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Diagnosing the GOSE:
Structural and Psychometric Properties Using Item
Response Theory, a TRACK-TBI Pilot Study

Jana Ranson,' Brooke E. Magnus? Nancy Temkin? Sureyya Dikmen,* Joseph T. Giacino,
David O. Okonkwo? Alex B. Valadka,” Geoffrey T. Manley? Lindsay D. Nelson?®
and the TRACK-TBI Investigators”

Abstract

The Glasgow Outcome Scale—Extended (GOSE) was designed to assess global outcome after traumatic brain injury (TBI).
Since its introduction, several empirically founded criticisms of the GOSE have been raised, including poor reliability; an
insensitivity to small, but potentially meaningful, changes; a tendency to produce ceiling effects; inconsistent associations
with neurocognitive, psychological, and quality-of-life measures; and an inability to assess the multi-dimensional nature
of TBI outcome. The current project took a diagnostic approach to identifying the underlying causes of reported limi-
tations by exploring the internal construct validity of the GOSE at 3 and 6 months post-injury using item response theory
(IRT) techniques. Data were from the TRACK-TBI Pilot Study, a large (N=586), prospective, multi-site project that
included TBI cases of all injury severity levels. To assess the level of latent functional ‘“‘impairment” captured by GOSE
items independent of the assigned outcome category or GOSE total score, items were modified so that higher scores
reflected greater impairment. Results showed that although the GOSE’s items capture varying levels of impairment across
a broad disability spectrum at 3 and 6 months, there was also evidence at each time point of item redundancy (multiple
items capturing similar levels of impairment), item deficiency (lack of items capturing lower levels of impairment), and
item inefficiency (items only capturing minimal impairment information). The findings illustrate the value of IRT to
illuminate strengths and weaknesses of clinical outcome assessment measures and provide a framework for future measure
refinement.

Keywords: Glasgow Outcome Scale-Extended; item response theory; outcome assessment; psychometrics; traumatic brain
injury

Introduction

THE GLASGOW OUTCOME SCALE-EXTENDED (GOSE)! and its
predecessor, the Glasgow Outcome Scale (GOS),” are the
most commonly used measures of global outcome after traumatic
brain injury (TBI)? and were selected as ““core’ data elements for
TBI research per the National Institute of Neurological Disorders
and Stroke—sponsored Common Data Elements Workgroup.* The

GOSE has been the primary outcome measure used in TBI studies
aimed at U.S. Food and Drug Administration (FDA) registration
and is currently the only outcome measure that has been accepted
by the FDA for use in TBI research supporting New Drug Appli-
cation approvals.” In light of the failure of past clinical trials of
acute TBI treatment, however, the possible limitations in the GO-
SE’s fitness as an outcome measure has recently been questioned.>”’
This study used item response theory (IRT) analyses to take a
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diagnostic approach to exploring the strengths and weaknesses of
the GOSE for sensitively measuring a wide spectrum of TBI-
related disability.

The GOS was designed to address a need for a simple and
standardized system for ordering patients into distinct outcome
categories, with an early focus on patients who had experienced
coma.' The original GOS used patient, family, or clinician re-
sponses to place patients into one of five broad categories: death,
vegetative state, severe disability, moderate disability, or good
outcome.? Early administration instructions were not standardized,
and the criteria used to order patients into the upper three categories
were rationally derived. In essence, patients who were dependent in
self-care or unable to work (if they were working pre-injury) were
classified as having severe disability. Patients who could care for
themselves, but could not fully participate in pre-injury work or
social activities, were classified as moderately disabled. Individuals
who could perform all pre-injury work and social activities with
minimal or no physical or mental deficits were labeled as demon-
strating good recovery.

Recognizing that the limited number of GOS categories made it
difficult to detect group differences or observe changes in recovery
status, the measure was revised as the GOSE, with the upper three
categories of the GOS divided into two levels each (‘“‘upper’” and
“lower”").! Thus, the GOSE is now scored on an 8-point ordinal
scale where 1=death, 2=vegetative state, and 3-8 represent dif-
fering levels applicable to awake and responsive patients from lower
severe disability to upper good recovery (see Nelson and colleagues®
for a description of how these outcome levels are defined).

The GOS/GOSE initially had no standardized administration or
scoring instructions, which may have contributed to variable inter-
rater reliability estimates.®™'? Reliability improved somewhat with
the introduction of a standardized interview format,g‘m’16 although
there is currently no universally accepted administration procedure.
In the structured interview evaluated in this study, examinees are
asked a series of questions about patients’ abilities and participation
with respect to basic and instrumental activities of daily living and
social functioning (see Table 1 for the questions and their rela-
tionship to GOSE scores). Any report of dependence or decline in
functioning is associated with a potential score on the GOSE scale
(3-8 for individuals who are living and not in a vegetative state, the
focus of this study), and the lowest of all domain scores becomes
the overall GOSE score.>"'%!”

Advantages of the GOSE include its emphasis on functioning in
daily life, presumably of high relevance to patients and their fam-
ilies, as well as the relatively simple hierarchical structure, which
has been regarded as straightforward to interpret, easy to use, and
adaptable to TBI and other injury groups.'*'>'®2° The GOSE can
also be administered through multiple assessment modalities (e.g.,
in-person, phone, or mail)""*""*>—factors that may explain why
follow-up rates on the GOSE are higher than those of neurocog-
nitive and other TBI outcome assessments.?>**

Yet the GOSE also has a number of important shortcomings. For
example, rater misclassification of patients persists, and the lack of
a gold-standard method for administering the measure can preclude
comparisons across or combining of samples.®'0-1%16:21.25-31
Ceiling effects have been suspected, if not demonstrate even
for the more fine-grained revised version (GOSE).!'¢!7 Further,
the quasi-ordinal nature of GOSE outcome data makes the use of
traditional statistical analyses based on interval variables inappro-
priate. Consequently, the measure is often dichotomized into ‘‘fa-
vorable” (e.g., GOSE scores 7-8 in many mild TBI studies) versus
“unfavorable” outcome (GOSE scores <6), a procedure with po-

32-36
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tential drawbacks such as reduced variability, insufficient qualita-
tive differences between categories straddling the cut point, and
loss of statistical power.>” Additionally, the cut point at which the
GOSE is typically dichotomized for clinical trials may not be op-
timal, given our recent demonstration of elevated rates of residual
symptoms and impairments in patients generally classified as
achieving “good” (GOSE 7) recovery.®

Given these issues, summarizing global outcome after TBI as
one of eight broadly defined categories may not align with the
field’s push toward precision medicine, for which it is essential to
utilize measures that accurately differentiate between individuals
for both accurate prognoses and personalized care.

Objective and aims of the current project

Given the widespread use and reliance by TBI researchers and
clinicians on the GOSE, understanding the instrument’s structural
and operational fitness is paramount to ensuring the valid assess-
ment of patient outcomes in clinical trials. The current project took
a diagnostic approach to identifying the underlying causes of re-
ported limitations by exploring the internal construct validity of the
GOSE using item response theory (IRT). IRT is a modeling tech-
nique routinely used to develop education- and health-related
clinical assessment measures,’® including the Patient Reported
Outcomes Measurement Information System (PROMIS)* and the
National Institutes of Health (NIH) Toolbox.*® IRT provides tools
to characterize the relationship between item responses and levels
of an underlying dimensional construct (e.g., TBI-related func-
tional impairment) and, in turn, can provide clues for how to im-
prove existing health-related outcome measures.>®

A previous study applying a Rasch (one-parameter IRT) model
to GOSE data collected from patients with remote mild-to-moderate
TBIs suggested that the GOSE does not precisely measure the effect
of injury on day-to-day activities and participation in this popula-
tion.*' However, this study had a small sample size for analyses of
this nature (N=89), studied patients much farther out from injury
than is typical for clinical trials end points (mean [M]=2.7 years),
and did not consider a broader array of IRT models. In particular,
whereas one-parameter models only quantify item difficulty (e.g.,
level of severity of TBI-related disability needed to expect an item to
be endorsed), two-parameter models additionally allow items to vary
in the degree to which they differentiate (discriminate) between
patients differing in disability at the item’s severity level. Figure 1
provides an example of items with different difficulty and discrim-
ination parameters. The three items represented with solid lines have
varying difficulty parameters, but the same discrimination parame-
ter; the item represented by the dashed line is less discriminating.

Using data from the multi-center Transforming Research and
Clinical Knowledge in Traumatic Brain Injury (TRACK-TBI) Pilot
Study, we aimed to use IRT to: 1) characterize the degree to which the
items of the GOSE are sensitive to different levels of TBI-related
disability across the disability continuum at 3 and 6 months post-
injury, and 2) inspect the overlap between GOSE total scores at 3 and 6
months and IRT-assessed latent impairment scores to reveal the degree
to which the current GOSE scoring system agrees with the placement
of individuals along the latent continuum of functional impairment.

Methods

Study population

Data for the present study were from the TRACK-TBI Pilot Study
database (N=>586). Because of our interest in the performance of the
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Probability of Item Endorsement
(%]

-2 -1 0 1 2

Severity on Hypothetical Latent Construct

FIG. 1. Item response functions (IRFs) from a two-parameter
item response theory (2PL-IRT) model, using four hypothetical
dichotomous items within a hypothetical test. This model allows
one to characterize items both in term of their “‘difficulty”” and
““discrimination.”” Difficulty reflects the level of the latent con-
struct (i.e., the point along the x-axis) at which participants have a
50% chance of endorsing an item. For example, among the three
items depicted by solid lines, a lower level of the latent construct
is required to endorse the lighter colored (leftmost) line, where a
higher level of the construct is needed to endorse the solid black
line. Discrimination reflects the slope of the line at the difficulty
level of the item, where steeper slopes translate to being able to
estimate individuals along the latent continuum with more preci-
sion (lower standard errors). In other words, items with high
discrimination (solid lines) yield more ‘‘information” (i.e., more
precise estimates) of individuals’ scores on the latent construct of
interest than items with lower discrimination (dashed line). For the
goal of measuring TBI-related functional limitations along a wide
spectrum of severity, a desirable test would contain items high in
discrimination that span a wide range of difficulty (severity)
levels. TBI, traumatic brain injury.

GOSE as a measure of TBI-related disability and because the
proposed analyses require item-level data about daily functioning,
participants who were dead or living in a vegetative state were
excluded. Further, as described under Statistical analysis, we
excluded individuals who were not working pre-injury from the
analyses. Overall, 432 participants met inclusion criteria, 384
with 3-month and 348 with 6-month outcome data. The extracted
sample ranged in age from 16 to 94 years (M =43.3; standard
deviation [SD]=18.5) and were predominantly male (70.4%),
Caucasian (80.7%; black=7.4%; other=11.9%), and educated
(57.4% completed high school; 32.5% attended at least some
college).

A summary of the demographic and injury characteristics of the
full TRACK-TBI Pilot study sample and the sample used in ana-
lyses can be found in Table 2. Comparisons of subsamples included
versus not included analyses at 3 and 6 months were not statisti-
cally significantly different in sex, race, Injury Severity Score,*>** or
TBI severity (Glasgow Coma Scale* score group; presence vs.
absence of computed tomography [CT] abnormalities at admis-
sion). Compared to the sample not included in analyses, the sample
included in analyses was somewhat younger (age difference, M =4
years at both 3 and 6 months; ps <0.011) and more educated (23.0%
vs. 33.6% college educated at 3 months and 24.7% vs. 33.6% at
6 months; ps <0.007).

RANSON ET AL.

Glasgow Outcome Scale—Extended

The GOSE' is scored on an 8-point ordinal scale ranging from
Death (1) to Upper Good Recovery (8), although only patients who
could achieve a score of 3-8 were relevant to this study. Table 1
lists the structured interview questions used in this study and how
item responses can affect GOSE total scores. The GOSE is scored
such that any report of injury-related functional limitations is as-
sociated with a level of disability (i.e., potential GOSE score), and
the lowest score across the item responses is used as the overall
GOSE score. The relative effects of TBI versus peripheral injuries
on changes in functioning were not discerned in this study. The
GOSE has been found to have excellent test-retest reliability
(Kw=0.92) across structured interview formats (in-person vs.
telephone) and good inter-rater reliability when ratings are made by
psychologists and nurses (K =0.84).%'

Procedures

TRACK-TBI pilot study patient recruitment and eligibili-
ty. Patients with TBI were recruited acutely from three U.S. acute
care centers: San Francisco General Hospital, University of Pitts-
burgh Medical Center, and University Medical Center Brack-
enridge in Austin, Texas, as well as a single rehabilitation center
located at the Mount Sinai Rehabilitation Center (MSRC) in New
York City (this latter cohort is not reported on here).'* Patient
eligibility included English-speaking, presentation at a participat-
ing site with an external force head trauma, and a clinically ordered
CT scan completed within 24h of injury. Exclusion criteria in-
cluded pregnancy, incarceration, comorbid life-threatening disease,
and active psychiatric hold. Representative institutional review
boards for each site approved the study, and written informed
consent was obtained from all participants or their legally autho-
rized representatives. For details about the TRACK-TBI Pilot
Study population and recruitment conditions, see McMahon and
colleagues® and Yue and colleagues.*

QOutcome assessment schedule and study sample selec-
tion criteria. The structured interview form of the GOSE was
administered by telephone at the 3-month time and in-person at the
6-month time point.

Overview of item response theory modeling

Using IRT, one posits that a cohesive dimension or construct
(e.g., TBI-related disability) exists that is reflected by responses to a
set of items. In modeling that latent dimension, one can then esti-
mate parameters that quantify the type and strength of relationship
between item responses and individuals’ levels on the dimension.
In the two-parameter IRT model discussed here, item performance
is quantified through two metrics (depicted in Fig. 1). Item difficulty
(ak.a., severity, denoted b) refers to the level of severity (i.e.,
disability, denoted theta, 0) at which a patient has a 50% chance of
endorsing an item (in the case of binary items).

In measuring TBI-related disability, for example, one would
expect that items about limitations in self-care and social func-
tioning would have different difficulty/severity levels, where a

“Data from MSRC were not included because of important differences
in data collection procedures at this versus the acute care centers. For
example, MSRC participants completed follow-up visits anchored to the
date of rehabilitation admissions instead of injury date, making combining
their GOSE data with those reported here problematic.
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TABLE 2. DEMOGRAPHIC AND INJURY CHARACTERISTICS OF THE TRACK-TBI SAMPLE AND CASES INCLUDED
IN 3- AND 6-MONTH ANALYSES
Full sample 3 months 6 months
N=586 N=384 N=348
Demographics M (SD) M (SD) M (SD)
Age (years) 43.3 (18.5) 41.9 (18.1) 41.8 (17.7)
n (%) n (%) n (%)
Sex
Male 419 (71.5%) 273 (71.1%) 246 (70.7%)
Race
White 471 (81.2%) 307 (80.4%) 279 (80.6%)
Black 46 (7.9%) 28 (7.3%) 41 (11.8%)
Other 63 (10.9%) 47 (12.3%) 26 (7.5%)
Education
Below high school 68 (12.3%) 34 (9.1%) 31 (9.2%)

High school graduate 320 (57.7%)

213 (57.3%) 191 (57.1%)

College 167 (30.1%) 125 (33.6%) 113 (33.6%)
Injury characteristics M (SD) M (SD) M (SD)
Injury Severity Score® 11.8 (11.4) 11.6 (11.3) 12.1 (11.8)

n (%) n (%) n (%)
Cause of injury

Motor vehicle accident 137 (23.4%) 98 (25.5%) 90 (25.9%)

Pedestrian 65 (11.1%) 48 (12.5%) 42 (12.1%)

Fall 268 (45.7%) 173 (45.1%) 155 (44.5%)

Assault 94 (16.0%) 51 (13.3%) 49 (14.1%)

Other 22 (3.8%) 14 (3.6%) 12 (3.4%)
Loss of consciousness

No 130 (22.5%) 86 (22.5%) 69 (19.9%)

Yes (witnessed/suspected) 403 (69.6%) 268 (70.2%) 250 (72.3%)

Unknown 46 (7.9%) 28 (7.3%) 27 (7.8%)
Post-traumatic amnesia

No 170 (29.4%) 109 (28.5%) 93 (26.9%)

Yes (witnessed/suspected) 334 (57.7%) 238 (62.3%) 214 (61.8%)

Unknown 75 (13.0%) 35 (9.2%) 39 (11.3%)

Positive head CT at admission
Abbreviated Injury Scale Score®
Head and neck >3

259 (44.2%)

302 (51.5%)

Polytrauma >3 90 (15.4%)
Glasgow Coma Scale®

Severe (3-8) 70 (12.0%)

Moderate (9-12) 31 (5.3%)

Mild (13-15) 480 (82.6%)

163 (42.4%) 154 (44.5%)

196 (51.0%) 183 (52.6%)

59 (15.4%) 53 (15.2%)
39 (10.2%) 42 (12.1%)
20 (5.2%) 17 (4.9%)

323 (84.6%) 287 (82.9%)

“The Injury Severity Score (ISS; range 1 to 75) is computed as the sum of the squares of the highest Abbreviated Injury Scale (AIS) score from the

three most severely injured body regions.**

"The AIS allows for ratings of tissue damage on a 6-point ordinal scale (from 1=minor to 6=virtually unsurvivable) separately by body regions,
including the head or neck, face, extremities or pelvic girdle, chest/thorax, abdomen, and external regions. We defined the maximum polytrauma AIS

score using ratings from all body regions except for the head/neck and face.

42,43

“The Glasgow Coma Scale score provides a crude index of level of consciousness, with possible scores ranging from 3 to 15.*

CT, computed tomography; M, mean; SD, standard deviation.

relatively high level of disability is needed to show impairment in
basic self-care abilities, whereas impairments in complex activities,
such as social functioning, might occur with lower levels of dis-
ability. The second item parameter, discrimination (denoted a),
reflects how strongly an item is related to the latent dimension (akin
to and sometimes equivalent to a loading in factor analysis). Items
with higher discrimination provide more information about where
individuals fall around their level of disability, which corresponds

to being able to estimate individuals’ levels on the latent dimension
more precisely (i.e., with smaller standard errors).

For any pattern of item responses, severity and discrimination
parameters can then be used to compute an IRT score that repre-
sents an individual’s estimated location on the continuum of the
latent trait that have, in some contexts, been shown to yield more
efficient and sensitive measurement of group differences and
change over time than classic approaches to scoring a measure
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based on classical test theory (CTT).3¥*7*8 [RT-based scores have
a number of potential advantages over CTT-based scoring ap-
proaches, which have been described elsewhere.®

Researchers conducting IRT analyses are typically interested in
using graphical methods to interpret item and test properties. Such
graphics include the item response function, which traces the
probability of endorsing an item across the latent variable contin-
uum, and the item information function, which shows the precision
with which the item captures someone’s location on latent variable
continuum. Item information is often used as an index of an item’s
ability to differentiate between individuals with different latent trait
scores. When graphed as an item information curve (IIC), the point
along the x-axis (6) at which information is highest reflects item
severity (b), and the height of the IIC is a function of item dis-
crimination (a). In addition to evaluating item-level characteristics,
one can evaluate the ability of a test as a whole to yield precise
estimates of 0 across the continuum of disability by summing all
item information functions at each value of 0 to yield the test’s
total information (I) function. The inverse of test information in
IRT is somewhat analogous to the standard error of measurement
(SEM) in CTT; however, unlike the SEM in CTT, IRT test in-
formation exhibits a different value depending on the respon-
dent’s location on the latent variable continuum (see p. 3 of an
earlier work by Weiss).*’

Glasgow Outcome Scale—Extended item
reorganization and modifications

Table 1 summarizes how we coded item responses to the
structured interview'® for IRT analysis (highly similar to the ap-
proach taken by Hong and colleagues*"). First, item 1 (ability to
obey commands) was not included in the analyses given that it was
a constant in this sample. Second, items concerning pre-injury
status (not depicted in Table 1) were excluded, because these
items were intended to facilitate ratings that reflect post-injury
function relative to pre-injury function, but should not otherwise
inform current function (see p. 576 of Wilson and colleagues).'®
Third, the rating scales of all items were scaled such that en-
dorsement or higher scores reflected greater functional limitations
(i.e., less independence, reduced work capacity, etc.). Fourth, for
domains in which endorsement of the first item (2a, 5a, 6a, and 7a)
requires response to a subsequent item concerning the extent of
impairment (2b, 5b, 6b, and 7b), “‘a’’ items were merged with *‘b”’
items to form combined 3-point (0, 1, and 2) or 4-point (0, 1, 2,
and 3) ordinal items. The three new items retained the ‘b’ des-
ignation whereas the “‘a” items were dropped from the models.
However, the effect of low endorsement rates (<10%) on the In-
dependence in the Home item (2b) and high correlations (r=0.86
at 3 months; r=0.92 at 6 months) between the two Independence
Outside the Home items (3a, 4a) produced perfectly discrimi-
nating (Guttman-type) items with slopes >5, requiring further
item modification.”®

We then combined items 3a and 4a into a single dichotomous
item where only cases endorsing both items in the pair were coded 1
(impairment) and cases endorsing neither or one of the items in the
pair were coded O (none or some impairment). However, item 2
and item 3/4 remained highly correlated and, when introduced
within the same IRT model, continued to yield discrimination
values >5. Because combining these items did not remedy this
issue, we primarily report the findings excluding item 2 from the
model, but describe how item 2 performed in supplemental ana-
lyses in the prose.

RANSON ET AL.

Statistical analysis

ltem response theory assumptions and model appropriate-
ness. Most IRT analyses assume unidimensionality (i.e., that
items measure a single underlying latent trait), monotonicity (that
items either are all positively or all negatively related to the total
score), and local independence (that only the latent trait influence
item endorsement).’' These assumptions were tested using the 3-
and 6-month samples. There is not a universally accepted approach
to determining that data are sufficiently unidimensional to perform
IRT analyses. Following common recommendations, we primarily
tested this by evaluating the fit of a one-factor confirmatory factor
analysis (CFA) model.

We report the findings using robust unweighted least squares
(ULSMYV) estimation because of the high degree of skew (and
therefore likely multi-variate non-normality of the data) and based
on a published simulation study finding ULSMYV to perform better
than maximum likelihood estimation with data similar in form to
the GOSE.>? A disadvantage of estimation methods for categorical
data is that, unlike full information maximum likelihood estimation
procedures, they are not robust to data that are missing at random
(MAR). To avoid knowingly submitting data to the model that were
MAR, we opted to only analyze data for individuals who were
working pre-injury (i.e., we excluded cases that had missingness on
item 5 because of the question being irrelevant). This necessarily
limits the applicability of the reported results to such individuals.

Common recommendations to consider a CFA model to fit well
are root mean square error of approximation (RMSEA) <0.05 or
<0.06 (although <0.08 has been described as fair) and comparative
fit index (CFI)/Tucker Lewis index (TLI) >0.95 (but acceptable if
>0.90).5>* However, these cutoffs are based on work done with
interval-level data and maximum likelihood estimation, and there
are no well-established cutoffs at this time for categorical data and
associated estimation approaches. Because it was our goal to use
IRT analyses to provide diagnostic clues about areas for improve-
ment of the GOSE and because of uncertainty in the appropriateness
of these cutoffs for our data, we deemed it acceptable to apply these
decision rules rather loosely so long as the data appeared reasonably
unidimensional. Second, we also evaluated internal consistency
reliability of the item set at both 3 and 6 months. Total omega (with
bias-corrected and accelerated confidence intervals) was selected
over coefficient alpha because of its less-restrictive assumptions
(as recommended by Dunn and colleagues®>). We considered 0.70
as an accepted minimum level of internal consistency reliability.>®

Point-biserial correlations between GOSE total scores and di-
chotomized (endorsed/not endorsed) items> (range r=—0.31 to
—0.77) indicated that, at both time points, the six items were rea-
sonably monotonic. IRT models were then fit at both time points to
assess local dependence. All local dependence y> values at 3
months were below the lower (optimal) threshold of |5|,59

For the IRT analyses, we selected a two-parameter/graded re-
sponse (2PL/GR) hybrid model over a one-parameter (1PL)
equivalent of this model (1PL/partial credit hybrid model).
Whereas “‘two parameters’ reflects the separate estimation of
difficulty and discrimination parameters for each item, the term
“2PL” is typically reserved for two-parameter models fit with di-
chotomous items, whereas the GR model represents an extension of
the two-parameter model that uses polytomous items. An advan-
tage of IRT is its flexibility in placing items with different numbers
of response options onto the same (theta) scale. Our selection of the
2PL/GR model was based on an a priori preference to allow items
to vary in discrimination, a decision that was supported statistically
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TABLE 3. RESULTS SUMMARIES FOR 1-FACTOR CFAS AND UNIDIMENSIONAL IRT MODELS AT 3 AND 6 MONTHS
3 months (n =384) 6 months (n=348)
3ada 5b 6b 7b 8a 3ada 5b 6b 7b 8a
Item type 2PL GR GR GR 2PL 2PL GR GR GR 2PL
Scale 2-pt 3-pt 4-pt 4-pt 2-pt 2-pt 3-pt 4-pt 4-pt 2-pt
1-Factor CFA
Standardized Loadings 0.82 0.83 0.95 0.52 0.76 0.75 0.84 0.95 0.43 0.83
Model fit 15)=13.16, p=0.022 75)=15.88, p=0.007
RMSEA 0.065 (95% CI=0.024-0.109) 0.079 (95% CI=0.037-0.124)
CFI 0.983 0.967
TLI 0.967 0.933
Omega reliability 0.79 (95% CI1=0.75-0.83) 0.79 (95% CI1=0.75-0.82)
Unidimensional 2PL/GR IRT
Discrimination (a) 3.03 2.43 491 1.19 2.02 3.20 2.44 4.11 1.04 4.00
Severity 1 (b;) 1.73 0.74 0.47 1.28 -0.36 2.12 0.87 0.70 1.08 -0.30
Severity 2 (by) — 1.39 0.87 2.00 — — 1.51 1.02 1.91 —
Severity 3 (b3) — — 1.52 3.08 — — — 1.55 3.22 —

2PL/GR IRT, two-parameter (1PL) logistic/graded response (GR) item response theory model; CFA, confirmatory factor analysis; CFI, comparative fit index;
CI, confidence interval; IRT, item response theory; RMSEA, root mean square error of approximation; TLI, Tucker Lewis index.

by our finding that the 2PL/GR model fit better (by likelihood ratio
test) than a model where discrimination parameters were fixed
across items.>" In particular, significant likelihood ratio tests per-
formed at 3 months (y°4;=125.11; p<0.001) and 6 months
( 12[4] =101.05; p<0.001) indicated that one or more items differed
in discrimination from each other at each time point.>

Finally, patient-level IRT scores (response pattern-based ex-
pected a priori scores)®® were computed from the final 3- and 6-
month IRT models for correlation with GOSE overall scores. For a
handful of cases (11 at 3 months, 4 at 6 months), our strategy for
recoding items 3 and 4 (i.e., coding endorsement of only one of
these two items to reflect lack of impairment in Independence
Outside the Home), while necessary to fit an acceptable IRT model,
carried the potential to underestimate the relationship between
traditional and IRT-based GOSE scores for non-substantive rea-
sons. These cases are denoted with separate markers (squares) in
Figure 3A and were not used to compute correlations.

Data analysis software. Preparatory descriptive and infer-
ential analyses were run using SPSS software (v24; SPSS, Inc.,
Chicago, IL).*" The CFAs were performed using Mplus (version 7.4;
Muthén & Muthén, Los Angeles, CA),** with omega reliability an-
alyses performed in R®® using the MBESS package (R Foundation
for Statistical Computing, Vienna, Austria).>> All IRT analyses were
run using IRTPRO (v4.2; Scientific Software International, Inc.,
Lincolnwood, IL).64 For all analyses, alpha was set at 0.05, unless
otherwise noted.

Results

Confirmatory factor analyses

Table 3 summarizes the model fit information and item param-
eter estimates of the 3- and 6-month one-factor CFAs. Fit statistics

*'Because the 2PL model and the model in which item discrimination
values are constrained are nested, a significant y°A in —2*loglikelihood
(constrained model — 2PL/GR) is considered evidence that variation
among the discrimination parameters is substantive and thus the 2PL/GR
model has the better statistical fit.

were sufficiently acceptable to warrant proceeding with IRT ana-
lyses, but were not universally supportive of strong unidimen-
sionality. In particular, CFI and TLI were acceptable to good for 3
and 6 months (range, 0.933-0.983). RMSEA was within an ac-
ceptable (<0.08), but not good (<0.05), range (0.065 at 3 months;
0.079 at 6 months) at both time points. Factor loadings were sat-
isfactory across all items, ranging from 0.52 to 0.95 at 3 months and
from 0.43 to 0.95 at 6 months. Omega reliability (0.79 at both time
points) was above the minimal acceptable threshold of 0.70.

Item response theory analyses: Sensitivity of Glasgow
Outcome Scale—Extended items to traumatic brain
injury—related disability

Item severity (difficulty; b) and discrimination (a) estimates are
listed in Table 3. Severity estimates were mostly at a moderate-to-
high level of severity and scaled roughly in an expectable direction.
In particular, item 8a (Return to Normal Life; reflecting nonspecific
symptoms) was least severe (b range, —0.36 to —0.30 over time) and
item 3ad4a (Independence Outside the Home) most severe (b
range=1.73-2.12), whereas item 5b (Work; b range, 0.74-1.51)
and 6b (Social & Leisure Activities; b range, 0.47-1.55) fell in the
middle of the severity spectrum as compared to other GOSE items.
The severity estimate for item 7b (Family & Friendships) suggested
a moderately high severity, but this may be less meaningful in light
of the item’s low discrimination. Item discriminations varied
widely within and across both time points, with 6b (Social &
Leisure Activities) most discriminating at both 3 (a=4.91) and 6
months (a=4.11) and 7b (Family & Friendships) least discrimi-
nating at both time points (a=1.19-1.04).

Figure 2 depicts the item and test information functions for
GOSE items 3-8. For items 3-7, both figures showed a similar
pattern of results at 3 and 6 months in that item 6 yielded the most
information across the widest theta interval, item 3a4a a moderate
amount of information, and 5b and 7b lower information. The
nearly flat information curve for 7b (Family & Friendships) indi-
cates that this item provides minimal information to differentiate
individuals along the impairment continuum. Item 8, the only item
tapping a low level of severity, showed low information at 3
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FIG. 2. Two-parameter/graded response hybrid model item and
total information functions (curves) for the five modified items of the
GOSE instrument at 3 (A) and 6 (B) months. Each function represents
the amount of information (precision) provided by each item across
the theta (0) continuum of functional limitations (global outcome)
after TBI. The information provided by each item was similar across
time, with the exception of 8a, which provided substantially more
information at 6 as compared to 3 months. Across time, the GOSE as a
whole (black line) yielded the most information about moderate-to-
severe functional limitations (right half of the figure). Item 2b (In-
dependence Inside the Home) was not included in this analysis be-
cause, when entered into the model with item 3a4a, both produced
perfectly discriminating items (discrimination >5). However,
substituting item 3a4a for item 2b yielded no difference in the item or
total information curves, implying redundancy in the psychometric
performance of these two items. Legend: 3ad4a=Independence Out-
side the Home; 5b=Work; 6b=_Social & Leisure Activities; 7b=
Family and Friendship Disruptions; 8a = Return to Normal Life/Other
Issues. GOSE, Glasgow Outcome Scale—Extended; TBI, traumatic
brain injury. Color image is available online.

months, but high information at 6 months. The black total infor-
mation curves also shown in Figure 1 illustrate that the information
provided by these GOSE items about TBI-related disability as a
whole is most for higher levels of impairment (i.e., they are located
largely on the right side of the x-axis in the range of theta O to +3),
and only one item (8a) can differentiate between individuals with
milder levels of impairment (theta —3 to 0).

As described earlier, item 2b (Independence at Home) was not
included in the above-mentioned model because, perhaps attributed
to a high correlation between items 2b and 3ada (r ~ 0.80), dis-
crimination values for these items were too high to trust (>5) when
both were included in the model. However, sensitivity analyses
were conducted to estimate the contribution of item 2b to the
performance of the GOSE. When including both items 2b and 3a4a
in a single IRT model (alongside the other GOSE items), the item
information curves for the two items nearly perfectly overlapped.
When excluding item 3a4a, but including item 2b, the item pa-
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rameters nearly perfectly matched those of item 3a4a from the model
reported in Table 3 (item 2b a=3.01, b=1.72, vs. item 3a4a a =3.03,
b=1.73), and the resulting test information function closely matched
that of Figure 2. Similarly, estimated theta scores from any of these
three models (including both 2b and 3a4a, excluding 2b, or excluding
3ada) yielded estimates that correlated >0.99 with each other. Taken
together, these analyses indicate that items 2b and 3a4a could be
considered redundant from a psychometric perspective, given that
they appear to contribute the same amount of information about the
same level of TBI-related functional limitations.

Overlap between Glasgow Outcome Scale—Extended
total scores and item response theory—assessed latent
impairment (theta) scores

Figure 3 plots the relation between latent impairment (x-axis)
and GOSE total scores (y-axis) at 3 and 6 months, respectively, with
circles denoting cases. Overall, GOSE total scores (determined by
the minimum domain score across items as detailed in Table 1)
correlate strongly and negatively with latent impairment scores
(Spearman’s p=—0.94 and —0.93 at 3 and 6 months, respectively).
This indicates that, whereas traditional and IRT-based scores are
strongly associated in the expected direction, a non-trivial per-
centage of variance (12-14%; e.g., 1-0.94) is not shared among
these two measurement approaches. With the exception of GOSE 8,
there was substantial variability in the IRT scores within each
GOSE category, suggesting that IRT scores are more sensitive to
individual differences in impairment relative to the coarse cate-
gorization of standard GOSE scores.

Discussion

The GOSE is the current gold-standard measure of global out-
come post-TBI, and it is used widely as a research tool and clinical
trials endpoint. We used CFA and IRT to explore the structural and
psychometric properties of the GOSE in an effort to explain the
measure’s reported limitations. Our findings indicated that the
GOSE is not strongly unidimensional (i.e., it may not be ideal to
assume that its items reflect a single underlying construct of TBI-
related disability). This is not necessarily surprising in light of the
instrument’s diverse item content, spanning independence in self-
care activities to participation in social activities. However, ana-
lyses suggested that it was sufficiently unidimensional to proceed
with an exploratory IRT analysis. IRT modeling indicated that the
GOSE best measures moderate-to-severe functional limitations,
but is much less useful for measuring mild limitations. Ad-
ditionally, that correlations between IRT-based GOSE scores and
traditional GOSE total scores were strong suggested that, overall,
global outcome measured as latent impairment is appropriately
summarized by GOSE categories. However, if we assume that IRT-
based scores represent true latent impairment levels, the traditional
GOSE score may misclassify a substantial minority of patients in
terms of their overall level of impairment. Further, because IRT-
based GOSE scores are continuous in nature (vs. more ordinal
traditional GOSE scores), IRT scores provide more fine-grained
stratification of individual differences in impairment levels within
each GOSE category. Such IRT-based scores may improve the
performance of the GOSE in practical applications (e.g., detection
of treatment effects), although such implications should be ex-
plored in future work.

Inspection of the better and poorer performing items according
to this IRT analysis may also provide clues to understand the re-
ported GOSE shortcomings (e.g., measurement imprecision). For
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FIG. 3. Scatterplot of GOSE total scores crossed by IRT theta () z-scores at 3 and 6 months post-injury. Circles denote individual cases.
Squares denote cases in which item recoding procedures necessary for IRT analyses introduced the potential to artificially deflate the
association between traditional and IRT-based GOSE scores. These cases were not included in correlational analyses. Higher theta scores
(rightward on x-axis) reflect greater latent impairment whereas lower GOSE total scores (downward on the y-axis) reflect poorer global
outcome. Although the overall distribution of cases at both time points support the expected negative association between latent im-
pairment and GOSE total scores (greater impairment ~ lower GOSE total score), there was substantial variability of latent impairment
occurring within the GOSE outcome categories 3 through 7. GOSE, Glasgow Outcome Scale-Extended; IRT, item response function.

example, the most problematic item at 3 and 6 months was 7b
(Family and Friendship Disruptions domain), which provided very
little information across the entire latent impairment continuum.
One possible explanation is the item’s double-barreled structure, in
which two disparate conditions—*‘psychological problems/changes”
and ‘““family disruptions”’—must co-occur for the item to (theoreti-
cally) be endorsed. Use of such questions is generally discouraged
because their complex structure may encourage endorsement for a
variety of reasons (e.g., if one or both facets of the question are true),
and it is often unclear which aspect(s) of the question respondents
endorsed.®>® As a result, 7b was ineffective at discriminating be-
tween patients and spanned nearly the entire (mild to severe) theta
spectrum despite its intended function in the GOSE as a ‘““‘moderate
disability” item.'® The utility of the item and, by extension the
GOSE, might be improved by splitting the components of 7b into
discrete items with distinct response options.

On the other hand, item 6b (Social Participation) appears to
provide the most information of any GOSE item and does so across
arelatively wide range of severity levels. This may reflect a number
of things pertaining to the item’s structure, wording, and content.
Regarding its structure, item 6b has four response options (more
than the two or three of most other GOSE items), which tends to
increase an item’s potential to provide information across a wider
spectrum. But because item 7b (the other four-category item)
provided minimal information, this explanation is not sufficient to
understand the strong performance of item 7. Regarding its word-
ing, it is possible that assessing participation in social activities is
more straightforward (and therefore done with less error) as com-
pared to other GOSE domains, such as work capacity, which, in the
authors’ experience, is more prone to variability in interpretation
because of its emphasis on ability versus participation. Regarding
its content, it is possible that social participation is a strong item
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because of its high relevance and close relationship to functional
recovery for a wide variety of patients with TBI, something the
instrument’s authors stressed during its development.?

Item 2b also demonstrated psychometric shortcomings and, for
psychometric reasons, was difficult to combine with item 3a4a in an
IRT model. However, this may have been less an issue with the
inherent fitness of the constituent items than an artifact of our need
to recode, combine, and eliminate select items before proceeding
with IRT analysis in order to manage the low endorsement fre-
quency and high correlation between some items. Combining items
and collapsing across levels of severity to manage these technical
issues (e.g., as was done for item 3a4a) may have inadvertently
attenuated item discrimination and information.®’ Because items
24 reflect limitations in relatively basic activities of daily living,
replication of these analyses in a larger sample better represented
by severely injured patients may improve the performance of these
items in such a model. However, given the high severity estimates
of these items, this would not be expected to improve the perfor-
mance of the GOSE at lower levels of impairment.

Claims that the GOSE is insensitive to mild disability** were
also supported by our findings. Figure 2 showed that all but one
item (8a; Return to Normal Life/Other Issues domain) measured
moderate-to-severe latent impairment, and only item 8a measured
““good recovery’’ (e.g., alow level of functional impairment). Thus,
it is possible that adding other items like 8a may improve the in-
strument’s sensitivity to mild/moderate disability. Because a di-
verse array of symptoms (e.g., headaches, dizziness, tiredness,
sensitivity to noise or light, slowness, and memory problems) may
compel item endorsement on item 8a, a fruitful step toward such a
goal might include work to clarify the impact of differing symp-
toms on functional limitations after TBI. Inspection of the infor-
mation function at both time points also suggests that 8a provided
more information at 6 compared to 3 months. This is consistent
with findings that the general TBI sequelae specified in 8a can
persist even after other TBI symptoms have lessened or resolved,
particularly when impairment is mild ®®

The GOSE’s high-impairment bias is illustrated by the nega-
tively skewed total information curves seen in Figure 2. That the
instrument’s items span limited severity levels and that a number of
items provide limited information implies that estimates of func-
tional limitations for patients with milder injuries have significant
measurement error, which, alongside the limited score range of
GOSE scores, may contribute to the GOSE’s small and inconsistent
associations with other outcome measures,'®!013-14-33:6973 e
inability of the GOSE to measure low levels of impairment may
also account for misclassiﬁcations,9’10’12‘'6’21’25’3 0 ceiling effects,33*36
and reports of inconsistent interrater agreement.”~'? An estimated
17-40% of GOSE total scores are misclassified downwardly (true
outcome is classified as less favorable) or upwardly (where a true
outcome is classified as overly favorable).”*

Figure 3 shows that, although most patients with severe-
to-moderate latent impairment are classified as GOSE 3-5 (as ex-
pected from the item distributions in Figure 2), a few patients with
low latent impairment (i.e., low theta scores) also received GOSE
scores in this range. Therefore, GOSE scores reflecting greater
impairment include both the expected patient population (e.g.,
those capable of demonstrating visual pursuit only or those in a
minimally conscious state), but also those with low impairment
(e.g., able to live at home without round-the-clock supervision).
This further supports that the GOSE lacks items capable of ob-
jectively identifying, and thus categorizing, patients with milder
impairment. If the full range of impairment is not represented by
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the available set of items, raters may be compelled to conduct
subjective assessments that could either under- or overestimate
true outcome. As a result, raters whose subjective assessments
misalign will likely lead to poor rater agreement. Further, if too
few items representing low-to-moderate impairment are avail-
able, raters may be obliged to overassign patients to the good
recovery categories, which can result in ceiling effects.

Limitations and future directions

The current project had a number of limitations, some of which
may have resulted from the restricted range of TBI severity re-
flected in our predominantly mild TBI (GCS 13-15) sample. The
sparseness of response data for the two ‘‘severe disability” items,
2b and 3ada, necessitated collapsing of different response op-
tions/items together. This may have limited the performance of
these items and the generalizability of findings. Analyses should be
replicated in a sample with a higher proportion of patients with
moderate/severe TBI who are likely to manifest more limitations
with these relatively basic activities of daily living. Further,
Figure 3 shows that no participant at either time point had a theta
score <—1 despite the GOSE being designed to capture a broad
range of TBI impairment. Although this could be attributed to the
lack of GOSE items capable of capturing mild impairment, or
misclassifications, our sample may have simply lacked patients
whose true outcomes were not as mild as implied by their GCS 13—
15 or GOSE 8 scores.

These issues may also contribute to the minimal shift in the
pattern of impairment from 3 to 6 months illustrated in Figure 3,
which does not strongly support the reasonable expectation that
patients whose injuries were longer ago would show lower levels
of impairment than patients whose injuries were more recent.
However, previous work with the TRACK-TBI data set found that
6-month follow-up rates were highest for severely injured patients,®
which suggests that mild impairment may have been under-
represented in our 6-month sample. Also, to avoid non-random
missingness, we excluded participants who were not working pre-
injury in the analyses. Additional analyses with a larger data set
should be undertaken to understand how best to conceptualize and
quantify the effects of outcome domains that have differential
relevance across patients.

Additionally, we did not assess the longitudinal measurement
invariance of the GOSE and were thus limited to the visual in-
spection of impairment patterns rather than the statistical analysis
of change over time.?' Future studies should attempt to obtain and
retain sizable, balanced samples of patients representing all levels
of TBI severity. Further, discrepancies were found between the
reported GOSE total scores and the outcome scores expected based
on item endorsements in 4-5% of cases across time points. Despite
these rather small proportions, the source of these disparities was
unknown. Therefore, to minimize the risk of spurious differences
between latent impairment theta scores (derived from item-level
data) and global outcome per the GOSE, we assumed that the item-
level data from which we recomputed GOSE total scores were
accurate. However, our corrections may have minimized the impact
of misclassifications, the examination of which is also vital to un-
derstanding GOSE application and scoring. Future studies should
implement standardized procedures for administering and scoring
the GOSE so that problems can be identified and remedied.

Finally, although we felt the data were sufficiently unidimen-
sional to proceed with the unidimensional IRT analysis, CFA an-
alyses suggested that the GOSE is not strongly unidimensional (i.e.,
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there may be more than one underlying dimension contributing to
GOSE ratings). Whereas the presence of a nuisance dimension could
corrupt parameter estimates, > the possibility that non-minor latent
traits could also influence item endorsement and confound true global
outcome is also concerning. Thus, additional research on larger
samples would be valuable to more firmly establish the structure/
dimensionality of the GOSE and better understand the extent to
which the construct intended to be assessed by the GOSE (which is
intentionally broad) is best modeled by one or more dimensions.

Conclusions

This study provided clues into psychometric weaknesses of the
GOSE that may inform efforts to refine it or develop alternative
outcome measures better suited to TBI clinical trials, where precise
quantification of individual differences and changes in recovery are
needed. Results show that, overall, the GOSE best measures
moderate-to-severe TBI-related disability/functional limitations,
with only one item on the GOSE structured interview that reflects
into low-severity functional limitations. This is not surprising, in
light of the authors’ goals during its development, and supports
conclusions by others that the GOSE lacks the sensitivity needed to
discern individual differences in recovery for the diverse TBI
population, many of whom recover to a degree that they show only
subtle limitations in daily functioning. Analyses also showed that
some items (e.g., item 5, Work; 6, Social & Leisure Activities)
measure similar levels of severity (implying redundancy from a
psychometric perspective), whereas other items (item 7, Family &
Friendships) provide limited information about global outcome,
perhaps because of complex wording contributing to variability in
interpretation. These data support using IRT to reveal psychometric
weaknesses that may contribute to past challenges using the GOSE
to detect significant treatment effects.

Although hypotheses drawn from these data about how to im-
prove the GOSE require empirical validation, paths toward im-
proving outcome measurement might include improving the
psychometric performance of the current GOSE instrument (e.g.,
by increasing the standardization of administration and clarity of
items), adding additional highly discriminating items that span
differing severity levels (especially in the mild severity range), or
considering alternative or new outcome measures. Based on these
data and general instrument development principles discussed here,
any attempts to revise the GOSE or its associated structured in-
terview forms should take care to write items that are simple and
well defined for patients and that provide interviewers with con-
crete scoring criteria to ensure consistent application across pa-
tients and studies. In turn, such work will maximize the signal-to-
noise ratio within GOSE scores and, in turn, improve its ability to
reveal true individual differences in TBI-related functional limi-
tations. Further increasing its score range may additionally improve
its sensitivity to change and differences across patients.

Alternatively, development of new psychometrically informed
instruments, or exploring alternative existing instruments that show
promise for yielding more-precise assessment of functional limi-
tations after TBI (e.g., the Functional Status Examination),’®””
may be fruitful next steps to improve outcome measurement for
TBI studies.
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