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Abstract

Background: Traumatic brainstem injury has yet to be incorporated into widely used imaging 

classification systems for traumatic brain injury (TBI), and questions remain regarding prognostic 

implications for this TBI subgroup. To address this, retrospective data on patients from the 

multicenter prospective Transforming Research and Clinical Knowledge in TBI study were 

studied.

Methods: Patients with brainstem and cerebrum injury (BSI+) were matched by age, sex, and 

admission Glasgow Coma Scale (GCS) score to patients with cerebrum injuries only. All patients 

had an interpretable head computed tomography (CT) scan from the first 48 hours after injury 

and a 6-month Glasgow Outcome Scale Extended (GOSE) score. CT scans were reviewed for 

brainstem lesions and, when present, characterized by location, size, and type (traumatic axonal 

injury, contusion, or Duret hemorrhage). Clinical, demographic, and outcome data were then 

compared between the two groups.

Results: Mann–Whitney U-tests showed no significant difference in 6-month GOSE scores in 

patients with BSI+ (mean 2.7) compared with patients with similar but only cerebrum injuries 

(mean 3.9), although there is a trend (p = 0.10). However, subclassification by brainstem lesion 

type, traumatic axonal injury (mean 4.0) versus Duret hemorrhage or contusion (mean 1.4), 

did identify a proportion of BSI+ with significantly less favorable outcome (p = 0.002). The 

incorporation of brainstem lesion type (traumatic axonal injury vs. contusion/Duret), along with 

GCS into a multivariate logistic regression model of favorable outcome (GOSE score 4–8) did 

show a significant contribution to the prognostication of this brainstem injury subgroup (odds ratio 

0.08, 95% confidence interval 0.00–0.67, p = 0.01).

Conclusions: These findings suggest two groups of patients with brainstem injuries may exist 

with divergent recovery potential after TBI. These data support the notion that newer CT imaging 

classification systems may augment traditional clinical measures, such as GCS in identifying those 

patients with TBI and brainstem injuries that stand a higher chance of favorable outcome.

Keywords

Traumatic brain injury; Brainstem injury; Computed tomography; Outcomes; Traumatic axonal 
injury

Introduction

In the United States, traumatic brain injury (TBI) accounts for a substantial portion of 

medical cost, disability and death. In 2014, 2.53 million Americans visited emergency 

departments for TBI; 288,000 were admitted to hospitals and 56,800 died as a result of 

their TBI [1]. In 2010, direct and indirect costs related to TBI in the United States were 

estimated to be $76.5 billion, 90% of which stemmed from hospitalization and death related 

Williams et al. Page 2

Neurocrit Care. Author manuscript; available in PMC 2022 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to TBI [2, 3]. Nonfatal severe TBI can lead to extended depressed levels of consciousness 

or coma and/or amnesia after the injury. Forty-three percent of individuals have a related 

disability 1 year after injury [4]. Compared with all other injuries, TBI admissions are 

longer and more costly on average [5]. TBI is frequently associated with ongoing deficits 

in cognitive function, motor function, sensation, and emotional/psychiatric parameters, such 

as depression, aggression, personality change, and impulse control [6]. Despite the costs of 

brain injury, prognostication of severe TBI based on early imaging and biomarkers has been 

universally challenging [7-9].

In combination with the neurological examination, nonenhanced computed tomography 

(CT) remains a vital tool for triage of TBI. CT can be obtained rapidly without screening 

and is highly sensitive for injuries requiring neurosurgical intervention and/or intensive care 

[1]. CT has adequate sensitivity to detect acute life-threatening intracranial hemorrhage, 

contusion, mass effect, and fracture. Sufficient information can be obtained about injury 

type, location, and severity to guide medical and surgical care in the acute post-TBI 

treatment phase [4]. For these reasons, nonenhanced head CT is a class I recommendation 

for patients with moderate to severe TBI [2]. The Marshall, Rotterdam, Stockholm, and 

Helsinki CT scores were developed to use acute head CT images to predict mortality at 6 

months [3].

The Marshall Classification system appeared in 1991 and has been used widely to inform 

TBI outcome studies. It categorizes TBI based on focal versus diffuse lesions, basal 

cistern compression, midline shift, and volume of mass lesions [5]. However, the Marshall 

classification was not originally designed as a prognostic tool, and more recent analysis 

has called its use into question [4]. Newer classifications, including the Stockholm and 

Helsinki CT scores have emerged, incorporating more imaging elements. The Stockholm CT 

score includes midline shift as a continuous variable and an additional score for traumatic 

subarachnoid hemorrhage and is the only system to include diffuse axonal injury visible on 

CT [4]. The Helsinki score expands on the Marshall score with the addition of components 

that focus on the type of intracranial injury present [6].

In Thelin et al.’s [3] recent evaluation of the latter scoring systems, they found both 

added significant independent predictive value with the Stockholm CT classification system 

showing the highest predictive value of all classifications with a pseudo-R2 of 0.35, 

similar to results in the original development cohort [6]. Further research by Yuh et al. 

[8] demonstrated quantitative analysis of acute head CT in TBI can augment previously 

described CT classification systems’ ability to predict 6-month Glasgow Outcome Scale 

Extended (GOSE) scores. Although these classification systems have become increasingly 

valuable in their contribution to predicting outcome in TBI, they remain imperfect and with 

enough predictive variation to hamper their utility in real-world clinical decision-making. 

Notably, none include criteria related to traumatic brainstem injury (BSI).

The relative lack of available literature using traumatic BSI on CT as a predictor of outcome 

may be related to its lack of sensitivity in detecting these lesions when compared with 

magnetic resonance imaging (MRI) [9, 10]. Multiple studies indicate added precision in 

prognostication when brainstem lesions are included in models, even when controlling for 
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other clincal, demographic, and imaging factors [11, 12]. A 2017 meta-analysis showed 

traumatic BSI on MRI was associated with significantly increased risk of all-cause mortality 

(RR 1.78) and unfavorable GOSE score at 6 months or greater (RR 2.49) [13].

However, insights into a more optimistic prognosis for some patients with traumatic BSI are 

emerging through study of traumatic axonal injury (TAI). The development and utilization 

of Gradient echo and susceptibility weighted sequences on MRI have increased the detection 

rate of microhemorrhage associated with TAI to more than 70% [14-16]. Increased detection 

has allowed for improved understanding of TAI as a prognostic biomarker in patients 

presenting with severe TBI [9, 14, 16, 17]. Initially believed to portend a devastating 

neurologic prognosis, literature has emerged describing patients with brainstem TAI who 

experienced better than expected outcomes [14, 18, 19].

Despite ubiquitous use of CT imaging in the acute critical care enviornment for TBI, 

ongoing efforts to refine prognostic tools based on head CT and increasing evidence that 

traumatic BSI on MRI is associated with more variable outcomes than previously assumed, 

minimal data are available that relate acute traumatic BSI on CT to long-term functional 

outcome. The objective of this study was to compare the long-term outcome of patients with 

BSI indentifed on CT with that of patients with similar TBI injury but without BSI in an 

effort to identify subsets of patients with divergent probabilities of functional recovery.

Methods

Study population

All retrospective data on patients were identified in conjunction with the National Institute 

of Neurological Disorders and Stroke (NINDS)-funded multicenter initiative Transforming 

Research and Clinical Knowledge in Traumatic Brain Injury (TRACK-TBI). TRACK-TBI 

is a large-scale longitudinal observational multicenter research collaboration committed to 

assessing outcomes related to the entire TBI spectrum [20]. Patients were identified from 

the larger pateint pool of the TRACK-TBI cohort (for additional information and full 

details of the primary study inclusion and exclusion criteria, please see the study Web site 

at http://tracktbi.ucsf.edu/). Imaging for enrolled patients was analyzed in a standardized 

fashion using consensus-based common data elements (CDEs) for TBI pathoanatomic 

lesions outlined by the global Working Group on Demographics and Clinical Assessment 

and refined by the National Institutes of Health and NINDS-lead multidisciplinary team in 

2010 [21]. All head CT scans were interpreted by a board-certified neuroradiologist (EY, 

PM) using these methods.

In total, the CT scans of 2697 patientswith TBI were reviewed (Fig. 1). Of those, 145 

were excluded for selection of analysis for the current study focused on adult patients with 

TBI because they were pediatric cases, 114 were excluded because they did not have an 

acute head CT, and another 477 were omitted because they had incomplete outcome data. 

This left 1961 adult patients with TBI across the severity spectrum with pathoanatomic 

lesion-confirmed CT scan data available for this current study. Of the 1961 patients, 29 were 

identified by the board-certified neuroradiologists to have brainstem lesions (BSI+). From 

the remaining 1932 patients with TBI, we matched each patient with BSI+ by age, sex, and 
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admission Glasgow Coma Scale (GCS) score to an adult patient with TBI without brainstem 

lesions (BSI−). Nineteen of the patients with BSI+ were matched exactly on all three factors, 

nine nonexact matches were matched within 5 years of age, and two within 1 point on 

the admission GCS score, staying within the same severity range (moderate or severe). 

Matching on admission GCS score was done to ensure comparable levels of brain injury 

severity in consideration of long-term outcome as the fairest possible way to investigate any 

unique contribution of brainstem lesions. In total, 58 adult patients with TBI, 29 with BSI+ 

and 29 with BSI−, were used for the analysis in this study.

Outcomes

The primary outcome of interest was observed GOSE score at 6 months. The GOSE is a 

global outcome scale designed to assess basic components of functional independence. It 

is an 8-point scale with scores in ascending numeric value ranging from 1 (death) to 8 

(upper good recovery, no problems). It is assessed by a semistructured interview and can 

be administered via phone or mail. It is has established interrater reliability and is the most 

widely used outcome measure in neurotrauma literature [22]. Favorable GOSE scores were 

defined as 4, upper severe disability (independent at home for up to 8 h/day), to 8 (see 

above), and unfavorable scores were 1 (see above) to 3 (lower severe disability).

CT imaging

The earliest head CT of interpretable quality from within 48 h of recorded injury was 

selected for detailed qualitative and quantitative analysis. Because the interpretation by 

the board-certified neuroradiologists only indicated “presence” or “absence” of brainstem 

lesions, additional work was done to further characterize these lesions. All pathoanatomic 

TBI lesions were demarcated, measured, and recorded based on the National Institutes of 

Health-defined and TRACK-TBI-validated neuroimaging CDEs for TBI [21, 23]. Regions of 

interest (ROIs) were demarcated and measured using OsiriX MD DICOM Viewer (v. 11.0.2; 

Pixmeo SARL, Bernex, Switzerland). ROIs were outlined by hand, and relevant measures 

were computed using OsiriX MD software by a fifth-year neurological surgery resident (Fig. 

2). Intrarater reliability was tested by comparing primary CDE measures (n = 23 core and 

n = 23 supplementary) of five CT scans from two evaluations separated by 8 weeks, and 

96.3% agreement was observed.

To account for variation in CT slicing and penetration across institutions, a threshold for size 

and density as a function of Hounsfield units was based on internal measurements. Pixel 

cross-sectional area was measured for each CT used for analysis. The average Hounsfield 

unit measurement for the cross section of the superior sagittal sinus just superior to its 

convergence with the torcula was also calculated. A suspected lesion was only recorded 

and used for analysis if it (1) appeared qualitatively to represent hemorrhage over other 

hyperdense elements, such as bone in the skull base, artifact, intracranial monitoring 

devices, etc.; (2) had at least three contiguous pixels with Hounsfield unit measurements 

equal to or greater than the measured average Hounsfield units of the superior sagittal 

sinus just rostral to the torcula; and (3) had a measured volume greater than or equal to 

0.025 ml (cm3) (Fig. 3). Brainstem lesions that met inclusion criteria were classified as 

TAI, contusion, or Duret based on size and associated injury patterns (Fig. 4). To delineate 
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whether a lesion was in the anterior, posterior, or both regions of the brainstem, lesions were 

classified based on their relationship to a line drawn perpendicular to the midpoint measured 

from the center of any given brainstem slice on axial CT where the axial plane was parallel 

to the tuberculum sellae-occipital protuberance line (Fig. 5).

Statistical analysis

The distribution of patients with BSI+ and BSI− within subgroups of variables were 

analyzed using Fisher’s exact and Mann–Whitney U-tests, as appropriate. The difference 

between long-term GOSE scores among groups in variables of interest were analyzed using 

Mann–Whitney and Spearman correlation, as appropriate. Similarly, bivariate differences 

in long-term GOSE scores among different subtypes of BSI+ were analyzed using Mann–

Whitney and Spearman correlation, as appropriate. Significance tests in all bivariate analysis 

were conducted without assumptions about underlying distributions (i.e., nonparametric 

analysis).

BSI+ lesions were analyzed by volume, location and lesion subtype (TAI, contusion, or 

Duret). Separation of lesions into location by specific brainstem structures was not possible 

because of bony artifact and low tissue resolution. To improve statistical confidence, location 

delimitation was limited to anterior and posterior. This also allowed for some analysis 

of posterior brainstem lesions, as dorsal pons and midbrain lesions have predicted worse 

outcomes in related literature [9, 14, 24]. Lesions were classified as anterior if the majority 

of the measured volume was situated anterior to a lateral line drawn perpendicular to the 

anterior–posterior midpoint of involved brainstem structures on relevant axial CT cuts. 

Patients with BSI+ were then divided into groups based on those with only one or more 

posterior, those with only one or more anterior, and those with at least one brainstem lesion 

in both the anterior and posterior halves of the brainstem.

The association between lesion volume and outcome was analyzed by grouping BSI+ lesions 

above and below a cutoff point of 1 ml (1 cm3), whereas lesion type was consider as 

either TAI or Duret/contusion. For lesion volume, this cutoff appeared to best segment 

lesions resulting from microscopic versus macroscopic mechanisms (i.e., isolated TAI versus 

arterial injury, venous stasis hemorrhage, etc.). Patients with BSI+ with one or more lesion 

of at least 1 ml in size were compared with those with all lesions less than 1 ml with regard 

to observed 6-month GOSE scores using the same statistical tests as location or type for 

analysis. Given the small sample size, multivariate regression analysis was conducted with 

exact logistic regression and was limited to no more than three parameters. A sensitivity 

analyses was performed by extending the match ratios to 3:1 and 5:1. Matches from the 

BSI− cohort were found for all 29 patients with BSI+, although this required relaxing of 

the matching rules for sex, age (within 10 years), and GCS score (within 1 point while 

still matching on mild/moderate/severe). The resulting model parameter estimates in these 

analyses did not markedly differ from those from the 1:1 matched analysis, suggesting that 

the selection algorithm used for the matched BSI− cohort was not biasing the results. All 

statistical analysis was carried out using SPSS version 26 and SAS version 9.4 software.
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Results

Twenty-nine patients with BSI+ and 29 patients with BSI− were evaluated. The mean 

age for all patients was 49.1 years (standard deviation 19.5). Of 58 total patients, 52 

patients evaluated were men (90%) and 6 were women (10%; Table 1). There was no 

significant difference in education, insurance, admission GCS score, hypoxia, hypotension, 

neuromonitoring, non-central-nervous-system injury severity score, hematocrit, hemoglobin, 

or the percent of each group who underwent withdrawal of life-sustaining measures within 5 

days of injury (p range = 0.26–1.00 across all measures).

Outcome, as evidenced by 6-month GOSE score, did not identify a significant difference 

between BSI+ and BSI− groups, although there was a trend toward the BSI+ group having 

less favorable outcome (BSI+ mean GOSE score 2.7, BSI− mean GOSE score 3.9, p = 

0.10). This was also the case when removing the patients with withdrawal of life-sustaining 

treatment (WOLST) from each group and rerunning the analysis to ensure that the patients 

with WOLST were not driving the results (BSI+ mean GOSE score 3.0, BSI− mean GOSE 

score 4.2, p = 0.09). To examine this further, we next completed subgroup analysis of 

the BSI+ group by lesion size, lesion location, and lesion type (Table 2). Assessment of 

patients with BSI+ by lesion volume above or below 1 cm3 revealed significant differences 

in 6-month outcome, with 41% of patients with lesions less than 1 cm3 achieving GOSE 

scores of 4–8, whereas 8% of patients with brainstem lesions greater than 1 cm3 made it 

into this range (p = 0.004). Supplemental analysis by lesion size removing patients with 

BSI+ and with WOLST remained significant (p = 0.03). Assessment of patient outcome by 

brainstem lesion location in anterior or posterior or both halves of the brainstem did not 

identify any difference in outcome among those subgroups (p = 0.99). Supplemental analysis 

by lesion location removing patients with BSI+ and with WOLST remained nonsignificant 

(p = 0.78). In contrast, differentiation by lesion type found that 47% of patients with BSI+ 

with TAI of the brainstem had favorable outcome compared with 0–13% for those with 

brainstem contusions or Duret hemorrhage (p = 0.002). Supplemental analysis by lesion type 

removing patients with BSI+ and with WOLST remained significant (p = 0.02). All 15 of 

the participants with TAI/shear had a lesion size less than 1 cm3.

Exact logistic regression analysis was then used to evaluate the predictive ability of 

brainstem injury characteristics in an exploratory fashion compared to other clinical and 

demographic parameters previously reported to be predictive (Table 3). First, univariate 

exact logistic regression was employed to test the predictive ability of admission GCS score, 

age, sex, BSI volume, and BSI type. Admission GCS score by itself was not significantly 

predictive of favorable outcome (odds ratio [OR] 1.07, confidence interval [CI] 0.93–1.23, 

p = 0.37). Age was subdivided into three groups, 18–34 years, 35–64 years, and 65+ years, 

and was found to only be significant for the oldest age group (OR 0.06, CI 0.00–0.55, p = 

0.01), indicating older age by itself was predictive of less favorable outcome. Consideration 

of sex was not found to be significant (OR 0.30, CI 0.00–2.97, p = 0.51), whereas subgroups 

of BSI volume and BSI type were found to significantly predict less favorable outcome, 

specifically, BSI volume greater than 1 cm3 (OR 0.10, CI 0.00–0.87, p = 0.02) and BSI 

lesion type of contusion/Duret hemorrhage (OR 0.09, CI 0.00–0.72, p = 0.02). It should be 
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noted the near-perfect overlap in the patients with larger lesions and those identified with 

contusion or Duret hemorrhage, so only BSI type was used for further exporatory analysis.

Given these univariate findings, we last explored whether multivariate modeling of the 

significant univariate elements would strengthen the overall prediction of favorable outcome 

and whether there would be a unique contribution of brainstem leisons. Given the groups 

sizes, only two models were employed: one considering GCS and brainstem lesion type, 

the second adding in age given it was also significant in univariate analysis. GCS was 

“forced” into both models given its clinical relevance in the acute critical care environment 

for medical decision-making. Multivariate modeling of admission GCS score and brainstem 

lesion type identified a significant and unique contribution of brainstem lesion type, again 

contusion/Duret hemorrhage to less favorable outcome (OR 0.08, CI 0.00–0.67, p = 0.01). 

Multivariate modeling of admission GCS score, age subdivided into three groups, and BSI 

type revealed significant associations to favorable outcome in admission GCS score (OR 

1.23, CI 1.01–1.58, p = 0.04) and the oldest age group of 65+ years (OR 0.04, CI 0.00–0.68, 

p = 0.02), whereas BSI type of contusion/Duret hemorrhage (OR 0.12, CI 0.00–1.08, p 
= 0.06) remained very close to significance, suggesting still an important contribution to 

the model. We interpret the slight lessoning of predictive strength of BSI type when age 

is considered to reflect the predilication for older patients with BSI to also more likely be 

specifically those with contusion/Duret hemorrhage injuries (five of the seven pateitns with 

BSI who were 65+ years had contusion/Duret hemorrhage).

Discussion

This study provides evidence that patients with brainstem lesions evident on acute head 

CT have the potential for favorable outcome and do not differ significantly when compared 

directly with patient with TBI with similar injury severity who do not have brainstem 

lesions. In fact, 28% of BSI+ met criteria for 6-month favorable outcome on GOSE. A 

lower 6-month GOSE profile was observed in our BSI+ cohort with lesions above a volume 

threshold of 1 ml. BSI volume greater than 1 ml was associated with a mean 6-month 

GOSE score of 1.4, implying most patients in that group did not survive. Conversely, 

patients with hemorrhage volume less than 1 ml had a significantly better mean outcome 

score of 3.6 (p = 0.004), and a reasonable chance of recovering functional independence, 

with 41% recovering to a 6-month GOSE score of 4 or higher. In parallel with lesions 

of larger volume, the mean 6-month GOSE scores for patients with Duret or contusion-

type hemorrhage was 1.4 and 1.3. Patients with brainstem TAI/shear type injury had a 

significantly higher mean outcome score of 4.0 (p = 0.002), and nearly half of these patients 

reached GOSE scores of 4 or higher at 6 months (47%).

Admission GCS scores have been validated as an independent predictor of long-term 

outcomes in two well-designed prediction models, one developed by the Corticosteroid 

Randomization After Significant Head injury trial investigators and the other from the 

International Mission for Prognosis and Analysis of Clinical Trials in TBI group, both of 

which have been externally validated by numerous groups [25-28]. Although we saw no 

difference in admission GCS score because we intentionally matched on it as a variable of 

interest, we did observe that admission GCS score was a significant predictor of outcome 
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in multivariate analysis (p = 0.04) even when the presence of age and BSI of any kind 

was controlled for. However, admission GCS score is often confounded by sedation for 

intubation, metabolic nervous system suppression secondary to extracranial injury, and 

patient intoxication, limiting its independent predictive utility [26].

When patients with BSI+ were isolated for logistic regression analysis, both lesion volume 

less than 1 ml and TAI lesion types were significantly predictive of favorable outcome at 

6 months (p = 0.004 and p = 0.002, respectively). In contrast, Duret hemorrhage has been 

reported to be associated with severely elevated intracranial pressure leading to transtentorial 

herniation and brainstem distortion [29]. Duret hemorrhage and brainstem contusion may 

be the result of more complex intracranial phenomena than isolated rotational acceleration 

injury, leading to compound and more severe BSI. This is consistent with the poor long-term 

outcomes observed in the subset of patients with BSI+ with lesions larger than 1 ml and/or 

contusion or Duret hemorrhage injury patterns.

The majority of brainstem lesions observed to be less than 1 ml in volume were consistent 

with shear injury from predominantly rotational acceleration, the mechanism underlying 

TAI [30-32]. Advances in neurocritical care, rehabilitation medicine and MRI have shed 

a new light on the possibility of recovery even in high-grade diffuse axonal injury (4 or 

more instances of TAI) involving brainstem structures [9, 14, 16-19]. TAI lesions tend to be 

smaller in size on imaging, and they may be less devastating than Duret hemorrhage and 

hemorrhagic brainstem contusion because they are less likely to injure bilateral structures 

in the dorsal, rostral brainstem, the seat of the arousal network [33, 34]. In this study 

and others, patients with brainstem TAI have a reasonable chance for functional recovery, 

and for this reason, traumatic BSI should not be interpreted as a categorical entity from a 

mechanistic, pathologic, or prognostic standpoint.

MRI remains superior in its ability to detect traumatic BSI [9, 10]. Multiple studies indicate 

added precision in prognostication when brainstem lesions are included in models, even 

when controlling for other clinical, demographic and imaging factors [8, 12, 13, 17, 23]. 

Although MRI acquisition in the early stages of post-TBI care is often not feasible, a study 

designed to compare early CT with early MRI in patients with traumatic BSI would allow 

more insight into the best characterization of BSI subtype and other TBI lesions outside the 

brainstem that may be contributing to observed long-term outcomes.

This study’s findings should be balanced by its limitations, which include a small sample 

size, restricting statistical analysis and confidence, lack of further patient follow-up, 

inability to control for post acute care and other patient comorbidities not collected by the 

TRACK-TBI study, some missing clinical and demographic data, incomplete more advanced 

neuroimaging (such as MRI collected on these patients), and other unmeasured parameters 

that may inform outcome. Furthermore, the data were analyzed in a retrospective and 

unblinded fashion, and detailed information about medical decision-making is not known. 

As such, we acknowledge that the findings of this study may be heavily influenced by 

confirmation bias. Further prospective study of BSI lesions on early head CT in their relation 

to additional imaging, clinical parameters, and long-term outcome is needed before they can 

be incorporated into widely used prognostic models.
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Conclusions

The current study provides early evidence that a subset of patients with TBI with BSI can 

achieve favorable outcomes. Specifically, there appear to be two distinct groups of patients 

with acute traumatic BSI identifiable with early head CT: one group with smaller lesions 

consistent with TAI with a reasonable chance of recovery and another group with larger 

lesions consistent with Duret hemorrhage or contusion with less likelihood of regaining 

functional independence. This division may be helpful in designing larger studies to provide 

more robust evidence for the inclusion of BSI in prognostic models. However, until those 

studies are available, the data presented in this study should be interpreted with caution 

given the limitations.
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Fig. 1. 
Consort diagram for patient selection. All adult patients with traumatic brain injury (TBI) 

identified by a team of board-certified neuroradiologists as having a brainstem lesion were 

utilized from this cohort and matched by age, sex, and admission Glasgow Coma Scale 

(GCS) score to adult patients with TBI but without injuries to the brainstem. TRACK-TBI 

Transforming Research and Clinical Knowledge in Traumatic Brain Injury
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Fig. 2. 
Brainstem lesion segmentation. Left to right: hand-traced borders on ascending axial head 

computed tomography (CT) slices through the brainstem area in Osirix MD software. 

Demarcated cuts are merged to create a 3-dimensional region of interest (ROI) used for 

further quantitative analysis
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Fig. 3. 
Hounsfield unit normalization across computed tomography (CT) images. a Tracing feature 

in Osirix MD allows the user to trace the superior sagittal sinus just before entry into the 

torcula. “Mean” (arrow) indicates the mean Hounsfield unit value for the tracing, which was 

used as the baseline threshold for suspected lesions. b The point-measure feature allows 

the user to test individual pixels within an image. “Value” (arrow) indicates the Hounsfield 

unit value for that pixel. Three contiguous pixels above threshold qualified as lesions for 

measurement. Volume larger than 0.025 cm3 qualified as lesions for inclusion in statistical 

analysis
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Fig. 4. 
Computed tomography (CT) lesion exemplars. a Small, isolated hemorrhagic lesions 

without associated mass effect or edema most consistent with traumatic axonal injury (TAI). 

b Larger petechial hemorrhagic lesion with associated edema consistent with brainstem 

contusion. c Larger, diffuse hemorrhage associated with trans-tentorial mass effect and 

dusky intervening nonhemorrhagic parenchyma consistent with Duret hemorrhage
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Fig. 5. 
Deliniation of anterior versus posterior brainstem injuries. a Axial head computed 

tomography (CT) slice demonstrating left midbrain traumatic brainstem injury. b Magnified 

view of area within green box demonstrated in panel a showing midline anterior–posterior 

line (blue) with perpendicular bisecting line (orange) situating the injury in the posterior half 

of the brainstem
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Table 2

Bivariate analysis of mean 6-month GOSE score by brainstem injury subtypes: volume, location, and type

All BSI+ had an
observed 6-mo
GOSE score

n (%) or mean (SD) 6-mo GOSE score

Mean 4–8 (%) p value

Patients who were brainstem positive 29 2.7 28

Brainstem lesion volume

 Mean (SD) 1.55 (2.22)
<0.001

a

 < 1 cm3 17 (59%) 3.6 41
0.004

a

 ≥ 1 cm3 12 (41%) 1.4 8

Lesion location

 (A) Anterior only 8 (28%) 3.1 38 0.99

 (B) Posterior only 18 (62%) 2.6 28

 (C) Both 3 (10%) 2.3 0

Lesion type

 (1) TAI/shear 15 (52%) 4.0 47
0.002

a

 (2) Contusion 6 (21%) 1.3 0

 (3) Duret 8 (28%) 1.4 13

Comparison of mean 6-mo GOSE scores of patients with brainstem injury by brainstem injury characteristics. Statistical significance computed 
using Mann–Whitney and Spearman correlation as appropriate. The proportion of patients with GOSE scores of 4–8 is also listed

BSI+, brainstem and cerebrum injury, GOSE, Glasgow Outcome Scale Extended, SD, standard deviation, TAI, traumatic axonal injury

a
Denotes p value reaching significance
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