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Abstract

Purpose: Few studies have investigated recovery between sexes using objective outcome 

measures. Our purpose was to examine the independent association between biological sex and 

recovery of post-concussion gait among collegiate athletes.

Methods: We evaluated participants with a diagnosed concussion <7 days post-injury, and 

approximately 1.5 months and 3.5 months post-injury. Participants completed a single/dual-task 

gait evaluation and symptom inventory. During dual-task trials, they completed a mental task 

(backwards subtraction, spelling, or month recitation). The primary outcome measure was height-

adjusted gait velocity recovery, defined as achieving normal gait velocity using established values: 

>0.56 and >0.50 gait velocity (m·s−1)/height (m) under single and dual-task conditions, 

respectively. We used a multivariable Cox proportional hazard model to identify associations 
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between sex and dual-task recovery, controlling for age, concussion history, symptom severity, and 

loss of consciousness at the time of injury.

Results: Ninety-four individuals participated in the study: 47 (50%) were female athletes (mean 

age=20.1, SD=1.3 years) and 47 (50%) were male athletes (mean age=20.3, SD=1.3 years). Sex 

was not independently associated with height-adjusted single-task gait velocity recovery after 

controlling for potential confounders (hazard ratio=1.62, 95% confidence interval=0.87, 3.01). 

However, male sex was independently associated with longer dual-task gait recovery time after 

controlling for potential confounders (hazard ratio=2.43, 95% confidence interval=1.11, 5.35).

Conclusion: Male athletes required a longer duration of time after concussion to achieve dual-

task gait recovery than female athletes. Thus, functional dual-task abilities after concussion may 

be affected differentially by sex, and should be accounted for within individualized concussion 

management strategies.
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Introduction

Concussion is a clinical diagnosis defined as a complex pathophysiological process resulting 

from head trauma accompanied by the onset of signs or symptoms or changes in mental 

function (1). Clinical decision-making is challenging, and complicated by the reliance on 

self-reported symptoms, the lack of validated objective tests to identify post-injury deficits 

and track recovery, and potentially confounding individual factors such as sex, age, or pre-

injury medical history (2). Following injury, alterations to many different brain functions 

have been documented (3). Additionally, patient-level factors such as the sex of the patient 

appear to affect post-injury outcomes (4). Female athletes oftentimes present with more 

severe concussion symptoms and may also require a longer duration of time before symptom 

resolution than their male counterparts (5). Although female athletes may be at higher risk of 

sustaining a sport-related concussion (6) and demonstrate worse outcomes than male athletes 

(4), females remain understudied and underrepresented in sport-related concussion studies 

(7). As such, the National Institutes of Health currently emphasize that clinical researchers 

provide valid analyses by sex (8). Given that the majority of work comparing post-

concussion sex differences has used subjective self-reported symptoms as the primary 

outcome for recovery, further work is needed using objective and physiologically based 

assessment methods.

Recent systematic reviews have highlighted that gait assessments objectively identify post-

concussion deficits, particularly under dual-task conditions (9, 10). Dual-tasks require the 

simultaneous execution of a motor and cognitive task, thus equipping clinicians and 

researchers with the ability to measure patient abilities during a demand more comparable to 

sports requirements than single-tasks (11). Since concussion commonly results in motor and 

cognitive deficits, divided attention tasks may be more sensitive to post-concussion 

impairments than single-task assessments (12). Our recent findings and those of others 

indicate that dual-task gait deficits continue to persist beyond other clinical assessments such 
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as symptom severity, computerized neurocognitive tests, or quiet stance assessments, 

suggesting their utility to contribute to post-concussion recovery monitoring (9, 10, 13, 14). 

This approach might allow clinicians to examine recovery of sport-like functional abilities 

beyond what traditional clinical techniques such as symptom inventories are equipped to do, 

and assist with appropriate decision making regarding return to play and treatment.

Recently, we have developed single-task and dual-task normative reference ranges for 

healthy collegiate athletes to help guide expectations for gait performance following 

concussion (15). This builds upon the work of Schmidt and colleagues, which suggests that 

normative data may be useful to determine recovery in lieu of pre-injury baseline 

performance, given the high level of resources required to capture pre-injury data on all 

athletes who go on to sustain a concussion (16). Although we have recently used single-task 

and dual-task normative ranges to identify acute post-concussion deficits (17), we are aware 

of no experimental data using established normative data thresholds to objectively and 

longitudinally monitor gait recovery following concussion. Investigating sex differences in 

dual-task gait recovery across a longitudinal post-injury timeline might allow for a more 

objective understanding of individual recovery than subjective symptom reporting, and may 

be less susceptible to the effects of confounding variables such as social isolation, 

restrictions on activities, and falling behind in school or work (18). Therefore, our purpose 

was to examine the independent association between biological sex and post-concussion gait 

recovery among collegiate athletes. Given past work that has identified longer symptom 

recovery times for female athletes compared to male athletes, we hypothesized that female 

athletes would require a longer time to achieve dual-task gait recovery than male athletes 

(19, 20).

Methods

Study Design and Participants

We conducted a prospective longitudinal study of collegiate athletes who were evaluated at 

multiple points following a sport-related concussion. All participants were diagnosed with a 

concussion and initially evaluated within 7 days of injury (median=3 days; range=1–7 days), 

and re-evaluated approximately 1.5 months (median=39 days; range=30–100 days) post 

injury, and again approximately 4.5 months post-injury (median=133 days; range=87–209 

days). We selected these time points to provide an initial post-injury functional assessment, a 

follow-up assessment after the time that we expected most athletes would be cleared to 

return to play, and a follow-up assessment well beyond this time. A single sports medicine 

physician diagnosed all participants with a concussion and provided medical care throughout 

the duration of the study alongside a staff of athletic trainers. Concussion was defined 

according to the latest international consensus statement as a complex pathophysiological 

process resulting from head trauma, resulting in the onset of the signs or symptoms of a 

concussion or changes in neurocognitive function (1). All participants were active varsity 

student athletes enrolled at a single NCAA Division 1 university, were 18 years of age or 

older, and provided written informed consent to participate in the study. Exclusion criteria 

included asymptomatic status at the initial test (to ensure that the athlete experienced a 

concussion and had not recovered by the time of the first assessment), the presence of an 
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existing lower extremity injury which may have affected gait abilities, a current psychiatric 

condition, or a concussion within the previous 6 months excluding the current injury. The 

local institutional review board approved of this study.

Gait Assessment Protocol

All participants completed a single-task and dual-task gait assessment consistent with prior 

work that was used to develop the normative values used for recovered status determination 

(15). No participant data used to develop these previously established normative standards 

were included in the current study. During the assessment, participants walked at a self-

selected and normal pace toward a target placed 8m in front of them, walked around it, and 

returned to the original starting position without shoes. They completed five single-task and 

dual-task trials; the mean from these five trials was used for further analysis. During single-

task trials, participants only completed the walking task, while during dual-task trials they 

walked and concurrently completed a cognitive test. The cognitive test consisted of one of 

three different forms performed continuously throughout each trial. The three task forms 

included spelling five-letter words backwards, serial subtraction from a two-digit number by 

6 s or 7 s, or reverse month recitation. The test form used rotated between trials so that no 

two consecutive trials used the same test form and no duplicate cues were used. Cognitive 

performance was recorded during the test as the accuracy obtained on dual-task trials. 

Accuracy was calculated as the number correct divided by the total number of responses 

across the dual-task trials completed.

To quantify gait performance, participants wore a set of three inertial sensors (Opal Sensor, 

APDM Inc., Portland, OR, USA) attached to the lumbar spine at the level of the lumbosacral 

junction and on the dorsum of each foot with an elastic belt (15, 17). Data were obtained at 

sampling frequency of 128 Hz, synchronized, and transmitted to a laptop computer 

wirelessly during each trial. The primary outcome of interest was average gait velocity (m·s
−1), calculated using Mobility Lab 2.0 software. Average gait velocity during single-task and 

dual-task conditions has previously demonstrated acceptable test-retest reliability (ICCs= 

0.68, 0.77) among healthy collegiate athletes (15) and utility in detecting acute post-

concussion deficits (17).

Outcome Variables

We calculated height-adjusted average gait velocity for all participants. As we expected male 

athletes to be taller than female athletes, we calculated height-adjusted average gait velocity 

in single-task and dual-task conditions as gait velocity (m·s−1)/height (m), consistent with 

prior work (15). In order to determine recovery status, we then classified all participants as 

recovered or not recovered at each assessment time point based on whether or not they had 

achieved normal height-adjusted average gait velocity according to previously established 

values (15). These standards were derived from a similar sample of healthy collegiate 

athletes, and participants were classified as recovered if they walked at with a height 

adjusted average gait velocity > 0.56 m·s−1/m during single-task gait, and > 0.50 m·s−1/m 

during dual-task gait. The normative data sample (15) did not include specific gait velocity 

values differentiated by sex. However, as past observations have revealed similar walking 

speeds between healthy women and men (21, 22), we elected to use the height adjusted 
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average gait velocity rather than unadjusted average gait velocity given the expected height 

discrepancy between female and male athletes. By using the normative value thresholds to 

determine recovery, our analysis was unable to account for inherent walking characteristics 

(e.g. someone who naturally walks slow independent of concussion).

Our primary statistical analysis was a time-to-event (i.e. time to gait recovery) analysis in 

order to determine the relationship between sex and the number of days required for a 

participant to walk above the single-task and dual-task adjusted gait velocity thresholds. If 

during the last recorded visit, the participant walked with an average gait velocity lower than 

these established thresholds, their data was included in the time-to-event analysis as 

censored data. We elected to classify athletes using these previously developed values to 

assess the generalizability and utility of their use in clinical practice.

We also assessed symptom severity at each assessment using the post-concussion symptom 

scale (PCSS). Participants rate the severity of 22 different concussion symptoms using a 

scale from 0 (asymptomatic) to 6 (maximum severity), resulting in a total score ranging 

from 0 – 132. The internal consistency of this scale is high among athletes with concussions 

(Cronbach’s alpha = .93) (23) and it is used as a component of the Sport Concussion 

Assessment Tool, Version 5 (1). Since many participants may endorse symptoms that are 

unrelated to a concussion, we instructed those who had sustained a concussion to only rate 

the symptoms that started at the time of injury and that they had been experiencing in the 24 

hours prior to the assessment.

Statistical Analysis

Continuous variables are presented as means (standard deviations or 95% confidence 

intervals), and categorical variables are presented as the number included and corresponding 

percentages. We first compared participant demographic, injury history, time of injury, and 

recovery characteristics using independent samples t-tests and Fisher’s exact tests. 

Consistent with the purpose of our study, our primary grouping variable was sex. To assess 

univariable differences between female and male athletes on gait velocity, we constructed 

univariable Cox proportional hazards models. Sex (female vs. male athletes) was the 

predictor variable, and height-adjusted single-task and dual-task gait recovery was the 

outcome variable. These univariable comparisons were only performed for descriptive 

purposes, and no statistical inferences were made using this approach. We also calculated 

dual-task cognitive accuracy for both groups at each time point.

To identify sex-based differences in single-task and dual-task recovery after concussion, we 

used a time-to-event analysis where we constructed two multivariable Cox proportional 

hazards models. The outcome variable was height-adjusted gait velocity recovery in each 

model (single-task and dual-task), determined using the thresholds described above 

(recovered vs. not recovered at each assessment). The predictor variable was sex. We 

included several relevant covariates that were selected a-priori due to their potential 

confounding effect on post-concussion symptom and dual-task outcomes. These variables 

included age, prior history of concussion, initial symptom severity rating, and LOC at time 

of injury (4, 5, 20, 24–27). Multivariable Cox proportional hazards models were selected 

rather than ANOVA in order to examine the change in status (recovered vs. non-recovered) 
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over time where the outcome variable of interest may or may not occur during the study 

observation period and to appropriately account for variable post-injury assessment times 

and loss to follow-up (28). We assessed collinearity using condition indices and 

corresponding variance inflation factors. A condition index >30 was determined to require 

individual collinearity assessments, which were performed using variance inflation factors. 

Collinearity between two variables was detected if the variance inflation factor (VIF) was 

>2.5 (26, 29). Statistical significance was set at α < 0.05 and all tests were two-sided. 

Statistical analyses were performed using Stata version 15 (StataCorp, College Station, TX).

Results

Ninety-four individuals participated in the study: 47 (50%) were female athletes and 47 

(50%) were male athletes. Male athletes were significantly taller than females (Table 1). 

Female and male athletes were of similar ages, assessed at similar time increments following 

injury, reported similar symptom severity initially after injury, and had a similar proportion 

of individuals who reported LOC at the time of injury and a prior history of concussion 

(Table 1).

Univariable analysis indicated that sex was not significantly associated with height-adjusted 

single-task gait velocity recovery (Figure 1a; HR=1.55, 95% confidence interval=0.855, 

2.814, P=0.149). Univariable analyses also indicated that sex was associated with height-

adjusted dual-task gait velocity recovery (Figure 1b; Figure 2; HR=1.231, 95% confidence 

interval=1.092, 4.885, P=0.029). Cognitive accuracy during dual-task gait data is described 

in Figure 3.

There were no significant associations between the predictor variables and height-adjusted 

single-task gait velocity recovery (Table 2). Both male sex and greater initial symptom 

severity rating were both independently associated with a longer dual-task gait recovery time 

(Table 2).

Discussion

Contrary to our hypothesis and prior research examining post-concussion symptom recovery 

(4, 7), our findings indicate that male athletes were associated with a longer time from injury 

to dual-task gait recovery following concussion compared to female athletes. It is also 

possible that female athletes continued to improve throughout the testing timeline, while 

male athletes did not, and perhaps demonstrated some regression in dual-task abilities as 

documented previously among a group of athletes following concussion (30). In either case, 

recovery of functional abilities may therefore vary by sex following concussion and may 

need to be accounted for during further investigation and, perhaps, clinical assessments and 

return-to-play decision-making. Although the clinical significance of differences between 

sexes remains difficult to distinguish, our data add to the growing body of literature on this 

topic and suggest that further work to delineate the effects of individual factors on 

concussion recovery are needed.

Our data indicate that female athletes tended to walk with faster dual-task gait velocity at 

each subsequent assessment, while male athletes tended to maintain similar values at each 
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time point. The reasons for this are not easily discernable. Using a task switching paradigm, 

researchers have reported that females outperform males, suggesting that females may 

possess better inherent simultaneous task execution abilities than males (31), similar to the 

demand imposed during a motor-cognitive dual-task paradigm. In this case, the ability of 

female athletes to perform a dual-task before the injury may have led them to demonstrate 

faster recovery than their male counterparts following concussion. However, other work 

using executive functioning and spatial ability test paradigms suggests that males outperform 

females (32). As such, the ability to perform a dual-task after concussion may be affected by 

sex, but concussion recovery is likely more complex and multifactorial, involving other 

aspects of function. Thus, in line with recommendations provided by leading medical 

organizations and consensus groups, recovery determination and return to play decision-

making should be based upon a multimodal assessment of function that includes 

neurological status, self-reported symptoms, exercise tolerance, and gait and balance, 

neurocognitive, and oculomotor functions (1, 2).

Comparisons of locomotor behavior between healthy female and male young adults suggest 

that they walk at similar preferred walking speeds under single-task conditions (21). Our 

single-task data aligns with this observation, as we found that sex was not a significant 

predictor of single-task gait recovery following concussion. Thus, the addition of a 

secondary cognitive test during gait may increase the complexity of the task to a degree 

where differences are more apparent between sexes. The lack of sex-specific normative data, 

however, limits these comparisons. By using height-adjusted gait velocity thresholds rather 

than unadjusted values, we believe that this limitation was mitigated to some degree. For 

example, a dual-task adjusted gait velocity of 0.56 m·s−1/m may reflect someone who is 1.75 

m tall and walks at 0.975 m·s−1 during dual-task conditions. Walking at or below this 

threshold may represent the lack of complete recovery. While the clinical ramifications of 

this incomplete recovery have not yet been fully elucidated, our previous work suggests it 

may be associated with an increased risk for further injury upon returning to sport (30, 33). 

Nonetheless, the lack of sex-specific normative data remains a limitation of our study. 

Although gait speed is a useful clinical measure that is reliable and correlates with 

functional abilities and balance confidence (34), there may be other measures of gait that 

better reflect balance control. Previously, researchers have used other measures such as 

whole body center-of-mass movement, trunk dynamic stability, or kinematic characteristics 

during a turning task to assess concussion recovery across time (9, 10). As such, these 

approaches may allow clinicians to better determine if physiological restoration of the brain 

after a concussion has occurred, and would lead to more informed and evidence-based return 

to play decisions.

Our findings align with several prior studies reporting that greater symptom severity acutely 

post-concussion is associated with a longer time to recovery (4, 20, 26, 29). Each of these 

prior studies, however, used symptom resolution as their primary recovery outcome variable. 

Our data extend these previous observations by suggesting that greater acute post-injury 

symptom severity is associated with a longer time to dual-task gait velocity recovery. As 

such, greater symptom severity after concussion may reflect a more severe injury overall, 

and expectations for recovery of both symptoms and dual-task abilities may be discussed 

early on with patients who report high levels of initial post-injury symptoms.
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Interestingly, a relatively high percentage of all participants, and male athletes in particular, 

never achieved dual-task gait velocity recovery with the established thresholds we used in 

our investigation. Given that the mean time from injury to symptom resolution was 

approximately 19 days in our study cohort, the vast majority of athletes were cleared to 

return to sport during their participation within the longitudinal assessment timeline. Thus, it 

is possible that dual-task gait deficits, which are not tested as a part of most clinical 

concussion assessment batteries, continue to persist after symptom resolution and 

reintegration into sports. Recent meta-analytic work suggests that there is a significantly 

higher odds of sustaining a lower extremity MSK injury after clearance from a recent 

concussion when compared to healthy control athletes (35, 36). Researchers have theorized 

that continual physiological deficits may exist upon return to play clearance, as current 

clinical tests are not equipped to fully encapsulate concussion recovery, leading to an 

increased injury risk (37, 38). Given that attentional and neuromuscular control deficits 

relate to increased acute sport-related injury risk independent of a concussion (39, 40), 

attentional and/or neuromuscular deficits after concussion may lead to post-concussion MSK 

injuries. In line with this hypothesis, our previous work has demonstrated an association 

between worsening post-concussion dual-task gait and MSK injury (30). Therefore, as the 

full clinical implications of our findings will require further investigation, determining risk 

of re-injury following clearance to return to play after concussion is likely multifactorial and 

challenging to assess. Both sex (41) and dual-task gait abilities (30) may be individual 

factors that can help to determine this risk in future work.

Our study had limitations and our findings should be interpreted in light of them. Our 

participants were comprised of a group of varsity intercollegiate athletes at a single 

institution. Therefore, generalizations of our findings to other age groups, levels of play, or 

geographical locations should be made cautiously. We also had a relatively small number of 

female and male athletes who were injured during like sports (e.g. soccer, basketball, ice 

hockey). As a result, a large portion of the sample was injured during different types of 

sports, making the determination of biological differences between female and male athletes 

difficult. Given that cognitive-motor deficits may persist after symptom resolution (10), 

including athletes at the first assessment who had already recovered may have helped to 

better determine the utility of standardized gait velocity as a recovery marker. Finally, there 

are many individual characteristics beyond sex that may influence concussion recovery 

trajectories. Multifaceted approaches that account for these variables will lead to more 

robust clinical applications.

In conclusion, contrary to our hypothesis, we observed that male sex was independently 

associated with slower dual-task gait velocity recovery following a sport-related concussion. 

Thus, functional dual-task abilities after concussion may be affected differentially by sex. 

Further work investigating the individual factors that affect concussion recovery using 

objective outcomes to determine recovery is needed.
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Figure 1. 
Height-adjusted single-task and dual-task average gait velocity recovery for female and male 

athletes. Data presented as means, error bars represent 95% confidence intervals.
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Figure 2. 
Kaplan-Meier Survival Curve for duration of time required for recovery of dual-task height-

adjusted gait velocity.
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Figure 3. 
Cognitive accuracy data during dual-task gait for female and male athletes. Data presented 

as means, error bars represent 95% confidence intervals.
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Table 1.

Demographic and injury characteristics for the female and male athletes in the study.

Variable Female athletes (n=47) Male athletes (n=47) P value

Age 20.1 (1.3) 20.3 (1.3) 0.53

Height (m) 1.70 (0.07) 1.85 (0.09) < 0.001

Prior history of concussion? 32 (68%) 28 (60%) 0.52

Initial symptom severity rating † 15 [9, 26] 13.5 [7, 34] 0.97

LOC at time of injury? 1 (2%) 3 (6%) 0.62

Symptom resolution time (days) † 13 [11, 18] 13 [9, 26] 0.94

Assessment 1 time (days post-injury) † 3 [2, 4] 3 [2, 4] 0.59

Assessment 2 time (days post-injury) † 39.5 [31, 63.5] 38 [30, 62] 0.80

Assessment 3 time (days post-injury) † 169 [107, 187] 115 [94, 168] 0.08

Sport

Soccer: 9 (19%) Football: 25 (53%) -

Field Hockey: 6 (13%) Baseball: 5 (11%)

Rugby: 6 (13%) Wrestling: 5 (11%)

Basketball: 5 (11%) Ice Hockey: 3 (6%)

Ice Hockey: 5 (11%) Lacrosse: 3 (6%)

Softball: 4 (9%) Sailing: 2 (4%)

Volleyball: 3 (6%) Basketball: 1 (2%)

Crew: 2 (4%) Soccer: 1 (2%)

Sailing: 2 (4%) Volleyball: 1 (2%)

Lacrosse: 1 (2%) Water Polo: 1 (2%)

Skiing: 1 (2%)

Tennis: 1 (2%)

Track and Field: 1 (2%)

Water Polo: 1 (2%)

†
Data presented as median [interquartile range].

Med Sci Sports Exerc. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Howell et al. Page 16

Table 2.

Multivariable analysis for single-task and dual-task height-adjusted gait speed recovery.

Predictor Variable Hazard Ratio Standard Error 95% Confidence Interval P value

Model outcome: Height-adjusted single-task gait recovery

Sex 1.622 0.512 0.874, 3.013 0.13

Age 0.851 0.111 0.659, 1.099 0.22

Prior history of concussion 1.033 0.325 0.558, 1.914 0.92

Initial symptom severity rating 1.013 0.009 0.995, 1.032 0.15

Loss of consciousness at time of injury 0.291 0.216 0.068, 1.246 0.10

Predictor Variable Hazard Ratio Standard Error 95% Confidence Interval P value

Model outcome: Height-adjusted dual-task gait recovery

Sex* 2.433 0.979 1.106, 5.352 0.02

Age 0.783 0.128 0.567, 1.079 0.14

Prior history of concussion 1.301 0.502 0.611, 2.772 0.50

Initial symptom severity rating* 1.029 0.011 1.007, 1.052 0.01

Loss of consciousness at time of injury 0.412 0.311 0.094, 1.808 0.24

*
Independently associated with height-adjusted dual-task gait recovery time.
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