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Article history: Background: Plasma thrombin generation has been used to characterize trauma-induced coagulopathy,
Accepted 3 July 2019 but description of whole blood thrombin generation is lacking. This study aimed to evaluate plasma and

Available online 13 September 2019 whole blood thrombin generation in healthy volunteers and trauma patients. We hypothesized that (1)

plasma and whole blood thrombin generation are distinct, (2) whole blood thrombin generation is more
pronounced in trauma patients than in healthy volunteers, and (3) thrombin generation correlates with
clinical coagulation assays.
Methods: Blood was collected from healthy volunteers and trauma patients at a single, level-1 trauma
center. Whole blood thrombin generation was assessed with a prototype point-of-care whole blood
thrombin generation device, and plasma thrombin generation was measured with a calibrated auto-
mated thrombogram analogue. Plasma and whole blood thrombin generation were compared and
correlated with international normalized ratio and thrombelastography.
Results: Overall, 10 healthy volunteers (average age 30, 50% men) were included and 58 trauma patients
(average age 34, 76% men, 55% blunt mechanism, and with a median new injury severity score of 17)
were included. Plasma and whole blood thrombin generation differed with more robust thrombin
generation in plasma. Trauma patients had a significantly increased whole blood thrombin generation
compared with healthy volunteers]. Plasma thrombin generation correlated with international
normalized ratio, whereas whole blood thrombin generation did not correlate with thrombelastography.
Conclusion: Plasma and whole blood thrombin generation are distinct, highlighting the need to perform
standardized assays to better understand their correlation and to assess how whole blood thrombin
generation confers differential outcomes in trauma.

© 2019 Elsevier Inc. All rights reserved.

Introduction spectrum of phenotypes from a hypocoagulable to a hypercoagu-
lable state, it is the former, characterized by prolonged clot for-

Trauma-induced coagulopathy (TIC) is one of the leading causes mation and accelerated fibrinolysis, which poses the greatest risk of

of preventable death in injured patients." Although TIC includes a early mortality after traumatic injury.”> Approximately 15% of
trauma patients present in this hypocoagulable profile owing to a

combination of shock, depletion of blood factors, platelet
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patients. However, the description of whole blood thrombin
generation (TG) is lacking.®’ Given that platelets are critical in
initiating clot formation, characterizing TIC in whole blood assays is
crucial. This need has been recognized in other hematologic pa-
thologies, such as hemophilia, where point-of-care whole blood TG
is being explored as a diagnostic and therapeutic tool. Although the
plasma-based prothrombin time/international normalized ratio
(PT/INR) and whole blood thrombelastography (TEG) have been
compared, differences between plasma and whole blood TG have
yet to be investigated fully.

This study aimed to compare plasma and whole blood TG in
healthy volunteers and trauma patients and to examine their
respective correlations to conventional plasma-based and whole
blood viscoelastic assays. We hypothesize that plasma and whole
blood TG are distinct, and whole blood TG is more pronounced in
trauma patients than healthy volunteers. Because whole blood TG
and citrated rapid TEG are both measured in whole blood in the
presence of exogenous tissue factor, and plasma TG and PT/INR are
both measured in plasma after addition of phospholipids (PL), we
also hypothesize that plasma TG correlates to PT/INR, whereas
whole blood TG correlates to TEG.

Methods
Study design

To compare plasma and whole blood TG among healthy vol-
unteers, blood was collected from healthy adult (>18 years) donors
recruited at Denver Health. This study was approved by the Colo-
rado Multiple Institutional Review Board (COMIRB 18-0625), and
all subjects provided informed consent. We collected basic de-
mographic data, including age, sex, and body mass index.

For our analysis of trauma patients, we conducted an analysis
of prospectively collected data from our Trauma Activation Pro-
tocol (TAP), a registry which includes all trauma activation
patients from 2015 to 2017 at the Ernest E. Moore Shock Trauma
Center at Denver Health, an American College of Surgeons verified
and Colorado state certified, academic level-1 trauma center. The
TAP study was approved by the Colorado Multiple Institution
Review Board (COMIRB#13-3087) and performed under waiver of
consent. Clinical data were collected by trained research profes-
sional assistants and included age, sex, body mass index, mecha-
nism of injury, new injury severity score (NISS), field and hospital
arrival systolic blood pressure (SBP), Glasgow Coma Scale, base
deficit, complete blood count, PT/INR, partial thromboplastin time,
number of blood products transfused, clinical outcomes, and
mortality.

Participants

For our healthy volunteer recruitment, volunteers were
screened via a questionnaire (Supplemental Digital Content 1) to
determine eligibility. Volunteers were excluded if they had any
conditions known to affect coagulation as listed in the
questionnaire.

Criteria for inclusion in TAP were adult patients (>18 years
old) who presented to the hospital as a trauma activation, an
emergency department walk-in, or non-transfer patients who
were upgraded to a trauma activation on arrival. The criteria for
activation were traumatic injury with any of the following: (1)
Glasgow Coma Scale < 8 with presumed thoracic, abdominal, or
pelvic injury; (2) respiratory compromise with presumed
thoracic, abdominal, or pelvic injury; (3) blunt trauma with SBP <
90 mm Hg; (4) mechanically unstable pelvic injury; (5) pene-
trating injuries to the neck or torso with SBP < 90 mm Hg or that

require endotracheal intubation; (6) amputation proximal to the
ankle or wrist; or (7) when the emergency medicine attending or
the chief resident in surgery suspected that urgent operative
intervention may be required. Exclusion criteria include any pa-
tient <18 years, patients whose initial blood sample was not
collected within 1 hour of injury, infusion of blood products
before collection of blood samples, consultations from external
hospitals, documented chronic liver disease (total bilirubin >2.0
mg/dL or advanced cirrhosis discovered on laparotomy), known
inherited defects of coagulation function (eg hemophilia or Von
Willebrand’s disease), subsequent downgrades from trauma
activation, and patients who were pregnant or prisoners. Patients
were removed from the study if any of these criteria became
known after activation.

Procedures

Whole blood samples were collected in healthy volunteers and
trauma activation patients at the scene by trained paramedics or on
hospital presentation within 1 hour of injury in citrated vacuum
tubes (3.5 mL, 3.2% sodium citrate) for TEG and plasma calibrated
automated thrombogram (CAT) and sodium citrate-corn trypsin
inhibitor (CTI) vacuum tubes (3.2% sodium citrate with 100 pg/mL
CTI, which inhibits the contact pathway of coagulation) for whole
blood TG. A team of trained research professional assistants
completed whole blood TG and TEG within 1 and 2 hours of
venipuncture, respectively, in the research lab adjacent to the
emergency department. Citrated rapid (CR) TEG was performed
with the TEG 5000 Thrombelastography Hemostasis Analyzer
(Haemonetics, Niles, IL) according to the manufacturer in-
structions,® and whole blood TG was performed with the prototype
point-of-care WB TG device (near patient testing thrombin gener-
ation). This latter, experimental, point-of-care prototype was
created for the evaluation of TG in WB and, while not yet FDA-
approved, it is currently undergoing laboratory evaluation at
3 trauma centers. The device functions by activating thrombin
generation by relipidated tissue factor, after which point, the re-
action is monitored continuously by means of a thrombin-specific,
fluorogenic substrate. Change in the intensity of fluorescence pro-
duced by the cleavage of the fluorogenic substrate by thrombin is
monitored over time and compared to an internal calibrator with
known stable thrombin activity. Whole blood TG was initiated us-
ing 6.5 pM relipidated tissue factor reagent and 15 mM CaCl2
(Stago, Parsippany, NJ), and TG curves were recorded continuously
for 90 min at a rate of 3 readings per min alongside an internal
calibrator. Remaining blood after TEG and whole blood TG was spun
down to platelet-poor plasma (1,000 g at 4°C for 15 min, then
12,600 g at 4°C for 6 min) for storage in -80°C until time of plasma
TG with a BioTek plate reader (BioTek Instruments, Inc, Winooski,
VT) (CAT analogue). Plasma CAT TG was initiated using 20 uM (final
concentration) of artificial acidic PL (prepared inhouse) and 15 mM
CaCl2, and TG curves were recorded continuously for 60 min at a
rate of 3 readings per min.

CR TEG yields the following variables: activated clotting time
(ACT, time elapsed from initiation of test until onset of clot for-
mation in seconds), angle (rate of clot strength increase in degrees),
maximum amplitude (MA, maximal clot strength achieved in mil-
limeters), and percent clot lysis 30 minutes after reaching MA (lysis
30 minutes after MA in %). The measurements for TG include lag
time (minutes from calcium addition to 10 nM of thrombin
detected), peak thrombin (the maximum thrombin concentration
[in nM] during the assay), time to peak thrombin (min), maximum
rate of thrombin generation (nM/min, also known as velocity
index), and endogenous thrombin potential (ETP, the total
thrombin which can be generated in nM/min).
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Table I

Comparison of plasma and whole blood thrombin generation measurements in healthy

volunteers and trauma patients

Plasma Whole blood P value
Healthy volunteers (n = 10)
Lag time (min) 7.0 (5.8—7.9) 7.0 (6.0—8.0) .97
Peak thrombin (nM) 123.5 (96.5—157.3) 82.5(75.2-91.6) .02
Time to peak thrombin (min) 13.0(11.3—15.0) 10.5(9.7-12.2) .04

Maximum rate (nM/min)
ETP (nM.min)
Trauma patients (n = 58)

62.2 (49.5—67.5)
1,801 (1,627—2,025)

213(17.8-26.1) .02
7284 (634-797)  .002

Lag time (min) 5.4 (3.9-6.8) 3.8 (2.6—4.9) <.0001
Peak thrombin (nM) 318 (234—-386) 126 (84—150) <.0001
Time to peak thrombin (min) 8.7 (7.3—10.3) 6.6 (4.9-9.2) < .0001
Maximum rate (nM/min) 168 (122—213) 42.6 (23—64) <.0001
ETP (nM.min) 2425 (2097—2726) 823.2 (708—-972) <.0001

Numbers presented as median with 25 and 75 interquartile range.

Statistical analysis

The outcomes of interest were the plasma and whole blood TG
measurements: lag time, peak thrombin, time to peak thrombin,
maximum rate of thrombin generation, and ETP. Plasma and whole
blood TG measurements were compared for each individual
healthy volunteer and trauma patient with the Wilcoxon matched
paired signed rank test. Whole blood TG between healthy volun-
teers and trauma patients were compared with the Mann-Whitney
test. Because TG provides a detailed description of the enzymatic
cascade to form thrombin, we also compared the correlation of
plasma TG to plasma-based PT/INR and WB TG to CR-TEG ACT and
angle (TEG measurements representative of the enzymatic phase of
coagulation) using Pearson’s correlation. Statistical analyses
were performed using R software.” Statistical significance was
established at P < .05.

Results
Healthy volunteers: plasma and whole blood TG

Overall, 10 healthy volunteers were included in this study. Half
were men and the average age was 30 years. There were significant
differences between whole blood and plasma TG (Table I).
Compared to whole blood TG, plasma TG reflected a greater peak
thrombin (123.5 nM vs 82.5 nM, P = .02), greater time to peak
thrombin (13.0 min vs 10.5 min, P = .04), greater maximum rate
(62.2 vs 21.3 nM/min, P =.02), and greater ETP (1,801 vs 728 nM/
min, P =.002).

Trauma patients: Plasma and whole blood TG

Overall, 58 trauma patients were included in this study
(Table II). The average age was 34 years, and the majority (76%)
were men. Approximately half (55%) presented after blunt trauma,
and the median NISS was 17. The median presenting SBP was
119 mm Hg (92—126 interquartile range), and 21% presented in
shock (SBP < 90 mm Hg). Whereas only 5% of patients required
massive transfusion, 44% required red blood cell transfusion in the
first 24 hours. Mortality rate was 17%.

As seen in the healthy volunteers, there were significant dif-
ferences between plasma and whole blood TG measurements.
Compared to whole blood, plasma lag time was greater (5.4 min vs
3.8 min), peak thrombin was greater (317.5 nM vs 125.5 nM), time
to peak thrombin was greater (8.7 min vs 6.6 min), maximum rate
was greater (168 nM/min vs 42.6 nM/min), and ETP was greater
(2,425.0 vs 823.2 nM/min) (P < .0001 for all) (Table I).

Table II
Trauma patient population demographics, hematology and clinical outcomes

Demographics

Age (y) 33.5 (25.5—-46.6)
% male 44 (76%)
Injury characteristics
% blunt mechanism 32 (55%)
Time from injury to arrival (min) 27 (21-34)
NISS 17 (9—34)
% TBI 18 (31%)
Laboratory values
SBP (mm Hg) 119 (92—136)
Lactate (mmol/L) 3.5(2.2-6.6)
Base deficit (meq/L) 5.8 (3.4-10.6)
PT/INR 1.1(1.0-1.2)
PTT (s) 25.8 (23.3-27.9)
Thrombelastography
ACT (s) 105 (97—121)
Angle (degrees) 74.4 (67.6—77.8)
MA (mm) 62.0 (57.5-65.0)
LY30 (%) 1.6 (0.5-3.0)
Whole blood thrombin generation
Lag time (min) 3.8(2.8-4.9)
Peak thrombin (nM) 86.4—146.7)
Time to peak thrombin (min) 6.7 (4.9-9.1)

Maximum rate (nM/min)
ETP (nM.min)

42,6 (22.9-61.6)
823 (711-966)

Clinical outcomes

RBCs/first 6 h (units) 0(0-2)
% massive transfusion (>10 units RBCs/first 6 h) 3 (5%)
ICU LOS (d) 3 (0-5)
Ventilator d 1(0-3)
Hospital duration of stay (d) 4(3-13)
% mortality 10 (17%)

Numbers presented as median with 25 and 75 interquartile range or raw number
with percent total as appropriate.

ICU, intensive care unit; LY30, fibrinolysis 30 minutes after MA; PTT, activated partial
prothrombin time; TBI, traumatic brain injury (defined as head and neck
abbreviated injury score >3).

Compared to healthy volunteer WB TG, trauma patients had a
distinct WB TG profile characterized by robust thrombin generation
(Table III). Trauma patients had a lesser lag time (3.8 minutes
vs 7.0 minutes, P < .0001), greater peak thrombin (125.5 nM vs
82.5 nM, P = .003), lesser time to peak thrombin (6.6 minutes
vs 10.5 minutes, P < .0001), greater maximum rate (42.6 nM/min vs
21.3 nM/min, P = .006), and greater ETP (823.2 nM/min vs
728.4 nM/min, P =.02). A small standard error across the whole TG
measurements was also noted as 0.2 minutes for lag time, 5.7 nM
for peak thrombin, 0.3 minutes for time to peak thrombin, 30.2 nM/
min for ETP, and 4.3 nM/min for maximum rate. When comparing
the thrombin generation of trauma patients by mechanism,
although there was a suggestion of a trend toward lesser lag time in
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Table III
Comparison of whole blood thrombin generation in healthy volunteers and trauma patients
Healthy Volunteers (n = 10) Trauma patients (n = 58) P value
Lag time (min) 7.0 (6.0-8.0) 3.8 (2.6-4.9) <.001
Peak thrombin (nM) 82.5 (75.2-91.6) 125.5 (84.4—149.9) .003
Time to peak thrombin (min) 10.5(9.7-12.2) 6.6 (4.9-9.2) <.001
Maximum rate (nM/min) 21.3(17.8-26.1) 42.6 (22.6-63.6) .006
ETP (nM/min) 728 (636—797) 823 (708—-972) .02
Numbers presented as median with 25 and 75 interquartile range.
patients with blunt mechanism (3.6 vs 4.1 minutes, P = .17), there Table IV _ _
were no detectable differences. Additionally, there were no differ- Correlation of TG and PT/INR in trauma patients
ences in WB TG by NISS or traumatic brain injury, possibly owing to Pearson’st P value
small Sample size. . Lag time (min) 0.6 <.0001
Plasma TG correlated moderately with plasma-based PT/INR, Peak thrombin (nM) 04 004
with lag time and time to peak thrombin correlating most strongly Time to peak thrombin (min) 0.6 <.0001
(r = 0.6, P < .0001 for both), such that the greater the PT/INR, the Maximum rate (nM/min) —02 07
ETP (nM/min) -0.5 .0006

greater the lag time and time to peak thrombin (Table IV, Fig 1).
Peak thrombin and ETP negatively correlated with INR (r = —0.4,
P=.004 and r = —0.5, P =.0006, respectively), such that the greater
the PT/INR, the lesser the peak thrombin and ETP. Whole blood TG
measurements, however, did not correlate with CR-TEG ACT or
angle (r ranged from 0.1-0.2, P > .05).

Discussion

In this investigation, we sought to compare plasma and whole
blood TG in healthy volunteers and trauma patients and to examine
their respective correlations to conventional plasma-based and
whole blood coagulation assays. We hypothesized that plasma and
whole blood TG yield different profiles, that whole blood TG is more
pronounced in trauma patients than in healthy volunteers, and that
plasma TG correlates to PT/INR, whereas whole blood TG correlates
to TEG. These data supported our hypotheses in that plasma and
whole blood TG were distinct, with plasma TG yielding greater peak
thrombin, time to peak thrombin, and ETP than whole blood.
Whole blood TG was more pronounced in trauma patients
compared with healthy volunteers, with a lesser lag time and time
to peak thrombin and increased peak thrombin, maximum rate,
and ETP. Plasma TG correlated with INR, such that the greater the
INR, the greater the lag time and time to peak thrombin and the
lesser the peak thrombin and ETP; in contrast, whole blood TG did
not correlate with TEG ACT or angle.

Thrombin is the final end product of a complex coagulation
cascade under the control of a myriad of pro- and anticoagulant
proteins and is responsible for activating platelets and converting
soluble fibrinogen to insoluble fibrin clot.'” As such, thrombin
generation is an important measure of global hemostatic balance
after severe injury. The calibrated, automated thrombogram-based
technology detects thrombin generation through use of a fluoro-
genic substrate and an internal calibrator with known concentra-
tion of thrombin activity, allowing for measurement of change in
fluorescence intensity to determine thrombin concentration in a
sample.'"'? Studies examining this cascade in blood from severely
injured patients have examined TG in platelet-poor plasma only.”'>
Although this has been informative of the protein activity in plasma
after severe injury, it fails to account for the cellular contributors in
whole blood which may affect thrombin generation. These data
indicate that plasma and whole blood TG measurements are
distinct, which can be explained by the differential methodologies
of these assays (use of an acidic PL additive in the plasma TG assay).
Plasma TG resulted in greater ETP and peak thrombin compared to
whole blood TG, likely due to the PL additive supporting more
robust TG. These artificial acidic PL concentration in plasma CAT

ultimately can lead to an even more robust TG than is observed
with blood cells and platelets at their physiologic concentration. For
example, only 1 to 2 uM PL is required to lead to TG similar to that
observed with platelets at their mean physiologic concentration.'*
This uniquely robust TG created in the plasma CAT assay may
explain why some studies of plasma TG in medical and surgical
patients have found inconsistent clinical correlations.®”!>16
Another difference in the whole blood and plasma TG assays in-
cludes the collection of blood in CTI (whole blood TG) versus
citrated (plasma TG) vacutainer tubes. Vacutainer tubes with CTI
were used for whole blood TG as a precaution for the prevention of
the contact pathway. In the case of plasma TG, CTI is added before
the TG assay is performed and thus, for both assays, citrate and CTI
are present. Additionally, at 6.5 pM concentration of relipidated
tissue factor, the collection of blood in citrate versus CTI tube has no
effect on TG in whole blood and plasma; therefore, we expect the
collection of blood in citrated versus CTI tubes does not explain the
TG differences. Another difference in the plasma and whole blood
TG is the concentration of proteins; however, the dilution of plasma
to 67% in plasma CAT assay has a limited effect on TG because both
natural procoagulant proteins and serine protease inhibitors
circulating in blood are diluted. Whether the use of PL in the plasma
CAT is enough to explain the lack of correlation between plasma
and whole blood TG seems likely, but is unclear, and these results
support future investigative work with “standardized” thrombin
generation assays, where similar concentrations of PL and tissue
factor are added to both plasma and whole blood before TG
detection and comparison.

Although the results of plasma and whole blood TG reflect dif-
ferential methodologies, these data provide insight into the cellular
contributions to TG, which can be detected in whole blood TG. The
central role of platelets in hemostasis was emphasized in the cell-
based model proposed by Monroe and Hoffman nearly 20 years
ago.'” Platelets provide a catalytic scaffolding for prothrombinase
assembly, initiating thrombin generation and further contributing
to thrombin formation through release of polyphosphates and
factor V-rich alpha granules, resulting in a rapid acceleration of
initial thrombin generation.'>'® In vitro investigations have eluci-
dated that the factor V/Va, released from platelets, is functionally
and structurally distinct from plasma factor V/Va and serves as a
more efficient protein cofactor for prothrombinase, leading to
distinct pronouncement of TG after initial plasma-based enzymatic
activation.'® Not only do platelets play a role in thrombin formation,
but in vitro work has also supported the role of red blood cells
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Fig 1. Correlation between plasma thrombin generation (TG) measurements and prothrombin time/international normalized ratio (PT/INR). EPT, endogenous thrombin potential.

(RBCs) in supporting prothrombinase and accentuating thrombin
generation.’’ Whole blood exhibits a lesser lag phase than platelet-
rich plasma, hypothesized to be driven by RBC expression of
procoagulant PL on RBC membranes and factor Va-dependent
factor Xa binding to RBCs.”??> These cellular-specific contribu-
tions to coagulation may explain why whole blood TG did not
correlate with the enzymatic phase as detected on TEG (whereas
the plasma-based TG and INR correlated well as would be ex-
pected). Ultimately, these results support further investigations
into whole blood TG in trauma patients. Standardized TG assays, as
mentioned previously with equivalent additive methodologies,
may detail a discordance between plasma and whole blood TG that
could be explained by cellular contribution.

Whole blood TG was more pronounced in trauma patients
compared to healthy volunteers in these described data, with a
lesser lag time and time to peak thrombin and increased peak
thrombin, maximum rate, and ETP in trauma patients. These find-
ings support previous literature examining plasma thrombin
generation after severe injury in animal models and human
patients.>”"® In a prospective, observational study of 406 trauma
activation patients compared with 29 healthy volunteers, trauma
patients had a delayed lag time but increased peak thrombin,
decreased time to peak thrombin, and increased maximum rate.
Additionally, an inability to form this robust thrombin generation
after trauma was linked to poor outcomes, such that depressed
plasma peak thrombin was an independent predictor of massive
transfusion and in-hospital mortality (odds ratio of 4.18 and 2.78,
respectively). Other investigations of trauma patients describing
increased peak thrombin in trauma patients report direct correla-
tion to injury severity, such that the greater the NISS, the greater
the peak thrombin.'®?>?4 TG’s correlation with hypercoagulability

and thrombotic morbidity has also been explored. In a prospective,
case-cohort study of 454 trauma patients, including 83 patients
who developed venous thromboembolism, initial time to peak
thrombin was an independent predictor of symptomatic venous
thromboembolism within 92 hours after trauma.>® These afore-
mentioned investigations introduced the concept of increased TG
in trauma patients but have not included whole blood TG, which
remains a gap in the current literature.

Limitations of this study include differential methodology of
plasma and whole blood TG which limited our ability to correlate
these 2 assays directly. The concentration of tissue factor added to
citrated rapid TEG causes such a massive thrombin burst that it may
skew our ability to correlate whole blood thrombin generation with
ACT and angle. Another limitation in our analysis is that we eval-
uated singular TG measurements instead of combinations of mea-
surements, which in composite, may describe a hypercoagulable or
hypocoagulable profile correlative to conventional hemostatic
assays. Lastly, this study is limited by a small sample of trauma
patients, which limits the ability to differentiate thrombin gener-
ation by descriptors of tissue injury and hemorrhagic shock or
prediction of mortality. The complexity of thrombin biology will
need to be investigated further in a larger-scale study of whole
blood TG and with expanded in vitro work looking at plasma and
whole blood TG with analogous additives.

In conclusion, this study compared plasma and whole blood TG
in healthy volunteers and trauma patients. These data support our
hypotheses that plasma and whole blood TG are distinct, a differ-
ence which can be explained by differential methodologies, but
which highlights the need for expansive in vitro work to elaborate
the cellular contributions to thrombin generation. Whole blood TG
was more pronounced in trauma patients compared to healthy
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volunteers, a finding supported in previous literature on plasma TG
and suggestive of unique systemic response to local injury in
trauma. This study informs a novel, growing field of trauma-
induced coagulopathy research on thrombin biology in the whole
blood environment and highlights the need to gather additional
data to further elucidate the differences between plasma and whole
blood TG and how differential TG profiles may confer improved
clinical outcomes.
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