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Objectives: The purpose of evaluative instruments is to measure the magnitude of
change in a construct of interest over time. The measurement properties of these
instruments, as they relate to the instrument’s ability to fulfill its purpose, determine the
degree of certainty with which the results yielded can be viewed. This work systematically
reviews all instruments that have been used to evaluate cognitive functioning in persons
with traumatic brain injury (TBI), and critically assesses their evaluative measurement
properties: construct validity, test-retest reliability, and responsiveness.

Data Sources: MEDLINE, Central, EMBASE, Scopus, PsycINFO were searched
from inception to December 2016 to identify longitudinal studies focused on cognitive
evaluation of persons with TBI, from which instruments used for measuring cognitive
functioning were abstracted. MEDLINE, instrument manuals, and citations of articles
identified in the primary search were then screened for studies on measurement
properties of instruments utilized at least twice within the longitudinal studies.

Study Selection: All English-language, peer-reviewed studies of longitudinal design that
measured cognition in adults with a TBI diagnosis over any period of time, identified in
the primary search, were used to identify instruments. A secondary search was carried
out to identify all studies that assessed the evaluative measurement properties of the
instruments abstracted in the primary search.

Data Extraction: Data on psychometric properties, cognitive domains covered and
clinical utility were extracted for all instruments.

Results: In total, 38 longitudinal studies from the primary search, utilizing
15 instruments, met inclusion and quality criteria. Following review of studies
identified in the secondary search, it was determined that none of the instruments
utilized had been assessed for all the relevant measurement properties in the
TBI population. The most frequently assessed property was construct validity.

Frontiers in Neurology | www.frontiersin.org

1 May 2019 | Volume 10 | Article 353


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2019.00353
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2019.00353&domain=pdf&date_stamp=2019-05-08
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tatyana.mollayeva@mail.utoronto.ca
https://doi.org/10.3389/fneur.2019.00353
https://www.frontiersin.org/articles/10.3389/fneur.2019.00353/full
http://loop.frontiersin.org/people/686074/overview
http://loop.frontiersin.org/people/684840/overview
http://loop.frontiersin.org/people/289105/overview
http://loop.frontiersin.org/people/617008/overview

D’Souza et al.

Measures of Cognition in TBI

Conclusions: There is insufficient evidence for the validity and reliability of instruments
measuring cognitive functioning, longitudinally, in persons with TBI. Several instruments
with well-defined construct validity in TBI samples warrant further assessment for
test-retest reliability and responsiveness.

Registration
CRD42017055309.
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www.crd.york.ac.uk/PROSPERO/, identifier
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INTRODUCTION

Cognitive impairments are among the most important concerns
for persons with traumatic brain injury (TBI). These impairments
include a wide range of deficits in attention, memory,
executive function, and behavioral and emotional difficulties,
such as limited flexibility, impulsivity, reduced behavioral
control, and inhibition, as well as other affective changes (1).
Cognitive impairments directly impact their ability to maintain
employment (2), personal and community independence (3),
to participate in social activities (4), and their response to
rehabilitation interventions (5). These are also among the main
concerns of clinicians developing systems of care for TBI patients
(6), and patients’ family members and/or caregivers, who interact
with and aid the injured persons on a daily basis (7). Cognition
is a multi-dimensional construct, encompassing learning and
memory, language, complex attention, executive functioning,
perceptual-motor ability, and social cognition (8). Research to
date has used numerous measures of cognitive functioning in
persons with TBI longitudinally, to investigate its natural history
(i.e., course over time) and the effectiveness of interventions
aimed at improving cognition in clinical trials (9). The results
were inconsistent, even when accounting for differences in time
since injury and injury severity, with reports of improvement,
decline, and no change over time (9). To elucidate the source
of these inconsistencies, an important consideration involves
investigation of the measures of cognitive functioning that have
been utilized in the TBI population to date, to assess their
suitability to perform the function for which they are intended.
This route is one that has received relatively little attention in
the discussion of generalization and interpretation of results of
studies and this is a tremendous limitation, as selection of a
measure affects the validity of the results reported (10). It has

Abbreviations: ANAM, Automated Neuropsychological Assessment Metrics;
CNS, Central Nervous System; COWAT, Controlled Oral Word Association Test;
CVLT, California Verbal Learning Test; DSM-5, Diagnostic and Statistical Manual
of Mental Disorders-Fifth Edition; FIM-Cog, Functional Independence Measure-
Cognitive Subscale; GCS, Glasgow Coma Scale; HVLT, Hopkins Verbal Learning
Test; ImPACT, Immediate Post-concussion Assessment and Cognitive Test;
MMSE, Mini-mental State Examination; PASAT, Paced Auditory Serial Addition
Test; PROSPERO, International Prospective Register of Systematic Reviews;
QUIPS, Quality in Prognosis Studies; RAVLT, Rey Auditory Verbal Learning
Test; ROCE, Rey-Osterrieth Complex Figure Test; SDMT, Symbol Digit Modalities
Test; SIGN, Scottish Intercollegiate Guidelines Network; TBI, Traumatic Brain
Injury; TMT, Trail Making Test; WAIS, Wechsler Adult Intelligence Scale; WMS,
Wechsler Memory Scale.

been argued that the usefulness of an outcome study or a clinical
trial, in terms of the contribution made to the understanding
of an issue and the potential to inform how the issue is viewed
and treated in a clinical setting, hinges on the appropriateness
of the measure used, and cannot be made up for even with
otherwise superior design and execution (10). Measures used to
study change in a construct over time are termed “evaluative,’
and their most relevant psychometric properties, according to
criteria developed by Feinstein (11) and Kirshner and Guyatt
(12), are (i) construct validity, (ii) test-retest reliability, and (iii)
responsiveness (11-13).

Construct validity refers to an instruments ability to measure
the construct it is intended to measure in the population
of interest (e.g., cognitive functioning in the TBI population)
(11). Developing a tool for measuring cognitive functioning
that has construct validity is challenging because there is no
generally accepted reference or gold standard instrument that is
known to accurately define and measure the multidimensional
construct, against which all new instruments could be compared
(convergent validity). Divergent validity is another subcategory
of construct validity, and it involves assessment of the
relatedness of constructs thought to be unrelated and thus
expected to yield scores on their respective measures that
are not positively correlated (11). Finally, within construct
validity there is also known-groups validity, which refers to
the application of an instrument to two groups known or
hypothesized to differ in the construct measured (11, 12).
For an instrument to have construct validity, at least two
of the construct validity subcategories must be assessed—
convergent or divergent validity, and known-groups validity
(11, 12).

Test-retest reliability concerns the extent to which application
of the same instrument yields the same results in repeated trials
under the same conditions (11, 13). This psychometric property
is important for quantifying the degree of variance attributed
to true differences in the construct under study over time,
rather than systematic changes that occur when a procedure is
learned (13).

Responsiveness refers to an instrument’s ability to detect small,
clinically significant differences in a construct of interest over
time (12). This property is emphasized for instruments used
in clinical trials, where the responsiveness of an instrument
is directly related to the observed magnitude of the change
in person’s score, which may or may not constitute a
clinically important difference (12). Responsiveness is inversely
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proportional to between-person variability in individual changes
in score over time (12). In the TBI population, as the baseline
variability increases, a larger treatment effect is needed to
demonstrate intervention efficacy.

Finally, it is important to consider the specifics of the TBI
population in the development and use of an instrument for
cognitive functioning. Traumatic brain injury can impact not
only cognition, but also behavioral and emotional functioning,
and concentration, and this is expected to reflect in the ease of
comprehension, extent of completion and overall burden on both
the test taker and the administrator (in explaining the procedure
and assisting with comprehension and completion) associated
with administration of an instrument.

To identify the most appropriate instrument(s) for measuring
cognitive functioning in the TBI population, we undertook
a systematic review of all instruments used for this purpose.
The objectives were to: (i) describe each evaluative instrument’s
key measurement properties (ie., construct validity, test-
retest reliability, and responsiveness); (ii) classify instruments
according to the cognitive domains they assess; and (iii)
summarize information relevant to their clinical and research
applications. The present work intends to inform researchers and
clinicians on each instrument’s utility as an evaluative measure
of cognitive functioning in the TBI population, while identifying
pitfalls and future directions for their utility.

METHODS

This systematic review is part of a larger study that focuses
on central nervous system (CNS) trauma [TBI and spinal cord
injury (SCI)] as a risk factor of cognitive decline over time.
For more information, the reader is referred to the published
protocol (14) and registry with the International Prospective
Register of Systematic Reviews (PROSPERO) (registration
number CRD42017055309) (15).

Primary Search: Studies of Cognitive

Functioning in TBI

A comprehensive search strategy was developed in collaboration
with a medical information specialist (JB) at a large rehabilitation
teaching hospital. All English language peer-reviewed studies
published from onset to December 2016 with prospective or
retrospective data collection and a longitudinal design, identified
in six electronic databases (i.e., MEDLINE, Central, EMBASE,
Scopus, PsycINFO, and supplemental PubMed), were considered
eligible. The following medical subject headings in MEDLINE
were used to identify publications of interest (i) TBI terms: exp
“brain injuries” or “craniocerebral trauma” or exp “head Injuries,
closed” or exp “skull fractures” or “mTBI*2.tw.” or “tbi*2.tw”
or “concuss*.tw.” AND (ii) cognition terms: exp “cognition”
or exp “cognition disorders” or “neurocognit*.tw,kw.” Or
“executive function” or exp “arousal” or “attention®.tw,kw.”
or “vigilan*.tw,kw.” or exp “dementia” AND (iii) evaluation
terms: exp “cohort studies” or “longitudinal studies” or “follow-
up studies” or “prospective studies” or “retrospective studies”
or “controlled before-after studies/or interrupted time series
analysis” or exp “clinical trials” or exp “clinical trials as topic.”
The search terms were adapted for use in other bibliographic

databases. The reader is referred to the published protocol (14)
and the PROSPERO registry (15) for the full search strategy.
Additional studies were identified through review of reference
lists of included articles.

Inclusion and Exclusion Criteria

Studies were included if they met the following criteria: (i)
focused on longitudinal change in cognitive functioning in
adults (i.e., >16 years) with an established clinical diagnosis
of TBI based on accepted definitions [e.g., Glasgow Coma
Scale (GCS) score, duration of loss of consciousness, and post
traumatic amnesia, etc.], excluding self-report; (ii) reported
cognitive functioning outcome data at baseline assessment
and follow-up as a score on a standardized measurement
instrument; and (iii) the work was published in English in
a peer-reviewed journal. Studies were excluded if they: (i)
evaluated cognitive functioning in children/adolescents; (ii)
studied persons with minor head injury (cases before 1993)
without providing assessment criteria; or (iii) reported results
in letters to the editor, reviews without data, case/public
reports, conference abstracts, articles with no primary data,
or theses.

Selection and Quality Assessment
of Studies

In the first stage of screening, two reviewers (NP and AD, or
SM and AD) assessed study titles and abstracts for potential
agreement with the inclusion criteria. In the second stage,
each reviewer individually assessed the full texts of studies
selected in the first stage to determine whether they met the
inclusion criteria. Discrepancies in article inclusion/exclusion
were resolved by discussion with TM.

Previously developed standardized forms were used to assess
study quality (16) and to synthesize results (17). Study quality
was assessed using the Quality in Prognosis Studies (QUIPS)
guidelines (18). Assessments were based on the presence
of six potential sources of bias (i.e., participation, attrition,
prognostic factors, outcome measures, consideration of and
accounting for confounders, and data analyses). Each study
was assigned an overall “risk of bias” and those with the
greatest risk were excluded. Studies of a retrospective nature
were automatically excluded from a “low risk® rating, as
recommended by the Scottish Intercollegiate Guidelines Network
(SIGN) (19). Any discrepancies between the two reviewers
in quality assessment were resolved in discussion among the
research team followed by independent review by the research
supervisor (TM).

Secondary Search: Studies of
Measurement Properties of

Abstracted Instruments

Instruments used to evaluate cognitive functioning in studies
that met inclusion and quality criteria were abstracted. In
collaboration with a medical information specialist (JB),
proposed MEDLINE search filters were used to identify studies
reviewing the abstracted instruments’ measurement properties
in TBI samples. Supplementary File 1 provides the terms and
outputs from searches for each measure. The reference lists
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of eligible articles, instrument manuals and Google Scholar
were reviewed for other relevant publications. Studies where
the primary objective was not the evaluation of measurement
properties were excluded.

Evidence-Based Assessment of
Instruments Evaluating
Cognitive Functioning

Criteria for evidence-based assessment proposed by Holmbeck
et al. (20) were utilized, previously applied in a systematic
review of measurement properties of sleep-related instruments
in the TBI population (17). Instruments used in at least two
of the studies identified in the primary search were given
ratings of “well-established,” “approaching well-established,” or
“promising,” based on the following criteria: (i) use in peer-
reviewed studies by different research teams; (ii) availability
of sufficient information for critical appraisal and replication;
and (iii) demonstration of validity and reliability in the TBI
population (20).

Descriptive Aspects of Instruments of

Cognitive Functioning

To assess research and clinical feasibility, in-depth descriptions
were completed following a previously developed format
for instruments in medical research (17). The following
descriptors were abstracted from data sources and reported: (i)
general: purpose, content, response options, recall period (ii)
application: how to obtain, method of administration, scoring
and interpretation, administrator and respondent burden,
currently available translations; and (iii) critical appraisal as
reported by the researchers who utilized the instrument in
TBI and other samples: strengths, considerations, clinical, and
research applicability (17).

Categorization of Instruments of Cognitive

Functioning by Content

Content validity refers to the degree to which an instrument’s
items adequately reflect the construct of interest. For a measure
to be sensitive to certain or all aspect(s) of cognitive functioning
in a person with TBI, it needs to feature representative items or
tasks that are part of the construct of cognition, as understood
by the instrument’s developer. As such, each instrument was
categorized according to the cognitive domain(s) it assesses,
focusing on those listed in the Diagnostic and Statistical Manual
of Mental Disorders-Fifth Edition (DSM-5) (8): (i) complex
attention, (ii) executive functioning, (iii) learning and memory,
(iv) language, (v) perceptual-motor ability, and (vi) social
cognition (8). An additional domain, information processing
and reaction time, was included, given its relevance to the TBI
population (21, 22). Instruments were then classified, based
on the number of domains they assess, as either “global” (all
domains), “multi-domain” (two or more domains), or “domain-
specific” (one domain).

RESULTS

Literature Search and Quality Assessment
Of 29,566 studies identified in the primary search of articles
assessing cognitive functioning longitudinally in the TBI
population, 39 met inclusion and quality criteria (Figure 1): 14
studies involved patients from acute care (23-36), seven from the
rehabilitation setting (37-43), ten involved college-age athletes
(44-53), four were clinical trials (54-57), two involved samples
from community care settings (58, 59), and another two involved
military and veteran participants (60, 61). Sample sizes ranged
from 10 (35, 55) to 509 (57), and consisted of mostly males (mean
76.6%, range 38-100%) with participant age ranging from 18 (57)
to >60 years (57) (Table 1).

All 39 studies were assessed as having “Partly” or “No” on all
bias criteria. Twenty-nine studies were of fair quality (23, 26, 29-
32, 34, 37-45, 48-54, 54-61), ten were of good quality (24, 25,
27, 28, 33, 35, 36, 46, 47, 53) and none were of high quality.
Studies were most frequently penalized by the SIGN criteria
for unknown reliability and validity of the utilized instruments,
incomplete statistical analysis, and selection bias due to study
attrition (Supplementary File 2).

Instruments Measuring

Cognitive Functioning

Within the 39 studies, 15 instruments were used more than once.
The Mini Mental State Examination (MMSE) (54, 55), Hopkins
Verbal Learning Test (HVLT) (47, 49), Paced Auditory Serial
Addition Test (PASAT) (27, 48), and Rey-Osterrieth Complex
Figure Test (ROCF) (36, 58) were each used twice; the California
Verbal Learning Test (CVLT) (57, 58, 61) and Wechsler Memory
Scale (WMS) (37, 38, 42) were used three times; the Automated
Neuropsychological Assessment Metrics (ANAM) (33, 50, 51,
53) and FIM-Cog (Functional Independence Measure-Cognitive
Subscale) (34, 40, 43, 56, 58) were used four and five times,
respectively; the Rey Auditory Verbal Learning Test (RAVLT)
(28, 37, 39, 41, 42, 59), Stroop Color Word Test (SCWT) (27,
28, 37, 49, 57, 58), and Symbol Digit Modalities Test (SDMT)
(26, 39, 41, 42, 48, 49) were each used six times; the Immediate
Post-concussion Assessment and Cognitive Test (ImPACT) (31,
35, 44-46, 52, 60) and Controlled Oral Word Association Test
(COWAT) (24, 25, 39, 41, 42, 49, 57, 58) were used seven and
eight times, respectively. The most frequently used instruments
were the Trail Making Test (TMT) (23, 24, 28, 32, 37-39, 41, 42,
48,49, 57, 59) and the Wechsler Adult Intelligence Scale (WAIS)
(23-26, 28-30, 32, 36-39, 41, 42, 55, 57, 58), used 13 and 17
times, respectively.

Assessment of TBI

Diagnostic criteria and definitions of TBI varied considerably
between studies included in this review (Table 1). Nineteen
studies used a combinatorial approach to confirm and assess
TBIL. This included the use of such tools as the Glasgow
coma scale (GCS), duration of posttraumatic amnesia (PTA)
and/or loss of consciousness, neuroimaging results [i.e., magnetic
resonance imaging (MRI), computed tomography (CT)], and
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FIGURE 1 | Flow chart documenting review procedure.
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clinical evaluations and tests (30, 31, 33, 34, 36, 40, 42-44, 46—
49, 53, 61-65). Five studies used the American Academy of
Neurology (AAN) graded concussion assessment test (44, 53, 55,
59, 66), six used GCS scores (38, 39, 50, 56, 58, 67), one study
assessed CT scans (60), one—MRI scans (57), and one assessed
PTA (37) alone to confirm TBI. Two studies used other methods,
including description of damage and/or lesions based on medical
records, and diagnoses of referring professionals (29, 68).

Injury Severity in Samples Assessed

Three measures were used to assess cognitive functioning in mild
TBI (mTBI) samples only (ANAM, HVLT, ImPACT), while the
rest were applied to samples of varying injury severities. Among
the most commonly used measures were the TMT, used in 11
studies, of which six (23, 28, 32, 42, 48, 49) comprised mTBI
samples, three—mixed injury severity samples (24, 39, 41), and
two—severe TBI samples (58, 59). The COWAT was used in
eight studies, of which two (42, 49) featured mTBI samples,
four (24, 39, 41, 57)—mixed injury severity samples, and two
(25, 58)—severe TBI samples. Several versions of the WAIS were
used seven times: once (23) in a study of mTBI participants, twice
(36, 41) in samples of mixed injury severities, and four times
(25, 30, 38, 58) in severe TBI samples (Table 3).

EVALUATION OF
MEASUREMENT PROPERTIES

Construct Validity

Convergent, divergent, and/or known-groups validity (62) were
reported for all instruments in TBI samples of all severities
and mixed-severity samples (39, 53, 63-81). Where construct
validity was evaluated, at baseline or follow-up assessments,
correlation strength between scores of instruments measuring
the same construct, or scores of groups of people with known
differences in cognitive functioning, were not always in line
with clinical expectations. There is evidence of moderate to
strong convergent validity of the original version of CVLT
in mixed severity TBI samples (64), FIM-Cog in severe and
mixed TBI samples (67); ImPACT in mTBI samples (65, 66);
MMSE in mixed severity TBI (80); PASAT in mild and mixed
severity samples (69); ROCF in severe and mixed samples (70,
71); SCWT, and WAIS and WMS in all TBI severity samples
(63, 72-75, 77, 78).

Divergent validity hypotheses were tested by analyzing
the correlation of the PASAT with measures of intellectual,
mathematical, and verbal abilities, academic achievement and
complex motor skills (i.e., r =0.29-0.59, p < 0.05), all of which
were significant positive correlations (69). Correlations of the
ImPACT with difficulty concentrating and remembering were
negative (i.e., r = —0.48- (—0.41), p < 0.01) (Table 2) (65).

Known-groups validity was reported for several domains of
the ANAM and HVLT in mTBI samples (53, 68, 79); COWAT in
mixed and severe TBI samples (72); list learning/delayed recall
from the RAVLT in all injury severity samples (39); oral and
written SDMT in mild and mixed severity samples (72); MMSE
in a TBI sample of unknown severity (81); TMT, WAIS-R and

WAIS-IIT in mixed severity samples (39, 72, 76, 77), and WAIS-
IV in mTBI sample (82). Significant differences were observed
between the scores of persons with TBI and healthy controls, and
TBI and other neurological populations (Table 2).

Test-Retest Reliability

Test-retest reliability refers to the consistency of scores attained
by the same patient over the course of several attempts at
different times (62). It concerns the stability of the instrument’s
performance over a period of time, when a real change in
the measured construct (i.e., cognition) is unlikely (62). The
assumption is that while between-person differences in scores
on a given measure are expected, the score for any individual
will remain constant across successive administrations of the
instrument. In our population of interest, persons with TBI,
there is evidence for the test-retest reliability of the HVLT-R and
the ANAM4. One study (83) reported the Pearson correlation
coefficient (PCC) and the other (68) reported the intra-class
correlation coefficient (ICC), the preferred statistic. The HVLT-
R was administered twice to 75 adults with TBI of unknown
injury severity (71% men, 46.5 £ 10.5 years of age, at 11.8 £ 9.6
years post injury), the two sessions occurring 6-8 weeks apart
from one another (83). Correlation coeflicients for two of the
eight HVLT-R scores (total recall and delayed recall) reflected
high test-retest reliability (r = 0.82) and the remaining six scores
(T-score, delayed recall T-score, retention, retention T-score,
recognition discrimination index and recognition discrimination
index T-score) reflected moderate (r = 0.64) test-retest reliability.
The ANAM4 was administered twice to 1,324 members of the
Marine Corps unit (all men, 22.5 & 3.4 years of age) with a
known high rate of concussion from combat and blast exposure.
The average interval between the two test sessions was 357 =+
88 days (range 99-637 days) (68). After injury classification,
238 members were designated to the concussed group and 264
to the non-concussed group. While there were no significant
differences between the mean scores of the two groups at
the first session, differences emerged at second session, with
the concussed group having lower mean scores than the non-
concussed group on the cognitive tasks assessing attention,
memory, spatial processing, reaction time, and cognitive fatigue
[ie., code substitution delayed (CDD), matching to sample
(M2S), procedural reaction time (PRT), and simple reaction
time (repeat) (SRT, SRT2) subscales]. The test of simple effects
revealed that the mean score for the concussed group decreased
significantly from T1 to T2 on the SRT, SRT2, PRT, Code
Substitution Learning, M2S, Mathematical Processing (MTH),
and CDD subscales. The ICC between the scores from the first
and second sessions was reported only for the non-concussed
group: of the seven domains, the CDD and MTH domains
met the cut-off for the mean score correlation between the
two time points for the entire group (ie., >0.70) but not
in the comparison of scores of individual patients at the
two time points (i.e., >0.90). Practice effects were reported
for the ANAM, where it was noted that individuals with
TBI displayed inconsistent performance in 30 administrations
over four days, while controls showed consistent improvement
(85) (Table 3).
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Responsiveness
Responsiveness, defined as the ability of an instrument to detect
change over time in the construct being measured (62), was
reported for the ANAM4 in a sample of concussed males (68)
and for the WAIS in a sample of severe TBI (84). The former
study of young men from the Marine Corps unit (68) tested
the rate of performance decline on ANAM4 subscales from the
first test session to the second, applying the reliable change
(RC) methodology (86). Researchers reported that 48% of the
concussed group demonstrated a decrease in performance on two
or more subscales, compared to 28% of the non-concussed group.
When the WAIS was administered to 40 adults who sustained
TBI and experienced posttraumatic amnesia (PTA) lasting at
least 4 days (95% men, 28.3 £ 13.36 years of age) in the latter
stages of their PTA and to a matched group of 40 non-injured
persons, TBI group scores on the verbal subscales indicated less
initial impairment and were restored to levels exhibited by the
comparison group at a faster rate than were the scores on non-
verbal subscales (84). The mean verbal intelligence quotient (IQ)
of the TBI group approached that of the comparison group within

Concentration/DR and IMIS: r = —0.65 to —0.44;

p < 0.05) (78)

operation (77)
* \WMSandWAIS FSIQ: r = 0.75-0.83 (77)

Construct validity (concurrent,
divergent/convergent, known-group)

e WMS MQ/NVM and L/R-brain: sig| pre- to post-
* WMS-R VM and PTA: r = —0.53; p < 0.05 (78)

* \WWMS-R VEM/VM/GM/Attention/

Convergent

>
% the first year after injury, while performance IQ continued to
£ 2 improve over the course of 3 years (84, 87).
£
g2
= 0 -gw - -gw
28 Classification of Instruments of Cognitive
7] X - - ag=
g |5 Functioning by Cognitive
Domain(s) Assessed

c The WALIS assesses all seven cognitive domains, qualifying as
3 5 3 a “global” measure of cognitive functioning. The remaining
= 2 g instruments were “multi-domain” measures. The most
g c ng represented domain was learning and memory, assessed in
= 8 a o . . R
2% 22 13 instruments, and the least represented was social cognition,
§ § § % included in two instruments (Table 3; Supplementary File 3).

L] @©

Information Relevant to Clinical and

Comprehension; COWAT, Controlled Oral Word Association Test; CW, Color Word; d, days; DG, Digit Span; discrim., discriminability; DR, delayed recall; DRS, Disability Rating Scale; DST, Digit Symbol Test/Digit Symbol Coding/Coding;
CVLT, California Verbal Learning Test; FAM, Functional Assessment Measure; FIM, FIM instrument, cognitive subscale (formerly Functional Independence Measure); Freq, frequency; FSIQ, Full Scale Intelligence Quotient; GM, General

Memory; GPT, Grooved Pegboard Test; HCs, healthy controls; HVLT, Hopkins Verbal Learning Test; IMIS, Inpatient Memory Impairment Scale; ImPACT, Immediate Post-concussion Assessment and Cognitive Test; Info, Information; Int,
Intrusions; ICC, intraclass correlation coefficient; IR, Immediate Recall; LCFS, Levels of Cognitive Functioning Scale; LNS, Letter Number Sequencing; L/R, left/right; MoCA, Montreal Cognitive Assessment; mot, motor; MRI, magnetic

resonance imaging; MTH, Mathematical Processing; MQ, Memory Quotient; N/A, not applicable; U/K, unknown,; NDH, non-dominant hand; OA, Object Assembly; PA, Picture Arrangement; PASAT, Paced Auditory Serial Addition Test;
PC, Picture Completion; perf, performance; PIQ, Performance Intelligence Quotient; PTA, post-traumatic amnesia; QOLIBRI, Quality of Life after Brain Injury; RAVLT, Rey Auditory Verbal Learning Test; RCFT, Rey Complex Figure Test

and Recognition Trial; ROCF, Rey-Osterrieth Complex Figure Test; RSN, resting state networks; RT, Reaction Time; SADI, Self-Awareness of Deficits Interview; sd, significant difference; SDMT, Symbol Digit Modalities Test; SDR, short
delay recall; sess, sessions; Sim, Similarities; SPA, Spatial Processing; TBI, traumatic brain injury; TMT, Trail Making Test; TR, total recall; UDSMR, Uniform Data System for Medical Rehabilitation; w/, with; WAIS (-R/Ill/IV), Wechsler Adult

Intelligence Scale (-Revised/Third Edition/Fourth Edition); WMS (-R/Ill/IV), Wechsler Memory Scale (-Revised/Third Edition/Fourth Edition); Writ, written; VEM, Veerbal Memory; VFD, Benton Visual Form Discrimination Test; VIQ, Verbal

ADL, activities of daily living; ANAM, Automated Neuropsychological Assessment Metrics; Arith, Arithmetic; BDT, Block Design Test; BS, baseline; b/w, between; CFQ, Cognitive Failures Questionnaire; cog, cognitive/cognition; Comp,
Intelligence Quotient; VM, Visual Memory; Vocab, Vocabulary. Bold values designate number of uses of the instrument, meant to distinguish from the citations beside these values.

T e
3 5 g Research Applications
“g’__s' e Instruments’ manuals, assessment forms, and scoring
s § 8 & instructions are available from their publishers; some are
. available online for free (Table2). Information about the
3 instruments (e.g., purpose, content, measurement properties,
i etc.) can be obtained online (Supplementary File 3).
§ All instruments require participants to complete one or more
> i S tasks, typically through written or spoken responses. The ANAM
'§ im and ImPACT are computerized, the WAIS and WMS can be
8 Fe computer- or paper-based, and the FIM-Cog is administered via
E § g interview or participant observation. The number of items in
. each instrument varies: for instance, the COWAT presents three
2 letters and relies on free word recall, while the PASAT contains a
E _ 61-item list of digits that the test-taker must sum up (i.e., adding
E g S each digit presented to the one that came just before it). The
§ % *g ) % FIM-Cog, and larger batteries like the ANAM, ImPACT, WAIS
= %@ g ) and WMS, contain multiple tasks assessing different cognitive
S CLBE | & domains, ranging from five (e.g., FIM-Cog) up to 15 (e.g., WAIS),
E § of which ten are core and five are supplementary subtests.
a § 2 Completion times range from 3 min (e.g., COWAT) to more
g = = than 90 min (e.g., ANAM, WAIS). Scoring procedures and score
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interpretation varies across instruments. Scoring sheets/software
and instructions are available with purchase of the instruments.

Evidence-Based Assessment of Cognitive

Functioning Measures
All 15 instruments were utilized in at least two peer-reviewed
studies by two different research teams. The WAIS and TMT
were the most frequently used instruments: different versions
of the WAIS were used 17 times by 14 different teams, and
the TMT was used 14 times by 11 teams (Table2). None
of the instruments met the criteria for a “well-established,”
“approaching well-established,” or “promising” rating in the TBI
population (Table 3). Known-groups validity and responsiveness
were reported for two versions of the ANAM in two concussion
samples (53, 68). The hypotheses regarding known-groups
validity were accepted for the HVLT-R delayed recall task but
rejected for the total score in a mTBI sample (79), and test-
retest reliability in a TBI sample of unknown severity met
the correlation cut-off for the group, but not for individual
patients for total recall and delayed recall only (83). Convergent
and divergent construct validity hypothesis testing for other
instruments were not supported for all subscales/tasks, and were
not always in line with clinical expectations (69, 78).

Table 4 provides a summary of the measurement properties of
measures of cognitive functioning in TBI samples.

DISCUSSION

This review provides a comprehensive overview of existing
instruments used to evaluate cognitive functioning in clinical and
non-clinical settings in persons with TBI. An extensive search
strategy led to identification of 15 instruments; each was reviewed
and comprehensively described (Supplementary File 3),
providing information on content and level of evidence existing
regarding measurement properties as they concern the use of
these tools for evaluative purposes, i.e., their ability to measure
change in a construct over time. Our results highlight that
most scientific evidence pertains to construct validity, with
limited evidence on test-retest reliability and responsiveness
in TBI samples. This poses a risk to TBI researchers and
clinicians when it comes to interpreting the results produced in
longitudinal studies, with no certainty of the instruments’ ability
to measure change in cognitive functioning in persons with TBI
longitudinally. The results are informative nevertheless, having
implications for the understanding of and future research related
to the measurement properties of evaluative instruments, and
their subsequent utilization for studying the natural history and
clinical course of cognitive functioning and treatment effects in
clinical trials in persons with TBI.

Construct Validity

Construct validity refers to the development of a mini theory
to describe how well an instrument measuring a construct of
interest would agree with another instrument measuring a related
construct (11, 62). In the measurement of cognitive functioning
in persons with TBI, there does not exist a gold standard or
criterion measure (11), and therefore understanding the domains

each instrument is trying to measure (content validity) and
whether the different instruments relate to one another in the
way one would expect, is an important property to consider. It is
important to highlight the basic principle of construct validation,
which is that hypotheses about the relationship of scores of
any instrument with scores on other instruments measuring
a similar or different construct (convergent and divergent
construct validity, respectively) should be formulated in advance;
the specific expectations with regards to certain relationships can
be based either on an underlying conceptual model or on the
data in the literature (11). This review has found that only a few
researchers tested hypotheses related to the relationship between
the measures of cognitive functioning studies and measures of
other constructs, stating ahead of analysis the expected direction
and magnitude of associations, based on what was known
about the constructs under study. In future studies, to assess
similarity or dissimilarity between instruments’ scores, when
formulating hypotheses, one should first have a solid grasp of
the contents of comparable instruments, which we provide in
this review, as domains within any given instrument are expected
to be correlated strongly with domains of conceptually similar
instruments. There should also be a clear description of what is
known about the TBI population under study, including but not
limited to the circumstances surrounding injury, injury severity
and mechanism, brain maturity and brain health at the time of
injury, comorbid mental and physical disorders, coping ability,
and psychotropic medication use, as each of these have the ability
to influence cognitive functioning at assessment (88-92).

Known-groups validity (of construct validity) refers to an
instruments ability to discriminate between groups of individuals
known to have a particular trait and those who do not have
that trait (62). This property is most relevant for discriminative
(i.e., diagnostic) instruments (11, 12), however is significant
for evaluative instruments, where it is imperative that an
instrument is responsive to all clinically important differences
between constructs under investigation or different courses or
outcomes of the construct (13). This includes identification and
deletion of unresponsive items within a construct from the
instrument over time. One way to identify such items within the
cognitive functioning constructs assessed by instruments in the
TBI population is to administer the instrument to a group of
people with TBI of varying severities and associated cognitive
impairments and to healthy people without impairments,
and compare the scores yielded at baseline testing (known
groups validity) and at follow-up after an intervention with
known efficacy in improving cognition (e.g., cognitive training).
Presence and absence of differences between the two groups in
items will indicate items that are responsive and those that are
not, respectively (longitudinal known-group construct validity).
Only one study assessing measurement properties provided
parameters of longitudinal known-group validity for the ANAM4
in young men with concussion (68) and those without.

Test-Retest Reliability

Not every change on a measurement instrument can be
considered a real or true change in the construct the instrument
is believed to measure (13). Observed changes in scores over
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TABLE 4 | Summary of measurement properties of evaluative instruments of cognitive functioning in TBI samples.

Instrument Target population when Neurocognitive Respondent Construct validity Ability to detect change
developed domains burden*
covered
Convergent or Known-group Test-retest Responsiveness
divergent reliability
ANAM Healthy persons with 5/7 Up to 90 min - + - +
environmental challenges
ImPACT Athletes with concussion 5/7 25+ min + - - -
HVLT General adult population 2/7 5-10min testing + - + + -
25min delay
T™MT Military personnel 4/7 5-10min - + - -
PASAT General population 3/7 15-20min + - - -
WAIS General adult population 7/7 60-90 min + + - +
FIM-COG Rehabilitation in-patients 4/7 30-45min + + - -
CVLT General population 2/7 30 min testing + + - - -
30 min delay
COWAT Persons with low education 4/7 3+ min - + - -
or limited writing
RAVLT General population 2/7 10-15min + - -
ROCF Persons 6-89 years old 3/7 50-60 min + - - -
MMSE Psychiatric and dementia 3/7 <bmin + - - -
patients
SCWT Psychiatric patients 3/7 5min + - - -
SDMT Persons 8 + years old with 3/7 <5min - + - -
organic brain pathology
WMS General population 4/7 30-35min + - - -
*As reported for original version; + = information available in TBI sample(s) of mild severity; — = no information available in TBI samples of any severity.

COWAT, Controlled Oral Word Association Test; CVLT, California Verbal Learning Test; FIM, FIM instrument, cognitive subscale (formerly Functional Independence Measure); HVLT,
Hopkins Verbal Learning Test; INPACT, Immediate Post-concussion Assessment and Cognitive Test; MMSE, mini mental state examination; min, minutes; PASAT, Paced Auditory
Serial Addition Test; RAVLT, Rey Auditory Verbal Learning Test; ROCF, Rey-Osterrieth Complex Figure Test; SDMT, Symbol Digit Modalities Test; TMT, Trail Making Test; WAIS (-R/Ill/IV),
Wechsler Adult Intelligence Scale (-Revised/Third Edition/Fourth Edition); WMS (-R/Ill/IV), Wechsler Memory Scale (-Revised/Third Edition/Fourth Edition).

time may be due to measurement error, natural variability
in a person’s ability to concentrate throughout the day, i,
peak in performance, mood at the time of investigation, which
may determine positive or negative responses in case of doubt,
evaluators™ variability in applying criteria more or less strictly,
or the natural course of the construct under study (i.e., recovery
or deterioration) (11-13). Therefore, interpretation of change
in score over time requires assessment of measurement error
by test-retest of a stable population of interest (13). But what
is a stable TBI population? By choosing a timeframe with 6-8
weeks between the two test sessions of the HVLT-R, researchers
reported moderate to high test-retest reliability on all eight
parameters tested (83). Unfortunately, the researchers did not
ask their participants how their cognitive activity changed over
the 6-8 weeks, and therefore, the stability of the group of TBI
patients that took part in this study is unknown and thus the
interpretability of the score and corresponding attribution of
functional status is uncertain. When the researchers assessed test-
retest reliability of the ANAM4 in young men in the chronic
stage post-concussion and in their non-injured counterparts,
the groups’ scores were comparable at baseline, but differences
in some but not all subscales (CDD, M2S, PRT, SRT, and
SRT2) emerged at 357 + 88 days after baseline assessment,

with the concussed group exhibiting lower scores than the non-
concussed group; the reason for this observation is not clear (68).
Consequently, issues related to the meaning and interpretation
of results of longitudinal studies utilizing instruments with
unknown test-retest reliability in the population of interest
remain pressing.

Responsiveness

Responsiveness, defined as an instrument’s ability to accurately
detect change when it has occurred, is key for instruments applied
for the purpose of evaluation (13). Responsiveness is not an
attribute of the instrument itself, but reflects the application
of the instrument in a given context (e.g., for quantifying the
benefit of an intervention in a clinical trial), or to a certain type
of change (i.e., natural history, recovery, etc.). Responsiveness
is the ability of an instrument to detect change when it has
taken place, and can be expressed either as absolute difference
within a person or group, or the effect size, referred to as
the standardized response mean (91). Responsiveness is the
least studied attribute of measures of cognitive functioning.
The results of one study that investigated responsiveness of
the WAIS in a sample with severe head injury supported
the hypothesis of differential speed of recovery of different
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domains of cognition in TBI (i.e., verbal IQ of the head
injured group approached that of the comparison group within
about one year of injury, while recovery of performance IQ
continued to improve over about 3 years) (84). The results of
another study assessing the ANAM4 in a concussed sample
(68) reported that 48% of the concussed group demonstrated
decreases in performance on two or more subscales compared
with 28% of the non-concussed group, driven by the CDS,
CDD, PRO, SRT, and ST2 subscales (assessing abilities related
to information processing speed, reaction time, attention,
memory, and learning). Neither study however, formulated
specific hypotheses with respect to expected mean differences
in scores in the studied groups a priori. Without the a priori
hypotheses the risk of bias is high, because retrospectively, it is
tempting to think of explanations for the observed results instead
of concluding that an instrument might not be responsive.
Also worth noting is that when measurement properties were
assessed, participant samples consisted of mostly or strictly
men. Without gender-related specifications on the applications
of the ANAM and the HVLT, it impossible to draw any
firm conclusions on the instruments’ test-retest reliability and
responsiveness, and therefore their ability to detect change
over time.

Feasibility, and Clinical and Research
Utility

Feasibility concerns practicality of administering an instrument
to a person in the setting it which it needs to be administered
(11). In order to accurately measure what it intends to measure,
and ensure valid responses, self-administered instruments must
be completely self-explanatory, and those administered by
research or clinical personnel require personnel to be trained to
collect the required information. None of the studies included
in this review reported on the training of respondents and
administrators, or lack thereof. This is important for ensuring
the procedure is standardized and to confirm the ability of
persons with TBI to complete the procedure and respond
with insight. Instruments that require more than 30 min to
complete can be tiring for persons with TBI, who commonly
experience decreased stamina, especially during tasks involving
novelty. Multi-domain instruments demand continuous, goal-
directed activity, which would be affected by diminished
motivation, impairments, psychological state, and age. In such
cases, researcher or clinicians may administer combinations
of relevant sub-tests over some time, which can present a
challenge for calculation of an accurate score and interpretation
of scores. A composite score is the most practical approach
for researchers looking to quantify a population’s global change
over time: if sample sizes are sufficiently large, the between-
person variation in certain subscales or domains will be balanced
in the calculation of a mean global score for the group. In
the clinical setting, however, where clinicians are working one-
on-one with individuals to study the natural history of or
intervention-induced changes in a construct over time, focus
on the individual subscales is key. The implication is that the

scores of each of the subscales of a global or multi-domain
measure have to be validated separately in a population of
interest. This is particularly relevant for certain domains of
cognition such as crystalized intellectual abilities, which have
been hypothesized to be resistant to the effects of TBI. Finally,
study of the evaluative properties of measures of cognitive
functioning that are reflective of everyday cognitive skills
is needed.

STUDY LIMITATIONS

There are a number of limitations to this review. All of
the studies included were published in English, and therefore
instruments used in non-English-speaking populations and
studies have not been captured. The review team did not
contact authors of reviewed papers for additional methodological
details that were not available in their publications. Further,
the team appraised methodological quality utilizing Holmbeck
et al’s criteria (20), developed for measures of psychosocial
adjustment and psychopathology, and therefore not specific for
measures of cognitive functioning. Nevertheless, justifications
for quality ratings given to each of the reviewed instruments
were reported to clarify the resultant assessment grades.
Several instruments [i.e., standardized assessment of concussion
(SAS), short orientation-memory-concentration test (SOMT),
and the neuropsychological assessment battery (NAB)] assessing
orientation (i.e., time and place), were not reviewed in this work,
as they were utilized just once within the articles identified in the
primary search, and therefore did not meet the frequency of use
criteria set for this review.

Another potential issue is that while the instruments
themselves are standardized, there are a number of scores
that could be derived from each one. For instance, CVLT
scores can be based on the number of words recalled from
multiple lists, recall after short/long delay, number of errors
in recall, etc. The use of these scores was not consistent from
study to study. This lack of consistency not only makes it
challenging, if impossible, to compare scores across studies,
but may impact evaluation of certain measurement properties,
such as concurrent validity, if only certain scores are associated
with instruments meant to measure similar/different constructs
(Table 3; Supplementary File 3). There are limitations related to
the identification of data on construct validity. For the purpose of
this review, data on measurement properties was gathered from
studies of longitudinal design only. Despite attempts to include
all articles relevant to construct validity in the TBI population,
it is possible some cross-sectional studies evaluating construct
validity were missed.

Finally, while the potential application of the described
instruments measuring cognitive functioning in TBI can be for
diagnostic/descriptive and prognostic/predictive purposes, the
focus of our work was to examine the evaluative properties of
such instruments (i.e., their ability to measure the magnitude
of change longitudinally), when no external criterion is
available for validating the construct. Thus, the assessment of
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properties of instruments included in this review, as descriptive
or predictive measures of cognitive functioning, requires
further study.

CONCLUSIONS

In research utilizing evaluative, or other, psychometrics, the
suitability of the instruments, or lack thereof, in terms of their
psychometric properties, is rarely discussed, or acknowledged
as a limitation in the case of measures whose scores have not
been validated. This review highlights the problematic use of
certain measures that lack the properties necessary for their use as
evaluative measures. The evidence on measurement properties of
instruments used to assess cognitive functioning in TBI samples
longitudinally is limited, and thus, the way forward appears to
be consensus on a set of measures with the greatest potential
for evaluative purposes in TBI, and assessment of these select
measures to build the evidence on measurement properties
and establish or refute rationale for their application in TBI
research. Refinement and testing of this group of instruments
in TBI samples of varying severities in terms of longitudinal
construct validity, test-retest reliability, and responsiveness, not
only to reliably study the course of cognitive functioning after
brain injury, but also for quantifying treatment benefits in
clinical trials, is timely. Assessment of psychometric properties
should not be an afterthought, but rather should preface the
application of a measure in any new population or context,
serving as the deciding factor on whether to proceed with
its use. It is important that future research on psychometric
properties of evaluative psychometrics, take into account the
heterogeneity in cognitive functioning of persons with TBI,
and report stratified results for subgroups of people based on
injury severity, mechanism, and baseline cognitive abilities, to
mitigate some of the heterogeneity. Further, to present these
results in the context of change in everyday functional capabilities
as time since injury progresses or in response to intervention,
which will provide valuable insights. Furthermore, emphasis
on within-individual variability in the TBI population, where
each person serves as their own control, is likely to be the
best technique to analyse change, and to answer the question—
to which extent is the inherent regenerative capacity affected
by injury-related variables, as opposed to internally (age, sex,
genetic profile, etc.) or environmentally driven variables, as well
as brain-behavior relations. The trade-off with the latter, however,
is limited standardization of individual outcome measures, and

1. Jenkins PO, Mehta MA, Sharp DJ. Catecholamines and cognition
after traumatic brain injury. Brain. (2016) 139(Pt. 9):2345-71.

doi: 10.1093/brain/aww128

2. Mani K, Cater B, Hudlikar A. Cognition and return to work after
mild/moderate traumatic brain injury: a systematic review. Work. (2017)
58:51-62. doi: 10.3233/WOR-172597
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GLOSSARY

Glossary of terms adapted from Feinstein (11), Kirshner and Guyatt (12), and the
COSMIN [Mokkink et al. (62)] definitions.

Discriminative instruments

Evaluative instruments

Predictive instruments

Content validity

Construct validity

Convergent validity

Divergent validity

Known-group validity

Reliability

Inter-rater reliability

Intra-rater reliability

Feasibility

Responsiveness

Measures used to distinguish between individuals or
group on an underlying dimension when no external
criterion or gold standard is available for validating
these measures. Key psychometric properties:
construct validity (differentiate high/low levels, acts
as expected) and reliability (internal consistency,
inter-rater reliability)

Measures used to assess the magnitude of
longitudinal change in an individual or group on the
dimension of interest. Key psychometric properties:
construct validity (measures target construct),
test-retest reliability, and responsiveness to change

Measures used to classify individuals into a set of
predefined measurement categories when a gold
standard is available, either concurrently or
prospectively, to determine whether individuals have
been classified correctly. Key psychometric
properties: construct validity (measures target
construct, predicts future events), reliability (internal
consistency, inter-rater reliability), statistical
association with gold standard (criterion measure)

The degree to which an instrument adequately
samples from the domain of interest

The degree to which the measure scores reflect the
hypotheses; includes (1) convergent, (2) divergent,
and (3) known-group validity

The degree of relatedness between two constructs
hypothesized to be related

The degree of relatedness Between two constructs
hypothesized to be different

Ability of the measure to discriminate between
group of individuals known to have a particular trait
and those who do not have that trait (same as
discriminative validity)

The extent to which the measure is reliable, that is,
free of errors in score not due to true state of
construct measured in the patient; consists of (1)
internal consistency, (2) test-retest, (3) inter-rater,
and (4) intra-rater

Degree of agreement between the score given by
one rater and that by another at one time with
respect to the same respondent; addresses the
interpretability of the measure; falls under the
broader test-retest reliability category

Degree of agreement between scores given by the
same respondent or rater at one time and those
given at another time; falls under the broader
test-retest reliability category

Practicality of administering the measure;
completion time, and scoring formula

Ability of an instrument to detect change over time
in the construct to be measured
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