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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Prothrombin complex concentrates are increasingly used as part of
bleeding management algorithms in surgery and trauma

e There are potential risks of thromboembolic complications and dis-
seminated intravascular coagulopathy with prothrombin complex
concentrate in this setting, despite the low risks in warfarin reversal

What this Article Tells Us That Is New

e |n this animal polytrauma model, 50 IU/kg prothrombin complex
concentrate is associated with a risk of disseminated intravascular
coagulopathy and thromboembolism

e The addition of antithrombin appears to balance the procoagulant
effects of prothrombin complex concentrate, consequently reducing
the risk of complications without impairing efficacy

rothrombin complex concentrates (PCCs) are plas-
ma-derived products, historically used as a source of
coagulation factor IX for treatment of hemophilia B. They
have been superseded in that setting but continue to be

ABSTRACT

Background: The risk of thromboembolic complications with prothrombin
complex concentrates (PCCs) appears low when used for reversal of vitamin
K antagonists but might be different in other indications (e.g., trauma). A dif-
ference in risk could arise from the plasma ratio of pro- versus anticoagulant
proteins. This study used a porcine trauma model to investigate combined
treatment with PCC and antithrombin. The hypothesis was that antithrombin
can modulate prothrombotic effects and prevent adverse events of PCC.

Methods: Nine treatment groups (n = 7 per group) were included: control
(placebo), PCC (50 IU/kg), PCC plus antithrombin (three groups, with anti-
thrombin doses of 12.5, 25, or 50 IU/kg), fibrinogen concentrate (100 mg/
kg) plus PCC, fibrinogen concentrate plus PCC plus antithrombin dose of 50
|U/kg, tranexamic acid (15 mg/kg) plus fibrinogen concentrate plus PCC, and
tranexamic acid plus fibrinogen concentrate plus PCC plus antithrombin dose
of 50 IU/kg. In each group, bilateral femur fractures and thorax contusion were
followed 60 min later by blunt liver injury. Study treatment was then adminis-
tered, and animals were subsequently observed for 210 min.

Results: Total blood loss (mean = SD) was statistically significantly lower
in all three PCC plus antithrombin groups (PCC plus antithrombin dose of 50
|U/kg, 672 + 63 ml; PCC plus antithrombin dose of 25 IU/kg, 535 + 72 ml;
and PCC plus antithrombin dose of 12.5 IU/kg, 538 + 50 ml) than in the PCC
group (907 + 132ml), which in turn had statistically significantly reduced
bleeding versus the control group (1,671 + 409ml). Signs of disseminated
intravascular coagulation were apparent with PCC monotherapy, and early
deaths occurred with fibrinogen concentrate plus PCC, attributable to pul-
monary emboli. Antithrombin was protective against both of these effects:
signs of disseminated intravascular coagulation were absent from the PCC
plus antithrombin groups, and there were no early deaths in the group with
fibrinogen concentrate plus PCC plus antithrombin dose of 50 IU/kg.

Conclusions: According to this trauma model, 50 IU/kg PCC increases
the risk of disseminated intravascular coagulation and other thromboembolic
complications, most notably when coadministered with fibrinogen concen-
trate. The addition of antithrombin appears to reduce this risk.

(AnesTHEsIoLogY 2019; 131:543-54)

used in patients requiring supplementation of the vitamin
K-dependent coagulation factors (II, VII, IX, and X).'?
PCCs are available with either three or four coagulation
factors (I, IX, and X, with or without factor VII), and these
may be formulated in their activated or unactivated forms.
Differences between PCCs in relation to both efficacy and
safety have been reported.>

Today’s PCCs are approved for urgent reversal of vitamin
K antagonists, based on strong evidence from large clinical
trials.”” In European and some additional countries, PCCs
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are also labeled for “treatment and prophylaxis of bleeding
in acquired deficiency of the prothrombin complex coagu-
lation factors,” meaning they may be used to treat bleeding
unrelated to anticoagulation (e.g., trauma-related or periop-
erative bleeding).® There is some evidence for using PCC in
these settings, but it is relatively weak, and to date no phase
IT or III trials are available.”"? Further investigations of PCC
are therefore warranted, and at least one clinical study of
PCC as early treatment in trauma is ongoing."*

The risk of thromboembolic complications with PCC
therapy appears low in patients needing reversal of vita-
min K antagonists.”” In contrast, preclinical studies in
trauma have shown a possible risk of thromboembolic
complications and disseminated intravascular coagulation
(DIC)."""7 There may be a difference in the safety profile
of PCCs, depending on whether they are used for rever-
sal of vitamin K antagonists or to treat bleeding unrelated
to anticoagulation.? Theoretical models suggest levels of
coagulation inhibitors could be key to this difference.'®"
Patients receiving anticoagulation therapy have normal
levels of antithrombin (previously known as antithrombin
III), and by supplementing levels of coagulation factors 1II,
VII, IX, and X, PCC rebalances the coagulation system.'*?
Patients with bleeding unrelated to anticoagulation therapy
may have decreased levels of coagulation inhibitors (e.g.,
antithrombin), meaning that PCC can cause an imbalance
in the coagulation status.*'*!"*" Moreover, physiologic
responses to trauma may include increased thrombin gen-
eration potential, increasing the risk of excessive thrombin
generation.”* A type of DIC (fibrinolytic phenotype) can
arise as a component of trauma-induced coagulopathy.?2¢

Coagulation management algorithms based on coag-
ulation factor concentrates, including PCCs, have been
published for bleeding related to cardiovascular surgery
and trauma.”*' However, PCCs are not recommended as
first-line intervention in these algorithms. After antifibri-
nolytic medication, fibrinogen supplementation is usually
recommended as first-line hemostatic treatment, provided
that there 1s evidence of hypofibrinogenemia. If the patient
continues to bleed despite sufficient fibrinogen levels, PCC
administration may be triggered by viscoelastic test results:
prolonged clotting time (rotational thromboelastometry) or
prolonged reaction time (R-time; thromboelastogram).

Antithrombin has been identified as a key determinant
of the activity of procoagulant therapy.'®** To mitigate the
risk of excessively high thrombin generation potential when
using PCC to treat bleeding unrelated to anticoagulation
therapy, coadministration of antithrombin has been sug-
gested.>** However, this approach has never been studied.
Therefore, we used a porcine trauma model to investigate
the effects of combined treatment with PCC and anti-
thrombin on blood loss and markers of DIC. Our hypothe-
sis was that antithrombin, when coadministered with PCC,
can modulate prothrombotic effects (e.g., elevated thrombin
generation) and prevent adverse events (e.g., DIC).

Anesthesiology 2019; 131:543-54

Materials and Methods

The Principles of Laboratory Animal Care* were
adhered to in the design of this study, and the protocol
was approved by the governmental animal care and use
office. Sixty-three male German land race pigs from a
disease-free breeding facility (mean body weight £ SD,
44.6 + 3.8 kg; age range, 3 to 4 months) were included in
the study. The animals were fasted during the night before
surgery and given unlimited access to water. All of the
study experiments were performed at the Department
of Laboratory and Animal Science of Aachen University
(Aachen, Germany). A time schedule for the study is pro-
vided in the Supplemental Digital Content (http://links.
Iww.com/ALN/B960).

Before surgery, azaperone (4mg/kg) and atropine
(0.1mg/kg) were administered by intramuscular injection,
followed by intravenous propofol (3mg/kg). The animals
were ventilated at 20 to 22 breaths/min with tidal volume
8ml/kg (Cato ventilator; Driger, Germany). Anesthesia was
maintained with isoflurane (end-tidal concentration, 1.2 to
1.4%) and fentanyl (constant infusion, 3 pg/kg/h).

Crystalloid solution (2ml/kg/h) was administered as
initial fluid therapy. An AS/3 monitor (Datex Ohmeda,
Finland) was used to assess blood temperature; arterial,
central venous, and pulmonary arterial pressure; tail pulse
oximetry; and electrocardiography.

The first injury phase comprised bilateral femur fractures
and a unilateral thorax contusion, both induced with captive
bolt guns. Sixty percent of each animal’s estimated blood
volume was withdrawn (rate: 100ml/min). Crystalloid
solution was infused for 20min to maintain mean arterial
pressure of more than 30 mmHg, then at 5ml/kg/min for
5min, followed by 40ml/kg/h. The second injury phase,
comprising grade III blunt liver injury, was performed
60 min after the first injury as described previously.”

After the second trauma, the animals were randomized
using a computer-generated list and sealed envelopes to
receive one of the following treatments:

. Placebo (control group; n = 7)

. PCC501U/kg (n =7)

. PCC 50 IU/kg plus antithrombin 50 IU/kg (n = 7)

. PCC 50 IU/kg plus antithrombin 25 IU/kg (n = 7)

. PCC 50 IU/kg plus antithrombin 12.5 [U/kg (n = 7)

. Fibrinogen concentrate 100 mg/kg plus PCC 50 1U/kg

(n=7)

7. Fibrinogen concentrate 100 mg/kg plus PCC 50 IU/kg
plus antithrombin 50 IU/kg (n = 7)

8. Tranexamic acid 15mg/kg plus fibrinogen concentrate
100mg/kg plus PCC 50 IU/kg (n = 7)

9. Tranexamic acid 15mg/kg plus fibrinogen concentrate

100mg/kg plus PCC 50 IU/kg plus antithrombin 50

IU/kg (n=7)

N U AN =

Where it was used, tranexamic acid (15 mg/kg; Cyklokapron;
Pfizer, Germany) was administered intravenously 5min after

Copyright © 2019, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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the second trauma. Fibrinogen concentrate (100mg/kg;
Haemocomplettan P; CSL Behring, Germany;lot 31169911A)
was given intravenously for more than 5min, starting 10 min
after the second trauma. PCC (50 IU/kg, intravenous infu-
sion; Beriplex PN, CSL Behring;lot C6660111B) was admin-
istered from 16 to 26min after trauma. Antithrombin (12.5,
25, or 50 IU/kg, intravenous bolus; Kybernin, CSL Behring;
lot 88667111E) was administered from 26 min after trauma.
Thus, the order in which treatments were given is reflected
by the term used to describe each study group. All animals
received the equivalent infusion volume, with saline adminis-
tered instead of any missing treatment(s).

Animals were observed until 210min after completion
of study drug administration (i.e., 240 min after the second
trauma), at which time they were euthanized with pento-
barbital. The abdomen was reopened post mortem, and the
vena cava was clamped cranial to the liver. Blood loss was
measured by collecting intraperitoneal blood (an abdominal
incision provided access, and blood was suctioned out).

Blood samples were collected at baseline, 10 min after
the first injury (hemorrhagic shock), after completion of
study drug administration (i.e., 30 min after the second
trauma), and at 30, 90, 150, and 210 min after completion
of study drug administration. For animals dying before
210min, the last blood sample was taken immediately
before death. Each blood sample was assessed using a blood
gas analyzer (ABLS825; Radiometer GmbH, Germany),
with measurement of pH, partial pressures of oxygen and
carbon dioxide, base excess, and lactate. A hematology ana-
lyzer (MEK-6108; Nihon Kohden, Japan) was used to assess
platelet count and hemoglobin concentration. Prothrombin
time (PT), activated partial thromboplastin time, and
fibrinogen concentration were determined using Dade
Behring tests (Siemens, Germany) on a steel-ball coagu-
lometer (MC 4 plus; Merlin Medical, Germany). Using a
Sysmex coagulation analyzer (Siemens) and the appropriate
test from Siemens, D-dimers were measured. An enzyme-
linked immunosorbent assay (Enzygnost; Siemens) was
used to quantify the thrombin—antithrombin complex. A
rotational thromboelastometry device (Tem Innovations
GmbH, Germany) was used to perform the whole-blood
EXTEM and NATEM assays. In the EXTEM assay, coag-
ulation is activated extrinsically using tissue factor, whereas
the NATEM assay is performed without a coagulation acti-
vator to enable assessment of “native” coagulation. The fol-
lowing parameters were measured in both assays: clotting
time (seconds), clot formation time (seconds), and maxi-
mum clot firmness (mm).A calibrated automated thrombo-
gram (Thrombinoscope BV, The Netherlands; tissue factor
concentration, 5 pM) was used to assess plasma thrombin
generation. Antithrombin was measured on an ACL TOP
550 device (Werfen, Germany) using the standard reagent
(antithrombin liquid). The presence or absence of DIC was
determined in each animal according to clinical judge-
ment and criteria published by the International Society

Antithrombin plus Prothrombin Complex Goncentrate

on Thrombosis and Haemostasis.® Four measurements are
specified by the International Society on Thrombosis and
Haemostasis for determining whether DIC is present or
absent: platelet count, levels of fibrin-related markers, PT,
and levels of fibrinogen. Clinical judgement was based on
thrombin generation parameters, the occurrence of intra-
vascular coagulation (thrombosis in small- to medium-sized
vessels), and ongoing bleeding.

After death, the heart, lungs, liver, and kidneys were fixed
in 10% buffered formalin. Injured parts of the liver were
cut into 3-mm-thick slices, and the degree of injury was
determined through macroscopic and microscopic exam-
ination. Samples from all four organs (including both lungs)
were examined for thromboembolic events. Sections were
paraffinized and stained, both by hematoxylin/eosin and
by a standard elastica van Gieson protocol. Samples from
regions of the lungs known to be susceptible to thrombus
formation were investigated for the presence of fibrinogen
(antibody and detection kit from Dako, Denmark).'®

The objective of this study was to investigate the effects
of treatment with PCC, with versus without antithrombin.
Combinations of human fibrinogen concentrate and PCC
with/without antithrombin were investigated to reflect inter-
ventions recommended in treatment algorithms and used in
clinical practice.? Also, because of coagulation management
approaches in some regions (e.g., parts of Europe), the effects
of first-line tranexamic acid were assessed.”? These consid-
erations explain why we included nine different groups.

Due to the complexity of results from nine groups, a post
hoc decision was taken to simplify the data. First, we focused
only on one dose of antithrombin: the 50 IU/kg dose, which
the results suggested would be preferable. Furthermore,
the effects of tranexamic acid were modest. Therefore, five
groups were considered as “primary”: control, PCC, PCC
50 TU/kg plus antithrombin 50 IU/kg, fibrinogen concen-
trate 100 mg/kg plus PCC 50 IU/kg, and fibrinogen con-
centrate 100 mg/kg plus PCC 50 IU/kg plus antithrombin
50 TU/kg. Statistical between-group comparisons were per-
formed only on these groups, and the results section below
is focused on the same five groups. Results for the other
four groups (PCC 50 IU/kg plus antithrombin 25 IU/kg,
PCC 50 IU/kg plus antithrombin 12.5 TU/kg, tranexamic
acid 15 mg/kg plus fibrinogen concentrate 100 mg/kg
plus PCC 50 IU/kg, and tranexamic acid 15 mg/kg plus
fibrinogen concentrate 100 mg/kg plus PCC 50 IU/kg plus
antithrombin 50 IU/kg) are reported in the Supplemental
Digital Content (http://links.lww.com/ALN/B960).

Statistics

This was an exploratory study; consequently, the sample size
was based on the authors’ previous experience with the ani-
mal model being used, and no statistical power calculation
was performed. A two-way repeated-measures ANOVA was
used to compare coagulation and hemodynamic variables
across the five key study groups. Q-Q plots were used to
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test for normal (Gaussian) distribution. Total blood loss was
analyzed using one-way ANOVA on a log-transformed
scale. The Sidak method was applied to account for mul-
tiple comparisons. Survival was analyzed by pairwise log-
rank tests, and none of the observation period data were
censored. Statistical significance was determined at the 0.05
level, and tests were performed two-tailed. The software
used for statistical analysis was SPSS 23 (SPSS, USA). The
data are presented as means £ SD, if not otherwise indicated.
There were seven animals per study group, except where
animals died before the end of the observation period; early
deaths were the only cause of missing data. In the control
group, the number of animals was reduced to six at 150 min
after study drug administration and five at 210min. In the
fibrinogen concentrate 100 mg/kg plus PCC 50 IU/kg
group, there were six animals at 90min after study drug
administration, four at 150 min, and two at 210 min.

Results

PCC Monotherapy

Total blood loss was statistically significantly lower in the
PCC monotherapy group than in control animals (907 *
132ml vs. 1,671 £ 409ml; P < 0.001). All animals treated
with PCC only survived for the entire follow-up period,
whereas in the control group two of seven animals (29%)
died prematurely (mean survival time, 180 min; fig. 1).
Animals receiving PCC monotherapy showed marked
prolongation of PT and activated partial thromboplastin time
from 90 min after completion of study drug administration
(table 1 and Supplemental Digital Content, http://links.
Iww.com/ALN/B960). Statistical analysis indicated that dif-
ferences in PT versus the PCC 50 IU/kg plus antithrombin

50 1U/kg, fibrinogen concentrate 100 mg/kg plus PCC 50
1U/kg, fibrinogen concentrate 100 mg/kg plus PCC 50 IU/
kg plus antithrombin 50 IU/kg, and control groups were
statistically significant. In addition, plasma fibrinogen levels
declined over time. b-Dimer levels increased in response to
the first trauma but were then stable over time in the control
group (table 1). In contrast, b-dimer levels increased over
time in the PCC monotherapy group. Numerically lower
platelet counts were observed after study intervention in the
PCC group versus the control group, although statistically
significant differences were not observed.

Thrombin generation potential was increased by PCC, as
shown by peak height and endogenous thrombin potential
(fig. 2). In contrast, peak height and endogenous thrombin
potential changed little in the control group. The administra-
tion of PCC had no apparent effect on lag time (Supplemental
Digital Content, http://links.lww.com/ALN/B960).

In the control group, little change was seen in clotting
time or clot formation time in the EXTEM or the NATEM
assay, whereas maximum clot firmness in both assays
declined gradually. In comparison, in the PCC-only group,
clotting time and clot formation time were prolonged, and
maximum clot firmness was reduced in the EXTEM and
NATEM assays (Supplemental Digital Content, http://
links.lww.com/ALN/B960).

Upon histopathologic analysis, thrombi with diameters
of at least 1 mm were present in 29% (4 of 14) of lung spec-
imens from the PCC monotherapy group (fig. 3). No such
thrombi were seen in the control group.

Coadministration of Antithrombin with PCC

Total blood loss after the second injury phase in the PCC
50 1U/kg plus antithrombin 50 IU/kg group (672 £ 63 ml)

2500~
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1000+ T L2
3 254
——
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0 2"trauma 30 90 150 210

Time after completion of study drug administration [min]

1 Control 3 PCC [ PCC+AT50 mBm FCH+PCC mmm FCH+PCC+AT50 Control -+ FCH+PCC —— Al other animals

Fig. 1. Total blood loss (4) and survival (B) after the second trauma; survival data are presented as a Kaplan—Meier curve. *P< 0.001, control
versus all other groups; P < 0.05, prothrombin complex concentrate (PCC) versus all other groups except human fibrinogen concentrate
(FCH) + PCC; ?P < 0.05, control and FCH + PCC versus all other groups (median duration of survival). AT50, antithrombin dose of 50 IU/kg.
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Table 1. Coagulation Parameters

DIC-related Parameters”

Fibrinogen, p-Dimer, Platelets, TAT,
Timepoint Study Group PT,s g/l mg/I x10%/pl AT, % ug/l
Baseline Control 10+1 1.5+0.2 0.5+0.1 333+ 34 100 =12 26+14
PCC 10+1 16+0.2 04+02 334 + 26 101 =13 19+12
PCC+AT50 9+1 1.7+0.2 06+0.7 319+ 44 99+15 27+19
FCH+PCC 101 1.6+0.2 0.7+0.5 291 =40 97 +7 22+11
FCH+PCC+AT50 101 1.8+0.2 0.4+041 315+ 45 99+ 10 30+20 o
Hemorrhagic shock® Control 12 +1 0.6 0.1 3.0+16 167 =16 52 +12 38+30 %
PCC 131 0.6+0.1 20+0.6 175+ 18 46 = 6 278 g
PCC+AT50 131 0.6+0.1 1.7+05 157 =20 49+8 30+9 g
FCH+PCC 131 0.5+0.1 21+1.0 146 + 25 39+9 28+5 3
FCH+PCC+AT50 11x2 0.7+01 27+0.7 174 £ 27 48 +8 3012 3
Completion of study drug Control 15+2 0.5+0.1 25+09 145 + 22 46 + 10 43 + 16! g
administration* PCC 13+2 0.5+0.1 20+03 133+ 25 39+2 505 + 275 a::
PCC+AT50 131 0.5+0.1 1.8+04 145+ 18 145+ 12+ 475 + 145 0
FCH+PCC 81 2.0=+0.2" 24+08 136 = 22 388 331 +237 2
FCH+PCC+AT50 90 2.0=+0.2* 24+1.0 154 £ 20 136 £ 17 350171 §
30min after study drug Control 15+1 0.4+01 23+08 133+18 45+ 10 41 £ 201 2
administration PCC 16+5 0.4+041 13.4+97 116 £ 30 41+3 1,319 =794 §
PCC+AT50 131 0.5+0.1 55+6.5 140 £13 142 £ 11* 737 =187 )
FCH+PCC 81 2.0=+0.2* 25+0.8 118 £ 28 377 767 = 258 %
FCH+PCC+AT50 91 2.0+0.2* 6.5+ 6.1 142 £ 20 125 £ 14* 693 + 283 3
90 min after study drug Control 172 0.4+041 20+0.5 114 £ 25 44 +10 44 + 141 §
administration PCC 89 + 70% 0.2 +0.2 91 =61 78+ M 38+5 2,060 = 1,280° 5
PCC+AT50 131 0.6+0.1 76+58 133 £ 19% 136 £ 11* 751 =186 3
FCH+PCC 8x1 1.7+0.2% 87.7 +1071 75+35 37+8 869 + 407 2
FCH+PCC+AT50 91 1.7+0.1*% 7177 131 £ 13#% 121 =14 643 + 228 %
150 min after study drug Control 18+3 0.4+01 1.8+0.6 95+19 42+9 51 +28! g
administration PCC 107 + 88° 0.1+0.1™ 208.4 = 129.3! 67 + 31 34+6 2,010 = 1,370% a
PCC+AT50 14 1 0.5+0.1 16 +10.1 115+ 18# 128 +10* 755 + 238 <
FCH+PCC 10+1 1.2+0.4% 301.4 + 226.41 75+ 39 40+10 631 + 271 §
FCH+PCC+AT50 10+1 1.6+0.1% 37.1+69.0 124 + 15% 115+ 13" 572 +174 §
210 min after study drug Control 18+5 0.4+01 2.0+08 91+ 21 419 89 + 75/ g
administration PCC 149 + 87% 0.0 £ 0.1t 248.6 = 175.711 58 =28 3010 1,604 = 1,0008 3
PCC+AT50 14+2 0.5+0.1 271199 114 £ 17 126 =11 729 + 232 |8
FCH+PCC 10+0 1.1+04% 193 + 179.6! 75+ 35 46 £ 1 452 + 69 2
FCH+PCC+AT50 10+1 1.5+0.2% 68.2 £79.4 115+ 11# 117 =14 580 + 161 %
Data are shown as means + SD. %
*Parameters identified by the International Society on Thrombosis and Haemostasis for determining the presence/absence of DIC. 110 min after the first trauma. 30 min after the b
second trauma. ||P < 0.05, control vs. all other groups. #P < 0.05, FCH groups vs. all other groups. **P < 0.05, AT groups vs. all other groups. T1P < 0.05, PCC vs. PCC + AT50. &
$£P < 0.05, AT groups vs. PCC. §§P < 0.05, PCC vs. all other groups. ||||P < 0.05, PCC and FCH + PCC vs. all other groups. 'é’“
AT, antithrombin; AT50, antithrombin dose of 50 IU/kg; DIC, disseminated intravascular coagulation; FCH, human fibrinogen concentrate 100 mg/kg; PT, prothrombin time; TAT, 2
thrombin—antithrombin complex. %c:
§
IN

Grottke et al.

was statistically significantly lower than in the PCC mono-
therapy group (P = 0.010; fig. 1). All animals in the PCC
50 IU/kg plus antithrombin 50 IU/kg group survived the
complete observational period.

PT and activated partial thromboplastin time remained
stable over time in the PCC 50 IU/kg plus antithrom-
bin 50 IU/kg group (table 1). Plasma fibrinogen levels
showed only a slight decline over time, such that from
90min after completion of study drug administration,
plasma fibrinogen levels were statistically significantly
higher in the PCC 50 IU/kg plus antithrombin 50 1U/
kg group versus PCC only. Platelet counts in the PCC
50 1U/kg plus antithrombin 50 IU/kg group were also

statistically significantly higher than with PCC only from
90 min onwards. D-Dimer levels increased over time to a
much greater extent in the PCC monotherapy group than
in the PCC 50 IU/kg plus antithrombin 50 1U/kg group,
with statistically significant differences between the two
groups at 150 and 210 min after completion of study drug
administration (table 1).

The values for peak height and endogenous throm-
bin potential showed that coadministration of antithrom-
bin mitigated the thrombin generation increases seen with
PCC only (fig. 2). Statistically significant differences were
observed between the PCC monotherapy and PCC 50
IU/kg plus antithrombin 50 IU/kg groups in both peak
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Fig. 2. Thrombin generation parameters: endogenous thrombin
potential (ETP; A) and peak height (B). *P < 0.05, control versus
all other groups; P < 0.05, prothrombin complex concentrate
(PCC) and human fibrinogen concentrate (FCH) + PCC versus all
other groups; *P < 0.05, FCH + PCC versus all other groups;
$P < 0.05, PCC versus all other groups; 'P < 0.05, PCC versus
all groups with AT50; €P < 0.05, PCC versus PCC + AT50. BL,
baseline; CSDA, completion of study drug administration (30 min
after the second trauma); HS, hemorrhagic shock (10 min after
the first trauma).

height and endogenous thrombin potential. Antithrombin
also produced statistically significant reductions in throm-
bin—antithrombin complex levels versus PCC alone, although
values remained numerically higher than those in the control
group. Consistent with these results, antithrombin reduced
the effects of PCC on thromboelastometry variables (clotting
time, clot formation time, and maximum clot firmness in the
EXTEM and NATEM assays; Supplemental Digital Content,
http://links.lww.com/ALN/B960).

None of the lung specimens (0/14) from the PCC
50 IU/kg plus antithrombin 50 IU/kg group contained
thrombi with diameters of at least 1 mm. The results with
PCC plus lower doses of antithrombin are presented in
the Supplemental Digital Content (http://links.lww.com/

Anesthesiology 2019; 131:543-54

ALN/B960). Total blood loss was numerically lower in all
of the PCC plus antithrombin groups than in the PCC
monotherapy group, and there were no premature deaths
among any of the PCC pus antithrombin animals. With
most variables, the effects of coadministering antithrombin
were dose-dependent. Seven percent (1 of 14) and 0% (0 of
14) of lung specimens from the PCC 50 IU/kg plus anti-
thrombin 12.5 IU/kg and PCC 50 IU/kg plus antithrom-
bin 25 IU/kg groups contained thrombi with diameters of
at least 1 mm, respectively.

Coadministration of Antithrombin with Fibrinogen
Concentrate and PCC

Total blood loss in the fibrinogen concentrate 100 mg/kg
plus PCC 50 IU/kg group (719 * 115ml) was numerically
higher than in the fibrinogen concentrate 100 mg/kg plus
PCC 50 IU/kg plus antithrombin 50 IU/kg group (640 *
80 ml; P = notsignificant; fig. 1).Total blood loss in both these
groups was lower than with PCC monotherapy (P = 0.002
for fibrinogen concentrate 100 mg/kg plus PCC 50 I1U/
kg plus antithrombin 50 IU/kg vs. PCC) and statistically
significantly lower than in the control group (P < 0.001).
Five of seven animals (71%) in the fibrinogen concentrate
100 mg/kg plus PCC 50 IU/kg group died early, whereas all
seven animals in the fibrinogen concentrate 100 mg/kg plus
PCC 50 IU/kg plus antithrombin 50 IU/kg group (100%)
survived, resulting in a statistically significant difference in
mean survival time (130min vs. 210min, P < 0.0001). The
early deaths in the fibrinogen concentrate 100 mg/kg plus
PCC 50 IU/kg group were due to pulmonary emboli.

PT and activated partial thromboplastin time changed
little in either the fibrinogen concentrate 100 mg/kg plus
PCC 50 IU/kg or the fibrinogen concentrate 100 mg/kg
plus PCC 50 IU/kg plus antithrombin 50 IU/kg groups,
with values remaining similar to controls at all timepoints
(table 1 and Supplemental Digital Content, http://links.
Iww.com/ALN/B960). Plasma fibrinogen concentrations
increased after administration of human fibrinogen con-
centrate to levels a little higher than those seen before the
first trauma (table 1). There was a subsequent decrease over
time in fibrinogen levels; from 150min after study drug
administration, the decrease was greater with fibrinogen
concentrate 100 mg/kg plus PCC 50 IU/kg than fibrino-
gen concentrate 100 mg/kg plus PCC 50 1U/kg plus anti-
thrombin 50 IU/kg.

As in the PCC monotherapy group, thrombin generation
potential increased in the fibrinogen concentrate 100 mg/
kg plus PCC 50 IU/kg group after study intervention, as
shown by peak height and endogenous thrombin potential
(fig. 2). The initial increases after study intervention were
similar in the fibrinogen concentrate 100 mg/kg plus PCC
50 IU/kg and PCC monotherapy groups. The subsequent
decrease over time in peak height was also similar in the two
groups, but the decrease over time in endogenous throm-
bin potential was greater with PCC than with fibrinogen
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Antithrombin plus Prothrombin Complex Goncentrate

Fig 3. Lung samples from four of the study groups: human fibrinogen concentrate (FCH) + prothrombin complex concentrate (PCC; large
thrombi with diameter of at least 1 mm; A), PCC monotherapy (large thrombi; B), PCC + antithrombin dose of 12.5 IU/kg (reduced number and
size of thrombi; €), and PCC + antithrombin dose of 25 IU/kg (further reduction in the number and size of thrombi; D). All samples stained with
hematoxylin/eosin. Magnification: 25x (4), 50x (B), 100x (C), and 200x (D).

concentrate 100 mg/kg plus PCC 50 IU/kg. As with PCC
50 IU/kg plus antithrombin 50 TU/kg versus PCC mono-
therapy, increases in peak height and endogenous thrombin
potential were much reduced with fibrinogen concentrate
100 mg/kg plus PCC 50 IU/kg plus antithrombin 50 [U/
kg versus fibrinogen concentrate 100 mg/kg plus PCC 50
IU/kg. Lag-time results were similar at all timepoints in
both the fibrinogen concentrate 100 mg/kg plus PCC 50
IU/kg and fibrinogen concentrate 100 mg/kg plus PCC
50 IU/kg plus antithrombin 50 IU/kg groups, with lit-
tle difference compared to control (Supplemental Digital
Content, http://links.lww.com/ALN/B960).

In the fibrinogen concentrate 100 mg/kg plus PCC 50
1U/kg group, b-dimer levels increased during the study to a
similar extent as with PCC monotherapy (table 1). p-Dimer
levels also increased over time in the fibrinogen concentrate
100 mg/kg plus PCC 50 IU/kg plus antithrombin 50 IU/kg
group, but to a lesser extent such that they were statistically
significantly lower than in the fibrinogen concentrate 100
mg/kg plus PCC 50 IU/kg group at 150 and 210min after
completion of study drug administration. The thrombin—an-
tithrombin complex levels were similar in animals receiving

fibrinogen concentrate 100 mg/kg plus PCC 50 1U/kg and
fibrinogen concentrate 100 mg/kg plus PCC 50 IU/kg plus
antithrombin 50 1U/kg throughout the study and lower than
those seen with PCC alone (table 1).The plasma level of anti-
thrombin increased after intervention in the fibrinogen con-
centrate 100 mg/kg plus PCC 50 IU/kg plus antithrombin
50 IU/kg group and then decreased gradually over time, with
comparable values to those observed with PCC 50 IU/kg
plus antithrombin 50 IU/kg (table 1).

Clotting time and clot formation time values in the
EXTEM and NATEM assays were similar in the fibrinogen
concentrate 100 mg/kg plus PCC 50 IU/kg and fibrino-
gen concentrate 100 mg/kg plus PCC 50 IU/kg plus anti-
thrombin 50 IU/kg groups (Supplemental Digital Content,
http://links.lww.com/ALN/B960). Maximum clot firm-
ness (both assays) was also similar in the two groups upon
completion of study drug administration but subsequently,
maximum clot firmness values in the fibrinogen concentrate
100 mg/kg plus PCC 50 IU/kg group declined. Thrombi
exceeding 1 mm in diameter were observed in 57% (8 of 14)
of lung samples from the fibrinogen concentrate 100 mg/kg
plus PCC 50 1U/kg group (fig. 3), but no samples (0 of 14)
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from the fibrinogen concentrate 100 mg/kg plus PCC 50
IU/kg plus antithrombin 50 IU/kg group contained such
thrombi.

Coadministration of Tranexamic Acid with Fibrinogen
Concentrate, PCC, and Antithrombin

The addition of tranexamic acid to fibrinogen plus PCC or
to fibrinogen plus PCC plus antithrombin was associated with
a trend toward reduced overall bleeding. All animals in the
tranexamic acid 15 mg/kg plus fibrinogen concentrate 100
mg/kg plus PCC 50 IU/kg plus antithrombin 50 1U/kg
group survived for the whole observation period, but in the
tranexamic acid 15 mg/kg plus fibrinogen concentrate 100
mg/kg plus PCC 50 IU/kg group, four of seven animals (57%)
died because of pulmonary emboli (Supplemental Digital
Content, http://linksIww.com/ALN/B960). This death rate
was lower than in the fibrinogen concentrate 100 mg/kg plus
PCC 50 IU/kg group.

The addition of tranexamic acid to either PCC plus anti-
thrombin 50 IU/kg or fibrinogen concentrate plus PCC
plus antithrombin 50 [U/kg appeared to have no effect on
PT or activated partial thromboplastin time (Supplemental
Digital ~ Content,  http://links.Iww.com/ALN/B960).
Plasma fibrinogen concentrations were also unaffected by
the administration of tranexamic acid.

Tranexamic acid had little impact on the thromboelas-
tometry parameters (Supplemental Digital Content, http://
links.Iww.com/ALN/B960). Tranexamic acid also had no
discernible effect on any of the thrombin generation param-
eters (Supplemental Digital Content, http://links.lww.com/
ALN/B960). Antithrombin levels after study drug administra-
tion were slightly lower in the tranexamic acid 15 mg/kg plus
fibrinogen concentrate 100 mg/kg plus PCC 50 IU/kg plus
antithrombin 50 [U/kg group than with fibrinogen con-
centrate 100 mg/kg plus PCC 50 IU/kg plus antithrombin
50 IU/kg but slightly higher in the tranexamic acid 15 mg/
kg plus fibrinogen concentrate 100 mg/kg plus PCC 50 IU/
kg group than with fibrinogen concentrate 100 mg/kg plus
PCC 50 IU/kg (Supplemental Digital Content, http://links.
Iww.com/ALN/B960). However, tranexamic acid did not
affect levels of D-dimers or thrombin—antithrombin complex.
Among lung samples from animals receiving tranexamic acid
15 mg/kg plus fibrinogen concentrate 100 mg/kg plus PCC
50 IU/kg and tranexamic acid 15 mg/kg plus fibrinogen
concentrate 100 mg/kg plus PCC 50 IU/kg plus antithrom-
bin 50 IU/kg, 29% (4 of 14) and 0% (0 of 14) were found to

contain thrombi with diameters of at least 1 mm, respectively.

Discussion

This study reports combined treatment with PCC and anti-
thrombin in an animal model of trauma-associated coag-
ulopathy. Previous findings with PCC monotherapy were
confirmed: this treatment reduced total blood loss and
increased survival versus control. However, treatment with

Anesthesiology 2019; 131:543-54

PCC alone (50 IU/kg) led to a DIC-like syndrome with
low fibrinogen concentrations and reduced clot strength (as
shown by EXTEM maximum clot firmness). The hyper-
coagulable state after PCC therapy was mitigated by anti-
thrombin without impairing treatment efficacy. In the
fibrinogen concentrate 100 mg/kg plus PCC 50 IU/kg
group, total blood loss was statistically significantly lower
than in the control group and numerically lower than
with PCC monotherapy, but early death occurred in four
of seven animals (57%) because of pulmonary emboli, and
the prevalence of pulmonary thrombi was higher than in
the PCC-only group. Thrombin generation potential was
increased by a similar amount with fibrinogen concen-
trate 100 mg/kg plus PCC 50 1U/kg as with PCC alone,
but PT and activated partial thromboplastin time did not
suggest the presence of DIC in the fibrinogen concen-
trate 100 mg/kg plus PCC 50 IU/kg group; this might be
explained by the early deaths and the lack of imputation for
missing values (i.e., the true impact on these variables could
have been masked).

Coadministration of antithrombin prevented DIC with
PCC and prevented early deaths with fibrinogen concen-
trate 100 mg/kg plus PCC 50 IU/kg caused by reduced
thrombin generation potential. The endogenous throm-
bin potential increase seen with PCC monotherapy was
reduced by approximately one or two thirds by the 12.5
or 50 IU/kg doses of antithrombin, respectively. This effect
was confirmed by reduced levels of coagulation activation
markers. Antithrombin also reduced bleeding, with doses of
25 and 50 IU/kg having a greater impact than 12.5 TU/kg.
In all study groups where antithrombin was administered,
there were no deaths before the end of the 210-min obser-
vation period.

The observation of a DIC-like syndrome in this study
should be considered against diagnostic criteria. The
International Society on Thrombosis and Haemostasis
(Carrboro, North Carolina) and the Japanese Association
for Acute Medicine (Tokyo, Japan) have highlighted a low
platelet count, elevated fibrin/fibrinogen degradation prod-
ucts, prolonged PT, and either a low plasma fibrinogen level
(International Society on Thrombosis and Haemostasis) or
fulfillment of systemic inflammatory response syndrome
criteria (Japanese Association for Acute Medicine) as key
determinants.’®** The International Society on Thrombosis
and Haemostasis also identified excessive thrombin genera-
tion as being integral to DIC.*® In animals, diagnostic criteria
for DIC are not standardized, but the International Society
on Thrombosis and Haemostasis/Japanese Association for
Acute Medicine criteria are typically used for guidance.**
We observed all of the International Society on Thrombosis
and Haemostasis/Japanese Association for Acute Medicine
features except systemic inflammatory response syndrome
(not assessed) in the PCC-only group, together with
thrombi in 30% of post-mortem lung samples. In the con-
trol group of our study, some posttrauma observations were
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consistent with DIC (lower platelet counts, raised levels
of p-dimers, and reduced fibrinogen levels were seen wvs.
baseline). However, in the PCC-only group, these changes
were far more pronounced, and they were accompanied by
a large increase in endogenous thrombin potential.

In trauma patients with uncontrolled coagulopathic
bleeding, the first priority is to stop blood loss by restor-
ing hemostasis. In Europe, trauma guidelines recommend
administration of tranexamic acid “as early as possible
to the trauma patient who is bleeding or at risk of sig-
nificant hemorrhage,” whereas the American Society of
Anesthesiologists suggests that antifibrinolytic treatment
should be considered if a patient is bleeding excessively
and if fibrinolysis is documented or suspected.”* In the
present study, mortality rates suggested that the addition of
tranexamic acid reduced but did not eliminate the negative
effects of fibrinogen concentrate plus PCC, which were
manifested as pulmonary emboli. By inhibiting fibrinolysis,
it is likely that tranexamic acid reduced the overall extent
to which coagulation was activated while also reducing the
consumption of fibrinogen.

PCC is a valuable treatment option for patients with
evidence of a need for increased thrombin generation,
enabling quicker and greater supplementation of factors
II, VIL, IX, and X than fresh frozen plasma.>*"" However,
there are few data on the safety profile of PCCs outside
the context of anticoagulation reversal, and preclinical data
from this and other studies'***** suggest that their use may
carry a risk of thromboembolic complications, consump-
tive coagulopathy, or DIC.The current study shows that the
addition of antithrombin to PCC may be effective in both
reducing hypercoagulopathic tendency and increasing the
likelihood of achieving hemostasis, without evidence of any
safety concerns. However, antithrombin is not available in
every trauma center, and its licensing status may not support
its use in this setting. In such circumstances, PCC therapy
should be undertaken only after obtaining the best available
diagnostic information to indicate whether the patient has a
thrombin generation insufficiency, and a cautious approach
to dosing is required.

The question of dosing is complicated by the fact that
PCCs are dosed according to the quantity of factor IX,
whereas the ratio of factor II to antithrombin may be of
primary clinical importance. For the PCC used in this study,
the unit ratio of factor II:factor IX was approximately 1:1,
but this may vary across different PCC products. The eftects
of treatment with PCC on the factor II:antithrombin ratio
were investigated in a theoretical modeling study."” PCC
was shown to be highly effective in raising the plasma
level of factor II, but the factor Il:antithrombin ratio was
increased.

Diagnosing thrombin generation insufficiency is also
complicated in clinical practice. Thrombin generation
potential is based not only on levels of procoagulant factors
but also on coagulation inhibitors to which neither standard

Antithrombin plus Prothrombin Complex Goncentrate

laboratory tests (e.g., PT) nor thromboelastometry variables

164547 These tests can sug-

(e.g., clotting time) are sensitive.
gest a need for increased thrombin generation when levels
of inhibitors are low, meaning that there could be a hidden
risk of PCC therapy triggering hypercoagulopathy. If we
are to use PCCs to treat trauma-related bleeding without
putting patient safety at risk, a rapid (point-of-care), accu-
rate diagnostic test to assess thrombin generation potential
is required. The importance of using a low dose of PCC is
increased if antithrombin coadministration is not possible
and reliable evidence of thrombin generation insufficiency
cannot be obtained.

The study has several limitations. Injury was induced
in healthy, anesthetized animals with breathing con-
trolled by a ventilator. Injuries to humans are associated
with factors such as pain and inflammation; these fac-
tors were absent from our animal model, and they may
affect hemostasis. In addition, initial hemostatic therapy
would be administered within 10min of injury in only
a small minority of patients. Differences between species
mean that we cannot be certain the results are applicable
to humans, and in this regard, it would be interesting to
repeat our study using porcine instead of human coagu-
lation factors. The benefits of coadministering antithrom-
bin with PCC could vary according to the timings and
doses of the treatments; further studies would be needed
to confirm optimal timing and dosing of antithrombin
therapy. In addition, in the present study, PCC was only
tested at the upper dose level recommended for vitamin
K antagonist reversal.

Physiologic responses to trauma typically include
a degree of hypercoagulation. This study suggests that
high-dose PCC monotherapy for trauma-related bleed-
ing can increase hypercoagulation and escalate the risk of
DIC. Coadministration of fibrinogen concentrate appears
to aggravate the risk, potentially causing early death.
Additional treatment with antithrombin was effective in
mitigating PCC-induced hypercoagulation, supporting
future investigation of this treatment approach in human
patients. Clinical use of PCCs in trauma or perioperative
coagulopathy would, ideally, be supported by assessment
of thrombin generation potential and/or coadministra-
tion of antithrombin concentrate as required. Without
these measures, we would suggest giving only low doses
of PCCs in settings other than warfarin reversal to limit
the potential dangers of DIC and other thromboembolic
complications.
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