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Abstract

The assessment and management of sports related concussion has become a contentious issue in the
field of sports medicine. The current consensus in concussion evaluation involves the use of a
subjective examination, supported by multifactorial assessment batteries designed to target the various
components of cerebral function. Balance assessment forms an important component of this
multifactorial assessment, as it can provide an insight into the function of the sensorimotor subsystems
post-concussion. In recent times, there has been a call to develop objective clinical assessments that
can aid in the assessment and monitoring of concussion. However, traditional static balance
assessments are derived from neurologically impaired populations, are subjective in nature, do not
adequately challenge high functioning athletes and may not be capable of detecting subtle balance

disturbances following a concussive event.

In this review, we provide an overview of the importance of assessing motor function following a
concussion, and the challenges facing clinicians in its assessment and monitoring. Additionally, we
discuss the limitations of the current clinical methods employed in balance assessment, the role of
technology in improving the objectivity of traditional assessments, and the potential role inexpensive

portable technology may play in providing objective measures of more challenging dynamic tasks.



Background

Sports related concussion (SRC) has become a significant health concern for those involved in all
levels of contact sport such as Rugby Union and American Football. In the USA alone, it is estimated
that between 1.6 and 3.8 million concussions occur annually*2. The English Rugby Football Union
(RFU) reported that during the 2011-2014 seasons in the English Premiership, concussions had the
highest incidence of any injury®. Similarly, Lawrence et al* reported that concussion was the fifth most
common injury between 2012-2014 in the National Football League (NFL) in America. There isa
concern that rates of concussion are on the rise with the RFU injury surveillance report demonstrating
an increase during the 2013/2014 season outside the expected levels of variation®, with similar trends

being documented in the NFL*.

By definition, concussion is a functional disturbance rather than a structural injury due to the absence
of neurological lesions on traditional neuroimaging®. The lack of structural abnormalities has
traditionally led to individuals downplaying the severity of the injury®. The diagnosis and subsequent
management of concussive events has become a contentious issue in recent years. High profile
editorials such as that of Helmy and colleagues’ outlined that published medical advice is often
“flouted” in elite sport, and past players have admitted that they often “foxed” baseline cognitive
assessments®. Additionally, Kemp et al® reported that in English professional Rugby Union, 58% of
players with confirmed concussions were not removed from the field of play between 2002-2006.
Similarly, during the 2010-2011 Irish rugby season, 45% of players reported at least one concussion,

with only 46.6% of these presenting to medical staff’,

Current Consensus in Concussion Monitoring

The traditional model of SRC assessment involves the identification of the signs of concussion, and
where required, an on field triage evaluation by the sports clinician to assess the player’s symptoms. If
suspected or confirmed, the on-field assessment is typically followed-up on the side line or in the
medical room with a subjective clinical exam, supported by various assessments to evaluate
components of cerebral function including; clinical symptoms, motor function (balance, co-ordination

and reaction time) and neurocognitive function®®. Following a concussion diagnosis, World Rugby**



and NFL guidelines®? state individuals should be monitored in these main areas of cerebral function at

specific time points throughout recovery.

In order to aid clinicians in the evaluation of athletes, assessment batteries such as the Sports
Concussion Assessment Tool (SCAT) were developed®. In a review paper, Guskiewicz and
colleagues™ concluded that a variety of measures should be utilised to ensure that a complete clinical
profile of a concussed individual is obtained. The importance of these assessments has recently been
stressed through the consensus statement from the 4™ International Conference on Concussion in
Sport® and the position statement from the American Medical Society for Sports Medicine?. However,
the accuracy and reliability of these compound side-line assessments is currently undefined, and many
of these tests are outdated and are not sufficiently challenging for athletes. Interestingly, despite the
paucity of data in this area, these assessments have been modified and included in concussion
protocols such as World Rugby’s Head Injury Assessment Tool and the NFL Concussion Screening

Tool 1234

What is the role of balance assessment in concussion?

Recently, Willer and Leddy™ called for a move away from the traditional symptom based model of
assessment towards a more comprehensive structured physical examination, including detailed motor
function assessments. Motor function requires the processing of sensorimotor information, and
involves the complex hierarchical integration of the cerebral cortex, cerebellum, basal ganglia,
brainstem and spinal cord®®. As a result of this complex integration, motor function can be assessed
along an integrative spectrum of sensorimotor function (figure 1). It has been established that
concussed individuals often show impairments along this spectrum, demonstrating deficits in
proprioceptive performance®’, reaction time'®, balance®® and changes in focused?® and duel-task®! gait
strategies. The consequences of these deficits have been highlighted through several studies reporting
an increased risk of injury following return to play post-concussion in professional soccer??, American
college sports® and professional rugby®. A proposed mechanism for these motor function
impairments is a disruption of the cortical pathways and/or vestibular function impairment post-

concussion®. The assessment of balance can provide an important insight into the function and



integration of the sensorimotor spectrum, potentially allowing us to detect if an individual has
sustained a concussion, or if they are ready to return to play. Balance can be defined as the
maintenance of ones centre of gravity within the limits of stability as defined by the base of support®.
The question is, how can we effectively quantify these balance deficits post-concussion, and monitor

changes?

Are existing clinical balance assessments working?

Traditionally, the assessment of the balance aspect of motor function has focused on static balance™ ™3,
The maintenance of balance equilibrium involves the central integration of visual, vestibular and
somatosensory information®®. Static balance assessments have attempted to challenge the balance
subsystems by utilising simple, subjectively rated tasks, conducted under different visual conditions,
and on stable and unstable bases. The removal of visual input results in the increased reliance on the
somatosensory and vestibular cortical inputs, while the introduction of an unstable base challenges all

three.

The Romberg test provides a gross measure of balance under different visual conditions. If an
individual presented with a balance deficit following a concussive event, it would be expected that
they would have an increased level of sway during the eyes closed balance task. However, the
standard Romberg test is traditionally used in the assessment of patients at risk of falling?’. It is
subjective in nature, lacks in reliability and sensitivity data in concussed populations, and is not

challenging enough to elicit deficits in an athletic population®®.

The current standard in clinical balance assessment for concussion is the Balance error scoring system
(BESS). It involves three 20 second stances (double, single and tandem) completed on firm and
unstable surfaces. Studies have demonstrated that athletes demonstrate a significant increase in errors
following a concussive event, and typically return to baseline levels within 3 to 5 days post injury™®.
However, the BESS suffers from learning®® and fatigue® effects. Additionally, a systematic review

conducted by Bell et al*

reported that the BESS was only capable of detecting large changes in
balance. In order to provide a more rapid assessment, the modified BESS (only firm surface

assessments) was developed and incorporated into the SCAT3**!. However, little research has been



conducted in concussed populations, with King and colleagues * reporting low sensitivity and
specificity. Similarly to the other static balance assessments, the BESS and modified BESS may not be
adequately challenging or sufficiently sensitive to detect subtle changes in static balance in higher

level athletes, calling into question its wide spread application in athletic populations.

Does the addition of technology help?

In an attempt to increase the sensitivity of balance assessments, expensive laboratory equipment such
as force platforms have been incorporated into static balance assessments. Assessments such as the
modified Clinical Test of Sensory Organisation and Balance (CTSIB) and the Sensory Organisation
Test (SOT) were developed in order to provide researchers with an improved understanding of balance

deficits following concussion.

The CTSIB takes advantage of force platform technology in an attempt to provide more objective
quantification of postural sway under 3 visual conditions (eyes-open, eyes-closed and looking into
visual dome), and on stable and unstable surfaces®. Guskiewicz and colleagues ** utilised the CTSIB
and reported that concussed athletes demonstrated decreased postural stability for 3 days post injury.
However there is a lack of population specific reliability, sensitivity and specificity data in a
concussed population. Similarly to the CTSIB, the SOT attempts to systematically challenge the
sensory input through various visual and standing surface conditions while recording postural sway
via a force platform *°. It provides a more challenging task than classic static balance assessments,
requiring the individual to maintain their balance while altering the orientation information available
to the somatosensory and vestibular systems. Guskiewicz et al and Cavanaugh et al ***¢ demonstrated
that the SOT can detect postural control deficits post-concussion, which typically resolve within 3-5
days. The SOT has been shown to demonstrate moderate reliability in a healthy population®’, however
no data has currently been presented in a concussed population. Broglio et al*® concluded that the SOT
demonstrated low levels of sensitivity and specificity and should not be used as a standalone

assessment in a concussed population.

Although such measures may provide important information surrounding determining an individual’s

readiness to return to play, the lack of population specific data, impracticalities and limited



accessibility for clinicians are major drawbacks'®. Additionally, such assessments stem from the
traditional static assessment, and as a result may still fail to sufficiently challenge the sensorimotor

system in athletic populations.

Could we utilise portable technology?
In order to provide a more objective quantification of balance deficits post-concussion, recent research
has focused on incorporating inexpensive portable sensing technology into traditional clinical static

balance assessments.

The use of the Wii Balance Board (WBB) in the assessment of balance has increased since the seminal
work of Clarke and colleagues * who demonstrated that it is a reliable measure for assessing centre of
pressure during static stance. Research has primarily focused on the use of Wii balance games and
custom software in the assessment of centre of pressure excursion. The WBB has been shown to
provide valid measures of static postural control in healthy subjects > and Parkinson disease patients
0 and can detect changes in balance **. However, Wii Fit Balance games have demonstrated poor
concurrent validity with current balance assessments “>*3, Importantly there is currently no reliability
and validity data surrounding the use of the WBB in the evaluation of concussed individuals **. These
findings suggest that the WBB may provide an accessible and low cost means to objectively quantify
static balance following concussion, however there is a lack of data in concussed populations, and this
guantification may not increase the ability of static balance assessments to detect deficits in athletic

populations.

Recently there has been an increase in the number of instrumented clinical tests using inertial
sensors®. Inertial sensors contain accelerometers, gyroscopes and magnetometers which are capable of
capturing subtle changes in movement. Inertial sensor systems are low cost and can be implemented
easily in a clinical setting as a result of their unobtrusive nature. Evidence surrounding the validity and
reliability of instrumented balance measures in individuals with Parkinson disease *° and multiple
sclerosis * has begun to emerge. In a concussed population, there have been conflicting reports
surrounding the utility of instrumented static balance assessments®**’. Furman et al *’ demonstrated
that an instrumented static balance assessment utilising an inertial sensor mounted on the lumber spine

6



is not as effective as the traditional BESS in identifying abnormalities post-concussion. However more
recently, King and colleagues * reported improved levels of sensitivity and specificity from both the
BESS and modified BESS instrumented with an inertial sensor. It is likely that the conflicting
conclusions are as a result of the different quantified variables implemented in both studies. King et
al®? utilised root mean squared acceleration which may be more capable of detecting subtle balance
deficits than the inertial sensor derived sway path length used by Furman and colleagues*’. These
initial reports demonstrate a positive step forward in the objectification of current methods of
assessment, however more research is required in concussed populations to determine if this improves

static balance assessments ability to detect concussion deficits.

Future direction

Recently there has been an increased awareness that the standard subjective balance assessments may
not be sufficiently challenging to elicit deficits in concussed athletes. Indeed, ahead of the 5"
International Conference on Concussion in Sport, Kemp and colleagues called for the development of
more challenging assessments and return to play protocols®. It is not adequate to rely on traditional

subjective measures originating from falls risk and low functioning neurological populations.

As discussed above, research has previously attempted to challenge the balance subsystems though the
use of different stance surfaces and visual conditions, with and without instrumentation. However, this
has involved the use of subjective measures, or expensive force platform technology, which are not
accessible to most clinicians. Early work developing cheap and accessible objective instrumented
assessments has shown promising results, however static tasks may still not be sufficiently challenging
to elicit subtle deficits in an athletic population, or as an individual progresses past the initial acute
phase of the injury. It may be hypothesised that objective quantification of both static and dynamic
balance tasks using sensor technology may provide a means to objectively evaluate the function and
integration of the motor control subsystems as the individual progresses through the different stages of

recovery.

In the future, it is possible that objective instrumented balance assessments will be accessible to

clinicians in the management of concussion. Such assessments could be incorporated into a wider



multimodal assessment battery, that is not only specific to the particular stage of recovery, but capable

of sufficiently challenging the individual as they progress towards eventual recovery.

Implications

Traditional static balance assessments may not be sufficiently challenging to detect balance

deficits in concussed individuals.

¢ Quantification of static balance assessments in a laboratory setting provides useful
information, however it is expensive and not accessible to most clinicians.

e Quantification of static and dynamic balance assessments using accessible technology may
provide a greater degree of granularity.

e Quantifiable and challenging balance and motor performance assessments need to be
developed and incorporated into clinical practice.

e Objective balance and motor performance assessments should be incorporated into wider

multimodal assessment batteries, that are specific to the point in the recovery process.

Reference List

1. Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact of traumatic brain
injury: a brief overview. J Head Trauma Rehabil 2006; 21(5): 375-8.

2. Harmon KG, Drezner JA, Gammons M, et al. American Medical Society for Sports Medicine
position statement: concussion in sport. BrJ Sports Med 2013; 47(1): 15-26.

3. RFU. England Professional Rugby Injury Surveillance Project. 2013-2014 Season Report.
Twickenham, England: English Rugby Football Union, 2015.

4. Lawrence DW, Hutchison MG, Comper P. Descriptive Epidemiology of Musculoskeletal

Injuries and Concussions in the National Football League, 2012-2014. Orthop J Sports Med. Sage CA:
Los Angeles, CA; 2015.

5. McCrory P, Meeuwisse WH, Aubry M, et al. Consensus statement on concussion in sport: the
4th International Conference on Concussion in Sport held in Zurich, November 2012. Br J Sports Med
2013; 47(5): 250-8.

6. Fabbri A, Servadei F, Marchesini G, Negro A, Vandelli A. The changing face of mild head
injury: temporal trends and patterns in adolescents and adults from 1997 to 2008. Injury 2010; 41(9):
913-7.

7. Helmy A, Agarwal M, Hutchinson PJ. Concussion and sport. Bmj 2013; 347: f5748.

8. Jackman B. Blue Blood - The Bernard Jackman Autobiography. Ireland: Irish Sports Publishing;
2010.

9. Kemp SPT, Hudson Z, Brooks JHM, Fuller CW. The epidemiology of head injuries in English

professional rugby union. Clinical Journal of Sport Medicine 2008; 18(3): 227-34.



10. Fraas MR, Coughlan GF, Hart EC, McCarthy C. Concussion history and reporting rates in elite
Irish rugby union players. Physical Therapy in Sport 2014; 15(3): 136-42.

11. Raftery M, Kemp S, Patricios J, Makdissi M, Decq P. It is time to give concussion an
operational definition: a 3-step process to diagnose (or rule out) concussion within 48 h of injury:
World Rugby guideline. Br J Sports Med 2016.

12. NFL. National Football League, Concussion Checklist. 2015 (accessed March 2016).

13. Guskiewicz KM, Register-Mihalik J, McCrory P, et al. Evidence-based approach to revising the
SCAT2: introducing the SCAT3. Br J Sports Med 2013; 47(5): 289-93.

14, Fuller GW, Kemp SP, Decq P. The International Rugby Board (IRB) Pitch Side Concussion
Assessment trial: a pilot test accuracy study. Br J Sports Med 2015; 49(8): 529-35.

15. Willer BS, Leddy JJ. Time to Change from a Symptom-based Concussion Assessment to a
Structured Physical Examination. Academic Emergency Medicine 2016: n/a-n/a.
16. Guskiewicz KM. Balance assessment in the management of sport-related concussion. Clinics

in sports medicine 2011; 30(1): 89-102.

17. Subbian V, Ratcliff JJ, Korfhagen JJ, et al. A Novel Tool for Evaluation of Mild Traumatic Brain
Injury Patients in the Emergency Department: Does Robotic Assessment of Neuromotor Performance
following Injury Predict the Presence of Post-Concussion Symptoms at Follow-up? Acad Emerg Med
2016.

18. Eckner JT, Kutcher JS, Broglio SP, Richardson JK. Effect of sport-related concussion on
clinically measured simple reaction time. British Journal of Sports Medicine 2014; 48(2): 112-8.
19. McCrea M, Guskiewicz KM, Marshall SW, et al. Acute effects and recovery time following

concussion in collegiate football players: the NCAA Concussion Study. Jama 2003; 290(19): 2556-63.
20. Parker TM, Osternig LR, P VAND, Chou LS. Gait stability following concussion. Med Sci Sports
Exerc 2006; 38(6): 1032-40.

21. Howell DR, Osternig LR, Chou LS. Return to activity after concussion affects dual-task gait
balance control recovery. Med Sci Sports Exerc 2015; 47(4): 673-80.
22. Nordstrém A, Nordstrom P, Ekstrand J. Sports-related concussion increases the risk of

subsequent injury by about 50% in elite male football players. British Journal of Sports Medicine
2014.

23. Lynall RC, Mauntel TC, Padua DA, Mihalik JP. Acute Lower Extremity Injury Rates Increase
after Concussion in College Athletes. Med Sci Sports Exerc 2015; 47(12): 2487-92.

24, Cross M, Kemp S, Smith A, Trewartha G, Stokes K. Professional Rugby Union players have a
60% greater risk of time loss injury after concussion: a 2-season prospective study of clinical
outcomes. British Journal of Sports Medicine 2015.

25. Kemp S, Patricios J, Raftery M. Is the content and duration of the graduated return to play
protocol after concussion demanding enough? A challenge for Berlin 2016. British Journal of Sports
Medicine 2016.

26. Yim-Chiplis PK, Talbot LA. Defining and measuring balance in adults. Biol Res Nurs 2000; 1(4):
321-31.

27. McMichael KA, Vander Bilt J, Lavery L, Rodriguez E, Ganguli M. Simple Balance and Mobility
Tests Can Assess Falls Risk When Cognition Is Impaired. Geriatr Nurs 2008; 29(5): 311-23.

28. Broglio SP, Zhu W, Sopiarz K, Park Y. Generalizability Theory Analysis of Balance Error Scoring
System Reliability in Healthy Young Adults. Journal of Athletic Training 2009; 44(5): 497-502.

29. Susco TM, Valovich McLeod TC, Gansneder BM, Shultz SJ. Balance Recovers Within 20
Minutes After Exertion as Measured by the Balance Error Scoring System. Journal of Athletic Training
2004; 39(3): 241-6.

30. Bell DR, Guskiewicz KM, Clark MA, Padua DA. Systematic review of the balance error scoring
system. Sports Health 2011; 3(3): 287-95.
31. Guskiewicz KM, McCrea M, Marshall SW, et al. Cumulative effects associated with recurrent

concussion in collegiate football players: the NCAA Concussion Study. Jama 2003; 290(19): 2549-55.



32. King LA, Horak FB, Mancini M, et al. Instrumenting the balance error scoring system for use
with patients reporting persistent balance problems after mild traumatic brain injury. Archives of
physical medicine and rehabilitation 2014; 95(2): 353-9.

33. Shumway-Cook A, Horak FB. Assessing the influence of sensory interaction on balance
suggestion from the field. Physical Therapy 1986; 66(10): 1548-50.

34, Guskiewicz KM, Perrin DH, Gansneder BM. Effect of Mild Head Injury on Postural Stability in
Athletes. J Athl Train 1996; 31(4): 300-6.

35. Guskiewicz KM, Ross SE, Marshall SW. Postural stability and neuropsychological deficits after
concussion in collegiate athletes. Journal of athletic training 2001; 36(3): 263.

36. Cavanaugh JT, Guskiewicz KM, Giuliani C, Marshall S, Mercer VS, Stergiou N. Recovery of
Postural Control After Cerebral Concussion: New Insights Using Approximate Entropy. J Athl Train
2006; 41(3): 305-13.

37. Wrisley DM, Stephens MJ, Mosley S, Wojnowski A, Duffy J, Burkard R. Learning effects of
repetitive administrations of the sensory organization test in healthy young adults. Arch Phys Med
Rehabil 2007; 88(8): 1049-54.

38. Broglio SP, Ferrara MS, Sopiarz K, Kelly MS. Reliable change of the sensory organization test.
Clinical Journal of Sport Medicine 2008; 18(2): 148-54.

39. Clark RA, Bryant AL, Pua Y, McCrory P, Bennell K, Hunt M. Validity and reliability of the
Nintendo Wii Balance Board for assessment of standing balance. Gait Posture 2010; 31(3): 307-10.
40. Holmes JD, Jenkins ME, Johnson AM, Hunt MA, Clark RA. Validity of the Nintendo Wii(R)
balance board for the assessment of standing balance in Parkinson's disease. Clin Rehabil 2013;
27(4): 361-6.

41. Young W, Ferguson S, Brault S, Craig C. Assessing and training standing balance in older
adults: a novel approach using the 'Nintendo Wii' Balance Board. Gait Posture 2011; 33(2): 303-5.
42. Wikstrom EA. Validity and Reliability of Nintendo Wii Fit Balance Scores. J Athl Train 2012;
47(3): 306-13.

43. Reed-Jones RJ. WiiFit™ Plus balance test scores for the assessment of balance and mobility in
older adults. 2012; 36(3): 430-3.

44, Murray N. Reliability and Validity Evidence of Multiple Balance Assessments in Athletes With
a Concussion. 2014; 49(4): 540-9.

45, Mancini M, Salarian A, Carlson-Kuhta P, et al. ISway: a sensitive, valid and reliable measure of
postural control. J Neuroeng Rehabil 2012; 9: 59.
46. Spain RI, St George RJ, Salarian A, et al. Body-worn motion sensors detect balance and gait

deficits in people with multiple sclerosis who have normal walking speed. Gait Posture 2012; 35(4):
573-8.

47. Furman GR, Lin CC, Bellanca JL, Marchetti GF, Collins MW, Whitney SL. Comparison of the
balance accelerometer measure and balance error scoring system in adolescent concussions in
sports. Am J Sports Med 2013; 41(6): 1404-10.

48. Greene BR, Rutledge S, McGurgan |, et al. Assessment and classification of early-stage
multiple sclerosis with inertial sensors: comparison against clinical measures of disease state. /[EEE J
Biomed Health Inform 2015; 19(4): 1356-61.

49, Johnston W, O'Reilly M, Dolan K, Reid N, Coughlan GF, Caulfield B. Objective Classification of
Dynamic Balance Using a Single Wearable Sensor. Proceedings of the 4th International Congress on
Sport Sciences Research and Technology Support - Volume 1: icSPORTS,. Porto, Portugal: Springer;
2016. p. 15-24.

10



