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Introduction 

Due to the inherent danger of the military pilots' occupational environment (e.g., an 
aircraft filled with combustible fuel in varied flight conditions), safety is of utmost importance 
(Shupak et al., 2003). The pilot's ability to maintain awareness of the attitude and position of the 
aircraft to an external point of reference (i.e., terrain), linear and angular velocity, linear 
acceleration, and gravity is key and known as spatial orientation (Bos, Bies, & De Graaf, 2002; 
Stott, 2013). Spatial disorientation, or the inability to perceive accurate direction of one's self 
and aircraft in relation to Earth, often results in fatal aircraft mishaps. 

Spatial orientation is maintained by the integration of cues from the visual, vestibular, 
and proprioceptive sensory systems. The vestibular system cues provide the body's perception of 
movement. When the head moves, an automatic and compensatory movement of the eyes result. 
This fast-acting eye movement is the vestibulo-ocular reflex, or VOR (Parmet & Ercoline, 2008; 
Zalewski, 2017). The VOR permits a stable image to remain on the fovea of the retina during 
head or body movements, preventing or reducing retinal slip. Without the VOR, images of 
interest would appear blurry, indistinguishable, or unstable (Lee, Kim, & Park, 2004; Matta & 
Enticott, 2004; Stott, 2013). While flying an aircraft, the VOR of a pilot contributes to 
maintaining image stability (i.e., acuity) on the target of interest. Examples of the VOR in action 
while in-flight include use of a telescopic sight Zuma E Maia, Mangabeira Albemaz, Cal, 
Brusco, & Da Costa, 2015), or a helmet-mounted display (HMD) (Patterson, Winterbottom, & 
Pierce, 2007; Tung, Miller, Colombi, & Smith, 2014). 

The vestibular system continues to provide information regarding spatial orientation for a 
pilot while in-flight. This is particularly true as visual and proprioceptive cues are often absent or 
misleading, like in that of a degraded visual environment (Shupak, Gordon, & Nachum, 2001; 
Parmet & Ercoline, 2008). However, the "vestibular system cannot adequately identify the 
movements of an airplane" (Tribukait & Eiken, 2012, p. 496), and therefore pilots are often 
instructed to disregard their perception of movement and rely upon their instrument readings. 

The relationship between vestibular function, VOR, and the ability to maintain ocular 
control in the face of involuntary head movement, is one-reason pilots who have a vestibular 
deficit (i.e., vertigo, disequilibrium) should receive a comprehensive evaluation before returning 
to Active Duty or starting initial training (Clark & Rupert, 1992). Shupak et al., (2001) report 
that in young, fit, and healthy patient cohorts, central vestibular compensation results in the 
resolution of symptoms like that of vertigo, dizziness, imbalance ( due to vestibular insult or 
injury) within days. This compensation is not proof of "vestibular repair or guarantee [ of] proper 
vestibular function under non-terrestrial conditions" (Shupak et al., 2001, p. 109). Residual 
vestibular deficits and/or an insufficient VOR have been reported to be contributing factors for 
spatial disorientation (Klokker et al., 2004; Shupak et al., 2003). Vestibular deficits in military­
trained pilots often present as "difficulty maintaining controlled flight in actual or simulated 
instrument meteorologic conditions" (Lee, Durnford, Crowley, & Rupert, 1996, p. 3). 

Since the advent of flight, the aeromedical community has displayed interested in 
investigating the differences of the vestibular system in pilots compared to that of non-pilots. 
Multiple studies suggest that the vestibular function of aviators (i.e., pilots and flight students) 
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differs from that of non-aviators Ahn, 2003; Aschan, 1954; Bos, Bles, & de Graff, 2002; Brandt 
Fluur, & Zylberstein, 1974; Fisher, & Babcock 1919; Lee, Kim, & Park, 2004; Pialoux et al., 
1976; Schwarz & Henn, 1989). Repeated in-flight conditions alter vestibular perception and 
response (i.e., the VOR); this includes gravitational force changes, high-speed accelerations, and 
visual-vestibular mismatches (Ahn, 2003; Ashan, 1954; Lee, Kim & Park, 2004; Schwarz & 
Henn, 1989). Motion and acceleration in-flight occur in multiple planes of motion not typical 
with on-ground bipedal movement. While not directly tied to the flight experience, Todd, 
Rosengren, and Colebatch (2009) reported that the vestibular end organs are sensitive to low 
frequency vibrations. Rotary-wing aircrafts produce consistent vibration due to its dual rotors, 
gearbox, engine, and the aerodynamic flow while in flight (Tung, Miller, Colombi, & Smith, 
2014). However, the amount of vibration exposure an occupant experiences within a rotary-wing 
aircraft differs from what is created by the aircraft; as the energy is often mitigated with use of 
additional equipment (e.g., seat cushions or energy attenuation seats) (Madison, personnel 
communication, 2017). 

Rotational chair (RC) testing evaluates vestibular sensitivity to motion, VOR function, 
and the visual-vestibular interaction with passive whole body rotation at multiple frequencies and 
test paradigms. Modem day RC testing utilizes a high torque chair to provide repeatable and 
controlled whole-body rotations (i.e., side-to-side oscillations or impulses) stimulating the 
horizontal semicircular canal over a broad frequency range in the assessment of both peripheral 
and central vestibular function of the individual sitting within it (Zalewski, 2017). Rotational 
tests that assess the vestibular system include the sinusoidal harmonic acceleration (SHA) test, 
the velocity step test (VST), visual suppression, visual enhancement, subjective visual vertical 
(SVV), subjective visual horizontal (SVH), and unilateral centrifugation with SVV. The SHA 
and VST are two commonly used rotational tests in the evaluation of the vestibular system (Maes 
et al., 2008). 

Though limited, the vestibular function of pilots and flight students has been investigated 
utilizing both experimental rotational tests (Ahn, 2003; Aschan, 1954; Bos, Bles, & de Graff, 
2002; Brandt et al., 1974; Schwarz & Henn, 1989) and clinically available RC subtests (Ahn, 
2003; Lee, Kim, & Park, 2004). Ahn (2003) evaluated pilots and non-pilots by measuring VOR 
gain and phase during a sinusoidal rotational test pre- and post-VST. Ahn (2003) suggests that 
VOR gain (i.e., the ratio between eye and head velocity) is the most important variable to use in 
differentiating pilots from non-pilots. Further, the VOR gain in the pilot cohort was suppressed 
compared to that of non-pilots after the VST. Ahn concluded that VOR suppression may be a 
skill that "plays a certain role in a real flight, in which pilots are often exposed to severe 
vestibular stimuli" (2003, p. 287). 

Fisher and Babcock (1919) published one of the first known studies regarding in-flight 
effects on the vestibular system. The researchers investigated the effect of repeated rotation and 
acceleration due to flying and the sensitivity of the vestibular system and as measured by the 
presence ( and duration) of nystagmus after the forceful stop of a manual turning chair among 
Army aviators. This results from this study found that under the study test conditions, "aviators 
do not lose their nystagmus as a result of the rotation and whirling to which they are subjected" 
(p. 781 ). The manual rotational chair test utilized by Fisher and Babcock (1919) utilizes a similar 
test paradigm as the VST. Schwarz and Henn (1989) used the VST found shorter time constants 
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(TC) (i.e., the time it takes for the VOR to reduce to 37% of its peak) among a cohort of flight 
students than that of non-pilots. This suggests that in fact, flight experience does influence how 
the vestibular system and VOR respond. Lee, Kim, & Park (2004) investigated the effect of 
flight experience on the VOR by using the SHA subtest. Results from this study found that VOR 
gain increased with flight experience, with no noted difference in VOR phase (i.e., the timing 
difference between eye and head reported in the total number of degrees the eyes lag behind the 
head). A significant difference in vestibular function between military aviators (i.e., pilots and 
flight students) with as few as 20 hours of flight training, and non-aviators (i.e., soldiers with no 
flight experience) was also reported (Lee, Kim, & Park, 2004). 

Although the difference in vestibular function (i.e., perception) between pilots and non­
pilots is well-supported (Ahn, 2003; Aschan, 1954; Bos, Bies, & de Graff, 2002; Brandt et al., 
1974; Lee, Kim, & Park, 2004; Schwarz & Henn, 1989), the reason why is not well understood. 
Previous studies have suggested that the difference in vestibular function among pilots and flight 
students may be due to either vestibular adaptation (Bos, Bies, & de Graaf, 2002; Lee, Kim & 
Park, 2004; Zuma E Maia et al., 2015) or habituation to the flight environment (Aschan, 1954; 
Bos, Bies, & de Graaf, 2002; Pialoux, et al., 1976; Schwarz & Henn, 1989). Vestibular 
adaptation is a reduced response due to prolonged stimulation (Collins, 1974). As where 
vestibular habituation is a long-lasting change of the central vestibular system due to neural 
plasticity after repeated stimulation typically evidenced as a response reduction (Collins, 1974; 
Clement, Tilikete, & Courjon, 2008; Gordon, Spitzer, Doweck, Shupak, & Gadoth, 1996). 

As observed in the SHA subtest, vestibular habituation is evidenced as a decrease in 
VOR gain and increase in phase lead, particularly in low frequency(< 0.01 Hz) rotations (Jager 
& Henn, 1981 as cited in Lee, Kim, & Park, 2004). Interestingly enough, Lee, Kim, and Park 
(2004) report a cohort of pilots whose SHA VOR gain was greater than the anticipated non-pilot 
normative value range, and attribute these changes to vestibular adaptation. This finding suggests 
that pilots may not have a heterogeneous response in vestibular perception, and there may be a 
range of function both above and below the non-pilot normative values. As observed with the 
VST, vestibular habituation is expressed as reduced VOR gain, and shortened TC (Blair & 
Gavin, 1979; Bos, Bies, & de Graff, 2002). These studies however, have focused mainly on 
high-performance pilots, presumptively fixed-wing aircrafts or fighter pilots, and not that of 
rotary-wing aircrafts. Finally, in humans, the exact (or an anticipated range) duration that 
habituation is retented is unknown. Previous research suggests that vestibular habituation in 
pilots can last months (Aschan, 1954) or that it is perhaps a permanent change (Piraloux, 1976). 

As pilots and flight-students have been shown to process vestibular stimulation 
differently than that of non-pilots, the use of normative values, developed from the general 
population (i.e., non-pilots) to interpret vestibular function, could result in an inaccurate 
interpretation of a pilot's or flight-student's test responses. The number of studies with published 
RC normative values using military aviators for any contemporary clinical RC assessment 
however, is limited. Further, RC testing lacks a standard approach for test parameters. This 
makes the comparison of RC test results to those obtained from outside vestibular clinics or labs 
difficult. These three reasons may fuel the recommendation to develop and use local site-specific 
normative data with the same equipment and test paradigm that will be used in a treatment 
facility (Fife et al., 2000; Goulson, McPherson, & Shepard, 2014; Maes et al., 2008; Zalewski, 
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Figure 1.

Test Conditions and Test Battery



Figure 2.



Table 2

Data Collection 



criteria that would prevent participation in the study. If any answer provided indicated that a 
participant met an exclusionary criterion (figure 1), the participant was then withdrawn from the 
study. 

Prior to data collection using the RC, each participant completed a calibration test using 
the eye tracking goggles. The purpose of this "pre-test" was to determine the participant's eye 
amplitude in relation to the known displacement of the visual stimulus. The information provided 
from this test, allows for all future testing (within the same test session) to be scaled 
appropriately. This was repeated any time the VOG goggles were removed or changed position 
on the head. Since calibration testing does not result in any appreciable data for analysis, it is not 
discussed further in this report. Tests that evaluated oculomotor function (i.e., smooth pursuit, 
spontaneous nystagmus, optokinetic, horizontal gaze, vertical gaze, horizontal saccades, and 
vertical saccades) were also completed. As the purpose of this report is to discuss measurement 
of the vestibular system utilizing a RC, the procedure, methods and results from the oculomotor 
function tests are not reported here. 

With the dynamic movement of the RC, the sensitivity and function of the vestibular 
system can be evaluated via recording and measuring the VOR. Movement of the whole body 
stimulates the peripheral vestibular systems in both the right and left ears, eliciting the VOR (i.e., 
nystagmus). Nystagmus is only indicative of a pathology when present in the absence of 
vestibular stimulation (Zalewski, 2017). When a visual stimulus (e.g., laser dot or line) was not 
provided during a subtest, the participant was tasked with alertness exercises to minimize any 
suppression of nystagmus. Some examples of "mental tasking" exercises used were to list items 
alphabetically or to complete simple mathematical equations. 

The variables analyzed for each subtest, along with brief descriptions, are found in Table 
3. For more information regarding RC test parameters and outcome variables, the interested 
reader is encouraged to refer to Brey, McPherson, and Lynch (2008a); Stockwell and Borjab 
(1997); or Zalewski (2017). 

This space is intentionally blank. 
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SHA

Figure 8.



Figure 9.



conclude that the same would be true for the different specialties of pilots is likely a reasonable 
hypothesis given the differences found in studies with rotary wing versus fixed wing pilots. 
However, at this time, the literature searches for the comparison of vestibular function using any 
RC subtest between these two aviator cohorts have come up empty. 

Reduced VOR gain is one sign of vestibular habituation (Jager & Henn, 1981 as cited in 
Lee, Kim, & Park, 2004). Therefore, it is possible that the current study's result of reduced VOR 
gain at rotational frequencies less than or equal to 0.32 Hz, comparative to non-military, non­
pilots (Durney, 2016; Zalewski, 2017) indicates vestibular habituation in this study population of 
military rotary-wing pilots and flight-students. Reduced VOR gain can also be attributed to 
participant or patient inattentiveness, reduced mental alertness, fatigue, sleep deprivation, and 
stress (Matta & Enticott, 2004; Quarck, Ventre, Etard, & Denise, 2006; Zalewski, 2017). 
Participants were informed of the importance in maintaining mental alertness prior to the start of 
the RC test battery, and were tasked with mathematical calculations and/or questions to aid in 
maintaining their alertness. Although reduced mental alertness and fatigue are known to result in 
reduced VOR gain, the SHA test was one of the first subtests completed in the current study's 
test battery. Therefore, effects from both alertness and fatigue should have been mitigated. Other 
possible causes for the measured low VOR gain are either: insufficient vestibular stimulation 
and/or habituation of the pilots and flight students to the rotational stimuli used. 

Phase, or the temporal difference between eye and chair (i.e., head) movement designated 
in degrees, is the most reliable test parameter of the SHA subtest (Li, Hooper, & Cousins, 1991). 
Mean VOR phase lead in a normal, healthy vestibular system, decreases as the RC frequency 
increases. According to Zalewski (2017), measured phase lead is greatest at 0.01 Hz. Phase lead 
(i.e., values greater than than 0°) indicates that the participant's recorded eye move in advance of 
(i.e., lead) the chair's acceleration. 

As seen in Figure 10, the configuration of this study's pilot and flight-student VOR phase 
mean is comparable to other normative studies (Durney, 2016; Zalewski, 2017). However, the 
current study's mean phase lead was slightly greater at the lower frequency rotations than other 
comparable normative studies. This difference in low frequency phase, with the pilot and flight­
student cohort expressing slightly higher phase leads than comparable non-pilot studies 
((Durney, 2016; Zawleski, 2017) is likely the result of vestibular habituation (Ahn, Lee, Kim, & 
Lee, 2000; Aschan, 1954; Clement, Tilikete, & Courjon, 2008). The mid-frequency rotational 
stimuli of 0.16 and 0.32 produced a phase shift less than 0°, which suggests a near perfect 
temporal relationship for this frequency range, which again is to be as expected with an adult 
cohort with healthy, normal vestibular systems. Increased measures of phase lead at high 
rotational stimuli (i.e., 1.28 and 1.75 Hz) is common and a likely effect ofVOG goggle dermal 
slip (i.e., goggles sliding on the skin of the head due to high accelerations), rather than a 
pathologic difference in function. 

This space is intentionally blank. 
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Study Limitations



difference in vestibular function between military aviators and military non-aviators. 

Gender was not controlled for in this study. The majority of participants, that is 48 of 49 
(98%), were male. As cited in Curry, Kelly, Gaydos (2018), approximately 5.2% of Army 
aviators are female, while the current study's female population was 2%. Thus, the male to 
female ratio of participants in this study is not truly representative of Army aviation as a whole. 
That being said, the role that gender plays in the production and mitigation of the VOR is 
debatable. The SHA test does not seem to be influenced by gender (Maes et al., 2008; Durney, 
2016; Li, Hooper & Cousins, 1991), while the Pseudo Randomized Rotation Test (Maes et al., 
2008) does. Maes et al. (2008) therefore recommended the development and use of gender­
specific normative values. The relationship of gender, flight experience and vestibular function 
has yet to be thoroughly investigated, and therefore could be explored in future studies. 

Participant auditory function was neither a measured variable, nor a variable for which 
we controlled. Participants were asked via the demographic questionnaire if they had been 
diagnosed with a condition that affects their hearing or balance system, but not if they had been 
diagnosed with a hearing loss. Additionally, the current study protocol did not include an 
audiometric evaluation. Shupak, et al. (1994) found a statistically significant difference in VOR 
gain between military personnel diagnosed with noise induced hearing loss and with normal 
hearing. Due to the nature of the participant's occupations (i.e., military rotary-wing pilot or 
flight student), it can safely be assumed that these individuals are exposed to hazardous noise 
levels on the job. However, with appropriate use of occupational personal protection equipment 
(i.e., helmet with communications earplugs), these hazards should be mitigated. That being said, 
we cannot rule out the possibility of noise induced hearing loss among this study cohort. 

Conclusions and Recommendations 

The current study provides evidence that vestibular function in aviators versus non­
aviators is different and may represent habituation to forces and stimuli experienced while in 
flight. These findings suggest that job specific vestibular normative standards may be needed 
when the standards for non-aviators reveal normal function, despite complaints of imbalance and 
dizziness by the aviator. Considering the implication on job performance, future research should 
focus on the duration of long-term habituation retention with respect to periods when an aviator 
is no longer flying routinely. Other significant areas that need development and that would be 
applicable to performance for aviators would be identifying the correlation between aviation 
specialties and the vestibular changes that may result from exposure to these specific stimuli. 
More research on which tests and subtests are most relevant for aviators would further the 
development of a normative standard. For example, the SHA subtest is one such test that 
evaluates VOR function over a wide range oftest frequencies. However, natural head movement 
typically ranges between 0.5 to 8 Hz (Shupak et al., 2001). Therefore, RC testing that utilize low 
frequency rotational stimuli may not necessarily be representative of "the level of performance 
required during the extreme acceleration and velocities encountered in flight" (Shupak et al., 
2003, p. 320). High frequency rotational stimuli should therefore be included in the evaluation of 
aviators. 

Lastly, further exploration into the association between vestibular function and motion 
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sickness susceptibility, particularly in prospective pilots or flight students is needed and may be 
obtainable by more studies involving the SHA test. Gordon et al. (1995) demonstrated the use of 
the SHA test to differentiate between military personnel who are and are not susceptible to 
seasickness (i.e., motion sickness). That is, a significant difference in SHA VOR gain and phase 
was noted, with the susceptible cohort expressing higher gain and lower phase lead at lower 
rotational frequencies. While individual variances exist and Gordon et al. (1995) suggest that the 
SHA should not be used to definitively categorize motion sickness susceptibility, the SHA may 
be used to predict performance. 
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