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    Abstract     The fourth International Consensus Statement on Concussion in Sport 
reports that 80–90 % of concussions recover in 7–10 days. Impairments in postural 
control are a cardinal symptom following a sports-related concussion; however, 
many studies suggest that these impairments resolve within 3–5 days post-injury. 
Multiple recent studies, utilizing diverse and sophisticated research paradigms, are 
suggesting that this may be premature and that prolonged recovery could be normal. 
Therefore, the overarching purpose of the studies reported herein is to investigate 
impairments in postural control following a concussion and to identify recovery. We 
investigated the effi cacy of “non-novel” tasks including gait initiation, gait variabil-
ity, gait termination, and static stance and track the individual’s performance across 
time to identify residual impairments compared to performance on the standard 
clinical assessment battery. In the acute aftermath of a concussion, the subjects dem-
onstrated substantial impairments in postural control across all tasks which are con-
sistent with a multiple previous investigations. However, the novel fi ndings were the 
identifi cation of persistent and lingering impairments in postural control which were 
present despite apparent full recovery on all clinical measures. Specifi cally, the 
impairments were more apparent when evaluating central control mechanisms (e.g., 
movement strategies and anticipatory postural adjustments) as standard kinematic 
variables returned to premorbid values in a timelier manner. These results suggest 
that individuals may be returning to sports participation prior to complete concus-
sion recovery and could be a mechanism for the high recurrent concussion rate as 
well as recent speculation associating concussions and other sports-related injuries.  
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        Introduction 

 As discussed throughout this text, sports-related concussion has reached epidemic 
levels with estimates of up to 3.8 million concussions occurring annually in the 
United States [ 1 ]. However, some estimate that this may only refl ect the tip of the 
iceberg as over half to three-quarters of all concussions may go unreported [ 2 – 4 ]. In 
order to appropriately manage sports-related concussions accurate, sensitive, and 
specifi c diagnostic tools are required. Ideally, athletes would be forthcoming about 
symptoms following a potential injury, but many athletes are clearly unaware of 
common concussion symptoms [ 2 ,  3 ,  5 ]. Further, numerous high-profi le cases exist 
of athletes opening lying about concussion symptoms (e.g., New York Jets quarter-
back Greg McElroy), admitting they would lie about symptoms (e.g., Brian 
Urlacher), not report symptoms (e.g., Troy Polamalu), downplaying the seriousness 
of the injury (e.g., Maurice Jones Drew), indicating a necessity to play through a 
concussion (e.g., Calvin Johnson), or intentionally trying to sandbag the baseline 
testing protocol to hasten return to participation (e.g., Peyton Manning) [ 6 ]. While 
standard imaging technology (e.g., MRI, CT) is effective in identifying structural 
pathology, these same procedures are not sensitive to the largely physiological 
pathology of concussion [ 7 ,  8 ]. Recent imaging advances including functional MRI 
(fMRI), diffusion tensor imaging, MR spectroscopy, and others hold promise for 
future utilization; however, they remain as research tools and are not recommended 
for routine clinical care [ 7 – 11 ]. Similarly, there have been multiple attempts at iden-
tifying a blood biomarker (e.g., 100-B, UCH-L1) of concussion which, although 
promising, is likely not ready to move beyond research utilization [ 12 – 15 ]. 
Neuropsychological testing, while a valuable contribution to concussion manage-
ment, has limitations including low to moderate test–retest reliability, low sensitiv-
ity, a small practice/learning effect, potential “sandbagging” of the test, and test 
administration differences [ 16 – 25 ]. 

 Accurate and timely recognition of a sports-related concussion is critical in pre-
venting associated sequelae. Specifi cally, the failure to acutely identify the presence 
of a concussion potentially exposes the individual to the rare, but often fatal, second 
impact syndrome (SIS) [ 26 – 28 ]. While the specifi c neurophysiology of SIS remains 
elusive, it is generally believed to result from altered cerebral autoregulation follow-
ing a head injury whereby the brain is unable to regulate cerebral and intracranial 
pressure [ 26 ]. This loss of autoregulation results in rapid cerebral vascular conges-
tion, increased intracranial pressure, brain herniation, and often death within minutes 
[ 26 ,  27 ]. SIS occurs when an athlete who has suffered an initial concussion suffers a 
second concussion before the symptoms associated with the fi rst concussion have 
fully cleared [ 29 ]. A recent review of catastrophic head injuries highlighted the need 
to restrict participation until symptom-free as almost 60 % of football players suffer-
ing catastrophic head injuries had a previous head injury and almost 40 % admitted 
to playing despite residual symptoms of the prior head injury [ 28 ]. 

 Fortunately, SIS is an extraordinarily rare condition; however, appropriate con-
cussion management is vital to reduce the risk of repeat concussion.    Once the indi-
viduals suffer a single concussion, they are at a three- to sixfold increased risk of 
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suffering a second same-season concussion and over 90 % of the repeat injuries 
occur within the fi rst 10 days post-injury, potentially suggestive of a window of 
increased vulnerability [ 30 – 33 ]. Further, this repeat concussion is likely to present 
worse and has a prolonged recovery time [ 34 ,  35 ]. Finally, recent evidence identi-
fi ed over the last decade has suggested an association between concussions and 
later-life neuropathologies including mild cognitive impairment [ 36 ], clinically 
diagnosed depression [ 37 ], potentially earlier onset of Alzheimer disease [ 36 ], 
chronic traumatic encephalopathy [ 38 ,  39 ], and amyotrophic lateral sclerosis [ 40 ]. 
Thus, it is clearly imperative for health care providers to accurately identify concus-
sions acutely as well as properly manage the condition post-injury. Therefore, this 
chapter will explore the utilization of postural control as a biomarker of both con-
cussion diagnosis and recovery.  

    Postural Control and Concussion 

 The phrases postural control, postural stability or instability, balance, and  equilibrium 
are unfortunately frequently used interchangeably in both the lay vernacular and, 
occasionally, the professional literature [ 41 ,  42 ]. Postural control involves regulat-
ing the body’s position in space for the dual purposes of stability and orientation 
whereas postural stability is the ability to control the center of mass (COM) in rela-
tionship to the base of support [ 43 ]. The COM refers to the weighted average, in 3D 
space, of each of the body segments and is generally considered to be the key vari-
able in the postural control system [ 42 – 44 ]. The control of the COM during either 
static or dynamic tasks is generally categorized into three neurological components: 
(1) motor processes, (2) sensory processes, and (3) supraspinal or cognitive pro-
cesses [ 43 ]. The motor processes include the organization of muscles throughout 
the body into neuromuscular synergies [ 43 ]. The sensory processes comprise three 
systems: (1) visual system, (2) vestibular system, and (3) somatosensory system 
[ 42 ]. The visual system is primarily involved in planning locomotion and avoiding 
obstacles; the vestibular system, sometimes referred to as the body’s gyro, senses 
linear and angular acceleration [ 42 ,  45 ]. Finally, the somatosensory system has mul-
tiple responsibilities including sensing the position and velocity of bodily segments, 
their contact with external objects, and the orientation of the body relative to gravity 
[ 42 ,  45 ]. The role of the cognitive processes in postural control is an emerging area 
of research with focus on “attentional resources” [ 43 ]. There are two primary theo-
ries underlying cognitive control of posture: (1) “Capacity theory” which is based 
on the sharing of a limited set of neurological resources and (2) “Bottleneck theory” 
which suggests there is a competition between tasks for limited neurological 
resources and a prioritization occurs [ 43 ]. Overall, postural control is the resultant 
of complex interactions between multiple bodily systems which have to work coop-
eratively to control the orientation and stability of the body [ 43 ]. 

 Nearly all neuromuscular disorders result in some degeneration in the postural 
control systems and concussions are not an exception [ 42 ]. Indeed, the adverse 
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effects of a concussion on postural control have been well elucidated in the litera-
ture [ 46 ]. Briefl y, a defi cit in the interaction between the visual, vestibular, and 
somatosensory systems is generally considered to be the underlying post- concussion 
neuropathology [ 47 ,  48 ]. Specifi cally, post-concussion it is believed that the indi-
vidual is unable to appropriately integrate sensory input, ignore altered environmen-
tal conditions, and apply the appropriate motor control strategies to maintain precise 
postural control [ 47 – 49 ].    Recently, an increased focus on vestibular considerations 
for post-concussion balance impairments had evolved and led to recommend for 
vestibular therapy in cases of delayed or prolonged recovery [ 50 ,  51 ]. Finally, others 
have speculated that either diffuse axonal injury or the post-concussion neurometa-
bolic cascade plays either a primary or secondary role in post-concussion impair-
ments in postural control [ 30 ,  52 ]. Current clinical assessment batteries of postural 
control, utilizing either the balance error scoring system (BESS) or sensory organi-
zation test (SOT), have suggested that postural control recovers within 1–5 days 
post-injury, frequently prior to symptom resolution or achieving baseline values on 
computerized neuropsychological tests [ 47 ,  53 ].  

    Post-concussion Postural Control Assessment Battery 

 The original assessment of postural control following a concussion incorporated the 
Romberg test [ 54 ,  55 ]. The Romberg test, originally developed in 1853, was 
designed to subjectively assess somatosensory impairment in individuals with neu-
rological conditions [ 56 ,  57 ]. However, the Romberg test was criticized for failing 
to objectively identifying subtle post-concussion balance defi cits [ 49 ]. More 
recently, force plate measures have been developed to assess postural control and 
are valid and reliable and numerous metrics have been investigated [ 41 ,  58 – 63 ]. 
One commonly used research system, occasionally referred to as the “gold- 
standard,” is the SOT which is thoroughly reviewed in separate chapter in this text-
book. Generally, the SOT is both valid and reliable with impairments in postural 
control noted for 3–5 days post-injury and suggested that the vestibular system of 
the sensory processes is most commonly impaired [ 41 ,  46 ,  64 – 68 ]. However, force 
plate (>$10,000) and sophisticated balance systems (SOT: >$75,000) are expensive, 
likely cost-prohibitive for the overwhelming majority of sports medicine clinical 
sites, and may require extensive additional training or the addition of a biomecha-
nist to the sports medicine staff. Indeed, even amongst NCAA Division I athletic 
trainers, less than 1 % reported utilizing the SOT [ 69 ]. Thus, a cost-effective and 
practical postural control assessment paradigm was required to appropriately assess 
post-concussion impairments. 

 Current consensus of appropriate concussion management, both during the 
sideline or acute concussion assessment or when tracking recovery, calls for a mul-
tifaceted assessment battery as no single test is highly sensitive [ 7 ,  20 ,  70 ]. The 
fourth International Consensus Statement on Concussion in Sport (4th CIS) recom-
mends a two-component balance assessment: (1) a modifi ed BESS (mBESS) and/or 
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(2) tandem gait [ 7 ]. The mBESS consists of three stances (double, single, tandem) 
on a single surface which is solid [ 7 ]. The mBESS has received limited attention in 
the literature; however, normative data suggests the scores increase (worsen) with 
aging and obesity [ 71 ]. The tandem gait assessment consists of a heel-to-gait for 
3 m along a 38 mm wide piece of tape, a 180° turn, and returning along the same 
walkway [ 7 ]. The test is repeated four times and the best trial time is recorded as the 
individuals score [ 7 ]. While this test has not been evaluated post-concussion, some 
evidence suggests a dynamic gait assessment may be more reliable and less infl u-
enced by fatigue than a static test such as BESS [ 72 ]. 

 While the mBESS and tandem gait are the current recommendations of the 4th 
CIS, the more commonly used postural control assessment post-concussion remains 
the original BESS test [ 69 ,  73 – 75 ]. The original BESS consists of three stances 
(double, single, and tandem) on two surfaces (fi rm and foam) with errors being 
counted for deviations from the test position [ 56 ,  65 ]; see also Fig.  8.1 .

  Fig. 8.1    The six stances of the balance error scoring system (BESS) test. Conditions ( a )–( c ) are 
on a fi rm surface while conditions ( d )–( f ) are on a foam surface. Conditions ( a ) and ( d ) have both 
feet on the surface and in contact, conditions ( b ) and ( e ) are single leg, and conditions ( c ) and ( f ) 
are tandem stance. Each stance is performed for 20 s and the total numbers of errors per stance 
(maximum of 10 per stance) are summed for a total score       
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   The BESS appears sensitive to acute concussion with an increase of 6–8 errors 
post-injury being commonly reported [ 53 ,  76 ]. The specifi city of the BESS remains 
>0.91 through the fi rst week post-injury; however, the sensitivity is low immedi-
ately post-injury, 0.34, and continues to decrease to 0.16 over the fi rst 3 days post- 
injury [ 76 ,  77 ]. Unfortunately, the minimal detectable change values for the BESS 
test range from 7.3 (intrarater) to 9.4 (interrater) [ 78 ]. An additional considerable 
limitation to the BESS is a noted practice effect, potentially due to the test’s utiliza-
tion of foam to perturb the somatosensory system [ 79 ]. Repeat administration, as 
quickly as the second administration of the test, has repeatedly demonstrated a 
 signifi cant reduction in the number of errors committed [ 80 – 82 ]. Further, this 
improvement has been noted to persist for the duration of a fall athletic season, 90 
days [ 83 ]. Our post-concussion assessment protocol involves daily BESS testing, as 
is common amongst athletic trainers [ 69 ], and, similar to previous studies [ 53 ], 
shows an increase (worsening) of BESS score in the immediate 24 h post-injury; 
however, with repeat administration there was a signifi cant decrease (improvement) 
of BESS score, as compared to baseline, within a week post-injury, often prior to 
symptom resolution (Fig.  8.2 ).

   This would inappropriately suggest that balance actually improves post- 
concussion. These limitations have resulted in the suggestion to conduct multiple 
baseline testing sessions [ 80 ,  84 ]; however, this is not being incorporated by most 
athletic trainers likely due to time constraints [ 69 ]. Additional limitations of the 
BESS include fatigue, dehydration, functional ankle instability, neuromuscular 
training, and testing environment [ 85 – 92 ]. Finally, the infl uences of previous com-
mon sports injuries (e.g., ankle or knee sprains) which occur after the baseline test-
ing but prior to a post-concussion assessment have not currently been elucidated. 
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  Fig. 8.2    BESS scores across time. There was a signifi cant increase (worsening) in BESS score at 
immediate post-injury ( p  = 0.001) and day 1 post-injury ( p  = 0.010). There was a signifi cant 
decrease (improvement) in BESS score at day 6 ( p  = 0.045) and day 7 ( p  = 0.012) despite over 20 % 
of participants still endorsing symptoms for at least 6 days       
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 Overall ,  the current utilization of the BESS test ,  despite being the most commonly 
used postural control assessment tool ,  is fundamentally fl awed as there is scant 
evidence that multiple baseline tests are occurring nor that the post - injury limita-
tions are being considered  [ 69 ]. 

 These assessment batteries are typically performed in a single-task manner (i.e., 
only a motor task without concurrent cognitive tasks); however, an emerging line of 
research suggests that dual-task testing may be advantageous in the post-concussion 
population [ 93 – 96 ]. This is the next logical step in concussion assessment as Winter 
has suggested that the central nervous system is capable of adapting for a loss of 
function following a pathology until the patient is deprived of the compensating 
system [ 42 ]. This is consistent with recent fi ndings related to compensatory strate-
gies seen in diverse testing paradigms post-concussion [ 97 – 105 ]. Currently, most 
post-concussion dual-task testing protocols utilize sophisticated computerized 
equipment to perform the assessment with balance assessments performed with the 
SOT and either an auditory or visual switch task as the cognitive challenge [ 94 , 
 106 ]. Unfortunately, as previously discussed, these tests are likely impractical for 
most clinicians as they lack both equipment and training to perform the assessments 
[ 69 ]. A second line of dual-task motor and cognitive challenges involves gait and 
working memory tasks which will be discussed in the next section.  

    Postural Control During Motor Tasks Post-concussion 

 Early evidence of gait impairments following concussion were reported by McCrory 
based on video analysis of concussions sustained in the mid-1990s by competitors 
in Australian rules football [ 107 ]. Gait impairments, operationally defi ned as ataxic, 
stumbling, or unsteady gait, were noted post-injury in 41 % of concussed athletes 
with the majority manifesting symptoms immediately post-injury; however, a small 
percentage, 14 %, had a minimal delay of 10–20 s prior to the onset of gait unsteadi-
ness [ 107 ]. While not specifi cally studied, it was speculated that gait unsteadiness 
involved a brainstem pathology and was multifactorial including postural tone, cer-
ebellar, and labyrinthine function [ 107 ]. This study, while limited to gross video 
observations without true biomechanical assessment, provided foundational evi-
dence of post-concussion gait impairments. 

 Compared to other commonly investigated neurological pathologies (e.g., 
Parkinson disease, elderly fallers, stroke, amputee), investigations of gait to identify 
impairments in postural control post-concussion have been fairly limited. Indeed, 
there are more review articles (e.g., systematic reviews, meta-analyses) on gait in the 
elderly than original research articles related to concussion and gait. The majority of 
gait studies were performed at one laboratory and were largely delimited to grade II 
concussions, as defi ned by the American Academy of Neurology (no LOC and 
symptoms persisting longer than 15 min) [ 108 ], had fairly homogeneous and small 
( n  = 10–17/group) participant populations for most studies, lacked  within- subject 
pre-injury data, and have involved a variety of gait tasks including single- task gait, 
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dual-task gait with working memory challenges, and obstacle avoidance tasks 
[ 98 – 104 ,  109 – 111 ]. Finally, not all raw data is provided for all dependent variables 
of interest limiting the ability to perform a meta-analysis of the fi ndings. 

 Utilizing traditional clinical measures of balance (e.g., BESS), large cohort 
investigators have suggested that postural control returns to its baseline value within 
3–5 days post-injury [ 53 ].    The post-concussion gait studies which have been cur-
rently published are limited by lack of within-subjects baseline data; however, they 
are generally tightly matched to otherwise healthy control subjects. Within this con-
text, gait velocity generally appears to return to a normal value by day 5 or 6 post- 
injury despite still experiencing concussion-related symptoms [ 99 – 101 ,  111 ], 
although in one study it had not recovered by day 28 [ 110 ]. This fi nding and other 
similar fi ndings need to be taken in context as an apparent practice effect was poten-
tially a confounding variable as the gait velocity steadily increased with each testing 
session in the healthy control group. However, by day 28 the concussion subjects 
had still not reached the initial and lowest gait velocity of the control subjects [ 110 ]. 
Similar fi ndings were noted in the stepping characteristics (stride time, width, and 
length) [ 111 ] and sagittal plane COM measurements (anterior displacement and 
velocity of the COM and the anterior center of pressure [COP]–COM separation) 
[ 99 ,  111 ]. Frontal plane kinematics may be a more challenging task post-concussion 
as there is a limited base of support during the single-support phase of gait [ 112 ]. 
During single-task gait, post-concussion participants demonstrated limited increases 
in the medial to lateral COM range of motion and velocity [ 98 ,  102 ,  104 ,  111 ]. 
These impairments appear to persist for up to 28 days post-injury despite apparent 
recovery on the traditional clinical assessment battery [ 104 ,  111 ]. Interestingly, in 
many of these studies there was an apparent recovery on many dependent variables 
by day 5 post-injury, but signifi cant differences reemerged 2–4 weeks later. These 
fi ndings suggest either potential differences on day 5 are not statistically signifi cant 
due to small groups and the possibility of the study being underpowered or some 
residual consequence of delayed impairment following a concussion. Overall, these 
gait studies suggest that a conservative gait strategy has been adopted post- 
concussion, although the rationale for these strategies remains unknown. 

    Adopting from methodologies utilized with elderly and diseased state patients, 
the addition of a cognitive challenge to the motor task of gait is beginning to be 
explored post-concussion. Both impairments in postural control and cognitive pro-
cessing are known acute consequences of a concussion and thus not surprisingly 
both are abnormal when tested within 24 h of the injury. Post-concussion gait stud-
ies utilizing a dual-task paradigm have largely focused on utilizing working mem-
ory challenges (e.g., reciting the months of the year backwards) from the mini 
mental examination to assess cognitive performance while performing either level 
over ground gait or obstacle avoidance [ 113 ]. A recent systematic review and 
meta- analysis by Lee et al. [ 96 ] suggested that gait velocity and frontal plane range 
of motion are sensitive markers of dual-task interference in post-concussion indi-
viduals (Fig.  8.3 ).

   Specifi cally, a pooled mean decrease in gait velocity of 0.13 m/s was noted 
across the meta-analysis which is similar to a noted decrease of 0.17 m/s across a 
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diverse population of neurologically impaired participants [ 96 ,  114 ]. In the acute 
recovery phase following a concussion, similar to single-task gait, multiple impair-
ments are noted during dual-task gait. Specifi cally, when compared to tightly 
matched control subjects, reductions in stride length, anterior velocity of the COM, 
and COM displacement in the frontal plane have been reported [ 98 – 103 ,  110 ]. 
Consistent with many dual-task paradigms, most kinematic characteristics of gait 
were reduced with the addition of a cognitive task in both the recently concussed 
and healthy control groups [ 98 – 103 ,  110 ]. The recovery patterns of dual-task gait 
were similar to, but expand upon, the single-task gait with apparent lingering defi -
cits still present up to 28 days post-injury [ 99 – 101 ,  110 ]. Once again, the frontal 
plane kinematics appeared most sensitive to the identifi cation of delayed recovery 
following a concussion [ 112 ]. These fi ndings support the necessity of a multifaceted 
concussion assessment as most cognitive and postural control assessments are 
recovered far before 28 days post-injury [ 53 ].    Further, when compared to a com-
monly utilized computerized neuropsychological test, there was little relationship 
with the dual-task gait performance [ 99 ]. The authors speculated that dynamic 
motor tasks, such as dual-task gait, are potentially more complex and challenging 
than traditional computerized neuropsychological tests and may better approximate 
the demands experienced during sports participation [ 99 ]. 
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  The results of these combined studies suggest that impairments in postural 
 control persist for up to 1 month post - injury  despite resolution on the traditional 
clinical assessment battery. Further, an interesting, but unexplained, fi nding was the 
apparent recovery within a week post-injury, but residual impairment in perfor-
mance which persisted up to a month. Future research needs to elucidate the reasons 
for this altered performance.  

    Experimental Post-concussion Postural Control 

 The remaining postural control data presented in this chapter is derived from the 
Georgia Southern University Concussion Management research protocol. This data 
represents 84 participants (Ht: 1.74 + 0.13 m; weight: 79.7 + 23.5 kg; age: 19.6 + 1.4 
years; 50.7 % with a previous history of concussion [0.8 + 1.1 overall]) who suffered 
a sports-related concussion. The concussion initial presentations (9.5 % LOC; 
34.5 % posttraumatic amnesia) and recovery timelines (symptom-free: 4.8 + 3.1 
days; BESS recovery: 2.9 + 2.8 days; standard assessment of concussion recovery 
[SAC]: 2.2 + 1.8 days) are consistent with previous large epidemiological studies 
[ 32 ,  33 ,  53 ]. All participants completed a graduated and progressive return to par-
ticipation exercise protocol, generally consistent with the third International 
Consensus Statement on Concussion in Sport (3rd CIS) [ 7 ], and the average time to 
unrestricted return to participation was 12.6 + 5.1 days. 

 The post-injury assessment protocol has been modifi ed over the years as new 
information and recommendations have been incorporated. Specifi cally, the proto-
col was established in the late 2008 and did not incorporate computerized neuropsy-
chological testing until 2010. The postural control testing occurred in the 
biomechanics laboratory which contains four force plates (AMTI, Watertown, MA) 
and an instrumented walkway (GAITRite; CIR Systems, Sparta, NJ); see also 
Fig.  8.4 . Following a concussion, injured student-athletes performed the BESS, 

2.5m Length 2.5m Length

0.6m
 W

idth

GAITRite
4.9m LengthFP #2 FP #3

FP #4FP #1

  Fig. 8.4    Biomechanics laboratory set-up.    The gait initiation trials began with the participant 
standing on force plates (FP) #1 and #2, having the fi rst football impact on either force plates #3 or 
#4, and continuing down the instrumented walkway to a target end line 2.5 m beyond the walkway. 
Gait termination trials transversed the instrumented walkway and terminated with the penultimate 
step impacting force plates #3 or #4 and the termination step occurring on force plates #1 and #2. 
Stepping kinematics were recorded from the instrumented walkway during both initiation and 
termination trials. Buckley TA, Munkasy BA, Tapia-Lovler TG, Wikstrom EA. Altered Gait 
Termination Strategies Following a Concussion. Gait and Posture. (epub March 11, 2013) 
(Permission received from publisher)       
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SAC, and a graded symptom checklist (22-items, 0–6 Likert scale) daily until they 
achieved their baseline values on each specifi c test. Participants were tested daily 
with over 90 % compliance.

       Acute Concussion Response 

 The control of posture and locomotion are interdependent at several levels of the 
central nervous system [ 115 ]. Therefore, impaired posture and gait components 
may contribute to defi cits in locomotion due to adaptive changes in neural control 
[ 115 ]. Many post-concussion balance assessments (e.g., BESS, SOT) are novel 
challenges and, as described, are subject to a substantial practice effect with repeat 
administration [ 79 – 83 ]. Thus, we have opted to utilize what we refer to as “non- 
novel” tasks—these are tasks which are performed as regular activities of daily 
living and therefore not subject to a practice or learning effect. One task commonly 
utilized to investigate the interactions between posture and locomotion components 
is gait initiation (GI). Indeed, GI, the phase between motionless standing and steady 
state locomotion requiring the generation of propulsive forces, has been shown to be 
a sensitive indicator of balance dysfunction [ 116 ]. GI challenges the postural con-
trol systems as it is a volitional transition from a large stable base of support to a 
smaller continuously unstable posture during gait [ 117 ]. From a motor control per-
spective, GI requires the central nervous system to regulate the spatial and temporal 
relationship between the position and motion of the COM [ 118 ]. Therefore, GI has 
been used to quantify impairments in postural instability amongst elderly, Parkinson 
disease, stroke, and amputee patient groups [ 119 – 125 ]. 

 During static stance, the COP and COM are tightly coupled and located just 
anterior to the malleolus [ 124 ]. To initiate gait, they must decouple to generate for-
ward momentum while maintaining upright balance [ 124 ,  126 ]. Initially, the COP 
moves posteriorly and laterally towards the initial swing limb (Fig.  8.5 ). This antici-
patory postural adjustment (APA), controlled by the supplementary motor area and/
or premotor area, involves bilateral tibialis anterior activation and soleus inhibition 
[ 127 – 129 ]. The initial posterior COP movement generates the forward momentum 
needed to separate the COP and COM while the lateral COP displacement, con-
trolled by the gluteus medias, propels the COM towards the initial stance limb [ 130 ]. 
This momentum generation is necessary to achieve successful forward locomotion 
while maintaining upright balance. Thus, the initial posterior and lateral COP dis-
placements are sensitive indicators of balance dysfunction [ 119 ,  120 ,  125 ,  131 ].

   Following a sports-related concussion, impairments in GI have been noted. 
A typical healthy adult will displace his or her COP approximately 5–7 cm both 
posteriorly and laterally during the APA phase of GI. One day post-concussion, the 
otherwise healthy adults’ APA posterior displacement was 2.59 + 1.62 cm; a 131 % 
decrease compared to a normal healthy adult. Similarly, the lateral displacement of 
the COP post-concussion is reduced to 3.43 + 1.92 cm; a decrease of ~75 % from a 
healthy adult. As the posterior and lateral displacement during the APA is believed 
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to generate the momentum needed to accelerate the COM forward, it is not  surprising 
that the initial step length (0.60 m) and velocity (0.58 m/s) are substantially reduced 
compared to population norms [ 125 ]. An exemplar COP displacement trace is 
 provided in Fig.  8.6  and particular attention should be paid to the APA phase 
noting that the COP at movement initiation is nearly identical between traces. 

Y
S2

S1

COM
COP

Stepping footStance foot

COP-COM
Distance

S3

X

  Fig. 8.5    The center of pressure (COP) and center of mass (COM) displacement during GI. When 
standing quietly, the COP is roughly equally distributed between the 2 ft. Upon movement initia-
tion, the COP is displaced posterior and lateral towards the initial swing limb (S1). The S1 phase 
is the anticipatory postural adjustment (APA) phase of GI. As the initial swing limb leaves the 
ground, the COP is then displaced laterally towards the initial stance limb (S2). Finally, as the 
initial stance limb leaves the ground, the COP moves anteriorly under the foot (S3). Hass CJ, 
Waddell DE, Fleming RP, Juncos JL, Gregor RJ. Gait initiation and dynamic balance control in 
Parkinson’s disease. Archives of Physical Medicine and Rehabilitation. 2005 Nov;86(11):2172–6 
(Permission received from publisher)       
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This postural conservative strategy, unlikely to be associated with a fear of falling as 
is commonly suggested in neurologically impaired older adults, is consistent with 
gait-based studies comparing post-concussion postural control to healthy adults.

   While comparison to healthy individuals is valid, comparing the individuals to 
their own premorbid performance is ideal. While the observed differences may 
appear small (i.e., only a few centimeters), the effect size of these differences needs 
to be considered. Effect size is a measure of the magnitude of the difference between 
groups and a value of 0.2 is considered a small effect, 0.5 a medium effect size, and 
0.8 a large effect size. There is some debate on using effect size on within-subjects 
measures, but this is largely focused on varying treatment effects which are not 
present within this data set [ 132 ]. Following a sports-related concussion, individuals 
reduce their APA posterior displacement from a premorbid value of 5.46–2.34 cm, 
statistically signifi cant ( p  < 0.001) with a large effect size ( d ) of 1.99. Similarly, the 
lateral displacement during the APA phase is reduced from 5.55 to 3.25 cm, statisti-
cally signifi cant ( p  < 0.001) with a moderate effect size of 0.51. The reductions in 
APA COP displacement are likely associated with the reduction in initial step length 
(PRE: 0.68 + 0.11 m and day 1: 0.60 + 0.09,  p  = 0.001,  d  = 0.37) and step velocity 
(PRE: 0.67 + 0.17 m/s and day 1: 0.58 + 0.15 m/s,  p  = 0.021,  d  = 0.27). These results 
suggest that the largest impairments are noted in the APA component of GI as 
opposed to the resulting stepping characteristics. This likely occurs as the APA 
component is a supraspinal or central control process whereas the stepping charac-
teristics are likely controlled at multiple levels including supraspinal (motor cortex), 
spinal (central pattern generators), and peripheral (local neuromuscular adaptations) 
[ 127 – 129 ,  133 – 135 ]. 

 The post-concussion response to gait has been well established through a series 
of studies conducted in Li-Shan Chou’s lab at the University of Oregon and has 
been discussed previously [ 98 – 105 ,  109 – 111 ]. Our data is similar with noted defi -
cits on the day following the concussion. Specifi cally, substantial decrements in 
performance were noted in gait velocity (PRE: 1.49 + 0.13 m/s and day 1: 
1.17 + 0.13 m/s,  p  < 0.001,  d  = 0.77), mean step length (PRE: 0.76 + 0.04 m and day 
1: 0.64 + 0.05 m,  p  = 0.002,  d  = 0.76), percentage of the gait cycle in double support 
(PRE: 22.48 + 2.38 % and day 1: 24.59 + 2.23,  p  = 0.035,  d  = 0.42), and percentage of 
the gait cycle in the swing phase (PRE: 38.75 + 1.12 % and day 1: 37.7 + 1.21 %, 
 p  = 0.05,  d  = 0.41). In a small subgroup, increases in gait variability, expressed as a 
coeffi cient of variation, have been identifi ed post-concussion. Gait variability is an 
indicator of the rhythmicity and gait stability and is known to be impaired in elderly 
individuals or those with neurological impairments [ 136 – 139 ]. A variability of 
greater than 7 % has been associated with impairments in postural control in older 
individuals with neurological impairments; however, in healthy adults normal vari-
ability is below 3 % [ 140 – 144 ]. While the post-concussion individuals in this study 
did not exceed the 7 % threshold, there were increases from baseline (<3 %) to day 
1 post-injury (>3 %). Consistent with the Oregon fi ndings, these results suggest a 
conservative gait strategy is adopted following a concussion. However, the neuro-
physiological explanation has not been fully elucidated. 
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 These previous fi ndings suggest that, acutely post-concussion, impairments in 
postural control are identifi ed with single (motor)-task challenges; however, emerg-
ing evidence suggests that reallocation of attentional resources and/or neural plas-
ticity may allow the individual to overcome simple single-task challenges [ 62 ,  97 , 
 145 ]. Dual-task challenges examine the effect of executing a secondary cognitive 
task (e.g., mental processing) on the concurrent performance of a primary motor 
task (e.g., walking) [ 145 ]. Even routine motor activities, such as sitting, standing 
quietly, or walking, require cognitive processing [ 146 ]. Previous investigations 
noted impaired postural control during both quiet stance and gait in healthy young 
adults under dual-task conditions [ 147 ,  148 ]. Simultaneous performance of a motor 
task and a cognitive task may interfere with the performance of one or both, prob-
ably due to competing demands for inherently limited attentional resources [ 149 –
 151 ]. Utilizing working memory challenges (e.g., serial 7’s), post-concussion 
participants had further reductions in the displacement of the COP during the APA 
phase of GI and took shorter and slower steps than during single-task GI. Consistent 
with the fi ndings from the Oregon studies, those differences were also present dur-
ing gait with signifi cant reductions in gait velocity, stride length, single-support 
phase, and swing phase when compared to healthy young adults. Interestingly, 
there were no differences noted within subjects when comparing single- and dual-
task gait; potentially due to an inverted “ceiling” effect whereby individual’s per-
formance during single task was already dramatically impaired. Indeed, both 
single- (1.17 m/s) and dual-task (1.15 m/s) gait velocities fell below the 1.2 m/s 
threshold often cited for a healthy gait in elderly and neurologically impaired indi-
viduals [ 152 ,  153 ]. 

 Gait termination (GT) is not a mirror image of GI [ 154 ]. Rather, GT is a process 
by which the central nervous system anticipates, controls, and arrests the forward 
momentum of the COM without exceeding the borders of the base of support [ 155 , 
 156 ]. Further, GT has a known and invariant set of parameters that constrains the 
multiple degrees of freedom within the lower extremity [ 157 – 159 ]. However, GT 
poses a unique challenge to the postural control systems because the COM is often 
located outside the base of support at the onset of GT [ 126 ]. As a result, GT is an 
excellent model for investigating alterations in motor programming and neurologic 
dysfunction. The central neurophysiologic control of GT is more elusive than GI; 
however, an fMRI study has suggested that the prefrontal area, specifi cally the infe-
rior frontal gyrus and the pre-supplementary motor area, likely controls GT [ 154 ]. 
Indeed, GT has quantifi ed impairments in postural control amongst the aging, peo-
ple with Parkinson disease, amputee groups, chronic ankle instability, and those 
with general balance disorders [ 158 – 168 ]. 

 The termination of gait requires the coordinated activity of both legs. Indeed, 
force production is modulated bilaterally such that the lead limb (limb behind the 
COM) reduces foot push-off propulsive forces as the swing limb (limb in front of 
the COM) concurrently increases vertical and anteroposterior braking forces [ 157 , 
 158 ,  169 ]. Reduced propulsive forces are caused by soleus inhibition and increased 
activation of the tibialis anterior while concurrent increases in braking forces are 
due to an increased soleus activity and inhibition of the tibialis anterior [ 166 ,  170 ]. 
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Failure to reduce lead limb propulsive forces results in an increased reliance on a 
single-limb stopping strategy and subsequently longer termination times and a 
greater number of steps required to control the COM [ 160 ]. Therefore, increases in 
propulsive and braking forces have been identifi ed as sensitive indicators of balance 
dysfunction and alterations in the cortical control of GT [ 158 ,  160 ,  165 ]; see also 
Table  8.1 .

   In the aftermath of a concussion, GT performance is clearly impaired [ 171 ]. 
Initially, the reduced gait velocity, as previously described, may mask the task per-
formance and, therefore, normalization to gait velocity is required. Further, to more 
clearly understand the postural strategies utilized, GT variables are compared to 
performance during standard gait trials. One would naturally expect the penultimate 
step during GT to have a reduced propulsive force and the terminal step to have an 
increased braking force relative to normal gait. Conversely, post-concussion the 
individuals actually increased their propulsive force during the penultimate step and 
reduced their braking force during the termination step [ 171 ]   . This highly ineffi -
cient pattern of performing GT is suggestive of a central defi cit and the selection of 
an inappropriate motor program to perform the GT task. 

 While measures of dynamic postural control are insightful in understanding 
impairments in postural control following a concussion, static stance assessments 
can also provide additional clarity. Several attempts have been made to quantify 
static post-concussion postural control utilizing approximate entropy measures but 
have generally failed to identify differences or noted decreased randomness [ 63 , 
 172 ,  173 ]. The authors speculated that the reduced randomness was secondary to 
either distorted interactions in the brain or increased co-contraction of the lower 
extremity musculature; however, these conclusions were drawn from relatively 

   Table 8.1    Means, standard deviations, 95 % confi dence intervals, and effect sizes for gait 
termination performance   

 Control 
( n  = 26) 

 Day 1 
post- 
concussion 
( n  = 15) 

 Control to 
day-1 post 
hoc  p -values 
(effect size) 

 Day 10 
post- concussion 
( n  = 12) 

 Control to 
day-10 post 
hoc  p -values 
(effect size) 

 Gait 
velocity 
(m/s) 

 1.32 ± 0.14 
(1.26–1.38) 

 1.16 ± 0.14 a,b  
(1.08–1.23) 

 0.01 (1.14)  1.33 ± 0.19 
(1.21–1.46) 

 0.97 (0.06) 

 Propulsive 
(%) 

 −0.25 ± 0.53 
(−0.41 to 
−0.10) 

 0.44 ± 0.17 a  
(0.24–0.64) 

 <0.01 (0.85)  0.46 ± 0.13 a  
(0.23–0.69) 

 <0.01 (0.85) 

 Braking 
(%) 

 −0.30 ± 0.20 
(−0.39 to 
−0.21) 

 −0.05 ± 0.27 a,b  
(−0.17 to 
0.07) 

 <0.01 (0.54)  0.16 ± 0.23 a  
(0.03–0.29) 

 <0.01 (0.95) 

  From Buckley TA, Munkasy BA, Tapia-Lovler TG, Wikstrom EA. Altered Gait Termination 
Strategies Following a Concussion. Gait and Posture. (epub March 11, 2013); used with 
permission 
  a Signifi cant difference from the control group 
  b Signifi cant difference from the day-10 time point  
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short (20–30 s) data sets [ 173 ]. When a longer data set (120 s) was investigated, a 
greater than linear increase in COP area was noted across time suggesting that lon-
ger time frames are required for analysis [ 59 ]. Specifi cally, visual analysis clearly 
shows that at 20–40 s, there would be no differences between groups, but at 120 s 
clear differences are apparent [ 59 ]. Additionally, applying more sophisticated 
entropy measures, such as Shannon and Renyi measures, successfully identifi ed 
impairments in postural control [ 59 ]. Unfortunately, this study lacks premorbid 
data, but some early analysis suggests that these trends continue when compared to 
baseline tests (Fig.  8.7 ).

       Postural Control and Recovery 

 As discussed, the traditional post-concussion clinical assessment battery suggests 
that postural control recovers within 3–5 days post-injury [ 46 ,  53 ]. However, this 
apparent recovery often occurs prior to symptom resolution or achieving baseline 
values on computerized neuropsychological test batteries [ 53 ]   . This suggests that 
while the current clinical battery may be suffi cient to identify the presence of a con-
cussion [ 70 ], it may lack the sensitivity to identify residual impairments which per-
sist over time. Each of the non-novel tasks which show impairments in the immediate 
aftermath of a concussion has also demonstrated residual impairments which persist 
long after recovery based on standard clinical balance tests as well as self-reported 
symptoms, cognitive testing, and computerized neuropsychological testing. 

 A healthy young adult has approximately a 5–7 cm displacement of the COP in 
both the posterior and lateral directions during the APA phase of GI.    However, on 
the day the individuals pass their BESS test (2.9 + 2.8 days post-injury), which clini-
cally suggests their balance has returned to premorbid levels, substantial signifi cant 
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defi cits are noted in both the posterior (PRE: 5.46 + 1.82 cm and BESS: 2.54 + 1.28 cm, 
 p  < 0.001,  d  = 0.68) and lateral (PRE: 5.55 + 2.13 cm and BESS: 2.93 + 1.63 cm, 
 p  < 0.001,  d  = 0.57) directions. Similarly, on the day the individual self-reports 
being symptom-free (4.8 + 3.1 days) there were still impairments in the posterior 
APA COP displacement (3.58 + 1.88 cm,  p  = 0.008,  d  = 0.45); see Fig.  8.8 .    Even by 
12 days post-injury, the most common time frame for return to participation, the 
posterior COP displacement was still reduced (4.23 cm) compared to baseline values, 
although this is within one standard deviation of the baseline. In each case, the 
standard kinematic stepping characteristics had achieved baseline values thus sug-
gesting the APA phase is a better discriminator of impaired postural control. At no 
point during the testing protocol, on average, did the posterior COP displacement 
during the APA phase achieve a value equal to or greater than the baseline value.

   The Oregon gait studies interestingly found that most gait kinematic variables 
returned to baseline values by day 5/6 post-injury and then demonstrated limited 
impairments at the 2- and 4-week follow-up testing. Conversely, standard gait 
kinematic stepping characteristics largely returned to baseline values for our sub-
jects prior to return to participation status; however, gait variability assessment 
remained impaired throughout the recovery process. Specifi cally, at both self-
selected normal pace and at face-paced gait, the variability increased post-injury 
and either remained fl at-lined across time or continued to increase throughout the 
recovery process. Considering the normal healthy variability is typically below 
3 %, the normal self- selected paced step length and step time variability as well as 
the fast-paced step length, step time, and step width variability all exceeded 3 % at 
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  Fig. 8.8    Exemplar changes in COP displacement. The normal healthy adult typically has 5–7 cm 
of displacement in both the posterior and lateral directions. The posterior APA phase is reduced 
following a concussion (2.59 + 1.62 cm) and remains reduced at the time (4.8 + 3.1 days) the indi-
vidual self-reports symptom-free (3.58 + 1.88 cm). Similarly, the lateral displacement is reduced 
immediately following a concussion (3.43 + 1.92 cm) and remains reduced at the time the indi-
vidual self-reports symptom-free (4.51 + 2.31 cm)       

 

8 Acute and Lingering Impairments in Post-concussion Postural Control



156

return to  participation (see Fig.  8.9 ). Similar to previous fi ndings, these results sug-
gest that despite apparent recovery on all clinical assessments, central neurological 
impairments may still persist.

   Consistent with the lingering and persistent defi cits noted during gait initiation 
and gait variability, gait termination remained impaired despite recovery on clinical 
assessment batteries [ 171 ]. By 10 days post-injury, all participants, in this subset, 
were fully recovered based on BESS, SAC, self-report symptoms, and ImPACT 
testing; however, clear impairments persisted during GT. Specifi cally, while gait 
velocity returned to normal values (actually exceeding the velocity of the control 
subjects), the post-concussion individuals continued to present with an altered 
motor strategy for terminating gait. Relative to normal gait trials, the post- concussion 
individuals continued to have abnormally increased propulsive forces during the 
penultimate step and decreased braking forces on the termination step—in both 
cases the motor strategy was actually less effi cient than their performance on day 1 
post-concussion [ 171 ]. While current studies have not elucidated the reasons for this 
altered movement strategy, it is likely a postural conservative strategy potentially 
secondary to lingering post-concussion impairments in the prefrontal area [ 154 ]. 

 Finally, and consistent with the other reported measures, the impairments in pos-
tural control are also noted during static stance trials using sophisticated entropy 
measures [ 59 ]. Once again, despite all participants having achieved baseline values 
on all clinical measures, impairments in static postural control were still present at 
least 10 days post-injury; see Fig.  8.10 . While this study focused more on the scien-
tifi c applications of varying entropy metrics, as opposed to clinical application, the 
underlying mechanisms for the impairments in postural control were not investi-
gated. However,  the results do support the emerging evidence that based on more 
sophisticated assessment protocols ,  most concussions do not recover within 7 – 10 
days post - injury .
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       Conclusion 

 The 4th CIS reports that 80–90 % of concussions in adults resolve within 7–10 days 
of the injury; however, this is presumably based on earlier epidemiological studies 
which operationally defi ned recovery based on self-reported symptoms, SAC, and 
the BESS [ 7 ,  53 ]. However, a growing body of evidence, utilizing diverse research 
paradigms including the postural control studies presented herein, has suggested 
that recovery is prolonged well beyond a couple of weeks [ 99 – 101 ,  104 ,  111 ,  174 –
 177 ]. While the evidence may not fully support the recommendation yet, McKee 
has proposed a 4- to 6-week recovery period post-concussion to facilitate optimal 
healing [ 38 ]. While it is medically appropriate and ethical to treat concussions con-
servatively given the emerging association between repeated head injuries and later- 
life neuropathologies, this is complicated by an already unacceptably low (~50 %) 
concussion reporting rate [ 2 – 4 ]. Whereas fractures, dislocations, and sprains/strains 
are often obvious and easy to identify, concussions frequently rely on the individual 
to self-report the symptoms as severe confusion or disorientation and loss of con-
sciousness are infrequent [ 32 ]. Anecdotal evidence suggests that a longer period of 
time before the student-athlete received medical clearance to return to participation 
would likely lower the current reporting rate and result in many student-athletes 
continuing to participate despite having a concussion. Conversely, allowing the 
injured student-athlete to return prematurely may expose the individual to increased 
risk of re-injury with potential later-life complications. This paradox will likely 
continue to challenge sports medicine clinicians for the foreseeable future; however, 
it is becoming clear that lingering post-concussion impairments persist longer than 
just 7–10 days.     
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