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ORIGINAL ARTICLE CLINICAL STUDIES

Feasibility and Utility of a Flexible Outcome Assessment
Battery for Longitudinal Traumatic Brain Injury Research:
A TRACK-TBI Study

Yelena G. Bodien,  Jason Barber;* Sabrina R. Taylor, Kim Boase;* John D. Corrigan?® Sureyya Dikmen,’

Raquel C. Gardner,” Joel H. Kramer Harvey Levin, Joan Machamer,’ Thomas McAllister? Lindsay D. Nelson;
Laura B. Ngwenya,® Mark Sherer/"'" Murray B. Stein,? Mary Vassar, John Whyte,? John K. Yue; Amy Markowitz,
Michael A. McCrea;” Geoffrey T. Manley, Nancy Temkin,* and Joseph T. Giacino'*; and the TRACK-TBI Investigators™™

Abstract

The effects of traumatic brain injury (TBI) are difficult to measure in longitudinal cohort studies, because
disparate pre-injury characteristics and injury mechanisms produce variable impairment profiles and recov-
ery trajectories. In preparation for the Transforming Research and Clinical Knowledge in TBI (TRACK-TBI)
study, which followed patients with injuries ranging from uncomplicated mild TBI to coma, we designed
a multi-dimensional Flexible outcome Assessment Battery (FAB). The FAB relies on a decision-making algo-
rithm that assigns participants to a Comprehensive (CAB) or Abbreviated Assessment Battery (AAB) and
guides test selection across all phases of recovery. To assess feasibility of the FAB, we calculated the pro-
portion of participants followed at 2 weeks (2w) and at 3, 6, and 12 months (3m, 6m, 12m) post-injury
who completed the FAB and received valid scores. We evaluated utility of the FAB by examining differences
in 6m and 12m Glasgow Outcome Scale-Extended (GOSE) scores between participant subgroups derived
from the FAB-enabled versus traditional approach to outcome assessment applied at 2w. Among par-
ticipants followed at 2w (n=2094), 3m (n=1871), 6m (n=1736), and 12m (n=1607) post-injury, 95-99%
received valid completion scores on the FAB, in full or in part, either in person or by telephone. Level of
function assessed by the FAB-enabled approach at 2w was associated with 6m and 12m GOSE scores (pro-
portional odds p <0.001). These findings suggest that the participant classification methodology afforded
by the FAB may enable more effective data collection to improve detection of natural history changes
and TBI treatment effects.
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Introduction

Effective treatment of patients with traumatic brain inju-
ry (TBI) remains one of the greatest unmet needs in pub-
lic health, as evidenced by three decades of negative
neuroprotection clinical trials." Multiple factors have
been hypothesized to account for this problem.>* The
need for more precise outcome assessment has recently
been emphasized in TBI reviews >* and by federal fund-
ing agencies.” Traditional approaches to outcome assess-
ment have generally been ‘‘one size fits all.”” The same
battery of measures typically is administered to all partic-
ipants at all time points, regardless of functional status or
context. This approach does not account for the marked
variability in pre-injury status, injury mechanisms, im-
pairment profiles, and recovery rates associated with
TBL®’

Longitudinal outcome studies that include patients
with a broad spectrum of injury severity are particularly
challenging given that participants with more severe
cognitive dysfunction cannot be assessed with the same
measures as those with less severe impairment. This
problem has been recognized for nearly 80 years8 and
has been addressed by excluding patients who are unable
to undergo standardized neurocognitive testing, assigning
these patients to a single “‘untestable’” group,”'® or using
an outcome measure that covers a range of functioning
too broad to detect subtle group distinctions. With the
exception of an early article by Levin and associates,'®
which found a close relationship between participant test-
ability and outcome at six months, this association has
been generally neglected.

Heterogeneity of TBI further complicates longitudi-
nal outcome assessment. While most people who have
had a TBI experience some degree of spontaneous recov-
ery over the course of the first year post-injury,' ™' rates
of recovery vary considerably, even among patients who
fall within the same injury severity category. Global out-
come measures designed to track level of function across
the course of injury typically require major changes
in functional status to demonstrate progress.14 Domain-
specific measures of function are subject to floor and
ceiling effects, which can result in skewed score distri-
butions. These circumstances are exacerbated by the
absence of decision-making guidance concerning test
selection in TBI studies that enroll a broad spectrum
of patients.

Transforming Research and Clinical Knowledge in
TBI (TRACK-TBI) is a multi-center prospective obser-
vational study, the first phase of which (TRACK-TBI
UO01) aimed at examining outcome across the first year
post-injury in level I trauma center patients with injuries

ranging from uncomplicated mild to severe TBI. The
study’s Outcomes Core was charged with developing
an assessment battery that could evaluate participants
who were too cognitively impaired to undergo standar-
dized tests of cognition, psychological health, social par-
ticipation, and quality of life along with those capable of
doing so. To that end, we developed the TRACK-TBI
Flexible outcome Assessment Battery (FAB) to enable
assessment of patients at all levels of TBI severity
across multiple domains of function through all phases
of recovery.

We administered the FAB in person to participants at 2
weeks (2w), 6 months (6m), and 12 months (12m) post-
injury, and by telephone at 3 months (3m) post-injury.’
We reasoned that all participants would fall into one
of three levels of function—disturbance in conscious-
ness, post-traumatic confusional state (PTCS), and non-
confused/oriented. We reviewed measures that were
developed specifically to assess patients at these levels
of function and used a consensus-based approach to
select TBI Common Data Elements (CDEs).!” In the
absence of CDEs, we selected measures with the stron-
gest psychometrical characteristics. Finally, we devel-
oped a decision tree that guides examiners in selecting
the appropriate measures for each study participant
(Fig. 1).

The FAB is comprised of three components: a Screen-
ing Protocol administered to all participants, an Abbrevi-
ated Assessment Battery (AAB) for participants with
disorders of consciousness (DoC, i.e., coma, vegetative
state [VS], minimally conscious state [MCS], and
PTCS), and a Comprehensive Assessment Battery
(CAB) for those able to undergo extended standardized
neuropsychological testing. Overall, the FAB consists
of 23 standardized instruments (see Supplementary
Table S1 for a description of each measure), provid-
ing coverage across the seven domains of function de-
scribed in the TBI CDEs—Ilevel of consciousness,
cognition, psychological health, physical/sensory symp-
toms, participation, quality of life, and global level of
function.

The aims of the current study were to: (1) evaluate the
rate of valid completion of the FAB at each time point
(i.e., feasibility), (2) identify factors responsible for
invalid completion of specific FAB measures (i.e., feasi-
bility), and (3) investigate whether the FAB-enabled ap-
proach to outcome assessment applied at 2w identifies
subgroups of participants with distinct Glasgow Outcome
Scale Extended (GOSE)16 outcomes at 6m and 12m that
would not otherwise be detected on traditional assess-
ment (i.e., utility).
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FIG. 1. Flexible Assessment Battery (FAB) decision tree. The examiner begins the FAB by administering a
Screening Protocol (SP), which comprises a verbal expression task to ensure that the participant is not
aphasic and can speak intelligibly, and the Galveston Orientation and Amnesia Test (GOAT) to assess for
ongoing post-traumatic amnesia (PTA). If speech is intelligible and the total GOAT score is >75, the
participant progresses to the Comprehensive Assessment Battery (CAB). If speech is intelligible but the
participant remains in PTA based on the GOAT (total <75), the Cognitive Impairment subscale of the
Confusion Assessment Protocol (CAP-Cog) is administered to assess for post-traumatic confusion. If the
CAP-Cog score is in the non-confused range (>18), the participant progresses to the CAB. If the CAP-Cog
score is in the confused range (<18), the Glasgow Outcome Scale Extended (GOSE) and Disability Rating
Scale (DRS) are completed by the surrogate, concluding the assessment. If the participant is nonverbal
because of aphasia or disturbance in consciousness, the Coma Recovery Scale-Revised (CRS-R) is
administered. If CRS-R discontinuation criteria are met (Auditory subscale =4 and Communication
subscale=2 and Arousal subscale=3), the CAP-Cog is administered and the assessment proceeds as
described above. If CRS-R discontinuation criteria are not met, the surrogate completes the GOSE and DRS
and the follow-up concludes. At each subsequent follow-up, participants begin with the same battery they
were assigned to previously and follow the decision tree, unless there is evidence of a decline in function
as judged by the examiner, in which case assessment begins with the SP. The FAB decision tree facilitates
assessment of participants across the spectrum of severity, providing examiners with clear guidelines for
administration of standardized measures that are appropriate to the participant’s current level of function.
Additional details about each measure are available in Supplementary Table 1 and by accessing the online
TRACK-TBI Standard Operating Procedure (SOP) Manual for Outcome Assessment.”
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Methods

Participants and study design

TRACK-TBI (clinicaltrials.gov NCT02119182) enrolled
2697 adult and pediatric patients with TBI at 18 level I
trauma centers between February 26, 2014, and August
8,2018. Inclusion and exclusion criteria are presented
in Supplementary Table S2. Briefly, inclusion cri-
teria were: (1) presentation to a participating study
site within 24 h post-injury, (2) documented acute TBI
as defined by the American Congress of Rehabilitation
Medicine criteria, and (3) order placed for cranial
CT scan. Exclusion criteria were: (1) polytrauma, in-
cluding spinal cord injury, that could interfere with
outcome assessment, and (2) pre-injury debilitating
psychiatric disorder or neurological disease. Data col-
lected include clinical indicators, imaging, proteomic
and genomic biomarkers, and multi-dimensional out-
come data.

For the current study, we excluded participants who
were under 18 years of age at enrollment (n=145), with-
drew consent (n=97), died before the 2w follow-up
(n=87), missed all four follow-up assessments (n=158),
or were never assigned to a battery group (n=1) (Fig. 2).

The study was approved by the Institutional Review
Board of each enrolling institution and was led by the
University of California, San Francisco. Participants or
their legally authorized representatives provided written
informed consent.

Description of the FAB

To accommodate participants enrolled in TRACK-TBI
across all levels of function, we designed the FAB to
include two batteries: the AAB for those who cannot
complete standardized neuropsychological assessment
because of disturbance in consciousness or confusion
and the CAB for those able to complete standardized neu-
ropsychological assessment.

The AAB and CAB components of the FAB include
different measures to address these differences in level
of function. The AAB incorporates two performance-
based standardized measures that quantitatively assess
level of consciousness and basic elements of cogni-
tion. The CAB is composed of performance-based tests
of cognition (i.e., attention, memory, information pro-
cessing speed, executive function), and patient-reported
assessment of mood (i.e., depression, anxiety, post-
traumatic stress), social participation, and subjective
well-being.

Details about administration and scoring of each mea-
sure are available by accessing the online TRACK-TBI
Standard Operating Procedure (SOP) Manual for Out-
come Assessment.!” A decision tree (Fig. 1) that relies
on cut-scores is used to assign participants to either
the AAB or CAB (see Supplementary Methods) and to

| 2697 U01 TBI Cohort |

145 Age<17 ]
v
| 2551 |
96 Withdrew Consent
87 Died ]
159 No FAB Data
v
| 2209 |

2w Assessment
1781 Followed (CAB)
316 Followed (AAB)
112 Not Followed

11 Withdrew
28 Died
v
3m Assessment
1745 Followed (CAB)
127 Followed (AAB)
298 Not Followed
17 Withdrew ¢
10 Died L
A
6m Assessment
1655 Followed (CAB)
83 Followed (AAB)
405 Not Followed
6 Withdrew ¢
9 Died L
\
12m Assessment
1545 Followed (CAB)
64 Followed (AAB)
519 Not Followed
FIG. 2. Participant flow diagram. Of 2551

adults with traumatic brain injury (TBI), 2209
(87%) were followed (i.e., completed at least
the Glasgow Outcome Scale Extended [GOSE])
at one or more time points. FAB, Flexible
Assessment Battery; CAB, Comprehensive
Assessment Battery; AAB, Abbreviated
Assessment Battery.

guide battery and test selection when follow-up assess-
ments are conducted. The decision tree also includes
skip and stop rules to improve battery efficiency and pro-
vides a systematic approach to transitioning from the
AAB to the CAB for participants who demonstrate
basic cognitive function.

The TRACK-TBI outcome examiners completed ex-
tensive in person and virtual training on administration
of each measure, as well as use of the decision tree.
After data collection, all data forms were curated by a
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central site, and queries were sent to individual sites to
complete missing data or reconcile data inconsistencies'®
(see Supplementary Methods for details). The GOSE
served as the primary outcome measure in TRACK-
TBI. For purposes of this study, we used the “GOSE-
TBI” scoring method, which reflects disability specifically
caused by the effects of the TBL."

Data analysis

FAB feasibility. In Aim 1, we calculated the proportion
of participants who were followed and received a valid
score on each CAB or AAB measure at the 2w, 3m,
6m, and 12m follow-up visits. Examiners applied Test
Completion Codes (TCC, see Supplementary Table S3),
adapted from a previous clinical trial,® to each measure
in the battery to indicate whether the measure was com-
pleted and valid, completed but invalid, attempted but not
completed, or not attempted. The TCCs specify the rea-
son(s) individual tests were not attempted or not com-
pleted according to standard procedures (i.e., invalid)
and enable analysis of data that are missing for non-
random reasons.®?'

We operationally defined participants as ‘‘followed”
when the primary outcome measure, the GOSE, was
attempted, regardless of whether it was completed. For
participants who died, a GOSE score of ‘‘1=Dead”
was assigned. At each time point, we divided the number
of participants who received a valid score on each mea-
sure by the number of participants who were followed
at that time point. For example, if the GOSE was
attempted by 2000 participants at the 2w visit and
1990 participants received a valid score in person or

by telephone, the proportion of valid test completions
would equal 99.5%.

Finally, we calculated the proportion of participants
who received valid scores on all FAB measures and the
proportion of measures that were assigned valid scores
at each time point. The formulas used to calculate these
metrics and additional analytic details are provided in
the Supplementary Methods. In Aim 2, we used the TCCs
to identify factors contributing to incomplete or invalid as-
sessments. For each measure, and each TCC, we calculated
the proportion of participants for whom the measure was ei-
ther attempted but not completed, or not attempted.

FAB utility. We investigated the utility of the FAB by
examining whether the FAB-enabled approach to out-
come assessment applied at 2w identifies subgroups of
participants with distinct GOSE outcomes at 6m and
12m that would not otherwise be detectable through tra-
ditional outcome assessment. To reflect the traditional
approach to assessment, we assigned participants to the
AAB or CAB groups based on ability to undergo stan-
dardized neuropsychological testing. Participants who
were too impaired for standardized testing based on re-
sults of the screening examination at 2w were assigned
to the AAB and the remainder to the CAB.

Employing the FAB-enabled assessment approach at
2w allowed us to test all traditionally ‘‘untestable’” par-
ticipants using either the Coma Recovery Scale-Revised
(CRS-R)?? or Confusion Assessment Protocol Cogni-
tive Impairment Subscale (CAP—Cog).23’24 The findings
from these measures provided diagnostic information, re-
vealing four subgroups with distinct levels of function
within the AAB group (Table 1).

Table 1. Description of Participants in the Traditional and Flexible Outcome Assessment Battery-Enabled

Qutcome Assessment Groups

Assessment
approach Group name Description
Traditional AAB Too impaired to undergo standardized neuropsychological testing and assigned to the AAB, based on
results of the screening examination
CAB Able to undergo standardized neuropsychological testing and assigned to the CAB, based on results of

the screening examination

Group name

Description

FAB-enabled ComaVSaagp

MCS-AAB

MCS+4aB
PTCSaaB

CAB

Unconscious (criteria for coma or vegetative state [VST?* met on CRS-R)

Conscious with no evidence of language function (criteria for minimally conscious state minus [MCS-]*!
met on CRS-R*%)

Conscious with evidence of language function (criteria for MCS plus [MCS+]*! met on the CRS-R)*

Conscious with evidence of language function but confused (criteria for post-traumatic confusional state
[PTCS] met on CAP-Cog)

Conscious, able to undergo standardized neuropsychological testing and assigned to the CAB, based on
results of the screening examination

AAB, Abbreviated Assessment Battery; CAB, Comprehensive Assessment Battery; VS, vegetative state; CRS-R, Coma Recovery Scale-Revised; MCS-
, minimally conscious state minus (MCS without evidence of language function); MCS+, minimally conscious state plus (MCS with evidence of language
function; FAB, Flexible Outcome Assessment Battery; PTCS, post-traumatic confusional state; CAP-Cog, Confusion Assessment Protocol-Cognitive

Impairment Subscale.
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Table 2. Comparison of Demographic and Acute Injury
Characteristics by Battery Assignment

All AAB CAB
participants  at 2w at 2w p
Subjects 2097 316 1781
Age
Mean (SD) 40.7 (17.4) 424 (17.7) 404 (17.4) 0.066
Sex
Male 1445 (69%) 247 (78%) 1198 (67%) <0.001
Female 652 31%) 69 (22%) 583 (33%)
Race
A - White 1625 (78%) 252 (81%) 1373 (77%) 0.846
B - Black 337 (16%) 43 (14%) 294 (17%)
C - Asian 72 (3%) 11 (4%) 61 (3%)
D - Native 7 (0%) 1 (0%) 6 (0%)
Hawaiian/Pac. Isl.
E - Alaska Native/ 2 (0%) 0 (0%) 2 (0%)
Inuit
F - Indian 5 (0%) 1 (0%) 4 (0%)
G - Mixed race 37 (2%) 5 2%) 32 (2%)
Unknown 12 3 9
Hispanic
No 1656 (79%) 242 (78%) 1414 (80%) 0.494
Yes 431 21%) 69 (22%) 362 (20%)
Unknown 10 5 5
Insurance
A - Insured 1306 (65%) 165 (58%) 1141 (66%) 0.048
B - Medicare/ 278 (14%) 46 (16%) 232 (13%)
Medicaid/
Other
C - Uninsured 433 21%) 72 (25%) 361 (21%)
Unknown 80 33 47
Living situation
A - Independent 1631 (80%) 218 (73%) 1413 (81%) 0.001
living
B - Living with 392 (19%) 73 24%) 319 (18%)
others
D - Homeless 6 (0%) 2 (1%) 4 (0%)
E - Other 15 (1%) 6 (2%) 9 (1%)
Unknown 53 17 36
Previous TBI history
0 - None 1545 (80%) 231 (87%) 1314 (78%) 0.004
1 - ED visit 241 (12%) 20 (8%) 221 (13%)
2 - Hospital stay 155 (8%) 14 (5%) 141 (8%)
Unknown 156 51 105
Drug history
A - No 1352 (68%) 168 (64%) 1184 (68%) 0.002
B - Yes, no trouble 552 (28%) 68 (26%) 484 (28%)
C - Yes, reported 97 (5%) 25 (10%) 72 (4%)
trouble
Unknown 96 55 41
Psychiatric history
A - No history 1368 (65%) 222 (70%) 1146 (64%) 0.042
B — Rec’d 368 (18%) 53 (17%) 315 (18%)
professional help
C - Used meds 291 (14%) 29 (9%) 262 (15%)
regularly
D - Hospitalized 68 (3%) 12 (4%) 56 (3%)
Unknown 2 0 2
Cause of injury
A - Road traffic 1204 (58%) 185 (59%) 1019 (57%) 0.737
B - Fall 551 26%) 77 (25%) 474 (27%)
C - Other accident 113 (5%) 15 (5%) 98 (6%)
D - Violence 144 (7%) 22 (7%) 122 (7%)
E - Other 78 (4%) 15 (5%) 63 (4%)
Unknown 7 2 5
GCS ED
Mean (SD) 13.1 (3.7) 6.9 (4.2) 142 23) <0.001
(continued)

Table 2. (Continued)

All AAB CAB
participants at 2w at 2w p

Severe (3-8) 272 (13%) 192 (65%) 80 (5%) <0.001
Moderate (9-12) 106 (5%) 52 (18%) 54 (3%)
Mild (13-15) 1671 (82%) 51 (17%) 1620 (92%)
Unknown 48 21 27

Initial CT
Negative 1066 (53%) 9 (3%) 1057 (61%) <0.001
Positive 954 (47%) 290 (97%) 664 (39%)
Unknown 77 17 60

ISS non-head/neck
Mean (SD) 6.0 (7.4) 8494 5.4 (6.7) <0.001
Unknown 471 5 466

Major extracranial inj.
No 1685 (80%) 203 (64%) 1482 (83%) <0.001
Yes 412 (20%) 113 (36%) 299 (17%)

Highest level of care
A -ED 453 (22%) 1 (0%) 452 (25%) <0.001
B - Ward 731 (35%) 5Q2%) 726 (41%)
C-ICU 913 (44%) 310 (98%) 603 (34%)

AAB, Abbreviated Assessment Battery; CAB, Comprehensive Assess-
ment Battery; w, week; SD, standard deviation; TBI, traumatic brain injury;
ED, Emergency Department; GCS, Glasgow Coma Scale; CT, computed
tomography; ISS, Injury Severity Score; ICU, intensive care unit.

We compared the median GOSE scores at 6m and 12m
between participants assigned to subgroups using the
FAB-enabled versus traditional approach to outcome as-
sessment at 2w. We used proportional odds logistic re-
gression to investigate the relationship between level of
function at 2w (as determined by the FAB) and GOSE
outcome at 6m and 12m.

Results

Participant characteristics

The sample included 2,209 participants: mean (standard
deviation [SD]) age 41.4 (17.6) years, predominantly
male (n=1445, 69%), and Caucasian (n=1625, 78%).
Of surviving participants, 72% and 64% were followed
at 6m and 12m, respectively. Outcome data at 2w were
available for 2097 of 2209 (95%) participants, of whom
most had a mild injury (n=1671, 82%), followed by se-
vere (n=272, 13%), moderate (n=106, 5%) and injury of
unknown severity (n=48, 2%). Outcome data were avail-
able for 1872 (84%) participants at 3m, 1738 (77%) at
6m, and 1609 (68%) at 12m. Demographic and acute in-
jury characteristics for the AAB and CAB cohorts at 2w
are compared in Table 2.

FAB Feasibility

Aggregate completion rates for the CAB and AAB at
each follow-up visit are presented in Table 3. Among par-
ticipants followed (i.e., GOSE attempted), 98-100% of
both cohorts (AAB and CAB) received a valid GOSE
score (primary outcome measure) across all time
points. Among the remaining self- or surrogate-reported
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Table 3. Rate of Valid Test Completion by Battery Table 4. Valid Completion Rates by Battery
and Outcome Domain among Participants Followed among Participants Followed
2w 3m 6m 12m Participants
CAB n=1780 n=1740 n=1650 n=1543 Measures with valid
with valid completion
Measures that can be administered in person or by telephone Battery Measures completion of full
Global outcome assigned assigned n Mean (%) battery n (%)
GOSE 100% 100% 100% 100%
E-DRS-PI 97% 98% 99% 98% 2w CAB 16 14.9 (93) 1076 (63)
TBI Symptoms AAB 3 2.7 (90) 207 (70)
RPQ 98% 98% 98% 98% 3m CAB 12 11.8 (98) 1598 (95)
PROMIS-PAIN 96% 97% 97% 97% AAB 2 1.94 (97) 116 (94)
1IN 97% 97% 97% 97% 6m CAB 16 15.0 (94) 1103 (69)
Participation and QOL AAB 3 2.3 (78) 29 (36)
QOLIBRI 97% 98% 98% 97% 12m CAB 16 14.7 (92) 930 (62)
MPAI4 97% 98% 98% 98% AAB 3 2.3 (77) 21 (34)
SWLS 96% 97% 97% 97%
SF-12 98% 98% 98% 98% w, week; m, month; CAB, Comprehensive Assessment Battery; AAB,
Psychological health Abbreviated Assessment Battery.
PCL-5 95% 97% 97% 97%
BSI-18 97% 98% 97% 97% . . .
PHQ-9 96% 97% 97% 979,  tion was longest for the CAB at the 2w time point
Measures that can be administered only in person (mean [SD]=90 [20] min), and for the AAB at 12m
Cognition .
WAISIV PST 83% — 83% 759, (mean [SD]=28 [15] min).
TMT 83% — 84% 75%
Eﬁ;’ %Zolbox 2%”} _ ESZZ ZZZZ Reasons for incomplete or invalid assessment
Logistical factors (TCC 3.6, Supplementary Table 3)
2w 3m 6m 12m — were the most common cause of failure to achieve
AAB n=314 n=131 n=86 n=64 . . . .
valid completion. This code was most often applied to
Measures that can be administered in person or by telephone erformance-based measures when the participant was
Global outcome p p p
GOSE 98% 98% 99% 100%  not available for in person assessment and when technical
E-DRS-PI 9% 6% 99% 100%  (e.g., setting up or running the NIH Toolbox) or schedul-
Measures that can be administered only in person .
Consciousness/Cognition ing problems occurred. Factors such as test refusal, med-
CRS-R/CAP-Cog 2% — 36% 34%  ical issues, and examiner error were recorded in less than

Percentages represent the proportion of participants followed who com-
pleted assigned measures in a valid manner at each time point.

w, week; m, month; CAB, Comprehensive Assessment Battery; AAB,
Abbreviated Assessment Battery; GOSE, Glasgow Outcome Scale
Extended; E-DRS-PI Expanded Disability Rating Scale Post-Acute Inter-
view; TBI, traumatic brain injury; RPQ, Rivermead Post-Concussion Ques-
tionnaire; PROMIS PAIN, Participant Reported Outcome Measurement
Information System Pain Intensity and Interference Instruments; ISI,
Insomnia Severity Index; QOLIBRI, Quality of Life After Brain Injury—
Overall Scale; MPAI4, Mayo-Portland Adaptability Inventory; SWLS, Sat-
isfaction With Life Scale; SF-12, Short Form 12; PCL-C, Post Traumatic
Stress Disorder Checklist; BSI-18, Brief Symptom Inventory 18; PHQ-9,
Participant Health Questionnaire- 9; WAIS-IV PSI, Wechsler Adult Intel-
ligence Scale Processing Speed Index; TMT, Trail Making Test; RVLT
Rey Auditory Verbal Learning Test II; NIH, National Institutes of Health;
CRS-R, Coma Recovery Scale- Revised; CAP-Cog, Confusion Assessment
Protocol-Cognitive Impairment Subscale.

measures, valid scores were obtained in person or by tele-
phone for at least 95% of participants at all time points.
Valid completion rates were generally lower for performance-
based measures requiring in person administration (CAB:
64-85%; AAB: 34-72%) and lowest for the NIH Toolbox
(CAB) and CRS-R/CAP-Cog (AAB).

Valid completion rates by battery among participants
followed are shown in Table 4. The proportion of partic-
ipants with valid completion on all measures ranged from
34% to 94% for the AAB and from 62% to 95% for the
CAB, depending on follow-up time point. Battery dura-

1% of participants per measure. The frequency with which
each TCC was recorded for each measure at each time
point is presented in Supplementary Tables S4-S7.

Because we were interested in determining whether in-
complete or invalid scores were attributable to the burden
of the test battery, rather than extraneous circumstances
concerning the participant, examiner, or site, we performed
a secondary analysis including all followed participants,
removing measures with TCCs indicating interference
from logistical issues. For each measure, we recalculated
the proportion of followed participants who received a
valid score. This increased valid completion rates for
all performance-based measures to 90% or above at all
time points, except for the NIH Toolbox at 2w (87%)
(Supplementary Table S8).

FAB utility
The proportion of participants in each of the eight GOSE
outcome categories using the traditional approach (un-
testable participants collapsed into one group) at 2w is
compared with the FAB-enabled approach (untestable
participants separated into four subgroups) in Figures 3
(6m) and 4 (12m).

While 44% of AAB participants deemed ‘‘untestable’
at 2w by the traditional approach fell in the Lower Mod-
erate Disability (LMD) category or better at 6m (Fig. 3,
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FIG. 3. Proportion of participants’ 6-month Glasgow Outcome Scale Extended (GOSE) scores by category

based on the traditional and Flexible Assessment Battery (FAB)-enabled approaches to assessment at two
weeks post-injury. The FAB-enabled approach to assessment generated four distinct subgroups with
marked differences in GOSE outcome at 6m. (A) When participants who were unable to be assessed using
standard neuropsychological testing were assigned to the Abbreviated Assessment Battery (AAB) at 2w and
combined into a single group (i.e., traditional approach), the median 6m GOSE score was 3 (Lower Severe
Disability), which is 4 points lower than the median score for participants assigned to the Comprehensive
Assessment Battery (CAB) group (7- Lower Good Recovery). (B) When AAB participants were classified by

evidence of language function).

N

level of function into four subgroups using the Coma Recovery Scale-Revised (CRS-R) and Confusion
Assessment Protocol (CAP-Cog) measures in the FAB, the median 6m GOSE score for the minimally
conscious state plus (MCS with evidence of language function (MCS+aag) and post-traumatic confusional
state (PTCSaag) subgroups was 2 points higher (5- Lower Moderate Disability) than the 6m GOSE score
estimated using the traditional approach (3- Lower Severe Disability). GR, good recovery; MD, moderate
disability; SD, severe disability; VS, vegetative state; MCS-, minimally conscious state minus (MCS without

J

Panel A), the FAB-enabled approach parsed the ‘‘untest-
able’’ group into four discrete subgroups showing mark-
edly different outcomes (Fig. 3, Panel B) at the same time
points. Among participants in the coma/VS g subgroup,
9% fell into the LMD category or better at 6m, compared
with 69% and 77% of those in the MCS+,,5 and
PTCSAap subgroups, respectively. At 12m, the findings
were similar (Fig. 4). Mean and median GOSE scores
for the four FAB-enabled subgroups and for the tradition-
ally assessed group are presented in Table 5. At 6m, me-
dian GOSE scores were 2 points higher for the MCS+ and
PTCS subgroups compared with median scores obtained
using the traditional approach.

Proportional odds logistic regression indicated that
when the FAB-enabled subgroups defined at 2w were

used to characterize outcome at 6m and 12m, GOSE
scores differed significantly among the four AAB sub-
groups (6bm p<0.001, 12m p<0.001). For example,
GOSE scores were significantly higher at 6m and 12m
for both the MCS+ and MCS- subgroups relative to the
coma/VS subgroup, and for the PTCS subgroup relative
to the MCS- subgroup (see Table 6 for odds ratios for
each between-group comparison).

Discussion

We followed a large cohort of TRACK-TBI study partic-
ipants with mild to severe TBI across the first year post-
injury using a novel multi-dimensional flexible outcome
assessment battery (““FAB”’) designed to accommodate
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FIG. 4. Proportion of participants’ 12-month Glasgow Outcome Scale Extended (GOSE) scores by category
based on the traditional and Flexible Assessment Battery (FAB)-enabled approaches to assessment at two
weeks post-injury. The FAB-enabled approach to assessment generated four distinct subgroups with
marked differences in GOSE outcome at 6m. (A) When participants who were unable to be assessed using
standard neuropsychological testing were assigned to the Abbreviated Assessment Battery (AAB) at 2w and
combined into a single group (i.e., traditional approach), the median 12m GOSE score was 4 (Upper Severe
Disability), which is 3 points lower than the median score for participants assigned to the Comprehensive
Assessment Battery (CAB) group at 2w (7- Lower Good Recovery). (B) When AAB participants were classified
by level of function at 2w into four subgroups using the Coma Recovery Scale-Revised (CRS-R) and
Confusion Assessment Protocol (CAP-Cog) measures in the FAB, the median 12m GOSE score was 1 point
higher for the minimally conscious state plus (MCS with evidence of language function (MCS+aap )
subgroup (5- Lower Moderate Disability) and 2 points higher for the post-traumatic confusional state
(PTCSaag) subgroup (6- Upper Moderate Disability) when compared with the 12m GOSE score estimated
using the traditional approach (4- Upper Severe Disability). GR, good recovery; MD, moderate disability; SD,
severe disability; VS, vegetative state.

Table 5. Comparison between 6- and 12-Month Glasgow Outcome Scale Extended Scores Obtained Using the Traditional
and Flexible Outcome Assessment Battery-Enabled Outcome Assessment Approach

6m GOSE score 12m GOSE score
Assessment Approach at 2w n Mean (SD) Median [IQR] N Mean (SD) Median [IQR]
Traditional approach AAB 184 4.0 (2.0) 3 [3,5] 157 4.1 (2.1) 4 [3,6]
FAB-enabled approach Coma/VSaag 42 2.5 (1.5) 3[1,3] 38 2.4 (1.8) 3[1,3]
MCS-aaB 71 3.8 (2.0) 3 [3,5] 60 3.8 (1.9) 3 [3,5]
MCS+aap 22 4.9 (2.0) 5[3.7] 21 5.0 (1.8) 5 [4,6]
PTCSaan 49 5214 5 [5,6] 38 5.8 (1.4) 6 [5,7]
CAB* 1199 7.1 (1.0) 7 [6,8] 1048 7.2 (1.1) 7 [7,8]

“Participants in the CAB were included in both the traditional and FAB-enabled approaches.

w, weeks; GOSE, Glasgow Outcome Scale Extended; SD, standard deviation; IQR, interquartile range; AAB, Abbreviated Assessment Battery; VS,
vegetative state; FAB, Flexible Outcome Assessment Battery; MCS-, minimally conscious state minus (MCS without evidence of language function);
MCS+, minimally conscious state plus (MCS with evidence of language function); PTCS, post-traumatic confusional state; CAB, Comprehensive Assess-
ment Battery.
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Table 6. Odds Ratios for Glasgow Ootcome Scale Extended
Outcome Scores at 6m and 12m across Groups Using

the Flexible Outcome Assessment Battery-Enabled
Outcome Assessment Approach

Group comparison OR 95% ClI p
6m All groups NA NA < 0.001

MCS-aaB 4.24 (1.98, 9.08) < 0.001
Coma/VSaas

MCS+aap 15.68 (5.64, 43.61) < 0.001
Coma/VSaap

PTCSaap 20.17 (8.44, 48.22) < 0.001
Coma/VSaagp

MCS+aap 3.70 (1.54, 8.90) 0.004
MCS-aaB

PTCSaaB 4.75 (2.38, 9.50) < 0.001
MCS-aaB

PTCSanB 1.29 (0.53, 3.14) 0.581
MCS+aap

12m AAB group NA NA < 0.001

MCS-aaB 4.81 (2.18, 10.65) < 0.001
Coma/VSaap

MCS+aap 18.56 (6.47, 53.19) < 0.001
Coma/VSaag

PTCSaaB 36.76 (14.03, 96.32) < 0.001
Coma/VSaag

MCS+ass 3.86 (1.56, 9.51) 0.003
MCS-aaB

PTCSaaB 7.64 (3.48, 16.78) < 0.001
MCS-aaB

PTCSsaB 1.98 (0.77, 5.11) 0.157
MCS+aas

OR, odds ratio; CI, confidence interval; m, month; NA, not applicable;
MCS-, minimally conscious state minus (MCS without evidence of lan-
guage function); AAB, Abbreviated Assessment Battery; VS, vegetative
state; PTCS, post-traumatic confusional state; MCS+, minimally conscious
state plus (MCS with evidence of language function).

participants across the full spectrum of injury severity.
Feasibility testing indicated that valid completion rates
were high for the battery overall. Although this finding
is generally consistent with previous literature,” rates
were highest for telephone-administered self-report mea-
sures and lowest for performance-based measures requir-
ing in person assessment. The CRS-R (AAB), CAP-Cog
(AAB), and NIH Toolbox (CAB) had the lowest valid
completion rates.

Valid completion rates were as low as 34% on some
measures at the 6m and 12m follow-ups among partici-
pants with the most severe disability. This is unsurprising
because patients with severe TBI often have significant
physical limitations, recurrent medical instability, and in-
sufficient insurance coverage for transportation. In line
with this observation, we found that logistical problems
(e.g., inability to return to the study site, scheduling prob-
lems, need for disability accommodations) accounted
for most failures to complete assigned measures in a
valid manner. Our protocol did not allow us to determine
which logistical reasons accounted for participant failure
to complete in person measures.

Among higher functioning participants assigned to
the CAB, challenges to valid test completion most
often arose from technical difficulties encountered during

in person test administration. Poor internet connectiv-
ity, equipment breakdown, and challenges operating the
mouse among older age participants complicated valid
completion of the NIH Toolbox. These findings highlight
the pressing need, exacerbated further by the COVID-19
pandemic, for validated measures of consciousness and
cognition that can be administered remotely. The Brief
Test of Adult Cognition by Telephone, a standardized
cognitive test battery, addresses this need and has been
validated against traditional paper-and-pencil tests in
TRACK-TBL.* The TRACK-TBI investigators are also
currently conducting validation studies on telephone-
based versions of the CRS-R and CAP-Cog.

To establish the utility of the FAB, we investigated
whether the FAB-enabled approach to outcome assessment
could identify subgroups of participants at 2w with distinct
GOSE outcomes at 6m and 12m that would not otherwise
be detected using the traditional assessment approach. The
FAB-enabled approach allowed us to parse participants
lumped together as ‘“‘untestable’ by the traditional ap-
proach into four distinct subgroups characterized by dis-
cernibly different levels of function. The median GOSE
score at 6m and 12m was as much as two categories higher
in some cases when the FAB-enabled approach was com-
pared with the traditional approach.

Consistent with previous evidence showing that level
of consciousness is predictive of outcome,**?” we also
found that the odds of being in a higher GOSE category
at 6m and 12m increased as level of consciousness at
2w, as measured by the FAB, increased. These findings
suggest that the FAB may unmask meaningful differ-
ences in outcome that would otherwise be overlooked
by collapsing ‘“‘untestable” participants into a single group
and support previous studies suggesting that broad out-
come categories decrease the precision of outcome
assessment.”' " The FAB-enabled approach to out-
come assessment offers investigators a methodology to
systematically assess research participants across the
full range of TBI severity, accommodate changes in
function over time, and avoid underestimation of out-
come in clinical trials.

This study has some limitations. While our overall
follow-up rates of 72% and 64% at 6m and 12m, respec-
tively, are lower than the 80-90% follow-up rates
reported in some previous multi-center TBI studies,”> "%
this may reflect differences in eligibility criteria and how
“follow-up’’ was defined. We did not systematically col-
lect data on the reasons why participants did not attend
follow-up visits, in part because many participants were
not reachable after hospital discharge. Thus, we do not
know whether the content or duration of the FAB con-
tributed to missed follow-ups. Our interest was primarily
in assessing how well participants tolerated the FAB,
which required their presence during phone-based or in-
person study visits.
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The TCCs provided detailed information about factors
contributing to incomplete and confounded assessment in
participants who were followed. It should be noted that
the TCCs used here, and in previous studies,’+10-20:23:33.34
have not been psychometrically validated. In addition, al-
though TRACK-TBI enrolled 314 participants with se-
vere injury, findings may differ in a larger sample.

Our results lay the groundwork for use of a flexible
outcome battery in TBI clinical trials and provide oppor-
tunity for future studies to extend and validate the find-
ings. The difference in GOSE scores observed between
the MCS+ and MCS- subgroups suggests the need for
TBI outcome measures with an extended floor. Previous
studies support the premise that inclusion of these sub-
groups can effectively extend the floor of existing global
outcome measures' 26333

Future research should also consider alternate approaches
to data analysis, including item response theory,”® which
can account for differences in baseline level of function.
This approach would enable integration of data from the
AAB and CAB into the same outcome model.

Conclusions

We developed and deployed a flexible outcome assess-
ment battery (i.e., “‘FAB”’) that enables standardized lon-
gitudinal assessment of research participants with very
mild to very severe TBI. Use of a FAB is in keeping
with a broader movement in neuropsychological assess-
ment across other neurological disease states, as well.
Although the FAB was well-tolerated, logistical prob-
lems were a common cause of failure to achieve valid
completion. Our utility analysis demonstrated that the
FAB can identify subgroups of participants traditionally
considered ‘‘untestable” because of severe cognitive im-
pairment who have distinct outcomes at 6m and 12m
post-injury. These findings suggest that the FAB can mit-
igate challenges to outcome assessment associated with
TBI heterogeneity and may avoid underestimation of out-
come in clinical trials.
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