastly, hemostatic
resuscitation with high ratios of fresh frozen plasma (FFP) and platelets to red blood cells
(RBC) is considered fundamental to treating the severely injured patient.[2, 4–9]

Multiple investigators have demonstrated that increased use of plasma is associated with
increased survival in massively transfused patients.[4, 7, 10] An early report from our center
argued that plasma should be used earlier in a massive transfusion.[11] Subsequent
retrospective trials demonstrated that early transfusions of plasma and platelets in high ratios
to RBCs were associated with improved survival over low ratios.[7, 9, 12] On the other
hand, other investigators have not found similar benefit and have argued that these positive
outcomes are the result of survival bias in the retrospective studies.[13–18]

In order to facilitate early use of plasma in higher ratios, many trauma centers have placed
thawed plasma (TP) (stored at 4° C) in the ED.[10] According to the AABB, TP may be
stored for up to 5 days (FFP5) before transfusion.[19] Previous experiments, both in our lab
and by others, have demonstrated decreased hemostatic potential and clotting factors in
stored thawed plasma compared to freshly thawed plasma (FFP0).[20–22] Therefore, in a
bioassay animal model, we hypothesized that a 15% isovolemic hemodilution with FFP5
followed by uncontrolled hemorrhage would demonstrate increased blood loss and
decreased survival compared to FFP0. We designed an experimental protocol that
functioned as a biological in vivo assay to assess the effect of the age of plasma on clot
formation and strength, fluid loss, and mortality.

Materials and Methods
Human FFP was purchased from the Gulf Coast Regional Blood Center (Houston, TX). The
units were defrosted using established blood banking procedures and 1.5 ml aliquots were
made. FFP0 was immediately refrozen at −80°C until use. In order to produce FFP5
individual aliquots were stored for 5 days at 4°C and then frozen at −80°C until its use.
There were 9 donors for FFP0 and 7 donors for FFP5. Clotting potential of the plasma were
compared by thrombin generation (TG) assessed using the Calibrated Automated
Thrombogram (CAT, Thrombinoscope, Maastricht, Netherlands). The CAT assay measures
several parameters including the lag time (representing the time until initial thrombin had
formed (min), the thrombin peak height (nM thrombin), the time to peak (ttPeak, min), the
endogenous thrombin potential (ETP) (reflects the area under the curve). The CAT assay
reflects the intravascular hemostatic potential of the plasma. For each animal experiment
three donor samples of FFP0 or FFP5 were randomly selected and pooled.

This experiment was performed after approval by the University of Texas Health Science
Center at Houston (UTHealth) Animal Welfare Committee (protocol AWC-09-100).
Sprague Dawley rats (male, 240–365g) were obtained from Charles River Laboratories
(Willmington, MA). Rats were anesthetized with 5% inhaled isoflurane (Vedco, St. Joseph,
MO; 1–2.5% isoflurane for maintenance) and polyethylene cannulae (Instech Laboratories,
Plymouth Meeting, PA), and were placed in the femoral artery and vein. The animals were
maintained on heating blankets at 37°C. Following an equilibration period, a baseline blood
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sample was drawn for thromboelastograpy (TEG) (Haemoscope Thromboelastography
(TEG) analyzer; Niles, IL), blood gas analysis, and hemoglobin content (I-STAT;Abbott
Laboratories, Princeton, NJ). The volume of blood removed was replaced with Hextend®
(Hospira, Lake Forest, IL). Blood pressure was monitored throughout the experiment.
Animals were then assigned to one of four treatment groups: (1) sham (animals received
identical treatment throughout, other than hemodilution), or dilution with (2) lactated
Ringer’s (LR, 3x amount of blood removed), and (3) FFP0, or (4) FFP5 (at 1x amount of
blood removed). The animals then underwent isovolemic hemodilution of 15% of calculated
blood (64 mL/kg) volume, according to their assigned group. Following hemodilution, blood
was again drawn for TEG analysis. A reproducible liver injury was then created by excising
a portion of liver resulting in uncontrolled hemorrhage.[23] Only animals that reached a
mean arterial pressure (MAP) of 40 or less were included in the study, in order to replicate
hemorrhagic shock parameters. Rats that lived for 30 minutes after liver injury had a blood
sample taken and were then resuscitated to their baseline blood pressure with Hextend®,
with additional volume provided as needed to maintain blood pressure; they were then
followed for 6 hours or until death. Blood pressure was monitored following resuscitation
for any evidence of “popping the clot,” with associated drop in blood pressure.[24] Death
was defined as the cessation of spontaneous respiration. Blood samples were again taken at
6 hours or at death. Intraperitoneal fluid volume was quantified by soaking pre-weighed
gauze sponges in the peritoneal cavity until the cavity was dry and subsequently weighing
the sponges again. The difference in weight was considered to be equal (in mL) to the
amount of fluid in the abdomen. Fluid resuscitation was performed with Hextend© (Hospira,
Lake Forest, IL). We intended that 10 animals per group would survive to the resuscitation
arm of the study. Thus, animals that did not survive for 30 minutes were included in the final
survival analysis. However, these experiments were repeated as necessary to ensure 10
animals per group were resuscitated.

We defined the primary variables as coagulation status, death prior to resuscitation,
intraperitoneal blood volume, and overall survival. Statistical analysis was performed by the
Student’s t-test, Fisher’s exact test, log-rank test, generalized estimating equations (GEE),
and one-way Analysis of Variance (ANOVA) with Tukey multiple comparison test, where
appropriate. Statistical analysis was performed on SAS software (Cary, NC) and STATA
(College Station, TX). P-values of ≤0.05 were considered statistically significant.

Results
CAT analysis performed on the donor plasma demonstrated a significant reduction in
hemostatic potential in FFP5 compared to FFP0. Representative tracings of single FFP0 and
FFP5 thrombograms are presented at Figure 1A. Analysis of thrombograms demonstrated
significant changes in all parameters between FFP0 and FFP5 (Figure 1B.). The largest
decline was observed for the rate of thrombin generation with a reduction of 48.4% in FFP5
compared to FFP0 (p<0.01).

Overall survival in the sham and FFP0 groups were 100% (n=10). However, overall survival
was significantly decreased in the FFP5 group, 54% (7/13), compared to the FFP0 and sham
groups (p=0.03, Table 1). Overall survival in the LR group was 83% (10 of n=12) and was
not significantly different from sham or FFP0.

For all animals, baseline physiologic and experimental data are presented in Tables 2 and 3.
Animal weights, absolute mass of liver excised, and mass of liver excised as a percent of
total body weight (%TBW) were not significantly different between groups. TEG results
indicated hypercoagulability, and there was absence of significant changes in TEG variables
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between groups, as the 15% hemodilution did not significantly alter hemostatic capacity by
this measurement technique.

In the 30 minutes post liver excision all of the sham and FFP0 survived, while 2 (16.7%) of
the animals diluted with LR and 3 (23.1%) receiving FFP5 died. Deaths during this period
were associated with active bleeding, as BP did not increase following the nadir, indicative
of a reduction in clotting capacity and subsequent clot formation.

For animals that survived until resuscitated (n=10/group), again FFP5 animals had an
increased mortality compared to all groups (p=0.03, log-rank test, Figure 2). Blood pressure
analysis demonstrated no differences between groups (Figure 3). Of note, following
resuscitation, no animal demonstrated the precipitous decrease in blood pressure associated
with rupture of a clot. For animals that survived 30 minutes and were resuscitated, there was
no difference in intraperitoneal fluid volume amongst the groups. However, irrespective of
treatment, those animals that died following resuscitation had increased intraperitoneal fluid
volumes compared to those that survived for 6 hours (14.85 ± 1.9 mL vs. 7.02 ± 0.3 mL,
p<0.001, t-test).

Discussion
The earlier use of FFP in resuscitation of seriously injured trauma patients who undergo
massive transfusion has been associated with improved survival.[4, 7, 9, 25] In response to
this trend, many trauma centers have placed thawed plasma in the emergency department.
[10] However, while the effects of storage on coagulation factor degradation are described
in the transfusion literature, to our knowledge there are no associated clinical outcome data.
In fact, we and others have demonstrated that FFP5 has decreased activity of coagulation
proteins, including factors V, VII, VIII, VWF, and free Protein S, by up to 30%, and also
decreased thrombin generating potential by 40%.[10, 20, 21] Additionally, we have shown
improved endothelial repair activity with FFP0 compared to FFP5.[26]

Other studies have suggested deleterious effects associated with the age of RBCs. In both
patients and in vitro studies, storage age of RBCs has been associated with increased
inflammatory gene expression, infection rates, and decreased survival.[27–29] In contrast,
Welsby, et al, found that storage age of platelets was not associated with poorer outcomes or
survival in patients undergoing cardiac surgery.[30] Furthermore, three small randomized
control trials failed to show an association between RBC age and poorer outcomes, though
these were primarily septic medical ICU patients.[31–33] At the current time, there are no
clinical data we are aware of comparing FFP0 to FFP5. This present study aimed to explore
the effect of FFP5 on mortality, bleeding, and hemostasis in an in vivo model that was
designed as a biological assay to assess the function of FFP5 on fluid loss, coagulation, and
mortality.

Matsuoka, et al, described a standardized model of uncontrolled hemorrhage from a liver
injury. This model was designed to more closely mimic blunt trauma, though this model was
used to quantify blood loss associated with fluid resuscitation.[34] We previously employed
this model to investigate hemostatic agents.[23] In our current study, the liver is excised, as
true blunt liver injuries have been difficult to create in rats experimentally. It is also
important to note that our current model does not simulate clinical scenarios, but rather is
designed to detect differences in fluid transfusions, and is therefore referred to as a bioassay.
A similar study to ours was conducted by Kheirbadi, et al, who performed a 40%
hemodilution in rabbits with Hextend®, Dextran 70, and albumin. The investigators
subsequently performed a splenic injury that resulted in uncontrolled hemorrhage and
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reported TEG and thrombin generation assays, with differences observed between
Hextend®, Dextran 70 and albumin.[35]

The results of our study show that FFP5 has decreased hemostatic potential (based on CAT
data) and represents a different product than FFP0. Furthermore, after hemodilution with
these two different plasmas, our in vivo bioassay demonstrated a decreased ability to form a
clot in the animals that received FFP5, represented in physiologic data from animals that
died before resuscitation, who did not demonstrate a compensatory increase in BP after liver
injury. The only other group that this occurred in was the LR group, which does not contain
any clotting factors.

A phenomenon that has been widely reported in the literature, but we did not observe, was
the occurrence of “popping the clot.” Sondeen, et al, have described that following
aortotomy and hemorrhage, once a MAP of 64 was attained in resuscitation, that a clot
formed on the aortotomy was dislodged along with re-bleeding.[24] In our study this was
not seen, and our TEG data showed no difference in cloth strength amongst the groups.
Deaths observed in this study therefore may be attributed to causes other than differences in
clot strength.

All of the deaths that were observed were in the FFP5 and LR groups. These deaths were
likely related to increased endothelial leak rates, as those animals demonstrated a two-fold
increase in intraperitoneal fluid volume compared to animals that survived. Therefore, we
believe that although there is no difference in coagulation status as measured by TEG
between groups, the animals that died after resuscitation, died because of increased fluid
loss. This may be related to increased endothelial permeability that has been shown to be
associated with FFP5 compared to FFP0.[26] This increased permeability may result in
exaggerated fluid leak from the vascular space leading to an increased intraperitoneal fluid.
Increased fluid leak resulting in earlier death was also demonstrated by Solomonov, et al, in
a model of uncontrolled hemorrhage as result of splenic injury with large volume saline
resuscitation.[36]

Lack of difference in TEG values may be due to the fact that TEG showed the rats to be
hypercoagulable, and that TEG is not a sensitive enough test to detect differences, with
hemodilution of this degree. There are data from patients that indicates that larger dilutions
are necessary to produce changes in TEG. Ng, et al, described a hemodilution of 30% with
normal saline produced a hypercoagulable state in patients undergoing hepatobiliary
surgery.[37] Another study found that plasma must be diluted by 40% with saline to produce
reductions in thrombin generation and clot formation by the CAT and TEG assays.[38]
Based on these data it is not surprising that our rats did not appear coagulopathic by TEG.

Our study is the first in vivo study that associates the use of aged plasma with increased
mortality. However, it does have limitations. First, we used Hextend® as our resuscitative
fluid, and it has been associated with coagulopathy in swine and humans (at a 30% dilution).
[39, 40] On the other hand, our animals were not significantly coagulopathic and received
resuscitation with Hextend® to less than 20% of their blood volume. Furthermore, our
design of this model as a bioassay prohibits it from accurately recreating a clinical scenario.
On the other hand, other published models have used similar designs to evaluate fluids used
in resuscitation.[35]

In conclusion, our study demonstrates that FFP5 increased overall mortality compared to
FFP0. These differences were seen without increased coagulopathy, as measured by TEG.
However, those animals that died following initiation of resuscitation did show increased
intraperitoneal fluid volume compared to those who survived to 6 hours, indicating
increased endothelial leak in those animals. The clinical implications of this study are
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important, as we have found that the age of plasma may impact clinical outcome. We do not
feel that the results of this study should affect current massive transfusion protocols for
trauma, but may inform clinicians on the adverse effects associated with the use of plasma
and its age. Further studies investigating the interaction between endothelial biology,
resuscitative fluids and coagulopathy in uncontrolled hemorrhage are ongoing in our
laboratory. Furthermore, we are conducting a prospective observational trial that will
examine the correlation of plasma product storage age and outcomes.
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Figure 1.
Figure 1A. Thrombograms generated by CAT of representative tracings of FFP0 vs. FFP5
(the solid line represents FFP0, the dashed line FFP5.)
1B. Summary of thrombin generation as measured by Calibrated Automated Thrombogram.
All categories are significantly different with p-values < 0.01.
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Figure 2.
Kaplan-Meier survival curve of resuscitated animals (n=10/group).
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Figure 3.
Mean blood pressure of resuscitated animals (n=10/group) at baseline, shock nadir, before
resuscitation and post resuscitation. There are no significant differences at any time point
between the groups. (Error bars represent SEM)
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Table 1

Overall survival.

Control (n=10) LR (n=12) FFP0 (n=0) FFP5 (n=13)

Survival at 30 min. 100% (10) 83% (10) 100% (10) 77% (10)

Survival at 6 hrs. 100% (10) 75% (9) 100% (10) 54% (7)
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Table 2

Baseline data for all groups.

Control (n=10) LR (n=12) FFP0 (n=10) FFP5 (n=13)

Weight (range) 299.6(254–363) 307.4 (274–358) 307.6(254–359) 290.3(247–330)

Baseline pH 7.32 (7.25–7.43) 7.33(7.25–7.41) 7.32(7.25–7.43) 7.31(7.22–7.39)

Percent of liver excised (%TBW) 0.355(0.3–0.4) 0.322 (0.3–0.4) 0.351(0.3–0.46) 0.349 (0.3–0.45)
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Table 3

Baseline and experimental data for resuscitated animals. Data is presented as mean with range (unless
otherwise noted).

Control (n=10) LR (n=10) FFP0 (n=10) FFP5 (n=10)

Weight (range) 299.6(254–363) 313.1 (278–334) 307.6(254–359) 292.5(247–330)

Baseline pH 7.32 (7.25–7.43) 7.33(7.25–7.41) 7.32(7.25–7.43) 7.33(7.28–7.39)

Pre-injury MAP 84.14 (76.1–90.8) 83.4 (72.3–91.5) 84.4 (70.7–100.4) 81.6 (74.5–97.0)

Shock nadir MAP 23.9 (16.3–34.4) 25.4 (15.6–38.4) 21.5 (15.5–33.0) 23.7 (14.5–35.2)

Pre-resuscitation MAP 52.3 (42.5–63.1) 50.8 (31.3–70.4) 47.3 (23.5–65.9) 47.3 (27.5–61.6)

Post-resuscitation MAP 77.8 (70.9–87.2) 78.7 (70.6–89.3) 73.9 (50.5–92.5) 75.3 (54.8–86.0)

Time of Death 6 (6–6) 5.98 (5.88–6) 6 (6–6) 4.9 (0.5–6)

Survival at 6 hours n (%) 10 (100) 9 (90) 10 (10) 7 (70)

Percent of liver excised (%TBW) 0.355 (0.3–0.4) 0.327 (0.3–0.4) 0.351 (0.3–0.46) 0.354 (0.3–0.45)

Resuscitation Vol. (mL) 2.15 (0.5–4) 2.6 (1–4) 3.85 (1.5–9) 2.4 (0.5–6)

Intraperitoneal blood (mL) 6.7 (4.07–9.79) 8.38 (5.27–15.96) 7.51 (3.54–10.8) 8.64 (4.43–19.9)

Intraperitoneal blood (% total blood vol.) 34.7 (25.1–42.6) 41.9 (24.7–70) 37.5 (21.7–47.0) 47.5 (27.2–122.1)
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