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Abstract

Background and Objectives

Traumatic brain injury (TBI) may be a chronic condition carrying risk of future sequelae; few
prospective studies examine long-term postinjury outcomes. We examined the prevalence of
functional, cognitive, and psychiatric change outcomes from 1 to 7 years postinjury.

Methods

Transforming Research and Clinical Knowledge in TBI LONG (TRACK-TBI LONG) par-
ticipants were prospectively enrolled within 24 hours of injury and followed up to 1 year
postinjury; a subset participated in long-term follow-up from 2 to 7 years postinjury. Reliable
change thresholds for the Brief Test of Adult Cognition by Telephone General Composite
(cognition) and Brief Symptom Inventory (BSI)-18 (psychiatric) were derived from ortho-
pedic trauma controls (OTCs). Multiple assessments were completed (postinjury baseline
assessment and 2 or 3 visits 2—7 years postinjury) within a sample subset. Change was assessed
for functional outcome (Glasgow Outcome Scale-Extended [GOSE]) and self-report/
informant report of decline. Prevalence ratios for outcomes classified as stable, improved, and
declined were reported individually and collectively. The Fisher exact test and log-binomial
regression models examined factors associated with decline and improvement.

Results

Of the sample (N = 1,264; mild TBI [mTBI], Glasgow Coma Scale [GCS] 13-15, n = 917;
moderate-to-severe TBI [msTBI], GCS 3-12,n = 193; or OTC n = 154), “stable” was the most
prevalent outcome. Functional outcome showed the highest rates of decline, regardless of TBI
severity (mild = 29%; moderate/severe = 23%). When measures were collectively considered,
rates of decline included mTBI (21%), msTBI (26%), and OTC (15%). Age and preinjury
employment status were associated with functional decline (per 10 years; relative risk [RR]
1.16, 95% CI 1.07-1.25, p < 0.001; higher in retired/disabled/not working vs full-time/part-
time; RR 1.81, 95% CI 1.33-2.45, respectively) in the mTBI group. Improvement in functional
recovery 2-7 years postinjury was associated with higher BSI scores (per S points; RR 1.11,95%
CI 1.04-1.18, p = 0.002) and GOSE score of 5-7 (GOSE = 8 as reference; RR 2.64, 95% CI
1.75-3.97, p < 0.001). Higher BSI scores and identifying as Black (RR 2.28,95% CI 1.59-3.25, p
< 0.001) were associated with a greater likelihood of improved psychiatric symptoms in mTBI
(RR 1.21, 95% CI 1.14-1.29, p < 0.001). A greater likelihood of cognitive improvement was
observed among those with higher educational attainment in msTBI (per 4 years; RR 2.61, 95%
CI 1.43-4.79, p = 0.002).
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Glossary

BSI = Brief Symptom Inventory; BTACT = Brief Test of Adult Cognition by Telephone; GCS = Glasgow Coma Scale;
GOSE = Glasgow Outcome Scale-Extended; GSI = Global Severity Index; mTBI = mild TBI; msTBI = moderate-to-
severe TBI; OTC = orthopedic trauma control; RR = relative risk; TBI = traumatic brain injury; TBIMS = TBI-Model Systems;
TRACK-TBI = Transforming Research and Clinical Knowledge in TBL

Discussion

Function across domains at 1-year postinjury, a common recovery benchmark, undergoes change across the subsequent 6 years.
Results support consideration of TBI as a chronic evolving condition and suggest continued monitoring, rehabilitation, and
support is required to optimize long-term independence and quality of life.

Introduction

Traumatic brain injury (TBI) has traditionally been considered
a discrete medical event, which produces injury-related, time-
limited sequelae that improve over a period of recovery and
remain static thereafter."” This perspective has undergone a
gradual paradigm shift to a more recent appreciation that it may
represent a dynamic condition with evolving processes that can
manifest well after the injury and initial period of recovery.*®
With growing evidence that TBI represents a chronic process
that involves ongoing interactions between neurologic and
non-neurologic pathologic processes,””* it is critical to gain a
better understanding of changes in function across multiple
domains (cognitive, psychiatric, and functional outcomes)
beyond the conventionally assessed period of injury recovery
and to identify factors that influence these long-term changes.

Although TBI is associated with an increased incidence of
neurologic disease, non-neurologic disease, and mortality,”'ﬂ’8
not all who experience TBI will inevitability experience longer-
term decline after injury. Preliminary evidence from the Trau-
matic Brain Injury Model Systems suggests that individuals who
received inpatient rehabilitation for TBI experience varied
courses of change in functional independence between 1 year
and S years postinjury, with substantial subgroups improving,
remaining stable, or deteriorating.” As part of a follow-up study
in the same cohort at 10 years postinjury, trends in change were
not congruent across outcome domains, with only 53.5%
reporting consistent direction of change across the various do-
mains of function assessed. Taken together, this emphasizes the
importance of investigating individual patterns of change and
simultaneously considering varied domains of function when
assessing long-term outcomes beyond 1-year post-TBL

Based on the conventional notion that recovery stabilizes and
remains static beyond 6 months or a year, previous studies of
TBI were designed to cease follow-up at these early time
points, resulting in limited data on longer-term outcomes.
Within the multicenter Transforming Research and Clini-
cal Knowledge in TBI (TRACK-TBI) cohort of level 1 trauma
center patients, notable rates of persistent functional limita-
tions were recorded across the spectrum of TBI (mild
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to severe) at l-year postinjury.m’11 Investigating outcomes be-

yond 1l-year postinjury in this large-scale, prospective sample
provides an opportunity for a greater understanding of ongoing
needs in this population, including understanding the
prevalence of decline that would indicate a need to initiate
new clinical services and aid in further refining compre-
hensive models of monitoring, assessment, and long-term
support across the life span.'”

The objectives of this study were to: (1) examine the preva-
lence and patterns of change (stable, improved, and declined)
in cognitive, psychiatric, and functional outcomes from a post-
injury baseline assessment (i.e., Brief Test of Adult Cognition by
Telephone [BTACT] at 6 months and other measures at 1-year
postinjury) to 7-year postinjury, annually, across TBI severity;
(2) investigate the dynamic nature of change from baseline to
7-year postinjury over multiple annual assessments (i.e., consis-
tency of change; within-measure across time point); and (3)
identify which sociodemographic, injury, situation, and medical
comorbidity factors influence long-term decline and improve-
ment. We anticipated that long-term change would occur in all
directions, be adversely influenced by age, insurance status, and
the presence of comorbid health conditions.

Methods

Study Design and Participants

The TRACK-TBI prospectively recruited participants be-
tween February 26, 2014, and July 27, 2018, within 24 hours
of injury at 18 level 1 trauma centers in the United States.
Once enrolled, follow-up assessments were conducted at 2
weeks and at 3, 6, and 12 months postinjury. Inclusion criteria
for the TBI group were clinically suspected TBI (head CT
scan ordered by treating clinician) and confirmation of TBI
(at least 1 of the following present: objective evidence brain
injury [e.g., positive head CT] and evidence of altered con-
sciousness consistent with the American Congress of Re-
habilitation Medicine definition of TBI)."* Inclusion criteria
for orthopedic trauma controls (OTCs) were presentation for
orthopedic injuries and no signs of head trauma or TBI. Ex-
clusions for all participants were nonsurvivable physical
trauma, current pregnancy, being in police custody, a history
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Table 1 Participant Sociodemographics and Situational Factors by Group

Severity group

p Value p Value p Value p Value
Mod/sev Mild oTC Overall Mod/sev vs mild Mod/sev vs OTC Mild vs OTC
Participants 193 917 154
Age, mean (SD) 35.6 (14.4) 42.0(17.3) 41.5(15.7) <0.001 <0.001 <0.001 0.998
Sex, n (%)
Male 147 (76) 581 (63) 92 (60) 0.001 0.001 0.001 0.418
Female 46 (24) 336 (37) 62 (40)
Race, n (%)
White 157 (81) 737 (80) 122(79) 0.561 0.318 0.317 0.861
Black 21 (1) 128 (14) 24(16)
Other/unknown 15(8) 52 (6) 8 (5)
Ethnicity, Hispanic or Latino, n (%)
No 153 (80) 755 (83) 117 (77) 0.237 0.467 0.508 0.112
Yes 38 (20) 160 (17) 35(23)
Insurance, n (%)
Insured 110 (59) 635 (70) 112 (74) 0.003 0.001 0.005 0.744
Medicare/other 26 (14) 120 (13) 18(12)
Uninsured 52 (28) 148 (16) 22 (14)
Education years, mean (SD) 12.9(2.7) 14.0 (2.8) 14.4 (2.8) <0.001 <0.001 <0.001 0.087
Employment status, n (%)
Full-time 111 (59) 542 (60) 104 (68) 0.004 0.001 0.061 0.320
Part-time 28 (15) 114 (13) 20 (13)
Occ./special/unemployed 18 (10) 61(7) 8(5)
Retried/disabled/not working 12 (6) 137 (15) 15(10)
Student/other 19 (10) 48 (5) 6(4)
Living situation, n (%)
Independent living 121 (63) 757 (84) 129 (84) <0.001 <0.001 <0.001 0.533
Living with others 64 (34) 139 (15) 22 (14)
Homeless 2(1) 2(0) 0(0)
Other 4(2) 4(0) 2(1)

Abbreviations: Mod/sev = moderate-to-severe TBI severity; OTC = orthopedic trauma control; TBI = traumatic brain injury.

of debilitating mental health disorder or neurologic disease,  completed a postinjury baseline (cognitive assessment at 6

and non-English or Spanish speaking.

months and/or functional and psychiatric outcomes at 12
months postinjury) and at least 1 long-term follow-up as-

For this study (i.e, TRACK-TBI LONG), participants from  sessment between 2 and 7 years postinjury. Follow-up studies
the initial TRACK-TBI study were considered eligible if they ~ were conducted on an anniversary of +3 months of injury. A
were not known to have died by 1 year postinjury, were at ~ summary of those who were eligible for the current TRACK-
least 17 years of age, and had a known admission Glasgow  LONG follow-up study from the parent TRACK-TBI study
Coma Scale (GCS) score. Long-term follow-up assessments  according to follow-up appointments by year postinjury and
by phone began on January 4, 2019, for participants who were ~ number followed up is summarized in eTable 1 (links.lww.
2 or more years postinjury. Participants were required to have ~ com/WNL/C910). Those with GCS scores of 13-15 were
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Table 2 Prevalence Rates of Reliable Change in Outcome Measures 2-7 Years Postinjury for TBI Groups

Mild Severe/moderate
Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Al Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Al
GOSE, n (%)° n=194 n=330 n=417 n =444 n=297 n=130 n=1812 n=48 n=2389 n=90 n=61 n=38 n=23 n =346
Decline 55 (28) 97 (29) 126 (30) 134 (30) 81(27) 36 (27) 529 (29) 10 (20) 17 (19) 24 (27) 17 (28) 7(18) 6 (28) 81(23)
Stable 110(57) 152 (46) 199 (48) 216 (49) 149 (50) 65 (50) 891 (49) 23 (49) 41 (46) 36 (40) 19 (31) 14 (38) 9 (41) 142 (41)
Improve 29 (15) 81 (25) 92 (22) 93 (21) 66 (22) 30(23) 392 (22) 15 (31) 31(35) 29 (32) 25 (41) 17 (44) 7(32) 123 (36)
BSI, n (%)° n=193 n=325 n=418 n =460 n=293 n=129 n=12818 n =46 n=_84 n=283 n =56 n=35 n=21 n=325
Decline 29 (15) 55(17) 72(17) 68 (15) 41 (14) 29(22) 285 (16) 7(16) 13(15) 16 (19) 12 (22) 6(17) 5(26) 59 (18)
Stable 141 (73) 232(71) 301 (72) 325(71) 206 (70) 79 (61) 1,284 (71) 32(70) 65 (77) 56 (68) 35(63) 23 (66) 15 (70) 226 (70)
Improve 22(12) 39(12) 46 (11) 67 (15) 46 (16) 21(16) 240 (13) 6 (14) 7 (8) 11 (14) 8 (15) 6(17) 1(4) 40 (12)
BTACT, n (%)° n=141 n =260 n =350 n =398 n =258 n=113 n=1520 n=27 n=63 n=61 n=40 n=23 n=15 n=229
Decline 18(12) 26 (10) 36 (10) 36 (9) 26 (10) 15(13) 156 (10) 2(8) 6(9) 7(12) 7(18) 4(16) 3(21) 29 (13)
Stable 110(78) 213(82) 267 (76) 319 (80) 193 (75) 67 (59) 1,170 (77) 24 (89) 54 (84) 47 (77) 28 (70) 15 (63) 10 (69) 177 (77)
Improve 13(9) 21 (8) 47 (13) 43 (11) 39 (15) 31(28) 194 (13) 103) 4(7) 7(11) 5(12) 5 (20) 1(10) 23(10)
Interview, n (%)¢ n=210 n =349 n =450 n =483 n=310 n=132 n=1.934 n=55 n=112 n=110 n=78 n=43 n=24 n =421
Decline 85 (40) 137 (39) 187 (41) 174 (36) 104 (34) 50 (38) 737 (38) 19 (34) 40 (36) 31(28) 32 (41) 16 (36) 11 (46) 149 (35)
Not declined 126 (60) 212 (61) 263 (59) 308 (64) 206 (66) 82 (62) 1,197 (62) 36 (66) 71 (64) 79 (72) 46 (59) 28 (64) 13 (54) 272 (65)
Global, n (%)" n=141 n =259 n =341 n =379 n =255 n=113 n=1,489 n=26 n=61 n=59 n=40 n=22 n=15 n=224
Decline 48 (34) 81(31) 115 (34) 127 (34) 80 (31) 32(29) 484 (33) 7(26) 18 (29) 15 (26) 15 (39) 6 (25) 6(39) 67 (30)
Stable 47 (34) 75 (29) 95 (28) 111 (29) 69 (27) 22 (20) 419 (28) 8 (30) 23(38) 20 (35) 8(21) 4(18) 3(17) 67 (30)
Improve 31(22) 75 (29) 99 (29) 107 (28) 82(32) 40 (35) 434 (29) 10 (39) 17 (28) 14 (24) 10 (25) 9 (43) 5(34) 66 (29)
Variable 14(10) 27 (10) 33(10) 34(9) 25(10) 19(16) 151 (10) 1(5) 3(5 9(15) 6 (15) 3(14) 1(10) 24(11)

Abbreviations: BSI = Brief Symptom Inventory; BTACT = Brief Test of Adult Cognition by Telephone; GOSE = Glasgow Outcome Scale-Extended; GSI = Global Severity Index; TBI = traumatic brain injury.

Baseline reference for change was at 6-month postinjury assessment for the BTACT and 1-year postinjury assessment for the GOSE, BSI-18, and Subjective Rating of Function Interview.

@The total number of participants in the “All” column exceeds the number of the mild TBI group because of individuals with multiple follow-up visits contributing across 2-7 years. Missing information pattern for measures

within time point is monotone for 98.2% of the sample from top to bottom (Interview, GOSE, BSI, and BTACT).

° An increase or decrease of 1 point in the total GOSE score was considered as the threshold for change.
“Reliable change thresholds for the BSI-GSlI (i.e., 10th and 90th percentiles of the OTC distribution) were established as +11 points.

9 A reliable improvement in BTACT General Composite score was a z score increase of 0.8 (10th percentile), where as a reliable decline was a z score decrease of 1.3 (90th percentile).
¢ Participants were classified as declined if self-rating or informant rating reflected decline in any domain.

fGlobal change over follow-up visits includes change collectively across measures within time point for the 3 measures with change scores available (BSI-18, GOSE, and BTACT) and includes the following classifications:
“improved” ifimproved; “declined” if declined congruently across all measures; “stable” if exhibiting no change across all measures”;and “variable” if a discrepant pattern was recorded (e.g., improved on the BSI-18, stable on the

GOSE, and declined on the BTACT).
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classified as having mild TBI (mTBI) and those with GCS
scores of 3—12 were classified as having moderate-to-severe
TBI (msTBI). Consistent with several injury severity criteria,
participants with GCS scores between 13 and 15 with positive
intracranial findings on CT were classified as having an
mTBL"

Standard Protocol Approvals, Registrations,
and Patient Consents

The study was approved by the institutional review board of
each enrolling institution. Participants or their legally autho-
rized representatives completed written informed consent.

Outcome Measures

Brief Test of Adult Cognition by Telephone

The BTACT is a neurocognitive measure that primarily as-
sesses memory and executive functions.ls’16 Scores on 6
subtests are standardized as z scores based on age-corrected
and education-corrected normative data and averaged across
the 6 subtests to form the BTACT Composite.'”'® Reliable
change thresholds for the BTACT Composite were derived
from the distribution of change among the OTC group be-
tween 6 months and any follow-up visit within 7-year post-
injury and based on the 10th and 90th percentiles of change
in the OTC group. This approach yielded the following
thresholds for reliable change: —1.3 z (decline) and +0.8 z
(improvement).

Glasgow Outcome Scale-Extended

The Glasgow Outcome Scale-Extended (GOSE) measures
disruptions to various aspects of functional outcome due to
traumatic injuries based on participant (or informant) report
and interviewer observation.'”*° For this study, we included
functional limitations due to TBI and concurrent peripheral
injuries. Total scores on the GOSE range from 1 to 8 and
reflect broad qualitatively different outcomes. An increase or
decrease of 1 point in the total GOSE score was considered as

the threshold for change in this study.

Brief Symptom Inventory-18

The Brief Symptom Inventory (BSI)-18 measures symp-
toms of psychological distress across 3 dimensions—anxiety,
depression, and somatization.”’ Eighteen symptoms are
rated on a S-point Likert scale (0 = none at all to 4 = ex-
tremely) and summed to yield a Global Severity Index
(BSI-GSI) (range 0-72). Eighty percent reliable change
thresholds for the BSI-GSI (i.e., 10th and 90th percentiles of
the OTC distribution derived from assessments between 12
months and any follow-up visit through 7-year postinjury)
were established as 11 points.

Self-reported Perceptions of Function Interview

An interview was introduced for the 2- to 7-year postinjury
assessments that inquired about self-reported and informant-
reported perceptions of decline across various domains.
Questions assessed the perspective of both participants and
informants about participant function in the following areas:
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new-onset parkinsonism, mobility/walking, new-onset cog-
nitive difficulties or diagnoses, completion of functional
daily activities, physical function, and emotional function
(eTable 2, links.lww.com/WNL/C910). Due to some vari-
ability in the direction of change across response items
(ie, some items allow for endorsement of improvement
where others provide options for decline only), individual
items were coded as “declined” and “not declined”; partici-
pants were considered declined if self-rating or informant
rating reflected decline in any domain.

Statistical Analysis

Characteristics of the subsamples with vs without outcome
data available for this study were compared with Mann-
Whitney U tests and Fisher exact tests. Inverse probability
weighting was conducted to reflect the characteristics of the
full sample meeting inclusion criteria (eTable 3, links.lww.
com/WNL/C910). Weighting was based on a boosted re-
gression algorithm that estimates participant propensity for
having completed any of the year 2 to year 7 primary outcome
assessments during the 7-year postinjury study duration.
Statistical weights used in the analysis were inverted based on
the propensity estimates and included in all analyses to reduce
the influence of bias due to confounding factors, such as in-
ability to complete a measure due to greater levels of
impairment.

To complete the first study objective, prevalence estimates of
change (stable, improved, and declined) were calculated for
each measure individually from postinjury baseline assess-
ment to each long-term follow-up at 2-7 years postinjury by
dividing the number of those who exceeded change thresh-
olds for that measure in the given direction by the total
number of participants assessed. Global patterns of change
across measures within time points were also calculated for
the 3 outcomes classifiable in all directions (stable, improved,
and declined; i.e., GOSE, BSL, and BTACT). Specifically,
participants were classified as globally “stable” if exhibiting no
change on any of the measures, “improved” if improved on at
least 1 measure and stable on the others, and “declined” if
declined on at least 1 measure and stable across all measures
within a time point. Participants were characterized as “vari-
able” if a discrepant pattern was recorded (e.g., improved on
the BSI-18, declined on the BTACT). The prevalence of each
category per year calculated represents rate of change from
the postinjury baseline assessment to that specific year and are
not cumulative (i.e, each year from 2 to 7 years is in-
dependent). The average rate of decline from postinjury
baseline assessment to each year 2-7 years postinjury was also
calculated and presented as “all.” Those who died over the
course of the study were classified as declined on GOSE and
interview at the single subsequent assessment period. Because
select aspects of the subjective perceptions of the function
interview inquire about decline only, this outcome was not
included as part of the within-time across measure classifica-
tion because it would bias the direction of classification be-
cause it does not contain the option “improve.”
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Figure 1 Area-Proportional Venn Diagram and Upset Plot Displaying Areas of Decline Across Potential Combinations in the
Moderate-to-Severe TBI Group Aggregated Across Postinjury Years 2-7
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BSI = Brief Symptom Inventory; BTACT = Brief Test of Adult Cognition by Telephone; GOSE = Glasgow Outcome Scale-Extended; TBI = traumatic brain injury.

For study objective 2, multiple long-term assessments were
completed (n = 571; n = 225 with postinjury baseline as-
sessment and 2 visits 2-7 years postinjury; n = 346 with
postinjury baseline assessment and 3 visits 2—7 years post-
injury) within a subset of the sample. For within measure,
across time point analyses, prevalence rates of change for the 3
primary outcome measures (BTACT, GOSE, and BSI) were
calculated separately based on the following classifications:
“stable” if change not recorded at any point; “improved” if
improvement recorded across any follow-up assessment with
no decline; “declined” if decline recorded across any follow-up
assessment with no improvement; and “variable” if both im-
provement and decline recorded at follow-up assessments (all
possible patterns of change are summarized in eTables 4 and
S, links.lww.com/WNL/C910). Only those with complete
data and having the same measure completed over multiple
time points recorded were included, and list-wise deletion of
participants due to missing information (i.e., completed 2 or 3
visits, but not a particular measure) occurred at less than a 5%
rate. Given that select aspects of the subjective perceptions of
function interview inquire specifically about decline only,
change on this measure was classified as either “declined” if
decline was reported at any follow-up or “not declined” if no
decline was reported.

For study objective 3, the Fisher exact test for categorical
variables and log-binomial regression models were per-

formed to examine the influence of patient-specific factors

Neurology.org/N

on decline (vs stable/improved) and improvement (vs
stable/declined). Factors of interest included age, sex, race,
insurance type, education, employment status, living situa-
tion, injury characteristics, aspects of medical history, all
representing status at the time of injury. In addition, asso-
ciations between functional outcome (GOSE score) and
psychiatric status (BSI score) at 2 weeks postinjury with
long-term decline and improvement were also examined.
Associated risk ratios and ClIs were calculated for each of the
tests. These analyses were conducted within the subset of the
sample with multiple 2- to 7-year time points to focus on
predicting robust (consistent) patterns of change. Statistical
significance for logistic regression analyses was evaluated at
the 0.05 level (2-tailed), with a 5% false discovery rate
computed for consideration of multiple comparisons.**
Boosted regression modeling was completed using the
Windows version of the TWANG Shiny App software
package developed by RAND Corporation® and SAS sta-
tistical software, version 9.4 (SAS Institute, Cary, NC). Data
that support the findings of this study are available from the
corresponding author on reasonable request.

Data Availability

Investigators interested in the long-term outcome data from
the TRACK-TBI LONG study can submit a Data Collabo-
ration Request to the TRACK-TBI Executive Committee
through the following website (tracktbiucsf.edu/collabora-
tion-opportunities).
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Figure 2 Area-Proportional Venn Diagram and Upset Plot Displaying Areas of Decline Across Potential Combinations in the
Mild TBI Group Aggregated Across Postinjury Years 2-7
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BSI = Brief Symptom Inventory; BTACT = Brief Test of Adult Cognition by Telephone; GOSE = Glasgow Outcome Scale-Extended; TBI = traumatic brain injury.

Results

Sample Characteristics

Of the eligible participants with TBI from the TRACK-TBI
acute injury study (N = 2,996), the primary analyses focused
on 1,264 participants (917 mTBI, 193 msTBI; 154 OTCs for
reliable change calculations) who met inclusion criteria
(eFigure 1, links.lww.com/WNL/C910). eTable 3 summa-
rizes the characteristics of the subsamples who met (n =
1,264) vs those who did not meet (n = 1,397) inclusion
criteria and sample differences before and after weighting. For
those who met inclusion criteria, the mean age at injury was
41.0 (SD = 16.8) years; most of the sample identified as male
(65%), White (80%), and non-Hispanic (81%). Statistically
significant differences between the mTBI, msTBIL and OTC
analysis groups were observed across sociodemographic (e.g.,
race, employment status, and living situation), medical history
(e.g, prior TBI, cardiovascular disease), and injury factors
(e.g., cause of injury; Table 1 and eTable 6).

Rates of Change From Postinjury Baseline

Assessment to Each Long-term Follow-Up

Prevalence rates of change (stable, improved, and declined)
for individual outcomes at each long-term follow-up are
summarized in Table 2 and eTable 7 (links.Iww.com/WNL/
C910). In general, “stable” was the most frequent change
outcome for individual measures from the postinjury base-
line assessment to 7 years postinjury, and rates of change were
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broadly comparable across year of follow-up. The highest rate
of decline across all follow-up years was for functional out-
come (GOSE ranged from 18% to 30%). Although direct
year-to-year comparisons would not be appropriate due to
differences in sample composition across years, a general
trend toward higher rates of cognitive decline was observed
further from injury up to 7-year postinjury for the msTBI
group (8%-21%). When compared with the msTBI group
(i.e, GOSE; 23% overall decline), there was generally a
slightly higher rate of decline in functional outcome among
the mTBI group (29% overall) when aggregated across years.
Conversely, higher rates of improvement in functional out-
come were observed for the msTBI group (36%) compared
with those observed for the mTBI group (22%). Rates of
decline across functional outcome, cognition, and psychiatric
symptoms were higher for mTBI and msTBI groups com-
pared with OTCs across all domains. For the self/informant
interview, in which declined vs not declined was recorded, the
rate of decline ranged from 28% to 46% of the sample across
years and TBI severity. Aggregate (across 2—7 years) rates of
decline for mTBI (38%) and msTBI (35%) were notably
higher compared with those for OTCs (23%) (Table 2 and
eTable 7).

When the 3 primary measures were simultaneously consid-
ered (BTACT, GOSE, and BSI) within the same follow-up,
rates of improved, declined, and stable outcomes were broadly
comparable within and between mTBI and msTBI groups.

Neurology.org/N
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Table 3 Prevalence Rates of Change in Outcome
Measures 2-7 Years Postinjury Within Measure
Across Multiple Assessment Time Points

Baseline and 2 long-term Baseline and 3 long-term
follow-up visits? follow-up visits

Subjects® 571 346
Years between,
mean (SD)
Baseline to 3.0(1.3) 2.4(1.1)
first
Baseline to 4.1 (1.3) 3.4(1.1)
second
Baseline to — 4.5(1.2)
third
GOSE, n (%)
Declined 139 (24) 70 (20)
Stable 196 (34) 92 (27)
Improved 129 (23) 61 (18)
Variable 106 (19) 123 (35)
BSI, n (%)
Declined 124 (22) 74 (21)
Stable 282 (49) 132 (38)
Improved 111 (19) 68 (20)
Variable 54 (9) 71(21)
BTACT, n (%)
Declined 93 (16) 78 (22)
Stable 340 (60) 169 (49)
Improved 114 (20) 76 (22)
Variable 23 (4) 23(7)
Interview, n (%)
Declined 211 (37) 182 (53)
Not declined 360 (63) 164 (47)

Abbreviations: BSI = Brief Symptom Inventory; BTACT = Brief Test of Adult
Cognition by Telephone; GOSE = Glasgow Outcome Scale-Extended; GSI =
Global Severity Index.

#Also includes participants with 3 follow-up visits, using the first and last
visits. Baseline reference for change was at 6-month postinjury assessment
for the BTACT and 1-year postinjury assessment for the GOSE, BSI-18, and
Subjective Rating of Function Interview; “stable” if change not recorded at
any point; “improved” if improvement recorded across any follow-up as-
sessment with no decline; “declined” if decline recorded across any follow-
up assessment with no improvement; and “variable” if both improvement
and decline recorded at follow-up assessments (all possible patterns of
change summarized in eTables 4 and 5, links.lww.com/WNL/C910).

® Among assessments with all 4 outcome measures (i.e., GOSE/BSI/BTACT/
Interview).

The aggregate rates of declined outcome were slightly lower
among the msTBI group (30%) when compared with those
the mTBI group (33%), and both were higher compared with
those among OTCs (20%). A gradual incremental decline in
stability for all measures collectively was observed for both

Neurology.org/N
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mTBI (34%-29%) and msTBI groups (30%-17%) from 2 to
7 years. This pattern indicates that the longer the postinjury
the less likely individuals are to experience a static and
established clinical outcome, regardless of TBI severity. A
relatively small percentage of participants with TBI
(5%-16%) exhibited variable change outcome across mea-
sures within time point, in which one area declined and an-
other measure improved (e.g., cognitive functions improve
while psychiatric symptoms worsen; Figures 1 and 2).

Rates of Change for Each Outcome From the
Postinjury Baseline Assessment to

7-Year Postinjury

In contrast with that listed in Table 2, which characterizes pat-
terns of change from postinjury baseline assessment to each in-
dividual long-term follow-up, Table 3 summarizes the rates of
longitudinal patterns of change over time for each individual
outcome. Similar to the data summarized earlier, the outcome
with the greatest prevalence of consistent decline was interview-
reported function (ie., 36%-51%; Table 3). The rates of im-
proved and declined across all domains of function were generally
consistent between those with 2 or 3 follow-ups. Compared with
those with 2 visits (postinjury baseline assessment and a single
visit 2—7 postinjury assessment), a slight increase in the preva-
lence of interview-reported functional decline was observed with
greater number of assessments (postinjury baseline assessment
and 2 or 3 follow-ups).

Factors Influencing Decline and Improvement
From Baseline Postinjury Assessment to
7-Year Postinjury

After correction for a 5% false discovery rate with multiple
comparisons, decline in the level of functional independence
was significantly associated with age (per 10 years; relative
risk [RR] 1.16, 95% CI 1.07-1.25, p < 0.001) and preinjury
employment status (higher in retired/disabled/not working;
RR 1.81, 95% CI 1.33-2.45, p < 0.001; Table 4 and eTable 8,
links.lww.com/WNL/C910) in the mTBI group. Self-reported
and informant-reported decline were also significantly associ-
ated with age (RR 1.13, 95% CI 1.06-1.21, p < 0.001) and
preinjury employment status (higher in retired/disabled/not
working; RR 1.59, 95% CI 1.23-2.06, p < 0.001). Higher levels
of psychiatric symptomology at 2-week postinjury was associ-
ated with a greater risk of self-reported and informant-reported
decline across 2-7 years postinjury in the mTBI group (per
increase in S points on the BSI at 2 weeks postinjury; RR 1.12,
95% CI 1.08-1.17, p < 0.001). Sociodemographic, injury, sit-
uational, and medical comorbidity factors were not significantly
associated with a greater risk of decline in any outcome area for
the msTBI group after correction for multiple comparisons.

Within the mTBI group, a greater likelihood of improvement
in functional outcome over 2-7 years postinjury was associ-
ated with having greater functional limitations at 2 weeks
(Table S and eTable 9, links.Iww.com/WNL/C910). Specif-
ically, compared with those with a GOSE score of 8, a greater
increase in GOSE scores over 2-7 years postinjury were
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Table 4 Sociodemographic, Situational, Medical History, and Injury-Related Factors Associated With Consistent Decline

(vs Stable/Improved) 2-7 Years Postinjury

Declined on GOSE?

Declined on BSI?

Declined on BTACT?

Declined on interview?

RR (95% CI) p Value RR (95% CI) p Value RR (95% CI) p Value RR (95% CI) p Value
Age (per +10y)
Sev/mod 1.09 (0.82-1.45) 0.549 0.79 (0.52-1.20) 0.271 0.84 (0.55-1.28) 0.423 1.05 (0.86-1.27) 0.629
Mild 1.16 (1.07-1.25)  <0.001°  0.96 (0.87-1.05) 0.341 1.11 (1.00-1.25) 0.061 1.13(1.06-1.21) <0.001°
Employment
Sev/mod — 0.933 — 0.696 - 0.277 — 0.092
Mild — <0.001* — 0.991 — 1.000 — 0.002
Occas./special/unemployed
(vs fulltime/parttime)
Sev/mod 1.00(0.17-5.94) 1.000 0.88 (0.10-19.57)  1.000 0.77 (0.09-17.61)  1.000 0.32(0.06-10.91) 0.264
Mild 0.87 (0.43-1.78)  0.817 0.91(0.45-1.82)  1.000 1.05(0.47-2.32)  1.000 1.28(0.83-2.00)  0.316
Retired/disabled/not working
(vs fulltime/parttime)
Sev/mod 1.32(0.35-4.98) 1.000 1.60 (0.34-7.47) 0.592 0.40 (0.06-13.82) 0.577 1.41 (0.70-2.82) 0.396
Mild 1.81(1.33-2.45) 0.001° 1.03 (0.66-1.60) 0.879 0.95 (0.53-1.68) 1.000 1.59 (1.23-2.06) 0.001°
Student/other
(vs fulltime/parttime)
Sev/mod 0.42 (0.05-3.31) 0.658 1.55(0.35-6.78) 0.613 2.12(0.75-6.00) 0.183 0.39 (0.09-1.75) 0.135
Mild 0.43(0.15-1.20) 0.068 0.93 (0.48-1.82) 1.000 0.90 (0.39-2.10) 1.000 0.55 (0.26-1.16) 0.114
2-Wk BSI (per +5 pts)
Sev/mod 1.00(0.83-1.22) 0.961 1.01 (0.79-1.27) 0.965 0.84 (0.65-1.08) 0.172 1.12(1.01-1.24) 0.024
Mild 1.07 (1.01-1.14)  0.022 0.96 (0.89-1.03)  0.243 0.94 (0.86-1.03)  0.165 1.12(1.08-1.17)  <0.001°

Abbreviations: BSI = Brief Symptom Inventory-18; BTACT = Brief Test of Adult Cognition by Telephone; GOSE = Glasgow Outcome Scale-Extended;

OTC = orthopedic trauma control; RR = relative risk; Sev/mod = moderate-to-severe TBI severity; TBI = traumatic brain injury.
2 Reported p values are unadjusted for multiple comparisons.

b Statistical significance by exact test (categorical variables) and log-binomial regression models (continuous variables) using a 5% false discovery rate
(Benjamini-Hochberg, m = 220) for associations between decline in outcomes of interest and sociodemographic, injury, and medical comorbidity factors by

injury severity (mild and moderate-to-severe) groups.

observed among those with 2-week GOSE scores of 5-7 (RR
2.64, 95% CI 1.75-3.97, p < 0.001), but not 2-week GOSE
scores of 2-4 (RR 1.95, 95% CI 0.26-14.61, p = 0.370).
Similarly, among the mTBI group, higher BSI scores at 2
weeks were significantly associated with an increased likeli-
hood of improvement in GOSE scores between years 2-7
postinjury (RR 1.11, 95% CI 1.04-1.18, p = 0.002). Among
the mTBI group, a greater likelihood of improved BSI scores
between 2 and 7 years postinjury was associated with identi-
fying as Black (compared with identifying as White; RR 2.28,
95% CI 1.59-3.25, p < 0.001) and endorsing higher psychi-
atric symptoms (i.e., higher BSI scores) at 2 weeks postinjury
(RR 1.21, 95% CI 1.14-1.29, p < 0.001). Conversely, higher
education was associated with a decreased likelihood of im-
provement in psychiatric symptomology between 2 and 7
years postinjury (RR 0.58, 95% CI 0.43-0.80, p = 0.001) in
the mTBI group. Among those who sustained a moderate/
severe TBI, higher education was associated with a greater
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likelihood of cognitive improvement on the BTACT between
2 and 7 years postinjury (per 4 years of education; RR 2.61,
95% CI 1.43-4.79, p = 0.002).

Discussion

In this prospective longitudinal study of US level 1 trauma
center patients, reliable change was observed for both im-
provement and decline from the postinjury baseline assess-
ment (i.e., cognition at 6 months and other measures at 1-year
postinjury) out to 2-7 years post-TBI across multiple do-
mains of function. Regardless of TBI severity, long-term
follow-up evaluation at different times postinjury indicate that
individuals continue to experience changes in psychiatric
status, cognition, and functional outcomes; furthermore, se-
lect patient-specific characteristics (age and employment
status) were associated with a higher late decline, particularly
among those who experienced mTBI. Continued decline
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Table 5 Sociodemographic, Situational, Medical History, and Injury-Related Factors Associated With Consistent
Improvement (vs Stable/Improved) 2-7 Years Postinjury

Improved on GOSE?

Improved on BSI? Improved on BTACT?

RR (95% Cl) p Value RR (95% ClI) p Value RR (95% CI) p Value

Race

Sev/mod — 0.679 — 0.615 — 0.660

Mild — 0.160 — <0.001° — 0.491
Black (vs White)

Sev/mod 0.68 (0.14-3.25) 1.000 0.35(0.06-12.23) 0.322 0.44 (0.06-14.26) 0.580

Mild 1.37 (0.94-1.98) 0.105 2.28(1.59-3.25) <0.001° 1.31(0.86-1.98) 0.291
Other/unknown
(vs White)

Sev/mod 1.41 (0.57-3.45) 0.654 0.64 (0.11-3.60) 1.000 1.02 (0.15-7.14) 1.000

Mild 0.78 (0.36-1.70) 0.495 0.45(0.11-1.80) 0.397 1.05 (0.50-2.21) 0.808
Education years (per +4y)

Sev/mod 0.86 (0.42-1.75) 0.679 0.44 (0.22-0.86) 0.017 2.61(1.43-4.79) 0.002°

Mild 0.80 (0.61-1.06) 0.119 0.58 (0.43-0.80) 0.001° 1.29 (1.02-1.65) 0.036
2-Wk GOSE

Sev/mod — 0.003 — 0.155 — 1.000

Mild — <0.001° — 0.038 — 0.030
5-7 (vs 8)

Sev/mod 10.13 (0.69-163.50) 0.006 1.96 (0.53-7.30) 0.325 1.38(0.31-6.25) 1.000

Mild 2.64 (1.75-3.97) <0.001° 1.59 (1.07-2.36) 0.018 0.66 (0.47-0.92) 0.017
2-4 (vs 8)

Sev/mod 24.18 (1.64-372.40) 0.077 7.30(2.11-25.22) 0.176 2.49 (0.24-36.71) 1.000

Mild 1.95 (0.26-14.61) 0.370 1.01 (0.12-19.55) 1.000 0.93(0.13-15.77) 1.000
2-Wk BSI (per +5 pts)

Sev/mod 1.12 (0.95-1.33) 0.186 1.30(1.09-1.57) 0.004 0.97 (0.75-1.25) 0.807

Mild 1.11 (1.04-1.18) 0.002° 1.21(1.14-1.29) <0.001° 0.93(0.86-1.01) 0.070

Abbreviations: BSI = Brief Symptom Inventory-18; BTACT = Brief Test of Adult Cognition by Telephone; GOSE = Glasgow Outcome Scale-Extended;
OTC = orthopedic trauma control; RR = relative risk; Sev/mod = moderate-to-severe TBI severity; TBI = traumatic brain injury.

@ Reported p values are unadjusted for multiple comparisons.

b Statistical significance by exact test (categorical variables) and log-binomial regression models (continuous variables) using a 5% false discovery rate
(Benjamini-Hochberg, m = 189) for associations between decline in outcomes of interest and sociodemographic, injury, and medical comorbidity factors by

injury severity (mild and moderate-to-severe) groups.

through 7 years postinjury was notably higher in the TBI
group (32%) compared with OTCs (20%) when collectively
considering multiple domains of function. An increased like-
lihood of improvement 2-7 years postinjury was associated
with worse functional outcome and psychiatric status sub-
acutely postinjury, indicating opportunity for further recovery
and resolution of sequelae beyond 1 year. Taken together,
these findings support conceptualizing TBI as a chronic
condition for many patients, which requires routine follow-up,
medical monitoring, responsive care, and support, adapting to
their evolving needs many years after injury.

Neurology.org/N

In this study, the lowest degree of stability was observed in the
level of functional outcome as assessed by the GOSE, with
approximately half of the sample experiencing either im-
provement or decline, regardless of the length of time post-
injury at follow-up. Those in the mTBI group showed slightly
higher rates of decline compared with those with msTBI,
likely due to the msTBI group having lower levels of function
at 1 year, leading to floor effects.'”"! However, these findings
suggest that a nontrivial proportion of those with a “mild”
injury (28% compared with OTC 17%) require continued
follow-up and potentially modified support (longer-term
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rehabilitation and community services/resources) several
years postinjury to address new-onset functional limitations.

Examination of trends among those who completed long
term follow-up visits between 2 and 7 years postinjury
revealed significant and notable trends in race, ethnicity,
sex, and education. Factors such as identifying as Black,
Hispanic, male, nonprivate health insurance, or lower edu-
cational attainment was associated with a greater likelihood
of being lost to follow-up from the original acute injury and
recovery period to long-term assessment. These trends are
generally consistent with findings from a prior systemic re-
view, which also showed associations between similar factors
and various aspects of healthcare utilization after TBL**
While this study attempted to account for bias associated
with differences in study retention using inverse probability
weighting, the above noted patient factors reflect target
areas for prioritization to mitigate barriers to equitable TBI
research representation and healthcare delivery.

Rates of stability and change reported in this study differ to
some extent from those reported in the TBI-Model Systems
(TBIMS) study. Specifically, the TBIMS sample displayed
much higher rates of stable functional outcome (approxi-
mately 76%) from 1 to S years postinjury than the present
sample. In addition, we reported generally comparable rates of
improvement and decline, whereas the TBIMS study has
consistently reported higher levels of improvement than
decline.”**?° Differences in these rates may reflect variations
in the methods used to measure functional independence,
characterize change, cohort composition (i.e,, more patients
with msTBI in the TBIMS), and/or approach to enrollment.
Specifically, this study prospectively enrolled patients within
24 hours of presentation to alevel 1 trauma center irrespective
of whether or not they subsequently received follow-up or
rehabilitation services, when compared with the TBIMS
study, which only enrolled participants receiving inpatient
rehabilitation. Future studies are needed to investigate the
potential moderating influence of rehabilitation services,
particularly within a level 1 trauma center population.

Prior studies have also shown that cognitive difficulties and
psychiatric symptomology are commonly associated with
and may exacerbate functional limitations after TBL*?*”2®
In this study, functional decline was the most prevalent
outcome displaying change and frequently occurred in
the absence of reliable change in cognitive and psychiat-
ric functioning. This pattern may reflect differences in de-
marcating change across measures (reliable change scores
were only available for BTACT and BSI) or that factors
independent of cognitive and psychiatric decline can also
adversely affect functional independence. In contrast with
previous findings,**" this study did not observed greater
rates of decline among those with a history of comorbid
health conditions, and future studies are needed to identify
factors not currently considered that may influence worse
longer-term outcomes after TBL
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Within this study, age and employment status were selectively
associated with decline in functional independence for per-
sons with mTBI. Older adults are at greater risk of TBI and
worse outcomes (ie., functional outcome) after injury com-
pared with those at younger ages.”>** This study adds to these
previous findings, indicating that older adults, particularly
those not working at the time of injury, are at higher risk of
long-term functional decline in the first 7 years postinjury and
may require closer monitoring and community support. A
number of other potential risk factors, such as history of
psychiatric disorder, cardiovascular disease, headache disor-
der, and prior TBI had unadjusted p values of <0.05 for var-
ious outcome domains (Table S), but did not survive
correction for multiple comparisons. Further investigations
into these individual risk factors with greater detail is required
to understand their potential incremental contribution to risk
of late decline.

Among those with mTBI, worse functional outcome and
psychiatric status at 2 weeks postinjury was associated with an
increased likelihood of improvement in these domains 2-7
years postinjury. The observed association also indicates that
the prospect of continued functional improvement and
symptom resolution is possible and greater among those who
are experiencing higher levels of postinjury sequelae during
the subacute to 1-year postinjury window of recovery. Per-
sistent functional limitations and symptom endorsement up
to 1 year postinjury among patients with mTBI have been
reported.'®***” Current findings underscore the importance
of continued intervention and counseling patients that con-
tinued resolution of difficulties between 2 and 7 years post-
injury can occur, particularly among those experiencing the
greatest levels of disruption during the subacute to later stages
of recovery.

Relatedly, a higher likelihood of improvement in psychiatric
symptoms 27 years postinjury was observed among indi-
viduals identifying as Black. Given prior investigations within
this cohort have reported greater sleep-related and trauma-
related symptomology among Black identifying individuals
from the subacute to 1-year recovery period,38’39 the increased
likelihood of improvement between 2 and 7 years may also
reflect the trend of later symptom resolution among those
with higher levels of initial difficulties. Among those with
moderate-to-severe TBI, a higher likelihood of meaningful
cognitive improvement was observed among those with a
history of higher educational attainment. While also corre-
lated with a number of health behaviors and outcomes,*
educational attainment is commonly regarded as a proxy for
cognitive reserve in other clinical populations (e.g., Alzheimer
disease and related dementias, stroke), consistent with the
current findings in patients with TBL*"*

While the study design did not allow for an annual follow-up
of every participant enrolled prospectively in the parent
TRACK-TBI protocol, inverse probability weighting was used
to reduce bias that may have occurred between the final
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sample included in the analysis and those who were not fol-
lowed up to ultimately approximate results for the entire
sample of interest. Initial inclusion for the TRACK-TBI study
involved presenting to alevel 1 trauma center within 24 hours,
and as such, the generalizability of these findings from the
current long-term follow-up study to other populations is
unclear. The benchmark for reliable change for BSI and
BTACT was defined by the 10th/90th percentile of OTCs;
because some of these individuals had long-lasting impair-
ments due to injury, this may have contributed to under-
estimating the prevalence of change when compared with
using a general community/noninjured control sample. Re-
latedly, peripheral injury sources of disruptions to functional
ratings on the GOSE and perceptions of function interview
are not able to be differentiated from TBI-related contribu-
tions. Relatively lower rates of decline observed for cognitive
function may be because baseline cognition was measured at 6
months and those with more severe injury may have been still
experiencing recovery in this domain; however, a lower rate of
cognitive decline would be consistent with a smaller pro-
spective study of long-term cognitive changes after moderate-
to-severe TBL*

Within this study of patients with TBI with a wide range of
severities prospectively enrolled at level 1 trauma centers
within 24 hours of injury and followed up for 2-7 years,
results dispute the notion that TBI is a discrete isolated
medical event with a finite static functional outcome after a
relatively short period of upward recovery. Rather, individuals
continue to exhibit improvement and decline across a range of
domains. These findings highlight the need to embrace con-
ceptualization of TBI as a chronic condition to establish
systems of care that provide continued follow-up and moni-
toring with treatment and supports that adapt to evolving
patient needs regardless of the directions of change, placing
greater emphasis on functional independence with improve-
ment and implement greater levels of support with decline.
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