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Abstract
Dizziness and imbalance are common in post-concussive syndrome after blunt head trauma and have also been reported in service members with mild traumatic brain injury (mTBI) due to explosions. Quantitative assessments are limited, particularly in the military population, and the mechanism of balance impairment is poorly understood. The purpose of this study was to measure postural stability in veterans with persistent disequilibrium after combat-related mTBI. 
Seven veterans deployed to Operation Enduring Freedom (OEF) and/or Operation Iraqi Freedom (OIF) with a history of mTBI and persistent disequilibrium and five healthy volunteers without a history of blast exposure were studied. A motion tracking system was used to record leg and trunk kinematics during quiet standing on a hard floor and on a foam surface, both with eyes open and closed. Postural stability was quantified by calculating body sway (root-mean-square (RMS) displacement in two dimensions) at the waist (sacral marker). 

Under all conditions, the RMS displacement of the sacral marker was 2.3-4 times as large for the mTBI group. The group difference (p<0.04) and eyes open vs closed (p<0.003) were both significant. The greatest balance impairment was in mTBI veterans standing on foam with eyes closed. Postural stability in the mTBI group while standing on the hard floor with eyes open was similar to that in healthy subjects standing on foam with eyes closed. 

Our findings confirm that disequilibrium in veterans with a history of mTBI is associated with decreased postural stability, particularly under more challenging conditions. 

1.0
INTRODUCTION
It has been estimated that 5 to 20% of troops deployed to Iraq and Afghanistan have experienced a mild traumatic brain injury (mTBI) due to blast or blunt trauma (reviewed in Carlson et al. 2011). Although most of these are expected to recover without functional neurological sequelae, persistent symptoms after injury, similar to the post-concussive syndrome reported after civilian mTBI, are not uncommon. Dizziness and disequilibrium are among the symptoms that are commonly reported, and in many cases these symptoms may persist and become chronic. For example, one study showed that 12% of service members with blast-related amputations had chronic dizziness (Scherer et al. 2007), and in another study, 15% of 258 blast-exposed service members reported dizziness (Cave et al. 2007).

Prior studies, mostly in civilians, have shown that balance and posture may be impaired after mTBI, as evidenced, for example, by lower scores on clinical posturography (Basta et al. 2005; Kaufman et al. 2006). Impaired balance correlates with the subjective symptom of disequilibrium, measured by the Dizziness Handicap Inventory (Kaufman et al. 2006).

Fewer data are available regarding balance after mTBI that occurs in the military setting, although abnormal clinical posturography has been reported in veterans with mTBI (Akin and Murnane 2011). The goal of the present study is to quantify postural stability, using infrared-based measurements of body kinematics, in veterans with chronic disequilibrium after mTBI, and to compare them to a group of non-deployed subjects with no history of TBI or imbalance. 
2.0
METHODS
2.1
Subjects

We studied seven OEF/OIF veterans with a history of combat-related mTBI who reported persistent disequilibrium and imbalance, and five non-veterans with no history of TBI nor vestibular or neurological problems. All subjects gave written informed consent under a protocol that was approved by the Institutional Review Boards of the Louis Stokes Cleveland Department of Veterans Affairs Medical Center (LSCDVAMC) and of the University Hospitals of Cleveland Case Medical Center, as well as by the Human Research Protection Office of the United States Department of Defense, in accordance with the Declaration of Helsinki. 

2.2
Balance Testing and Data Recording

Balance was tested during quiet standing under four conditions of increasing difficulty: 1) standing on a hard floor with eyes open, 2) standing on the floor with eyes closed, 3) standing on a compliant foam surface (approximately 10 cm thick) with eyes open, and 4) standing on the foam surface with eyes closed. 

An infrared motion tracking system (Vicon) was used to record body kinematics during standing. For the purpose of this study, we focused our analysis on the motion of the pelvis (as measured by an infrared marker placed over the sacrum). Marker data were sampled at 100 Hz and saved for subsequent analysis.

2.3
Data Analysis

Three-dimensional marker positions were reconstructed by the Vicon software. Subsequent analysis was performed using custom programs, written by the authors in Python and MATLAB™. For each of the four conditions, we quantified postural stability by calculating the root-mean-square (RMS) of the two-dimensional (in the horizontal plane) displacement from the start position, over the first five seconds of recording. We compared results in the two groups using a repeated-measures ANOVA (ezANOVA package) in R (www.cran.r-project.org).
3.0
RESULTS
3.1
Example Responses
Representative sway data are depicted in Figure 1 for one control subject and one mTBI subject for two test conditions: standing on the floor with eyes open and standing on foam with eyes closed. Each plot traces the two-dimensional path of the sacral marker during the first three seconds of recording. The x-axis shows the instantaneous position in the coronal plane (left-to-right) and the y-axis the position in the sagittal plane (forward-to-backward). 
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Figure 1: Example sway paths in one control subject and one mTBI veteran under two conditions: standing on the floor with eyes open (the easiest condition) and standing 
on foam with eyes closed (the most difficult condition). As expected, both 
subjects demonstrated more sway of the pelvis in the second condition.

3.2
Summary Data
Summary data for all subjects are shown in Figure 2. Although instability varied among individual subjects, veterans with mTBI had larger RMS displacements under all conditions than did normal subjects. The difference in postural stability between the two groups was most notable when the eyes were closed. The median displacement was 3.7 times greater for mTBI veterans than control subjects when standing on the floor with eyes closed, and 2.6 times greater when standing on foam with eyes closed. Even standing on the floor with eyes open (the easiest condition), however, the veterans had larger postural sway. The median displacement for mTBI veterans standing on the floor with eyes open was similar to that of control subjects when standing on foam with eyes closed.
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Figure 2: Box and whisker plot of RMS displacements measured at the sacral marker for control subjects and veterans with mTBI, while standing on the floor and on foam with eyes open (EO) and closed (EC). The thick lines show the median value for each group, the box the 
25% to 75% percentiles, and the whiskers show the full range of data, 
with the exception of outliers (indicated with a ‘+’).

4.0
discussion
Our results show that OEF/OIF veterans who have experienced combat-related mTBI and report chronic dizziness have measurable balance deficits on both firm (floor) and compliant (foam) surfaces. Their balance is most impaired when vision is removed (during eye closure) but even in the simplest condition, standing on the floor with eyes open, their posture is less stable. 

The mechanism of impaired balance after mTBI remains uncertain and may be multifactorial. The fact that balance is much worse with eyes closed than open is consistent with a deficit in the central or peripheral vestibular system, although recent evidence, primarily from clinical testing, suggests that peripheral and central vestibular deficits may be present after mTBI (Akin and Murnane 2011; Scherer et al. 2011b; Scherer et al. 2011a). Postural deficits that substantially worsen in the dark would be consistent with a vestibulospinal disorder, but further study is needed to provide direct evidence to support this idea.

There are several limitations to this study. First, the number of subjects is small and the mTBI group is heterogeneous. Many variables are likely to contribute to the severity of injury in a particular individual, such as the nature, size, and proximity of the blast, and the presence or absence of concomitant blunt head trauma. Due to the context of these injuries, detailed documentation of the exposures and injuries is not available, and thus injury differences cannot be taken into account in the interpretations of the results.

A second limitation is that these veterans were not studied acutely but many months after their injuries, during which time they may have experienced some neurological recovery. Thus, it may be that our measurements underestimate the amount of imbalance that is present acutely after injury. Nonetheless, our findings are important, because they show that these injuries can cause chronic balance deficits that do not spontaneously recover.

In summary, we have found that some combat veterans with a history of mTBI have impaired balance, especially with eyes closed. Even with eyes open their balance is worse than that of controls. Postural sway of mTBI veterans was similar when standing on the floor with eyes open to the sway of control subjects standing on foam with eyes closed. These findings are significant, because veterans with disequilibrium do not typically exhibit balance impairment during routine clinical examination. Our results suggest, however, that in a physically challenging environment, they may be at risk for falls and further injury.
5.0
REFERENCES

Akin FW and Murnane OD. Head injury and blast exposure: vestibular consequences Otolaryngol Clin North Am 44: 2: 323-34, viii, 2011.

Basta D, Todt I, Scherer H, Clarke A and Ernst A. Postural control in otolith disorders. 24: 2: 268-279, 2005.

Carlson KF, Kehle SM, Meis LA, Greer N, Macdonald R, Rutks I, Sayer NA, Dobscha SK and Wilt TJ. Prevalence, assessment, and treatment of mild traumatic brain injury and posttraumatic stress disorder: a systematic review of the evidence J Head Trauma Rehabil 26: 2: 103-115, 2011.

Cave KM, Cornish EM and Chandler DW. Blast injury of the ear: clinical update from the global war on terror. Mil Med 172: 7: 726-730, 2007.

Kaufman KR, Brey RH, Chou LS, Rabatin A, Brown AW and Basford JR. Comparison of subjective and objective measurements of balance disorders following traumatic brain injury. Med Eng Phys 28: 3: 234-239, 2006.

Scherer M, Burrows H, Pinto R and Somrack E. Characterizing self-reported dizziness and otovestibular impairment among blast-injured traumatic amputees: a pilot study. Mil Med 172: 7: 731-737, 2007.

Scherer MR, Burrows H, Pinto R, Littlefield P, French LM, Tarbett AK and Schubert MC. Evidence of central and peripheral vestibular pathology in blast-related traumatic brain injury Otol Neurotol 32: 4: 571-580, 2011a.

Scherer MR, Shelhamer MJ and Schubert MC. Characterizing high-velocity angular vestibulo-ocular reflex function in service members post-blast exposure Exp Brain Res 208: 3: 399-410, 2011b.
[image: image3.emf] 









































RTO-MP-HFM-207
36 - 1
36 - 6
RTO-MP-HFM-207
RTO-MP-HFM-207
36 - 5

