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Abstract

Intracranial hemorrhage after traumatic brain injury (TBI) can be life threatening and requires prompt diagnosis. Com-

puted tomography (CT) scans are a rapid and accurate way to evaluate for hemorrhage. In patients with mild and moderate

TBI, however, in whom the incidence of intracranial pathology is low, scanning every patient with CT can be costly. The

Food and Drug Administration recently approved a novel biomarker screen, the Banyan Trauma Indicator (BTI), to help

streamline the decision for CT scanning in mild to moderate TBI. The BTI screen diagnoses intracranial lesions with a

sensitivity and specificity of 97.5% and 99.6%, respectively. We performed cost analyses of the BTI screen to determine

the threshold of cost-effectiveness, compared with application of clinical decision rules or routine CT scans, for cases of

mild or moderate TBI. With a 0.104 probability of an intracranial lesion in mild TBI, the biomarker screen is cost-

effective if the cost is $308.96 or below per test. In moderate TBI, because of the greater prevalence of intracranial lesions

at 0.663, there is a lower need for screening, and BTI becomes cost-effective up to $73.41 per test.
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Introduction

Traumatic brain injury (TBI) is cited to be the cause of 2.8

million emergency department visits in 2013 and another 1

million cases seen in the community health clinics in the United

States.1,2 Of these injuries, more than 75% are categorized as mild

TBIs, which may include a brief change in mental status or con-

sciousness, post-traumatic amnesia, and/or focal neurologic deficits

that may or may not be transient. Proper diagnosis of TBI is of

utmost importance with an impetus to capture all cases of mild or

moderate TBI with an occult intracranial lesion that may require

close observation or operative intervention.

Head computed tomography (CT) scans are a fast and accurate

imaging modality to identify TBIs that may require surgical in-

tervention. Only 10% of mild TBI cases, however, consist of any

CT-visible intracranial pathology with approximately 1% neces-

sitating neurosurgical intervention.3 Hence, it is unreasonable to

scan every at-risk patient with a head CT. Recent estimates cite

more than 62 million annual CT scans.4 To reduce the number of

unnecessary CT scans for patients with TBI, clinicians often rely on

clinical decision rules, such as the Canadian CT Head Rule,5 which

is the best validated and most widely used rule.

Recently, the U.S. Food and Drug Administration (FDA) ap-

proved the use of the first brain-specific, biomarker blood screen to

evaluate for TBI, the Banyan Brain Trauma Indicator (BTI).6 The

Banyan screen aims to reduce the number of CT scans by stratifying

the likelihood of an intracranial lesion in patients with TBI by

measuring levels of ubiquitin C-terminal hydrolase (UCH-L1) and

glial fibrillary acidic protein (GFAP), two proteins that are released

into the bloodstream and detected within hours after head injury.

Numerous research groups, including TRACK-TBI, have re-

ported the utility of testing for UCH-L1 and GFAP as surrogates for

brain injury.7–10 Most notably, TRACK-TBI found that the com-

bination of UCH-L1 and GFAP levels has higher sensitivity and

specificity for distinguishing TBI compared with each individual

biomarker.10 Measuring the predictive ability of BTI with results

from CT scans, the FDA found that the blood screen could predict

the presence of an intracranial lesion 97.5% of the time (sensitivity)

and the absence of a lesion 99.6% of the time (specificity).6

In this study, we analyze cost utility models for mild and mod-

erate TBI to determine the price at which the Banyan Brain Trauma

Indicator, compared with clinical decision rules or routine CT

scans, becomes cost-effective.

Methods

Definitions and assumptions

We elected to analyze moderate and mild TBI separately, be-
cause most authorities treat them differently. Standard treatment
for patients with moderate TBI is hospital admission, usually to a
specialized nursing unit and accompanied by routine head CT. In
contrast, hospital admission for mild TBI is usually reserved for
patients with risk factors identified on examination and/or a posi-
tive CT scan. We define moderate TBI as a Glasgow Coma Scale
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(GCS) score of 9–13. Although traditionally defined as scores of 9–
12,11 there is evidence that a score of 13 is more properly included
in the moderate category,12 and most recent studies of moderate
TBI13–20 use the latter definition. By exclusion, mild TBI is limited
to GCS scores 14–15. We took as our base case a 20-year-old male,
but also investigated 40-, 60-, and 80-year old males and females.

Literature search

PubMed, Embase, and the Cochrane database were searched in
February 2018 for the subject heading ‘‘head injury,’’ associated
with ‘‘mild’’ or ‘‘moderate’’ or ‘‘minor’’ in the title published since
1980. Abstracts were screened, and inappropriate articles were
excluded. The rest were downloaded as full text and reviewed by at
least two authors. We excluded studies involving animals, those not
published in English, those with too few cases (100 for moderate
TBI, 250 for mild), those in which fewer than 80% of qualifying
patients received CT scans, and those lacking original data (re-
views, editorials, duplicate publications, intracranial lesions not
reported, etc.). The search returned 3240 abstracts, 22 of which
were used in various analyses of the study. The review process is
summarized in Figure 1. Because all data come from non-analytic
studies, by definition they all represent Level III evidence.21

Data management and analysis

We abstracted estimates of the probability of intracranial le-
sions, the cost of a CT scan, and the operating characteristics
(sensitivity and specificity) of clinical screening tests and the BTI.6

The reported point estimates of pooled data represent variance-
weighted means (random-effects meta-analytic model) of observa-
tional data22 and were tested for heterogeneity. Models and
additional data required for analysis are discussed below. Un-
certainties of the point estimates were addressed using one- to three-
way sensitivity analyses, in which values of all parameters were
varied within their 95% confidence intervals. All costs are calculated
from a societal perspective, and costs are expressed in 2018 dollars.
Point estimates were generated using Stata 12 (StataCorp, College

Station, TX), and analyses of the model employed TreeAge Pro 2017
(Tree Age Software, Inc., Williamstown, MA).

Mild TBI

Biomarker screening test. The model assumes that positive
screening tests result in the performance of a CT scan and prompt
treatment of positive findings; negative screening will result in
hospital discharge. Possible outcomes of biomarker or clinical
screening are discussed in the Supplementary Appendix; see online
supplementary material at http://www.liebertpub.com.

Clinical decision rules. A number of clinical decision rules
have been introduced to assist in the decision about CT scans for
patients with mild TBI.5,23–27 Each rule uses slightly different
clinical indicators for the risk of intracranial lesions; thus, all have
different operating characteristics. For our model, we employed the
Canadian CT Head rule.5

The model. Illustrated in Figure 2, the model compares four
different management strategies for deciding whether to perform a
CT scan on a patient presenting after mild TBI. These strategies are
outlined in the Supplementary Appendix; see online supplementary
material at www.liebertpub.com. The various pathways and out-
comes following implementation of a treatment strategy are illus-
trated in Figure 3. These are discussed in more detail in the
Supplementary Appendix. We assume all patients found to have
surgical lesions are treated aggressively. Outcomes reflect the
negative effects of delayed surgery, including increased death and
morbidity (and increased associated costs). A proportion of patients
with non-surgical lesions will recover at home. The rest will return
to the hospital and incur additional testing, observation, and treat-
ment.

Analysis. We abstracted the probabilities of surgical and non-
surgical lesions, the other probabilities listed in Figure 4, as the
operating characteristics (sensitivity and specificity) of the four
management strategies from our literature search. We obtained the
2017 life expectancy of a 20-year-old male from the Social Security
Administration28 for patients who had no lesion, non-surgical le-
sions, and Glasgow Outcome Scale (GOS) scores of 4 or 5 after
operation. We adjusted life expectancies downward for patients
with GOS of 2 or 3 after surgical procedure to reflect GOS-specific
mortality rates.29–32 Long-term quality-adjusted life years (QA-
LYs)33 were calculated based on the six-month GOS scores, which
were assumed to last for the remainder of life expectancy. A de-
scription of QALYs and how they are calculated can be found in the
Supplementary Appendix; see online supplementary material at
www.liebertpub.com. Calculations follow those used in our pre-
vious study of diagnostic screening for mild TBI.34

An additional sensitivity analysis for effectiveness involved
Monte Carlo simulation,35 in which all parameters follow beta
distributions. We simulated 100 trials, each with 100 subjects in
each group. We compared the results using one-way analysis of
variance. Lacking the cost of the Banyan Brain Trauma Indicator,
we were unable to perform Monte Carlo simulations of cost or cost-
effectiveness.

Costs. In the case of mild TBI, we analyzed lifetime direct
and indirect societal costs for a 20-year-old male. Medicare reim-
bursements were used as proxies for direct (medical) costs.36 Re-
habilitation and nursing care costs for survivors were calculated,37

as were short- (first six months) and long-term indirect costs (lost
productivity).38 We employed an overall discount rate of 3% per
year and converted all costs to 2018 values.39 Details of the cost
calculations can be found in Whitmore and associates.40FIG. 1. Summary of literature search.
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Moderate TBI

Calculations for moderate TBI are much simpler. For the pur-
poses of this analysis, we assume all moderately injured patients are
admitted to a special care unit. This allows for frequent nursing
checks and rapid access to CT scanning, neurosurgical consulta-
tion, and treatment, if necessary. We further assume that no patient
has a delay in diagnosis of an intracranial lesion. Accordingly, there
is no difference in effectiveness of various management strate-
gies; the only differences relate to costs, which are limited to the
diagnostic tests. Hence, this part of the analysis is more appropri-
ately called a cost-minimization rather than a cost-effectiveness
analysis.33

The model. Figure 4 illustrates the possible pathways and
outcomes in moderate TBI. Patients found to have moderate TBI on
hospital admission receive either a head CT scan or a biomarker test
to screen for the need for a scan. In the latter case, there may or may
not be an intracranial lesion. Those who do not have lesions may
have a correct diagnosis (true negative) and save the expense of an
unnecessary CT scan or they may have an incorrect diagnosis (false
positive) and receive the scan. Patients who do have intracranial
lesions will either have a correct diagnosis (true positive) by the
screening test, or the lesion will be missed (false negative). Because
we assume the lesion will at some point present clinically, all pa-
tients with lesions will receive both the screening test and an in-
tracranial CT scan. Thus, the result of the model is the cost an
average patient can expect if each management strategy is fol-
lowed.

Results

Mild TBI

Data. Our meta-analyses revealed the pooled mean probability

that a patient with mild TBI has an intracranial lesion is 0.104 (95%

confidence interval [CI] = 0.085 to 0.123) (Fig. S1). The probability

that a lesion will require surgery is 0.115 (95% CI = 0.087 to 0.135).

Thus, the combined probability of a mild TBI patient requir-

ing operation for an intracranial lesion is 0.104 · 0.115, or

0.01196 (Fig. S2). Point estimates of probabilities, utilities, and

costs used in the model are shown in Table 1. The table also

reports the 95% CIs for these estimates, along with the sources

for each estimate. The average life expectancy for a 20-year-old

male is 62.3 years.28 At a 3% annual discount rate, this translates

to 28.3353 QALYs, the maximum expected outcome with perfect

management.

Analyses. Monte Carlo simulations of effectiveness are

shown in Table 2. Although the strategy of employing the bio-

marker screen first, followed by the Canadian Rule for negative

results, is the most effective, differences are extremely small and

not significant (F = 1.360, p = 0.255). One-way sensitivity analysis

demonstrated that the parameters with the greatest influence on

cost-effectiveness are the probability of an intracranial lesion, the

probability that the lesion necessitates surgery, and the cost of the

biomarker screen (Supplementary Fig. S3). A two-way sensitivity

FIG. 2. Decision tree for initial testing in mild traumatic brain injury: summarizes four management strategies and decision-making.
CT, computed tomography.

BIOMARKER SCREENING IN TBI 2085



FIG. 3. Decision tree of possible outcomes for a management strategy in mild TBI. GOS (Glasgow Outcome Scale) score (5 good
outcome; 4 moderate disability; 3 severe disability; 2 vegetative state; 1 dead).

FIG. 4. Decision tree for initial testing in moderate traumatic brain injury (TBI): all pathways and outcomes are shown. CT, computed
tomography.
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analysis, in which biomarker cost is plotted against the probability

of intracranial lesion, is shown in Figure 5.

The ideal management strategy varies with the two parameters.

Under baseline estimates, the biomarker first strategy is cost-

effective if the societal cost is $308.96 or less. There are modest

changes if the proportion of intracranial lesions necessitating a

surgical procedure is lower or higher than estimated (Supple-

mentary Figs. S4–S6). This calculation refers to 20-year-old

males; however, neither age nor sex was associated with a sig-

nificant change in the threshold. Cost-effectiveness also varies

with the willingness of a society to pay (WTP) for additional

QALYs. Traditionally, this has been considered $50,000 per

QALY; however, there are calls to perform cost-effectiveness

studies at multiple WTP values.41 Our original analysis was

performed at a WTP of $50,000 per QALY. Raising the WTP

threshold to $100,000 per QALY has only a minimal effect on the

threshold cost of the biomarker screen ($312.70).

Moderate TBI

The pooled mean probability that a patient with moderate TBI

has an intracranial lesion is 0.663 (95% CI = 0.492 to 0.834),

demonstrated in Supplementary Figure S7. Using the same

values for the operating characteristics of the BTI screen and the

cost of a CT scan as above, one-way sensitivity analysis iden-

tifies the main drivers of cost-effectiveness to be the probability

of intracranial lesions and the cost of the biomarker screen

(Supplementary Fig. S8). The cost threshold for the biomarker

screen is $73.41. Above this cost, performing CT scans on

all patients is the more cost-effective alternative. At a lower

cost, a biomarker screen (CT scan only if positive) is more cost-

effective (Fig. 6).

Table 1. Probabilities, Utilities, and Costs in Mild Traumatic Brain Injury

Baseline 95% CI References

Probabilities
Intracranial lesion 0.104 0.085 to 0.123 5,34,45–56

Lesion requires surgery 0.115 0.087 to 0.135 5,22,34,45–47, 49–54, 57

Canadian CT Head Rule false positive 0.568 0.530 to 0.607 53

Canadian CT Head Rule false negative 0.052 0.025 to 0.078
Biomarker screen false positive 0.004 0–0.01 6

Biomarker screen false negative 0.025 0–0.05
Prolonged symptoms from non-surgical lesion 0.43 0.33 to 0.52 34

Prompt surgery results in:
GOS score = 5 0.988 0.977 to 1.0
GOS score = 4 0.006 0 to 0.1
GOS score = 3 0.005 0 to 0.1
GOS score = 2 0.001 0 to 0.001
GOS score = 1 0.009 0.004 to 0.013

Delayed surgery results in:
GOS score = 5 0.67 0.61 to 0.73
GOS score = 4 0.096 0.06 to 0.13
GOS score = 3 0.083 0.05 to 0.12
GOS score = 2 0.010 0.003 to 0.011
GOS score = 1 0.142 0.10 to 0.18
Utilities

GOS score = 5 1 Definition 58

GOS score = 4 0.755 0.726 to 0.784 59

GOS score = 3 0.445 0.405 to 0.485
GOS score = 2 0.11 0.071 to 0.149
GOS score = 1 0 Definition 58

Costs
Cranial CT scan – no contrast 218.48 36

Surgery, resulting in:
GOS score = 5 137,728.49 Not reported 40

GOS score = 4 486,999.06
GOS score = 3 2,333,901.07
GOS score = 2 3,184,896.16
GOS score = 1 2,315,579.95

Hospitalization, concussion with complications 15,178.77 36

Hospitalization, concussion without complications 9473.10

CI, confidence interval; CT, computed tomography; GOS, Glasgow Outcome Scale.

Table 2. Differences in Effectiveness of Four

Strategies for Mild Traumatic Brain Injury

Management strategy Expected QALYs SD

Canadian Head Rule only 28.2915 0.0170
Biomarker Screen only 28.2935 0.0068
Canadian Head Rule first 28.2898 0.0359
Biomarker Screen first 28.2952 0.0011

QALYs, quality-adjusted life years; SD, standard deviation.
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FIG. 5. Two-way sensitivity analysis in mild traumatic brain injury. For a given value of probability of intracranial lesion and cost
of the biomarker screen, the intersection lands in the area of the best strategy. For example, for the pooled mean prevalence of
intracranial lesion of 0.104, the strategy of biomarker screen first, Canadian rule if negative is best, as long as the biomarker screen
costs no more than $308.96. If the cost is greater, using the Canadian CT Head rule is the most cost-effective strategy. CT, computed
tomography.

FIG. 6. Two-way sensitivity analysis in moderate traumatic brain injury. For a given value of probability of intracranial lesion and
cost of the biomarker screen, the intersection lands in the area of the best strategy. For example, for the pooled mean prevalence of
intracranial lesion of 0.663, the biomarker screen is less costly only if it costs $73.41 or less. If the cost is greater, routine computed
tomography (CT) scanning is then the less costly alternative.
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The cost-effectiveness threshold changes in the opposite direc-

tion of lesion prevalence. For example, if lesion prevalence were

only 50%, approximately $108 for the biomarker screen would still

be cost-effective. At a lesion prevalence of 85%, the cost-

effectiveness threshold is roughly $32.

Discussion

Clinical decision rules have been utilized as strategies to selec-

tively scan patients with mild TBI with CT. Among them, the Ca-

nadian CT Head Rule is best validated, with 100% sensitivity for

detecting an intracranial lesion in patients with high-risk factors and

98.4% sensitivity for patients with medium-risk factors.5,42 The BTI

is a new biomarker test with a sensitivity of 97.5% that the FDA

approved of in February 2018 as part of a selective CT strategy and

to help streamline management practices for TBI across providers.

Our study calculated a pooled mean probability of 10.4% for an

intracranial lesion in patients with mild TBI. We found that the most

effective strategy to detect an intracranial lesion is to screen first

with the BTI and then utilize the Canadian CT Head rule. With such

a strategy, the biomarker screen is cost-effective up to $308.96. In

contrast, for moderate TBI, the cost-effective threshold for the BTI

screen is lowered to $73.41. Above such prices, it is more cost-

effective to directly scan with CT every patient who has mild or

moderate TBI, respectively. The difference in cost thresholds be-

tween mild and moderate TBI reflects the increased likelihood of an

intracranial lesion in patients with moderate TBI (mean probability

of 66.3%). Our calculations are for the base case of a 20-year-old

male. There are no significant changes in the cost-effectiveness

thresholds for older patients (£ age 80) or for females, however.

While the focus of this article is not intended to support or refute

the implementation of the BTI screen, there are several factors that

must be addressed because they may affect the cost-effectiveness

of the screen. As with all models, we made several simplifying

assumptions, any of which may detract from the reliability of our

conclusions. Among them is the assumption that all patients sent

home with non-surgical lesions will return to the hospital for further

care. Some of these patients will not but will still have brief periods

of lost productivity; however, the effect on overall outcome and

costs is very small. We also assume that no missed intracranial

hematomas result in death outside the hospital (this proportion is

unknown and would influence direct costs). In addition, we used 6-

month GOS as a proxy for utility. While not an ideal representation,

there is no better measure of outcome in the literature. From a cost

standpoint, Medicare and Medicaid reimbursements were used as

proxies for direct healthcare costs. While commonly accepted,33

this practice may not represent true societal costs.

Further, heterogeneity among populations used to calculate the

pooled prevalence of intracranial lesions is unavoidable. Our model

also assumes that our patients maintain a stable neurologic examina-

tion during the time clinicians must wait for the result of the BTI,

which the FDA predicts will take an average of three to four hours.6

During this time, if a patient were to deteriorate or is found to have

abnormal laboratory findings (ie., coagulopathy, positive drug screen),

then the threshold for a clinician to obtain a head CT is different. Our

findings may be particularly relevant for a specific subcategory of

patients who present to the emergency department with both TBI and

intoxication. Given that commonly used clinical metrics and neuro-

logic examinations would be unreliable in intoxicated patients, the

BTI would be an objective metric to help guide diagnostics.

Biomarker screening has also been promoted to reduce the ra-

diation risk associated with unnecessary CT scans. It should be

noted, however, that adjusting for the extremely small, published

cancer risks of a head CT scan in a 20-year-old (or older) pa-

tient43,44 did not alter the calculated life expectancy or QALYs for

the average patient. Last, conservative estimates were made re-

garding length of hospital stay, although the exact figures may vary

with local practices.

Conclusion

There is considerable controversy over imaging policies for mild

TBI. To curb the number of unnecessary head CTs performed, the

FDA approved the BTI as a new blood screen to evaluate for the

presence of an intracranial lesion. The BTI, when combined with

the Canadian CT Head rule, is cost-effective for screening for mild

TBI at a cost of approximately $309 compared with a cost of $73

for moderate TBI. We hope this study can provide guidance on not

only the implementation of the screen, but also the societal cost.
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