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between 500,000 and 2 million cases. Of these, the
approximately 44,000 people with moderate to severe
TBI have significant residual physical or neurobehavioral
sequelae [1]. The National Institutes of Health report that
2.5 million to 6.5 million Americans have TBI-related
disabilities [2]. For many, balance impairment, or postural instability, is a source of residual physical disability.
While published data on the functional impact of
postural instability after TBI are limited, investigations
by Duong et al. [3] and Greenwald et al. [4] have shown
an association between early balance deficits after TBI
and late functional recovery. Other investigations have
shown that dizziness and imbalance are frequent longterm symptoms after severe TBI [5]. Hillier et al. interviewed 67 subjects with TBI of mixed severity (mostly
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INTRODUCTION
The annual incidence of all severities of traumatic
brain injury (TBI) in the United States is estimated to be
983
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severe) at 5-years postinjury and found that, after headache, balance deficit was the second-most frequent selfreported physical symptom [5].
Postural imbalances as long-term sequelae of severe
TBI may not be surprising given that balance involves a
complex interaction of sensory, motor, and musculoskeletal
systems. Even minor impairments in integration of this
information could lead to significant long-term disability
[6]. Postural instability after TBI can interfere with the
higher level mobility skills necessary for a full return to leisure and/or vocational activities. Thus, objective methods
of quantifying balance impairment may aid the tracking of
mobility recovery and formulation of recommendations for
disability, job restrictions, and leisure activity.
Currently, no agreement exists on the best objective
measure of balance after TBI. Standardized functional
measures commonly used in TBI rehabilitation, such as the
Functional Independence Measure (FIM), do not specifically assess balance [7]. Quantitative tests to assess balance
that have been described for the TBI population include
variations of the Romberg test [8], the test of sway [9], the
Berg Balance Scale [10], and other more subjective tests.
Lehmann and colleagues were the first to use force platforms to document abnormal center-of-pressure parameters
(i.e., test of sway) in persons with TBI [9]. They found a
statistically significant difference between persons with
TBI and controls in nearly all stance parameters, particularly when visual cues were either absent or indistinct. They
also found that the persons with TBI had decreased stability
compared with controls when somatosensory input was distorted (standing on a foam versus solid surface) [9]. Geurts
and colleagues also used dual-plate force-platform testing
to evaluate static and dynamic postural instability in individuals with mild TBI [11]. They found that compared with
controls, the individuals with TBI had a more than 50 percent increase in anterior-posterior and lateral sway, which
worsened with visual deprivation [11].
Technological advances have led to the next generation of force-platform balance measurement devices: computerized posturography testing (CPT) [12]. Research on
CPT in the mild TBI population (sports-related concussion) has demonstrated that significant balance deficits are
seen acutely postconcussion but normalize within 1 week
[13–14]. A gap in the literature exists regarding CPT
assessment among moderate-severe TBI cohorts. Some
studies investigating CPT in TBI participants did not control for TBI severity. For the moderate and severe TBI
populations, published CPT data is lacking and the feasi-

bility of CPT during rehabilitation has not been described.
This pilot study described CPT findings in an ambulatory
severe TBI population undergoing inpatient rehabilitation.

METHODS
The study setting was an acute comprehensive brain
injury rehabilitation unit (accredited by the Commission
on Accreditation of Rehabilitation Facilities) at a Department of Veterans Affairs medical center (VAMC) in the
Defense and Veterans Brain Injury Center [15–16]. The
local VAMC institutional review board approved the
study. The participants were 21 consecutive individuals
(Table 1) with severe TBI (20 men and 1 woman, mean ±
standard deviation [SD] age of 23.7 ± 4.2 years) who met
the following inclusion criteria: (1) a documented severe
TBI, (2) at least a supervision level of ambulation, and
(3) CPT receipt during their inpatient program. Severe
TBI was defined as posttraumatic amnesia (PTA) lasting
longer than 7 days [17–18]. We chose PTA as the primary
method because it was usually available from records at
our center and has been shown to predict outcome better
than initial Glasgow Coma Scale scores [19–20]. Patients
who emerged from PTA before transfer to our center or
who had indeterminate PTA measurements were categorized as having severe TBI if their documented initial
Glasgow Coma Scale score was ≤8 [21–22]. Duration of
unconsciousness was not used because acute care records
were inconsistently available for our sample. Table 2
summarizes the participants’ injury characteristics.
Table 1.
Subject demographics.

Variable
Sex
Male
Female
Race/Ethnicity
White
African American
Native American
Injury
Blast
Motor Vehicle Accident
Gunshot Wound
Shrapnel
Blunt Trauma
Assault

Subjects
No.

%

20
1

95.2
4.8

19
1
1

90.4
4.8
4.8

4
8
5
1
1
2

19.0
38.1
23.8
4.8
4.8
9.5
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Table 2.
Participants’ injury characteristics

Variable
Age (yr)
Initial GCS
PTA (wk)
Time Postinjury (mo)
FIM Motor at Admission
FIM Motor at Discharge

n
21
13
18
21
21
21

Mean ± SD
24.0 ± 4.2
6.5 ± 2.4
4.4 ± 2.9
1.9 ± 1.3
27.1 ± 8.5
34.8 ± 0.4

Range
20–39
3–10
1.5–12.0
1–7
5–35
34–35

GCS = Glasgow Coma Scale, FIM = Functional Independence Measure, PTA =
posttraumatic amnesia, SD = standard deviation.

After the participants achieved at least a supervision
level of ambulation, we used a dual-plate force platform
called the NeuroCom Smart Balance Master® (NeuroCom
International, Inc; Clackamas, Oregon) to assess their
postural stability [23]. We analyzed CPT, injury severity,
and demographic data with SPSS statistical software
(SPSS, Inc; Chicago, Illinois) [24]. Participants completed six conditions on the NeuroCom Smart Balance
Master. These six conditions compose the Sensory Organization Test (SOT) (Figure 1) and yield quantifiable data
about postural stability. Participants were tested on the
dual-plate force-support surface that moved under computerized control. We assessed the vertical ground reaction forces, which are produced by the body’s center of
gravity and move around a rigid base of support [13]. The
SOT eliminates orientation information that is useful to
the eyes, feet, and joints by “sway referencing,” which
involves tilting the support surface and/or visual surroundings to precisely track the participant’s center of
gravity and anterior-posterior sway [13,23]. Sway referencing causes orientation of the support surface or surroundings to remain constant relative to body position.
The SOT is designed to evaluate the participant’s ability
to ignore inaccurate information from the swayreferenced sense(s).
Using the series of six SOT conditions that presents
participants with conflicting sensory information, one may
determine how visual, somatosensory, and vestibular
input affect the participants’ balance [23] (Figure 1). The
six conditions are—
1. Eyes open with a fixed surface and visual surroundings.
2. Eyes closed with a fixed surface.
3. Eyes open with a fixed surface and sway-referenced
visual surroundings.
4. Eyes open with a sway-referenced surface and fixed
visual surroundings.

Figure 1.
Sensory Organization Test conditions. 1 = eyes open with fixed surface
& visual surroundings, 2 = eyes closed with fixed surface, 3 = eyes open
with fixed surface & sway-referenced visual surroundings, 4 = eyes open
with sway-referenced surface & fixed visual surroundings, 5 = eyes
closed with sway-referenced surface, 6 = eyes open with swayreferenced surface & visual surroundings. Reprinted by permission from
NeuroCom® International, Inc (Clackamas, Oregon).

5. Eyes closed with a sway-referenced surface.
6. Eyes open with a sway-referenced surface and visual
surroundings.
The test protocol consists of 18 total trials (20 seconds
each). Participants are asked to stand as motionless as
possible with their feet shoulder-width apart. Three trials
are completed for each of the six conditions presented in
Figure 1.
Three different visual conditions (eyes open, eyes
closed, sway-referenced visual surrounding) are crossed
with two different surface conditions (fixed, swayreferenced). During the sway-referenced support-surface
conditions, the force plate tilts synchronously with the
participants’ anterior-posterior sway. A composite equilibrium score is calculated that describes the overall level
of performance during all the SOT trials. This score is a
weighted average of the equilibrium scores from the
18 trials (3 for each of the 6 conditions). Higher scores
indicate better postural stability. Equilibrium scores from
each of the trials represent a percentage in which peak
amplitude of anterior-posterior sway is compared with a
theoretical anterior-posterior limit of stability. Estimates of
participants’ peak amplitude of anterior-posterior sway are
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based on their height and the size of the base of support.
This amplitude represents the angle at which participants
can lean in any direction before the center of gravity
moves beyond a point that allows maintenance of balance.
Lower percentages result in a higher (better) composite
score. As part of the SOT, relative differences between the
equilibrium scores of various conditions are calculated
from ratios to reveal specific information about each of the
sensory modalities involved with maintaining balance.
These ratios are useful in identifying sensory integration
problems, since lower ratios indicate an inability to compensate for disruptions in selected sensory inputs.
The vestibular (VEST) ratio is computed from scores
obtained in condition 5 and condition 1. This ratio indicates
the relative reduction in postural stability when visual and
somatosensory inputs are simultaneously disrupted. The
visual (VIS) ratio is obtained by comparing condition 4
with condition 1. The VIS ratio reflects a participant’s
ability to use input from the visual system to maintain balance. The somatosensory (SOM) ratio compares condition
2 with condition 1 and reflects the participant’s ability to
use input from the somatosensory system to maintain balance. The preference (PREF) ratio compares conditions 3
and 6 with conditions 2 and 5. The PREF ratio indicates
the extent to which the participant relies on visual information to maintain balance, even when this information is
incorrect [25].

RESULTS
The SOT is a composite index that defines abnormalities across somatosensory, visual, and vestibular systems. Six equilibrium scores corresponding to the six
sensory condition tasks were calculated from the participants’ scores on the three trials for each condition.
The scores ranged from 0 (touching a support surface, shifting feet, or falling) to 100 (little or no sway).
Normative data for the NeuroCom Smart Balance Master
are available for three age groups: 20–59, 60–69, and 70–
79 years.* Since the age of participants in this study
ranged from 20–39 years, we used the normative data for
the 20–59 group as comparative controls.

The SOT provides four ratio scores and an index of
overall performance. The composite equilibrium score, a
measure of overall performance on the SOT, is a weighted
average of the six equilibrium scores (0–100). To isolate
individual sensory impairments, we used the following
sensory analysis ratios: SOM, VIS, PREF, and VEST
(Table 3). We computed the SOM, VIS, and VEST ratios
by dividing the equilibrium scores for conditions 2, 4, and
5, respectively, by the score for condition 1. The PREF
ratio demonstrates the degree to which the participants
rely on visual information for balance, even when the
visual cues are not accurate. We computed the PREF ratio
by dividing the sum of scores for conditions 3 and 6 by the
sum of scores for conditions 2 and 5. Table 4 displays the
participants’ mean composite equilibrium score, six equilibrium scores, and four sensory analysis ratios.
One-sample z-tests were conducted for each measure
with the age-matched normative data just described. Bonferroni corrections were applied to adjust for multiple comparisons (α = 0.0045). The mean composite equilibrium score
was significantly lower in the TBI group than the normative
sample (74.43 vs 79.79, respectively; z = –4.36, uncorrected
p < 0.001), indicating that the TBI group had greater body
sway. Four of the participants with TBI had scores in the
abnormal range (less than –2 SD) and another seven scored
between –1 and –2 SD based on the normative sample.
Of the six sensory conditions, the TBI group scored
lower on conditions 2, 3, and 5 (Table 4, Figure 2). Statistical significance for condition 1 was lost after Bonferroni correction. Two of the four one-sample z-tests for the
sensory analysis ratios were abnormal, as well (Table 4,
Figure 2). The mean VEST ratio was lower for the TBI
group than the normative sample (0.62 vs 0.73, respectively; z = –4.91, uncorrected p < 0.001), indicating that
the TBI group had more difficulty using information from
the vestibular system to maintain balance. In addition, the
mean PREF ratio was higher for the TBI group than the
normative sample (1.06 vs 0.98, respectively; z = 5.23,
uncorrected p < 0.001), indicating that the TBI group
relied more on visual information to maintain balance,
regardless of the accuracy of that information. Difference
on the SOM ratio was lost after Bonferroni correction.

DISCUSSION
*Dr.

Lewis Nashner, NeuroCom International, Inc, personal communication, March 2006.

This pilot study demonstrated the utility of CPT for
detecting and quantifying postural instability in a sample
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Table 3.
Description of Sensory Organization Test sensory ratios. Reprinted by permission from NeuroCom® International, Inc (Clackamas, Oregon).

Ratio
Somatosensory (SOM)
Visual (VIS)
Vestibular (VEST)
Preference (PREF)

Comparison
Condition 2
Condition 1
Condition 4
Condition 1
Condition 5
Condition 1
Condition 3 + 6
Condition 2 + 5

Functional Relevance
Patient’s ability to use input from the somatosensory system to maintain balance.
Patient’s ability to use input from the visual system to maintain balance.
Patient’s ability to use input from the vestibular system to maintain balance.
The degree to which a patient relies on visual information to maintain balance,
even when the information is incorrect.

Table 4.
Mean Sensory Organization Test results for study sample with
traumatic brain injury.

Test
Equilibrium
Composite
Condition 1
Condition 2
Condition 3
Condition 4
Condition 5
Condition 6
Sensory Analysis Ratio
SOM
VIS
VEST
PREF

Mean ± SD

z-Value*

95% CI

74.43 ± 7.50
92.63 ± 2.55
88.84 ± 3.37
88.56 ± 3.70
79.51 ± 7.60
57.24 ± 19.35
63.37 ± 15.21

–4.36†
–2.65
–3.49†
–4.02†
–1.78
–5.25†
–1.51

± 2.41
± 1.01
± 1.80
± 1.43
± 3.23
± 4.46
± 4.95

0.96 ± 0.03
0.86 ± 0.07
0.62 ± 0.21
1.06 ± 0.21

–2.09
–1.15
–4.91†
5.23†

± 0.02
± 0.03
± 0.05
± 0.03

*One-sample
†

z-test.
Significantly different from normative samples after Bonferroni correction.
CI = confidence interval, PREF = preference, SD = standard deviation, SOM =
somatosensory, VEST = vestibular, VIS = visual.

of patients with severe TBI who were undergoing rehabilitation. Comparisons with the normative database indicated
that our sample had a high degree of balance impairment
despite some participants having reached the ceiling of the
FIM ambulation scale at discharge from the acute rehabilitation setting. The quantitative CPT measures appear well
suited to providing information on impairment severity
and tracking improvement over time.
Although various altered sensory conditions were
simulated with the SOT, overall postural stability deficit
was also analyzed in relation to visual, somatosensory, and
vestibular input. Balance is defined as the process of maintaining equilibrium and center of gravity within the body’s
base of support. The sense of balance is regulated within

Figure 2.
Sensory analysis ratio scores for 21 subjects with traumatic brain injury
(TBI) vs established normative data (Norm Group) provided by
NeuroCom® International, Inc (Clackamas, Oregon). Error bar
represents one standard deviation.*Significant difference between groups
at p < 0.05. †Significant difference between groups after Bonferroni
correction. PREF = preference, SOM = somatosensory, VEST =
vestibular, VIS = visual.

the central nervous system by a complex integration of
various peripheral pathways including visual, somatosensory, and vestibular [4–5,26]. The abnormal sensory ratios
found in our study indicate that the vestibular system was
the primary source of our sample’s postural instability.
Additionally, the sensory ratios indicated that our sample
was overreliant on visual compensatory strategies. In other
words, these subjects used visual cues to compensate for
vestibular dysfunction and maintain balance, but they were
unable to completely compensate.
Our localization to vestibular dysfunction concurs with
CPT research findings in subjects with mild TBI [11,26]
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but differs from findings in subjects with Parkinson’s
disease [27]. Guskiewicz postulated that two possible
mechanisms cause vestibular dysfunction after TBI: peripheral versus central [13]. Alteration of peripheral receptors
may provide inaccurate information or central integration
of sensory input may be impaired. Basford et al. proposed
that impairments in the vestibular system may result from
tethering of the vestibular nerve as it passes through the
internal acoustic meatus during shearing and from the
acceleration/deceleration forces often sustained during TBI
[6]. For this reason, follow-up studies investigating the
effects of blast injury on postural stability are indicated.
Limitations of the current study include the small
sample size, the retrospective design, and the betweengroup comparisons based on normative data from the
manufacturer. Another potential limitation is that information on specific injury-related factors (e.g., fractures in
lower limbs or inner ear damage) was unavailable to
researchers. Despite the assumption that we employed
clinical judgment when using the Smart Balance Master
with the participants, some non-TBI-related variables
may have contributed to the postural instability findings.
Finally, as is typical of most TBI samples, demographics
were skewed toward young males. More research will be
needed to generalize these findings to other populations,
such as females and older adults.
Our findings may provide rehabilitation therapists
with treatment insights. In our sample, the steepest performance decline occurred when participants could not
use visual strategies to compensate and had to maintain
their balance by using the vestibular system alone. This
finding suggests that persons with severe TBI may overrely on visual cues, even when this strategy is ineffective.
One possibility is that rehearsing nonvisual strategies
may yield greater treatment returns in this population.
Studies investigating the comparative effectiveness of
various “sensory-specific” treatments are needed.

CONCLUSIONS
The study findings complement and expand existing
research on balance impairment after TBI. They provide
evidence that CPT safely and effectively assists the diagnosis of balance impairments and provides quantitative
data to track changes over time and/or assess the efficacy
of treatment interventions. Similar to findings in mild TBI,
vestibular dysfunction appears to underlie postural insta-

bility after severe TBI. Further research on CPT in moderate and severe TBI samples is recommended, particularly
studies on longitudinal changes and correlation with markers of central or peripheral vestibular impairment.

ACKNOWLEDGMENTS
We would like to extend our gratitude to J. T. Magee Jr,
RKT (Hunter Holmes McGuire VAMC, Richmond, Virginia) for his assistance in collecting FIM score data. Our
gratitude also extends to William S. Mullin, MS, PT; and
Abu Qutubuddin, MD (Hunter Holmes McGuire VAMC,
Richmond, Virginia) for their expertise with the NeuroCom
Smart Balance Master.
This material was unfunded at the time of manuscript
preparation.
The authors have declared that no competing interests
exist.

REFERENCES
1. Whyte J. Rehabilitation of the patient with TBI. In: DeLisa
JA, Gans BM, editors. Rehabilitation medicine: Principles
and practice. 3rd edition. Philadelphia (PA): LippincottRaven; 1998.
2. Consensus conference. Rehabilitation of persons with traumatic brain injury. NIH Consensus Development Panel on
Rehabilitation of Persons with Traumatic Brain Injury.
JAMA. 1999;282(10):974–83. [PMID: 10485684]
3. Duong TT, Englander J, Wright J, Cifu DX, Greenwald BD,
Brown AW. Relationship between strength, balance, and
swallowing deficits and outcome after traumatic brain injury:
A multicenter analysis. Arch Phys Med Rehabil. 2004;
85(8):1291–97. [PMID: 15295755]
4. Greenwald BD, Cifu DX, Marwitz JH, Enders LJ, Brown
AW, Englander JS, Zafonte RD. Factors associated with
balance deficits on admission to rehabilitation after traumatic brain injury: A multicenter analysis. J Head Trauma
Rehabil. 2001;16(3):238–52. [PMID: 11346446]
5. Hillier SL, Sharpe MH, Metzer J. Outcomes 5 years posttraumatic brain injury (with further reference to neurophysical impairment and disability). Brain Inj. 1997;11(9):661–75.
[PMID: 9376834]
6. Basford JR, Chou LS, Kaufman KR, Brey RH, Walker A,
Malec JF, Moessner AM, Brown AW. An assessment of
gait and balance deficits after traumatic brain injury. Arch
Phys Med Rehabil. 2003;84(3):343–49. [PMID: 12638101]

989
PICKETT et al. Assessing balance with computerized posturography

7. Williams G, Robertson V, Greenwood K. Measuring highlevel mobility after traumatic brain injury. Am J Phys Med
Rehabil. 2004;83(12):910–20. [PMID: 15624570]
8. Ingersoll CD, Armstrong CW. The effects of closed-head
injury on postural sway. Med Sci Sports Exerc. 1992;24(7):
739–43. [PMID: 1501556]
9. Lehmann JF, Boswell S, Price R, Burleigh A, DeLateur BJ,
Jaffe KM, Hertling D. Quantitative evaluation of sway as
an indicator of functional balance in post-traumatic brain
injury. Arch Phys Med Rehabil. 1990;71(12):955–62.
[PMID: 2241541]
10. Berg KO, Wood-Dauphinee SL, Williams JI, Maki B.
Measuring balance in the elderly: Validation of an instrument. Can J Public Health. 1992;83 Suppl 2:S7–11.
[PMID: 1468055]
11. Geurts AC, Ribbers GM, Knoop JA, Van Limbeek J. Identification of static and dynamic postural instability following traumatic brain injury. Arch Phys Med Rehabil. 1996;
77(7):639–44. [PMID: 8669988]
12. Black FO. Clinical status of computerized dynamic posturography in neurotology. Curr Opin Otolaryngol Head Neck
Surg. 2001;9(5):314–18.
13. Guskiewicz KM. Assessment of postural stability following sport-related concussion. Curr Sports Med Rep. 2003;
2(1):24–30. [PMID: 12831673]
14. Guskiewicz KM, Ross SE, Marshall SW. Postural stability
and neuropsychologic deficits after concussion in collegiate athletes. J Athl Train. 2001;36(3):263–73.
[PMID: 12937495]
15. Salazar AM. Defense and Veterans Head Injury Program
(DVHIP). Brain Inj Source. 1999;3(4):8–10.
16. Salazar AM, Zitnay GA, Warden DL, Schwab KA. Defense
and Veterans Head Injury Program: Background and overview. J Head Trauma Rehabil. 2000;15(15):1081–91.
[PMID: 10970929]
17. Bishara SN, Partridge FM, Godfrey HP, Knight RG. Posttraumatic amnesia and Glasgow Coma Scale related to outcome in survivors in a consecutive series of patients with
severe closed-head injury. Brain Inj. 1992;6(4):373–80.
[PMID: 1638271]

18. Wilson JT, Teasdale GM, Hadley DM, Wiedmann KD,
Lang D. Post-traumatic amnesia: Still a valuable yardstick.
J Neurol Neurosurg Psychiatry. 1994;57(2):198–201.
[PMID: 8126505]
19. McMillan TM, Jongen EL, Greenwood RJ. Assessment of
post-traumatic amnesia after severe closed head injury:
Retrospective or prospective? J Neurol Neurosurg Psychiatry. 1996;60(4):422–27. [PMID: 8774408]
20. Zafonte RD, Mann NR, Millis SR, Black KL, Wood DL,
Hammond F. Posttraumatic amnesia: Its relation to functional
outcome. Arch Phys Med Rehabil. 1997;78(10):1103–6.
[PMID: 9339160]
21. Choi SC, Barnes TY. Predicting outcome in the headinjured patient. In: Narayan RK, Wilberger JE, Povlishock
JT, editors. Neurotrauma. New York (NY): McGraw-Hill;
1996. p. 779–92.
22. Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A practical scale. Lancet. 1974;2(7872):81–84.
[PMID: 4136544]
23. NeuroCom International Inc. Objective quantification of balance and mobility. Clackamas (OR): NeuroCom International,
Inc; 1993.
24. SPSS Inc. SPSS 12.0 for Windows, Release 12.0.0. Chicago
(IL): SPSS Inc; 2003.
25. NeuroCom International Inc. Balance Master operator’s manual. Clackamas (OR): NeuroCom International, Inc; 1993.
26. Guskiewicz KM. Postural stability assessment following
concussion: One piece of the puzzle. Clin J Sport Med. 2001;
11(3):182–89. [PMID: 11495323]
27. Nallegowda M, Singh U, Handa G, Khanna M, Wadhwa S,
Yadav SL, Kumar G, Behari M. Role of sensory input and
muscle strength in maintenance of balance, gait, and posture in Parkinson’s disease: A pilot study. Am J Phys Med
Rehabil. 2004;83(12):898–908. [PMID: 15624568]
28. DePalma RG, Burris DG, Champion HR, Hodgson MJ.
Blast injuries. N Engl J Med. 2005;352(13):1335–42.
[PMID: 15800229]

Submitted for publication January 2, 2007. Accepted in
revised form September 24, 2007.

