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Abstract

Introduction—Anticoagulation, fibrinogen consumption, fibrinolytic activation, and platelet
dysfunction all interact to produce different clot formation responses after trauma. However, the
relative contributions of these coagulation components to overall clot formation remains poorly
defined. We examined for sources of heterogeneity in clot formation responses after trauma.

Methods—Blood was sampled in the Emergency Department from patients meeting trauma team
activation criteria at an urban trauma center. Plasma prothrombin time (PT) = 18 sec was used to
define traumatic coagulopathy. Mean kaolin-activated thrombelastography (TEG) parameters were
calculated and tested for heterogeneity using Analysis of Means (ANOM). Discriminant analysis
and forward stepwise variable selection with linear regression were used to determine if PT,
fibrinogen, platelet contractile force (PCF), and D-Dimer concentration, representing key
mechanistic components of coagulopathy, each contribute to heterogeneous TEG responses after
trauma.

Results—Of 95 subjects, 16% met criteria for coagulopathy. Coagulopathic subjects were more
severely injured with greater shock, and received more blood products in the first 8 hours

Correspondence: Nathan J. White, Division of Emergency Medicine, Harborview Medical Center Box 359702, 329 9th Avenue,

Seattle WA, 98199 whiten4d@uw.edu Fax: 206-744-4095.
The authors report no conflicts of interest related to this manuscript.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al. Page 2

compared to non-coagulopathic subjects. Mean (SD) TEG maximal amplitude (MA) was
significantly decreased in the coagulopathic group=57.5 (4.7) mm, vs. 62.7 (4.7), T test p<0.001.
The MA also exceeded the ANOM predicted upper decision limit for the non-coagulopathic group
and the lower decision limit for the coagulopathic group at alpha=0.05, suggesting significant
heterogeneity from the overall cohort mean. Fibrinogen and PCF best discriminated TEG MA
using discriminant analysis. Fibrinogen, PCF, and D-Dimer were primary covariates for TEG MA
using regression analysis.

Conclusion—Heterogeneity in TEG-based clot formation in Emergency Department trauma
patients was linked to changes in MA. Individual parameters representing fibrin polymerization,
platelet contractile forces, and fibrinolysis were primarily associated with TEG MA after trauma
and should be the focus of early hemostatic therapies.

INTRODUCTION

Approximately 40% to 70% of potentially salvageable trauma deaths are caused by
exsanguination from uncontrollable truncal hemorrhage within the first hours after injury
and prior to arrival at medical facilities (1-3). The Primary coagulopathy of trauma (PCoT)
includes all biological mechanisms of coagulopathy arising after traumatic injury and is
independent from the effects of environmental hypothermia and dilution from fluid
resuscitation (4). Hypocoagulability after trauma is one component of PCoT and is an acute
acquired coagulation disorder that is immediately present in 25% of injured patients at
hospital arrival, carries a 4-6x increased mortality when present, and is associated with
increased incidence of multi-organ failure, intensive care utilization, and need for blood
transfusion (5-7).

Hypocoagulability is a multifaceted component of trauma pathophysiology that involves
coagulation factor inhibition, platelet dysfunction, fibrinogen consumption, and
hyperfibrinolysis. These changes occur more often in those trauma victims having both
severe anatomical injury and tissue hypoperfusion from major blood loss (8-9).
Hypocoagulability was first measured using plasma tests of the extrinsic and intrinsic
coagulation pathways by prothrombin time (PT> 18 sec) and activated partial
thromboplastin time (aPTT> 60 sec), respectively. (8) More recently viscoelastic hemostatic
assays (VHA's) using extrinsically-activated whole blood thrombelastography (TEG) /
rotational thromboelastometry (ROTEM) have demonstrated significant prolongation of clot
onset times, a reduction of clot strength, and accelerated clot lysis as important indicators of
hypocoagulability and outcomes (10-12).

The multifaceted nature of PCoT makes rapid identification and treatment of specific targets
for therapy in the Emergency Department quite difficult. VHA's are composite measures,
representing overall clot formation in whole blood, and can be limited in their ability to
guide specific therapies in a timely manner. To quickly identify and treat hemostatic
deficiencies, further clarification of the behavior of VHA's early after trauma and their
relation to specific underlying mechanistic sources of coagulopathy are required.

To address this problem, the main objectives of this study were to; 1.) Identify the primary
source of heterogeneity in TEG-based clot formation in coagulopathic Emergency
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Department trauma patients, and 2.) Determine what components of coagulopathy are most
strongly associated with heterogeneous clot formation in this cohort. We tested these
objectives by performing a prospective cross-sectional study of blood coagulation and clot
formation in trauma patients presenting to an urban Level | trauma center.

This is a prospective cross-sectional study of trauma patients presenting to an American
urban level | trauma center. The study was approved by the institutional human subjects
review board. Trauma patients were first identified from trauma team activations. Trauma
team activations were activated by the prehospital providers and criteria included severe
multisystem injury, high-risk injury mechanism, penetrating injury to the chest or abdomen,
abnormal vital signs including hypotension, or requirement for intubation or life-saving
maneuver in the field prior to arrival in the Emergency Department. Full trauma alerts
included the presence of the attending trauma surgeon in the trauma bay within 15 minutes
of patient's arrival to guide resuscitation. Modified trauma alerts were managed by
Emergency Medicine attending physicians with assistance from surgical trauma team
members. Subjects activated for either full or modified trauma alerts were then screened and
enrolled according to Figure 1. Blood was collected into standard citrated vacutainers (1:9
ratio of citrate to blood) prior to receiving any blood products. To avoid confounding
influences of blood transfusion, minor injury, or massive non-survivable injury, patients
were excluded if they received any blood products prior to study sample blood draw, were
not expected to live for 3 days due to obvious non-survivable injury, and/or were minimally-
injured and expected to be discharged from the Emergency Department or hospitalized for
less than 72 hours. Samples were then processed in a nearby hemostasis laboratory (Virginia
Commonwealth University coagulation advancement lab, VCAL, Virginia Commonwealth
University School of Pharmacy). Clinical data including vital signs, injury profiles, and
outcomes were collected from the medical record and the injury severity scores (ISS) were
calculated for each patient. Patients who were found to be pharmacologically anticoagulated
by antiplatelet agents (aspirin or clopidogrel) or vitamin K antagonists after chart review
were excluded from analysis.

Measurements of Clot Formation and Coagulation

All measurements of viscoelastic clot formation were made within 2 hours of collection. The
viscoelastic properties of whole blood were measured using thrombelastography (TEG 5000,
Haemonetics corp. Braintree, MA) using the intrinsic pathway activator kaolin (Kaolin®,
Haemonetics corp.) and recalcification to 10mmol/L final calcium concentration. The TEG
5000 reports time to onset of clot formation (R), which positively correlates with thrombin
generation, the time to reach a predetermined level of clot stiffness (K) and the clotting
angle (Angle), which correlates with fibrin polymerization, the maximal amplitude or
stiffness (MA), representing clot strength, and the percent of clot breakdown due to
fibrinolysis in the first 30 minutes after maximal amplitude (LY 30%). The plasma
coagulation tests used were PT, aPTT, functional fibrinogen by the modified method of
Clauss (STArt 4™ Diagnostica Stago), and D-Dimer measured using ELISA. The lower
linear range of detection for fibrinogen for this assay was truncated at 100mg/dl to maintain
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reliable linear calibration. Fibrinogen clotting times that were prolonged outside of this
linear range were assigned the 100mg/dl value.

Platelet contractile force (PCF) was measured using the Hemostasis Analysis System (HAS,
Hemodyne Inc. Richmond, VA). The HAS reports viscoelastic properties of static whole
blood and is designed to specifically measure the strength of platelet forces during clot
contraction (13). Citrated blood was activated by recalcification according to manufacturer
directions for HAS measurements.

Definitions and Statistical Methods

Patients were divided into either coagulopathic or non-coagulopathic groups by PT= 18 sec.
This PT-based definition of coagulopathy was chosen to represent the extent of extrinsic
pathway dysfunction and its use in previously-reported trauma cohorts. Fibrinogen was used
to represent the degree of consumptive coagulopathy present because it is the first clotting
factor to reach critically low levels during bleeding and resuscitation (14). PCF was used to
quantify platelet activity since there was little variability in platelet count in this cohort and
platelet-specific clotting activity is a strong predictor of outcomes in trauma patients (15).
D-Dimer is the plasmin cleavage product of fibrin and has been shown to become elevated
in coagulopathic trauma patients and was, therefore, used to represent fibrinolytic activity
(16).

The effect of coagulopathy on patient demographics, vital signs, hematology, and TEG
parameters was then examined. Base excess as reported in the medical record was
transformed to base deficit to simplify interpretation. The total amount of crystalloid
(normal saline plus Ringers Lactate) given at the time of study blood sample in the ED and
again 8 hours after admission was also analyzed. In addition, the volume of blood products
transfused at 8 hours of hospitalization from ED arrival was compared between groups.

Statistical Analysis

RESULTS

Mean and SD were used to describe the data. T tests were used to compare results between
coagulopathic and non-coagulopathic groups. As a test of heterogeneity, analysis of means
(ANOM) was used to evaluate each TEG parameter individually to identify significant
deviations of the mean for each group from the overall cohort mean at alpha=0.05. The
highest and lowest quartiles for the TEG parameter MA were then identified and
discriminant analysis with forward stepwise variable selection using PT, fibrinogen
concentration, PCF, and D-Dimer were used to select which among these variables best
discriminated high from low MA. Forward stepwise variable selection with a 0.25
probability to enter was then used to create regression models to determine which
coagulation components were most associated with TEG MA. PT, fibrinogen, PCF, D-
Dimer, and their interaction terms were made available for forward stepwise variable
selection. All statistical analysis was performed using JMP 9.0.0® (SAS, Cary NC, USA)

Of N=173 trauma subjects considered for enrollment, 95 met inclusion criteria and were
included in the final analysis. (Figure 1.) Of the included subjects, 91% met criteria for full
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highest-level trauma team activation. The mean [95%CI] ISS in this cohort was 20 [17, 22],
which indicates that the overall injury severity of the cohort could be classified as being
“severe” according to current definitions (Severe ISS = 15-25). Blunt injury mechanism
accounted for 72% of injuries, 24% were penetrating, and 4% were from combined blunt
and penetrating mechanism. Specific mechanisms of injury included 57% from motor
vehicle collisions, 22% from gunshots, 15% were pedestrians struck by motor vehicles, 5%
were falls, and 1% from stabbing. There was one death in hospital within 72 hours, and 24%
of subjects were identified as having traumatic brain injury according to ICD-9 code in the
medical record.

Demographics, vital signs, metabolic, and treatment data stratified by coagulopathy are
provided in Table 1. Patients with coagulopathy had decreased blood pressure, greater
injury severity, and lower GCS scores. They also had more severe metabolic shock as
demonstrated by lactate and base deficit. Coagulopathic patients also had received more
intravenous crystalloid prior to study blood draw and received more total intravenous fluids,
and were transfused a greater volume of blood products by 8 hours of hospitalization.
Platelet counts were not different between groups.

TEG and coagulation measurements are given in Table 2. PT was significantly prolonged in
the coagulopathy group indicating good stratification by our definition of coagulopathy
(PT>18 sec). Fibrinogen was significantly decreased with coagulopathy and PCF was
moderately decreased. Of TEG parameters, only MA was significantly different with
coagulopathy compared to non-coagulopathy.

ANOM for each TEG parameter revealed that only MA deviated significantly from the
overall cohort mean when stratified into coagulopathic and non-coagulopathic groups.
(Figure 2.)

Stepwise selection of coagulation parameters to discriminate high vs. low MA resulted in
only fibrinogen (p<0.001) and PCF (p=0.007) meeting criteria for selection into the
discriminant model. Subsequent discriminant analysis of the ability of fibrinogen and PCF to
discriminate low vs. high MA resulted in clear separation of the two groups with a low 6.7%
misclassification rate. (Figure 3.)

Fibrinogen concentration, PCF, and their interaction term were selected by forward stepwise
variable selection for inclusion in the regression model for TEG MA. The overall model
performed moderately well (whole model R2=0.64, p<0.001) and MA was primarily
influenced by independent effects of fibrinogen (p<0.001) and PCF (p<0.001) without a
significant interaction being present (p=0.9).

DISCUSSION

Using extrinsic pathway dysfunction as a definition of coagulopathy, we found that TEG
MA was the most heterogeneous of all TEG parameters. The extent of anatomical injury,
blood loss, degree of shock, and other unknown genetic and environmental factors likely
define the individual coagulation response to trauma. This study indicates that platelets and
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fibrinogen should be the primary targets of hemostatic therapy for severely-injured
Emergency Department trauma patients.

Our results support the hypothesis that heterogeneity in clot formation early after trauma is
primarily reflective of changes in fibrinogen, platelet activity, and less-so fibrinolytic
activity. Previous literature suggests that patients with severe injury and shock tend to
rapidly become hypocoagulable from a mixture of extrinsic pathway dysfunction by
activation of the protein C anticoagulant system (9), consumption of fibrinogen and other
clotting factors (17), impaired thrombin generation (18), platelet dysfunction (15), and
fibrinolysis (12). However, the relative contribution of these processes to the overall clot
formation profile is unclear. Our results provide some clarity regarding the relative
importance of these individual components to overall clot formation. Our data agrees with
previous publications demonstrating that measured of clot amplitude are the first VHA
parameters to become abnormal after trauma (10). There was no difference in TEG onset (R-
time) with coagulopathy even when stratifying by extrinsic pathway dysfunction. The lack
of a prolongation of TEG-R time with coagulopathy suggests that either anticoagulation was
not present in our cohort, PT and aPTT are more reflective of fibrinogen concentration, or
that enzymatic anticoagulation in plasma was compensated by the cells present in whole
blood.

Our data suggests that perhaps early changes in whole blood clot formation during PCoT
may be more simply examined in terms of the balance between fibrin and platelets. Platelets
form the initial wound plug by their adhesion and aggregation and are important for
thrombin generation. Once sufficient thrombin is generated at the platelet surface, a fibrin
scaffold is created that adds stiffness and structure to the forming hemostatic clot. Both
formation of an adequate fibrin fiber network and forceful contraction of this network by
platelets are required to achieve optimal clot strength. Similar to our results, Kornblith et al,
found a consistent decrease in the fibrin-specific contribution to clot strength that was
associated with coagulopathy and poor outcomes after trauma (19). They also noted that
platelets were the major contributors to maximal clot strength, again suggesting a critical
role for platelet-fibrin interactions during clot formation after trauma. Fibrinogen
supplementation can compensate for decreased platelet activity and/or count while the
converse has not yet been confirmed (20-22). Therefore, focusing on the behavior and
interaction of platelets and fibrinogen/fibrin after trauma may provide valuable insight into
the mechanism, and provide therapeutic approaches to bleeding management for PCoT.

An important result from this study was that D-Dimer was increased in the entire trauma
cohort and it did not differ in the presence of coagulopathy. In addition, clot lysis (TEG-
LY30%) was also not different with coagulopathy in our cohort. Kutcher et al., identified a
distinct coagulopathy component related to hyperfibrinolysis in trauma patients using
principle component analysis. This component was distinct from other hypocoagulable
states that were more characteristic of generalized clotting factor consumption and
anticoagulation (23). Our results suggest that clot lysis after trauma is likely strongly
modulated by clot structure as a result of the interaction between fibrin and platelets.
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This study is limited in several ways. Firstly, our definition of coagulopathy using extrinsic
pathway dysfunction may be overly-simplistic, given the known multifactorial nature of
coagulopathy. For future work, techniques such as bioinformatic and hierarchical clustering
analysis similar to the approach used to identify complex metabolic states in critically-
injured patients may be useful to better discriminate between individual coagulopathic states
present after trauma (24). Further investigation into these relationships using non-arbitrary
clustering analyses could better identify distinct subgroups of coagulation responses and
better understand their clinical implications. Next, subjects received a significant amount of
intravenous crystalloid resuscitation fluids prior to sample blood draw. This dilution limits
our ability to directly compare this cohort with others where blood samples were obtained
prior to fluid resuscitation. The amount of crystalloid fluid received is likely a consequence
of prehospital and Emergency Department providers initiating fluid resuscitation according
to local protocols. Those patients with a hypocoagulable activation state received
significantly more crystalloid intravenously prior to the study blood draw, so our cohort may
represent PCoT with secondary dilutional effects. However, we would have expected
prolonged clot onset (TEG-R time) in the presence of significant hemodilution, which was
not apparent. Next, TBI can make unique contributions to coagulopathy and we did not
exclude subjects with TBI from the analysis. Therefore, we cannot separate independent
effects of TBI in this cohort. However, TBI is often present after major blunt trauma, and a
pragmatic understanding of coagulopathy in the setting of polytrauma with TBI and blood
loss is essential for care providers. We also excluded those subjects who were on
anticoagulant or antiplatelet medications or had received urgent blood products prior to
obtaining the study blood sample. These subjects are also the most likely to require massive
transfusion and urgent surgery, and are more likely to die. These exclusions allowed for a
more direct examination of coagulopathy after trauma, but also likely masked the emergence
of strong anticoagulant profiles or hyperfibrinolysis that are more likely to occur in the most
severely injured and shocked trauma patients.

CONCLUSION

TEG MA was the most heterogeneous clot formation parameter present in severely-injured
Emergency Department trauma patients and was linked to variation in platelet function,
fibrinogen, and less-so fibrinolytic activation. Emergency Department treatment of PCoT
should prioritize treatment of fibrinogen and platelets to restore clot strength.
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Study Enrollment and Allocation Flow Diagram

Immediate Inclusion Criteria

Age 218 years.

Acutely injured within 3 hours.
Meet criteria for trauma team
activation

Healthy volunteer

Immediate Exclusion Criteria

Pregnancy (confirmed by urine
pregnancy test)

Documented do not resuscitate
order

Intentional self-inflicted injury
Anticoagulant use including
heparins, aspirin, clodipogrel, or
warfarin as confirmed by patient
report or medical record review.

Trauma Team Activated

y

Assessed for eligibility (n=173)

Delayed Exclusion (n=29)
+ Healthy Control {n=10)
+ Incomplete Data (n=5)
+ Non-survivable injury, not
expected to survive at
least72 hours (n=14)

Consented (n=124)
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Immediate Exclusion (n=49)
e Anticoagulant Use (n=5)
e Received Blood Products prior
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Competing Study (n=2)
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e Other Reasons (n=24)

h 4

y

(PT<18 sec)
{n=80)

Non-Coagulopathic

Coagulopathic
(PT218 sec)
{n=15)

Figure 1.

Study enrollment criteria and allocation.
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Extrinsic pathway

Figure 2.
Analysis of means for TEG maximal amplitude after grouping into coagulopathic (PT= 18

sec) and non-coagulopathic groups. Maximal amplitude varied significantly from the overall
cohort mean by crossing the predetermined upper decision limit (UDL) in the non-
coagulopathic group and by crossing the lower decision limit (LDL) in the coagulopathic
group at alpha=0.05.
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Figure 3.
Linear discriminant analysis canonical plot of TEG maximal amplitude quartiles 1 and 4

discriminated by fibrinogen concentration and platelet contractile force measurements. The
multivariate mean for each quartile is a labeled inner circle corresponding to a 95%
confidence limit for the mean. Groups that are significantly different tend to have non-
intersecting circles. Larger contours show areas that contain roughly 50% of the points for
that group. Fibrinogen and PCF can clearly discriminate the lowest from highest MA
quartiles in this cohort with only 6.7% misclassified.
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Demographics, vital Signs, laboratory, and transfusion.

Table 1

Demographics Overall PT <18 seconds | PT =18 seconds
Vitals/Demographics Mean SD Mean | SD Mean SD *T test p value
Age (years) 38.4 16.7 39.1 17.1 34.8 143 0.36
Systolic BP (mmHg) 1284 | 274 1316 | 26.7 1112 | 255 0.007
Diastolic BP (mmHg) 79.5 18.1 81.3 17.4 69.9 19.1 0.025
Resp Rate (bpm) 19.4 7.7 19.1 7.9 21.3 6.2 0.32
Temp C° 36.4 0.8 36.5 0.8 36.1 0.6 0.23
Oxygen Saturation (%) 97.4 4.1 97.5 42 97.1 35 0.72
Pulse Rate (bpm) 97.0 24.4 94.0 23.2 116.7 23.6 <0.001
Injury Severity Score (ISS) 20 13 17 11 32 13 <0.001
Glasgow Coma Score (GCS) 11 5 12 5 9 6 0.027
Shock Parameters

Lactate (mmol/L) 4.2 2.9 3.9 25 5.8 4.2 0.023
Base Deficit (mEqg/L) 2.7 4.7 1.9 4.0 7.2 5.8 <0.001
Hematology

Hemoglobin (g/dl) 123 2.0 12.7 18 105 2.2 <0.001
Hematocrit (%) 37.3 6.4 38.4 5.7 31.3 7.0 <0.001
Platelet Count (x10"9/L) 237.3 74.0 241.9 74.7 213.0 66.7 0.17
Crystalloid Fluid Resuscitation (ml)

Total Crystalloid Vol. at Sample Time | 1386.2 | 1166.6 | 1275.9 | 1122.7 | 2030.8 | 1254.6 | 0.03
Total Crystalloid Vol. at 8 hours 2051.0 | 2436.3 | 1699.5 | 1763.4 | 3781.2 | 4167.0 | 0.004
Blood Products (ml)

Total Blood Products at 8 hours 551.3 1617.4 | 255.1 677.0 2131.0 | 3435.6 | <0.001
Packed Red Blood Cells 459.1 1067.8 | 245.7 528.2 1526.2 | 2085.2 | <0.001
Fresh Frozen Plasma 161.3 525.1 64.6 236.3 645.0 1080.6 | <0.001
Pooled Platelets 20.5 76.2 0.0 0.0 123.1 153.6 <0.001
Apheresis Platelets 10.3 90.6 0.0 0.0 61.5 2219 0.024
Cryoprecipitate 18.8 93.8 23 18.6 101.5 213.9 <0.001

*
T test comparing PT<18 sec group vs. PT=18 sec group.
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Table 2

Coagulation parameters and thrombelastography.

Overall PT <18 seconds | PT = 18 seconds
Measurement Mean SD Mean SD Mean SD *T test p value
Prothrombin Time (sec) 15.3 2.6 14.4 15 20.0 1.6 <.001
Fibrinogen (mg/dl) 252.8 | 93.9 2704 | 90.1 159.1 | 46.9 <.001
Platelet Contractile Force (Kdynes) | 7.9 2.3 8.1 2.2 6.9 2.6 0.054
D-dimer (ng/ml) 1596.0 | 1521.8 | 1532.4 | 1519.9 | 1989.0 | 1545.6 | 0.36
Thrombelastography
R (min) 4.4 11 4.3 11 4.5 11 0.49
K (min) 1.4 0.4 1.4 0.3 15 0.4 0.36
ANG (°) 68.2 6.3 68.5 5.8 66.4 8.3 0.22
MA (mm) 61.9 5.2 62.7 4.9 57.5 4.7 <.001
LY30 (%) 1.0 16 1.0 15 14 2.1 0.34

*
T test comparing PT<18 sec group vs. PT=18 sec group.
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