4-Factor Prothrombin Complex Concentrate is associated with Improved Survival in Trauma Related Hemorrhage: A Nationwide Propensity Matched Analysis 
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Introduction: Post-traumatic hemorrhage is the most common preventable cause of death in trauma. Numerous small single-center studies have shown the superiority of 4-factor prothrombin complex concentrate(4-PCC) along with fresh frozen plasma (FFP) over FFP-alone in resuscitation of trauma patients. The aim of our study was to evaluate outcomes of severely injured trauma patients who received 4-PCC+FFP compared to FPP-alone. 
Methods: 2-year(2015-2016) analysis of the American College of Surgeons-Trauma Quality Improvement Program database. All adult (age≥18years) trauma patients who received 4-PCC+FFP or FFP-alone were included. We excluded patients who were on preinjury anticoagulants. Patients were stratified into two groups: 4-PCC+FFP vs. FFP-alone and were matched in a 1:1 ratio using propensity-score-matching for demographics, vitals, injury parameters, comorbidities and level of trauma centers. Outcome measures were packed red blood cells (pRBC), plasma & platelets transfused, complications, and mortality.
Results: A total of 468 patients (4-PCC+FFP:234 , FFP-alone:234) were matched. Mean age was 50±21years; 70% were males, median injury severity score was 27[20–36], and 86% had blunt injuries. 4-PCC+FFP was associated with a decreased requirement for pRBC (6 units vs. 10 units; p=0.02) and FFP (3 units vs. 6 units; p=0.01) transfusion compared to FFP-alone. Patients who received 4-PCC+FFP had a lower mortality (17.5% vs 27.7%, p=0.01) and lower rates of acute respiratory distress syndrome(1.3% vs 4.7%, p=0.04) & acute kidney injury(2.1% vs 7.3%, p=0.01). There was no difference in the rates of deep venous thrombosis(p=0.11) & pulmonary embolism(p=0.33), adverse discharge disposition(p=0.21) and platelets transfusion(p=0.72) between the two groups. 
Conclusions: Our study demonstrates that the use of 4-factor PCC as an adjunct to FFP is associated with improved survival and reduction in transfusion requirements compared to FFP alone in resuscitation of severely injured trauma patients. Further studies are required to evaluate the role of addition of PCC to the massive transfusion protocol.
Level of Evidence:
Level III, Therapeutic studies
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Introduction:  
Trauma is one of the leading causes of morbidity and mortality in the United States (U.S.), and post-traumatic hemorrhage is the second leading cause of death after trauma (1, 2). Mortality due to exsanguinating hemorrhage can reach as high as 40% in severely injured trauma patients (3). (2).  Trauma induced coagulopathy (TIC) further raises the death toll in these patients. Every 1 out of 4 hemorrhagic trauma patients develops biochemically evident and clinically significant coagulopathy upon presentation and patients with TIC are four times more likely to die within the first 24 hours compared to those who do not have TIC at presentation (4-6). TIC is a multifactorial process and involves acidemia, hypothermia, and a depletion of coagulation factors secondary to blood loss and/or hemodilution (4, 7).  With an increased understanding of the pathophysiology of TIC, there is a paradigm shift towards a more goal-directed resuscitation strategies with early factor replacement. Fresh frozen plasma (FFP) has been used frequently for this purpose, it replaces the coagulation factors and provides volume support in the bleeding trauma patients who are often hemodynamically unstable(8). However, the use of concentrated factor products like the prothrombin complex concentrates (PCC), either alone or in conjunction with FFP for the correction of coagulopathy is increasing in trauma patients. While initially developed for the treatment of hemophilia, the indications for the use of PCC have evolved and they are now used for the rapid correction of elevated international normalized ratio (INR) (9). 
Since its approval from U.S. Food and Drug Administration in 2013, 4-factor PCC (4-PCC)is the standard of care for the reversal of INR in trauma patients with anticoagulants (warfarin) induced coagulopathy (10-12). Additionally, PCC has emerged as an effective therapy for the reversal of trauma induced coagulopathy (patients with INR>1.5 and not on preinjury anticoagulants)(13, 14). Numerous animal and small single-center studies have shown that 4-PCC+FFP is superior to FFP alone in resuscitation of trauma patients (15, 16). However, there is paucity of multi-institutional data regarding the safety and efficacy of 4-PCC as an adjunct to FFP for resuscitating patients with trauma induced coagulopathy. The aim of our study was to evaluate outcomes in severely injured trauma patients who received 4-PCC+FFP compared to FPP alone utilizing the national American College of Surgeons Trauma Quality Improvement Program dataset (ACS-TQIP). We hypothesized that the use of 4-factor PCC as an adjunct to FFP is associated with improved survival and reduction in transfusion requirements for resuscitating trauma patients.
Methods:
Study design and population: 
We performed a two-year (2015-2016) retrospective analysis of the American College of Surgeons (ACS) Trauma Quality Improvement Program (TQIP) database, and identified all trauma patients who received either FFP or 4-PCC during their initial resuscitation.  The TQIP is a well-known effort to elevate the standard of trauma care at participating centers. As of 2018, more than 775 trauma centers are participating in the TQIP. Trained data abstractors collect more than 100 patient and institutional related variables, including patient demographics (age, gender, race); comorbidities; injury parameters [type and mechanism of injury, injury severity score (ISS), and abbreviated injury scale (AIS)]; vitals on presentation in emergency department (ED); in-hospital procedures; complications, mortality and, discharge disposition. The TQIP collects data, provide feedback about centers’ performance and identify the possible characteristics that a trauma center can implement to improve outcomes.  Although TQIP is administered by ACS, the authors of the study are solely responsible for the analyses and conclusions presented in this study. As the TQIP only contains de-identified data, Institutional Review Board (IRB) approval was exempted.

Inclusion & Exclusion Criteria:
[bookmark: _Hlk504812441]We included all adult trauma patients (age ≥18years) who were presented to trauma center and received either FFP alone or 4-PCC+FFP for initial resuscitation in the ED. We excluded patients with documented bleeding disorders, chronic liver disease, history of pre-injury anticoagulants use and those who received PCC alone (without FFP). The ICD10 procedure codes were used to identify patients who received 4-PCC (Supplementary Table 1), while “TQIP Processes of Care Measures file (TQIP_RDS_PM)” was used to abstract data regarding transfusion. Around 23% of the trauma centers reported data using ICD-10 codes in 2015 and 97% of centers were using ICD-10 codes in 2016. Only 117 trauma centers ever used ICD-10 codes for 4-PCC and we only included the patients who were managed at trauma centers using these ICD-10 codes.
Data points
[bookmark: _Hlk504820000]Following data points were abstracted for each patient: patient demographics (age, gender, race, ethnicity); injury parameters (mechanism of injury, injury severity score [ISS], different body regions abbreviated injury scale score [h-AIS]); vitals on presentation in ED (systolic blood pressure [SBP], heart rate [HR], temperature, Glasgow coma scale [GCS]); data regarding the blood components transfused for resuscitation (including packed red blood cells [pRBC], platelets, fresh frozen plasma [FFP]); hospital length of stay (LOS); intensive care unit (ICU) LOS, in-hospital complications; mortality; and, discharge disposition. 
Patient stratification:
Patients were stratified into two groups based on the modality of initial resuscitation: those who received 4-PCC along with FFP (4-PCC+FFP group) for initial resuscitation in the ED and those who received FFP alone (FFP group) for initial resuscitation in the ED. 
Outcomes:
The primary outcome measures of our analysis were transfusion requirements at 4-hours & 24-hours from ED-presentation and in-hospital mortality. Our secondary outcome measures were in-hospital complications [acute kidney injury (AKI); acute respiratory distress syndrome (ARDS); venous thromboembolic complications i.e. deep venous thrombosis (DVT) and pulmonary embolism (PE)], hospital LOS, ICU LOS, and adverse discharge disposition.   
Definitions:
Time to initiation of therapy: Time from ED presentation to receipt of 4-PCC in 4-PCC+FFP group or time from ED presentation to transfusion of 1st unit of FFP in FFP alone group.
Acute Kidney Injury: A patient was determined to have AKI if met the following criteria: No history of chronic renal failure prior to injury and an abrupt reduction in kidney function during the hospital course (Increase in serum creatinine (SCr) ≥3x baseline or; increase in SCr to ≥4mg/dl(≥ 353.3μmol/l) or; a decrease in Estimated Glomerular Filtration Rate (eGFR) to <35 ml/min per 1.73 m² or; reduction in urine output of <0.3 ml/kg/hrs for ≥24 hours or; anuria for ≥12 hours or; requiring renal replacement therapy.   
Acute Respiratory Distress Syndrome (ARDS):  A patient was defined to have ARDS if met the following criteria: New or worsening respiratory symptoms within 1 week of known clinical insult and bilateral opacities on chest X-ray not fully explained by effusions, lobar/lung collage, or nodules and symptoms not explained by heart failure or volume overload and decreased PaO2/FiO2 ratio.
Deep Venous Thrombosis (DVT): The diagnosis of DVT was confirmed by venogram, ultrasound, or CT scan.
Pulmonary Embolism (PE): A patient was defined to have a PE if the V-Q scan was interpreted as high probability of pulmonary embolism or pulmonary angiogram or CT angiogram was positive.
Adverse discharge disposition: It was defined as discharge or transfer to a skilled nursing facility, inpatient rehab, or long term care hospital.  
Statistical analysis
[bookmark: _Hlk504819240]We performed propensity score matching (PSM) which is a well-established method to control for confounding variables and to get two comparable groups among which outcome of interest can be analyzed without any confounding bias. Patients who received 4-PCC along with FFP for initial resuscitation in the ED were matched in a 1:1 ratio to a similar cohort of patients who received FFP alone for initial resuscitation in the ED. PSM was used to match both groups for demographics (age, gender, race, body mass index), vitals (SBP, HR, GCS), time to initiation of therapy, mechanism of injury, ISS, head-AIS, chest-AIS, abdominal-AIS, spine-AIS, extremity-AIS, comorbidities, preinjury antiplatelet use and level of trauma center. In our PSM, dependent variable was the receipt of 4-PCC. Using a logistic regression model, a propensity score was generated for each patient based on confounding factors. The two groups were matched using the nearest neighbor method without replacement. Due to unavailability of hospital specific data, we could not account for intra-hospital cluster effects. However, to decrease the inter-hospital variation of management strategies both groups were matched for the level of trauma centers. 
Multivariate regression was performed to compare outcomes in a sub-group of patients with isolated traumatic brain injury (head AIS≥3 and other body region AIS≤2). To assess the association between each potential dependent variable and the binary outcomes, we performed a univariate analysis. Variables with a p-value less than 0.2 on the univariate analysis were then used in a multivariate logistic regression model. On the multivariate logistic regression analysis, variables were considered significant at a p-value less than 0.05. We then performed the Hosmer-Lemeshow test to assess the fitness of model. In the logistic regression model, the Hosmer-Lemeshow test exceeded 0.05 and the tolerance was greater than 0.1 for all independent variables with a variance inflation factor of less than 10.0
We performed descriptive statistics to report the data. Continuous parametric variables are reported as a mean (with standard deviation), continuous non-parametric variables are presented as a median [with interquartile range] while the categorical variables are reported as a proportion. We used Pearson’s chi square test (X2) to analyze the differences among categorical variables. Mann-Whitney U test and Student’s t-test were performed to evaluate the differences between the two groups regarding continuous non-parametric and parametric variables, respectively. Kaplan Meier survival analysis was performed and Log-rank test was used to compare the difference of survival between the two groups. Alpha was set at 5% and a p-value of less than 0.05 (p< 0.05) was considered statistically significant in our analysis. All the statistical analyses were performed using the Statistical Package for Social Services (SPSS, version 24; SPSS, Inc., Armonk, NY).
Missing data analysis
Missing data were treated as missing completely at random (MCAR). Variables with missing data included: [Variable (percentage of patients missing these data)] ED Systolic Blood Pressure (4.4%), ED heart rate (4.5%), ED GCS (3.3%). We performed multiple imputations to account for the missing values. The Little’s MCAR test and the Markov Chain Monte Carlo method were used to perform multiple imputations. 


Results:
We analyzed 593,818 trauma patients, of which 118,970 patients met inclusion/exclusion criteria and were included in our study. 99.7% (118,585/118,970) patients received FFP alone for initial resuscitation while 0.3% (385/118,970) patients received 4-PCC along with FFP for initial resuscitation. The demographics, ED vitals, injury parameters, and comorbidities of the pre-match patient cohorts are summarized in Table 1. Patients who received 4-PCC+FFP were more likely to be younger (p=0.01) non-white (p=0.04) males (p=0.03) and were less likely to have a history of hypertension (p=0.02), diabetes (p=0.04) and preinjury antiplatelet use (p=0.02). They were more likely to be presented with a lower SBP (p=0.01), a higher HR (p=0.03), and a lower GCS (p=0.04). Furthermore, they were more likely to have sustained a blunt injury (p=0.02) with higher injury severity i.e. ISS (p=0.03). Patients in 4-PCC+FFP group had a higher head-AIS (p=0.01) and higher chest-AIS (p=0.04) compared to those in FFP-alone group. However, there was no difference between the two groups regarding abdominal, spine, and extremity injury severity score. The most common mechanism of injury was motor vehicle crash followed by pedestrian stuck and falls. Patients in 4-PCC+FFP group were more likely to present after a MVC (p=0.03) or pedestrian stuck by motor vehicle (p=0.03) compared to their counterparts. 
On propensity score matching, 468 patients (4-PCC+FFP: 234; FFP-alone: 234) were matched. The mean age was 50±21 years, the median ISS was 27 [20-36], 70% were males, and 86% of patients had a blunt mechanism of injury. All the patients in our analysis received either 4-PCC or FFP in the ED during initial resuscitation (within 60 minutes of presentation to ED). The mean time to administration of 4-PCC was 30 ± 18 minutes (in 4-PCC+FFP group) while the mean time to transfusion of 1st unit of FFP (in FFP alone group) was 27 ± 16 minutes. The overall mortality was 22.6%. The demographics and injury parameters of the match cohort of trauma patients are demonstrated in Table 2. Between the two groups, there was no difference regarding age (p=0.28), gender (p=0.16), race (p=0.24), SBP (p=0.31), HR (p=0.27), GCS (p=0.18), mechanism of injury (p=0.39), ISS (p=0.28), head-AIS (p=0.35), chest-AIS (p=0.41), Abd-AIS (p=0.37), ext-AIS (p=0.24), spine-AIS (p=0.41), time to initiation of therapy (p=0.84), hemorrhage control interventions and time to hemorrhage control interventions (p=0.37). 
The mean 4 hours requirements for pRBC were 4±2 units, platelets 2±2 units and plasma 3±2 units, while the 24 hours requirements for pRBC were 8±4, platelets 3±3, and plasma 5±3. The transfusion requirements of both groups are represented in in Table 3. Compared to the FFP-alone group, patients in the 4-PCC+FFP group had a lower requirement for pRBCs and plasma transfusion at 4-hours or 24 hours. However, there was no difference between the two groups regarding the platelet transfusion at 4-hours or 24-hours. Patients who received 4-PCC along with FFP had lower in-hospital mortality (17.5% vs 27.7%, p=0.01) compared to the patients who received FFP alone as shown in Figure 1. However, both groups had similar ED-mortality (p=0.28). To analyze the independent effect of 4-PCC on mortality, we performed a regression analysis controlling for volume and type of blood products transfused. Even after controlling for these factors, 4-PCC+FFP was independently associated with improved survival (OR: 3.25 [1.78 – 4.96]). The overall rate of complications was 13.6%. The median hospital LOS was 7[3-10], and the ICU stay was 1[1-3]. The secondary outcomes of our analysis are demonstrated in Table 4. Patients in 4-PCC+FFP group were less likely to develop AKI (2.1% vs 7.3%, p=0.01) or ARDS (1.3% vs 4.7%, p=0.04) during their hospital stay compared to patients in FFP-alone group. Additionally, they had shorter hospital length of stay (5-days vs. 8-days, p=0.03). However, there was no difference between the two groups regarding the rates of DVT (p=0.11), or PE (p=0.33). Additionally, both patient cohorts had similar ICU-LOS (p=0.19) and rates of adverse discharge disposition (p=0.21). Most of the patients in our analysis had poly-trauma. Only 21.2% (n=99) of the patients had an isolated TBI (head AIS≥3 and other body region AIS≤2). We performed a sub-analysis of these patients and on sub-analysis, transfusion of 4-PCC+FFP was independently associated with higher odds of survival (OR: 2.54[1.88 – 3.49]) compared to FFP alone.
Discussion:
The results of our study demonstrate that the use of 4-PCC as an adjunct to FFP in the resuscitation of trauma patients is associated with improved outcomes. Numerous small sample single-center studies have demonstrated the efficacy of the adjunctive use of 4-PCC in resuscitation of trauma patients. However, no single larger multicenter data has validated these outcomes. This is the first study from a large nationwide database in the US, to analyze the outcomes of 4-PCC as an adjunct to FFP for resuscitation in trauma patients. It shows an improved survival and decreased blood products transfusion with the use of 4-PCC+FFP compared to FFP alone. Furthermore, there was no difference in thromboembolic complications between the two groups.
	Resuscitation of trauma patients has evolved in the past two decades. There has been a shift from the aggressive use of crystalloids to early utilization of blood products, minimal crystalloids and concomitant factor replacement. The PROPPR trial has recommended the early use of plasma, platelets and packed red cells in a 1:1:1 ratio (17). A few problems persist in the use of fresh frozen plasma (FFP) alone for the reversal of severe coagulopathy of trauma. First, FFP requires cross-matching that hinders the readily availability to the early administration in trauma patients (18). Second it has lower concentration of clotting factors and requires multiple units to be transfused in order to reverse coagulopathy (19). This can potentially pose the risk of volume overload and related complications. These limitations of FFP led to the early adjunctive use of factor replacement in trauma resuscitation. Different factor replacements have been used including fibrinogen, Prothrombin Complex Concentrate (PCC), activated factor-VII, and Factor Eight Inhibitor Bypassing Activity (FEIBA). A recently published randomized clinical trial from UK analyzed the feasibility and outcomes of early fibrinogen transfusion in trauma patients and concluded that early administration of fibrinogen concentrate was not feasible (20). Furthermore, the RETIC trial has investigated the use of coagulation factor concentrates primarily fibrinogen for reversal of trauma induced coagulopathy and demonstrated the superiority of factor concentrates over FFP (21).  The emerging literature is supporting the use of PCC as an adjunct to FFP for the correction of TIC. Some of the advantages of PCC over FFP are higher concentration of clotting factors in PCC; its rapid availability as it does not require thawing or cross matching and the smaller volumes of FFP needed to reverse anticoagulation (22). 
	Several studies have evaluated the impact of PCC on outcomes. The results of our study are consistent with the previously published data (13-15, 23, 24). We found that the 4-PCC along with FFP is associated with improved outcomes in terms of transfusion requirements and survival. On the contrary, Moe and colleagues analyzed the efficacy of PCC in a porcine hemorrhaging shock model, and have demonstrated opposite results. They concluded that PCC increased the rate of consumption coagulopathy, failed to correct the TIC, and PCC administration may not improve outcomes in hemorrhagic shock. The results are contrary to our study. This might be due to multiple reasons. First, they administered PCC alone without FFP while in our analysis, PCC was used as an adjunct to FFP for resuscitating trauma patients. Second, after a controlled hemorrhage, the animals were resuscitated with crystalloids only. In contrast, in our study, all patients received a balanced blood product resuscitation. Third, they infused the first dose of PCC at 4 hours after the hemorrhage while the mean time to PCC administration in our patient population was only 30 minutes. Fourth, the physiological derangements produced in their porcine model may not represent the actual TIC in humans (25). 
Another study was recently published by same study group, in which Kuckelman et al. looked at the efficacy of PCC in combination with FFP in swine model of hemorrhagic coagulopathy. They concluded that PCC as an adjunct to FFP is superior in improving outcomes in resuscitation of hemorrhagic shock by decreasing lactic acidosis, improving coagulopathy and clot formation (16). Similarly, Jehan et al. in their study of severely injured trauma patients demonstrated that 4-factor PCC in conjunction with FFP was associated with improved & earlier correction of INR, and decreased PRBC & FFP requirements compared to FFP alone. The improved survival of patients who received 4-PCC+FFP in our analysis can be attributed to above mentioned effects of 4-PCC+FFP on the homeostatic balance of body. In our analysis the 4-PCC+FFP group had lower requirements of pRBCs and FFP, it can be argued that the improved survival might be due to differences in the blood product resuscitation and ratios. To overcome this bias we performed a regression analysis and controlled for the number and type of blood products transfused and even after accounting for the differences in blood product transfused, 4-PCC+FFP was independently associated with higher odds of survival. 
 	One of the feared complications that may limit the use of factor concentrates is the risk of thromboembolism. Previous studies have reported a thromboembolic risk of up to 4% with the use of PCC (26, 27). However, the true risk of thromboembolic complications cannot be estimated due to the small sample size, different formulations with varying clotting factors concentration and heterogeneity of population. A study by Joseph et al. showed no difference in the DVT and VTE rates in patients receiving PCC+FFP compared to FFP alone in trauma. Similarly, Goldstein et al. in a randomized control trial demonstrated no difference in the thromboembolic complications between PCC compared to FFP when used for the reversal of warfarin in patients undergoing surgery/invasive intervention (10). Another study by Jehan at al. demonstrated similar results between 4-factor PCC+FFP and FFP alone (15). However, all these studies were limited by their small sizes to detect a difference. Our study has overcome this limitation by including 468 patients from a nationwide database and demonstrated no difference in the thromboembolic complications (both DVT and PE) between PCC+FFP and the FFP alone group. As the 4-factor PCC has higher concentrations of II, VII, IX, X compared to FFP, it should have a higher risk of thromboembolic complications, at least in theory. However, this was not seen in our study and all the previous reported studies. The presence of some of the anticoagulant proteins (Protein C, Proten S, Antithrombin III and heparin) might be in part the reason for this. Moreover, we found that the patients who received 4-PCC along with FFP had a lower rates of AKI and ARDS. Studies have shown that a high volume of FFP transfusion is independently associated with AKI, ARDS, and multiple organ failure in trauma patients (28, 29). Administration of 4-PCC as an adjunct for resuscitation decreases the requirement for FFP which might explain the lower rates of AKI and ARDS in patients who received 4-PCC+FFP compared to FFP alone group. 
	Our study has certain limitations and results of our study should be interpreted accordingly. First, it is a retrospective study and can only demonstrate an association and not necessary a causality. Second, the patients were not randomized into two groups and this may impart an inherent bias. We also could not capture the individual institutional protocols in deciding one treatment over the other. As the TQIP database does not capture the coagulation indices including the prothrombin time (PT), partial thromboplastin time (PTT), and international normalized ratio (INR), hence we could not control for these parameters. In addition, we could not determine if some institutions used thromboelastography (TEG) or Rotational thromboelastometry (ROTEM) based product products replacement. Moreover, due to limitations of database, we could not control for hospitals which might have caused a clustering effect in our analysis and we do not have data regarding the use of Vitamin K. Although we have excluded the patients who were on pre-injury anticoagulants using ICD-10 codes, there may be a possibility that TQIP did not code for the use of anticoagulants and some patients might have received PCC for anticoagulant reversal. We think this is an inherent limitation for all the studies published from TQIP. Only a randomized control trial can overcome these limitations. Despite these limitations, it is the first nationwide study to report that the use of 4-factor PCC in conjunction with FFP is associated with improved survival and decreased blood transfusion requirements compared to FFP alone without increasing the risk of thromboembolic complications. 
Conclusion:
PCC is an important adjunct for resuscitation of severely injured trauma patients. Our study demonstrates that compared to FFP alone, the use of 4-factor PCC as an adjunct to FFP is associated with improved survival and reduction in transfusion requirements without increasing the risk of venous thromboembolic complications. Randomized clinical trials are warranted to further study the safety and efficacy of PCC for resuscitating trauma patients. 
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Figure legends:
Figure 1. Survival curve analysis.
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