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Abstract

Purpose—The purpose of this study was to evaluate the utility of postural sway variability as a 

potential assessment to detect altered postural sway in youth with symptoms related to a 

concussion.

Methods—Forty participants (20 who were healthy and 20 who were injured) aged 10 to 16 

years were assessed using the Balance Error Scoring System (BESS) and postural sway variability 

analyses applied to center-of-pressure data captured using a force plate.

Results—Significant differences were observed between the 2 groups for postural sway 

variability metrics but not for the BESS. Specifically, path length was shorter and Sample and 

Renyi Entropies were more regular for the participants who were injured compared with the 

participants who were healthy (P < .05).

Conclusion—The results of this study indicate that postural sway variability may be a more 

valid measure than the BESS to detect postconcussion alterations in postural control in young 

athletes.
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INTRODUCTION

Once dismissed as a minor injury, mounting evidence indicates that mild traumatic brain 

injuries, or concussions, can lead to life-altering effects on a person’s physical, mental, and 

emotional health in the short term.1,2 Long-term complications include depression,3 chronic 

traumatic encephalopathy,4 and persistent motor control deficits.5,6 Concussion-related 

complications may be especially troubling for youth because of ongoing brain development 

that continues throughout adolescence.7–9 Therefore, concussions in youth are a significant 

public health concern. Nearly all states have passed legislation requiring medical clearance 

for youths with suspected concussions to allow them to return to sports and recreation-

related activities.10 In addition, although most concussions resolve within a few weeks of the 

initial injury, an estimated 10% to 40% of patients experience lingering symptoms and 

impairments that last for months to years.11,12 As such, physical therapists have become an 

integral part of the health care concussion management team.1

Postconcussion Postural Control Assessments

Brain injuries, including concussions, are known to disrupt the nervous system’s ability to 

process and integrate sensorimotor information, which can lead to difficulty with postural 

control. Thus, postural control is considered an important physiological parameter to assess 

following mild head injuries.1,13 Physical therapists can provide unique insight into the 

assessment and rehabilitation of impairments associated with head injuries. One of the most 

commonly used and cited postconcussion assessment tools is an observer-rated test that uses 

3 different stances (double leg, single leg, and tandem) on 2 different surfaces (floor and 

foam) referred to as the Balance Error Scoring System (BESS; Figure 1).13 The BESS has 

been shown to distinguish between healthy and impaired states for 3 to 5 days following 

injury in college athletes.14 However, rater reliability issues15 and learning effects with serial 

administration can compromise the validity of the BESS.16

An alternative to the BESS is to evaluate postconcussion postural control using center-of-

pressure (COP) trajectories measured with a force platform (Figure 2). The COP is the 

average spatial location of the ground reaction force vector and correlates highly with center 

of mass displacements during quiet stance.17 Trajectories of the COP are strings of data 

points that provide objective and precise records of how the body is swaying over a specified 

period of time.17 Metrics that summarize COP trajectories have become commonplace for 

quantitatively describing healthy or impaired states of postural control systems and may 

provide more reliable and sensitive assessments of postconcussion deficits.18–20 

Nonetheless, the ability to detect postconcussion deficits using specific metrics related to 

COP trajectories may vary.18 To provide a better understanding of why this is so, describing 

some of the most common examples of such metrics is helpful. Perhaps, the simplest way to 

understand these metrics is to visualize a COP trajectory plot over the time course of an 

experimental trial (see Figure 3A). One way to summarize how much the participant sways 

is to compute the total distance the COP traveled during the trial. Imagine unraveling the 

plot in Figure 3A and measuring the resulting line with a tape measure. The number yielded 

from this process is called the COP path length (PL), which represents 1 metric that captures 

the amount of variability (Vamount) in the COP data (see Table 1). Another metric that 
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captures Vamount is calculation of the 2-dimensional area the COP trajectory covered (COP 

area) as depicted in Figure 3B.

In addition to considering the COP as a whole, it is possible to break down the trajectory 

into the anterior-posterior (AP) and medial-lateral (ML) directional components to compute 

other metrics related to Vamount. For example, Figure 4A provides a visual representation of 

COP positional changes in the AP direction for an experimental trial. A classic calculation 

of the standard deviation (SD) of the AP positional changes (dashed lines in Figure 4A) 

around the mean AP COP position (solid line in the plot for Figure 4A) is another way to 

measure Vamount.

From a different perspective, another important consideration regarding postural sway is the 

structure (ie, patterns) of the variability (Vstructure) of the data in the time series.21–23 To 

visualize how Vstructure metrics can be a unique and distinguishing characteristic for a time 

series, compare Figure 4A with Figure 4B. Qualitatively, it is easy to see differences 

between the 2 time series. For example, Figure 4A has more regularity and predictability in 

its structure, whereas Figure 4B is characterized by more irregularity, randomness, and 

unpredictability. Structural variability metrics can help quantify these characteristics. 

Moreover, as Figure 4 demonstrates, 2 COP time series can have identical means and SDs 

and yet be qualitatively and quantitatively very different in terms of Vstructure. Evidence 

indicates that Vstructure can provide valuable theoretical and clinical information regarding 

the function of a person’s postural control system.22,24–26 Similar to the example provided in 

Figure 4, the differences between healthy and impaired states that Vstructure metrics may 

detect could be present even when Vamount metrics indicate a person’s postural control is not 

impaired.18

A common way to quantitatively summarize Vstructure is to compute entropy metrics. 

Entropy metrics provide a measure of the amount of randomness or disorder in a 

system.20,27 Time series that are more random or contain more disorder in the structure (eg, 

Figure 4B or the fluctuations of a volatile stock market) typically yield higher entropy 

scores, whereas time series that contain more order or regularity in the structure produce 

lower entropy scores (eg, Figure 4A or consider the back-and-forth motion of the pendulum 

of a clock). Entropy can be computed several ways. Common entropy metrics applied to 

COP data include approximate entropy (ApEn), Sample Entropy (SampEn), and Renyi 

Entropy (RenyiEn).20,27,28 All of these involve computing the likelihood that a small 

segment of the COP trajectory will be reproduced at a later time—an event more likely for a 

regular, predictable data sequence than an irregular one. Approximate entropy and SampEn 

are very similar. Approximate entropy was the preferred method, but an improved 

understanding of these methods has resulted in a general belief that ApEn is a biased 

statistic.27 Therefore, SampEn, which overcomes some of these biases, has become the 

preferred method.27 Figure 5 provides a visual representation of how SampEn is computed. 

Renyi entropy is calculated in a somewhat different way and is akin to the Vstructure for COP 

area described previously. Renyi entropy characterizes the likelihood a measured COP 

position will reside in a given location (Figure 6).28,29 Lower values of RenyiEn indicate a 

more predictable or regular structure, whereas higher RenyiEn indicate the Vstructure is more 

unpredictable or irregular.
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With regard to concussion-related studies using force plate measures, the Sensory 

Organization Test on a NeuroCom Smart Balance Master System (NeuroCom International, 

Clackamas, Oregon) has been used to test for differences in COP trajectories between 

healthy and impaired states following a head injury.18,19,30 These studies indicate that 

although both Vamount and Vstructure metrics may be able to reveal differences between 

healthy and impaired states, the sensitivity of the Vamount and Vstructure measures may differ. 

For example, Vamount metrics were lower than baseline scores for some but not all 

participants with a head injury within the first 48 hours, whereas the Vstructure metrics for the 

injured cohort as a whole were decreased from baseline within the first 48 hours.19 By 96 

hours, Vamount measures had mostly returned to baseline for the athletes who were injured, 

whereas the Vstructure measures remained lower.19 This suggests a greater sensitivity of 

Vstructure measures to detect concussion-induced postural impairments.

Extending that work, Sosnoff and colleagues.30 Demonstrated that postconcussion 

alterations in Vstructure may persist for months to years following a mild head injury. These 

alterations have also been found in conjunction with changes on functional magnetic 

resonance imaging (fMRI) in patients postconcussion when examined as many as 9 months 

after injury.6 Although the exact extent to which such alterations indicate a risk for future 

injury and long-term sequelae is currently unknown, the literature strongly suggests that 

such risks are possible.5,6,13,18,19,23,31 Moreover, alterations in Vstructure metrics may 

indicate a fundamental, pathological change in the underlying organization of the postural 

control system32 similar to findings related to other neurological conditions such as the 

Parkinson disease26 and developmental delay.33,34

It should be noted that the prior studies investigating Vamount and Vstructure in athletes with 

concussions all used test protocols that were only 20 seconds long.18,19,30 However, the 

Vstructure analysis methods have evolved since those studies were completed, and to optimize 

the reliability and validity of these methods, longer trials are needed.27,28 Specific to 

concussions and Vstructure, a study performed by Gao and colleagues indicated that trial 

lengths of at least 2 minutes should be used in this patient population to maximize the ability 

to detect postconcussion COP Vstructure changes.28 A further limitation of prior studies in 

this area is that they have used different COP measurement protocols and inconsistently 

applied different COP trajectory metrics, some of which have been shown to have less 

validity that originally though (ie, ApEn), making it difficult to compare results across 

studies.

Postconcussion Assessment of Postural Control for Children and Adolescents

A majority of studies on concussion, and particularly those regarding postural control 

evaluation techniques, have been performed with subjects that were young adults or 

older.2,35 Currently, little is known about which of these tools, if any, are appropriate for use 

with younger children. Moreover, many experts have raised concerns that younger 

individuals’ brains may respond differently to head trauma compared with older 

individuals.2,9,36,37 Therefore, it is possible that the effects of concussions on postural 

control may differ for younger individuals.

Quatman-Yates et al. Page 4

Pediatr Phys Ther. Author manuscript; available in PMC 2016 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Some evidence suggests that the BESS may be less reliable and valid for the purposes of 

identifying deficits following a concussion in younger individuals38,39 compared with older 

individuals. From a developmental standpoint, numerous biomechanical studies indicate that 

maturational processes affect lower extremity and neuromuscular control.40–45 Good 

postural stability, particularly for single-leg stance, necessitates good neuromuscular control 

and strength of the lower extremity (hip, knee, and ankle) musculature.46–48 Because the 

single-leg test is typically the most effective stance to differentiate between individuals with 

and without concussions, the BESS may not be developmentally appropriate for younger 

individuals as the tool’s limitations may mask deficits that may be present.2,28

Results from studies focused on Vstructure characterizations of postural sway have shown 

great potential as a powerful method to detect changes in postconcussion postural control. 

However, all of the studies that involved patients with concussions were carried out with 

young adults. Although not well studied, the possibility exists that COP Vamount and 

Vstructure may change over the course of motor development, and therefore the effects of 

concussion on COP Vamount and Vstructure may be different for children. For example, the 

Vstructure for infants’ sway patterns tend to become more complex and adaptable as their 

skill level in movements improves.25,49 Similarly, 7-year-old children have demonstrated 

COP Vstructure that differs from 10-year-old children and adults during a performance of a 

goal-directed precision task.45 These developmental differences in COP Vamount and 

Vstructure may indicate transitions to more mature postural control strategies as children 

develop.45,50 Therefore, the utility and feasibility of Vamount and Vstructure approaches for 

use with children and adolescents also remain unclear.

The purpose of this study was to (1) to test the ability of COP trajectory metrics to detect 

differences between a cohort of children who were healthy (aged 8–18 years) and a cohort of 

children diagnosed with unresolved concussions, and (2) to directly compare the 2 cohorts 

with regard to their performance on the BESS and the different COP Vamount (PL, COP area, 

SD-AP, and SD-ML) and Vstructure metrics (SampEn and RenyiEn). We hypothesized that 

the cohorts would differ in Vstructure, similar to the findings with young adults, suggesting 

that concussions may cause a fundamental alteration in the underlying organization of the 

postural control system.

METHODS

Participants

Participants included 20 young athletes (13 males and 7 females) under the care of a 

physician for concussion-associated symptoms and 20 age, sex, and activity-matched 

participants serving as healthy controls. The mean age (± SD) for the participants was 13.23 

± 1.28 years with a range of 10.55 to 16.56 years. Participants for the injured cohort were 

recruited if they were referred to physical therapy for a postconcussion postural control 

assessment while under the care of a physician for postconcussion symptoms. None of the 

patients reported prior history of concussions nor had they received physical therapy for 

concussive symptoms prior to participating in the study.
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The mean number of days from the concussive effect for the injured cohort was 48.70 

± 64.85 (range of 4 days to 250 days; 9 patients were within a month of the injury and 11 

patients were a month or more postinjury). Participants for the healthy control group had a 

self-reported medical history free of any head injuries. Participants were excluded from both 

groups if they reported any health condition expected to affect sway or balance such as a 

developmental disorder, vestibular disorder, chronic ankle or knee instability, back pain, 

recent musculoskeletal injury (back, hips, knees, or ankles), or attention deficit disorder/

attention deficit hyperactivity disorder. Signed participant assent/parental permission forms 

were obtained prior to the collection of the data and all study procedures abided by a 

protocol approved by the investigators’ Institutional Review Board.

Procedures

Postural control was assessed for both cohorts using the BESS and COP trajectory collected 

on a force platform. The assessments were performed in a randomized order for both 

cohorts. All assessments were performed by 1 of 4 physical therapists who had engaged in 

formal training to ensure convergence of techniques and decrease rater reliability issues.

BESS Protocol—Administration of the BESS consisted of six 20-second balance trials 

(Figure 1). Each trial used a unique combination of stance (double-leg stance, single-leg 

stance, or tandem stance) and surface (floor or foam).51 Participants performed all trials with 

their eyes closed. Errors were defined as opening the eyes, lifting hands off hips, stepping, 

stumbling or falling out of the test position, lifting forefoot or heel, abducting the hip by 

more than 30°, or taking more than 5 seconds to return to the test position.51 The BESS 

yields 6 subtest scores (double-leg firm, single-leg firm, tandem firm, double-leg foam, 

single-leg foam, and tandem foam). A total BESS score was computed by totaling all errors 

made across all of these subtests with a minimum number of errors of 0 and a maximum 

number of 10 possible errors per trial. If a participant was never able to maintain a position 

for a minimum of 5 seconds across the trial, that trial was scored as an automatic 10.

Force Platform Protocol—An AccuSway+ force plate (AMTI, Boston, Massachusetts) 

and Balance Clinic software were used to collect COP trajectories with a data sampling rate 

of 50 Hz. Participants each completed 2 trials (1 with eyes open and 1 with eyes closed) 

presented in a counterbalanced order across subjects. Figure 2 demonstrates how participants 

were positioned for the study. The following script was read to participants: “Everyone 

naturally has a little postural sway. This is a test to look at your body’s natural sway. Don’t 

try to create any extra sway but don’t try to stop it either. We want you to be as natural as 

possible. We’re going to do 2 trials, 1 eyes open and the other eyes closed. You’re going to 

stand on the platform facing the ‘x’ with feet together so they’re touching with your hands 

naturally resting at your sides. You’ll be standing for 2 minutes, which feels like a really 

long time. Do your best to try not to fidget. Just try to remain as natural as possible 

throughout the 2 minute trial.” If a participant did not follow instructions (eg, talked, 

sneezed, or coughed), the trial was terminated and repeated.

The sway stances and conditions were chosen on the basis of the findings of Cavanaugh et 

al19 and Sosnoff et al30 in which differences were detected between healthy and injured 
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states using bipedal eyes open and eyes closed stances. Moreover, Cavanaugh et al19 found 

that the greatest change scores from baseline to postinjury may actually be in the simple 

eyes open and eyes closed conditions rather than in the more challenging Sensory 

Organization Test conditions. The easier stances were desirable for 2 reasons—(1) to 

minimize the potential for confounding variables such as diminished hip strength or 

neuromuscular control needed for single-leg stance conditions, and (2) so the participants 

could perform longer trials, which are needed to optimally calculate accurate Vstructure 

metrics, with minimal risk for a fall or loss of balance. A trial length of 2 minutes was 

selected based on Gao et al’s28 recommendation to maximize the ability to detect post-

concussion COP complexity changes. In a prior study, test-retest reliability for this protocol 

ranged from 0.77 to 0.90.52

Force Platform Data Processing—Custom MATLAB (The MathWorks, Inc, Natick, 

Massachusetts) code was used to compute the Vamount (PL, COP area, SD-AP, and SD-ML) 

and Vstructure metrics (SampEn-AP, SampEn-ML, and RenyiEn). Path length was calculated 

by summing the Euclidean distance between every consecutive point in the 2-dimensional 

(ie, AP and ML) COP trajectory. The area encompassed by the COP trajectory was 

calculated by determining the best fitting ellipse, using the least squares criterion, to 95% of 

the data and then calculating the area of the ellipse (Figure 3B). The COP SD provides an 

estimate of the trajectory variability (represented by the light lines in Figure 4A and B).

Two complementary Vstructure measures, SampEn and RenyiEn, were computed to capture 

the temporal and spatial structures, respectively, of the variability of the COP time series 

(see Figures 5 and 6 for more details). Sample entropy captures the Vstructure in terms of the 

repeatability of small subsets of data strings within the time series (Figure 5). A high degree 

of repeatability (lower SampEn) indicates a time series that is more structured (ie, more 

deterministic and less complex), whereas lower repeatability (higher SampEn) indicates a 

less structured time series. Renyi entropy is similar to SampEn in that it is a measure of 

repeatability in the time series. However, instead of examining the temporal structure of the 

time series, RenyiEn indexes the spatial variability of a 2-dimensional COP trajectory 

(Figure 6). Lower values of RenyiEn indicate a more predictable or regular trajectory (the 

trajectory is more likely to visit a certain location), and higher RenyiEn values indicate a 

more unpredictable or irregular COP trajectory. Sample entropy and RenyiEn were 

computed in MATLAB using software available from PhysioNet53,54 and software provided 

by Gao et al,28 respectively.

To test the validity of identified patterns of variability in the COP time series, which would 

indicate that Vstructure metrics could be useful, tests for differences between the acquired 

time series data and surrogate time series data were needed.55 Two surrogate analyses were 

performed—1 for SampEn and 1 for RenyiEn. For the SampEn analysis, a surrogate time 

series of shuffled data points was compared with the original (unshuffled) COP time series 

to verify that the identified structure of the variability of the COP signals was due to the 

temporal ordering of the recorded COP data. The random shuffling was expected to produce 

a less regular time series as the ordered patterns in the original time series are removed. To 

borrow an intuitive example from Webber and Zbilut,56 one can liken the shuffling of the 

COP time series to shuffling a string of Morse code. The random shuffling would not change 

Quatman-Yates et al. Page 7

Pediatr Phys Ther. Author manuscript; available in PMC 2016 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the frequency of dots and dashes, but the intended meaning of the code is lost because the 

order, or temporal structure of the dots and dashes, conveys that meaning. Figure 4 illustrates 

the effect random shuffling has on a time series. The second surrogate analysis was designed 

to test the RenyiEn metric by randomly sampling hypothetical COP positions from a normal 

distribution of numbers having the same mean and SD of each original AP and ML time 

series. We expected that the surrogate data would be less regular than the original because 

the probability of a surrogate data point residing in a given unit area would be lower than the 

naturally structured original COP trajectory.

Analysis

To test for differences in the BESS between the injured and the healthy cohorts, independent 

sample t tests were used with a preset ∝ level of 0.05. Correlational analyses (the Pearson 

correlation coefficient) were also performed to determine the relationship between days out 

from injury and BESS scores. On the basis of a preset ∝ level of 0.05, a correlation 

coefficient (r) was considered significant if it was greater than 0.44. For postural sway 

variability analyses, a 2 (injury condition; children postconcussion vs children who were 

healthy) × 2 (vision condition; eyes open vs eyes closed) mixed-design analysis of variance 

was performed for each dependent postural sway variable. Injury condition was compared as 

a between-subjects factor, and the vision condition was treated as a within-subjects factor. 

An estimate of effect size (partial eta squared [ηp
2]) is presented for each significant result. 

This measure provides a metric of the difference between 2 variables (eg, injured vs healthy 

state) without reference to the study’s sample size. Correlational analyses were performed, 

as described above, to determine the relationship between days since injury and each COP 

metric.

RESULTS

BESS

No statistically significant differences were found between the healthy and postconcussion 

cohorts for any of the BESS subtest scores or total BESS score (P > .05). Likewise, no 

significant correlations were observed between days since injury and BESS scores.

Amount of COP Variability (Vamount)

A summary of the results for each condition is provided in Table 2. No significant main 

effects or interactions involving the injury condition in the SD of the AP or ML COP were 

found (all P > .05). The SD of the AP COP was significantly greater, F1,38 = 34.56, P < .01, 

ηp
2 = 0.48, with participants’ eyes closed (M = 0.29 ± 0.07 cm) than with their eyes open (M 

= 0.25 ± 0.06 cm). This result did not occur for the ML direction (P > .05). No significant 

main effect of injury condition for the COP area was found, nor did the injury condition 

interact with the vision condition (both P > .05). A significant effect of vision on COP area 

was found, F1,38 = 12.12, P < .01, ηp
2 = 0.24, with the eyes open condition (M = 0.92 ± 0.60 

cm2) having a smaller area than the eyes closed condition (M = 1.19 ± 0.71 cm2).

For the COP PL, significant main effects of the injury and vision conditions were found, 

F1,38 = 6.29, P < .05, ηp
2 = 0.13, and F1,38 = 125.57, P < .01, ηp

2 = 0.77, respectively (Table 
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2). Participants who were injured had significantly shorter PL (M = 94.96 ± 20.94 cm) than 

participants who were healthy (M = 112.65 ± 23.49 cm). When participants’ eyes were open 

they had shorter PL (M = 91.00 ± 22.46 cm) than when their eyes were closed (M = 116.58 

± 26.90 cm). The injury and vision conditions did not interact (P > .05). No significant 

correlations between days since injury and any of these Vamount metrics were found (all P > .

05).

Structure of COP Variability (Vstructure)

For SampEn, significant main effects of injury and vision in the AP direction were found, 

F1,38 = 4.41, P < .05, η2 = 0.10, and F1,38 = 13.41, P < .01, ηp
2 = 0.26, respectively (Table 

2). Participants who were injured (M = 0.32 ± 0.10) had more regular COP trajectories than 

participants who were healthy (M = 0.38 ± 0.08). For both cohorts, COP trajectories were 

more regular when participants had their eyes open (M = 0.33 ± 0.10) than eyes closed (M = 

0.36 ± 0.11). Significant main effects for injury and vision were also found in SampEn for 

the ML direction, F1,38 = 10.34, P < .01, ηp
2 = 0.21, and F1,38 = 11.72, P < .01, ηp

2 = 0.24, 

respectively. Participants who were injured (M = 0.30 ± 0.09) had more regular COP 

trajectories than participants who were uninjured (M = 0.40 ± 0.11). Also, participants’ COP 

trajectories were more regular with eyes open (M = 0.32 ± 0.12) than eyes closed (M = 0.37 

± 0.13). The main effects of injury and vision did not interact for either direction (P > .05).

A significant main effect of injury condition was found for RenyiEn, F1,38 = 7.74, P < .05, 

ηp
2 = 0.17. Participants who were injured (M = 4.99 ± 0.11) had more regular COP patterns 

than participants who were healthy (M = 5.09 ± 0.13). The main effect of vision was not 

significant, nor did it interact with the injury condition (both P > .05). Similar to the Vamount 

results, no significant correlations were found between days since injury and the Vstructure 

metrics (all P > .05).

Surrogate Data Analysis

Two paired-samples t tests revealed that the SampEn values of the surrogate data were 

significantly different from the original data for both the AP and ML COP trajectories, t79 = 

211.88, P < .01, and t79 = 189.26, P < .01, respectively. For both directions, the shuffled time 

series (AP: M = 2.82 ± 0.04; ML: M = 2.81 ± 0.06) were more irregular than the original 

time series (AP: M = 0.35 ± 0.10; ML: M = 0.35 ± 0.12). Similar to the comparisons 

between SampEn values for the shuffled surrogate data and the original data, a paired 

samples t test, t79 = 26.43, P < .01, revealed that the original RenyiEn values (M = 5.04 

± 0.16) were significantly more regular than the surrogate data (M = 5.57 ± 0.09).

DISCUSSION

The purpose of this study was to compare performance scores on the BESS, the postural 

sway Vamount metrics, and the Vstructure metrics to test for differences between a cohort of 

children who were healthy and a cohort of children with unresolved concussion. On the 

basis of these data, the healthy and injured cohorts did not differ in their performances on 

the BESS but did demonstrate differences for 1 of the Vamount metrics (PL) and both of the 

Vstructure metrics (SampEn and RenyiEn). Thus, the results of this study indicate that, like 
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the early studies performed with young adults, postural sway Vstructure may also be altered in 

children and adolescents with unresolved concussion symptoms, and that Vstructure metrics 

may be both feasible and useful for quantifying postconcussion postural deficits in children.

The lack of differences between the groups for the BESS were not surprising, as the mean 

time from injury was approximately 49 days. In adults, the BESS is only expected to track 

differences for about 3 to 5 days postinjury.15 Results from prior studies have also raised 

concerns about the measurement properties of the BESS for children and adolescents, which 

could decrease the sensitivity of the measure when used with youth.38,39 Therefore, that no 

differences were found was not unexpected.

Although it might be expected that individuals who were injured would differ from 

individuals who were healthy in their PL, the direction of the difference observed was 

somewhat surprising. The injured cohort in this study exhibited significantly smaller PL than 

the healthy cohort. Under conventional views of postural stability, a smaller PL would likely 

be interpreted as more stable.18,19 Interpreted in this way, these results would indicate that 

the injured cohort demonstrated “better” postural control than the healthy cohort. 

Nonetheless, there are a couple of explanations for the smaller PL observed in the injured 

cohort. First, it may be specific to the younger population. As no studies have used a 2-

minute protocol comparing PL for adults, it is difficult to know if this is a phenomenon 

specific to younger individuals or if it is something that might also be observed in adults. 

From a theoretical perspective, an exploratory component of postural sway may exist, 

through which the central nervous system uses sway to create sensory stimulation (visual, 

somatosensory, and vestibular) to gather input about the environment and components of the 

postural control system.57–59 This mechanism is hypothesized to facilitate perception of 

postural stability and thus could perhaps help prime the body for action when needed.60 

From this perspective, the results of this study may indicate that head injury may degrade the 

natural exploratory component of sway, and consequently result in a suboptimal ability for 

the body to take action. Another possible explanation is that the postural control systems of 

individuals who were injured are attempting to exert more control to resist a sense of 

instability resulting in co-contractions of the muscles around the lower extremity joints. This 

would likely result in a reduced length of the COP trajectory.

Prior studies investigating Vamount and Vstructure in athletes with concussions all used a 

NeuroCom with trials that were only 20 seconds long.18,19,30 These studies also used 

slightly different forms of the Vamount metrics in comparison to what was used for this study. 

Although some-what analogous to standard deviation and PL, the Vamount metrics for these 

prior studies were based on NeuroCom-specific calculations of COP amplitude 

displacements. Although authors of these reports did indicate that Vstructure may be altered 

for days to months following a concussion, the Vamount metrics reported in these earlier 

studies either did not differ between healthy and injured states or only differed for about 2 to 

3 days following the injury.18,30 Although this may seem somewhat inconsistent with the 

findings of this study, where differences were observed in the Vamount metric PL, it is 

important to note that as highlighted by Gao et al,28 differences in trial length and 

calculation of the Vamount metrics could potentially explain the contrasting results.28 Future 
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work is needed to determine the robustness of this finding relative to trial length, recovery, 

and across age and sex.

In terms of the Vstructure metrics, the results of this study supported our hypothesis that, like 

older individuals, children and adolescents may experience altered postural sway Vstructure. 

The data for this study yielded lower SampEn and RenyiEn values for the injured cohort 

indicating greater regularity in their COP patterns. The most compelling interpretation of 

these findings stems from biomedical complexity theories, which view the human body and 

its physiological processes as complex, adaptive systems.19,21,61,62 This viewpoint invokes 

the premise that optimal, healthy regulation of body systems necessitates a good ability to 

respond to physical and environmental demands (ie, adaptability).63–65

Metrics of Vstructure applied to physiological signals (eg, COP trajectories) are theorized to 

serve as indicators of robust integration of sensorimotor information and the physiological 

adaptability of body systems.62,64 These metrics can be viewed on a continuum with 2 

extremes. On 1 end of the continuum, the signal is highly regular and predictable like a 

sinusoidal wave. At the other end of the continuum, the signal is completely random with no 

recognizable patterns of regularity.22 “Healthy” physiological signals are composed of a 

combination of regular, rhythmic, predictable aspects (thought to represent control, 

integration, or regulation) and random components (thought to represent adaptability) and 

thus fall somewhere in the middle of this continuum. Signals that are higher in regularity or 

higher in randomness—2 different routes to a pathological loss of complexity—could be 

indicative of a system that is less able to accommodate neurophysiologic challenges/

perturbations.22,23,61 For example, in the case of congestive heart failure, increased 

regularity in heart rate dynamics has been observed.62,64 Likewise, increased regularity in 

postural control has been observed in patients with Parkinson disease.26 In both of these 

examples, diminished ability is a characteristic aspect of the disease—diminished 

adaptability to cardiovascular demands and diminished adaptability to postural challenges, 

respectively.

Thus, an interpretation of the results of this study from the perspective of complexity science 

suggests that like adults, children and adolescents may also have diminished postural control 

integrity and adaptability following concussions. In this regard, the findings from this study 

are thus fairly consistent with other studies that have explored postural sway Vstructure 

metrics for adults with mild head injuries. However, the earlier studies were not always in 

agreement in terms of the direction in which the COP regularity was altered. The findings in 

this study were similar to Cavanaugh et al’s findings18,19 with the injured cohort 

demonstrating greater regularity in their COP patterns in both the AP and ML directions. In 

contrast, however, Sosnoff et al30 found increased irregularity in the injured group for the 

AP direction, whereas increased regularity was observed for the ML direction. One reason 

for this could be that Sosnoff et al’s sample consisted of young adults 6 months or more 

after injury, whereas Cavanaugh et al studied patients within a few days of their head 

injuries.18,19 This difference in direction of the altered Vstructure metrics may also be 

explained by the short time series and the use of the biased ApEn metric by the 

Cavanaugh18,19 and Sosnoff studies.30 Additional studies are needed to help clarify the 

extent to which the differences in observed alterations are based on the length of trials, 
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course of recovery, or potentially the presence of heterogeneous responses to concussive 

injuries in terms of postural dynamics.

Currently, a paucity of research exits with regard to diagnosing and monitoring mild head 

injuries, particularly for children and adolescents.2,35 Studies using certain imaging 

modalities (eg, fMRI and diffusion tensor imaging) indicate that these measures may 

correlate with postconcussion symptom severity and recovery tracking.66,67 However, 

neuroimaging studies can be expensive and time consuming, rendering them particularly 

impractical for monitoring the 80% to 90% of patients with concussions who are expected to 

recover within a relatively short period of time (1–4 weeks).1 The findings from this study 

provide initial evidence to suggest that postural sway Vstructure metrics could provide a 

feasible and useful way to non-invasively track subtle underlying postconcussion deficits, 

which could offer a less expensive and time-consuming way to track concussion injuries for 

both those who recover quickly and those who struggle to recover within a month. However, 

at this time, it is difficult to provide explicit guidelines for how clinicians should implement 

and interpret Vstructure metrics in younger patients. The results for the means and ranges for 

the metrics reported here are not meant to serve as clinical ranges for diagnostic purposes as 

this was a relatively small sample size. Future studies should be conducted to determine 

normative estimates for specific age and maturational stages.

An important limitation of this study is that the time from injury was not controlled. 

Although recovery time is variable, especially for younger individuals,35,68–70 this study did 

not show any relationship between days since injury and the COP metrics. Regardless, the 

longitudinal tracking of how these metrics correspond with recovery in children and 

adolescents is an important next step to integrate these measures into clinical practice.

CONCLUSION

The results of this study indicate that Vstructure metrics may be both feasible and useful for 

quantifying postconcussion postural impairments in children and adolescents. Specifically, 

children and adolescents with a diagnosis of an unresolved concussion exhibited postural 

sway structural variability that was more regular, predictable, and less complex than their 

peers who were healthy. Further investigation is needed to establish age-appropriate 

normative values and the relationship between these metrics and recovery processes.
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Fig. 1. 
This figure demonstrates the various stances (double leg, single leg, and tandem), which are 

performed on 2 different surfaces (floor and foam), during administration of the Balance 

Error Scoring System (BESS). Participants stand with their eyes closed for 20-second trials 

while a trained observer counted the number of errors that are made.
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Fig. 2. 
This figure demonstrates an example of the administration of a force platform protocol to 

measure center-of-pressure (COP) trajectories.
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Fig. 3. 
(A) This figure provides an example plot of a COP trajectory during a 2-minute trial. (B) 

This figure provides a visual image of the COP area determined by fitting an ellipse that 

contains 95% of the data (the oval) and computing the area contained within the ellipse. AP, 

anterior-posterior; COP, center of pressure; ML, medial-lateral.
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Fig. 4. 
This figure provides a graphical representation of the COP positional changes over time in 

the anterior-posterior direction for an experimental trial. The time series in panel B was 

derived from the time series in panel A by randomly shuffling the location of each 

observation. Notice that the mean (identified by the dark line) of each time series is exactly 

the same, as is the SD (identified by the light lines). Yet, it is clear that the time series have 

different structural properties. The times series in panel A has more patterns or regularity in 

the signal and thus appears smoother in contrast to the time series in panel B, which is 

completely random and irregular. Typically, Vamount metrics will fail to capture the obvious 

structural differences in the 2 time series. AP, anterior-posterior; COP, center of pressure.
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Fig. 5. 
This figure demonstrates the calculation of SampEn (see Kuznetsov et al27 for a tutorial on 

SampEn). Specifically, this figure shows the manner in which the repeatability of a time 

series is computed. In this case, data points that are recurrent with the first data point are 

marked by black dots. A data point is considered recurrent with another data point if their 

positions are separated by less than a specified tolerance (r). This procedure of determining 

recurrent data points is commonly performed with consecutive data points of a chosen 

length called a template (m), not just a single data point as illustrated above. Values of r = 

0.10 and m = 2 were chosen for the present analysis on the basis of methods discussed in 

Ramdani et al.71 AP, anterior-posterior; COP, center of pressure; SampEn, sample entropy.
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Fig. 6. 
This figure demonstrates the calculation of RenyiEn. The first step in the calculation is to 

divide the 2-dimensional space containing the COP trajectory into several unit areas. The 

size of the units was determined individually for a trial by averaging the SD of the separate 

AP and ML time series—yielding a unit area the size of the mean SD.2 The dashed lines 

represent the unit areas’ boundaries schematically, with the number inside each unit area 

indicating the percentage of data points it contains—blank unit areas are not used in the 

calculation. An order of q = −1 was used for all Renyi calculations (see Gao et al28 for a 

more thorough description of q and RenyiEn). AP, anterior-posterior; COP, center of 

pressure; ML, medial-lateral; RenyiEn, Renyi entropy.
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TABLE 1

A Summary of the Center-of-Pressure (COP) Trajectory Metrics Used in This Study

Metric Type Basic Description

Path length (PL) Vamount Distance COP traveled during a given trial (Figure 3A)

Center-of-pressure area (COP area) Vamount Area of an ellipse fitted to 95% of the data (Figure 3B)

Standard deviation (SD) Vamount The dispersion of positions of the COP around the mean position of the COP in either the 
anterior-posterior or medial-lateral time series (the lighter lines in Figure 4A and B)

Sample entropy (SampEn) Vstructure Probability that a small segment of the COP trajectory will be reproduced at a later time in the 
time series (Figure 5)

Renyi entropy (RenyiEn) Vstructure Probability that a measured COP position will reside in a given location (Figure 6)

Abbreviations: Vamount, amount of variability; Vstructure, structure of the variability.
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