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Abstract

IMPORTANCE One traumatic brain injury (TBI) increases the risk of subsequent TBIs. Research on
longitudinal outcomes of civilian repetitive TBIs is limited.

OBJECTIVE To investigate associations between sustaining 1 or more TBIs (ie, postindex TBIs) after
study enrollment (ie, index TBIs) and multidimensional outcomes at 1year and 3 to 7 years.
DESIGN, SETTING, AND PARTICIPANTS This cohort study included participants presenting to
emergency departments enrolled within 24 hours of TBI in the prospective, 18-center Transforming
Research and Clinical Knowledge in Traumatic Brain Injury (TRACK-TBI) study (enrollment years,
February 2014 to July 2020). Participants who completed outcome assessments at 1yearand 3to 7
years were included. Data were analyzed from September 2022 to August 2023.

EXPOSURES Postindex TBI(s).

MAIN OUTCOMES AND MEASURES Demographic and clinical factors, prior TBI (ie, preindex TBI),
and functional (Glasgow Outcome Scale-Extended [GOSE]), postconcussive (Rivermead Post-
Concussion Symptoms Questionnaire [RPQ]), psychological distress (Brief Symptom Inventory-18
[BSI-18]). depressive (Patient Health Questionnaire-9 [PHQ-9]). posttraumatic stress disorder (PTSD;
PTSD Checklist for DSM-5 [PCL-5]), and health-related quality-of-life (Quality of Life After Brain
Injury-Overall Scale [QOLIBRI-OS]) outcomes were assessed. Adjusted mean differences (aMDs) and
adjusted relative risks are reported with 95% Cls.

RESULTS Of 2417 TRACK-TBI participants, 1572 completed the outcomes assessment at 1year (1049
[66.7%] male; mean [SD] age, 41.6 [17.5] years) and 1084 completed the outcomes assessment at 3
to 7 years (714 [65.9%] male; mean [SD] age, 40.6 [17.0] years). At 1year, a total of 60 participants
(4%) were Asian, 255 (16%) were Black, 1213 (77%) were White, 39 (2%) were another race, and 5
(0.3%) had unknown race. At 3 to 7 years, 39 (4%) were Asian, 149 (14%) were Black, 868 (80%)
were White, 26 (2%) had another race, and 2 (0.2%) had unknown race. A total of 50 (3.2%) and 132
(12.2%) reported 1 or more postindex TBIs at 1year and 3 to 7 years, respectively. Risk factors for
postindex TBI were psychiatric history, preindex TBI, and extracranial injury severity. At 1year,
compared with those without postindex TBI, participants with postindex TBI had worse functional
recovery (GOSE score of 8: adjusted relative risk, 0.57; 95% Cl, 0.34-0.96) and health-related quality
of life (QOLIBRI-OS: aMD, -15.9; 95% Cl, -22.6 to -9.1), and greater postconcussive symptoms (RPQ:
aMD, 8.1; 95% Cl, 4.2-11.9), psychological distress symptoms (BSI-18: aMD, 5.3; 95% Cl, 2.1-8.6),
depression symptoms (PHQ-9: aMD, 3.0; 95% Cl, 1.5-4.4), and PTSD symptoms (PCL-5: aMD, 7.8;
95% Cl, 3.2-12.4). At 3 to 7 years, these associations remained statistically significant. Multiple (2 or
more) postindex TBIs were associated with poorer outcomes across all domains.

(continued)
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Key Points

Question What are the functional,
postconcussive, mental health, and
health-related quality-of-life outcomes
at 1year and 3 to 7 years postinjury
among adults with postindex traumatic
brain injuries (TBIs)?

Findings In this cohort study of 2417
patients with TBI, compared with those
without postindex TBls, individuals with
postindex TBIs at 1year and 3 to 7 years
were more symptomatic across
functional, postconcussive, mental
health, and health-related quality of life
domains, with greatest symptom
burden observed in individuals with
multiple postindex TBIs.

Meaning In this study, participants with
postindex TBIs were a symptomatic
cohort in long-term recovery, and
prevention, education, counseling, and
follow-up care is needed for these at-risk
patients.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE In this cohort study of patients with acute TBI, postindex TBI was
associated with worse symptomatology across outcome domains at 1year and 3 to 7 years postinjury,
and there was a dose-dependent response with multiple postindex TBIs. These results underscore
the critical need to provide TBI prevention, education, counseling, and follow-up care to at-risk
patients.

JAMA Network Open. 2023;6(9):€2335804. doi:10.1001/jamanetworkopen.2023.35804

Introduction

Traumatic brain injury (TBI) is a leading cause of death and disability in the US and worldwide,
generating 2.8 million annual TBI-related emergency department (ED) visits, 280 000
hospitalizations, and 64 000 deaths in the US alone.’® Individuals who sustain 1 TBI are at a
significantly increased risk of sustaining another.*” Repetitive TBI is frequently studied in contact-
sport athletes and military personnel. History of multiple concussions is correlated with
depression,®® delayed recovery,'®! cognitive impairment,'*'
encephalopathy.'* However, research on repetitive TBI and its longitudinal association with
outcomes in the general population is limited.

TBI may progress from primary injury to chronic disease. Repetitive TBI rates range from 7% to
23% in civillians.*51>8 Prior TBI increases the risks of psychiatric symptoms*® and decreased
satisfaction with life.” In a 2013 US multicenter study, participants with prior TBI reported worse
6-month postconcussive symptoms (PCS), psychological distress, verbal memory, and processing
speed.® A population-based study with matched controls in New Zealand'® found TBIs sustained
after the index TBI of study enrollment within 1year were associated with worsened PCS.2° In a large

TBI Model Systems study, moderate or severe postindex TBI conferred worse disability rating scores
|.2'|

and chronic traumatic

and cognitive dependence at 1, 2, and 5 years after index TB

To better characterize the association of repetitive TBI with recovery, we investigated the
association between postindex TBI and functional, PCS, psychological distress, posttraumatic stress
disorder (PTSD), depressive, and health-related quality-of-life (HRQOL) outcomes at 1year and 3 to
7 years. We hypothesized that postindex TBI would be associated with poorer outcomes and that
multiple postindex TBIs would be associated with more adverse outcomes at 3 to 7 years.

Methods

Participants and Study Design
The prospective, observational Transforming Research and Clinical Knowledge in Traumatic Brain
Injury (TRACK-TBI) study enrolled participants with TBI at 18 US level | trauma centers between
February 26, 2014, and July 3, 2018.222* Eligible participants met American Congress of
Rehabilitation Medicine TBI diagnostic criteria® in the ED and received clinically indicated head
computed tomography2® within 24 hours of TBI. Exclusion criteria were incarceration, pregnancy,
nonsurvivable physical trauma, psychiatric hold, debilitating mental health disorders, neurologic
disease, and non-English or non-Spanish speaking, depending on site. The TRACK-TBI study received
institutional review board approval at each local site. Participants or their legally authorized
representative provided written informed consent prior to enrollment. In 2019, the TRACK-TBI
longitudinal substudy was approved to conduct annual phone calls with TRACK-TBI participants 2
years or more postinjury.

Data from participants 17 years and older who completed outcome assessments at 1and 3 to 7
years were included in this analysis; deaths were excluded. If more than 1longitudinal assessment
was completed 3 to 7 years after study enrollment, the latest outcome assessment was analyzed.
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Study variables were collected in accordance with the National Institutes of Health TBI Common Data
Elements.?”° Functional, PCS, psychological distress, PTSD, depression, and HRQOL outcomes
were selected as primary outcomes for our analysis. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

Baseline Measures

Sociodemographic characteristics (age, sex, race and ethnicity, education, insurance), medical
history, and injury characteristics were collected at baseline through self-report and medical record
review. Race categories included Asian, Black, White, other race (including American Indian and
Alaska Native, Inuit, and Native Hawaiian and Other Pacific Islander), and unknown race. Ethnicity
categories included Hispanic and non-Hispanic. We adjusted for participants’ Neighborhood
Disadvantage Index (NDI) score (range, 0-100), a socioeconomic disadvantage score based on 4 US
census tract indicators by zone improvement plan code tabulation areas.3">? Injury-related
characteristics included Glasgow Coma Scale (GCS),>* loss of consciousness, care level, Injury
Severity Score,>* and computed tomography scans coded as having positive or negative findings for
acute traumatic intracranial lesions. To address generalizability, descriptive characteristics of the
TRACK-TBI participants included in our study at 1year and 3 to 7 years were compared with excluded
participants (eTable 1in Supplement 1).

Preindex and Postindex TBI History

At enrollment, lifetime TBI history was assessed using the Ohio State University TBI Identification
Method (OSU TBI-ID), a validated structured interview for detection of prior TBI.>>36 At follow-up
time points, postindex TBI information was collected through the OSU TBI-ID Short-Form to
ascertain whether the participant sustained another TBI since the index TBI. The interview at 3to 7
years added a question regarding the number of postindex TBls.

Primary Outcome Measures

Glasgow Outcome Scale-Extended

The 8-point Glasgow Outcome Scale-Extended (GOSE)?° assesses functional disability after TBI
through a structured interview with the participant or caretaker.383° A score of 1indicates death; 2,
vegetative state; 3, lower severe disability; 4, upper severe disability; 5, lower moderate disability; 6,
upper moderate disability; 7, lower good recovery; and 8, upper good recovery. A score of 8 reflects
complete return to baseline function; a score less than 8 reflects incomplete functional recovery.

Rivermead Post-Concussion Symptoms Questionnaire

The Rivermead Post-Concussion Symptoms Questionnaire (RPQ) measures the severity of 16 PCS
across 4 domains (physical, cognitive, mood, and sleep) compared with preinjury levels (ranging
from O [not experienced] to 4 [severe problem])*°; 1was recoded to O, per accepted protocol.*!
Scores were summed to a maximum of 64; scores of O to 12, 13 to 24, 25 to 32, and 33 or greater
indicate minimal, mild, moderate, and severe PCS, respectively.*!

Brief Symptom Inventory-18

The Brief Symptom Inventory-18 (BSI-18)*2 assesses psychological distress using 18 questions across
somatization, depression, and anxiety domains, scored from O (not at all) to 4 (extremely). The
Global Severity Index T score sums responses in each domain normalized by age and sex (maximum
score, 72)*%*3; scores of 63 or more indicate clinically significant distress.

PTSD Checklist for DSM-5
The PTSD Checklist for DSM-5 (PCL-5) measures PTSD symptoms according to Diagnostic and
Statistical Manual of Mental Disorders (Fifth Edition) criteria.** Twenty items are scored from O (not
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atall) to 5 (extremely) (maximum score, 80); scores of 33 or higher indicate probable clinically
relevant PTSD.*546

Patient Health Questionnaire-9

The Patient Health Questionnaire-9 (PHQ-9)*’ is a self-reported scale measuring depressive
symptoms using 9 Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition)-focused items
scored from O (not at all) to 3 (nearly every day).*® Scores range from O to 27; scores of 5t0 9, 10 to
14,15 t0 19, and 20 to 27 represent mild, moderate, moderately severe, and severe depression,
respectively.

Quality of Life After Brain Injury-Overall Scale

The Quality of Life After Brain Injury-Overall Scale (QOLIBRI-0S)*° is a self-reported measure of
HRQOL across 6 domains (physical condition, cognition, emotions, daily life function, personal life,
and social life) frequently affected by TBI, scored from 1 (not at all) to 5 (very). Scores were converted
to QOLIBRI total score (range, O to 100); scores less than 52 represent impaired HRQOL.>%'!

Statistical Analysis

Differences in sociodemographic characteristics, medical history, and injury-related characteristics
were assessed using Mann-Whitney U tests for continuous variables and Fisher exact tests for
categorical variables. Inverse probability weighting was used to account for potential biases due to
missing outcomes. A boosted regression algorithm based on all baseline sociodemographic, medical
history, and injury-related characteristics was used to model missingness, and statistical weights
were derived by inverting and rescaling the resulting propensity estimates (eMethods in
Supplement 1). Linear regression was used to model the self-reported outcome measures (RPQ,
BSI-18, PCL-5, PHQ-9, and QOLIBRI-0S), and log-binomial regression was used to model probability
of complete functional recovery (GOSE score of 8). All regression analyses modeled each time point
separately and adjusted for sociodemographic characteristics (age, sex, race, ethnicity, education),
GCS, preindex TBI, and psychiatric history. A 2-sided significance threshold of P < .05 was used for all
analyses, and results were interpreted after Benjamini-Hochberg adjustment for multiple
comparisons.>? We evaluated normality using boxplots and plots of the residuals from the primary
models for each outcome measure. All outcome measures were clearly unimodal with a general
Gaussian shape. Normality could be assumed for BSI-18, while the RPQ, PCL-5, and PHQ-9
demonstrated mild right skew (1year: 1.04, 1.07, and 1.20, respectively; 3 to 7 years: 0.95, 0.98, and
1.18), and the QOLIBRI-OS demonstrated mild left skew (1 year: -0.47; 3 to 7 years: -0.61). Boosted
regression modeling was performed using the Toolkit for Weighting and Analysis of Nonequivalent
Groups software from the Rand Corporation.>® Other statistical analyses were performed using SAS
version 9.4 (SAS Institute) and SPSS version 26 (IBM).

Results

Baseline and Injury-Related Characteristics

Of 2417 TRACK-TBI participants, 1572 completed the outcomes assessment at 1year (1049 [66.7%]
male; mean [SD] age, 41.6 [17.5] years) and 1084 completed the outcomes assessment at 3 to 7 years
(714 [65.9%]; mean [SD] age, 40.6 [17.0] years). At 1year, a total of 60 participants (4%) were Asian,
255 (16%) were Black, 1213 (77%) were White, 39 (2%) were another race, and 5 (0.3%) had
unknown race. At 3 to 7 years, 39 (4%) were Asian, 149 (14%) were Black, 868 (80%) were White, 26
(2%) had another race, and 2 (0.2%) had unknown race. Comparison between included and excluded
participants (845 at 1year and 1315 at 3 to 7 years) showed differences in sex, race and ethnicity,
education, and socioeconomic disadvantage (eTable 1in Supplement 1). The flow diagram is shown
in Figure 1. Site-specific enrollment is shown in eTable 9 in Supplement 1. Participants with postindex
TBI (50 of 1572 [3.2%] at 1year; 132 of 1084 [12.2%] at 3 to 7 years) and without postindex TBI (1522
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of 1572 [96.8%] at 1year; 952 of 1084 [87.8%] at 3 to 7 years) were comparable in sociodemographic
and injury characteristics (Table 1).

Statistically significant differences between participants with vs without postindex TBIs were
observed at 1year and 3 to 7 years for higher proportion with baseline psychiatric history (1year: 19 of
50 [38%] vs 344 of 1522 [23%], respectively; P = .02; 3 to 7 years: 45 of 132 [34%] vs 214 of 952
[22%]; P = .009), higher number of preindex TBIs requiring ED or hospital admission (1year: ED
admission, 12 of 46 [26%] vs 171 of 1416 [12%]; hospital admission, 6 of 46 [13%] vs 101 of 1416 [7%];
P =.001; 3 to 7 years: ED admission, 31 of 123 [25%] vs 90 of 888 [10%]; hospital admission, 10 of
123 [8%] vs 59 of 888 [7%]; P < .001), and lower mean (SD) Injury Severity Score (1year: 3.5 [5.9] vs
6.0[7.3]; P=.002;3to 7 years: 4.3[6.0]vs 5.7 [7.3]; P = .01).

Postindex TBI and Outcomes
Figure 2 summarizes our main results. At 1year, the postindex TBI group exhibited poorer outcome
across domains (Table 2). Compared with those without postindex TBI, participants with postindex
TBI were less likely to achieve complete functional recovery (GOSE score of 8; adjusted relative risk
[aRR], 0.57; 95% Cl, 0.34-0.96), had decreased HRQOL (QOLIBRI-OS: adjusted mean difference
[aMD], -15.9; 95% Cl, -22.6 to -9.1), and increased symptom severities across other outcomes,
including PCS (RPQ: aMD, 8.1; 95% Cl, 4.2-11.9), psychological distress (BSI-18: aMD, 5.3; 95% Cl,
2.1-8.6), PTSD (PCL-5: aMD, 7.8; 95% Cl, 3.2-12.4), and depression (PHQ-9: aMD, 3.0; 95% Cl,
1.5-4.4). At 3to 7 years, participants with postindex TBI remained more symptomatic, at reduced
magnitudes (QOLIBRI-OS: aMD, -7.3; 95% Cl, -11.4, to -3.2; RPQ: aMD, 4.3; 95% Cl, 1.9-6.6; BSI-18:
aMD, 3.0; 95% Cl, 0.9-5.1; PCL-5: aMD, 6.5; 95% Cl, 3.4-9.7; PHQ-9: aMD, 1.8; 95% Cl, 0.8-2.8).
Likelihood of achieving a GOSE score of 8 was lower in those with postindex TBI (42 of 131[32%] vs
416 of 917 [45%]), although this finding was not significant at 3 to 7 years (aRR, 0.78; 95% Cl,
0.61-1.00). Similar findings were observed for postindex TBI with loss of consciousness vs without
(eTables 2 and 3 in Supplement 1). Among participants with preindex TBI, differences between
groups with and without postindex TBI in RPQ (aMD, 8.6; 95% Cl, 2.1-15.1), BSI-18 (aMD, 6.9; 95% Cl,
1.5-12.3), PHQ-9 (aMD, 4.80; 95% Cl, 2.26-7.33), and QOLIBRI-OS (aMD, -19.8; 95% Cl, -30.9 to
-8.8) remained significant at 1year and in QOLIBRI-OS (aMD, -8.8; 95% Cl, -16.1to -1.6) at 3to 7
years (eTables 4 and 5 in Supplement 1).

We evaluated the association between multiple postindex TBIs (26 of 1084 [2.4%]) and
outcomes at 3 to 7 years. Number of postindex TBIs (O vs 1, 1vs 2 or more, and 2 or more vs 0)

Figure 1. CONSORT Flow Diagram

2697 Participants with TBI screened ‘

4>‘ 145 Excluded who were <17 y

‘ 2552 Included in analytic sample ‘

135 Excluded because they died
before assessmentat 1y

1572 Completed assessmentat 1y
845 Did not complete assessment

18 Excluded because they died
before assessment at 3 y

1084 Completed assessment at 3-7 y
1315 Did not complete assessment

TBI indicates traumatic brain injury.
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Table 1. Baseline and Injury Characteristics

No. (%)

Assessmentat 1y

Assessment at 3-7y

Postindex TBI

Postindex TBI

Variable No Yes P value No Yes P value
Total 1522 (96.8) 50(3.2) NA 952 (87.8) 132(12.2) NA
Age, mean (SD), y 41.6 (17.5) 42.7 (17.4) 84 40.6 (16.9) 40.7 (17.2) .92
Sex
Male 1020 (67) 29 (58) 634 (67) 80 (61)
Female 502 (33) 21 (42) 28 318 (33) 52 (39) 19
Race®
Asian 59 (4) 1(2) 38(4) 1(1)
Black 245 (16) 10 (20) 135 (14) 14 (11)
White 1175 (77) 38 (76) 73 754 (79) 114 (86) 16
Other race® 38(3) 1(2) 23(2) 3(2)
Unknown, No. 5 0 NA 2 0 NA
Ethnicity?
Hispanic 263 (17) 6(12) 173 (18) 20 (15)
Non-Hispanic 1253 (83) 44 (88) 16 776 (82) 111 (85) 19
Unknown, No. 6 0 3 1
Education
Mean (SD), y 13.7 (2.8) 13.3(2.2) .19 13.8(2.8) 14.0 (2.6) .46
Unknown, No. 33 0 NA 21 3 NA
Socioeconomic disadvantage©
Mean (SD) 10.7 (6.4) 11.2(6.0) .35 10.9(6.4) 9.7 (5.4) .04
Unknown, No. 57 0 NA 27 1 NA
Psychiatric history
No 1178 (77) 31(62) 738 (78) 87 (66)
Yes 344 (23) 19 (38) 02 214 (22) 45 (34) 009
Preindex TBI
Any preindex TBI
No 768 (53) 20 (43) 515 (57) 51 (41)
Yes, no LOC 392 (27) 13 (28) .09 230(25) 37 (30) <.001
Yes, LOC 281 (20) 14 (30) 163 (18) 35 (28)
Unknown, No. 81 3 NA 44 9 NA
Preindex TBIs, No.¢
Mean (SD) 0.46 (0.92) 0.67 (1.14) .10 0.41 (0.87) 0.67 (1.03) <.001
0 1047 (70) 29 (59) 691 (74) 72 (56)
1 308 (21) 13 (27) 17 178 (19) 41(32) <.001
22 137 (9) 7 (14) 71 (8) 16 (12)
Unknown, No. 30 1 NA 12 3 NA
Age at first preindex TBI
Mean (SD), y 22.3(15.1) 28.6(17.9) .08 21.6 (14.4) 24.3(15.3) .19
<15y 149 (34) 4(20) 87 (35) 16 (29)
215y 294 (66) 16 (80) 32 160 (65) 40(71) 43
Unknown, No. 30 1 NA 14 4 NA
Highest preindex TBI level of care
None 1144 (81) 28 (61) 739 (83) 82 (67)
ED only 171 (12) 12 (26) .001 90 (10) 31(25) <.001
Hospital admission 101 (7) 6(13) 59 (7) 10 (8)
Unknown, No. 106 4 NA 64 9 NA
(continued)
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Table 1. Baseline and Injury Characteristics (continued)

No. (%)
Assessmentat 1y Assessment at 3-7y
Postindex TBI Postindex TBI
Variable No Yes P value No Yes P value
Index injury factors
GCS at ED arrival
Mean (SD) 13.3(3.5) 13.7 (3.1) 12 13.1(3.7) 14.0 (2.6) .003
Severe (3-8) 184 (12) 5(10) 131 (14) 8(6)
Moderate (9-12) 58 (4) 1(2) .76 45 (5) 3(2) 01
Mild (13-15) 1251 (84) 42 (88) 754 (81) 117 (91)
Unknown, No. 29 2 NA 22 4 NA
LOC
No 179 (12) 4(8) 109 (12) 15(12)
Suspected 76 (5) 1(2) .30 51(6) 10 (8) .68
Yes 1186 (82) 44 (90) 747 (82) 103 (80)
Unknown, No. 81 1 NA 45 4 NA
Highest level of care
ED 350 (23) 7 (14) 209 (22) 31(23)
Ward 548 (36) 24 (48) .69 335(35) 57 (43) 11
ICU 624 (41) 19 (38) 408 (43) 44 (33)
Initial CT findings
Negative 803 (54) 27 (55) 483 (52) 79 (60)
Positive 682 (46) 22 (45) 88 438 (48) 53 (40) 2
Unknown, No. 37 1 NA 31 0 NA
Major extracranial injury
No 1233 (81) 44 (88) 779 (82) 111 (84)
Yes 289 (19) 6(12) 2 173 (18) 21(16) 4
ISS (all systems)
Mean (SD) 15.0 (10.1) 10.9 (8.5) 15.1(10.2) 12.2 (9.1)
Median (IQR) 13 (8-21) 10 (5-14) 005 14 (9-21) 10 (5-17) 002
Unknown/ED only, No. 377 10 NA 231 35 NA
1SS (head/neck)
Mean (SD) 8.6 (7.8) 6.8 (6.0) 9.0(8.1) 7.3(7.1)
Median (IQR) 9 (4-16) 6.5 (3.3-9) 14 9 (4-16) 4(1-9) 06
Unknown/ED only, No. 377 10 NA 231 35 NA
ISS (nonhead/nonneck)
Mean (SD) 6.0(7.3) 3.5(5.9) 5.7 (7.3) 4.3 (6.0)
Median (IQR) 4(1-9) 1(0-4.25) 002 4(1-9) 1(1-6) oL
Unknown/ED only, No. 378 10 NA 231 35 NA

Abbreviations: CT, computed tomography; ED, emergency department; GCS, Glasgow Coma Scale; ICU, intensive care unit; ISS, Injury Severity Score; LOC, loss of consciousness; NA,
not applicable; TBI, traumatic brain injury.

@ Race and ethnicity were obtained by participant self-report and medical record review.
b The other race category included American Indian and Alaska Native, Inuit, and Native Hawaiian and Other Pacific Islander.
€ Socioeconomic disadvantage scores ranged from O to 100, with higher scores indicating greater disadvantage.

9 Number of preindex TBIs included only preindex TBIs with ED or hospital admission.

showed a dose-dependent association across all outcomes assessed by rank regression (Table 3).
Compared with those without postindex TBIs, those with 1 postindex TBI had elevated PCL-5 (aMD,
3.6; 95% Cl, 0.2-7.0) and lower QOLIBRI-OS (aMD, -4.8; 95% Cl, -9.3 to —0.3). Those with 2 or more
vs 1 postindex TBI and those with 2 or more vs O postindex TBIs were less likely to attain complete
functional recovery (GOSE score of 8; 2 or more vs 1: aRR, 0.31; 95% Cl, 0.10-0.96; 2 or more vs O:
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aRR, 0.28; 95% Cl, 0.09-0.84) and were more symptomatic across outcome domains, including
QOLIBRI-OS (2 or more vs 1: aMD, -12.6; 95% Cl, -22.2 to -3.0; 2 or more vs O: aMD, -17.4; 95% Cl,
-26.1to0 -8.7), RPQ (2 or more vs 1: aMD, 10.1; 95% Cl, 4.6-15.6; 2 or more vs O: aMD, 12.4; 95% Cl,
74-17.4), BSI-18 (2 or more vs 1: aMD, 6.7; 95% Cl, 1.8-11.5; 2 or more vs 0: aMD, 8.4; 95% Cl, 4.0-12.8),
PCL-5 (2 or more vs 1: aMD, 14.7; 95% Cl, 74-22.0; 2 or more vs 0: aMD, 18.3; 95% Cl, 11.7-25.0), and
PHQ-9 (2 or more vs 1: aMD, 4.88; 95% Cl, 2.53-7.23; 2 or more vs O: aMD, 5.71; 95% Cl, 3.57-7.85).

We further investigated associations between the timing of postindex TBI and outcomes and
observed no difference at 1year (eTable 6 in Supplement 1). eTable 7 in Supplement 1summarizes the
number of years between postindex TBI and outcomes at 3 to 7 years. An association was observed
between the timing of assessment and decreased symptomology (RPQ, BSI-18, PCL-5, PHQ-9,
QOLIBRI-0S), and original associations remained significant after adjusting for timing (eTable 8 in
Supplement 1).

Discussion

In this multicenter study, participants with postindex TBI were at elevated risk for incomplete
functional recovery and greater symptomatology across PCS, mental health, and HRQOL domains at
1year postinjury. These findings were conserved at 3 to 7 years. Notably, multiple postindex TBIs at
3 to 7 years conferred greater risks of incomplete functional recovery and symptom burden across
domains. These results show that participants with postindex TBIs comprise a distinctly symptomatic
cohort in long-term recovery, and at-risk patients may benefit from targeted prevention and follow-
up care.

Figure 2. Unweighted Mean Outcome Scores by Group Status at 1Year and 3 to 7 Years

‘ [T No postindex TBI [ Postindex TBI ‘
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70+ 100+ (— — 90+
90
60’ ° e 80,
H . ® 804
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& so- H : ¢ 20! GOSE=8 | £ 70/
S 2
g 404 o 607 2 601
g E 504 g
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The diamond indicates the mean; midline, the median; box, the IQR; whiskers, the range; and data points, outliers. BSI-18 indicates Brief Symptom Inventory-18; GOSE, Glasgow
Outcome Scale-Extended; PCL-5, PTSD Checklist for DSM-5; PHQ-9, Patient Health Questionnaire-9; QOLIBRI-OS, Quality of Life After Brain Injury-Overall Scale; RPQ, Rivermead
Post-Concussion Symptoms Questionnaire; TBI, traumatic brain injury.

[5 JAMA Network Open. 2023;6(9):€2335804. doi:10.1001/jamanetworkopen.2023.35804 September 26, 2023 8/17

Downloaded From: https://jamanetwor k.com/ on 09/27/2023


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.35804&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.35804
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.35804&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.35804
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.35804&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.35804

JAMA Network Open | Neurology Longitudinal Recovery Following Repetitive Traumatic Brain Injury

Postindex TBI Risk Factors

Risk factors for postindex TBI at both time points included baseline psychiatric history, preindex TBI
5455 and preindex
TBI** are well-known risk factors for TBI. The finding that peripheral injuries were more severe in

frequency and severity, and less severe index peripheral injury. Psychiatric history

individuals without postindex TBI suggests these individuals may be too severely injured to resume
high-risk activities that would predispose to TBI. Risk factors specific to 3 to 7 years included less-
severe index TBI (higher GCS) and socioeconomic disadvantage. Prior research suggests that civilians
with preindex and postindex TBI sustain less-severe index TBI.>®17

Postindex TBI and Outcomes
At 1year, multiple regression analyses controlling for major confounders demonstrated that
participants with postindex TBI were at risk for reduced complete functional recovery (GOSE score
of 8; aRR, 0.57; 95% Cl, 0.34-0.96) and were more symptomatic (PCS, psychological distress, PTSD,
depression, and HRQOL). Mean outcome scores indicated clinically significant mild PCS, depression,
and impaired HRQOL. In participants with preindex TBI, those with postindex TBI remained more
symptomatic across PCS, psychological distress, depressive, and HRQOL outcomes with comparable
effect sizes, further supporting the association of postindex TBI with outcome. Our results are
consistent with literature demonstrating worsened PCS, PTSD, and mental health in civilians with
preindex TBI® and worsened PCS in civilians with postindex TBI.'®

At 3 to 7 years, the postindex TBI group remained more symptomatic (PCS, psychological
distress, PTSD, depression, and HRQOL) after multiple regressions, at reduced magnitudes. There
was no significant association between functional recovery and postindex TBI after multivariable
regressions, which may reflect lower composite symptomatology at 3 to 7 years. Among participants
with preindex TBIs, those with postindex TBIs reported worse HRQOL but no difference in other
outcomes with reduced effect sizes, suggesting that both preindex and postindex TBIs contribute to
outcomes at 3 to 7 years.

The number of postindex TBIs (O, 1, or 2 or more) at 3 to 7 years exhibited a dose-dependent
association across all domains (functional, PCS, mental health, and HRQOL). A lower proportion of

Table 2. Association Between Postindex Traumatic Brain Injury (TBI) and Outcome?®

No postindex TBI Postindex TBI Effect size®
Outcome measure Total, No. Mean (SD) Total, No. Mean (SD) Measure (95% Cl) P value®
ly
GOSE score of 8, No. (%) 1446 638 (44) 48 10 (21) aRR, 0.57 (0.34 t0 0.96) .03
RPQ 1456 12.1(13.9) 48 22.7 (16.0) aMD, 8.1 (4.2 to 11.9) <.001
BSI-18 1453 49.1(11.6) 48 56.6 (12.0) aMD, 5.3 (2.1t0 8.6) .001
PCL-5 1433 16.1(16.6) 48 26.9(16.7) aMD, 7.8 (3.2 to 12.4) .001
PHQ-9 1451 4.6 (5.3) 48 8.7 (7.3) aMD, 2.96 (1.49 to 4.44) <.001
QOLIBRI-0S 1452 67.6 (24.5) 48 47.0 (28.4) aMD, -15.9 (-22.6 to -9.1) <.001
3-7y
GOSE score of 8, No. (%) 917 416 (45) 131 42 (32) aRR, 0.78 (0.61 to 1.00) .06
RPQ 917 10.8(12.7) 130 16.1(15.1) aMD, 4.3 (1.9t0 6.6) <.001
BSI-18 916 49.3(11.0) 130 53.3(12.6) aMD, 3.0 (0.9to 5.1) .004
PCL-5 889 15.5(16.5) 128 22.8(20.1) aMD, 6.5 (3.4t09.7) <.001
PHQ-9 918 4.8(5.3) 130 7.0(6.3) aMD, 1.78 (0.77 to 2.78) .001
QOLIBRI-0S 919 70.8 (21.9) 130 62.2 (24.5) aMD, -7.3 (-11.4to -3.2) <.001

Abbreviations: aMD, adjusted mean difference; aRR, adjusted relative risk; BSI-18, Brief Symptom Inventory-18; GOSE, Glasgow Outcome Scale-Extended; PCL-5, PTSD Checklist for
DSM-5; PHQ-9, Patient Health Questionnaire-9; QOLIBRI-0S, Quality of Life After Brain Injury-Overall Scale; RPQ, Rivermead Post-Concussion Symptoms Questionnaire.

@ Multivariable linear regressions were performed for scalar outcome measures (BSI-18, PCL-5, PHQ-9, QOLIBRI-OS, and RPQ), and multivariable logistic regression was performed for
complete functional recovery (GOSE score of 8).

b All regressions were adjusted for age, sex, race and ethnicity, education, Glasgow Coma Scale, preindex TBI level of care, and psychiatric history and were propensity weighted for
missingness.

< All significant P values (P < .05) remained significant after adjustment for multiple comparisons (Benjamini-Hochberg; m = 12).
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participants with 2 or more postindex TBIs reported complete functional recovery (GOSE score of 8;
aRR, 0.31; 95% Cl, 0.10-0.96) compared with participants with 1 postindex TBI and exhibited mean
outcome scores that exceeded the clinical thresholds for PTSD, mild PCS, and moderate depression.
Our findings are consistent with the contact-sport literature, which demonstrates that sustaining
multiple TBIs contributes to worsened PCS, mental health symptoms, and delayed recovery.'016:57

Our analyses of postindex TBI timing further strengthen these results. While no significant
associations were observed at 1year, shorter-interval injuries were associated with poorer recovery
in RPQ, BSI-18, PCL-5, PHQ-9, and QOLIBRI-OS at 3 to 7 years. Importantly, all associations between
postindex TBI and outcomes remained significant after adjusting for timing via sensitivity analyses
at 3to 7 years. These results impel the need for prevention, education, and follow-up care efforts to
decrease the risk of short-interval injuries.

Implications for Clinical Practice

Lack of follow-up care is detrimental to employment and economic outcomes.”®>° Standardized TBI
education, counseling, screening, triage, and referral to care system of patients at risk of repetitive
injuries may reduce reinjury and improve likelihood of recovery. Our results show the importance of
collecting preindex and postindex TBI histories, as repetitive TBl is a risk factor for poorer
multidimensional outcomes.

Utilization of the biopsychosocial-ecological model will inform prevention and follow-up care
efforts.69®' A combination of biological factors, preinjury and postinjury mental health, social
determinants of health (race and ethnicity as well as education), and access to postacute care
intersect to influence each patient’s recovery. Risk factors for and sequelae of experiencing 1or more
postindex TBIs encompass biological (eg, the TBI), psychological (eg, postinjury psychological
symptomatology, preinjury modifiers), and social/socioeconomic factors (eg, neighborhood
disadvantage index), in addition to ecological and other factors not evaluated by the current study.
Accordingly, postindex TBIs may be part and parcel of an overall phenotype of protracted recovery
and/or poor outcome after TBI, and more in-depth understanding of the mediating factors for these
repetitive injuries can mitigate these risks and reduce morbidity after a single TBI. Concurrent
application of the biopsychosocial-ecological model by clinicians during counseling and in
subsequent research may enable more comprehensive evaluation of underlying risk factors and
amplify the impact of prevention, education, and outpatient care interventions.

Limitations
This study has limitations. Our findings are applicable to populations where cranial imaging is
indicated to rule out traumatic intracranial hemorrhage but may not be generalizable to patients who
do not present to the ED. Participants with assessments at 1and 3 to 7 years were more likely to be
female, non-Hispanic, have greater educational attainment, and less socioeconomic disadvantage,
which limit overall generalizability. The OSU TBI-ID is a validated and reliable self-reported measure
for lifetime TBI history; however, self-reported measures are inherently limited by recall bias. While
out of scope of our study, between-center variability in outcomes is another factor worth examining
for comparative effectiveness research in this burdened population. We were unable to evaluate
associations between multiple postindex TBIs and outcomes at 1year, as these data were not
captured until 3 to 7 years. Because we sought to review the largest sample size at each time point,
the cohorts with assessments at 1year and 3 to 7 years have slightly different baseline characteristics.
Future hypothesis-driven analyses may consider using a common sample across time points. We did
not assess associations between postindex TBI and deaths due to small numbers, which warrant
future investigation in larger and more diverse samples. While we controlled for major confounders
of outcomes, residual confounding related to procedural interventions, complications, and
postdischarge care may remain. These limitations constitute relevant next steps.

Using linear regressions to model scalar outcome measures constituted another limitation.
While the BSI-18 conformed to normality, the other measures demonstrated some degree of skew.
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Given that skews were generally mild, we proceeded with linear regression to prioritize the reporting
of coefficient units in their original interpretable outcome scores, which aligns with the methodology
in prior published reports on outcome measures in large multicenter TBI studies. We recognize that
skew may decrease the validity of linear regression models. As such, our results should be interpreted
with a commensurate level of caution and await validation studies in this understudied and at-risk
population.

Conclusions

In a prospective multicenter cohort of patients with acute TBI, postindex TBI was associated with
functional, PCS, mental health, and HRQOL symptomatology at 1year and 3 to 7 years postinjury.
Sustaining multiple postindex TBIs was associated with additional increases in symptomatology
compared with sustaining 1 postindex TBI. These results highlight the profound cumulative deficits
acquired after repetitive TBI and underscore the imperative need to establish institutional programs
to support TBI prevention, education, counseling, and follow-up for at-risk patients.
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AN ] ST H AR IS TBL fe i [R] 3R 0 R G 0 5 SRR AT TBII S R ™ AR, DL AR FRE
B ANER T o AR 5545 RIRT R 5 TBIS

AT TBIN R R R . X —RIKW, 78GRSR, MR ™ E,

T 3 WS AN P T il [R5 4 T2 T TV 2 2 R A A5 195 1 e R BG83 -

THE (R B KUK R 2 AL R R I TBHE (B = I GCS) Mt & 4 i 8. Senl i se R, 1l nds
HUSTBLEZ MR HTBIE R . 67

FeBUS TBIAN S R

TEVE)E, PHlEEREFERNZICEIASIIRY, S TBUREH 54 ThRe I B IKI XU (GOS
EVF4 ~8;aRR, 0.57;95% CI, 0.34-

0.96), JERTEPCS. OHEEWI. G5 NEERS . IMAFIHRQOL)E L . P TilE PFr Bon kK &
FEFEPCS. M. HRQOLAZ 4%, {E4EEHITBIZ 5% W, f8EUSTBIEHEPCS, OH . 1
ARFTHRQOLAS AR I 3 2k, HAM EAY, HE— P RR AU TBIG 45 A . 30417
(R 5 485 S5 SR b R T P 48 B 19 1R I 3 (1 B PCS - PTSDAIC B i B A 1) 45 SR — B

FEFRBUE TBLE#H HIPCSEAL. 18

T1E3 ~ 74F, 85U 045G TGS 5 A9RGB 2 e IR (PCS, O FE
. G045 )5 R RS (PTSD) #IBAIHRQOL). 7E £ A& M0 G, Thieik & M8 HUE TBIZ
A REBR, XA RT3

TEIBARIEE AR FEFREGT U, FREUS IR ITHRQOL M 2, (HAEHAD MR/ )
SR ER, ERVEHETAEEUR i X3 - THEI SR A M

3 - TR G0 1. 28 220) Kk B 7 AR

T SURIIRE. DAGEE L D ER{ERFIHRQOL) IS HE . FAK L5

2. TREURBID R (TBI) S5 TS ) 9% &

AT G 2 51 TBI Ja Gt BB R /e
Jiwi 453455

25 S MR SP-34(SD) SR F-14(SD) JIHE(95% CI) P
ly
GOSEA#4r8, 4 H—. ( 1446 638 (44) 48 10 (21) SEEIEE, 0.57 (0.34 0.0
%) -0.96) 3
RPQ 1456 12.1 (13.9) 48 22.7 (16.0) aMD, 8.1(4.2%11.9) <.001
bsi-18 1453 49.1 (11.6) 48 56.6 (12.0) aMD, 5.3(2.1%8.6) .001
pel-5 1433 16.1 (16.6) 48 26.9 (16.7) aMD, 7.8(3.2%12.4) .001
phg-9 1451 4.6 (5.3) 48 8.7 (7.3) aMD, 2.96(1.49%4.44) <.001
qolibrio 1452 67.6 (24.5) 48 47.0 (28.4) aMD, -15.9(-22.6 ~=9.1) <.001
3-7y
GOSEA#4r8, 4% —. ( 917 416 (45) 131 42 (32) SEIEICEE, 0,78 (0.61 .06
%) - 1.00)
RPQ 917 10.8 (12.7) 130 16.1 (15.1) aMD, 4.3(1.9%6.6) <.001
bsi-18 916 49.3 (11.0) 130 53.3 (12.6) aMD, 3.0(0.9%5.1) 2,00
pel-5 889 15.5 (16.5) 128 22.8 (20.1) aMD, 6.5(3.4%9.7) <.001
phg-9 918 4.8 (5.3) 130 7.0 (6.3) aMD, 1.78(0.77%2.78) .001
qolibrio 919 70.8 (21.9) 130 62.2 (24.5) aMD, -7.3(-11.4~-3.2) <.001

il i aMD, RG22 aRR, RS A XU BSI-18, i ZHERTE - 18;GOSE, 4 K4 7 5 5 55 ;PCL-5, DSM-S{{PTSDAS #r #;PHQ-9, 3 fi# B i1 45:9;qolibrii -
os, AR i AR T A B KA AR 3 JE R A6 6 A i 4 R FE bR (BSI-18. PCL-5. PHQ-9. qolibi -
osFIRPQ)HEAT Z AL e PE[E1IH,  3f 58 A D) eI 52 (GOSE V-4 A8) AT £ 7% flogistic [l 15 .



o FTA LA T ERARE AR IS . M. MORATROER . HUE . ASRLTR SRR RO R 05 A0 B AT RURS R SEEAT TR, Rk REREEAT T AL .

< By 2 PIE(P < .05)7E % £ 5 L5 /594 122 3 (Benjamini-Hochberg;M = 12).
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