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RESEARCH ARTICLE
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Brain Injury
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Abstract

Background and Objectives

The objectives of this study were to develop and establish concurrent validity of a clinically
relevant definition of poor cognitive outcome 1 year after mild traumatic brain injury (mTBI),
to compare baseline characteristics across cognitive outcome groups, and to determine whether
poor 1-year cognitive outcome can be predicted by routinely available baseline clinical variables.

Methods

Prospective cohort study included 656 participants >17 years of age presenting to level 1
trauma centers within 24 hours of mTBI (Glasgow Coma Scale score 13-15) and 156 de-
mographically similar healthy controls enrolled in the Transforming Research and Clinical
Knowledge in TBI (TRACK-TBI) study. Poor 1-year cognitive outcome was defined as cog-
nitive impairment (below the ninth percentile of normative data on >2 cognitive tests), cog-
nitive decline (change score [1-year score minus best 2-week or 6-month score] exceeding the
90% reliable change index on >2 cognitive tests), or both. Associations of poor 1-year cognitive
outcome with 1-year neurobehavioral outcomes were performed to establish concurrent val-
idity. Baseline characteristics were compared across cognitive outcome groups, and backward
elimination logistic regression was used to build a prediction model.

Results

Mean age of participants with mTBI was 40.2 years; 36.6% were female; 76.6% were White.
Poor 1-year cognitive outcome was associated with worse 1-year functional outcome, more
neurobehavioral symptoms, greater psychological distress, and lower satisfaction with life (all p
< 0.05), establishing concurrent validity. At 1 year, 13.5% of participants with mTBI had a poor
cognitive outcome vs 4.5% of controls (p = 0.003). In univariable analyses, poor 1-year cog-
nitive outcome was associated with non-White race, lower education, lower income, lack of
health insurance, hyperglycemia, preinjury depression, and greater injury severity (all p < 0.05).
The final multivariable prediction model included education, health insurance, preinjury de-
pression, hyperglycemia, and Rotterdam CT score >3 and achieved an area under the curve of
0.69 (95% CI 0.62-0.75) for the prediction of a poor 1-year cognitive outcome, with each
variable associated with >2-fold increased odds of poor 1-year cognitive outcome.

Discussion

Poor 1-year cognitive outcome is common, affecting 13.5% of patients with mTBI vs 4.5% of
controls. These results highlight the need for better understanding of mechanisms underlying
poor cognitive outcome after mTBI to inform interventions to optimize cognitive recovery.
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Glossary

BSI-18-GSI = 18-item Brief Symptom Inventory Global Severity Index; CDE = Common Data Element; ED = emergency
department; GCS = Glasgow Coma Scale; GOAT = Galveston Orientation and Amnesia Test; GOSE-TBI = Glasgow
Outcome Scale Extended TBI Version; mTBI = mild TBI; PSI = Processing Speed Index; RAVLT = Rey Auditory Verbal
Learning Test; RCI = reliable change index; TBI = traumatic brain injury; TMT = Trail Making Test; TRACK-TBI =
Transforming Research and Clinical Knowledge in TBI; WAIS-IV = Wechsler Adult Intelligence Scale-4th Edition.

Mild traumatic brain injury (mTBI) affects tens of millions of
individuals across the world annually"” and is an emerging risk
factor for dementia>® Research now focuses on unraveling
mechanisms of this long-term adverse cognitive outcome, but far
less attention has focused on characterizing shorter-term cognitive
outcomes (ie., within 1 year) after mTBL Evidence from a sys-
tematic review suggests that approximately half of individuals with
mTBI experience cognitive impairment on neuropsychological
assessment at 3, 6, or >12 months after injury,7 refuting the long-
held belief that the vast majority of patients with mTBI experience
complete recovery by 3 months after injury.® However, the studies
included in this meta-analysis were relatively small (N < 300), and
methods for defining cognitive impairment were heterogeneous.
Specifically, cognitive impairment was often based on statistically
significant but not clinically meaningful cutoffs, potentially over-
estimating poor cognitive outcomes. In addition, there is emerging
evidence for a phenotype of early postrecovery cognitive decline
within 1 year” or § years'”
injury (TBI), which may be influenced by the intensity of cog-
nitive rehabilitation in the acute rehabilitation period.'® These
declining individuals may then be at high risk for continued de-
cline and dementia. It is unknown whether early postrecovery
cognitive decline may occur after mTBL

of moderate to severe traumatic brain

To inform early cognitive rehabilitation and to optimize postinjury
cognition, intervention trials of patients with acute mTBI with
short-term cognition endpoints that are enriched with individuals
at highest risk for poor cognitive outcomes are needed. However,
there is currently no consensus in the field as to how to define
cognition endpoints for clinical trials of mTBL"* Prior studies'*"
have been limited by their focus on either cognitive impairment or
cognitive decline; both are reasonably considered poor outcomes,
but studies that focus on only 1 outcome definition are liable to
overestimate the prevalence of good cognitive outcomes. Defining
poor cognitive outcome as cognitive impairment alone could lead
some patients with clinically relevant decline, yet shy of the im-
pairment threshold, to be categorized as having a good cognitive
outcome; similarly, defining poor cognitive outcome as cognitive
decline alone would lead some severely chronically impaired pa-
tients to be categorized as good cognitive outcome. This limitation
of the existing literature highlights the need for the development of
a post-TBI cognitive outcome definition incorporating clinically
relevant, patient-centered definitions of both cognitive impair-
ment and cognitive decline.

With the use of data from the Transforming Research and
Clinical Knowledge in TBI (TRACK-TBI) study, a multicenter

Neurology.org/N

study of 1-year outcomes among patients presenting to level
1 trauma centers with acute TBI, the objectives of this
analysis were (1) to create a clinically relevant definition of
poor cognitive outcome at 1 year after mTBI, incorporating
both cognitive impairment and cognitive decline; (2) to
establish the concurrent validity of this definition; (3) to
establish the prevalence of poor 1-year cognitive outcome
and to characterize baseline characteristics among patients
with good vs poor cognitive outcome at 1 year; and (4) to
determine whether poor 1-year cognitive outcome can be
predicted from baseline clinical variables that are routinely
available in an acute trauma/emergency department (ED)
setting. The overall goal is to directly inform future studies of
patients at high risk for poor short-term cognitive outcome
after mTBI to identify mechanisms and to design early
interventions.

Methods

Study Population and Study Design

The TRACK-TBI study is a prospective multicenter study
that enrolled patients presenting to the EDs of 18 US level 1
trauma centers within 24 hours of TBI who underwent a head
CT as part of routine clinical care."* The study also enrolled
healthy controls who were recruited from friends and family
members of enrolled patients with mTBI and who did not
have a history of TBI within the past year. Participants were
followed up for outcomes at up to 3 in-person visits occurring
at 2 weeks, 6 months, and 1 year after injury/enrollment. A
subset of indices assessed at the in-person visits could be
performed by telephone when participants were unable to
attend in-person visits, including the Glasgow Outcome Scale
Extended TBI Version (GOSE-TBI) and the Galveston Ori-
entation and Amnesia Test (GOAT) (telephone adminis-
tration of other outcome measures used in the present
analysis was not part of the approved study protocol). The
present analysis focused on the TRACK-TBI phase 1 cohort
comprising participants >17 years of age enrolled at the 11
then-existing sites between February 26, 2014, and May 4,
2016.

Standard Protocol Approvals, Registrations,
and Patient Consents

The TRACK-TBI study was approved by the institutional
review board of each enrolling institution, and all participants
or their legally authorized representatives completed written
informed consent.
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Neuropsychological Test Battery

Participants underwent neuropsychological testing at up to 3
in-person cognitive assessments at 2 weeks, 6 months, and 1
year after injury. The neuropsychological test battery used in
the TRACK-TBI study was selected to cover multiple cog-
nitive domains and to be consistent with TBI Common Data
Elements (CDEs). The battery included S scores, each cap-
turing different aspects of cognitive function, which were
derived from 3 different tests: (1) the Rey Auditory Verbal
Learning Test (RAVLT) immediate recall score (sum of
learning trials 1-5, score range 0—15 for each trial)"> and 20-
minute delayed recall score (score range 0-15),"> (2) the
Trail Making Test (TMT) Part A score (time to complete,
maximum allotted time 100 seconds)® and Part B score (time
to complete, maximum allotted time 300 seconds),"® and (3)
the Processing Speed Index (PSI) from the Wechsler Adult
Intelligence Scale-4th Edition'” (WAIS-IV; a composite
score reflecting performance on the Symbol Search subtest
and the Coding subtest; age-corrected mean 100, SD 15).

Definition of Cognitive Impairment

To create a clinically relevant definition of impairment for
each test score, we used demographically adjusted cutoffs,
including age-specific Schmidt metanorms for the RAVLT
immediate and delayed recall scores,’® Heaton norms for
TMT-A and TMT-B scores (adjusted for sex, age, race, and
education; scaled as T scores),'® and age-adjusted WAIS-IV
PSI standard scores.'” The threshold for impairment for each
score was set at the ninth percentile as follows'®: RAVLT
immediate and delayed recall age-specific Schmidt meta-
norms score <—1.33, TMT-A and TMT-B Heaton norm score
<37, and WAIS-IV PSI age-adjusted standard score <79.
While studies of cognitive aging typically use more conser-
vative thresholds," there is wide variation in the field, and we
chose the ninth percentile threshold to be consistent with
prior TRACK-TBI studies.'®

Cognitive impairment was defined as meeting criteria for
impairment on at least 1 score (RAVLT immediate, RAVLT
delayed, TMT-A, TMT-B, WAIS-PSI score) on >2 of 3 tests
(RAVLT, TMT, or WAIS-IV) or if the participant scored <75
on the GOAT* at 1 year (indicating inability to complete the
full battery due to cognitive impairment); 2 participants in our
cohort met the GOAT-based criteria for cognitive impairment
(eTable 1, links.Iww.com/WNL/B771).

Definition of Cognitive Decline

To create a clinically relevant definition of decline for each test
score, which takes into account test measurement error, we
used reliable change indices (RCIs)."!" For each of the §
cognitive test scores, the best score before 1 year (either the
2-week or 6-month score) was subtracted from the 1-year
score to produce a change score. Change from best score was
chosen to capture decline from the maximum level of cogni-
tive recovery after injury, regardless of the timing of this
maximum level of recovery, because recovery trajectories are
known to be highly variable across individuals.”' To generate

Neurology | Volume 98, Number 12 | March 22,2022

an RCI threshold specifically relevant to our TBI cohort, re-
liability for each cognitive test score was calculated from the
stability coefficient (test-retest correlation) from healthy
controls. Decline for each score was defined as having a
change score exceeding the 90% RCI in the direction of
worsened cognitive function.'® Cognitive decline was defined
as meeting criteria for decline on at least 1 score (RAVLT
immediate, RAVLT delayed, TMT-A, TMT-B, WAIS-PSI
score) on >2 of 3 tests (RAVLT, TMT, or WAIS-IV)
(eTable 1, links.lww.com/WNL/B771). It is important to
note that our concise cognitive battery is less susceptible to
false-positive classification as “cognitive decline” with the RCI
method because the false-positive rate increases with longer
test batteries.””

Definition of 1-Year Poor Cognitive Outcome
Our primary definition of poor 1-year cognitive outcome was
cognitive impairment (>1 score on >2 of 3 tests meeting criteria
for impairment), cognitive decline (>1 score on >2 of 3 tests
meeting criteria for decline), or both. This cognitive outcome
categorization for each patient with mTBI and control partici-
pant was visualized by first stratifying the cohort by I-year
cognitive impairment status and then plotting the RCI used to
determine cognitive decline categorization for each patient
(ie, RCI from the test with the second greatest decline).

Because there is no expert consensus definition of poor 1-year
cognitive outcome after mTBI, we additionally report the
prevalence of poor l-year cognitive outcome using 3 more
liberal definitions: (1) cognitive impairment on >1, decline on
>1 of the S scores, or both; (2) cognitive impairment on >2,
decline on >2 of the S scores, or both; or (3) cognitive im-
pairment on >1 score on >2, or decline on >1 score on >2 of
the 3 different tests, both, or death before the 1-year follow-up
(eTable 1, links.Iww.com/WNL/B771). The third definition is
relevant for the planning of clinical trials enriched with patients
at high risk for poor short-term cognitive outcome after mTBI
because this high-risk group would include individuals who die

within 1 year of mTBI in an intention-to-treat analysis.

TBI CDE 1-Year Outcomes

To establish the concurrent validity of our 1-year poor cog-
nitive outcome definition, we assessed associations with 4 TBI
CDE outcomes that were measured at 1-year after injury. The
GOSE-TBI” is a self- or proxy-reported global measure of
functional impairment due only to the TBI (i.e., not due to co-
occurring polytrauma), with possible scores ranging from 1
(deceased) to 8 (upper good recovery). The Rivermead Post
Concussion Symptoms Questionnaire™ is a measure of self-
reported injury-related symptoms, with higher scores indicating
more severe symptoms (score range 0-64). The 18-item Brief
Symptom Inventory Global Severity Index (BSI-18-GSI)>® is a
self-reported measure of psychological distress, with higher
scores indicating greater psychological distress (T score range
36-81). The Satisfaction With Life Scale® is a self-reported
measure of general life satisfaction, with higher scores indicating
greater life satisfaction (score range 5-35).

Neurology.org/N
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Figure 1 TRACK-TBI Participant Flow Diagram

cohort (2014-2016)

TRACK-TBI phase 1
(N =1,349)

Patients with mild TBI
(GCS 13-15)
(n=1,152)

v
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cognitive outcome
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Completed at least Failed GOAT
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4
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cognitive outcome
(n=570)

GCS = Glasgow Coma Scale; GOAT = Galveston Orientation and Amnesia
Test; TBI = traumatic brain injury; TRACK-TBI = Transforming Research and
Clinical Knowledge in Traumatic Brain Injury.

Baseline Variables

We assessed the following demographic and preexisting medical
comorbidity baseline self-reported variables: age, sex (male,
female), race (White, Black, other), ethnicity (Hispanic/Latino,
non-Hispanic/Latino), education (less than high school, high

school or equivalent, more than high school), employment
status  (full-time, part-time, retired, student, disabled/
unemployed/not working), annual family income (<$35,000,
$35,000-<$75,000, >$75,000, not reported), health insurance
(private insurance, Medicare/Medicaid, uninsured), military
service, hypertension, diabetes, prior TBI, depression, anxiety,
headache/migraines, developmental disability, and illicit drug
use. Laboratory variables included ED blood glucose (>200
mg/dL, <200 mg/dL, or not performed), ED blood alcohol
level (>80 mg/dL, <80 mg/dL, or not performed), and ED
toxicology screen (positive, negative, or not performed).

The following TBI-related variables were assessed: Glasgow
Coma Scale (GCS; 13, 14, 15), injury cause (motor vehicle
crash [occupant], motorcycle crash, motor vehicle crash
[cyclist/pedestrian], fall, assault, other), loss of consciousness
(yes/suspected, no), alteration of consciousness (yes/
suspected, no), posttraumatic amnesia (yes/suspected, no),
hypotension in ED (defined as systolic blood pressure
<90 mm Hg or diastolic blood pressure <60 mm Hg), hypoxia
in the ED (defined as oxygen saturation <90%), ED disposi-
tion (intensive care unit, ward unit, discharge), head CT scan
positive for acute intracranial injury (complicated mTBI;
defined according to the TBI CDE Neuroimaging Working
Group expert consensus recommendation527’28), and Rot-
terdam CT score (severity of intracranial trauma score with
range 1-6 where 6 is most severe trauma, categorized as <3
Vs 23).29

Statistical Analyses

All analyses were performed with propensity weighting to
account for missing outcome data/study attrition.>%>* Pro-
pensity weights were derived from boosted logistic regression
models predicting complete (versus noncomplete) 1-year
cognitive outcome data from the following baseline variables:
site, age, sex, race, ethnicity, education, employment status,
insurance, ED disposition, GCS score, mental health history,
cause of injury, initial CT results, alcohol use, and illicit drug

Table 1 Concurrent Validity of Poor 1-Year Cognitive Outcome Definition

Poor 1-year
Good 1-year cognitive cognitive Comparison poor vs good 1-year cognitive
outcome outcome? outcome
GOSE score <8 (incomplete recovery), % (SE) 46.6 (2.3) 59.9 (5.6) OR 1.72 (95% CI 1.0, 2.8)
TBI symptoms (RPQ score), mean (SE) 13.9(0.6) 24.3(2.1) MD 10.4 (95% Cl 6.1, 14.6)
Psychological distress (BSI-18-GSI T score), 48.3 (0.5) 55.3(1.6) MD 7.0 (95% Cl 3.7, 10.2)
mean (SE)
Life satisfaction (SWLS score), mean (SE) 25.7 (0.3) 21.0(1.0) MD -4.7 (95% Cl -6.7, =2.7)

Abbreviations: BSI-18-GSI = 18-Item Brief Symptom Inventory Global Severity Index (range 36-81; higher indicates more symptoms); GOSE = Glasgow
Outcome Scale Extended; MD = mean difference; OR = odds ratio; RPQ = Rivermead Post-Concussion Symptoms Questionnaire (range 0-64; higher indicates
more symptoms); SWLS = Satisfaction with Life Scale (range 5-35; lower indicates less satisfaction with life); TBI = traumatic brain injury.

Weighted differences in self-reported symptoms and functioning at 1 year after injury among survivors with good vs poor cognitive outcome. Unweighted n =
656 with mTBI, including unweighted n = 570 with good 1-year cognitive outcome and unweighted n = 86 with poor cognitive outcome.

@ Defined as cognitive impairment (=1 score on >2 of 3 tests meeting criteria for impairment), cognitive decline (=1 score on 22 of 3 tests meeting criteria for
decline), or both.

March 22,2022
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Table 2 Weighted Percentage (SE) of Patients With mTBI and Controls Meeting Criteria for Cognitive Impairment and
Cognitive Decline on Each Test and Weighted Percentage (SE) With Poor 1-Year Cognitive Outcome According to

Different Definitions

Percentage with cognitive impairment (<9th percentile)

Test Score Patients with mTBI Controls p Value
Rey Auditory Verbal Learning Test Immediate recall 23.2(1.8) 16.1(3.1) 0.069
Delayed recall 19.9(1.7) 18.1 (3.6) 0.667
Trail Making Test Part A 9.9(1.2) 2.7(1.2) 0.002
Part B 11.2(1.3) 7.2(2.2) 0.166
Wechsler Adult Intelligence Scale-4th Edition Processing Speed Index 8.1(1.2) 1.8(1.0) 0.005

Percentage with cognitive decline (>90% CI of reliable change index)

Test Score Patients with mTBI Controls p Value
Rey Auditory Verbal Learning Test Immediate recall 6.1 (1.1) 3.8(1.4) 0.253
Delayed recall 11.3(1.4) 5.8 (1.8) 0.043
Trail Making Test Part A 6.2 (1.1) 3.8(1.5) 0.257
Part B 5.3(0.9) 5.9 (2.6) 0.814
Wechsler Adult Intelligence Scale-4th Edition  Processing Speed Index 2.3 (0.6) 3.3(1.8) 0.592

Percentage with poor 1-year cognitive outcome

Poor 1-year cognitive outcome definitions Patients with mTBI Control  p Value
21 of 5 scores with impairment, 21 of 5 scores with decline, or both 44.8 (2.1) 36.7 (4.3) 0.096
22 of 5 scores with impairment, 22 of 5 scores with decline, or both 22.0(1.7) 11.6(2.6) 0.005
>1 score on 22 of 3 tests with impairment, >1 score on 22 of 3 tests with decline, or both? 13.5(1.4) 45(1.7) 0.003
21 score on 22 of 3 tests with impairment, 21 score on >2 of 3 tests with decline, both, or died® 15.9(1.5) 45(1.7) <0.001

before 1-year follow-up

Abbreviations: mTBI = mild traumatic brain injury; SE = standard error.
Unweighted n = 656 with mTBI and 156 healthy controls.
@ Primary poor 1-year cognitive outcome definition.

® This definition also includes an additional unweighted n = 16 with mTBI and unweighted n = 0 controls who died before the 1-year follow-up.

use. Separate propensity weights were derived for controls
using demographic variables only: site, age, sex, race, ethnicity,
and education. Weights were proportional to the inverse
probability of complete 1-year cognitive outcome data and
were normed so that the sum equaled the number of cases
with complete data on 1-year cognitive outcome. The use of
propensity weights makes the estimates reported herein
representative of the entire TRACK-TBI phase 1 cohort.

To establish concurrent validity of our 1-year cognitive out-
come definition, we compared 1-year TBI CDE outcomes
between the good and poor cognitive outcome groups using
logistic regression (GOSE-TBI score <8 [incomplete re-
covery] vs GOSE-TBI score 8 [complete recovery]) and
linear regression (Rivermead Post Concussion Symptoms
Questionnaire, BSI-18-GSI, Satisfaction With Life Scale
scores). We then compared propensity-weighted baseline
characteristics across groups defined by 1-year cognitive
outcome status using t tests for continuous variables and

Neurology | Volume 98, Number 12 | March 22,2022

second-order Rao-Scott—corrected X2 tests for categorical
variables.

To determine whether poor 1-year cognitive outcome could
be predicted with baseline clinical variables that are routinely
available in an acute trauma/ED setting, we generated 2
weighted logistic regression prediction models: (1) we in-
cluded all variables that differed between patients with mTBI
with good vs poor cognitive outcome at a p < 0.2 level in
univariable analyses; and (2) we applied backward stepwise
regression (a = 0.05) to reduce the number of baseline vari-
ables included in the model. The resulting receiver operating
characteristic curves were plotted, and the individual multi-
variable odds ratios of each included baseline predictor were
calculated.

All reported p values were based on 2-sided tests, with values
of p < 0.05 considered statistically significant. Stata SE version
15.0 (StataCorp, College Station, TX) and R version 3.6.2 (R

Neurology.org/N
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Figure 2 Cognitive Decline Status
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Cognitive decline status among participants with mild traumatic brain injury (TBI) (A, without cognitive impairment; B, with cognitive impairment) and controls
(C, without cognitive impairment; D, with cognitive impairment). Plots shows each individual patient’s 1-year reliable change index (RCI) score that was used to
define categorization of cognitive decline (i.e., the RCI from the test with the second greatest decline) after stratification by 1-year cognitive impairment status.

Foundation for Statistical Computing, Vienna, Australia)
were used to perform statistical analyses.

Data Availability
Data requests can be made to the TRACK-TBI Study Exec-
utive Committee.**

Results

Study Population

We included all patients with mTBI (defined as admission
GCS score 13-15) and healthy controls who had sufficient
1-year cognitive outcome data to permit classification of good
vs poor cognitive outcome (ie., completed at least 2 of 3
cognitive tests) (n = 656 mTBI, n = 156 controls; Figure 1).
Overall, 18.0% of the phase 1 TRACK-TBI mTBI cohort was
lost to follow-up at 1 year (no data available), and 1.4% died
before 1 year (n = 16 with GOSE score 1 at 1 year). Of the
phase 1 mTBI cohort who survived with at least some 1-year
data (n = 1,136), 57.7% (n = 656) had sufficient cognitive
outcomes data at 1 year to be included in our analysis.

Neurology.org/N
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Compared to those without sufficient cognitive outcomes
data at 1 year who were excluded from the present analysis,
those who were included were more likely to be White and
non-Hispanic/Latino, to have more than a high school edu-
cation, to have history of headache/migraines, and to have
had a TBI as a result of being a cyclist/pedestrian in a motor
vehicle crash (all p < 0.05).

Concurrent Validity

We first established the concurrent validity of our definition of
poor 1-year cognitive outcome by investigating associations
with 4 TBI CDE outcomes that were measured at 1 year after
injury (Table 1). Compared with patients with mTBI with
good cognitive outcome, those with poor cognitive outcome
were more likely to have incomplete functional recovery
(GOSE-TBI score <8), more mTBl-related symptoms,
greater psychological distress, and less satisfaction with life at
1-year after TBI (all p < 0.05).

Prevalence of Poor 1-Year Cognitive Outcome
Healthy controls were similar to patients with mTBI on sex,
race/ethnicity, and education (all p > 0.05) but were slightly

Neurology | Volume 98, Number 12 | March 22,2022
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Table 3 Weighted Demographics and Medical Comorbid Conditions of Patients With mTBlI, Stratified by 1-Year Cognitive

Status
p Value p Value
Good 1-year Poor 1-year p Value poor Cognitive impairment vs Cognitive decline vs
cognitive outcome cognitive outcome® vs good impairment  good decline good
Demographics
Age, mean, y 40.2 40.0 0.951 39.3 0.699 43.8 0.345
Female, % 37.4 31.9 0.350 32.6 0.447 21.1 0.119
Race, % 0.003 0.008 0.314
White 77.3 721 72.6 77.1
Black 15.7 27.0 26.3 22.9
Other 7.0 0.9 1.0 0.0
Ethnicity, % 0.204 0.129 0.396
Hispanic or Latino 19.0 25.7 27.5 11.0
Non-Hispanic and 81.0 74.3 72.5 89.0
non-Latino
Education, % 0.002 0.002 0.081
Less than high school 9.9 16.6 17.8 7.3
High school or 53.1 67.0 66.5 76.2
equivalent
More than high 37.0 16.4 15.6 16.5
school
Employment status, % 0.059 0.028 0.385
Full-time 59.3 54.1 53.7 70.7
Part-time 16.5 10.8 8.7 12.3
Retired 7.6 13.0 135 135
Student 6.3 3.6 4.1 0.0
Disabled/ 10.3 18.5 20.0 3.5
unemployed/not
working
Annual family income, 0.013 0.009 0.085
%
<$35,000/y 434 64.6 65.2 67.1
$35,000/ to <$75,000/ 29.5 21.7 20.8 27.8
y
2$75,000/y 16.9 4.0 3.0 5.1
Not reported 10.2 9.7 11.0 0.0
Health insurance, % 0.008 0.007 0.319
Insured 59.9 42.6 41.9 44.0
Medicare/Medicaid  20.0 23.7 22.6 243
Uninsured 20.1 337 35.4 31.7
Military service, % 9.8 8.7 0.740 7.9 0.621 18.2 0.178
Medical comorbid
conditions
Hypertension, % 14.0 17.2 0.425 17.5 0.425 23.2 0.213
Continued
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Table 3 Weighted Demographics and Medical Comorbid Conditions of Patients With mTBI, Stratified by 1-Year Cognitive
Status (continued)

p Value p Value
Good 1-year Poor 1-year p Value poor Cognitive impairment vs Cognitive decline vs
cognitive outcome cognitive outcome® vs good impairment  good decline good
Diabetes, % 8.1 15.0 0.064 15.8 0.052 13.2 0.404
Glucose, % 0.023 0.002 0.293
>200 mg/dL 33 10.0 1.4 0.0
<200 mg/dL or not  96.7 90.0 88.6 100.0
performed
Prior TBI, % 30.9 354 0.429 30.7 0.970 39.8 0.396
Depression, % 13.6 232 0.030 20.7 0.128 32.2 0.026
Anxiety, % 9.7 16.5 0.067 17.5 0.056 20.8 0.127
Headache/ 9.4 12.0 0.456 124 0.456 1.7 0.698
migraines, %
Developmental 9.7 15.2 0.146 14.2 0.292 183 0.215
disability, %
lllicit drug use, % 7.9 8.4 0.896 9.4 0.718 0.0 0.262
Blood alcohol level, 0.568 0.643 0.282
%
280 mg/dL 1.1 9.1 9.3 18.8
<80 mg/dL or not  88.9 90.9 90.7 81.2
performed
Toxicology screen, % 0.114 0.049 0.436
Positive 8.1 13.7 15.5 13.8
Negative or not 91.9 86.3 84.5 86.2

performed

Abbreviations: mTBI = mild traumatic brain injury; TBI = traumatic brain injury.

Unweighted n = 656 with mTBI, including unweighted n = 570 with good 1-year cognitive outcome and unweighted n = 86 with poor cognitive outcome
(unweighted n = 75 with cognitive impairment and unweighted n = 22 with cognitive decline). Participants with poor 1-year cognitive outcome may have
cognitive impairment, cognitive decline, or both. Unweighted number missing data by variable: race n = 5; ethnicity n = 6; education n = 13; employment status
n=10; familyincome n = 116; health insurance n = 14; military service n = 16; hypertension n = 2; diabetes n = 2; prior TBIn=11; depression n =2; anxiety n =2;
headache/migraines n = 2; developmental disability n = 1; and illicit drug use n = 144.

2 Defined as cognitive impairment (=1 score on >2 of 3 tests meeting criteria for impairment), cognitive decline (=1 score on 22 of 3 tests meeting criteria for
decline), or both.

younger than patients with TBI (37 years vs 40 years, p =
0.049). Overall, with the use of our primary definition, 13.5%
of patients with mTBI had poor 1-year cognitive outcome,
with 10.1% having cognitive impairment only, 1.6% having
cognitive decline only, and 1.8% having both cognitive im-
pairment and decline. Significantly fewer controls experienced
poor 1-year cognitive outcome (4.5%, p = 0.003 vs mTBI),
with 3.3% having cognitive impairment only, 0% having
cognitive decline only, and 1.2% having both cognitive im-
pairment and decline. Prevalence estimates for the 3 most
stringent definitions of poor cognitive outcome ranged from
13.5% to 22.0% among patients with mTBI and from 4.5% to
11.6% among control participants. With the use of these
stringent definitions, poor cognitive outcome was consistently
significantly more common among patients with TBI vs
controls (all p < 0.05). In contrast, the prevalence estimates
for the least stringent definition were not significantly

Neurology.org/N

different between patients with TBI and controls (44.8% vs
36.7%, p = 0.096) (Table 2).

Among patients with mTBI who were categorized as having
cognitive impairment (ie. impaired on at least 1 score on >2
of 3 tests), 57.6% were impaired in 2 of 3 tests, and 42.4%
were impaired on all 3 tests in the battery. The most common
scores to show impairment in patients with mTBI were the
RAVLT immediate recall score (23.2%) and the RAVLT
delayed recall score (19.9%). The scores with the greatest
percent difference in impairment between patients with mTBI
and controls were the TMT-A and the RAVLT immediate
recall scores (Table 2). Among patients with mTBI who were
categorized as having cognitive decline (i.e., decline on at least
1 score on >2 of 3 tests), 82.9% had decline on 2 tests, and
17.1% and had decline on all 3 tests. The most common score
to show decline in patients with mTBI was the RAVLT
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Table 4 Weighted Injury Characteristics of Patients with mTBI, Stratified by Detailed 1-Year Cognitive Status

Good 1-year Poor 1-year p Value p Value good p Value
cognitive cognitive good vs Cognitive Vs Cognitive good vs

Injury characteristics outcome outcome? Poor impairment Impairment  decline Decline
Glasgow Coma Scale score, % 0.018 0.007 0.450

13 2.1 8.3 9.4 0.0

14 19.8 17.5 17.8 10.8

15 78.1 74.2 72.8 89.2
Injury cause, % 0.117 0.081 0.974

Motor vehicle crash (occupant) 34.3 42.8 44.5 33.9

Motorcycle crash 7.2 4.2 2.7 7.3

Motor vehicle crash (cyclist/ 19.6 14.5 15.3 18.7

pedestrian)

Fall 238 17.2 15.9 18.5

Assault 5.2 12.0 12.0 5.8

Other 9.9 9.3 9.6 15.7
Loss of consciousness, % 83.4 88.9 0.204 89.7 0.168 91.8 0.281
Alteration of consciousness, % 80.9 86.6 0.247 88.3 0.163 83.8 0.729
Posttraumatic amnesia, % 77.3 83.6 0.219 84.1 0.212 92.1 0.086
Hypotension in emergency department 3.7 3.0 0.801 34 0.931 0.0 0.374
(SBP <90 mm Hg or DBP <60 mm Hg), %
Hypoxia in emergency department (Spo, 1.9 1.0 0.523 0.0 0.233 4.0 0.481
<90%), %
Emergency department disposition, % 0.975 0.823 0.989

ICU 24.7 259 28.2 235

Ward unit 40.2 39.8 38.8 40.0

Discharge from emergency 35.1 343 33.0 36.4

department

Head CT positive for acute intracranial  30.7 374 0.248 36.2 0.305 421 0.287
injury,” %
Rotterdam CT score, % 0.143 0.141 0.879

<3 82.4 75.2 74.7 81.1

23 17.6 24.8 253 18.9

Abbreviations: DBP = diastolic blood pressure; ICU = intensive care unit; mTBI = mild traumatic brain injury; SBP = systolic blood pressure; Spo, = oxygen
saturation.

Unweighted N = 656 with mTBlI, including unweighted n = 570 with good 1-year cognitive outcome and unweighted n = 86 with poor cognitive outcome
(unweighted n = 75 with cognitive impairment and unweighted n = 22 with cognitive decline). Participants with poor 1-year cognitive outcome may have
cognitive impairment, cognitive decline, or both. Unweighted number missing data by variable: loss of consciousness n = 35; alteration of consciousness n =
96; posttraumatic amnesia n = 79; hypotension in emergency department n = 4; hypoxia in emergency department n = 1; positive head CT n = 5; and
Rotterdam CT score n =7.

2 Defined as cognitive impairment (=1 score on >2 of 3 tests meeting criteria for impairment), cognitive decline (=1 score on 22 of 3 tests meeting criteria for

decline), or both.

® Complicated mTBI, defined in accordance with the TBI Common Data Elements Working Group expert consensus recommendations.

27,28

delayed recall score (11.3%); the RAVLT delayed recall score
was also the score with the greatest percent difference in
decline between patients with mTBI and controls (Table 2).

Figure 2 shows each individual patient’s 1-year RCI score,
which was used to define categorization of cognitive decline

Neurology | Volume 98, Number 12 | March 22,2022

(ie., the RCI from the test with the second greatest decline)
after stratification by 1-year cognitive impairment status.
Eleven patients with mTBI (and 0 controls) would have been
miscategorized as having good cognitive outcome if cognitive
decline had not been considered in the outcome definition
(Figure 2, A and C).
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Figure 3 Prediction Models of Poor 1-Year Cognitive Recovery* Among Patients With mTBI

A B
160 Model 1
Oddsratio 95% Cl  pvalue
2> 0.75+ Race: Non-White 1.33  0.711-2.49 0.37
2 Education: <HS 319  1.49-6.83  0.00
%)
S 0.504 Unemployed/retired 1.26  0.64-2.47  0.51
(%3]
Family income: <$35,0000 1.25 0.63-2.50 0.53
0.25
Model 1 AUC = 0.72, 95% CI [0.64-0.79] No health insurance  1.90  1.03-3.49 0.04
Model 2 AUC = 0.69, 95% CI [0.62-0.75]
Depression  2.28 0.94-5.52  0.07
0.00 L T T T T T p
0.00 0.25 0.50 0.75 1.00 Developmental disability 2.00  0.87-5.52  0.10
1 - Specificity Injury: Assault  2.29  0.96-5.47  0.06
C Model 2 Rotterdam score: 23 2.21 1.13-4.28 0.02
Odds ratio 95% Cl  pvalue I ) d
Rotterdam score: 23 2.13 1.11-4.05 0.02 ED glucoses200mgidl. 287 083-288 00
Education:<HS ~ 3.60  1.79-7.23 0.00 Diabetes 0.89  0.29-2.68 083
Depression  3.11 1.56-6.12  0.01 GCS<14 079 0.18-346 0.75
No health insurance  2.16 1.17-3.97 0.01 Anxiety 1.87  0.70-5.01 0.22
ED glucose: >200 mg/dL 279 1.05-7.45 0.04 Toxicology screen: Positive  0.72  0.28-1.82  0.48

(A) Receiver operating characteristic curves for models 1 and 2. (B) Model 1 including baseline characteristics that differed between good and poor 1-year
cognitive outcome at the p < 0.2 level (Tables 2 and 3). (C) Model 2 including baseline characteristics after backward stepwise regression using a = 0.05.
*Defined as cognitive impairment (=1 score on =2 of 3 tests meeting criteria for impairment), cognitive decline (=1 score on >2 of 3 tests meeting criteria for
decline), or both. For the prediction models, baseline characteristics were entered as binary variables with the following reference values as follows: White
race, more than a high school (HS) education, working full-time/part-time/students, income > $35,000, health insurance, no depression, no developmental
disability, nonassaultinjury, Rotterdam score <3, emergency department (ED) glucose <200 mg/dL or not done, no diabetes, Glasgow Coma Scale (GCS) score

>14, no anxiety, and negative toxicology screen. AUC = area under the curve; mTBI = mild traumatic brain injury.

Predictors of Poor 1-Year Cognitive Outcome
Overall, participants with mTBI were 40.2 years of age, 36.6%
were female, 76.6% were White, and 19.9% were Hispanic/
Latino. Compared with participants with good cognitive
outcome, participants with poor cognitive outcome were
more likely to be of non-White race, to have a high school
education or less, to have lower annual family income, to be
uninsured, and to have higher glucose on presentation, a
history of depression, and lower GCS score (all p < 0.05)
(Tables 3 and 4). Similar patterns were observed when pa-
tients with cognitive impairment and cognitive decline were
compared to those with good cognitive outcome, although
participants with cognitive impairment were also significantly
more likely to be disabled, unemployed, or not working and to
have a positive toxicology screen (both p < 0.05).

Weighted logistic regression models included baseline char-
acteristics and injury-related variables that differed atap < 0.2
level in univariable analyses comparing patients with mTBI
with good and those with poor 1-year cognitive outcome.
These models achieved fair discrimination of good vs poor
outcomes (area under the curve 0.72, 95% CI 0.64-0.79)
(Figure 3). After backward stepwise regression, the final
prediction model included baseline education, health in-
surance, preinjury history of depression, hyperglycemia, and
Rotterdam CT score and achieved an area under the curve of
0.69 (95% CI 0.62-0.75), with each variable being associated
with >2-fold increased odds of poor 1-year cognitive outcome.

Neurology.org/N

Discussion

In this large multisite cohort study of patients presenting
acutely to level 1 trauma centers with mTBI (GCS score
13-15), we developed and established the concurrent validity
of a clinically meaningful definition of poor 1-year cognitive
outcome, incorporating both cognitive impairment and cog-
nitive decline. We found that poor cognitive outcome at 1 year
after injury is common, affecting 13.5% (range 13.5%-44.8%,
depending on definition used) of patients with mTBI com-
pared with 4.5% (range 4.5%-36.7% depending on definition
used) of controls. Our results suggest that a better un-
derstanding of mechanisms underlying poor cognitive out-
come after mTBI is needed to identify high-risk patients who
can be targeted for future multimodal intervention studies
focused on optimization of cognitive outcomes after mTBI.

We provide evidence to support our primary definition of
poor cognitive outcome; we demonstrate the added value of
considering both impairment and decline to avoid errone-
ously categorizing patients with clinically meaningful decline
or who are chronically impaired as having a good cognitive
outcome. We provide evidence to suggest that it is not ad-
visable to rely on only a single score (our least stringent
definition) to define poor cognitive outcome because this will
not discriminate individuals with TBI-related cognitive out-
come from controls. Our definition further prevents mis-
classification by using individually tailored cutoffs that are
based on demographically corrected normative data and
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clinically meaningful reliable change to define poor cognitive
outcome at the individual participant level as opposed to
simply comparing group-level mean scores.” Our estimate of
poor l-year cognitive outcome (13.5%) using our primary
definition is substantially lower than the estimate reported in a
recent meta-analysis of 45 studies (nearly 50%). In this prior
meta-analysis, studies reporting only group-level means were
included as having a 100% prevalence of poor cognitive out-
come if the group-level mean for participants with TBI was
significantly lower than the group level mean for controls, an
approach that would be expected to dramatically overestimate
poor cognitive outcome at the individual level.”

In the TRACK-TBI cohort, participants with a poor cognitive
outcome 1 year after TBI were more likely to be of non-White

3536 1 the dementia

race and of lower socioeconomic status.
field, a growing body of literature suggests that racial differences
in dementia risk may be attributable, at least in part, to dis-
parities in education, health insurance, and other socioeco-
nomic factors,®” as well as to disparities in vascular risk factors
such as diabetes®® and in psychiatric health factors such as
depression.*”* Indeed, in our population, we also saw a higher
prevalence of hyperglycemia and depression among partici-
pants with poor 1-year cognitive outcome. Several studies have
found racial disparities in global functional recovery after TBI
that were partly explained by differences in socioeconomic

41,42 . R :
"% Tt remains less clear whether racial differences in

status.
cognitive outcome after TBI may also be partly explained by
socioeconomic, vascular, or psychiatric risk factors. Future
studies investigating racial differences in post-TBI cognitive
outcomes will also need to consider the potential impact of

institutional racism and racial dlspantles in treatment. 3

A surprising finding was that older age was not identified as a
predictor of poor cognitive outcome.** This finding highlights
the value of using age-adjusted normative cutoffs for cognitive
impairment.** This finding also likely reflects the somewhat
healthier-than-average composition of the older adults enrolled
in TRACK-TBI, which excluded individuals with dementia or
disabling medical conditions. Additional studies of cognitive
outcome in more representative samples of older adults are
needed. However, our findings suggest that premorbidly healthy
older adult survivors of mTBI may achieve equally good cog-
nitive recovery compared to younger adult survivors of mTBI.

Prior studies among individuals with moderate to severe TBI
provide evidence that early intensive rehabilitation can modify
cognitive trajectories.'** More research is needed to determine
the role of cognitive rehabilitation among patients with mTBI at
risk for poor 1-year cognitive outcomes and how to predict who
falls into this risk category.m’46 Our final prediction model for
poor l-year cognitive outcome included both preexisting/
modifiable factors such as education, health insurance, and de-
pression and the injury-related/nonmodifiable factor of Rotter-
dam CT score (other injury-related factors such as loss of
consciousness were not included, suggesting that significant injury
on CT is the strongest injury-related predictor of 1-year cognitive
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outcome). This prediction model achieved fair discrimination
between good and poor 1-year cognitive outcomes, indicating that
significant heterogeneity in outcome remains and highlighting the
need for future studies aimed at identifying novel predictors and
mechanisms of poor cognitive outcome 1 year after mTBL

In our cohort, patients with mTBI were most likely to meet
criteria for impairment and decline based on performance on the
RAVLT, and the greatest percent difference in impairment and
decline between patients with mTBI and controls was also seen
on the RAVLT (as well as on the TMT-A for impairment). This
suggests that the domains of memory and processing speed are
most affected at 1 year after mTBI. The literature on associations
of TBI with poor performance in specific cognitive domains is
heterogeneous, with studies reporting poor functioning in
memory, attention, processing speed, and executive function,
among others.*”** It is possible that different tests may be more
sensitive to cognitive performance after TBI or that different
domains of cognition may be affected more by TBI at different
points in the recovery process; future studies incorporating
multidomain neuropsychological assessment and investigating
trajectories of cognitive performance over time are needed.

Certain limitations should be taken into consideration in the in-
terpretation of our results. First, although we hypothesize that this
methodologic approach to define poor 1-year cognitive outcome
can be applied to any mTBI population, our specific results may
not generalize to other non-trauma center—based mTBI cohorts
with less severe injuries. Second, although our definition of cog-
nitive impairment was based on demographically adjusted nor-
mative data, the normative populations for each test were
different, and while all norms adjusted for age, only the norms for
the TMT test also were adjusted for other demographics. Fur-
thermore, because patients with TBI were enrolled at the time of
TBI, we do not have a measure of preinjury cognitive status.
Third, as in many studies of TBL* our outcome data are limited
by study attrition and resultant missing data. In studies of TBI,
there are 2 main reasons for missing data, which would result in
biasing the results in different directions: (1) low-functioning in-
dividuals may not be able to perform the assessment, and (2)
high-functioning individuals may have little interest in returning
for follow-up assessments.”’ We used propensity weighting3L33 in
our main analyses to account for the missing outcome data; this
method upweights individuals who are similar to the participants
with missing data, thereby accounting for multiple reasons for
missing data. It is important to note that cognitive data were more
likely to be missing than GOSE data, likely because cognitive tests
were required to be obtained in person and could not be com-
pleted by an informant. It will be important for future studies to
consider both the incorporation of telephone cognitive assess-
ments to decrease missing data® and the inclusion of statistical
methods to account for missing data, as we did here>"??

Our study also has several strengths. First, the TRACK-TBI study
is a large, multisite study with repeated measures of cognition
over the first year after injury. Second, we created and established
the concurrent validity of a patient-centered cognitive endpoint
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definition that incorporates clinically relevant cutoffs and avoids
erroneously classifying declining patients as having a good cog-
nitive outcome if they do not meet criteria for impairment. OQur
definition also avoids misclassifying chronically impaired patients
as having a good cognitive outcome if they do not meet criteria
for decline. We additionally looked at multiple definitions of poor
1-year cognitive outcome, which can be used to inform avenues of
future research designed to unravel potentially modifiable pre-
dictors and biological mechanisms of poor short-term cognitive
outcome after mTBL

We found that poor 1-year cognitive outcome is common and is
seen in 13.5% of patients with mTBI presenting to trauma
centers in the United States compared with 4.5% of controls.
Our study highlights the importance of the use of a more nu-
anced definition of poor 1-year cognitive outcome, incorporating
longitudinal cognitive assessment so that both cognitive decline
and cognitive impairment can be used to classify cognitive out-
comes more accurately after mTBI and to better understand
distinct subsets of post-mTBI cognitive outcomes. Further work
is needed to continue to identify biopsychosocial mechanisms of
post-mTBI cognitive recovery, to better identify persons at
highest risk for poor 1-year cognitive outcomes, and to develop
multidomain interventions to optimize recovery and prevent
future decline and dementia in mTBI populations.
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