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Abstract

Objective—To examine the relationship between cognitive and balance performance in 

adolescents with concussion.

Design—Retrospective case series.

Setting—Tertiary.

Patients—Sixty patients.

Interventions—Correlation analyses were performed to describe the relationship between 

symptoms, cognitive measure, and balance measure at the time of initiation of vestibular physical 

therapy.

Main Outcome Measures—Cognitive performance was assessed using the Immediate Post-

concussion Assessment and Cognitive Testing (ImPACT). The dizziness and balance function 

measures included dizziness severity rating, Activities-specific Balance Confidence scale (ABC), 

Dizziness Handicap Inventory (DHI), Functional Gait Assessment, gait speed, Timed “UP and 

GO,” Five Times Sit to Stand, and Sensory Organization Test (SOT). To account for multiple 

comparisons, the False Discovery Rate method was used.

Results—Performance measures of balance were significantly correlated with cognitive 

measures. Greater total symptom scores were related to greater impairment in the ABC and DHI (r 
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= 0.35-0.39, P ≤ 0.008) and worse performance in condition 2 of the SOT (r = −0.48, P = 0.004). 

Among the ImPACT composite scores, lower memory scores were correlated with impaired 

balance performance measures (r = 0.37-0.59, P ≤ 0.012). Lower visual memory was also 

correlated with worse ABC scores.

Conclusions—The significant relationships reported between the cognitive performance scores 

and balance measures may reflect that similar levels of functioning exist across domains in 

individuals with protracted recovery who receive vestibular physical therapy.

Keywords

mild traumatic brain injury; vestibular rehabilitation; dizziness

INTRODUCTION

The awareness of concussion in adolescents has increased substantially in the last decade. 

Many studies have noted that high school athletes are more susceptible to concussion 

compared with older athletes.1,2 Differences between children and adults in glutamate 

sensitivity, tolerance to biomechanical changes after injury, and different psychosocial 

factors have been proposed to explain the different courses of recovery between children and 

adults who sustain concussion.3–5 The differential rate of recovery between children and 

adults led to a consensus that conservative management should be used with children 

postconcussion.6,7 A conservative management approach warrants the clinicians to assess a 

variety of functional domains (eg, cognition and balance) and to track the resolution of 

symptoms after concussion.8–12 The diversity in measurements used to assess adolescents 

with concussion has enhanced our understanding of the multifaceted nature of the sequelae 

of concussion and improved the sensitivity of the assessment battery available to record 

functioning in individuals with concussion.13 However, recovery of the different domains 

(cognition, balance, and self-reported symptoms) has often been studied in isolation, so it is 

unclear if recovery trajectories are related. A few studies have concluded that cognitive and 

motor effects of concussion resolve differently after concussion in adults.14,15 For example, 

Parker et al14 found no relationship between cognitive testing and gait performance.

The low correlation between measures of different domains during recovery has been a 

subject of debate.8,13,16–18 Although some view the low correlation between performance 

measures and self-report symptoms as an indication for the lack of sensitivity in 

performance measures16 or an indication for the inaccuracy of self-report symptoms,8 others 

speculate that they may represent fundamentally different neurobehavioral processes. The 

low correlation could also be related to different recovery trajectories.13,14,17,18 Lovell18 has 

concluded that post-concussion symptoms (PCSS) are a result of combinations of cognitive 

deficits and other factors (eg, vestibular dysfunction), which may explain the low correlation 

between symptoms and cognitive testing. Despite the conceptual debate about the reasons 

behind the low correlation between measurements from different domains, examining the 

relationship between measurements may enhance our understanding about the multifaceted 

nature of concussion effects and recovery.
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Posttraumatic headache, dizziness, and balance problems are frequent symptoms after 

concussion.19–23 Dizziness is associated with prolonged clinical recovery.24 A small 

percentage of individuals with concussion exhibit protracted recovery and present with 

persistent headache and dizziness beyond what is considered normal window of 

recovery.23,25–27 Therefore, an increasing number of adolescents with prolonged dizziness 

and/or balance problems are being referred for vestibular physical therapy.28 Although 

studies that have examined vestibular physical therapy after concussion demonstrated 

equally beneficial outcomes to adolescents and adults,29 the relationship between balance 

outcomes obtained during vestibular rehabilitation and cognitive performance has not been 

examined. Therefore, the purpose of this study is to examine the relationship between self-

reported symptoms, cognitive performance, and balance performance in adolescents with 

protracted recovery referred to vestibular physical therapy after concussion. We hypothesize 

that a significant relationship exists between symptoms, cognitive, and balance performance.

METHODS

Participants and Outcome Measures

A retrospective case series was performed of 60 consecutive participants (40 females and 20 

males; mean age = 15 years, SD = 1.8) who were referred to a tertiary balance center for 

vestibular physical therapy after being diagnosed with a concussion by a physician. The 

vestibular physical therapy intervention consisted of a customized program that was tailored 

to each patient's impairments and functional limitations that are related to dizziness, ocular 

motor function, and gait and balance function.29 The categories of exercises most frequently 

provided included gaze stabilization exercises in sitting and standing positions, standing 

balance, and walking with balance challenge.30 Self-report and balance performance 

measures were administered during the first physical therapy visit as well as at weekly and 

monthly intervals. The outcomes improved after discharge from the vestibular physical 

therapy program and are reported elsewhere.29 The selection of the self-report and 

performance measures was based on their wide use in vestibular physical therapy 

clinics.29,31,32 The study was approved by the institutional review board of University of 

Pittsburgh.

Self-report Measures

Participants were asked to rate their current dizziness severity on a verbal scale from 0 to 

100, where 0 means no dizziness and 100 means maximum dizziness. Verbal anchors 

relating to severity of dizziness (eg, slight, mild, moderate, severe) were provided for the 

scale.

The Activities-specific Balance Confidence scale (ABC) was used to assess the respondent's 

level of confidence that he/she would not lose his/her balance while performing 16 

functional activities. The highest possible score of 100 suggests maximum confidence and a 

score of 0 suggests no confidence.33 The minimal detectable change for the ABC scale is 

reported to be 13 points in individuals with neurologic diseases.34,35
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The Dizziness Handicap Inventory (DHI) assesses the individual's handicap because of 

his/her dizziness using 25 items relating to physical, emotional, and functional domains. The 

highest overall score on the test is 100, and higher scores indicate greater handicap resulting 

from dizziness.36 An 18-point change in DHI is considered clinically meaningful.36

Balance Performance Measures

The Functional Gait Assessment (FGA) is a 10-item test based on the Dynamic Gait Index. 

The 3 new items introduced in the FGA are gait with a narrow base of support, gait with 

eyes closed, and ambulating backward. The maximum score is 30. Higher scores indicate 

better performance.37 The minimal detectable change for the FGA is reported to be 6 points 

in persons with balance and vestibular disorders.38

Although participants were asked to walk at their comfortable speed, gait speed was timed 

over 6-m course using a stopwatch. A change in gait speed that is ≥0.21 m/s is considered a 

reliable change in adolescents.39

The Timed “UP & GO” (TUG) is a timed test during which participants stand from a chair, 

walk 3 m at their normal walking speed, and return to the chair.40 A change in the TUG 

score that is ≥0.9 seconds is considered a reliable change in adolescents.39

The Five Times Sit to Stand (FTSTS) requires participants to stand-up and sit-down from a 

standard height chair 5 times as quickly as possible. The participants were asked to complete 

the task with their hands crossed on their chest.41 A change in FTSTS scores that is ≥0.4 

seconds is considered a reliable change in adolescents.39

Participants also performed the Sensory Organization Test (SOT; Neurocom Inc, Clackamas, 

Oregon) under 6 different sensory conditions: (1) eyes open, fixed support; (2) eyes closed, 

fixed support; (3) sway-referenced vision, fixed support; (4) eyes open, sway-referenced 

support; (5) eyes closed, sway-referenced support; and (6) sway-referenced vision and 

support surface. Three 20-second trials were performed for each condition. The highest 

theoretical equilibrium score is 100, which indicates no sway; losses of balance were graded 

as zero. Average scores for each condition were recorded, and the composite score was 

calculated using a weighted average of the individual trials. A change that is greater than or 

equal to 10 points in the composite score is considered clinically meaningful.42

Cognitive and Symptom Measures

Around the time, participants were seen for vestibular physical therapy, and they performed 

a computerized cognitive assessment that included the Immediate Post-concussion 

Assessment and Cognitive Testing (ImPACT).43 The ImPACT test comprises a cognitive 

testing battery and PCSS.43 The cognitive portion of ImPACT measures attention, 

processing speed, reaction time, and memory. A detailed description of the individual test 

modules and composite scores is provided elsewhere.44–46 The individual modules are 

aggregated into 4 composite scores consisting of verbal and visual memory, visual motor 

processing speed and reaction time. The PCSS includes 22 items and is designed to quantify 

the severity of symptoms in the acute phase of recovery after concussion, using a 7-point (0 

= none to 6 = severe) Likert-type scale. The PCSS yields a total symptom score by adding 
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the scores obtained for the 22 items. The PCSS has been evaluated for its psychometric 

properties, clinical interpretation, and normative scores.12,22,47

Statistical Analysis

Descriptive statistics were used to describe the participants’ demographic characteristics, 

and the time between concussion and the start of vestibular physical therapy. A χ2 test was 

used to examine whether there was a difference in outcome measures between male and 

female participants. Correlation analysis was performed to examine the relationship between 

the measures of dizziness severity rating, ABC, DHI, FGA, gait speed, TUG, FTSTS, and 

SOT to the composite scores of ImPACT and PCSS total symptom score at the start of 

vestibular physical therapy. The normality of the distribution was examined for all measures. 

The dizziness rating, ABC, DHI, FGA, GS, FTSTS, and the 6 conditions of SOT were 

normally distributed. All ImPACT and PCSS variables were normally distributed except 

reaction time. For the variables that were not normally distributed (reaction time, SOT 

composite score, and the TUG scores), Spearman rho correlation analysis was performed. A 

total of 70 correlation analyses were conducted. The level of significance was α = 0.05. To 

account for multiple comparisons, the False Discovery Rate (FDR) method described by 

Benjamini and Hochberg48 was used. False discovery rate is the expected proportion of 

erroneous rejections among all rejections.

RESULTS

Participants were seen at a median of 46 days after concussion, and the cognitive testing was 

administered within an average of 1.8 days (SD = 11 days) around the start of their 

vestibular physical therapy. At the time of cognitive evaluation postconcussion, 39 (65%) 

participants exhibited impairment (ie, below median) in at least 1 cognitive domain 

compared with age- and sex-matched norms. A closer inspection of the individual domains 

revealed that more participants exhibited impairments with visual memory (n = 31) 

compared with verbal memory (n = 27), reaction time (n = 26), and processing speed (n = 

23). A detailed inspection of the total symptom score revealed that 45 participants 

experienced increased symptoms beyond normal (ie, greater than 6 and 8 for males and 

females, respectively). The total symptom score in 39 of these participants was very high (ie, 

greater than 22 and 44 for males and females, respectively).

Patients exhibited with reduced balance confidence, increased complaints of dizziness, and 

impaired balance performance in clinical tests for balance (Table 1). The χ2 test revealed no 

significant differences between male and female participants on any of the obtained 

measures.

Using the FDR method to adjust for multiplicity of analyses, 17 of 70 correlations were 

significant (Table 2). Greater total PCSS scores were significantly related to greater 

impairment in 2 of the self-report measures and the performance of the second condition of 

SOT. The strongest correlation for the PCSS was with the self-reported DHI score (r = 0.39). 

Among the cognitive composite scores, worse visual memory scores were correlated with 

the self-report ABC and most clinical performance measures (ie, FGA, GS, and FTSTS). 

Lower visual memory scores were associated with greater sway in 3 of the 6 SOT 
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conditions. In particular, visual memory was related to postural sway with eyes closed (r = 

0.59, P <, 0.001, and r = 0.47, P = 0.005) for conditions 2 and 5, respectively. Additionally, 

visual memory was related to the condition of sway-referenced vision with fixed support (r = 

0.53, P = 0.001). Verbal memory was related to 3 of the clinical measures and conditions 2 

and 3 of the SOT (Table 2). Reaction time was significantly related to the ABC (rs = −0.35, 

P = 0.007) and FTSTS (rs = 0.38, P = 0.010). In all cases, worse cognitive performance was 

associated with worse self-report ABC score and worse balance performance. There was no 

significant relationship between processing speed to any of the measures collected during 

vestibular physical therapy.

DISCUSSION

Visual and verbal memory exhibited stronger correlations to balance and gait measures 

compared with reaction time. The visual memory score is based on the average percent 

correct scores for 2 tasks; a recognition memory task that requires the discrimination of a 

series of abstract line drawings, and a memory task that requires the identification of a series 

of illuminated X's or O's after an intervening task (mouse clicking a number sequence from 

25 to 1).43 These tasks may require spatial navigation and memory. Although spatial 

memory seems to be primarily a cognitive task, researchers have demonstrated that patients 

with vestibular impairments have impaired spatial memory independent of otherwise normal 

cognitive performance.49–51 Therefore, the role of the vestibular system in spatial perception 

and spatial memory has been supported by many studies.52–56 This involvement of 

vestibular system in spatial memory may explain the stronger correlation of visual memory 

to balance measures compared with other composite scores that do not require spatial 

abilities. Evidence of vestibular connections to the hippocampus, which is thought to play a 

prominent role in spatial navigation and spatial memory, may explain the mechanism by 

which vestibular inputs affect spatial memory.52,57,58 The verbal memory score is based on 

the average percentage correct for a word recognition paradigm, a symbol–number match 

task and a letter memory task with an accompanying interference task.43 It is unclear why 

verbal memory exhibited a number of significant relationships with measurements of 

vestibular physical therapy. A possible explanation would be that verbal memory was the 

second most affected score after visual memory in this sample. Additionally, the tests of 

verbal memory are being visually presented to the patient on the screen; the visual (ie, not 

auditory) presentation of the tasks may have influenced the scores because the visual 

presentation may have also required spatial perception and spatial memory. It is unclear why 

processing speed did not correlate with any of the measures administered during vestibular 

physical therapy. However, it is reasonable to believe that outcome variability associated 

with concussion may have resulted in processing speed being the least affected domain in 

this cohort.

The PCSS total score is a global measure of 22 symptoms that are commonly reported in the 

acute phase after concussion. Previous studies suggested that concussion symptoms become 

better defined and delineated (eg, vestibular, migraine, etc.) over time (ie, >10 days after 

injury).59 Therefore, the impaired balance performance of participants in this study who 

were referred after the acute phase of concussion may have not been consistent with their 

overall symptoms, and therefore the association between PCSS and balance performance 
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measures was not significant. Additionally, previous studies reported that adolescents tend to 

minimize and underreport concussion symptoms, which may have resulted in a lack of 

association with the performance of balance tasks.60 Clinicians working with adolescents 

postconcussion should carefully examine the presence of clusters of symptoms (eg, 

vestibular, migraine, etc.) to help direct different clinical management approaches rather 

than relying on the total symptom score. Additionally, PCSS should always be used in 

conjunction with balance and neuro-cognitive performance measures.6

Barlow et al61 reported that no relationship existed between changes in Balance Error 

Scoring System and ImPACT scores in adolescents after concussion. However, the authors 

are unaware of any previous research studies that have examined the relationship between 

computerized cognitive performance and the balance outcomes used in this study. Therefore, 

the comparison of the findings to others is unattainable.

The strength of associations observed in this study may have also been affected by the 

psychometric properties of the measures; extensive research was used in developing, 

validating, and reporting psychometric properties for the cognitive assessments related to 

concussion,47,62,63 whereas the balance performance tests were not developed specifically 

for use in adolescents with concussion. Alsalaheen et al39 reported a ceiling effect for the 

vestibular rehabilitation measures (eg, ABC and FGA) in adolescents. Because of the 

differential sensitivity between cognitive testing and balance testing, cognitive tests may 

produce a higher sensitivity to concussion's deleterious effects than the balance measures 

used in this article.13,64 The relationship between cognition and balance might be different 

(ie, stronger) if the balance measures were developed to detect specific effects of concussion 

on balance. It is noteworthy to mention that despite the ceiling effects anticipated for some 

of the vestibular rehabilitation measures, patients in this group exhibited with reduced gait 

speed (median = 1.1 m/s) compared with their age-referenced values (1.44 m/s) and worse 

FTSTS performance (median = 9.5 seconds) compared with a median of 7.5 seconds in 

normal healthy adolescents.39 The presence of impairments in gait and balance measures 

after a median of 46-day postconcussion may support the clinical utility of gait and balance 

measures as ancillary measures in adolescents with concussion. Because of the ceiling effect 

reported for FGA in adolescents, timed measures including TUG, FTSTS, and gait speed are 

recommended over FGA to quantify balance impairments and recovery after concussion.39 

A direct comparison of postconcussion scores to baseline scores (if available) or age-

referenced norms is recommended.39 Additionally, the timed measurements are practical to 

administer in clinical settings (eg, physician's office) because they do not require additional 

equipment and take approximately 5 minutes to be completed. A comparison to baseline 

scores or age referenced normative scores may quantify gait and balance impairments and 

recovery after concussion.39

This study had some limitations. The participants included in this study were obtained from 

a clinical population of patients referred by 1 practice for vestibular physical therapy where 

the referral process was solely based on clinical judgment. The participants were referred 

after the acute phase of concussion, and therefore this sample does not represent the majority 

of individuals with concussion who will typically recover within the first 7 to 10 days of 

injury.65–67 The relationship between cognitive functioning and balance functioning may 
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have been different if examined in the acute phase of injury. Because this was a retrospective 

study, the time points considered for the correlation analyses were variable between 

participants. A prospective design that allows for concurrent cognitive and gait/balance 

evaluations may provide a better understanding of the relationship between cognitive and 

gait/balance impairment after concussion. Despite these limitations, we believe that this 

study serves as a preliminary starting point for future research on the interrelationships 

between different assessment domains after concussion in adolescents. Future areas of 

exploration should include assessment of changes in cognitive and balance function during 

vestibular rehabilitation to examine whether recovery in these outcomes has similar 

trajectories.
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Clinical Relevance

The weak-to-moderate relationships warrant the continuous use of multiple domains of 

assessment. A better understanding to the relationships between the domains of 

functioning after concussion may improve the overall management approach for 

adolescents with concussion.
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TABLE 1

Descriptive Statistics for Neurocognitive Testing Scores and Outcome Measures Obtained at the Start of 

Vestibular Physical Therapy

Outcome Measure (n) Descriptive Statistic

Measurements obtained at vestibular rehabilitation

    Dizziness rating (58) (maximum score = 100)
22 (21)

*

    ABC (58) (maximum score = 100)
67 (27)

*

    DHI (59) (maximum score = 100)
44 (20)

*

    FGA (54) (maximum score = 30)
25 (5)

*

    GS (55) (m/s)
1.10 (0.25)

*

    TUG (47) (s)
7.8 (4.0–15.0)

†

    FTSTS (46) (s)
9.5 (3.5)

*

    SOT composite score (34) (maximum score = 100)
63 (4–82)

†

    SOT condition 1 (34) (maximum score = 100)
85 (13)

*

    SOT condition 2 (34) (maximum score = 100)
78 (17)

*

    SOT condition 3 (34) (maximum score = 100)
74 (23)

*

    SOT condition 4 (34) (maximum score = 100)
53 (26)

*

    SOT condition 5 (34) (maximum score = 100)
37 (25)

*

    SOT condition 6 (34) (maximum score = 100)
41 (26)

*

ImPACT composite scores

    Total symptom score (60) (maximum score = 132)
43 (26)

*

    Visual memory (60)
65 (16)

*

    Verbal memory (60)
80 (16)

*

    Reaction time (60) (ms)
625 (410–1290)

†

    Visual motor processing speed (60)
31 (11)

*

Condition 1, eyes open, fixed support; condition 2, eyes closed, fixed support; condition 3, sway-referenced vision, fixed support; condition 4, eyes 
open, sway-referenced support; condition 5, eyes closed, sway-referenced support; condition 6, sway-referenced vision and support surface.

*
Values are expressed as mean (SD).

†
Values are expressed as median (range).
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TABLE 2

Correlation Between ImPACT Composite Scores and Measures Administered at the Start of Vestibular 

Physical Therapy

ImPACT Composite Measure

Visual Memory Reaction Time Verbal Memory Processing Speed Total Symptom Score

Self-report measures (n)

    Dizziness rating (58) r = –0.15 rs = 0.03 r = –0.11 r = 0.11 r = 0.25

    ABC (58)
r = 0.39

†
rs = –0.35

† r = 0.32 r = 0.29
r = –0.35

†

P = 0.003 P = 0.007 P = 0.008

    DHI (59) r = –0.21 rs = 0.20 r = –0.23 r = –0.18
r = 0.39

†

P = 0.002

Balance performance measures (n)

    FGA (54)
r = 0.40

† rs = –0.23
r = 0.44

† r = 0.31 r = –0.33

P = 0.003 P = 0.001

    GS (55)
r = 0.34

† rs = –0.06
r = 0.37

† r = 0.22 r = –0.30

P = 0.012 P = 0.005

    TUG (47) rs = –0.09 rs = 0.22 rs = –0.16 rs = –0.23 rs = –0.01

    FTSTS (46)
r = –0.38

†
rs = 0.38

†
r= –0.50

† r = –0.33 r = 0.30

P = 0.010 P = 0.010 P < 0.001

    SOT composite score (34) rs = 0.40 rs = –0.15 rs = 0.20 rs = 0.16 rs = –0.25

    SOT condition 1 (34) r = 0.40 rs = –0.11 r = 0.32 r = 0.28 r = –0.25

    SOT condition 2 (34)
r = 0.59

† rs = –0.35
r = 0.53

† r = 0.58
r = –0.48

†

P < 0.001 P = 0.001 P = 0.004

    SOT condition 3 (34)
r = 0.53

† rs = –0.30
r = 0.58

† r = 0.34 r = –0.37

P = 0.001 P < 0.001

    SOT condition 4 (34) r = 0.41 rs = –0.19 r = 0.37 r = 0.23 r = –0.28

    SOT condition 5 (34)
r = 0.47

† rs = –0.12 r = 0.32 r = 0.17 r = –0.27

P = 0.005

    SOT condition 6 (34) r = 0.39 rs = –0.07 r = 0.27 r = 0.12 r = –0.21

n, number of participants; condition 1, eyes open, fixed support; condition 2, eyes closed, fixed support; condition 3, sway-referenced vision, fixed 
support; condition 4, eyes open, sway-referenced support; condition 5, eyes closed, sway-referenced support; condition 6, sway-referenced vision 
and support surface, rs, Spearman rank correlation coefficient, r, Pearson product-moment correlation coefficients.

†
Statistically significant.
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