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ARTICLE INFO ABSTRACT

Keywords: Determining the sensitivity and specificity of short neurocognitive assessments to objectively detect concussion
Brain concussion will help clinicians more confidently integrate such tools in clinical management decisions. This study quantified
Cognition

the sensitivity and specificity of a computerized cognitive flexibility task isolating shifts of visuospatial attention
in combination with clinical symptoms acutely (< 72 h) following concussion. A total of 100 athletes (53 con-
cussed; 47 non-injured control; 42% female) completed computerized neurocognitive testing and clinical
symptom reports (Sport Concussion Assessment Tool 3rd edition: SCAT3). Separate discriminant function ana-
lyses were performed for individual, combination, and stepwise inclusion of neurocognitive and clinical symp-
tomology assessments. Findings revealed the combination of neurocognitive outcomes (i.e., mean reaction time,
response accuracy, and response accuracy cost) with clinical symptom factor scores exhibited the greatest
sensitivity (95.7%) and specificity (88.7%) as well as the highest positive predictive value (95.9%) and negative
predictive value (88%) relative to other approaches. Further, a stepwise approach predicting concussion status
using the discriminant functions improved detection of concussion (98.2% sensitivity, 95.7% specificity, 96.4%
positive predictive value, and 97.8% negative predictive value) when clinical symptom factors failed to indicate
the presence of a concussion. Incorporating a cognitive flexibility task involving shifts of visuospatial attention
combined with clinical symptom factor scores may improve clinical decision-making as this approach exceeds
the sensitivity and specificity of widely popular neurocognitive test batteries and takes less than 10 min to
administer.

Neurocognitive testing
Reaction time
Sideline measures

1. Introduction play period [10-12]. Another limitation is that widely popular neuro-
cognitive test batteries used to assess concussion take nearly 30 min to
administer, making them difficult to administer on the sideline. Thus, it

is plausible that athletes are returned to full sport participation when

Sports-related concussion continues to be a growing healthcare
concern, with an overall rate of 4.2 and 4.5 injuries per 10,000 athlete

exposures in high school and college athletes, respectively [1,2]. Health
professionals are under increased scrutiny to accurately detect and
predict length of recovery following concussive injuries. Thus, experts
recommend using computerized neurocognitive testing as part of a
multifaceted approach given the high degree of sensitivity (81.9%) and
specificity (89.4%) in differentiating between concussed and noninjured
athletes [3-9]. However, an emerging body of research has indicated
that these neurocognitive test batteries may fail to capture concussion-
related impairments in aspects of cognition, such as cognitive flexi-
bility, which show persistent impairments well beyond the return-to-

still experiencing cognitive decrements not identified by widely popular
neurocognitive test batteries despite no longer exhibiting symptoms.
However, an emerging body of literature has demonstrated that incor-
porating brief 5-min tasks assessing cognitive flexibility differentiate
between concussed and noninjured control athletes within 72 h
following injury and up to one month later [10-12]. A critical limitation
to the clinical utility of these easily administered cognitive flexibility
tasks is a lack of evidence demonstrating their sensitivity and specificity
in detecting concussion alone and when combined with currently
employed clinical symptomology assessments.
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Cognitive flexibility broadly encompasses the capacity to shift
attention or change behavioral goals [13]. This capacity is a component
of cognitive control and is integral for maintaining control over one's
actions in the face of dynamic, ever-changing environmental demands
[14]. Cognitive flexibility can be dissociated into two distinct forms:
perceptual-based and contextual rule-based [13]. Perceptual-based
cognitive flexibility involves shifts of visuospatial attention, which are
functionally distinct from shifts in contextual rule-based cognitive
flexibility, which involves changing stimulus-response mappings [13].
Importantly, athletes must meet the demands of competitive sports en-
vironments by shifting their visuospatial attention to contextual cues to
execute appropriate behavioral responses in the face of a rapidly
changing environment, thereby relying upon perceptual-based cognitive
flexibility. In this context, then, concussion-related impairments in
shifting visuospatial attention may impact athletes' sports performance.
Presently used neurocognitive assessments do not incorporate
perceptual-based cognitive flexibility paradigms even though impair-
ments have been observed in the acute (i.e., within 72 h) and protracted
(i.e., one month) phases of recovery following concussive injury using
such assessments [12]. Furthermore, present test batteries assess
cognitive flexibility as a unitary construct, conflating the two func-
tionally distinct components of cognitive flexibility even though these
subcomponents are subserved by distinct neural networks. Changing
stimulus-response mappings (contextual-based) relies upon activation of
the dorsolateral prefrontal cortex and shifting attentional focus
(perceptual-based) relies upon activation of the superior parietal cortex
[13]. Although there is some evidence to suggest that the dorsolateral
prefrontal cortex is sensitive to concussion [15], a preponderance of
evidence has demonstrated an association between concussion and vi-
suospatial deficits [16-21]. Indeed, impairments in shifting visuospatial
attention alongside hypoactivation of the superior parietal cortex have
been observed up to a month following concussion [18]. Such findings
provide compelling evidence to suggest that cognitive flexibility tasks
isolating visuospatial attention may enhance concussion detection and
management, thus warranting investigation of the sensitivity and
specificity of such cognitive flexibility tasks following concussive injury.
Understanding the sensitivity and specificity of a perceptual-based
cognitive flexibility task in detecting concussion will advance the clin-
ical utility of such assessments so that neurocognitive test batteries may
be better equipped to detect neurocognitive profiles that predict a pro-
tracted recovery.

An open question is understanding the sensitivity and specificity of
cognitive flexibility paradigms isolating shifts of visuospatial attention
to detect sports-related concussion decrements in cognition. Although
these tasks have differentiated between concussed and noninjured
control athletes [10-12], the sensitivity and specificity to which they are
able to identify concussion within the acute stage of injury is unclear.
For instance, McGowan et al. [12] demonstrated that an odd-man-out
task-switching paradigm observed concussion-related impairments in
the perceptual-based cognitive flexibility in the acute and protracted
(about a month following injury) periods of recovery whereas only acute
impairments were observed in the contextual rule-based task condition.
Although such findings provide preliminary evidence suggesting that a
perceptual-based cognitive flexibility task can detect acute and persis-
tent alterations in visuospatial attention, the sensitivity and specificity
of this task remain unknown. Since widely popular neurocognitive test
batteries may be limited in their utility beyond the acute recovery
period, incorporating perceptual-based cognitive flexibility tasks into a
multifaceted approach to detect concussion may be one way to track
cognitive recovery well beyond the return-to-play period.

Other neurocognitive tests that evaluate the immediate mental status
following a concussive injury, such as alterations in attention or working
memory, are widely used to detect, manage, and assess concussion.
Several methods exist for evaluating the cognitive function of a con-
cussed athlete. Although these test batteries differentiate between con-
cussed and noninjured control athletes immediately following injury,
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there is a growing body of evidence showing that athletes return to
baseline performance within 10 days following injury [22], dampening
enthusiasm for the long-term clinical utility of such assessments after
athletes return to play. However, tasks isolating precise cognitive do-
mains (e.g., cognitive flexibility) not assessed by popular post-
concussion test batteries (or inaccurately treated as a unitary
construct) have shown persistent impairments up to one month
following injury [10-12,23], even after all other signs and symptoms
have resolved. Thus, experts tout using a multifaceted approach to guide
the identification and management of concussion [9,24,25]. Another
advantage to using a cognitive flexibility task isolating visuospatial
attention over widely popular neurocognitive test batteries is the length
of time and resources required. The cognitive flexibility task takes just 5
min to administer and could easily be completed on a mobile device
(using touch-screen responses) whereas Immediate Post- Concussion
Assessment and Cognitive Testing (ImPACT) takes approximately 30
min and requires the use of a tablet or laptop with a mouse. Combining
the cognitive flexibility task with clinical symptomology as part of a
multi-faceted approach, such as the Sport Concussion Assessment Tool
(SCAT), would take a total of less than 10 min (6 min neurocognitive +1
min symptoms), which is much shorter than currently employed sideline
neurocognitive and clinical symptomology batteries. The paired cogni-
tive flexibility task with SCAT could easily be employed on a mobile
device application using touch screen responses for both the neuro-
cognitive task measure and clinical symptom report.

Beyond using neurocognitive assessment, the multifaceted approach
also involves using symptom reporting due to its direct relationship to
activities of daily living. Interpreting post-concussion symptom report-
ing may be difficult for health care professionals given that post-
concussion symptoms vary between athletes [26,27]. Therefore, re-
searchers have utilized factor analytic approaches to identify patterns in
symptom reporting [28-33]. Utilizing symptom factors may aid health
care professionals in conceptualizing symptomology and identifying
clinical profiles [34] and targeted treatment approaches [35]. In addi-
tion, symptom factors may be used to identify athletes at risk for pro-
longed recovery [34,36]. The SCAT contains a widely endorsed
symptom inventory, with 82% of athletic trainers reportedly using this
assessment in their clinical practice [37]. In addition, the SCAT is most
clinically useful within the acute phase of concussion [38] and is readily
available for athletic trainers. A recent investigation revealed a 3-factor
solution in acutely concussed athletes for the SCAT: migraine-fatigue,
affective, and cognitive-ocular [35]. Although widely popular neuro-
cognitive test batteries typically incorporate some form of clinical
symptom assessment tool, which has been shown to enhance sensitivity
and specificity of detecting a concussion, the combination of neuro-
cognitive tests with the SCAT three-factor symptom scores has yet to be
tested and would provide insight into a much shorter sideline assess-
ment that would only require a mobile device, which many sports
medicine professionals have readily available. Moreover, pairing the
cognitive flexibility task with symptom factor approach has the potential
to identify clinical profiles at risk for prolonged recovery as both as-
sessments have demonstrated sports-related concussion impairments
beyond the acute period [12,34,36].

The aim of the current study was to determine the sensitivity and
specificity of a cognitive flexibility task isolating visuospatial attention
previously shown to exhibit protracted recovery following injury in the
acute phase (i.e., within 72 h) of injury [12]. We extend the current
understanding of using a multifaceted approach to detect concussion in
multiple ways. First, we assess the sensitivity and specificity of a
cognitive flexibility task to identify concussion using neurocognitive
variables (e.g., reaction time, response accuracy) alone. Second, we
examine the extent to which sensitivity and specificity is improved by
combining neurocognitive variables with commonly used clinical
symptoms from the SCAT. Third, we test the sensitivity and specificity of
the task by combining neurocognitive variables with a novel SCAT
symptom 3-factor structure [35].
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2. Method
2.1. Participants

The concussion group consisted of 53 athletes (M = 18.2 + 2.4 years,
23 females, 11.3% nonwhite; 67.9% collegiate) with a sports-related
concussion identified by a specialized health professional (certified
athletic trainer/team physician). Concussion was defined as altered
mental status resulting in short-term impairments caused by a blow to
the head or body, leading to the presentation of one or more clinical
symptoms [24]. A group of 47 athletes served as noninjured controls (M
= 17.7 + 2.3 years, 19 females, 14.9% nonwhite; 55.3% collegiate).
Participants were recruited from 2 high schools and 3 colleges in the
mid-Michigan area. The sample reported on in the present manuscript is
independent from the sample reported on in McGowan et al. [12] Ath-
letic trainers or team physicians referred concussed athletes to the
research team within 72 h of sustaining a sport-related concussion. All
participants were free of neurological disease (i.e., ADHD) or physical
disabilities, indicated normal or corrected-to-normal vision, did not
report a loss of consciousness associated with their concussion injury or
a history of more severe traumatic brain injury, or hospital admission
due to either head injury or collateral injuries for >24 h. One participant
in the concussed group self-reported a history of a learning disability;
however, results reported in the manuscript were unchanged following
removal so this individual was retained in final analyses.

2.2. Procedure

In accordance with the Michigan State University Human Research
Protection Program Institutional Review Board, individuals older than
18 years provided informed consent, guardians provided informed
consent for participants younger than age 18, and assent was provided
by participants younger than age 18. All testing took place in a quiet
setting (e.g., empty classroom, laboratory, or medical office) in which
the athlete was seated in front of a touchscreen laptop and completed the
task individually with only the experimenter present. Athletes with
sports-related concussion participated in testing within 72 h of their
injury (average time between injury and testing M = 45.12 + 24 )
because this time period remains consistent with a robust body of
literature demonstrating the signs and symptoms of a concussion
occurring within the first 24-72 h following injury as well as being a
reasonable time frame for athletic trainers or team physicians to contact
the research team to assess the athlete for study eligibility. Athletes were
asked to complete a health and demographics screening questionnaire
including the Sport Concussion Assessment Tool 3rd edition (SCAT) [38]
and then were asked to complete the neurocognitive task on a laptop.
Athletes were provided task instruction (emphasizing accuracy) and
practice trials prior to the start of experimental trials.

2.3. Neurocognitive task

2.3.1. Perceptual cognitive flexibility task

Athletes completed a switch task using an odd-man-out paradigm
[12,13] to determine impairments in shifting visuospatial attention
(perceptual-based cognitive flexibility) following sports-related
concussion. All stimuli were presented focally on a black background
for 2500 ms (or until a response occurred) with an inter-stimulus in-
terval of 1000 ms. The average duration of the task was 346.9 s (5.8
min). Participants viewed instructions depicting the letter and shape
trials with examples of correct responses on the laptop alongside verbal
instructions from a trained experimenter. Additionally, the button-
response mapping cues were visible on the screen during the task to
maintain consistency with existing clinically-relevant neurocognitive
test batteries and to reduce working-memory load. The button-response
cues became increasingly translucent throughout the practice trials to
encourage participants to encode the stimulus-response associations.
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During the experimental trials, the button-response mapping cues were
60% transparent (40% opaque) so that if participants lost the stimulus-
response pairings within working memory, they could retrieve them, but
the button-response mapping cues did not draw attention away from the
primary symbol arrays.

Experimenters explained the task instructions to participants using 3
trials manually advanced by the experimenter in which athletes' re-
sponses were not recorded. This approach ensured athletes understood
task instructions prior to completing 27 practice trials that gradually
increased in speed, so athletes became familiar with the task and the
stimulus-response mappings. Following the 30 practice trials in total,
athletes completed one block of 95 experimental trials. This number of
trials ensures that reliable reaction time could be obtained using at
minimum 47 trials assuming 50% accuracy, which surpasses the rec-
ommended 30 trials to obtain reliable reaction time [39]. The task
consisted of equiprobable nonswitch trials (in which perceptual cue
remained the same as the preceding trial) and switch trials (in which the
perceptual cue differed from the preceding trial). In the present task,
nonswitch trials were when the target perceptual cues were letters fol-
lowed by letters or shapes followed by shapes, whereas switch trials
were when the target perceptual cues changed from letters to shapes or
from shapes to letters (see Fig. 1). The task engages perceptual-based
cognitive flexibility as it involves the ability to flexibly reorient visuo-
spatial attention, which is distinct from other types of cognitive flexi-
bility involved in flexibly adapting to changes in goal-related
information (e.g., switching button-response mappings or contextual-
based) [13]. A more detailed description of the task is provided in
McGowan et al. [12] This task results in a number of variables of in-
terest, including mean reaction time (ms), response accuracy (% cor-
rect), and switch cost of both reaction time and response accuracy.
Switch cost is calculated by subtracting the nonswitch (easy trials)
outcome from the switch (difficult trials) outcome (e.g., Switch mean
reaction time — Nonswitch trial mean reaction time). The magnitude of
switch cost is greater when performance on switch trials (difficult) is
worse than performance on nonswitch (easy) trials. Although further
research is necessary to determine the psychometric properties of these
perceptual-based cognitive flexibility assessments, it is important to
point out from a construct validity perspective that the current paradigm
not only conceptually aligns with the definition of cognitive flexibility
but also has demonstrated reliance upon neural networks that can be
dissociated from those underlying contextual rule-based cognitive flex-
ibility [13]. Indeed, existing task-switching assessments treat cognitive
flexibility as a unitary construct, failing the first and most critical criteria
for determining construct validity.

2.4. Sport Concussion Assessment Tool (SCAT) symptom scale

The symptom scale from the third edition of the SCAT is a subjective
assessment of 22 symptoms on a scale of severity from O (none) to 6
(severe), providing an index of severity (maximum possible total
symptom severity = 132) [24]. The entire SCAT takes about 10 min to
complete; however, the symptom report section, which was the only
section of the SCAT used in the present study, takes approximately 1 min
to complete. The current study used total symptom and total symptom
severity as outcome measures for the SCAT. Recent evidence [35] sug-
gests that three symptom factors emerge as significant during the acute
post-concussion period: migraine-fatigue, affective, and cognitive-
ocular. The SCAT items that load onto each of these factor scores are
migraine-fatigue (headache, pressure in head, sensitivity to light,
sensitivity to noise, and don't feel right; maximum total symptoms = 5;
maximum total symptom severity = 30), affective (more emotional, ir-
ritability, sadness, and nervous or anxious; maximum total symptoms =
4; maximum total symptom severity = 24), and cognitive-ocular (blur-
red vision, balance problems, difficulty remembering, and confusion;
maximum total symptoms = 4; maximum total symptom severity = 24).
The current study used total symptoms and total symptom severity
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Fig. 1. Illustration of the perceptual-based cognitive flexibility task. For reference, the correct response to each stimulus is highlighted. ISI = interstimulus interval.

Switch Trial
(Shapes)

within each factor consistent with prior work identifying symptom 2.5. Statistical analysis
factors as clinically useful in discriminating concussed athletes from
noninjured control athletes and providing more accuracy than the total

Demographic characteristics were analyzed using Pearson's chi-
symptom scores [40].

square tests (sex, nonwhite, contact sport) and nonparametric Mann-
Whitney U tests (age and number of previous concussions) since these
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variables violated assumptions of normal distribution, W's > 0.58, p's <
0.002. Overall differences between concussion and noninjured control
groups on reaction time and response accuracy were analyzed using a 2
(Group: concussion, noninjured control) x 2 (Congruency: nonswitch,
switch) univariate repeated measures ANOVA. SCAT outcomes (i.e.,
SCAT total symptoms, SCAT total symptom severity) were examined
using nonparametric Mann-Whitney U tests because variables showed
evidence of skewed distribution on the Shapiro-Wilk normality test (W's
< 0.95, p's < 0.02). Holm-Bonferroni corrections were applied to control
for multiple comparisons. Analyses of group differences were performed
using the stats [41] and ez [42] packages in R Version 3.6.2 [41]. Given
a sample size of 100 participants and a beta of 0.20 (i.e., 80% power),
the present research design theoretically had sufficient sensitivity to
detect t-test differences between concussion and noninjured control
groups exceeding d = 0.57 (with a two-sided alpha) as computed using
G*Power 3.1.2 [43]. Although mean reaction time, switch response
accuracy, and response accuracy failed to meet the assumption of
multivariate normality within each group using Q-Q plots and Shapiro-
Wilk tests [44], all findings remained unchanged following trans-
formation of the data (square root, log, inverse rank). Thus, the results
presented below reflect use of the raw data. Discriminant function an-
alyses were then performed in SPSS (version 26) with the neurocognitive
outcomes that detected group differences (mean reaction time, response
accuracy, response accuracy cost), with the SCAT total scores (SCAT
total symptom score, SCAT total symptom severity), and with the SCAT
factor scores (migraine total, migraine total symptom severity, affective
total, affective total symptom severity, cognitive-ocular total, cognitive-
ocular total symptom severity) separately, combined, and using a step-
wise approach. Classification matrix, sensitivity, and specificity were
then assessed for each of the 4 discriminant function analyses (neuro-
cognitive, SCAT total, SCAT factor, neurocognitive + SCAT total, neu-
rocognitive + SCAT factor). Discriminant function equations are
provided to allow clinicians to use the combined neurocognitive and
symptom factor approach to detect concussion in their own practice.
To complement discriminant analyses, we calculated likelihood ra-
tios, which have the advantage of equally weighting sensitivity and
specificity and therefore are less dependent on the proportion of athletes
with and without concussion in the sample, thus facilitating comparison
across studies. The positive likelihood ratio is calculated as [sensitivity/
(100 - specificity)] and the negative likelihood ratio is calculated as
[(100 - sensitivity)/specificity]. The positive likelihood ratio is inter-
preted as the odds of detecting the presence of a concussion relative to
the odds of not detecting the presence of a concussion. The negative
likelihood ratio can be interpreted as the change in odds of detecting a
concussion in athletes without a concussion. The change is in the form of
aratio, with values <1 decreasing the probability of a positive result and
values >1 increasing the probability of the injury (lower values are
preferred for a negative test result). For example, a negative likelihood
ratio of 0.1 would indicate a 10-fold decrease in the odds of detecting a
concussion in athletes without a concussion. To ease interpretation of
the negative likelihood ratio, these values are interpreted as an
approximate change in probability (%) using set clinical thresholds [45].

3. Results

Demographic information for all participants is displayed in Table 1.
Mann-Whitney U tests did not reveal any significant differences between
the concussion and noninjured control groups for age or number of
previous concussions (U's > 1013, Z's < 1.8, p's > 0.08, r's < 0.18).
Moreover, groups did not differ on the proportion of athletes identifying
as female or nonwhite (Xz(l)’s > 0.06, p's > 0.8). However, a greater
proportion of participants in the concussion group reported playing
contact sports during the season in which data collection occurred
(xX?(1)’s = 30.3, p < 0.001). Contact sports athletes reported included
basketball (n = 8), broomball (n = 1), football (n = 21), lacrosse (n = 5),
cheerleading (n = 5), soccer (n = 9), and wrestling (n = 3). Sports were
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Table 1
Demographic characteristics as a function of group (& SD).
Measure Concussion Noninjured P
control
N 53 (23 47 (19 females) 0.76
females)
Age (years) 18.2+ 2.4 17.7 £ 2.3 0.25
[range: 14-22] [range: 14-22]
Nonwhite 11.3% 14.9% 0.8
Previous Concussions (n) 15 4 0.08
Time Since Last Concussion 23+1.1 23+1 1
(years)
Contact Sport 79.2% 23.4% <
0.001*

Note: p-values reflect group differences as compared using Mann-Whitney U tests
(age, previous concussions, time since last concussion) and chi-square (sex,
nonwhite, contact sport). * denotes p < 0.05.

classified as contact and noncontact consistent with the American
Academy of Pediatrics Council on Sports Medicine and Fitness [46,47].

3.1. Cognitive task performance

Analysis of neurocognitive outcomes revealed a Group x Congru-
ency interaction for response accuracy (F (1,97) = 5.3, p = 0.024, f2 <
0.01 [95% CI: 0 to 0.02]). Post-hoc decomposition of this interaction
revealed that concussion athletes were less accurate (73.6 4= 21%) than
noninjured controls (83.4 &+ 14.2%) only on switch trials (t(97) = 2.7, p
= 0.009, d; = 0.54 [95% CI: 0.13 to 0.94]). Analysis of response accu-
racy cost revealed a main effect of Group (F(1, 97) = 5.3, p = 0.024, f* =
0.05 [95% CI: 0 to 0.15] such that concussion athletes exhibited a
greater switch cost (—4.8 + 8.2) than noninjured controls (—1.6 + 5.4), t
(90.4) =2.4,p = 0.02, d; = 0.48 [95% CI: 0.07 to 0.88]. However, there
were no main effects for reaction time cost, F(1,97) =0.4,p = 0.52,]‘2 <
0.01 [95% CIL: 0 to 0.03].

3.2. Clinical outcomes

3.2.1. SCAT total scores

Analysis of SCAT clinical outcomes revealed greater total symptoms
and total symptom severity reported by concussion relative to non-
injured control athletes (U's > 155, Z's > 7.4, p's < 0.001, r's > 0.72, see
Table 2).

3.2.2. SCAT factor scores

Analysis of SCAT factor scores revealed both greater total symptoms
and symptom severity for migraine, affective, and cognitive-ocular
symptom severity scores by concussion relative to noninjured control
athletes (U's > 123, Z's > 3.7, p's < 0.001, r's > 0.37, see Table 2).

3.3. Discriminant analyses

All discriminant function analyses were significant (p's < 0.037). The
neurocognitive + SCAT factor function outperformed all functions and
neurocognitive alone performed the worst (see Table 3). The stepwise
approach further improved the discriminant performance of the com-
bined neurocognitive and symptom factor approach (see Table 3).
However, implementing the neurocognitive + SCAT total in a stepwise
fashion deteriorated discriminant ability. We provide egs. 1-5 for each
of the discriminant function analyses. Egs. 2-5 were used in the stepwise
approaches.

3.3.1. Neurocognitive
The equation representing the discriminant function using neuro-
cognitive variables alone is:

Y =.504+ — .002RT + — .084ACC + .120ACC,,y (€D)]



A.L. McGowan et al. Journal of the Neurological Sciences 428 (2021) 117575
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number of symptoms for the affective factor score, Migraineryqss is the
total symptom severity for the migraine-fatigue factor score, and
Migraineryq is the total number of symptoms for the migraine-fatigue
factor score. When using discriminant function equations, a threshold
of 0.5 is used even though the predicted group membership is O (non-
injured) or 1 (concussed). If predicted performance (y) is less than the
threshold (< 0.5), the athlete is assigned to “noninjured group” and if
(y) is greater than the threshold (> 0.5), the athlete is assigned to the
“concussion group”.

3.4. Likelihood ratios

Positive likelihood ratio of the combined neurocognitive and SCAT
symptom factor approach indicated that a concussion is detected 8.5
times as often as not detecting a concussion. Negative likelihood ratio of
the combined neurocognitive and SCAT symptom factor indicated a 5-
fold decrease in the odds of misidentifying a concussion in athletes
without a concussion, which can be interpreted as more than 45%
decrease in odds of misidentifying a concussion in an athlete who does
not have a concussion.

3.5. Exploratory analyses

Prior work has demonstrated persistent deficits in cognitive flexi-
bility following sports-related concussion [10-12]. Although these an-
alyses are likely underpowered given that n = 19 athletes in the present
sample reported having sustained a prior concussion, these data provide
preliminary support to further investigate the persistent deficits in vi-
suospatial attention observed following repetitive concussive injuries.
Because a larger proportion of athletes in the concussion group partic-
ipated in contact sports during the season in which data collection
occurred, we addressed the question of the relationships of potential
exposure to subconcussive impacts on task performance using explor-
atory linear regressions. Analyses revealed no significant associations
between task performance and sport group (contact/noncontact) or
having sustained a prior concussion (p's > 0.08).

4. Discussion

The aim of the present study was to evaluate the sensitivity and
specificity of a perceptual-based cognitive flexibility task in detecting
concussion in the acute period (i.e., within 72 h) following injury.
Replicating prior work by McGowan et al. [12] in an independent
sample, behavioral task performance indices discriminating between
concussed and noninjured control athletes included mean reaction time,
response accuracy, and response accuracy cost. The findings from the
current study suggest that combining neurocognitive outcomes with
SCAT symptom factor scores exhibited the highest sensitivity (95.7%),
specificity (88.7%), overall classification rate (91.9%), positive predic-
tive value (95.9%), and negative predictive value (88%)—out-
performing other individual and combinations of neurocognitive and
SCAT symptom approaches. Furthermore, a stepwise approach using
cognitive flexibility task performance if SCAT symptom factor scores
alone failed to detect a concussion outperformed all other approaches
exhibiting 98.2% sensitivity, 95.7% specificity, 97.1% overall classifi-
cation rate, 96.4% positive predictive value, and 97.8% negative pre-
dictive value. Collectively, these findings suggest that pairing cognitive
flexibility tasks relying upon shifts of visuospatial attention with
symptom reports has the sensitivity and specificity to detect sports-
related concussion within 72 h following injury. These findings also
suggest that such an approach would take less time (less than 10 min)
than current assessment batteries pairing neurocognitive assessment
with symptom scales (> 30 min).

Importantly, the performance of the combined cognitive flexibility
and SCAT factor scores exceeds the widely-used ImPACT (83-95%
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sensitivity and 75-83% specificity) [8,48,49] and CogSport/Axon (69%
sensitivity and 91% specificity) [50] test batteries when testing the
discriminant ability of each neurocognitive test combined with their
respective symptom inventories. Likelihood ratios indicate that the
combined cognitive flexibility task and SCAT symptom factor assess-
ment detects a concussion 8.5 times more often than not detecting a
concussion and has a more than 45% decrease in the odds of detecting a
concussion in an athlete without a concussion. The combined cognitive
flexibility task and symptom factors outperforms currently used
concussion assessments. For example, positive and negative likelihood
ratios range from 3.32 to 5.59 and 0.06 to 0.23, on ImPACT, respec-
tively; suggesting a 6- to 34- fold increase in the odds of detecting a
concussion in athletes without a concussion or ~ 30% decrease in odds
of detecting a concussion in athlete without concussion) [8,48]. Previ-
ous reports using CogSport reported positive and negative likelihood
ratios as 7.7 and 0.34, respectively, when combined with clinical
symptoms, suggesting a 34-fold increase in the odds of detecting a
concussion in athletes without concussion or about 25% decrease in
odds of detecting a concussion in athlete without concussion [50]. The
combined cognitive flexibility and symptom factors assessment has up to
5 times higher odds of detecting a concussion and has up to 20% greater
decrease in the odds of detecting a concussion in athletes without
concussion relative to currently used assessments. Taken together, the
present findings indicate that the combined cognitive flexibility and
symptom factor assessment outperforms currently used assessments in
detecting a concussion, and requires less specialized equipment (e.g.,
mouse) and shorter administration time.

The current study demonstrates that incorporating computerized
assessments of cognitive flexibility is both a sensitive and specific in-
strument for the assessment of neurocognitive sequelae of concussion,
which is superior to present neurocognitive assessments, at least relative
to noninjured control athletes. Our results show that neurocognitive
outcomes on a cognitive flexibility task provides post-injury cognitive
data that can assist a clinician in detecting sports-related concussion.
Using the neurocognitive data provided by the cognitive task alone, 62%
of cases were correctly classified. Previous researchers classified 82% of
concussed participants and 89% of control participants correctly at a
similar acute injury interval; however, prior approaches included com-
posites for processing speed, visual memory, and impulse control in
addition to the post-concussion symptom checklist and took 30-40 min
to administer [8]. A limitation to the aforementioned neurocognitive
test battery, however, is that it predominantly relies upon contextual
rule-based cognitive flexibility demands without concurrently taxing
visuospatial attention, which is appropriately assessed in the current
study using a perceptual-based task. Accordingly, these differences in
cognitive tasks may explain why current test batteries fail to detect
concussion-related impairments in cognitive function beyond the acute
period [51]. Further, Sicard et al. [52] noted the importance of
analyzing raw scores to identify subtle, but lasting cognitive impair-
ments following concussion on tasks of higher-order cognition. In line
with this supposition, the cognitive flexibility task employed in the
present study uses raw neurocognitive variables unlike widely popular
test batteries that provide composite scores. Thus, it is plausible that
incorporating assessments of cognitive flexibility into currently
employed neurocognitive testing would be feasible and potentially in-
crease clinical utility of neurocognitive test batteries. Alternatively, if
the cognitive flexibility task is not incorporated into widely popular test
batteries, using the perceptual-based task in combination with the SCAT
could easily be implemented on a mobile device using touchscreen re-
sponses, taking less than 10 min to administer (6 min neurocognitive
task +1 min symptom report). Although the present study used
keyboard responses to maintain consistency with currently employed
neurocognitive tasks, future work should determine the feasibility of
using touchscreen responses for the potential to implement this task
through a mobile device application. Such an approach may be prefer-
able to widely popular neurocognitive tasks, which are administered
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using a tablet or laptop with a mouse. Testing the feasibility of imple-
menting the combined cognitive flexibility and symptom factors on a
mobile device opens the potential to easily incorporating neurocognitive
testing into sideline assessments to aid objective clinical decision-
making and complement current sideline approaches.

Our findings also indicated improved detection of concussion when
pairing neurocognitive outcomes and the SCAT total symptom score.
These findings align with current recommendations and practices
adopted by clinicians incorporating a multifaceted approach into
concussion identification and management [9,24,49,53-55]. In fact,
52.7% of clinicians indicate using a 3-domain assessment battery
(cognition, symptom assessment, balance) whereas 86.4% report using
at least a 2-domain assessment [37]. Importantly, the most widely uti-
lized symptom inventory by clinicians during concussion identification
is the symptom checklist included in the SCAT [37]. Anderson et al. [35]
further defined the clinical utility of the SCAT by identifying a 3-factor
symptom structure (e.g., migraine-fatigue, affective, and cognitive-
ocular) to guide treatment in acutely concussed patients. Our inclu-
sion of the SCAT 3-factor symptom structure with the neurocognitive
outcomes in the present study provided the greatest sensitivity (95.7%)
and specificity (88.7%) and higher positive predictive value (91.9%)
and negative predictive value (89%) over currently used neurocognitive
test batteries commonly used by clinicians [37]. These are important
findings as the inclusion of perceptual-based tasks with objective out-
comes (e.g., reaction time, response accuracy, cost) may extend the
clinical decision making of subjective symptom reporting. Indeed, it is
important to highlight that a stepwise assessment in which clinicians
add neurocognitive testing when clinical symptom factors alone fail to
detect concussion outperforms all other approaches, with 98.2% sensi-
tivity, 95.7% specificity, and 97.1% overall classification accuracy.
However, a stepwise approach combining neurocognitive variables with
clinical symptom total scores worsened performance—further high-
lighting the utility of a clinical symptom factor approach. Thus, the
detection of concussion is improved when adding a cognitive flexibility
task requiring shifts of visuospatial attention if clinical symptom factors
fail to detect an injury.

Of note is that SCAT factor symptoms and symptom severity out-
performed (sensitivity 93.5%, specificity 83%) SCAT total symptoms
and total symptom severity alone (sensitivity 91.5%, specificity 83%).
This finding suggests that a 3-symptom factor structure (migraine-fa-
tigue, affective, cognitive-ocular) is preferable. Such a finding suggests
that instruments used to detect a concussion could be shortened to only
incorporate symptoms critical for detecting a concussion. A limitation to
only relying upon symptom report for concussion identification, how-
ever, is that this approach is subjective and susceptible to nondisclosure
behaviors. For example, more than 70% of athletes failing to report a
concussion due to concerns of missing playing time or letting down their
team [56,57]. Thus, despite the clinical utility of the SCAT, which sports
medicine professionals rely upon heavily to recognize a concussion,
there is an increased need to combine these symptom reports with
objective neurocognitive testing. Our stepwise findings further support
the notion that neurocognitive testing improves detection of concussion
when clinical symptom factors fail to detect the presence of a concussive
injury. A limitation to a number of widely-used neurocognitive test
batteries, however, is that they lack the requisite sensitivity to detect
persistent concussion-related cognitive impairments (i.e., beyond 3-10
day recovery period); instead, these test batteries are better suited for
detecting immediate effects of sports-related concussion [3,8]. Thus, the
present findings are promising given that other work has demonstrated
differences in perceptual-based cognitive flexibility (using the present
task) between concussed and noninjured control athletes up to one
month following injury and return to play [10-12]. Moreover,
combining these objective neurocognitive outcomes with subjective
SCAT symptom factor scores demonstrates superior performance in
detecting a concussion relative to SCAT symptom scores and neuro-
cognitive tasks alone while overcoming the limitations of self-report
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scales susceptible to nondisclosure behaviors.

However, the decision to use the combined neurocognitive and SCAT
symptom factors appears more nuanced than simply defaulting to this
approach. Instead, it seems that using a stepwise assessment in which
clinicians add neurocognitive testing when clinical symptom factors
alone fail to detect concussion further improves performance of the
combined neurocognitive and clinical symptom factor assessment. In
practice, this would mean that the SCAT symptom factors should be used
as the first step to detect a concussion. In line with the multifaceted
approach, the stepwise assessment of the paired neurocognitive task
with clinical symptoms aids in objectively detecting a concussion
beyond subjective symptom reporting, in which some concussions may
be missed. It is estimated that the extent of athletes' non-disclosure of
concussions ranges from 16 to 62% [58,59] and symptom under-
reporting is influenced by numerous socioecological factors, including
the desire to remain in the sport [60]. Thus, adding neurocognitive as-
sessments, such as the cognitive flexibility task in the present study, has
the potential to aid clinicians in objective decision-making.

In addition, the clinical utility during the acute stages of injury re-
ported within these preliminary findings motivate future research to
identify concussed patients at risk for prolonged recovery. For example,
worse symptom presence within certain symptom factors at an initial
evaluation demonstrate clinical utility in identifying patients with
higher symptom burden at follow-up appointments [61]. Further, Eagle
et al. [40] suggested that utilizing a symptom factor approach was
beneficial in predicting athletes with a prolonged recovery that persisted
beyond 30 days. Other studies have identified a relationship between
persistent post-concussion symptom factors and impaired neuro-
cognitive performance [62]. Therefore, pairing subjective symptom
factor assessments with objective neurocognitive tasks assessing higher-
order cognitive operations that demonstrate persistent impairments
beyond clinical recovery (i.e., full return to sport) [12,52] may aid in
identifying concussed patients at risk for prolonged recovery. As such,
our findings emphasize the potential for clinical utility of these paired
assessments in acute stages (e.g., within 72 h), and should be studied
throughout concussion recovery (e.g., at return to play). In addition,
future research may aim to combine these two measures, both measures
of cognitive flexibility paired with symptom factors, as a novel approach
for determining athletes at risk for prolonged recovery from concussion.

4.1. Limitations

Although the present study provides preliminary evidence that
combining neurocognitive variables from task-switching paradigm with
SCAT symptom factor structures provides sensitivity and specificity to
detect concussion surpassing currently employed test batteries, the
findings are not without limitations that should be addressed by future
investigations. In the current study, the researchers assumed that par-
ticipants were honest when completing the self-report concussion
symptom scale. To mitigate this issue, athletes were informed results of
their symptom reporting would only be used for research and would not
be used in determining their eligibility to return to competition nor
disclosed to their athletic trainer or team physician. In addition, there is
no gold standard to measure symptoms for comparing results, and every
concussion is variable, making comparisons across all concussions
difficult. A strength of the present study design was that participants
were recruited within a stringent time frame (within 72 h) to examine
modulations in cognition following injury. Although there is no baseline
assessment, athletes completed practice trials for the computerized task
prior to experimental trials and performed with an average of 80%
suggesting participants put forth effort. Moreover, the present findings
should be interpreted in light of the fact that there is no comparison to
normative data or relative to participants' performance on other
clinically-relevant neurocognitive tests. The present study used a limited
age group (high school and college) of athletes. Although a robust body
of literature demonstrates the relationship of age to executive
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functioning, cognitive maturity effects on task performance would be
more likely to manifest in the noninjured control group given there were
more high school athletes than in the concussed group; however, our
findings demonstrate concussion-related decrements in perceptual-
based cognitive flexibility despite the concussed group consisting of
more collegiate athletes thus decreasing the likelihood maturity influ-
enced the present data. Future investigations should incorporate long-
term assessments to confirm or refute whether the present findings
demonstrate that the task-switching paradigm in combination with
SCAT symptom factor structures indicate athletes at risk of a longer
recovery profile. Finally, although this study utilized a multifaceted
assessment to detect concussion, inclusive of cognition and sympto-
mology, we did not include an assessment of balance, vestibular, and
ocular measures, which are commonly recommended during concussion
evaluation. However, the cognitive flexibility task isolates shifts of vi-
suospatial attention, which rely upon activation of the superior parietal
cortex, which is involved in sensorimotor integration (e.g., general
awareness of the body and location of its parts, proprioception) and has
projections to the occipital lobe [63,64]. Although untested, it is plau-
sible that in isolating visuospatial attention, the cognitive flexibility task
taps into brain regions missed by balance, vestibular, and ocular as-
sessments. Indeed, lesions in the superior parietal cortex have been
associated with normal saccadic and smooth-pursuit eye movements as
well as gait despite showing impairments in visuospatial attention and
proprioception [63]. Accordingly, future research should investigate the
clinical utility of including balance, vestibular, and ocular paired with
cognitive flexibility and symptom factors.

5. Conclusions

Our findings provide preliminary evidence that integrating neuro-
cognitive tests involving cognitive flexibility have clinical utility in
detecting concussion and potentially higher sensitivity and specificity
relative to current clinical test batteries when combined with SCAT
symptom factors. Presently, widely-used computerized neurocognitive
tests do not incorporate such assessments for identifying concussion and
so the acute and long-term impairments in cognition may be missed
during clinical management of concussive injuries. The present findings
provide preliminary evidence that combining a perceptual-based
cognitive flexibility task with SCAT symptom factors may be more
sensitive for detecting a concussion than widely-used test batteries, and
this approach could feasibly be implemented on a mobile device in less
than 10 min. However, these findings should be interpreted in light of
the fact that the present study used keyboard responses to maintain
consistency with current neurocognitive assessments and future work
should determine the feasibility of employing the task using touchscreen
responses for mobile device use.

Widely popular neurocognitive test batteries used to detect concus-
sion only differentiate between concussed and matched control athletes
when combined across multiple cognitive domains, take 30-40 min to
administer, and require the use of a tablet or laptop with a mouse.
Although these test batteries are widely-used, they fail to detect lasting
cognitive impairments and baseline performance returns within 10 days.
Instead, a perceptual-based cognitive flexibility task has shown persis-
tent cognitive impairments in concussed athletes up to one month
following return to play [12]. Thus, employing perceptual-based
cognitive flexibility tasks has the potential for identifying those ath-
letes at risk of longer recovery. We show that the combination of neu-
rocognitive outcomes (i.e., mean reaction time, response accuracy,
response accuracy cost) with SCAT factor scores (migraine, affective,
cognitive-ocular) exhibited the greatest sensitivity (95.7%), specificity
(88.7%), and overall classification rate (91.9%), outperforming other
approaches, which is further improved by a stepwise approach (step 1:
symptom factors, step 2: neurocognitive outcomes). Therefore, pairing
symptom factor assessments with tasks assessing the shifting of visuo-
spatial attention may aid in identifying a concussion and identifying
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concussed patients at risk for prolonged recovery. Our findings
emphasize pairing neurocognitive and symptom assessments in acute
stages (e.g., within 72 h) to aid clinical decision-making. Importantly,
pairing the perceptual-based cognitive flexibility task with SCAT
symptom factor scores could easily be administered on a mobile device
in 10 min or less (6 min neurocognitive + 1 min symptoms); future work
should determine the feasibility of employing this approach on a mobile
device with sports medicine practitioners.
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