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Introduction: The aim of our study is to analyze the 5 years' trends, mortality rate, and factors that in-
fluence mortality after civilian penetrating traumatic brain injury (pTBI).

Methods: We performed a 5-year-analysis of all trauma patients diagnosed with pTBI in the TQIP. Our
outcome measures were trends of pTBIL

Results: A total of 26,871 had penetrating brain injury over the 5-year period. Mean age was 36.2 + 18
years. Overall 55% of the patients had severe TBI and mortality rate was 43.8%. There was an increase in
the rate of pTBI from 3042/100,000 (2010) to 7578/100,000 trauma admissions (2014) (p <0.001). The
mortality rate has increased from 35% (2010) to 48% (2011) (p < 0.001) followed by a linear decrease in
mortality to 40% (2014). Independent predictors of mortality were age, pre-hospital intubation, suicide
attempt, and craniotomy/craniectomy.

Conclusions: Incidence and mortality for patients who are brought to hospitals following pTBI have
gradually increased over the five-year period. Self-inflicted injury and prehospital intubation were the
two most significant predictors of mortality.

Trends

© 2018 Elsevier Inc. All rights reserved.

Introduction

A global health problem, traumatic brain injury (TBI) afflicts
millions of people each year.! The most common mechanism of TBI
is blunt trauma; motor vehicle crashes, falls, and assaults account
for the majority of such cases in adults.”>~* Penetrating TBI (pTBI)
has a worse prognosis than blunt TBI, even though it less preva-
lent.> While decades’ worth of research have led to numerous ad-
vances in the care of TBI patients (e.g., the 4th edition of the Brain
Trauma Foundation's guidelines published in 2017), limited data on
PTBI has resulted in insufficient guidelines regarding the treatment
of pTBI patients.® The most recent guidelines for the management
of pTBI were published, in 2001, by a task force made up of the
International Brain Injury Association, the Brain Injury Association
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(USA), the American Association of Neurological Surgeons, and the
Congress of Neurological Surgeons. In attempting to standardize
both the medical and surgical management of pTBI,’ these guide-
lines functioned as a paradigmatic shift away from aggressive
debridement and toward more aggressive antibiotic prophylaxis to
improve outcomes.®

Penetrating TBI is associated with high mortality, from a myriad
of mechanisms. High-velocity missiles (e.g., firearms), which ac-
count for the majority of pTBI deaths, damage tissue through
thermal and kinetic energy transfer.” Injuries due to lower velocity
non-missiles damage tissue through laceration and maceration.
While the mechanisms of non-missile pTBI are vast,'® management
strategies for such cases often focus almost exclusively on acute
surgical and non-surgical pathways.”!" However, firearm-related
violence is increasing in the United States (U.S.),'* and suicides by
firearms are on the rise.”>'* This underscores the importance of
incorporating other aspects of care in the management of these
patients such as suicide prevention and comprehensive family re-
sources. A relative paucity of data on integrating these aspects
emphasizes the need for further investigation.

The lack of updated guidelines on pTBI management calls for an
updated understanding of pTBI outcomes and predictors of
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mortality. In pursuit of this goal, we retrospectively evaluated the
Trauma Quality Improvement Program (TQIP) database produced
by the American College of Surgeons (ACS), one of the most
extensively used national trauma databases. We aimed to analyze
the predictors of mortality and evaluated trends, looking for ways
to intervene and refine care along the spectrum of pTBI. We hy-
pothesized that the incidence of pTBI has increased during the
study period. Our hypothesis was based upon recent literature that
shows an increase in gun violence among civilian trauma
patients.'

Methods
Study design and population

We conducted a five-year (2010—2014) retrospective analysis of
the TQIP database. We identified all adult patients who sustained
TBI age >16 years, as defined by the International Classification of
Disease-9th revision Clinical Modification (ICD-9-CM) procedure
code 850—854 and a penetrating mechanism of injury. The TQIP
database provides an opportunity for peer trauma centers to
compare their processes of care- and risk-adjusted outcomes.
Institutional Review Board (IRB) approval was not required for this
study because the TQIP database contains only de-identified data.
Although the ACS administers the program, the authors of this
study are solely responsible for the analyses and conclusions pre-
sented here.

Inclusion and exclusion criteria

We included all trauma patients aged >16 years who had a
diagnosis of a TBI and a penetrating mechanism of injury.

Data points

We retrieved the following data points from the TQIP database:
demographics (age, gender, race and ethnicity); vitals on scene and
presentation (heart rate [HR], systolic blood pressure [SBP], Glas-
gow Coma Scale [GCS], and temperature); injury severity score
(ISS); abbreviated injury scale (AIS); hospital length of stay (LOS);
mechanism of injury, including gunshot wounds (GSW) and other
non-ballistic injury; physiologic data from the scene of injury via
emergency medical service (EMS) and upon arrival to the emer-
gency department (ED), including GCS and signs of life (SOL); and
in-hospital mortality. “signs of life” were defined as organized EKG
(electrocardiogram) activity, pupillary responses, spontaneous
respiratory attempts or movement, or unassisted blood pressure.

Outcomes measures

The primary outcome measures were trends in pTBI and in-
hospital mortality. Secondary outcomes included predictors of in-
hospital mortality as well as trends in mortality and operative
procedures over the years.

Data analysis

Missing data were treated as missing at random. Multiple im-
putations were performed using a missing value analysis technique
to account for the missing values. This technique is used to reduce
bias and increase the number of cases available. To impute the
datasets, the original dataset was analyzed for random missing data
points using Little's missing completely at random (MCAR) test. We
used the Markov Chain Monte Carlo method for multiple imputa-
tions, that is, a collection of methods for simulating random draws

from non-standard distributions.

Data are reported as mean + SD for continuous parametric data,
as median [IQR] for non-parametric data, and as the proportion for
categorical data. The Mann-Whitney U test and the Student's t-test
were performed to explore differences in the two groups con-
cerning continuous variables. A chi-square test was performed to
identify differences in categorical variables between the two
groups. Sub-analysis was performed based on age and severity of
TBI. Cochrane-Armitage trend analysis was performed to analyze
the trends over the study period.

To assess the association between each variable and the binary
outcomes, we performed a univariate analysis. Variables with a
significant (p <0.2) association on the univariate analysis were
then used in a multivariate logistic regression model. On the
multivariate logistic regression analysis, variables were considered
significant at p < 0.05. The model fit was assessed by the Hosmer-
Lemeshow test. 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. To explore trends in outcomes for categorical variables,
we used the Cochran-Armitage trend test with years as a covariate.
For our study, a p < 0.05 was considered statistically significant. All
statistical analyses were performed using the SPSS (version 24,
SPSS, Inc., Chicago, IL).

Results

Over the five year analysis, a total of 268,645 patients had TBI,
and of these, 26,871 (10%) had pTBI. Table 1. Demonstrates the
demographics and physiologic parameters of the study population.
Mean age was 36.2 + 18 years; 86.2% were males; 53.3% were
white; and 10.1% were Hispanics. Median [IQR] on scene GCS was 6

Table 1
Demographics and physiological parameters.
Characteristics (n=26871)
Age, y, (Mean + SD) 36.2+18
Males 86.2%
Race, %
White 53.3%
African-American 32.4%
Others 14.3%
Hispanics 10.2%
Vital Parameters
EMS
SBP, mean + SD 126 [100—-146]
HR, mean + SD 92 [70-112]
GCS, median [IQR] 6 [3—15]
ED
SBP, mean + SD 128 [107—-149]
HR, mean + SD 93 [73—-114]
GCS, median [IQR] 6 [3—15]
Injury Severity and Pattern
ISS, median [IQR] 21 [15-29]
ISS>16, % (n) 74.6%
Mechanism of Injury, %
GSW 98.6%
others 1.4%
SOL, % (n) 93.7%
Suicide attempt, % 48.8%
ED disposition, %
Died 10%
OR 19.5%
ICU 70.5%
Mortality rate, % 43.8%

SD = Standard Deviation, IQR=Inter Quartile Range, EMS = Emergency
Medical Service, SBP=Systolic Blood Pressure, HR=Heart Rate,
ED = Emergency Department, SOL = Signs of Life, OR = Operating Room,
ICU = Intensive Care Unit.
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[3—15], and median on arrival to ED GCS was 6 [3—15]. Of the total
patients, 25,178 (93.7%) patients presented to the ED with signs of
life and 1693 (6.3%) were dead on arrival (DOA). Additionally, 2685
(10%) patients died in the ED, 17,750 (70.5%) were admitted to the
ICU from ED and 4909 (19.5%) were sent to the OR. The overall
mortality rate was 43.8%. Median ISS was 21 [15—29]. Most of the
patients (98.6%) had gunshot wounds, and of these, 48.8% were
self-inflicted.

The rate of pTBI admissions increased in 2010 from 3042/
100,000 to 7578/100,000 in 2014 (p <0.001). However, the mor-
tality rate increased from 35% in 2010 to 48% in 2011 (p < 0.001),
followed by a linear decrease in mortality to 40% in 2014
(p <0.001). Fig. 1a. Demonstrates the trend of pTBI and mortality
over the five-year study period.

Patients who survived were more likely to be younger
(p <0.001), African-American (p <0.001) and Hispanic ethnicity
(p <0.001); have a higher scene SBP (p < 0.001), ED SBP (p < 0.001);
as well as a higher scene GCS (p <0.001) and ED GCS (p <0.001).
Moreover, they were less likely to sustain gunshot wounds
(p <0.001), or receive prehospital intubations (p < 0.001). Patients
with suicide attempt were more likely to die compared to those
without suicide attempt (p <0.001). Furthermore, pre-hospital
intubation was three times as common in the non-survivors
group, but this is merely an obvious association given that the
median GCS for the non-survivors group was 3 (as compared to the
survivors group). Among patients in the non-survivor group, 22.8%
died in the ED. Overall, highest mortality rate was seen on day 1
(29.5%, n=7926) followed by day 2 (5.8%, n=1558) and day 3
(2.8%,n=752) in all pTBI patients. Of the overall mortality rate (i.e.
43.8%), 86.8% of deaths occurred within 72h of injury. De-
mographics and injury parameters between the survivors and the
non-survivors are summarized in Table 2.

After controlling for confounders, independent predictors of
mortality were age (OR: 1.12), pre-hospital intubation (OR: 1.35),
suicide attempt (OR: 1.45), and craniotomy/craniectomy (OR: 6.23).
Other independent predictors were ISS and ED SBP (Table 3).
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Fig. 1. a. Trends of penetrating TBI and mortality over the five-year study period. b.
Trends of operative procedure over the five-year study period.
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Table 2
Demographics information and Injury Characteristics.
Characteristics Survived (n=15094) Died (n=11777) P
Age, y, (Mean + SD) 347+16 38.6+21 <0.001
Males, % 86.2% (13011) 86.2% (10151) 0.56
Race, %
White 47.3% (7139) 60.9% (7172) <0.001
African-American 36.8% 26.7%
Others 15.9% 12.4%
Hispanics 11.7% (1766) 8.2% (966) <0.001
Vital Parameters
EMS
SBP, mean + SD 130 [110—146] 119 [88—147] <0.001
HR, mean = SD 93 [77-110] 90 [61—118] <0.001
GCS, median [IQR] 14 [10—15] 3[3-3] <0.001
ED
SBP, mean + SD 134 [117-150] 120 [85—146] <0.001
HR, mean + SD 93 [76—109] 96 [68—121] <0.001
GCS, median [IQR] 14 [3—15] 3[3-3] <0.001
Mechanism of injury, %
GSW 97.8% (14761) 99.7% (11741) <0.001
Others 2.2% (332) 0.3% (35)
Injury Severity and Pattern
1SS, median [IQR] 17 [13-25] 25 [16—51]
SOL, % (n) 85.9% (12965) 90.9% (10705) <0.001
Suicide attempt, % 41.1% (6203) 58.7% (6913) <0.001
Prehospital intubation, %  8.5% (1282) 24.3% (2862) <0.001
ED disposition, %
Died 0% (0) 22.8% (2685) <0.001
OR 27.3% 9.7%
ICU 72.7% 67.5%

SD = Standard Deviation, IQR =Inter Quartile Range, EMS = Emergency Medical
Service, SBP = Systolic Blood Pressure, HR = Heart Rate, ED = Emergency Depart-
ment, SOL =Signs of Life, CPR = Cardiopulmonary resuscitation, OR = Operating
Room, ICU=Intensive Care Unit. Heart Rate, ISS=Injury Severity Score,
AIS = Abbreviated Injury Score.

Overall, 14.42% of the patients underwent neurosurgical pro-
cedures. Craniotomy (7.6%) was the most common one, followed by
craniectomy (4.9%). Overall, there was an increase in the operative
intervention from 9% to 18% over the study period (p <0.001)
(Fig. 1b). Similar trends were observed for craniotomy, craniectomy,
and external ventricular drain (EVD) placement, with the most
significant one being the EVD placement (480% increase).

Overall, 55% of the patients had severe TBI, while 8% had mod-
erate TBI. The highest rate of operative intervention was seen in
patients with moderate TBI (28%), followed by mild TBI (13.8%). The
mortality rate was highest in patients with severe TBI compared to
moderate and mild TBI (72.4% vs.19.1% vs. 6.2%, p < 0.001) (Table 4).

The lowest rate of mortality was seen in the age groups <20y
and 30-39y. A significant increase in the mortality rate was
observed in patients >50 years of age (p < 0.001) (Fig. 2). Moreover,
there was a 31% increase in suicide attempts in the age group <20y
and an 81% increase in the age group >80y (p < 0.001). As expected,
the operative rate declined with increasing age from 19% in age
group <20y to 7% in age group >80y (p<0.001). Trends of
increasing suicide rate with the time-period of the study in

Table 3

Multivariate regression analysis for mortality.
Covariates OR 95% CI
Age 1.12 1.08—-1.13
ISS 1.45 1.25-1.65
ED SBP 0.95 0.92—-0.98
ED HR 1.01 0.98—-1.07
Suicide attempt 1.45 1.27-1.65
Gunshot Wound 34 1.9-6.1
Prehospital intubation 135 1.21-1.53
Craniectomy/Craniotomy 6.23 4.11-9.32
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Table 4

Details of operative intervention.
Intervention, % Mild TBI (GCS>13) (n=9943) Moderate TBI (GCS: 9—12) (n=2149) Severe TBI (GCS<8) (n = 14779) p-value
All intervention 13.8% 28% 12.7% <0.001
Craniotomy 8.3% 11.8% 6.5% <0.001
Craniectomy 3.9% 11.1% 4.7% <0.001
Lobectomy/excision of brain 4.3% 9.8% 5.3% <0.001
Mortality 6.2% 19.1% 72.4% <0.001

different age groups are demonstrated in Fig. 3.

Discussion

Patients with pTBI have a high mortality.'® The majority of
published guidelines focus on management of severe TBI from
blunt mechanism.®!” Decades of research have led to management
guidelines for severe TBL® These documents provide the current
evidence-based guidelines for the management of severe TBI;
however, a paucity of modern recommendations exists for pTBI.
Guidelines for Management of Penetrating Brain Injury were
created in 2001.'® Direction has been evaluated and attempts have
been made to use this to predict survival after pTBL'® Prognostic
models have been developed for blunt TBI, however, due to a low
incidence of pTBI, such models do not exist for pTBL>%?! Recently,
Muehlschlegel et al. developed a prognostic model, the Surviving
Penetrating Injury to the Brain (SPIN) score to help estimate sur-
vival after pTBL.?>? Even with these guidelines, however, such pa-
tients can be a vexing problem for the health care team.
Nonetheless, over the subsequent years, authors have contributed
to the literature and provided updates to our understanding of
these patients.

In this retrospective analysis of the TQIP database we demon-
strated that the incidence of pTBI is increasing and the mortality
remains in the vicinity of 40%. There was a decrease in pTBI mor-
tality noted in the time period 2011 to 2014. Potential reasons for
this may be explained by the aggressive management strategies
along with the advancement of neurosurgical interventions.’”
However, the overall increase of pTBI mortality over the years
2010—2014 may be explained by the increased trends of suicide
attempts noticed in our analysis. Suicide attempts from gunshots
led to a higher mortality and are common. This is consistent with
data from the Center for Disease Control and Prevention, Web-
based Injury Statistics Query and Reporting System (WISQARS)
and National Center for Injury Prevention and Control, CDC.*?* In
addition, suicide attempts are increasing at the extremes of ages
(<20y and >80y). The reasons for this are multifactorial and
involve environmental and emotional factors (such as

—Mortality —Suicidal —Operative
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Fig. 2. Sub-analysis based on age.

psychological, social media, or being a widow) but are beyond the
scope of this project. It does highlight the interplay between
firearm-related violence, mental health, and brain injury, which is
under active investigation.’*

Several studies have demonstrated that less than 20% of all
patients admitted with gunshot wounds to the head will ever un-
dergo neurosurgical intervention.>>% In our analysis, 14.4% of the
patients with pTBI underwent neurosurgical intervention, with
most common being craniotomy. The highest rate of operative
intervention was in patients with moderate TBI, while the lowest
was in patients with severe TBI. This might be because patients
with severe TBI were deemed unsurvivable and, therefore, they did
not undergo any surgical intervention. The severity of TBI was
based on admission GCS, which might be subject to change after
resuscitation and, hence, can introduce a bias. However, the first
GCS and the post-resuscitation GCS did not change in patients with
severe TBL?’

External ventricular drainage (EVD) is among the most
commonly performed neurosurgical procedures. Since it was first
performed by Claude-Nicholas Le Cat, in 1744, there have been
numerous changes in the technique, materials used, indications
and safety. These technological advancements allowed for greater
expansion of its indications, including ICP monitoring.?® The results
of our study demonstrate an apparent increase in the use of EVD
over the study period. Its efficient effects on decreasing ICP and its
pivotal role in ICP management may explain this. In addition,
Lovasik et al. have shown in their multi-institutional study that EVD
use was associated with trends towards decreased mortality.>

Several studies have analyzed prognostic factors associated with
worse outcomes after pTBI in both civilian and military settings. In
our analysis, factors associated with higher mortality rate were age,
injury severity, admission systolic blood pressure, suicide attempt,
gunshot wound, prehospital intubation, and craniotomy/craniec-
tomy. In the literature, an age greater than 50 years has been shown
to be associated with increased mortality after pTBL’ Additionally,
suicide attempts carry high mortality because of the close-range
injury.” Aldrich et al. analyzed the role of early hypotension in
patients with pTBL?’ They reported that 84% of those with early
hypotension died compared to 76% of patients with no
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Fig. 3. Trends of suicide rate with time in different age groups.
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hypotension. The role of prehospital intubation has been estab-
lished in blunt TBI; however, to the best of our knowledge, this is
the first study to evaluate the role of prehospital intubation in pTBIL.
Similar to blunt TBI, pre-hospital intubation in pTBI was associated
with a higher mortality rate® Moreover, patients requiring
neurosurgical intervention had a higher mortality, which is similar
to previously published literature.’!

Penetrating traumatic brain injuries carry a dismal prognosis.
The results of our study demonstrate that nearly 90% of the total
patients who died actually died in the first 72 h. Additionally,
Badjatia et al. have shown that around 50% of patients with severe
TBI die within the first 2 h of injury.>? Thus, a special consideration
needs to be taken while managing this subset of patients including
but not limited to: multidisciplinary approach mainly by acute care
surgeons and neurosurgeons, which will optimize the care pro-
vided to the patient and aid in prognosis enhancement; and early
family discussions with nursing and palliative care focusing on
goals of care. The American College of Surgeons TQIP guidelines for
the management of traumatic brain injury recommend patients be
assigned to a full treatment plan for at least 72 h post-injury.>> This
should be considered when planning and conducting these multi-
disciplinary discussions. This also provides an adequate time frame
to notify organ procurement organizations (OPO), as federal regu-
lations require that OPO be notified of the impending death of
potential donors.>*

Our study was retrospective and involved mining a large data-
base. Limitations exist in retrospective database research. Data
entered into the TQIP database is from participating institutions
nationwide with the intent to improve care of the injured. Inherent
flaws and variability exist in the practices of each provider and at
each institution. Some data was missing and was accounted for
using advanced statistics. Moreover, we could not determine post-
resuscitation GCS and whether the penetrating injury was caused
by single or multiple gunshots. In addition, we could not predict
any long-term outcomes including survival, cognitive, behavioral
and functional outcomes. Finally, we were not able to include pa-
tients who were not brought to the hospital (i.e. declared dead at
the scene). This consistent and large proportion of patients might
have skewed our data.

Penetrating TBI is a complex problem and its management
strategies go beyond just the pathophysiology of the patient after
injury. Additional components in the care of these critically injured
patients should be considered. Numerous aspects of care are inter-
related. Opportunities exist to enhance preventative strategies (e.g.,
suicide prevention and firearm-related violence). Other avenues of
potential further investigation include well-integrated and cohe-
sive palliative care and organ donation programs. These aspects are
critical to caring for the patient and the patient's family in the
modern era.

Conclusions

Incidence and mortality for patients who are brought to hos-
pitals following pTBI have gradually increased over the five-year
period. Self-inflicted injury and prehospital intubation were the
two most significant predictors of mortality. Early activation of
organ donation protocols, as well as resources focused on family
support and counseling, should be considered. Additionally, injury
prevention awareness focused on suicide might help reduce such
injuries.
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