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linical data are lacking on the influence of chest trauma on the secondary injury process after traumatic brain injury (TBI), with
some data suggesting that multiple trauma may worsens brain injury. Blunt chest trauma and TBI represent the two major single
injury entities with the highest risk of complications and are potential biomarker targets.
METHODS: T
rauma patients with severe TBI were enrolled. Serum biomarker levels were obtained every 6 hours for 72 hours. Baseline,
6 hours and 24 hours CT head scans were evaluated. Neurologic worsening was defined as increased contusions, ischemia,
compression of basal cisterns, and/or midline shift. The TBI patients with chest injury (Abbreviated Injury Scale chest score ≥1)
and those without chest injury were compared. Wilcoxon rank sum test, univariate logistic regression and receiver operating char-
acteristic were reported.
RESULTS: F
ifty-seven patients. Mean age of 40.5 years. Median motor Glasgow Coma Scale score at admission and 24 hours was 3 (inter-
quartile range, 1–5) and 5 (interquartile range, 3–5). Of the patients enrolled, 12.2% patients underwent craniotomy within 6 hours
from the time of admission and 22.8% within 12 hours. Patients with chest trauma, 24.5% had a chest Abbreviated Injury Scale
score of 3 or greater, and 73.6% sustained blunt chest trauma. Stratifying TBI patientswith andwithout chest injury revealed higher
mean levels of IL-4, IL-5, IL-8, and IL-10 and lower mean IFN-γ and IL-7 levels in patient with chest injury. IL-7 levels adjusted
for chest injury predicted neurological worsening with area under the receiver operating characteristic of 0.59 (p value = 0.011).
The TBI and chest trauma patients' IL-4 and neuron-specific enolase levels were predictive of mortality (area under the receiver
operating characteristic of 0.67 and 0.63, p = 0.0001, 0.003), respectively.
CONCLUSION: U
tilizing biomarkers for early identification of patients with TBI and chest trauma has the capability of modifying adverse factors
affecting morbidity and mortality in this subset of TBI patients. (J Trauma Acute Care Surg. 2019;87: S146–S151. Copyright ©
2019 Wolters Kluwer Health, Inc. All rights reserved.)
LEVEL OF EVIDENCE: L
evel III.
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T raumatic brain injury (TBI) is a common pathology seen in
adult trauma patients. It remains a major cause of mortality

and morbidity.1 In the military, TBI has been a signature injury
of the conflicts in the Middle East.2,3 Avariety of complications
that often occur after TBI, including hypotension and hypoxia,
can contribute to secondary brain injury and are associated with
worse functional outcomes.4–6 The complex cascade of molecular
and cellular events cause secondary injury that follows can aggravate
the initial TBI insult. This cascade of events reduces the chances of
functional recovery but could, at least theoretically, be counteracted.7,8

In the study, we proposed that prediction of the develop-
ment of secondary injury and neurological worsening (NW)
could expedite care of the critically injured and may improve pa-
tient outcomes. The purpose of this study is to determine
whether we can predict development of events ahead of time
so that clinicians can proactively manage adverse intracranial
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events. Our previous work has demonstrated that this is possible
with the use of continuously monitored physiological data. The
addition of serum biomarkers to these algorithms may make
these predictions more robust. However, biomarkers and physi-
ological data are influenced by more than just TBI. The effect
of concomitant injuries may confound the ability to predict spe-
cific intracranial events, such as intracranial hypertension (ICH)
or cerebral hypoperfusion (CH).

The role of an initial and repeat brain CT scans is well es-
tablished in the management of TBI. Serial CT scans in head
trauma are obtained for early capture of NW that can lead to early
medical and surgical interventions prior to the development of
clinical symptoms.9 Others have recommended relying on clini-
cal examination to analyze the need for a repeat head CT.10–13

This strategy is especially practical in the rural areas, developing
countries, and combat situations with limited resources.

Chest trauma has particular relevance on outcome after se-
vere trauma with clinically impaired lung function typically oc-
curring within 72 hours after trauma. The majority of severe
chest traumas are associated with significant concomitant inju-
ries, such as TBI.14 In TBI with concomitant chest trauma, the
posttraumatic course and outcomes may be significantly influ-
enced by thoracic injuries, which can account for up to 25% of
trauma-related deaths.15,16 Indicating chest trauma may repre-
sent a leading determinant of adverse outcome after multiple
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injuries.7,8,17,18 In particular, pulmonary contusions (PCs) are
independently associated with posttraumatic complications,
such as acute respiratory distress syndrome and multiple-organ
dysfunction syndrome.18–22 In addition to the direct impact of
chest trauma on pulmonary function, the lung has been de-
scribed as an indirect target organ for secondary damage that
is caused by the inflammatory response after trauma.21

We studied and analyzed biomarkers that may provide in-
sight into the local and systemic effects of TBI with thoracic
trauma. Clinical data are lacking on the influence of chest
trauma on the secondary injury process after TBI, with some
data suggesting that multiple injuries may lead to systemic in-
flammation that affects the neuroinflammatory response of
TBI and worsens brain injury. The clinical course and outcomes
of multiple injuries patients is largely determined by the severity
and pattern of injuries sustained. Blunt chest trauma and TBI
represent the two major single injury entities with the highest
risk of complications23 and are potentially detectable by bio-
markers, reflecting the systemic response to multiple injuries.
The specific aim is to evaluate the differences between bio-
markers in patients with TBI and concomitant chest trauma com-
pared with patients with TBI alone and to determine the effect of
these concomitant injuries on predicting mortality and NW.
Figure 1. Consort diagram of patient enrollment.
METHODS

This is a single-center, prospective, observational study
conducted at the R Adams Cowley Shock Trauma Center
(STC) at the University of Maryland Medical Center. Study ap-
proval was obtained by the Institutional Review Board (IRB)
from the University of Maryland School of Medicine. Informed
consent was obtained from legally authorized representatives.

The study included adult trauma patients (age,≥18 years),
admitted to STC within 6 hours of injury with a severe TBI as
defined by head Abbreviated Injury Scale (AIS) score greater
than 2 and postresuscitation motor Glasgow Coma Scale
(mGCS) score less than 6, and admission to the intensive care
unit for continuous physiologic monitoring. Included patients
had intracranial pressure (ICP) monitors; either intraventricular
catheters or intraparenchymal pressure monitors (Camino;
Integra LifeSciences) placedwithin 6 hours of admission. Trans-
ferred patients, active cardiac arrest, or mortality within 24 hours
of trauma center arrival were excluded from the study. Further
exclusions were patients with nonsurvivable brain injury and
TBI who did not require ICP monitoring.

The management of patients with TBI at STC is
protocolized using an institutional algorithm based on the BTF
Guidelines.24 These guidelines outline clinical management
strategies to maintain an ICP less than 20 mm Hg and cerebral
perfusion pressure greater than 60 mm Hg, including sedation,
analgesia, mechanical ventilation to maintain PaCO2 of 35 mm
Hg to 40 mm Hg, head elevation (30°–45°), and maintenance of
normal oxygenation, blood pressure, and volume status. First-tier
therapies for treatment of ICH include insertion of an intraventric-
ular catheter, increasing sedation and/or hyperosmolar therapy.
Intractable ICH is treated with moderate hyperventilation
(PaCO2 < 35 mmHg), induction of barbiturate coma, and/or de-
compressive craniectomy.14,25
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
Fifteen serum cytokine (CYT) levels were obtained on ad-
mission and every 6 hours for 72 hours. Specimens were ob-
tained via in-dwelling arterial line or peripheral phlebotomy.
Blood was drawn into standard 5-mL serum collection tubes,
centrifuged to remove any cellular debris and then frozen at mi-
nus 80°C until batch processing. Specimens were analyzed
using the Luminex (Luminex Corp., Austin, TX) system and
Millipore (Millipore, Billerica, MA) assay kits. The CYT mea-
sured included interferon gamma (IFN-γ), tumor necrosis factor
alpha (TNF- α), interleukin (IL)-2, IL-4, IL-10, IL-18, IL-6,
IL-8, granulocyte macrophage colony stimulating factor,
IL-12p70, IL-13, IL-5, IL-7, neuron-specific enolase (NSE),
and S100 calcium-binding protein B (S-100b). All samples were
run in duplicate.

Standard of care head CT scans at admission, 6-hour and
24-hour CT scans were reviewed. Neurologic worsening was
defined by CT imaging findings of increased contusions, ische-
mia, compression of basal cisterns, and/or midline shift. Patients
were stratified by TBI with chest injury, defined as chest AIS
score of 1 or greater, and TBI without chest injury. Wilcoxon
rank sum test was used to compare biomarkers between the
two groups. Neurologic worsening was diagnosed at 24-hours
after admission, biomarker levels measured between 18 hours
and 24 hours were analyzed for their association with NW and
mortality, by using logistic regression. Area under the receiver
operating characteristic (AUROC) was used to measure the as-
sociation between the CYT level and the outcomes. p value less
than 0.05 was considered as statistically significant.
RESULTS

The study screened 875 patients from December 2013– to
November 2016 with severe TBI, of whom 178 met all study
eligibility criteria. The study population included 57 patients
(Fig. 1) prospectively enrolled. The mean age of the enrolled pa-
tients was 40.5 years (standard deviation [SD], ± 22.0 years),
78.9% of patients were male. The Median admission Injury Se-
verity Scorewas 25 (interquartile range [IQR]. 15–35). Included
patients had a median mGCS at admission and 24 hours of 3
(IQR, 1–5) and 4 (IQR, 3–5), respectively. The study patient
S147
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demographics included a medianMarshall score of 2 (IQR, 2–3)
(Table 1). There were 80.7% of patients had an Intraventricular
device placed. In these enrolled patients, 12.2% underwent a
craniotomy within 6 hours from the time of admission and
22.8% within 12 hours. 80.7% patients were endotracheal
intubated, 52.1% in the trauma resuscitation unit, and 47.8%
in the field during transport. The mean for days of mechanical
ventilation for the study patients was 8.2 days (SD ± 8.8 days).

All subjects enrolled were evaluated for the presence or
absence of thoracic injury. Two groups of patients were defined,
patients with chest injury (AIS chest score, ≥1) and patients
without chest injury (AIS chest score, 0). All included patients
underwent chest CT scans during initial assessment and thoracic
injuries were defined as PC, pulmonary laceration, pneumotho-
rax, hemothorax, and/or fractured ribs. The AIS chest injury was
defined as presence or absence of thoracic injury based on CT
imaging. In TBI patients with chest trauma, 24.5% had an AIS
chest score of 3. 73% or greater of patients sustained blunt
trauma and 27% penetrating trauma as the mechanism of chest
injury. Further analysis of the AIS, in Table 2 summarizes a sub-
set of enrolled patients with an AIS score of 3 or greater per in-
jury. In Table 3, an AIS of 3 or greater for maximum severity
region is included. This is then further differentiation into head,
neck, thorax, abdomen, spine, upper extremity, lower extremity,
and unspecified. Described in this subset of enrolled patients is
the number of patients who died compared with those who lived
and the number of patient with NW compared with those with-
out NW.

The outcomes of interest, NWat 24 hours, and in-hospital
mortality were compared between the two groups (Fig. 2). Com-
paring patients with and without chest injury revealed higher
mean serum levels of IL-4, IL-5, IL-8, and IL-10, and lower
mean IFN-γ and IL-7 levels in patients with chest injury (Table
3). Neurologic worsening within 24 hours was seen in 40.4% of
TABLE 1. Demographics of 57 Study Subjects

B TBI (n = 57)
TBI With Chest In

(n = 19)

Age: mean (STD), y 40.5 (22.0) 33.3 (16.6)

Male, n (%) 45 (79.0%) 17 (89.5%)

ISS, median (IQR) 25 (15–35) 33 (20–43)

Admission mGCS, median (IQR) 3 (1–5) 3 (1–5)

mGCS at 24-hour, median (IQR) 4 (3–5) 4 (2–5)

Marshall score

2 39 (68.4%) 17 (89.5%)

3 9 (15.8%) 2 (10.5%)

4 3 (5.3%) 0 (0%)

6 6 (10.5%) 0 (0%)

Type of injury n (%):

Blunt 41 (71.9%) 13 (68.4%)

Penetrating 2 (3.5%) 0 (0.0%)

Other 14 (24.6%) 6 (31.6%)

Outcomes:

NW at 24 h 23 (40.4%) 8 (42.1%)

Mortality 12 (21.1%) 7 (36.8%)

Two-sample t-test was used for mean difference comparison. Wilcoxon rank sum test was us
ISS, Injury Severity Score.
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the entire cohort and 42.1%with concomitant chest trauma. IL-7
levels, adjusted for the presence of chest injury predicted NW
with an AUROC of 0.59 (p value = 0.011). In-hospital mortality
rate for the 57 enrolled patients was 21.1% and 36.8% in patients
with concomitant chest trauma. In the patients with TBI and
chest trauma, IL-4 and NSE levels predicted in-hospital mortal-
ity within 24 hours of admission, AUROC of 0.67 and 0.63
(p = 0.0001, 0.003), respectfully (Fig. 2).

DISCUSSION

Traumatic brain injury afflicts millions of people each
year, including civilian and military populations. Patients with
TBI often present with associated thoracic injuries and PC seen
in 29% of patients with TBI.27 Traumatic brain injury contrib-
utes to worse mortality and morbidity in patients with thoracic
injuries28,29 and despite advances in pulmonary care and ventila-
tor management, several studies have demonstrated that chest in-
jury is related to a poorer outcome in the patient with TBI.4 In
recent literature, elevated biomarkers in thoracic trauma have
been identified and associated with increased mortality and an
increased risk of morbidity including Acute Lung Injury (ALI)
or acute respiratory distress syndrome.30 The development of
ICH and CH has been demonstrated to be associated with eleva-
tions of IL-8 and, to a lesser extent, TNF-α.31 Biomarker levels
may be different in patients with chest injury and TBI compared
with TBI patients without chest injury, and this study sought to
examine the effect of chest injury on serum biomarkers in pa-
tients with TBI.

A number of candidate circulating TBI biomarkers have
shown promise for aiding in the diagnosis of TBI and in identify-
ing patients with traumatic abnormalities on head CT scan.32–36

Representative biomarkers are derived from acute neuronal, axo-
nal, astroglial and endothelial injuries or secondary inflammatory,
jury TBI Without Chest Injury
(n = 38)

p (Chest Injury Compared
to no Chest Injury)

44.1 (23.7) 0.08

28 (73.7%) 0.30

20 (9–27) 0.02*

3 (1–5) 0.71

4 (3–5) 0.96

0.24

22 (57.9%)

7 (18.4%)

3 (7.9%)

6 (15.8%)

28 (73.7%) 0.92

2 (5.3%) 0.80

8 (21.0%) 0.59

15 (39.5%) 1.00

5 (13.2%) 0.08

ed for median comparison. χ2 Test was used for proportional difference test.

© 2019 Wolters Kluwer Health, Inc. All rights reserved.



TABLE 2. AIS score ≥ 3 per Injury

AIS Score ≥ 3 Maxsev Headsev Necksev Thoraxsev Abdsev Spinesev Upperextsev Lowerextsev Unspecsev

In-hospital Mortality

Dead 12 7 1 0 2 0 0 0 1 0

Lived 45 33 4 2 12 5 1 2 5 0

NW

Worsen23 17 2 1 6 1 0 1 4 0

Nonworsen26 23 3 1 8 4 1 1 2 0

Subset of enrolled patients, AIS ≥ 3 per injury. AIS ≥ 3 for maximum severity region and further differentiation into head, neck, thorax, abdomen, spine, upper extremity, lower extremity
and unspecified. Described in this subset of enrolled patients is the number of patients who died compared to lived and number of patient with radiographic NW compared to those without NW.
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and reparative processes, such as inflammation, oxidative stress,
excitotoxicity, and other host-derived pathophysiological mech-
anisms. Inflammation and neuroinflammation appear to be ma-
jor mediators of outcomes following TBI.37 These inflammatory
systems are being studied using animal models and human
translational studies in the effort to understand the mechanism
of TBI and develop therapeutic strategies to improve the out-
come of these patients.38

The mechanism behind the influence on thoracic injuries
in patients with TBI could be due to worsening of gas ex-
changes and acute respiratory failure, resulting in hypoxemia
and hypercarbia, whichmay aggravate secondary injury. Several
studies have demonstrated that hypoxemia constitutes a second-
ary insult that is related to poor outcome.26,39,40 In patients with
TBI and chest trauma, knowledge of the outcome determinants
is important because it may provide early accurate information,
allow better allocation of resources, and timing of care in this
subset of TBI patients.

The science of biomarkers is generally defined as measur-
able internal indicators of change in organisms at the molecular
or cellular level. In recent literature, a clinically relevant large
TABLE 3. Individual CYT Levels With Mean Values (SD) in Each
6-h Period

TBI With Chest Injury TBI Without Chest Injury p value

IFN-G 0.32 (1.2) 3.9 (22.3) <0.001*

TNF-A 68.7 (185.1) 69.8 (533.5) 0.192

IL-2 16.3 (42.0) 12.6 (29.7) 0.683

IL-4 1.4 (3.8) 0.8 (2.7) 0.042*

IL-10 28.8 (68.3) 18.9 (44.3) <0.001*

IL-18 0.01 (0.1) 1.5 (18.8) 0.055

IL-6 141.2 (386.0) 177.5 (652.5) 0.08

IL-8 34.4 (49.0) 24.4 (39.5) <0.001*

GMCSF 0.2 (0.7) 1.0 (5.6) 0.014*

IL-12p70 0.3 (2.5) 0.4 (2.0) 0.004*

IL-13 13.6 (98.2) 4.5 (36.1) 0.93

IL-5 0.6 (1.9) 0.2 (0.9) 0.001*

IL-7 1.3 (2.6) 2.3 (3.2) <0.001*

NSE 9.9 (7.3) 8.9 (8.0) 0.01*

S100B 994.4 (1379.8) 791.1 (669.7) 0.99

Comparing the two group of patients: TBI with chest injury and TBI without chest in-
jury. p Values determine significant group differences using the Wilcoxon rank sum test
(*p < 0.05.

GMCSF, granulocyte macrophage colony stimulating factor.

© 2019 Wolters Kluwer Health, Inc. All rights reserved.
animal multiple injuries model was able to demonstrate a signif-
icant systemic inflammatory response in a nonhuman primates
multiple injuries model (liver hemorrhage, cecal, and soft tissue
injury) using a laparoscopic technique.39 In this study, accumu-
lating evidence suggests that the upregulation of adhesion mol-
ecules, the infiltration of neutrophils and the production of
mediators that release CYTs, chemokines, proteolytic enzymes,
reactive oxygen species and other inflammatory/cytotoxic medi-
ators within the pulmonary microvasculature, are key to the ini-
tiation and perpetuation of lung injury following trauma, shock,
and sepsis.41,42 Similarly, in animal models of multiple injuries-
induced lung injury/inflammation, increased transcriptional acti-
vation of NF-κB signaling leading to increased transcription of
specific proinflammatory CYT and chemokine genes as well as
a host of receptors including IL-7. Increased expression of these
mediators leads to recruitment and leukocyte-transendothelial
migration of neutrophils, monocytes/macrophages, and lympho-
cytes to the inflammatory site and stimulates proinflammatory
activation and cellular apoptosis.41,42 Although this animal study
did not include TBI patients, it did demonstrated evidence based
on lung tissue examination of the direct hit effect the lungs in-
curred after multiple injuries.

The objective of our study is to determine whether there
are differential biomarker profiles in patients with TBI and con-
comitant chest injury as compared to those without chest injury
and to determine the impact of thoracic injuries on NWandmor-
tality. Comparing patients with TBI with and without chest in-
jury revealed differential levels of biomarkers, namely, higher
levels of IL-4, IL-5, IL-8, and IL-10 and lower levels of IFN-γ
and IL-7. Specifically, IL-7 in our patients with TBI and chest
trauma was found to be significantly predictive of NW. Inflam-
matory responses to TBI, both local and systemic, are complex.
By comparing each biomarker profile, we were able to describe
biologically relevant changes that could reflect underlying path-
ophysiology in chest trauma and TBI. Suggesting CYT levels
are specific to those injuries and inflammatory response in
trauma. This systemic inflammatory response and central in-
flammatory response could be correlated. It is reasonable to con-
clude that the biomarker levels identified in each group may
provide prognostic data for proximate events in patients after
TBI and chest trauma, such as mortality and radiographic wors-
ening that are specific to the patient's injury profile. These stud-
ied biomarkers provide promise in diagnosing or monitoring
patients with these concomitant injuries.

This study is limited in its results. It is a single-center
study with a small sample size and should be validated in a
S149



Figure 2. Each biomarker measured at 18 hours to 24 hours. AUROCs of models to predict mortality and NW within 24 hours after
admission.
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larger population with intercenter variability in clinical care and
patient outcomes. Additional study of biomarker patterns in TBI
and chest trauma could include enrollment of patients that are
not too severe or too mild to detect any benefit, decreasing po-
tential outcome scales insensitive to important consequence of
brain injury. This would limit bias that could skew the literature
on biomarkers and make a thorough evaluation of treatment ef-
fects. Likewise, subset analysis of chest trauma patients alone
compared with chest trauma with TBI could potentially further
elucidate the question of TBI as a significant contributor to the
inflammatory response inflammatory mediator elaboration com-
pared between chest injury alone and chest injury and TBI to see
if TBI is a significant contributor to the inflammatory response.
The authors recognize this limitation to the study and consider
this second phase patient analysis may be warranted.

Future studies may build upon our analysis by using other
statistical modeling tools to examine one or more markers and
continue to refine incorporating biomarker levels to predict
impending events in patients with multiple injuries. Develop-
ment of a TBI algorithm which better predicts the development
of clinicalworsening could potentially standardize treatment and
designate patient resources in military and civilian populations.
Biomarkers may be able to assist in predicting impending events
in patients with TBI and the models will need to be adjusted ac-
cordingly for multiple injuries such as thoracic injury. Our data
suggest there are a variety of biomarkers that are differentially
found to be involved in patients with chest injury and TBI that
need to be further elucidated in larger case numbers and multi-
center studies.

CONCLUSION

The challenge of accurate diagnosis and monitoring of
TBI with multiple injuries has created a need for biomarkers that
reflect core elements of the injury process. Our study was able to
predict development of adverse events such as radiographic NW
and mortality, with subsequent biomarker changes. Multiple
trauma may lead to systemic inflammatory and biomarker
changes that could potentially affect the neuroinflammatory re-
sponse of TBI. Utilizing biomarkers in severe TBI with chest
trauma has a potential role as a diagnostic and prognostic
S150
monitoring tool In TBI patients. Incorporating biomarkers with
the goal of modifying outcomes, treatment options, therapeutic
implications and timing of care in the subset of TBI patients.

AUTHORSHIP

S.Y. contributed to study design, data collection, analysis and interpreta-
tion, A.C. contributed to study design, data analysis and interpretation,
preparation of the article, and critical revisions of the article. Y.L. contrib-
uted to study design, data collection, analysis and interpretation. P.L. con-
tributed to study design, data collection, analysis and interpretation. P.H.
contributed to study design, data collection, analysis and interpretation
and critical revisions of the article. T.M.S. contributed to critical revisions
of the article. D.M.S. contributed to study design, analysis and interpreta-
tion and critical revisions of the article.

ACKNOWLEDGMENT

This study was supported in part by USAF grant FA8650-13-2-6D09
(Fit-to-Fly).

DISCLOSURE

The authors declare no conflicts of interest.
The authorship requirements have been met and all authors and the final
manuscript approved by all authors. The authors confirm that this manu-
script has not been published elsewhere and is not under consideration by
another journal. The authors confirm that the source of funding for the study,
potential conflicts of interest for all authors, adhering to ethical guide-
lines, use of informed consent, and ethical approvals (IRB) are described
in the article.

REFERENCES
1. Majdan M, Plancikova D, Brazinova A, Rusnak M, Nieboer D, Feigin V,

Theadom A, Rusnak M, Brazinova A, Haagsma J. Epidemiology of trau-
matic brain injuries in Europe: a cross-sectional analysis. Lancet Public
Health. 2016;1:e76–e83.

2. Okie S. Traumatic brain injury in the war zone. N Engl J Med. 2005;352:
2043–2047.

3. Wojcik BE, Stein CR, Bagg K, Humphrey RJ, Orosco J. Traumatic brain in-
jury hospitalizations of U.S. army soldiers deployed to Afghanistan and Iraq.
Am J Prev Med. 2010;38:S108–S116.

4. Chi JH, Knudson MM, Vassar MJ, McCarthy MC, Shapiro MB, Mallet S,
Holcroft JJ, Moncrief H, Noble J, Wisner D, et al. Prehospital hypoxia affects
outcome in patients with traumatic brain injury: a prospective multicenter
study. J Trauma. 2006;61:1134–1141.

5. Davis DP, Meade W, Sise MJ, Kennedy F, Simon F, Tominaga G, Steele J,
Coimbra R. Both hypoxemia and extreme hyperoxemia may be detrimental
in patients with severe traumatic brain injury. J Neurotrauma. 2009;26:
2217–2223.
© 2019 Wolters Kluwer Health, Inc. All rights reserved.



J Trauma Acute Care Surg
Volume 87, Number 1, Supplement 1 Crawford et al.
6. Chesnut RM, Marshall LF, Klauber MR, Blunt BA, Baldwin N,
Eisenberg HM, Jane JA, Marmarou A, Foulkes MA. The role of secondary
brain injury in determining outcome from severe head injury. J Trauma.
1993;34:216–222.

7. Papa L, Lewis LM, Falk JL, Zhang Z, Silvestri S, Giordano P, Brophy GM,
Demery JA, Dixit NK, Ferguson I, et al. Elevated levels of serum glial fibril-
lary acidic protein breakdown products in mild andmoderate traumatic brain
injury are associated with intracranial lesions and neurosurgical intervention.
Ann Emerg Med. 2012;59:471–483.

8. Michelet P, Couret D, Brégeon F, Perrin G, D'Journo XB, Pequignot V, Vig V,
Auffray JP. Early onset pneumonia in severe chest trauma: a risk factor anal-
ysis. J Trauma. 2010;68:395–400.

9. Langlois JA, Rutland-BrownW,WaldMM. The epidemiology and impact of
traumatic brain injury: a brief overview. J Head Trauma Rehabil. 2006;21:
375–378.

10. Kaups KL, Davis JW, Parks SN. Routinely repeated computed tomography
after blunt head trauma: does it benefit patients. J Trauma Acute Care Surg.
2004;56(3):475–481.

11. Sifri ZC, Livingston DH, Lavery RF, Homnick AT, Mosenthal AC,
Mohr AM, Hauser CJ. Value of repeat cranial computed axial tomography
scanning in patients with minimal head injury. Am J Surg. 2004;187(3):
338–342.

12. Brown CV, Weng J, Oh D, Salim A, Kasotakis G, Demetriades D,
Velmahos GC, Rhee P. Does routine serial computed tomography of the head
influence management of traumatic brain injury? A prospective evaluation.
J Trauma. 2004;57(5):939–943.

13. Velmahos GC, Gervasini A, Petrovick L, Dorer DJ, DoranME, Spaniolas K,
Alam HB, De Moya M, Borges LF, Conn AK. Routine repeat head CT for
minimal head injury is unnecessary. J Trauma Acute Care Surg. 2006;
60(3):494–501.

14. PengW, Xing Z, Yang J, Wang Y, Wang W, Huang W. The efficacy of eryth-
ropoietin in treating experimental traumatic brain injury: a systematic review
of controlled trials in animal models. J Neurosurg. 2014.

15. Dewar DC, Tarrant SM, King KL, Balogh ZJ. Changes in the epidemiology
and prediction of multiple-organ failure after injury. J Trauma Acute Care
Surg. 2013;74:774–779.

16. Stellin G. Survival in trauma victims with pulmonary contusion. Am Surg.
1991;57:780–784.

17. Trupka A. In Postraumatisches Multiorganversagen. (eds Nast-Kolb D,
Waydhas C & Schweiberer L) 11–16 (Springer, 1996).

18. Seitz DH, Perl M, Liener UC, Tauchmann B, Braumüller ST, Brückner UB,
Gebhard F, Knöferl MW. Inflammatory alterations in a novel combination
model of blunt chest trauma and hemorrhagic shock. J Trauma. 2011;70:
189–196.

19. Couret D, de Bourmont S, Prat N, Cordier PY, Soureau JB, Lambert D,
Prunet B, Michelet P. A pig model for blunt chest trauma: no pulmonary
edema in the early phase. Am J Emerg Med. 2013;31:1220–1225.

20. Hildebrand F, Andruszkow H, Huber-Lang M, Pape HC, van Griensven M.
Combined hemorrhage/trauma models in pigs-current state and future per-
spectives. Shock. 2013;40:247–273.

21. Perl M, Lomas-Neira J, Venet F, Chung CS, Ayala A. Pathogenesis of indi-
rect (secondary) acute lung injury. Expert Rev Respir Med. 2011;5:115–126.

22. LoCicero J3rd, Mattox KL. Epidemiology of chest trauma. Surg Clin North
Am. 1989;69:15–19.

23. Pape H.-C. et al. (eds), Damage Control Management of the Polytrauma
Patient, Springer Sciences+Business Media, LLC, 2010.

24. Carney N, Totten AM, O'reilly C, Ullman JS, Hawryluk GW, Bell MJ,
Bratton SL, Chesnut R, Harris OA, Kissoon N, Rubiano AM. Guidelines
for the management of severe traumatic brain injury, fourth edition. Neuro-
surgery. 2017;80(1):6–15.
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
25. van der Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S, O'Collins V,
et al. Can animal models of disease reliably inform human studies? PLoS
Med. 2010;7:e1000245.

26. GoodmanMD,Makley AT, Huber NL, Clarke CN, Friend LA, Schuster RM,
Bailey SR, Barnes SL, Dorlac WC, Johannigman JA, et al. Hypobaric hyp-
oxia exacerbates the neuroinflammatory response to traumatic brain injury.
J Surg Res. 2011;165:30–37.

27. Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye OC.
Pulmonary contusion in severe head trauma patients: impact on gas ex-
change and outcome. Chest. 2003;124:2261–2266.

28. Tyburski JG, Collinge JD, Wilson RF, Eachempati SR. Pulmonary contu-
sions: quantifying the lesions on chest X-ray films and the factors affecting
prognosis. J Trauma. 1999;46:833–838.

29. Orliaguet G, Rakotoniaina S,Meyer P, Blanot S, Carli P. Effect of a lung con-
tusion on the prognosis of severe head injury in the child. Ann Fr Anesth
Reanim. 2000;19:164–170.

30. Parsons PE, Eisner MD, Thompson BT, Matthay MA, Ancukiewicz M,
Bernard GR, Wheeler AP. Lower tidal volume ventilation and plasma cyto-
kine markers of inflammation in patients with acute lung injury. Crit Care
Med. 2005;33(1):1–6.

31. Dai D, Yuan Q, Sun Y, Yuan F, Su Z, Ding J, Tian H. Impact of thoracic in-
jury on traumatic brain injury outcome. 2013, published online.

32. Centers for Disease Control and Prevention (CDC) United States Depart-
ment of Defense (DOD) VA Leadership Panel Report to Congress on Trau-
matic Brain Injury in the United States: Understanding the Public Health
Problem among Current and Former Military Personnel. [(accessed on 15
September 2016)] online: https://www.cdc.gov/traumaticbraininjury/pdf/
report_to_congress_on_traumatic_brain_injury_2013-a.pdf.

33. Stein DM et al. Association of CSF biomarkers and secondary insults follow-
ing severe traumatic brain injury. Neurocrit Care. 2011;14:200–207.

34. Mondello S, Jeromin A, Buki A, Bullock R, Czeiter E, Kovacs N, Barzo P,
Schmid K, Tortella F, Wang KK, Hayes RL. Glial neuronal ratio: a novel in-
dex for differentiating injury type in patients with severe traumatic brain in-
jury. J Neurotrauma. 2012;29:1096–1104.

35. Mondello S, Gabrielli A, Catani S, D'Ippolito M, Jeromin A, Ciaramella A,
Bossù P, Schmid K, Tortella F,WangKK, Hayes RL, Formisano R. Increased
levels of serumMAP-2 at 6-months correlate with improved outcome in sur-
vivors of severe traumatic brain injury. Brain Inj. 2012;26:1629–1635.

36. Shahim P, Tegner Y, Wilson DH, Randall J, Skillback T, Pazooki D,
Kallberg B, Blennow K, Zetterberg H. Blood biomarkers for brain injury
in concussed professional ice hockey players. JAMA Neurol. 2014;71:
684–692.

37. BradleyMJ, Vicente DA, BogradBA, Sanders EM, Leonhardt CL, Esler EA,
Thomas AD. Host responses to concurrent combined injuries in non-human
primates. J Inflamm (Lond). 2017;14:23 Published online 2017 Nov 2.

38. Kenne E, Erlandsson A, Lindbom L, Hillered L, Clausen F. Neutrophil de-
pletion reduces edema formation and tissue loss following traumatic brain in-
jury in mice. J Neuroinflammation. 2012;9:17.

39. Stein DM, Lindell A, Murdock KR, Kufera JA, Menaker J, Keledjian K,
Bochicchio GV, Aarabi B, Scalea TM. Relationship of serum and cerebrospi-
nal fluid biomarkers with intracranial hypertension and cerebral hypoperfu-
sion after severe traumatic brain injury. J Trauma. 2011;70(5):1096–10333.

40. Clark RS, Kochanek PM, Dixon CE, Chen M, Marion DW, Heineman S,
DeKosky ST, GrahamSH. Early neuropathologic effects of mild or moderate
hypoxemia after controlled cortical impact injury in rats. J Neurotrauma.
1997;14:179–189.

41. LeeWL, Downey GP. Neutrophil activation and acute lung injury.Curr Opin
Crit Care. 2001;7(1):1–7.

42. Zhu H, Tang Y, Ivanciu L, Centola M, Lupu C, Taylor FB Jr., Lupu F. Tem-
poral dynamics of gene expression in the lung in a baboon model of E. coli
sepsis. BMC Genomics. 2007;8:58.
S151

https://www.cdc.gov/traumaticbraininjury/pdf/report_to_congress_on_traumatic_brain_injury_2013-a.pdf
https://www.cdc.gov/traumaticbraininjury/pdf/report_to_congress_on_traumatic_brain_injury_2013-a.pdf

