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Abstract

Background—The traditional paradigm is that deep venous thrombosis (DVT) and pulmonary
embolus (PE) are different temporal phases of a single disease process, most often labeled as the
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composite endpoint venous thromboembolism (VTE). However, we theorize that after severe
blunt injury, DVT and PE may represent independent thrombotic entities rather than different
stages of a single pathophysiologic process and therefore exhibit different clinical risk factor
profiles.

Methods—We examined a large, multi-center prospective cohort of severely injured blunt
trauma patients to compare clinical risk factors for DVT and PE, including indicators of injury
severity, shock, resuscitation parameters, comorbidities and VTE prophylaxis. Independent risk
factors for each outcome were determined by cross-validated logistic regression modeling using
advanced exhaustive model search procedures.

Results—The study cohort consisted of 1,822 severely injured blunt trauma patients (median ISS
= 33, median base deficit = —9.5). Incidence of DVT and PE were 5.1% and 3.9% respectively.
Only 9 of 73 (5.7%) patients with a PE were also diagnosed with DVT. Independent risk factors
associated with DVT include prophylaxis initiation within 48 hours (OR 0.57, 95% CI 0.36-0.90)
and thoracic AIS = 3 (OR 1.82, 95% CI 1.12-2.95), while independent risk factors for PE were
serum lactate >5 (OR 2.33, 95% CI 1.43-3.79) and male gender (OR 2.12, 95% CI 1.17-3.84).
Both DVT and PE exhibited differing risk factor profiles from the classic composite endpoint of
VTE.

Conclusion—Deep venous thrombosis and pulmonary embolus exhibit differing risk factor
profiles following severe injury. Clinical risk factors for diagnosis of DVT after severe blunt
trauma include the inability to initiate prompt pharmacologic prophylaxis and severe thoracic
injury, which may represent overall injury burden. In contrast, risk factors for PE are male gender
and physiologic evidence of severe shock. We hypothesize that post-injury DVT and PE may
represent a broad spectrum of pathologic thrombotic processes as opposed to the current
conventional wisdom of peripheral thrombosis and subsequent embolus.

Level of Evidence—Prognostic study, Level IlI
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Introduction

Venous thromboembolic complications, such as deep venous thrombosis (DVT) and
pulmonary embolism (PE) remain significant contributors to morbidity and mortality
following traumatic injury. Despite the widespread adoption of venous thromboembolism
prophylaxis protocols, incidence of DVT and PE are reported as high as 44% and 24%
respectively during post-injury hospitalization in high risk patients 1> With regards to
prophylaxis and treatment, DVT and PE are most often grouped together as a single entity,
venous thromboembolism (VTE). Risk factors for VTE after injury have been well
characterized, and include advancing age, long bone and pelvic fractures, spinal cord and
traumatic brain injury, prolonged immobilization and delay of prophylaxis initiation, among
others.1:4 However, recent evidence suggests that risk factors may differ between DVT and
PE after injury.® In addition, many PE are being diagnosed within the first few days and a
significant number are being diagnosed as early as the first 24 hours after injury.”~10 These
findings bring into question whether the conventional wisdom of peripheral thrombosis and
subsequent embolus is an oversimplification of thromboembolic pathophysiology after
injury.

We theorized that rather than being different temporal points within a single disease process,
DVT and PE may represent distinct pathophysiologic mechanisms with different clinical
risk factors. Mechanistically, we postulate that while predisposition to DVT and PE may
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share in common a post-traumatic hypercoagulopathic state, their discordance may be
secondary to differences in local factors such as tissue injury, stasis and endothelial damage.
To investigate this question we examined a large prospective cohort of severely injured
patients to determine if DVT and PE exhibit differing independent risk factor profiles when
analyzed as independent outcomes.

Overview/Study population

To assess for potential differences in risk factor profiles for DVT and PE diagnosed after
severe injury, we performed a secondary analysis of data obtained from a multicenter,
prospective cohort of severely injured blunt trauma patients in hemorrhagic shock (The
Inflammation and the Host Response to Injury Collaborative Program; “Trauma Glue
Grant™). The study cohort consisted of male and female patients greater than or equal to 13
years of age evaluated at five urban, academic Level One trauma centers. Inclusion criteria
required a blunt traumatic mechanism with an abbreviated injury score (AlS) = 2 outside the
head region, base deficit = 6 mmol/L, systolic blood pressure <90 mmHg pre-hospital or
within 60 minutes of emergency department arrival, and blood product transfusion within 12
hours of injury. Exclusion criteria consisted of those with significant mortality risk from
severe head injury (AlS head >4), those evaluated at the trauma center >6 hours from time
of injury, cervical spinal cord injury, and thermal burns >20% total body surface area.
Consistency of patient care between centers was optimized with the development and
implementation of standard operating procedures (SOP) for initial resuscitation and
supportive care, including VTE prophylaxis.11~19 Data were prospectively collected and
rigorously audited and include patient demographics, injury pattern and severity, volume
resuscitation parameters, serial laboratory values and multiple outcomes, including DVT and
PE. Data were compiled, validated, de-identified and collated into the Trauma Glue Grant
investigator-accessible Trauma Related Database (TRDB) for secondary analysis. For these
analyses, we did not include patients who expired <48 hours from time of injury to exclude
patients who likely died from irreversible hemorrhagic shock or non-survivable traumatic
brain injury.

The primary outcomes for this study were deep venous thrombosis (DVT) and pulmonary
embolus (PE) within 28 days of injury. Diagnosis of DVT was defined as venous thrombosis
confirmed by autopsy, venogram, duplex ultrasound or other non-invasive vascular
evaluation. An occurrence of PE was defined as a diagnostic confirmation by at least one of
the following: confirmation of pulmonary embolus via diagnostic angiography, computed
tomography, or moderate to high probability ventilation/perfusion radionucleotide scan. The
utilization of DV'T screening practices, as well as clinical criteria used to initiate workup of
suspected DVT and PE were institution and provider specific and not uniformly
protocolized across centers. The modality utilized for screening and/or suspected diagnosis
of DVT and PE were also institution and provider dependent. For comparison we also
included the traditional composite endpoint of venous thromboembolism (VTE), defined as
all patients with DVT, PE, or both. We chose 28-day outcome measures to focus on
thromboembolic complications within the acute phase after injury, rather than the chronic
rehabilitation phase. Established and suspected clinical risk factors for DVT and PE, as well
as potential confounding covariates such as indicators of injury and shock severity, volume
resuscitation parameters, and implementation of pharmacologic thromboembolic
prophylaxis and inferior vena cava filter placement were defined prior to the risk factor
model building analysis (Table 1).
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Statistical Modeling

Results

Independent risk factor models for DVT, PE and VTE were developed by employing a
multi-staged model development methodology using binary logistic regression. An “all
possible models” exhaustive search methodology utilizing optimally recoded or transformed
variables with subsequent 5-fold cross validation was utilized in order to develop a “best
possible model” of independent risk factors for each outcome.® Specifically, 19 independent
variables were taken from a list of available predictors that were considered clinically
relevant from existing literature. All variables containing missing values were completed
using a marginal stochastic imputation method that replaces missing data with values found
by randomly sampling from the set of all observed sample values for that variable. Each of
these variables were then fit into a univariate logistic regression model and tested for model
specification (i.e., goodness-of-fit) using the Log Eigenspectrum and Log Generalized
Akaike Information Criterion (GAIC) Generalized Information Tests (GIMTs)20:21 If model
misspecifcation was detected, continuous or ordinal variables were recoded by
dichotomizing using a single bootstrapped cut-point that was designed to optimize the fit
between the resulting dichotomized variable and each specific outcome (DVT, PE and
VTE).20 Alternatively, if model misspecification was not detected, continuous variables
were linearly transformed to the unit interval.2! These recoded or transformed variables
were then entered into a covariate pool for subsequent modeling.2!

Final risk factor models were determined using an exhaustive “all possible models” search
methodology over the covariate pool. Exhaustive searches were performed to minimize the
risk of omitting important models from consideration.®-22-24 This algorithm estimated all
possible logistic regression models that can be constructed, consisting of 219 (542,288)
models, based on the variables within the dataset using a second order variant of the Akaike
Information Criterion (AIC,), which controls for model complexity and provides a small
sample bias adjustment. All models were then ranked using the Generalized Akaike
Information Criterion (GAIC) which is robust in the presence of possible model
misspecification and controls for model complexity. Finally, we utilized a 5-fold cross-
validation with performance measures for model fit, classification and discrimination for the
highest probability models to identify and rank the top 5% of independent risk factor models
for DVT, PE and VTE.21:25.26 Detailed methodological descriptions are available from the
authors upon request.

Study population/characteristics

The study population consisted of 1,882 patients treated after blunt traumatic injury that
were prospectively enrolled over a 9 year period from 2002 to 2011. Demographics of the
study population confirm that this was a severely injured cohort with physiologic signs of
hemorrhagic shock (Table 1). The leading mechanism of injury was motor vehicle crash
occupant (53.5%), followed by motorcycle crash (15.5%), pedestrian struck by motor
vehicle (13.5%), fall (8.6%), and other blunt mechanism (8.9%). Acute volume resuscitation
requirements were high, with median transfusion amounts of 5 units of packed red blood
cells and 12.5 liters of crystalloid solution resuscitation in the first 24 hours. The overall 28-
day mortality of the cohort was 10.4% (Table 1).

Post-injury venous thromboembolic complications

Venous thromboembolic (VTE) complications were diagnosed in 8.5% of these severely
injured patients within the first 28 days (Table 2). More specifically, DVT and PE were
diagnosed in 5.1% (95/1882) and 3.9% (73/1882) of all patients, respectively. Of the 73
patients with PE, only 9 (12.3%) were also diagnosed with DVT during the 28-day study
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period. Time to event data for DVT and PE is shown in Figure 1. Median times to diagnosis
of DVT and PE were similar at approximately 10 days. Pharmacologic VTE prophylaxis
was initiated in less than 48 hours from time of presentation in 42% of patients (Table 2).
Prophylactic inferior vena cava filters were placed in 16% of all patients. Risk factors
identified by unadjusted univariate analysis of all pre-selected variables for the composite
outcome of VTE were consistent with previously described risk factors including indicators
of injury severity, shock severity, obesity, large volume resuscitation requirements and the
inability to initiate pharmacologic prophylaxis within 48 hours (Table 3).

Post-injury DVT/PE multivariate risk factor modeling

Table 4 presents the final top performing models identified after the exhaustive model
search of independent risk factors for DVT, PE and the composite endpoint VTE. The table
provides estimates for the odds ratio and associated robust confidence intervals for each
factor.27:28 The number of missing values in the datasets was negligible for binary variables
at approximately 2.0%. The missing values for most continuous variables was negligible at
0.1% to 4.4%. The variable for serum lactate had 23.6% missing values. C-statistic values as
measures of goodness of fit for the final VTE, DVT and PE models were 0.92 [95% CI 0.89,
0.93], 0.95 [95% CI 0.93, 0.97] and 0.96 [95%CI 0.95, 0.98], respectively. Independent risk
factors for VTE were similar to the unadjusted analysis results and included serum lactate
within the first 6 hours after presentation, the inability to initiate pharmacologic prophylaxis
within the first 48 hours after injury, body mass index greater than 26, and thoracic
abbreviated injury score greater than or equal to three. When looked at individually, DVT
and PE exhibited differences in their independent risk factor profiles. Risk factors for DVT
were identified as failure to initiate pharmacologic prophylaxis in the first 48 hours
following injury and thoracic AIS greater than or equal to three. In contrast, risk factors for
PE were serum lactate greater than 5 mmol/L and male gender (Table 4).

It is possible that an important variable which appears frequently in other top cross-validated
models may not appear as a risk factor in the best final model. Table 5 presents for each
outcome the percent of the top cross-validated models in which each covariate appears as a
significant predictor. With only one exception, the most frequently occurring variables
across all evaluated models were found as an independent covariate of the best final model.
The exception was body mass index (BMI), which appeared as an independent predictor in
91 percent of all evaluated DVT models, but was not a predictor in the best final model for
DVT.

Discussion

In this study, we found that in a population of severely injured patients there are significant
differences in risk factors predicting diagnosis of DVT and PE after blunt traumatic injury.
Independent predictors for diagnosis of DVT were identified as delay of pharmacologic
thromboembolic prophylaxis for more than 48 hours and thoracic AlS score greater than or
equal to three. In contrast, independent predictors for diagnosis of PE were serum lactate
levels greater than 5 mmol/L and male gender. The risk factor profiles for DVT and PE
differed not only from each other, but from the classic composite outcome of VTE. This
differentiation in clinical risk factor profiles stimulates us to hypothesize that there may be
differences in the post-injury pathophysiology of DVT and PE after injury. The potential
decoupling of DVT from PE would represent a significant change in thought process from
the traditional linear conventional wisdom for venous thromboembolism of distal
thrombosis and subsequent embolization. Based on the findings presented here, and that of
others discussed below, we hypothesize that DVT and PE clinically diagnosed after injury
are representative of a broad spectrum of venous embolic and localized thrombotic
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processes which currently are classified as the broad composite outcome of post-injury
venous thromboembolism (VTE).

Our risk factor modeling approach is based on an exhaustive logistic regression search
methodology that is designed to evaluate all possible predictive models for a given outcome.
After performing 5-fold cross-validation, a “best final model” was selected describing
predictive risk factor covariates for DVT, PE, and VTE. Most often, significant predictors in
the best final model are the same as covariates that appear consistently amongst all top
performing models, supporting the validity of the best final model. This was indeed the case
with our final models, with the exception that body mass index (BMI), while predictive of
DVT in 90% of top models, was not a predictor of DVT in the best final model (Table 5).
Our finding that BMI may be an important predictor is consistent with other studies showing
obesity as a predictor of DVT.3:29:30

Notably absent as significant predictors of DVT, PE or VTE in this study are pelvic or long
bone extremity fractures, which are commonly cited risk factors for VTE after trauma.14-31
We believe this is due to the fact that this analysis focused on a cohort of severely injured
patients with evidence of hemorrhagic shock. This population often has a significant multi-
system injury burden, including multiple orthopedic injuries. This is in contrast to most
existing literature on risk factors for VTE which retrospectively utilized local trauma
registries or national databases inclusive of patients covering the full spectrum of injury
severity.#6:32 In contrast, our study cohort consisted of only the most severely injured blunt
trauma patients. Given that pelvic and long bone fractures are highly prevalent amongst
these patients, they are much less likely to be discriminating risk factors for DVT and PE.

The risk factors shown to be predictive of the composite outcome VTE in our best final
multivariate model are consistent with findings in other studies.2~4:6.8:32 What is unique to
this study was that our findings appear to show that when analyzed independently there are
significant differences in the risk factor profiles of DVT and PE that are diagnosed in
severely injured patients. This suggests a potential decoupling of DVT and PE
pathophysiology, and questions the conventional wisdom that the two are merely different
temporal points in the same disease process. In our analysis, only 12% of patients with PE
were also diagnosed with DVT. Granted, in this cohort there was no protocol across
institutions to assure screening for DVT was performed after PE were diagnosed. However,
these findings are similar to those described by Velmahos et al where injured patients
evaluated for suspected PE were evaluated concurrently with computed tomography (CT)
angiography of the pulmonary arteries and delayed phase CT venography. In their series,
only 15% of injured patients with PE had concurrent DVT.8

Another finding supporting differences in risk factors between DVT and PE include a recent
analysis by Knudsen et al of data from the National Trauma Data Bank (NTDB).6 They
identified subtle differences in the strength of independent risk factors for DVT and PE,
including a stronger association of severe chest injury (AlS thorax = 3) with PE.6 Other
reports have also found chest injury to be a risk factor for subsequent PE.>33 In our study, a
thoracic AlS = 3 was the only significant injury severity metric predictive for DVT and the
composite endpoint VTE. Although it was a covariate in the best final model for PE, it was
marginally significant (p=0.079) (Table 4). However, it must be noted that AIS thorax = 3
was the third most common covariate included across all top cross-validated models of PE,
occurring as a significant covariate in 68% of models (Table 5). As described for BMI and
DVT, it is possible that AIS Thorax = 3 is an important predictor of PE even though it was
not less than the conventional level of statistical significance (a=0.05) in the best final
model.
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Our results and those of Knudsen et al suggest that severe thoracic injury is a predictor of
thromboembolic events. Both Knudsen and Velmahos postulated that thoracic injury may
potentiate in situ pulmonary arterial thrombosis through local inflammation and subsequent
activation of pulmonary venous endothelium.®:8 However, we conjecture that a thoracic AIS
> 3 may be representative of the severity of overall injury burden rather than being specific
to chest injury. Chest injuries and high thoracic injury scores have been shown to be
significantly correlated with overall injury severity and mortality.3435 A potential problem
with the assumption that thoracic AlS is independently associated with PE is that individual
injury severity metrics are highly likely to be collinear with each other, meaning they exhibit
strong correlation. Accounting for covariate multicollinearity is important when developing
valid risk models. Excluding collinear variables from the final predictive model may give
the impression that this single remaining covariate is an independent predictor, when in
actuality it is merely the strongest of all the collinear predictive variables representing the
same underlying mechanism. In this case, a high thoracic AIS score may be the most
strongly associated injury metric representative of severe torso or overall injury severity.
While we did examine the frequency that each potential variable was found to be a predictor
among the top models, further analyses are needed to test the multicollinearity of these
injury severity metrics.

In contrast to the NTDB-based data we found a severe post-injury shock state was the
strongest independent predictor of PE. The presence of hypocoagulopathy after trauma has
been well described in the literature. However, a hypercoagulable state has also been
identified in patients following severe injury.36 These observational findings have been
reinforced with experimental data demonstrating a hypercoagulable state in porcine models
of hemorrhagic shock.37-39 This hypercoagulopathic state is often not well represented by
commonly utilized laboratory assays such as activated partial thromboplastin time (aPTT)
and prothrombin time (PT), but can be detected via thromboelastography (TEG).36:37
Furthermore, there is emerging literature showing that PE are being diagnosed much earlier
than previously described. Many are identified within the first several days, and a significant
proportion are being diagnosed within 24 hours of injury.’~10 When taken together, these
findings suggest that future studies should examine whether PE occur immediately or
shortly following injury secondary to a hypercoagulopathic state caused by tissue injury and
a state of severe hemorrhagic shock.

There are limitations of this study that must be acknowledged. Although data from this
cohort was collected and audited prospectively, this is a secondary analysis and was not
designed to be a definitive study to fully elucidate mechanistic differences between post-
injury DVT and PE. While standard operating procedures for VTE prophylaxis were
established for all centers, there were no defined protocols specified for screening,
diagnosis, and treatment of DVT and PE.11 Screening or diagnostic evaluation was based
upon individual clinical suspicion and local practice patterns. Additionally, pursuit of further
workup for asymptomatic DVT after diagnosis of PE was also not standardized and was
determined by individual providers across institutions. It is therefore likely that many, if not
most, of DVT and PE diagnosed in this cohort were symptomatic, although it has been
shown that up to 10% of PE diagnosed in trauma patients are found incidentally.® Given
these factors, it is probable that overall rates of DVT as well as concurrent DVT/PE are
underestimated as many asymptomatic thromboembolic events will have gone undiagnosed.
Finally, while a complication rate of 4-8% seems relatively high from a clinical standpoint,
statistically these are relatively rare events (i.e. <10%). This represents a challenge in the
development of a single best approximating risk factor model. By construction, several of
the highest performing models are going to have different predictor variables, which may
differ from the top-performing “best final model”. This is why we feel it is important to
compare each final model to the covariate occurrence frequencies among the top cross-

J Trauma Acute Care Surg. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brakenridge et al. Page 8

validated models to assure that potentially significant predictors are identified, even if they
are not present in the best final model (Table 5).
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Figure 1. Time to event for DVT and PE
1a) Time to event data for DVT. 1b) Time to event data for PE.
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Population Demographics (n=1,882)

Age (y)

Total PRBC 0-24 h (U)

Total FFP 0-24 h (U)
Crystalloid 0-24 h (L)

Total resuscitation 0-24 h (L)
Totalresuscitation 0-24 h (L)
Max. serum lactate 0-6 h
Max. serum base deficit 0-6 h
ISS

BMI

LOS (d)

Male gender

Pelvic fracture

21 Long bone extremity fracture

28-day Mortality

(median)
41.0

5.0
2.0
12,5
18.1
24.7
4.6
-9.5
33
26.8
20

1249
911
669
195

(IQR)
26-55
2.8-9.0
0-53
9.0-17.4
13.2-255
17.7-34.1
32-65
(-7) - (-12.7)
22-41
23.7-31.2
11-31
%
66.4
484
35.6
10.4

Table 1

Page 12

y, years; h, hours; PRBC, packed red blood cells; FFP, fresh frozen plasma; U, units; L, liters; ISS, injury severity score; LOS, hospital length of

stay; BMI, body mass index.
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Thromboembolic complications and prophylaxis

(n)
VTE 159
DVT 95
PE 73

Prophylaxis initiation <48 hi 751

Prophylaxis initiation <72 h! 883
Prophylactic IVC filter 299

%
8.45
5.05
3.88

41.98

54.27

15.89

Table 2

Page 13

1 . . . . .
-subcutaneous heparin/low-molecular weight heparin; VTE, venous thromboembolism; DVT, deep venous thrombosis; PE, pulmonary embolus;

h, hours; IVC, inferior vena cava filter.
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Table 4

Multivariate best approximating risk factor models.
VTE
OR MS’ p
Serum Lactate 06 hrs.Z 109 [1.04115] <0.001
Prophylaxis initiation <48 h? 0.60 [0.42,0.85] <0.001
AIS Thorax = 3 167 [1.41,2.44] 0.008
BMI >26 153 [1.09,2.14] 0.014
AIS Spine = 3 0.79 [0.47,1.31] 0.36
DVT
OR 95% ClI p
Prophylaxis initiation < 48 h? 057 [0.36,0.90]  0.015
AIS Thorax = 3 1.82 [1.12,2.95] 0.016
AIS Abdomen =3 142 [0.94,2.14] 0.10
PE
OR 95% Cl p
Serum Lactate >5 (mmol/L) 0-6 h  2.33 [1.43,3.79] <0.001
Male Gender 212 [1.17,3.84] 0.013
AIS Thorax = 3 1.63 [0.95,2.81] 0.079

Page 15

-Odds ratio not shown for lactate in the VTE model as analysis determined variable dichotomization was not appropriate due to linearity of

association;

2 . . . .
-subcutaneous heparin/low-molecular weight heparin; VTE, venous thromboembolism;

3 ] . . . . .
-Cl, confidence intervals are robust based standard errors from the Robust VVariance-Covariance Estimator; DVT, deep venous thrombosis; PE,
pulmonary embolus; OR, odds ratio; h, hours.
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Table 5

Covariate occurrence across all top cross-validated outcome models

Covariate occurrencel (%)

VTE
Max. lactate 0-6 h 99.7
Prophylaxis initiation < 48 h3 99.4
BMI >26 92.6
AIS Thorax =3 87.4
Male Gender? 57.8
AlS Abdomenz 3 56.2

DVT
Chemical prophylaxis init. <48 h 90.8
BMI >28 90.7
AIS Thorax = 3 75.6
1S5 >24 58.4
Total PRBC 0-24 h >7 (U) 51.7

PE
Lactate > 5 (mmol/L) 0-6 h 100
Male Gender 97.6
AlS Thorax= 3 68.1
Crystalloid 0-24 h > 15 (L) 64.6
BMI > 26 62.6

1 . L .
-Percentage of models that covariate was a significant predictor of outcome.
-variables in italics were not significant covariates in each of the best final models.,

3—subcutaneous heparin/low-molecular weight heparin; h, hours; BMI, body mass index, AlS, abbreviated injury score; 1SS, injury severity score;
PRBC, packed red blood cells; L, liters;
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