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Despite the widespread institution of modern massive transfusion protocols with balanced blood product ratios, survival for pa-
tients with traumatic hemorrhage receiving ultramassive transfusion (UMT) (defined as 220 U of packed red blood cells [RBCs])
in 24 hours) remains low and resource consumption remains high. Therefore, we aimed to identify factors associated with mortality

An Eastern Association for the Surgery of Trauma multicenter retrospective study of 461 trauma patients from 17 trauma centers
who received 220 U of RBCs in 24 hours was performed (2014-2019). Multivariable logistic regression and Classification and

The 461 patients were young (median age, 35 years), male (82%), severely injured (median Injury Severity Score, 33), in shock (me-
dian shock index, 1.2; base excess, —9), and transfused a median of 29 U of RBCs, 22 U of fresh frozen plasma (FFP), and 24 U of
platelets (PLT). Mortality was 46% at 24 hours and 65% at discharge. Transfusion of RBC/FFP 21.5:1 or RBC/PLT 21.5:1 was
significantly associated with mortality, most pronounced for the 18% of patients who received both RBC/PLT and RBC/FFP
21.5:1 (odds ratios, 3.11 and 2.81 for mortality at 24 hours and discharge; both p < 0.01). Classification and Regression Tree iden-
tified that age older than 50 years, low initial Glasgow Coma Scale, thrombocytopenia, and resuscitative thoracotomy were associ-
ated with low likelihood of survival (14-26%), while absence of these factors was associated with the highest survival (71%).

Despite modern massive transfusion protocols, one half of trauma patients receiving UMT are transfused with either RBC/FFP or
RBC/PLT in unbalanced ratios 21.5:1, with increased associated mortality. Maintaining focus on balanced ratios during UMT is crit-
ical, and consideration of advanced age, poor initial mental status, thrombocytopenia, and resuscitative thoracotomy can aid in prog-

nostication. (J Trauma Acute Care Surg. 2021;91: 24-33. Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.)

BACKGROUND:
in trauma patients receiving UMT in the modern resuscitation era.
METHODS:
Regression Tree analysis were used to identify clinical characteristics associated with mortality.
RESULTS:
CONCLUSION:
LEVEL OF EVIDENCE: Prognostic, level I1I.
KEY WORDS: Trauma; hemorrhagic shock; transfusion medicine.

T raumatic hemorrhage remains a leading cause of morbidity
and mortality in injured patients." The implementation of
damage-control resuscitation practices with initial empiric balanced
ratios of packed red blood cells (RBCs), fresh frozen plasma (FFP),
and platelets (PLT) followed by goal-directed resuscitation in mas-
sive transfusion protocols (MTPs) has led to improved outcomes
and been increasingly adopted in trauma patients.>” However, it
is not known whether these advances in transfusion strategies are
associated with improved outcomes specifically in trauma patients
receiving ultramassive transfusion (UMT), defined as transfusion

of greater than 20 U of RBCs in 24 hours.'®!! This is highlighted
by the finding that the majority of patients enrolled in the para-
digm shifting Prospective, Observational, Multicenter, Major
Trauma Transfusion (PROMMTT) and Pragmatic Randomized
Optimal Platelet and Plasma Ratios (PROPPR) trials were trans-
fused less than 10 U of RBCs in 24 hours.®’

Patients receiving UMT present unique decision-making
challenges given their massive use of blood products and hospi-
tal resources in the setting of severe injuries, frequent physio-
logic deterioration requiring emergent, lifesaving interventions,
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and their very high mortality rates.'®'? Furthermore, UMT events
have the potential to overwhelm trauma care systems in resource-
limited settings including during mass casualty incidents, in austere
environments, or even during large health crises such as the current
coronavirus disease 2019 pandemic.'®!® Because of these issues,
understanding the prognosis of patients receiving UMT may assist
clinicians in resource allocation during shortages. Because of the
rarity of UMT events, only a few studies have examined outcomes
for trauma patients specifically meeting UMT criteria, reporting
very high mortality rates ranging from 60% to 70%.'*'* These
studies could not definitively establish physiologic parameters or
transfusion thresholds beyond which survival was very unlikely,
but they did identify that patients with higher injury severity, lower
Glasgow Coma Scale (GCS) score, male sex, and undergoing re-
suscitative thoracotomy were more likely to die.'™'* Importantly
though, none of these studies were performed since the widespread
implementation of damage-control resuscitation practices, nor
with a large cohort of trauma patients or representing practices
across multiple injuries institutions.

Therefore, to further advance our understanding of the care
of trauma patients who receive UMT for traumatic hemorrhage,
we performed a large, multicenter, retrospective study of patients
receiving UMT during the modern era of balanced blood product
resuscitation (post-PROMMT, 2014-2019).” We aimed to further
characterize outcomes for trauma patients receiving UMT and to
identify clinical, physiologic, and transfusion factors predictive of
mortality, hypothesizing that balanced transfusion ratios would be
associated with improved mortality based on landmark studies of
transfusion in trauma.®’

PATIENTS AND METHODS

Study Design, Inclusion Criteria, and Participating
Centers

Seventeen adult level 1 and 2 trauma centers participated in
this Eastern Association for the Surgery of Trauma multicenter,
retrospective study (see Supplementary Table 1, http:/links.lww.
com/TA/B920, for site accreditation level and MTP characteris-
tics). The cohort included 461 adult trauma patients (218 years
of age) who received 220 U of RBCs within 24 hours of presen-
tation to the emergency department (2014-2019). We collected
patient demographics, injury and physiologic characteristics on
arrival, operative procedures performed, transfusions and hemo-
static adjunct use within 24 hours, in-hospital complications, and
mortality at 24 hours and during hospitalization. To standardize
transfusion variables across sites for analysis, we defined 1 RBC
unit as 300 mL, 1 FFP unit as 250 mL, and 1 PLT unit as 50 mL.
Whole blood was reported to be available at three of the participating
centers, but only two patients in the study received whole blood (2 U
each). Power calculations revealed that a sample size of 450 patients
would yield 80% power to detect a 15% difference in mortality be-
tween groups with balanced (<1.5:1) versus unbalanced (21.5:1)
transfusion ratios, with « set at 0.05. The study was approved by
the institutional review board at each of the participating centers.

Statistical Analyses

Patient demographics, characteristics, transfusions, and out-
comes were described using means and SDs for normally distrib-
uted continuous variables and median and interquartile ranges for
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skewed continuous variables, and as percentages for binary and
categorical variables. Univariate analyses were performed to test
for differences in demographics and clinical characteristics by
mortality at discharge using Student’s ¢ tests for continuous and
normally distributed variables, Wilcoxon rank sum tests for con-
tinuous and nonnormally distributed variables, and Fisher’s exact
tests for binary and categorical variables. A two-sided p value of
<0.05 was considered statistically significant.

Multivariable logistic regression was used to test the associ-
ation of three primary predictors (transfusion ratios, cryoprecipitate
use, and tranexamic acid [TXA] use) with mortality at 24 hours and
at discharge. These models controlled for known potential con-
founders specified a priori for each primary predictor and outcome.
Transfusion ratios were defined as the ratio of RBCs to FFP and the
ratio of RBCs to PLT in the first 24 hours. Transfusion ratios were
classified as <1.5:1 or >1.5:1 to mitigate the effect of outliers in the
data and create clinically meaningful categories. Because RBC/
FFP and RBC/PLT ratios are interrelated, both terms were included
in a single variable and categorized as both <1.5:1 (reference
group), RBC/FFP 21.5:1, RBC/PLT 21.5:1, or both 21.5:1. All
multivariable regression models included random effects on site
to account for differences by participating center.'*

Lastly, Classification and Regression Trees (CART) recur-
sive partitioning was used to build models predictive of survival
to discharge based on available patient characteristics on arrival,
including demographics, injury mechanisms, physiologic charac-
teristics, and laboratory parameters. Classification and Regres-
sion Tree is a form of machine learning that uses a given set of
variables to create validated hierarchical decision trees, which
has been applied in a range of disciplines, including in studies
of trauma patients.'>"'” This method was chosen given its utility
in determining both variable importance and the optimal cutoff
values for each variable for predicting outcome.'® To determine
optimal splits in our predictor variables, the Gini coefficient was
used, and cost complexity pruning was performed to prevent
overfitting and build the most efficient decision tree.'> We identi-
fied several plausible sets of predictor variables with varying
levels of specificity and used cross-validation to select the final
predictor set. In the cross-validation, we fit the models using
90% of the patients (randomly selected) and evaluated model ac-
curacy using the remaining 10%. This process was iterated 100
times to determine the mean proportion correct across the 100
test sets. We additionally summarized the final model fit using
the area under the receiver operator characteristic curve.

To improve model discrimination, a second CART model
was developed using a subset of the patients (n = 353) with less
than 10% missingness on key admission predictor variables
identified in the unpruned classification trees from the whole co-
hort. Descriptive statistics and multivariable modeling were per-
formed in Stata version 15 (StataCorp, College Station, TX).
Classification and Regression Tree analyses were performed
using the rpart package in R version 3.6.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria).'>'®

RESULTS

Patient Characteristics and Univariate Analyses
The 461 patients were young with a median age of 35 years,
predominantly male, and had few reported comorbidities or

© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 1. Characteristics and Outcomes Compared by Mortality at Discharge

Survived Expired
Variable 35% (n =160) 65% (n=301) All Patients (N = 461) )4
Demographics and past history
Age,y 33 (26, 44) 38 (25, 52) 35 (25, 50) 0.06
Male 81% 83% 82% 0.53
BMI 27.6£5.6 28 £ 6.0 28.0 £6.0 0.23
History of MI or CHF 1% 2% 2% 0.73
History of diabetes 6% 7% 7% 0.83
History of cirrhosis 0% 5% 3% <0.01
History of cancer 1% 2% 2% 0.65
Antiplatelet agent 5% 6% 6% 0.81
Anticoagulant agent 6% 2% 4% 0.19
Injury characteristics
ISS 29(22,4) 34.0 (25,43) 33(22,43) <0.01
Severe head injury* 6% 23% 17% <0.01
Blunt 52% 61% 58% 0.06
Mechanism subtype 0.40
GSW 38% 33% 35%
SW 6% 4% 4%
PVA/BVA 9% 12% 11%
MVC/MCC 34% 39% 38%
Fall 3% 2% 2%
Physiologic and laboratory characteristics on arrival
GCS 14 (4, 15) 3(3,13) 7 (3, 14) <0.01
SBP, mm Hg 90 (76, 113) 90 (69, 109) 90 (70, 110) 0.30
SBP <60 mm Hg 9% 15% 13% 0.08
Heart rate,** bpm 117 (96, 133) 106 (85, 131) 110 (90, 132) <0.01
Pulseless 2% 7% 5% 0.13
Shock index 1.2 (0.9, 1.6) 1.2 (0.9, 1.6) 1.2 (0.9, 1.6) 0.64
Base excess, mmol/L -11.7+7.1 -145+8.0 -10.8 +£6.7 <0.01
Lactate, mmol/L 7.3 (4.5, 11.7) 10.5 (6.5, 14.3) 9.1(5.8,13.3) <0.01
Hemoglobin, g/dL 11.3£26 104 £2.6 109 £2.6 <0.01
Platelet count, x 10°L 192 (127, 245) 152 (91, 214) 172 (107, 224) <0.01
INR 1.3 (1.1-1.6) 1.4 (1.2-1.9) 1.4 (1.2-1.8) <0.01
Procedures
Exploratory laparotomy 61% 62% 62% 0.76
Resuscitative thoracotomy 14% 42% 32% <0.01
REBOA 8% 11% 10% 0.32
Aorta cross clamped 14% 31% 25% <0.01
Transfusion characteristics (24 h)
RBC/PLT continuous, median (IQR) 1.1(0.9-1.4) 1.3 (1.0-1.9) 1.2 (1.0-1.8) <0.01
RBC/FFP continuous, median (IQR) 1.2 (1.1-1.5) 1.3 (1.1-1.7) 1.3 (1.1-1.7) <0.01
RBCs, median (IQR), U 29 (23-39) 30 (2441 29 (24-40) 0.33
Platelets, median (IQR), U 26 (18-36) 18 (12-30) 24 (18-36) <0.01
FFP, median (IQR), U 22 (18-31) 21 (16-31) 22 (17-31) 0.13
RBC/FFP ratio 21.5:1 28% 39% 35% 0.02
RBC/PLT ratio 21.5:1 23% 43% 36% <0.01
RBC/PLT or RBC/FFP ratio 21.5:1 40% 59% 52% <0.01
RBC/FFP and RBC/PLT ratio 21.5:1 10% 22% 18% <0.01
Hemostatic adjunct use (24 h)
Tranexamic acid 63% 63% 63% 1.00
Factor VII 3% 5% 4% 0.28
Prothrombin complex concentrate 4% 2% 2% 0.24
Cryoprecipitate 81% 66% 71% <0.01
Viscoelastic testing performed (TEG/ROTEM) 41% 36% 38% 0.39
Continued next page
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TABLE 1. (Continued)

Survived Expired
Variable 35% (n =160) 65% (n=301) All Patients (N = 461) ¥
Outcomes
Sepsis 41% 8% 19% <0.01
Acute kidney injury 44% 20% 28% <0.01
Myocardial infarction 1% 3% 2% 0.27
Stroke 5% 2% 3% 0.17
Venous thromboembolism 28% 5% 13% <0.01
Mortality at 6 h 0% 41% 27% <0.01
Mortality at 24 h 0% 66% 43% <0.01
Mortality at discharge 0% 100% 65% <0.01

*Severe head injury defined as head AIS of 25.
**Patients who presented in arrest or pulseless included with heart rate of 0.

FAortic cross clamping does not include patients who underwent REBOA but includes patients who had cross clamping of the aorta during resuscitative thoracotomy or exploratory

laparotomy.

Shock Index indicates heart rate/systolic blood pressure, max shock index of 2.0, and patients pulseless or without measurable blood pressure on arrival assigned shock index of 2.0.

AIS, Abbreviated Injury Scale; BMI, body mass index; CHF, congestive heart failure; GSW, gunshot wound; INR, international normalized ratio; MI, myocardial infarction; MVC/MCC,
motor vehicle collision or motorcycle collection; PVA/BVA, pedestrian vs. auto or bike vs. auto; REBOA, resuscitative endovascular occlusion of the aorta; ROTEM, rotational
thromboelastometry; SBP, systolic blood pressure; SW, stab wound; TEG, thromboelastography.

antiplatelet/anticoagulant medication use (Table 1). The patients
were severely injured (median Injury Severity Score [ISS], 33), had
amedian GCS score of 7 on arrival, and had evidence of significant
shock and impaired tissue perfusion by several parameters (Ta-
ble 1); also, 17% had severe head injury (defined by head Abbre-
viated Injury Scale of =25). Resuscitative thoracotomy was
performed in 32% of patients, while 10% had resuscitative
endovascular balloon occlusion of the aorta performed (Table 1).
Patients were transfused a mean of 29 U of RBCs, 22 U of
FFP, and 24 U of PLTs within 24 hours of arrival (Table 1).
Thirty-five percent of patients had RBC/FFP ratios of 21.5:1,
36% had RBC/PLT ratios of 21.5:1, 52% had either ratio
>1.5:1, and 18% had both ratios 21.5:1 (Table 1 and Fig. 1).
Tranexamic acid and cryoprecipitate were administered in the
majority of patients, while only a small proportion received recom-
binant factor VII or prothrombin complex concentrate (Table 1).
Mortality was high at 43% at 24 hours and 65% by discharge,
and complications were common among those who survived
including acute kidney injury (44%), sepsis (41%), and venous
thromboembolism (28%, Table 1).

In univariate analysis, patients who died before hospital
discharge were older, more severely and bluntly injured, and
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had lower GCS, hemoglobin, and platelet counts on arrival
(Table 1). Those who died also had more evidence of tissue
hypoperfusion with higher base deficit and lactate, but systolic
blood pressure was not different between the groups. However,
those who died were more likely to present hypotensive (systolic
blood pressure, < 60 mm Hg) or pulseless (Table 1). Forty-two
percent of nonsurvivors underwent a resuscitative thoracot-
omy compared with 14% of those who survived to discharge
(p <0.01), while rates of exploratory laparotomy and resuscitative
endovascular balloon occlusion of the aorta were not different
(Table 1). With respect to transfusion ratios, there were significant
trends for increased proportion of patients with unbalanced
RBC/FFP and RBC/PLT ratios in association with mortality at
discharge (Table 1). Tranexamic acid, factor VII, and prothrombin
complex concentrate use were not different, but cryoprecipitate use
was significantly higher among those who survived (p < 0.01,
Table 1).

Association of Transfusion Ratios, Cryoprecipitate,
and TXA with Outcomes

Multivariable logistic regression was used to test the asso-
ciation of transfusion ratios and hemostatic adjunct use with

Distribution of RBC:FFP Ratios B Distribution of RBC:PLT Ratios

o
<

b=

o

2

>

a
2

v T S T T
0 1 5 6 0 1 6 7
Transfuslon Ra(\o (24 hours) B Transfuslon Ratio 24 hours

Figure 1. Distribution of RBC/FFP and RBC/PLT ratios. One patient with RBC/PLT ratio of 19 and four patients with RBC/FFP ratio of >10

not displayed. N = 461.
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Figure 2. Association of transfusion ratios with mortality at 24 hours and discharge. Plots display the point estimates (diamonds and
triangles) with surrounding 95% confidence intervals for the odds ratios for mortality at 24 hours (black diamonds, A) and at discharge
(gray triangles, B) for RBC/PLT and RBC/FFP ratios categorized as <1.5:1 or >1.5:1 or both =1.5:1. Odds ratios based on multivariable
logistic regression controlling for age, injury severity, blunt mechanism, shock index, and resuscitative thoracotomy with a
randome-effect variance parameter to control for intersite differences. See Supplementary Table 2 (http://links.lIww.com/TA/B920) for
the complete regression model output.

mortality at 24 hours and at discharge. Red blood cell/PLT ratios receiving cryoprecipitate were not statistically significant (Table 2).
21.5:1 were significantly and independently associated with ~ There was a nonsignificant trend toward decreased mortality
more than twofold increased odds of mortality at 24 hours and at 24 hours in those who received TXA and no difference in
discharge (p < 0.05; Fig. 2 and Supplementary Table 2, http:// mortality at discharge (Table 3). We also examined whether
links.lww.com/TA/B920). Red blood cell/FFP ratios =1.5:1 cryoprecipitate and TXA were associated with venous thrombo-
showed a similar trend, statistically significant for mortality at ~ embolism in patients surviving beyond 24 hours, but there were
24 hours (p = 0.05; Fig. 2 and Supplementary Table 2, http://  no significant associations of either cryoprecipitate or TXA use
links.lww.com/TA/B920). The combination of both RBC/PLT with thromboembolism (Supplementary Tables 3 and 4, http://
and RBC/FFP transfused in ratios 21.5 was associated with links.Iww.com/TA/B920).
3.1- and 2.8-fold increased odds of death at 24 hours and dis-
charge, respectively (p < 0.01; Fig. 2 and Supplementary Table 2,
http://links.Iww.com/TA/B920). CART Models

While cryoprecipitate use was significantly associated Lastly, CART models were created using physiologic and
with reduced mortality at 24 hours and discharge on univariate ~ patient characteristics on arrival that were predictive of survival
analysis, on multivariable regression and when excluding early ~  to discharge. The final pruned classification tree included arrival
deaths (within 6 hours) to account for survival bias (given that ~ GCS, age, resuscitative thoracotomy, and platelet count as key
cryoprecipitate is administered later in participating centers” MTP  discriminatory variables in predicting outcome (Fig. 3). Patients
protocols), these trends toward reduced mortality in patients with the best survival (71%) were those who had an initial GCS

TABLE 2. Association of Cryoprecipitate With Mortality at 24 Hours and Discharge

Mortality at 24 h Mortality at Discharge

Covariate Odds Ratio 95% CI ¥4 Odds Ratio 95% CI V4

Cryoprecipitate transfused 0.72 0.38-1.37 0.32 0.79 0.43-1.44 043
Age (per 10 y) 1.17 1.00-1.37 0.05 1.33 1.14-1.55 <0.01
ISS (per 10 points) 0.88 0.73-1.08 0.22 1.28 1.06-1.54 0.01
Blunt mechanism 1.76 0.92-3.34 0.09 1.70 0.97-2.99 0.06
Shock index 1.55 0.83-2.90 0.17 0.92 0.52-1.63 0.78
Resuscitative thoracotomy 421 2.26-7.84 <0.01 7.19 3.84-13.47 <0.01

n = 312. Patients expiring within 6 hours were excluded to control for selection bias in administration of cryoprecipitate.
Shock Index indicates heart rate/systolic blood pressure, max shock index of 2.0, and patients pulseless or without measurable blood pressure on arrival assigned shock index of 2.0.
CI, confidence interval.
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TABLE 3. Association of Tranexamic Acid With Mortality at 24 Hours and Discharge

Mortality at 24 h Mortality at discharge

Covariate Odds Ratio 95% CI P Odds Ratio 95% CI P

Tranexamic acid given 0.71 0.43-1.20 0.20 1.00 0.59-1.67 0.99
Age (per 10 y) 1.01 0.99-1.03 0.25 1.02 1.01-1.04 0.01
ISS (per 10 points) 1.01 0.99-1.02 0.57 1.02 1.00-1.04 0.02
Blunt mechanism 0.96 0.55-1.67 0.89 1.21 0.69-2.10 0.51
Shock index 1.08 0.62-1.88 0.79 0.84 0.47-1.50 0.56
Resuscitative thoracotomy 6.08 3.51-10.53 0.00 7.35 3.91-13.81 0.00

N = 334. Multivariable logistic regression output with random-effect variance parameter by site.
Shock Index indicates heart rate/systolic blood pressure, max shock index of 2.0, and patients pulseless or without measurable blood pressure on arrival assigned shock index of 2.0.

CI, confidence interval.

score of above 3, were younger than 50 years, did not undergo a
resuscitative thoracotomy, and were not thrombocytopenic on
arrival (Fig. 3). On the other hand, patients with any combination
of these factors had significantly poorer survival ranging from
14% to 26% (Fig. 3). Classification and Regression Tree models
with a subset of the cohort (n = 353) with more complete data on
these key predictors (<10%) were developed to improve model
discrimination and performance. With this subset of the cohort,
we additionally identified that, for patients not undergoing re-
suscitative thoracotomy, but with a GCS score of 3 on arrival,
hemoglobin and injury mechanism provided additional stratifi-
cation of mortality risk: patients with a hemoglobin on arrival
<11.0 g/dL had a poor predicted survival of just 11%, while pa-
tients with hemoglobin of 211.0 g/dL and a penetrating mecha-
nism of injury had high survival rates (75%), despite their initial
GCS score of 3 (Fig. 4).

DISCUSSION

In this study, we investigated predictors of mortality in a
modern cohort of injured patients receiving an UMT, defined
as 220 U of RBCs during the initial 24 hours of their resuscita-
tion. Mortality rate at discharge was high at 65% and similar to
mortality rates of 60% to 70% in the only three published prior
studies of UMT spanning the 1990s to early 2010s.''? This
lack of improved mortality despite advances in trauma and crit-
ical care may be attributable to several factors. Patients in this
study had higher ISSs (ISS of 34 vs. 29 in studies by Yu et al.'?
and Velmahos et al.'") and lower median GCS score on arrival (7
vs. 12). Furthermore, unbalanced ratios in large proportion of
patients may have also contributed to the persistently high mor-
tality rate, although it is not known what transfusion ratios were
achieved in older studies of UMT.

Classification and Regression Tree Model for Survival to Discharge- All Patients

Resuscitative No

Thoracotomy?

Arrival GCS=3 \No
Age <50 Yes
Yes No
Yes
v v

Platelet count
>52x109/L

Low probability Low probability Low probability
of Survival (18%)| | of Survival (25%)| | of survival (26%)
n=212 n=78 n=42

High probability
of survival (71%)
n=120

Lowest probability
of survival (14%)
n=9

Figure 3. Classification and Regression Tree model predictive for survival to discharge for patients receiving UMT. Gini coefficient used
to determine splits with 10-fold cost complexity pruning to develop the trimmed tree. Data divided into a training (90%) and a test set
(10%) for validation. Area under the receiver operator characteristic curve, 79%; mean fraction correct in 100 iterations of test set, 76%.
Includes all 461 patients.
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Classification and Regression Tree Model for Survival to Discharge-Cohort with Near Complete Data

Resuscitative
Thoracotomy
w‘
‘ Arrival GCS=3 I

Yes Yes

+

Hemoglobin No
<11 gldL
Yes

Yes

v

Blunt
Mechanism

n=124 n=53 n=32

Low probability Lowest probability || Low probability
of Survival (15%) || of Survival (11%) || of Survival (21%)

n=14 n=95 n=32

High probability High probability Average probability
of Survival (75%) || of Survival (78%) ||of Survival (32%)

Figure 4. Classification and Regression Tree model predictive for survival to discharge for patients receiving UMT. Gini coefficient used
to determine splits with 10-fold cost complexity pruning to develop the trimmed tree. Data divided into a training (90%) and a test set
(10%) for validation. Area under the receiver operator characteristic curve, 77%; mean fraction correct in 100 iterations of test set, 76%.
Includes subset of patients (n = 353) with near complete data (<10%) for admission physiologic and injury characteristics.

The benefit of damage-control resuscitation practices
with initial empiric balanced transfusion ratios is well estab-
lished for traumatic hemorrhage,®”* but to our knowledge,
this is the first study to assess how transfusion ratios may im-
pact mortality in the unique subset of trauma patients receiv-
ing UMT. We demonstrate that unbalanced transfusion ratios
are associated with more than twofold increased mortality com-
pared with balanced transfusion ratios. This finding was stronger
for RBC/PLT ratios than for RBC/FFP ratios, consistent with
prior observational studies of the effects of transfusion ratios
in trauma patients,”'® and patients with both ratios 21.5 had
the highest associated increased mortality. These relationships
persisted even when controlling for age, injury mechanism
and severity, degree of shock, and resuscitative thoracotomy.
Despite all participating sites having MTPs with balanced
blood product allocation algorithms in place before the start
of our study period, 52% of patients still received either RBC/
PLT or RBC/FFP 21.5:1, although the transfusion ratios are
significantly improved compared with historical observa-
tional studies of massive transfusion in trauma.”"'® Unbalanced
transfusion ratios during UMT events may be due to lack of
availability of specific blood products because local blood
bank resources are depleted, due to rapid rates of hemorrhage
and hemodynamic compromise hindering providers’ ability
to track and adjust transfusion ratios in real time, due to tran-
sition to goal-directed resuscitation, due to death before the
balancing of ratios, or due to a combination of these factors.
Increasing the number of immediately available blood products
has been shown to improve transfusion ratios for massively and
ultramassively transfused patients and may represent one impor-
tant area for improving the implementation of balanced resusci-
tation during UMT."?

© 2021 Wolters Kluwer Health, Inc. All rights reserved.

There was a strong association in univariate analysis be-
tween cryoprecipitate use and mortality, but this was mostly ex-
plained by differences in rates of cryoprecipitate administration
based on survival beyond 6 hours. This likely reflects a survival
bias rather than a treatment effect because cryoprecipitate tends
to be administered at significantly later time points in our cen-
ter’s MTP protocols, precluding patients who die early from re-
ceiving it. Cryopreci1pitate use has been shown to be beneficial
in severe trauma,*?" although further studies are needed to de-
termine if early “off-label” empiric administration in the absence
of documented hypofibrinogenemia is feasible and effective in
massively bleeding trauma patients.”” The majority of patients
also received TXA in our study, with modest and nonsignificant
trends for improved 24-hour mortality, although our sample size
was not powered to detect the known small effect sizes observed
in large studies of TXA in trauma patients.?>~*

We identified several factors on CART analysis that
were predictive of mortality with the initial and most important
split on admission GCS score of 3, followed by age older
than 50 years, resuscitative thoracotomy, and the presence
of thrombocytopenia. Although none of the resultant combina-
tions of risk could definitively predict mortality or survival, pa-
tients with none of these risk factors had good survival (71%)
irrespective of other baseline physiologic characteristics, while
patients with one or more of these predictors experienced poor
to below average survival (14-26%). In the subset of patients
with more complete data on admission physiologic characteris-
tics, additional factors identified included an initial hemoglobin
of less than 11 g/dL and blunt mechanisms of injury as predic-
tors of mortality in patients not undergoing resuscitative thora-
cotomy, but with arrival GCS score of 3. While these models
should not replace clinical judgment for any given patient, they
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are of prognostic value and may assist decision making, partic-
ularly in the setting of constrained resources and blood bank
shortages (such as during the current coronavirus disease 2019
pandemic).?

Notably, total volume of blood transfused was a weak pre-
dictor of mortality in CART models, and it was not a significant
predictor in our multivariable regression models. This finding is
consistent with prior studies of UMT; for example, Yu et al.'?
found that total RBCs more than 35 U had an area under the re-
ceiver operator characteristic curve of just 0.54 for predicting
mortality. In our study, 15 patients received more than 75 U of
RBCs, and 4 survived (27%). This further highlights that patient
demographic and clinical characteristics such as age, GCS, he-
moglobin and platelet counts, and whether a resuscitative thora-
cotomy is performed should be considered for prognostication
purposes, rather than total units transfused specifically for pa-
tients who have already received 20 U of RBCs.

Limitations

We recognize some important limitations of this study, in-
cluding its retrospective nature and that our cohort includes patients
from a broad array of trauma centers, which may serve different pa-
tient populations. We did account for intersite variation in our anal-
ysis, and the multicenter nature of this study may increase external
validity and applicability to a wider population of civilian trauma
patients receiving UMT. It is also important to note that all patients
in the study had to survive long enough to receive at least 20 U of
RBCs, and therefore, our findings may not apply to patients with
catastrophic traumatic hemorrhage who exsanguinate and die be-
fore being transfused 20 U of RBCs. The observed mortality differ-
ences in association with transfusion ratios could be due to other
factors rather than due to transfusion ratios themselves. Patients
receiving balanced ratios may also have been more likely to have
been transfused at times when more resources and personnel
were available to care for them, and in which the trauma team
was more adequately able to adhere to other aspects of their
MTP, which may have also driven the improved outcomes for
these patients. Furthermore, it is possible that survival bias plays
some role in the association of transfusion ratios with mortality
in this study; however, this is partially mitigated because all pa-
tients had to survive long enough to receive 20 U of RBCs. In ad-
dition, sensitivity analyses excluding very early (within 3 hours)
and early (within 6 hours) deaths did not suggest the presence
of a large degree of survival bias in our multivariable models
of transfusion ratios and mortality. The use of viscoelastic test-
ing to guide resuscitation could also impact our results, although
we did not find an association between patients who had viscoelas-
tic testing performed and mortality. Use of viscoelastic testing did
not modify the relationship between transfusion ratios and mortal-
ity when tested in our logistic regression models, but we did not
have sufficient data on specific viscoelastic testing results to per-
form a more detailed analysis. Lastly, several patients had signifi-
cant missing data for at least some variables such as temperature
and classical coagulation assays, which may have limited model
discrimination in CART. Similarly, physiologic and laboratory data
were not sufficiently available at serial time points to further en-
hance this analysis and investigate how transfusion ratios might
impact these parameters over time.
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CONCLUSION

In conclusion, while mortality remains high for patients re-
ceiving UMT, we demonstrate strong independent associations of
balanced transfusion ratios with improved mortality in this large
multicenter study, which is particularly important given the high
rate of unbalanced transfusion ratios in this modern cohort of pa-
tients. While prospective randomized studies would be needed to
definitively establish causality in these relationships, this may not
be practical given the rare occurrence of UMT and challenges in
implementing such trials in these patients. Lastly, while no single
variable or set of physiologic findings can perfectly predict sur-
vival, we identified a limited set of readily available patient char-
acteristics that can aid in prognostication in the setting of resource
limitations and when difficult decisions regarding blood alloca-
tion need to be considered.
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