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Abstract 

 The vestibular system senses changes in head position and is responsible for the brain’s 

perception of verticality. Vestibular dysfunction is caused by deficits in the semicircular canals 

and/or otolith end-organs with resulting symptoms including dizziness, vertigo, and 

unsteadiness. Current vestibular rehabilitation focuses on compensation of the semicircular 

canal-mediated vestibulo-ocular reflex through gaze and balance exercises. Little is known about 

rehabilitation of otolith organ function, yet research findings suggest that fall risk may be related 

to otolith dysfunction. A recent case study demonstrated improvement of vertical perception and 

balance following off-axis rotation in a rotary chair, showing that such stimulation may be useful 

for compensation of otolith organ dysfunction. The purpose of our research was to further 

investigate off-axis rotation as a possible treatment method by evaluating subjective visual 

vertical (SVV) in healthy controls. Two distance parameters (3.5 cm off-axis and 7.0 cm off-

axis) were applied to the rotary chair, with results measured through the SVV test, visual analog 

scales (VAS), and the balance tilt test (BTT). The magnitude of SVV shift following off-axis 

rotation was measured in both the 3.5 cm and 7.0 cm off-axis experiments. The greater distance 

parameter (7.0 cm) did not increase SVV shift magnitude more than the 3.5 cm parameter; yet, 

resulted in greater symptom intensity as measured through the VAS. These findings led to the 

conclusion that a distance parameter of 3.5 cm off-axis is optimal for stimulating the otolith 

organs. This discovery may be helpful in future research utilizing off-axis rotation as a possible 

treatment method for vestibular patients suffering from otolith dysfunction. 
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Introduction and Literature Survey 

 The vestibular system is comprised of an intricate group of organs located in the inner ear 

which are able to sense movement. These organs are important for the human body to maintain 

visual focus and overall balance. The following sections address: how the vestibular system 

works, vestibular dysfunction causes and symptoms, specific anatomy and mechanisms, current 

exercises for vestibular rehabilitation, and evidence for an innovative treatment method. 

A. Role of vestibular system in human function 

 The vestibular system is responsible for sensing changes in head position to provide gaze 

stability and postural control.1–3 Gaze stability is necessary for many daily functions, and relies 

on the vestibulo-ocular reflex (VOR),4,5 which is mediated by the semicircular canals (SCC). 

When the head moves, the VOR causes the eyes to move with equal velocity in the direction 

opposite to that of head movement.2 Nodding or shaking the head while maintaining focus on a 

person during a conversation is an example of this process. Postural stability relies on the 

vestibulospinal reflex (VSR),4 which stimulates anti-gravity muscles to stabilize the body when 

head position changes.6 The VSR requires input not only from the vestibular system, but also 

from the visual and proprioceptive systems.7 For example, when a person stumbles, the VSR 

activates certain muscles to support the body and prevent falling. Activities of daily life, such as 

running, can require very fast changes in head position, yet the vestibular system is able to 

maintain balance by responding to changes in the vertical plane (through changes in 

gravitoinertial acceleration).8 Thus, the vestibular system is important, not only to detect head 

movement, but also to generate appropriate motor commands to initiate responsive movement of 

the eyes as part of the VOR and the body as part of the VSR.2 

B. Vestibular hypofunction 
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Uncompensated peripheral vestibular dysfunction can be unilateral (affecting one side) or 

bilateral (affecting both sides)9 and may result in postural instability, visual blurring with head 

movement, and subjective complaints of dizziness and/or imbalance.5 Such symptoms can 

greatly affect one’s quality of life, with limitations being observed in the ability to walk, climb 

stairs, drive motor vehicles,10 and maintain employment and social livelihood.5,11,12 Persons with 

vestibular hypofunction are also at an increased risk of falls,13 which can led to various injuries. 

According to the National Institutes of Health, incidence is the number of new cases of a 

characteristic that develop in a given period of time; and prevalence is the proportion of a 

population who have a characteristic in a given period of time, without regard to when the 

characteristic was first developed.14 Dizziness, a common complaint often associated with 

vestibular dysfunction, has a lifetime prevalence estimated at 17-30%.15 Vertigo, which is the 

illusory sensation of motion, frequently described as spinning,16,17 has a lifetime prevalence of 

approximately 3-10%.15 A study in Germany found that dizziness/vertigo had a 1-year incidence 

of approximately 3% and a prevalence estimated at 23% among individuals between the ages of 

18-79 years.11 Dizziness and vertigo are most commonly diagnosed in women in general, and in 

both men and women of the elderly population.11,18 Additionally, the prevalence of vestibular 

dysfunction is found to be higher in individuals who lack a high school education4 and/or those 

living below the poverty line.19 Possible reasons for this trend include unhealthy lifestyle habits, 

restricted access to medical care, and increased exposure to occupational hazards.  

 It has been estimated that 35.4% of US adults aged 40 years and older have balance 

impairment which may be linked to vestibular dysfunction.4 Furthermore, the chance of 

developing balance problems increases significantly with age, with balance impairment (due to 

vestibular impairment and/or sensory loss in feet) affecting approximately 75% of US adults 
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aged 70 years and older, and more than 85% of US adults aged 80 and older.19 According to 

Agrawal et al., persons with balance impairment who reported dizziness are 12 times more likely 

to experience falls compared to individuals with normal balance.4   

 Although dizziness, vertigo, and balance impairment often result from vestibular 

hypofunction, these symptoms may be caused by deficits in the central nervous or cardiovascular 

systems,20 or in some cases may be linked to psychological factors.21–23 Because of the various 

possible causes involved, it can be difficult for healthcare professionals to diagnose vestibular 

deficits,20,24 and the diagnosis of uncompensated vestibular hypofunction often takes a long time. 

Some patients have waited more than a year before being referred for vestibular rehabilitation.5,25 

Viruses (such as the herpes virus that causes chicken pox) and bacterial infections may 

cause damage to the vestibulocochlear nerve, resulting in vestibular neuritis or 

labyrinthitis.24,26,27 Vestibular neuritis affects the body’s ability to balance, while labyrinthitis 

affects both balance and hearing.24 In some individuals, vestibular hypofunction is linked to 

Meniere’s disease;5,24,26 a condition related to increases in endolymphatic pressure that result in 

inappropriate nerve excitation.7 Meniere’s disease is usually accompanied with symptoms of 

vertigo and hearing loss.24 Another causal factor, traumatic brain injury (TBI), results from blunt 

head trauma or blast exposure28 and may be correlated with otolith damage.29 Exposure to 

ototoxic medication, the most common of which is the aminoglycoside gentamicin, can cause 

damage to the sensory hair cells resulting in bilateral vestibulopathy.30 

C. Vestibular organs involved 

 A vestibular labyrinth is located in each ear, and is surrounded by the very strong petrous 

temporal bone.6,31 Each labyrinth contains five structures to detect head acceleration: three SCC 

and two otolith organs.2 The three SCC (anterior, posterior, and horizontal) are located at 

approximate right angles to each other. These structures are responsible for sensing angular 
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acceleration of the head. The otolith organs consist of the saccule and utricle, and are responsible 

for sensation of linear acceleration and static head tilt.7 

 There is a total of six SCC, with three in the labyrinth of each ear. Each SCC contains a 

duct filled with endolymph, which is a fluid that moves when the head changes position. In every 

duct is an enlarged portion at its base, known as the ampulla. The ampulla houses the crista 

ampullaris; an elevated area of hair cells and supporting cells which is topped by a gelatinous 

substance known as the cupula.6 The crista ampullaris and the cupula serve as a receptor system 

to sense the movement of endolymph fluid.2,7 For example, when the body turns around, or 

spins, the endolymph fluid within the semicircular duct passes over the cupula, and signals are 

sent to the brain that rotational movement is occurring.7  

Proper assessment of the VOR is necessary to evaluate function of the SCC. Caloric 

irrigation measures VOR function by stimulating nystagmus—a pattern of involuntary eye 

movement resulting from an asymmetric firing rate of the left and right sides—and comparing 

the velocity of eye movement between the left and right sides. This test applies cool water, warm 

water, or air to one inner ear system to stimulate that particular vestibular system and measure 

the resulting eye movement. The stimulus is then applied to the other side and the response is 

compared. The caloric test is performed while the patient reclines in a static position.26,32,33 

Function of the SCC can also be assessed through the rotary chair test, which measures eye 

movement velocity during rotation.32 The video head impulse test (vHIT) is a relatively new 

method of examining SCC, and is useful to evaluate each of the six SCC individually, whereas 

caloric irrigation and rotary chair testing are used to determine function of the horizontal SCC.32 

The vHIT is performed by a clinician quickly moving the patient’s head in the plane of the canal 

being tested, while the patient’s eye movements are tracked through video-equipped goggles.33 
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Often, a combination of these tests is recommended to give the most thorough assessment of 

vestibular function.32,33 

 The two otolith organs, known as the saccule and utricle, send information to the body 

regarding linear acceleration and static head tilt.6 Both of the otolith organs contain a macula, 

which consists of hair cells extending into a gelatinous substance known as the otolithic 

membrane. This membrane is covered in tiny crystals called otoconia, or otoliths. The word 

otolith comes from the Greek language, and literally means “ear stone”.7 These tiny stones move 

according to the pull of gravity.2 The saccular macula is vertical, and its otolithic membrane 

moves up and down according to acceleration changes. Thus, the saccule responds best to 

vertical movements, such as riding in an elevator. The utricular macula, on the other hand, is 

horizontal, and its otolithic membrane lies on top of it. Because of this, the utricle responds best 

to horizontal stimuli (such acceleration while riding in a car), and also to positions of static head 

tilt.6,7   

Laboratory testing of otolith organ function can be conducted by vestibular-evoked 

myogenic potential tests (VEMPs).26 Cervical VEMPs (cVEMPs), use a loud sound to stimulate 

the saccule, while ocular VEMPs (oVEMPs) stimulate the utricle through vibration.32,34,35 

Another way to evaluate function of the otolith organs is through subjective visual vertical 

(SVV) testing, which evaluates function of the utricle. A static SVV test is performed with the 

patient sitting upright in a totally dark room, and adjusting a luminous line according to self-

perception of verticality.12,32 Results are measured in degrees away from true vertical. SVV 

measurements of ±2.00° from true vertical are considered within normal range, but acute onset 

vestibular hypofunction can result in SVV findings that are as much as 10° away from true 

vertical.12  
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D. Standard vestibular rehabilitation  

The first vestibular therapy exercises were created and performed by Cawthorne & 

Cooksey in the 1940s. These researchers discovered that certain head and eye movements 

reduced recovery time for many patients following labyrinth surgery or head trauma.23 Over the 

years, it has been found that vestibular rehabilitation plays a key role in the recovery from 

numerous vestibular disorders.23 Currently, vestibular rehabilitation of peripheral vestibular 

hypofunction includes: gaze stability exercises, habituation exercises, gait/balance training, and 

general physical conditioning.5,23,36  

Exercises to improve gaze stability involve rapid head turns that are performed while the 

patient maintains a target in focus.36 Gaze stability exercises also include those that require a 

patient to look at a target before changing head position to face the target. The objective of these 

exercises is to create adaptations of smooth-pursuit eye movements or central pre-programming 

of eye movements to compensate for a lack of normal VOR function.5 Habituation exercises 

include repeated exposure to provoking stimuli; movements that trigger dizziness and/or vertigo. 

Individuals are instructed to perform careful repetitions of specific movements that cause 

symptoms, with a goal of reducing symptom magnitude over time.23 Additionally, optokinetic 

stimuli or virtual reality environments are sometimes included in habitutation therapy. Such 

alternative approaches may provide a stimulus through high-tech equipment, such as moving 

rooms or virtual reality, or provide a stimulus with lower-tech equipment, such as videos of busy 

environments.5 

Gait and balance therapy involves stimulation of the visual and somatosensory systems to 

create compensation for absent vestibular input. Balance excercises may include movements 

completed while vision is distracted or removed, and/or when the patient is on an unstable 

surface.23 Balance exercises also include changes in the base of support, such as a single-leg 
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stance, or shifting of weight from one side to the other. Gait movements involve making repeated 

head turns while walking in a straight line, or performing a task while walking, such as passing a 

ball back and forth in the hands. Computerized technology is available to create life-like 

scenarios for both balance and gait rehabiliation.5,37 Examples include requiring a patient to stand 

on an uneven surface or walk in a straight line while surrounded by virtual stimuli of moving 

stripes or multicolored discs.23 General conditioning is also recommended along with other 

rehabilitation measures. Walking, various aerobics, and other general forms of exercise are 

considered appropriate for the building of strength and endurance, which are often decreased 

because of a lack of movement in vestibular patients.5 

Although vestibular therapy plays an important role in the improvement of vestibular 

dysfunction, rehabilitative measures are primarily aimed at the improvement of SCC-related 

problems. As recent studies suggest that a greater fall risk is associated with otolith dysfunction 

as compared to SCC dysfunction, research is needed to establish rehabilitative methods that are 

specifically directed toward compensation of otolith function.38 There is a possibility that off-

axis rotation (OAR), also known as centrifugation, could be linked to improvement of otolith 

dysfunction.36  

E. Evidence for otolith compensation 

As mentioned previously, rotation is often used for assessing function of the horizontal 

SCC.32 However, during constant velocity rotation, the VOR response from the SCC is absent. 

The utricles, which are located approximately 3.5 cm from the midline of the head, are activated 

through a centrifugal force (i.e., linear acceleration) exerted on them by constant velocity 

rotation in a rotary chair that is at an off-axis position.39 Additionally, it is possible that central 

nervous system (CNS) compensation of otolith organ function may also occur through OAR 

when applied to patients with utricular loss.36 
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Space flight can initiate otolith deconditioning, causing up to 75% of post-flight 

astronauts to exhibit symptoms such as spatial disorientation and orthostatic intolerance because 

of the lack of gravitoinertial force acting on the otolith organs. Buytaert and colleagues measured 

otolith activity in astronauts both before and after flight, and demonstrated that centrifugation 

during space flight may be responsible for a lack of symptoms in astronauts after returning to 

earth,40 because linear acceleration creates a stimulus that is similar to the pull of gravity. 

Another study used SVV to measure perception of verticality before and after off-vertical-axis 

rotation (OVAR) in healthy subjects. It was found that SVV was significantly altered after 

rotation, showing “that vestibular training has an effect on perceptual responses.”17 Off-axis 

rotation (OAR) may likewise create changes in SVV,39 yet the stimulus it provides is not as 

provocative or nauseogenic as that of OVAR.  

In a recent case study, a patient who had a left vestibular neurectomy was evaluated 5 

years afterward for imbalance and a “floating sensation.” The patient underwent VEMP and 

SVV assessment, as well as balance testing. SVV measurements were recorded during constant 

velocity on- and off-axis rotation at 300°/s. Results indicated that the patient had uncompensated 

unilateral vestibular dysfunction and was referred for vestibular rehabilitation. Surprisingly, the 

patient soon reported a reduction in symptoms, and showed significant improvement in SVV 

measurement and balance results. The patient credited the improvement to OAR.36  

F. Conclusion and Purpose 

Currently, little is known in regard to treatment of patients with otolith dysfunction. It has 

been shown that OAR produces utricular stimulation, and that SVV is adapted in healthy 

individuals following rotation suggesting that the utricle has adapted to the stimulus.36 Research 

also shows that patients with vestibular loss are able to experience a change in SVV over time, 

due to compensation from the CNS.35 This suggests that OAR may serve as a means for 
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rehabilitation of otolith dysfunction, However, a review of relevant literature showed that details 

for stimulating otolith compensation through OAR have not yet been explored.36  

The purpose of this study was to test different stimulus parameters on healthy controls 

during unilateral OAR, with the aim of determining optimal stimulus parameters to be used in 

the treatment of otolith dysfunction. This investigation focuses on the difference in chair position 

during the OAR of healthy controls. The findings here are based on SVV measurements, visual 

analog scale measure of symptom intensity, and balance testing. 

Methods 

Participants 

Six healthy controls participated in OAR for the purpose of determining optimal off-axis 

position of the rotary chair. Participants were between the ages of 25 and 35 years (mean = 30.0; 

SD = 3.9) and included 4 females and 2 males. Written informed consent was obtained from each 

participant prior to testing. The protocol was approved by the VA/East Tennessee State 

University IRB Committee. Data were collected for all 6 participants during the first experiment 

(Exp. 1A). Data were collected for 5 participants during the second experiment (Exp. 1B) as the 

6th participant completed the study later than the other participants, and the optimal off-axis 

distance had been determined. Inclusion criteria for the study included person of at least 18 years 

of age and normal vestibular function. Exclusion criteria included a history of vestibular or 

neurologic disorders, and/or the presence of dizziness, vertigo, or unsteadiness. Prior to 

inclusion, each participant underwent balance, caloric, oculomotor, and VEMP testing. Results 

of these tests showed normal function in all participants.  

Results from SVV testing (described in Outcome Measures) were compared to a control 

group from a previous study. The control group included 24 healthy young controls (22 females, 

2 males; mean age = 24.0 years, SD = 2.0 years).40 Exclusion criteria included a history of 
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neurological disease, middle-ear pathology, open or closed head injury, cervical injury, or audio-

vestibular disorder. The group underwent static SVV testing by sitting upright in a rotary chair 

(Micromedical System 2000) and adjusting a luminous line until it was perceived to be in a 

vertical position. During the first session, each member of the control group performed 5 trials of 

the SVV test, and an average was taken to determine mean SVV angles. The test was repeated 1-

2 weeks later (second session) for the purpose of evaluating test-retest reliability (Table 1), and 

the absolute difference between the first and second sessions was recorded. The absolute 

difference mean (SD) were compared with experimental results. 

 

Table 1.  Control: group means (SD) and min/max values of SVV for Session 1 versus Session 

2. Negative values represent a leftward shift from true vertical and positive values represent a 

rightward shift. 

 Mean (SD) Min Max 

Session 1 0.46 (1.61) -4 4 

Session 2 1.00 (1.34) -2 4 

 

Equipment 

The Neuro Kinetics I-Portal® NOTC (Neurotologic Test Center) rotary chair (Pittsburgh, 

PA) was used for OAR (Figure 1). Goggles worn by participants during OAR were the I-Portal 

Falcon VOG high speed video-oculography system (100 Hz frame rate), which allowed for eye 

movements to be tracked during each experimental session (Figure 2). A headset microphone 

was worn by participants in order to communicate with the chair operator during rotation. The 

VEST 8.0.1 software was used for operating the chair and analyzing the eye movement data. 
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Figure 1. Side view of the Neuro Kinetics I-Portal® NOTC rotary chair, which is enclosed in a 

completely light-tight, darkened rotary chair booth during rotation. 

 

 

Figure 2. The I-Portal Falcon high speed video-oculography (VOG) system (100 Hz frame rate) 

for evaluation and recording vertical, horizontal, and torsional eye movements in collaboration 

with the VEST 8.0.1 operating and analysis software system. 

 

Protocol 

Each participant was placed in an upright, sitting position in the rotary chair while the 

chair was in a static, on-axis position. The participant’s forehead, shoulders, waist, and ankles 
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were secured to the chair (Figure 3). Goggles and headset were secured onto the participant’s 

head. The surrounding booth was then totally darkened to exclude any visual input except for 

those provided. The experiment began with a luminous red dot appearing before the participant’s 

eyes. The participant was then instructed to visually follow the dot as it first moved up and 

down, then left and right, in order to allow calibration of the goggles which were responsible for 

tracking eye movement during OAR. SVV was then recorded (Outcome Measures) before 

beginning the rotation cycles.  

 

Figure 3. A person secured in the rotary chair, holding two handles with buttons to press for 

subjective visual vertical (SVV) adjustments. During rotation and SVV trials, the rotary chair 

booth was completely darkened to eliminate all visual cues other than those provided by the laser 

target during the experiment. 

 

Five cycles of off-axis rotation that lasted approximately 5 minutes each were utilized for 

each experimental session (Table 2). Participants were either rotated to the right (clockwise 

direction), or to the left (counterclockwise direction), depending on the direction (left or right) 

that the chair was moved off-axis. Participants were always rotated in a forward-facing position 

toward the direction of motion, because feelings of nausea have been shown to occur as a result 
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of backward-facing rotation.39 Each session required approximately 1 hour to complete, and 

sessions were repeated once per day for 5 consecutive days (Monday-Friday). Chair 

acceleration/deceleration was 5°/s2, and chair velocity was 300°/s. All parameters were kept the 

same for both experiments except for the off-axis shift of the chair. Exp. 1A included a 3.5 cm 

off-axis shift, while Exp. 1B included a 7.0 cm off-axis shift. The two experiments were 

scheduled a minimum of two weeks apart, to avoid any carry-over affects following rotation. On 

the 6th and 12th days following completion of each experiment (1A and 1B), participants were 

asked to return to the lab to be to be evaluated for SVV, symptom intensity, and balance testing. 

Participants were not rotated on these days. 

  

Table 2. Duration of the rotation cycle 

Experiment 1A Experiment 1B 

Time (s) Action Time (s) Action 

60 Speed up to constant velocity 60 Speed up to constant velocity 

  3 On-axis rotation   3 On-axis rotation 

28 Shift 3.5 cm off-axis 58 Shift 7.0 cm off-axis 

60 Off-axis rotation 60 Off-axis rotation 

28 Return to on-axis 58 Return to on-axis 

20 On-axis rotation 20 On-axis rotation 

60 Slow to a stop 60 Slow to a stop 

Total time = 4 min, 19s Total time = 5 min, 19s 

 

Outcome Measures 

Subjective Visual Vertical (SVV). Static SVV testing was conducted with a participant 

seated in an upright position in the rotary chair (while the chair was immobilized) and the 

surrounding booth completely darkened. A luminous red line appeared in front of the participant 

at an angle rotated away from true vertical. The participant was then asked to adjust the line with 

buttons under each thumb until the participant perceived the line to be in a true vertical position. 
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The left button caused the line to rotate to the right, and the right button caused the line to rotate 

to the left. Six trials of SVV were recorded. The starting angles for the line were as follows: 

+15°, -15°, +20°, -20°, +12°, -12°, with a negative measurement indicating that the line was 

rotated to the left of vertical, and a positive measurement indicating that the line was rotated to 

the right of vertical. Measurements within ±2.00° of true vertical were considered within normal 

range. SVV was measured before and after each OAR session, and at 6 and 12 days post-OAR. 

Symptom Intensity. A participant’s symptoms were assessed through visual analog scales 

(VAS). This assessment allowed participants to quantify the intensity of feelings of dizziness, 

nausea, disorientation, anxiety, and unsteadiness. The participant was instructed to place a mark 

along a 10-cm line to indicate intensity of symptoms. A mark placed at the bottom or below the 

line was measured as “zero” and indicated that no symptoms were experienced. A mark placed at 

the top of the line indicated that a maximum intensity of symptoms was felt (Figure 4). Symptom 

intensity was measured before and after each OAR session, and at 6 and 12 days post-OAR. In 

addition, the percent of time that dizziness interfered with activities (DZI) was also measured 

using VAS (Figure 5) and was recorded before each OAR session, and at 6 and 12 days 

following each experiment. 
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Figure 4.  A vertical 10-cm line was used as a visual analog scale (VAS) to evaluate a 

participant’s perception of the intensity of nausea. A mark placed on the lower part of the line or 

below the line would respectively indicate little or no feelings of nausea, while a mark placed 

higher on the line would indicate a greater amount of nausea. 

 

 

Figure 5.  A horizontal 10-cm line was used as a VAS to evaluate participants’ self-reported 

percent of time that dizziness interfered with daily activities. 

 

Balance Tilt Test (BTT). A participant’s balance ability was measured using the BTT. 

Each participant was tested in bare feet standing on a wooden rocker board with eyes closed and 
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hands folded across the chest (Figures 6 and 7). A physical therapist stood beside the participant 

to provide support if a loss of balance occurred. The trial was timed for 20 seconds and resulting 

balance ability scored. Scores ranged from 0-3, with 0 indicating the least ability to maintain 

balance and 3 indicating the greatest ability to maintain balance. The test included a total of 3 

trials (Figure 8), and was administered before and after each OAR session, and at 6 and 12 days 

post-OAR. 

 

 

Figure 6.  Wooden rocker board used for the balance tilt test (BTT). Textured squares on top of 

the board prevent feet from slipping.  
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Figure 7.  A person positioned on the wooden rocker board during the BTT. While on the board, 

a participant was required to keep feet close together, eyes closed, and hands folded across the 

chest. During each trial, a physical therapist (not shown) stood next to the participant to provide 

support if a loss of balance occurred. 

  

 

Figure 8. The BTT was performed for a maximum of 20 seconds with eyes closed, with time 

recorded if a loss of balance occurred or the eyes were opened. 

 

Data Analysis 
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Data were summarized using descriptive statistics. To determine the effects of two 

distances of off-axis rotation (3.5 cm versus 7.0 cm), independent t-tests were performed. The 

difference of test-retest values (sessions repeated within 2 weeks) for a healthy control group 

who underwent OAR was used as the comparison for each of the 5 sessions in the current 

experiments. The t-tests compared SVV after rotation at 3.5 cm off-axis versus the control group 

(test-retest reliability), and 7.0 cm off-axis versus the control group (test-retest reliability). The 

dependent variable was the absolute value of the difference of SVV from pre- to post-OAR 

rotation or the absolute value of the difference of SVV between sessions 1 and 2 for the control 

group. A single difference measure, the average of the difference scores between sessions for the 

control group, was used as the comparison with OAR across sessions and for the two off-axis 

distances. Significance level was set at alpha = 0.05.   

Results 

Participants demonstrated a shift in perception of vertical as measured by SVV following 

OAR. Differences were observed in pre-OAR versus post-OAR measurements for each of the 

two experiments (Tables 3 and 4, Figures 9 and 10). These differences in SVV showed an overall 

leftward shift in some participants and a rightward shift in others (Figures 11 and 13). Absolute 

values were calculated in order to evaluate the magnitude of the shift in SVV, with results 

summarized in Figures 12 and 14. It is interesting to note that some participants showed 

magnitudes of SVV shift that were considered abnormal (greater than ±2.00° from true vertical), 

while others showed magnitudes that were considered normal (within ±2.00° of true vertical). 

This likely occurred as a result of natural variability within participants. Independent t-tests 

demonstrated a significant difference between absolute SVV differences in OAR versus the 

control group for the first session of Exp. 1A (p = 0.046) (Table 5).  Symptom intensity as 

measured by VAS and balance as measured by the BTT were examined visually. 
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Table 3.  Exp. 1A (3.5 cm off-axis rotation): group means (SD) and min/max values of SVV for 

pre- versus post-OAR. Negative values represent a leftward shift from true vertical and positive 

values represent a rightward shift. 

 Pre-OAR Post-OAR 

 Mean (SD) Min Max Mean (SD) Min Max 

Session 1 -0.45 (1.46) -2.68 1.22 -0.16 (4.18) -7.90 3.53 

Session 2  0.19 (2.10) -2.76 2.98  1.18 (3.42) -5.12 4.13 

Session 3 -0.10 (2.02) -2.85 2.98 -0.24 (2.68) -5.17 2.95 

Session 4 -0.45 (1.77) -2.43 1.84  0.76 (2.91) -5.84 2.30 

Session 5 -0.08 (1.62) -2.49 1.97 -0.68 (2.25) -3.90 2.47 

6 days post-OAR  0.10 (0.76) -0.82 1.37    

12 days post-OAR -0.54 (1.31) -2.05 1.17    

 

 

Table 4.  Exp. 1B SVV values: pre- versus post-OAR. Negative values represent a leftward shift 

from true vertical and positive values represent a rightward shift. 

 Pre-OAR Post-OAR 

 Mean (SD) Min Max Mean (SD) Min Max 

Session 1 -0.73 (0.84) -1.54  0.31 -1.08 (0.85) -2.21  0.11 

Session 2 -0.15 (0.28) -0.37  0.31 -1.52 (0.99) -3.20 -0.58 

Session 3 -0.61 (0.86) -1.60  0.62 -1.24 (1.81) -3.73  0.21 

Session 4 -0.94 (0.57) -1.88 -0.51 -1.36 (2.08) -3.43  1.89 

Session 5 -0.57 (0.64) -1.38  0.18 -0.94 (1.75) -2.86  0.60 

6 days post-OAR -1.11 (1.95) -3.82  1.70    

12 days post-OAR -0.93 (0.84) -1.98  0.07    
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Figure 9.  SVV measurements before and after off-axis rotation (OAR) for Exp. 1A (3.5 cm off-

axis). Note that sessions 6 and 7 on the horizontal axis for Pre-OAR SVV represent 

measurements taken at 6 and 12 days following completion of OAR. Negative values represent a 

leftward shift from true vertical and positive values represent a rightward shift. 

 

 

Figure 10.  Comparison of SVV measurements before and after OAR for Exp. 1B (7.0 cm off-

axis). Note that sessions 6 and 7 on the horizontal axis for Pre-OAR SVV represent 

measurements taken at 6 and 12 days following completion of OAR. Negative values represent a 

leftward shift from true vertical and positive values represent a rightward shift. 
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Figure 11.  Difference in SVV of pre-OAR values from post-OAR values for Exp. 1A. Negative 

values represent a leftward shift and positive values represent a rightward shift. 

 

 

Figure 12.  Absolute value of the difference in SVV pre-OAR values from post-OAR values 

demonstrating the magnitude of SVV shift for Exp. 1A.  
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Figure 13.  Difference in SVV after pre-OAR values had been subtracted from post-OAR values 

for Exp. 1B. Negative values represent a leftward shift and positive values represent a rightward 

shift. 

 

 

Figure 14.  Absolute value of the difference in SVV pre-OAR values from post-OAR values 

demonstrating the magnitude of SVV shift for Exp. 1B.  
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Table 5.  OAR versus Control: SVV absolute differences 

 Control 

Mean (SD) 

3.5 cm OAR 

Mean (SD) 

Sig.  

(p-value) 

7.0 cm OAR 

Mean (SD) 

Sig.  

(p-value) 

Session 1 1.13 (1.03) 2.23 (1.60) 0.046 1.28 (0.91) 0.753 

Session 2 1.13 (1.03) 1.78 (0.45) 0.146 1.38 (0.95) 0.620 

Session 3 1.13 (1.03) 0.95 (0.82) 0.703 1.08 (1.02) 0.926 

Session 4 1.13 (1.03) 0.93 (1.30) 0.690 1.57 (1.09) 0.396 

Session 5 1.13 (1.03) 0.77 (0.44) 0.423 1.16 (0.78) 0.947 

 

 Using values measured after rotation (post-OAR), VAS scores were collectively summed 

according to symptom intensity. VAS scores demonstrated differences in symptom intensity 

between the two experiments, with Exp. 1A (3.5 cm OAR) showing greater intensity in 

symptoms of nausea and anxiety. Exp. 1B, however, showed the greatest symptom intensity 

overall, with increased intensity in symptoms of disorientation and unsteadiness (Figure 15).  

 

 

Figure 15.  Exp. 1A vs. Exp. 1B: Sums of symptom intensity measured for all participants 

following rotation (post-OAR). 
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The BTT showed similar results for both Exp. 1A and Exp. 1B, with a large majority of 

trials recorded with a perfect score of 3 (representing the greatest ability to maintain balance). 

Overall balance scores were based on the sum of the 3 trials (Tables 6 and 7), thus, if a 

participant obtained the highest score (3) on each of the trials, the resulting total score would be 

9. Similar scores were also obtained during testing on the 6th and 12th days after OAR. 

 

Table 6.  Exp. 1A comparison of BTT pre- versus post-OAR total values. 

 Session 1 Session 2 Session 3 Session 4 Session 5 

 Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- 

S2* 9 9 9 9 9 9 9 9 9 9 

S3 3 3 3 3 9 9 9 9 9 9 

S15 9 9 9 9 9 9 9 9 9 9 

S17 9 9 9 9 9 9 9 9 9 9 

S18 9 9 9 9 8 8 8 9 9 9 
* S2 is a shortened form of “Subject 2.” The titles listed in this column represent each of the 5 participants. 

 

Table 7.  Exp. 1B comparison of BTT pre- versus post-OAR total values.  

 Session 1 Session 2 Session 3 Session 4 Session 5 

 Pre- Post- Pre- Post- Pre- Post- Pre- Post- Pre- Post- 

S2* 9 9 9 9 9 9 9 9 9 9 

S3† 9 9 9 9 9 9 9 9   

S15 9 9 9 9 9 9 9 9 9 9 

S17 9 9 9 7 9 9 9 9 9 9 

S18 9 9 9 9 9 9 9 9 9 9 
* S2 is a shortened form of “Subject 2.” The titles listed in this column represent each of the 5 participants. 
† S3 was not present for Session 5. 

 

Discussion 

 The results of this study provide evidence that vertical perception as measured by SVV 

can be altered in healthy controls through the use of off-axis rotation. Such results are 

noteworthy, because perception of vertical is a function of the otolith organs, and patients with 

otolith dysfunction have shown incorrect perceptions of vertical.12,32,36 Because otolith 
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dysfunction can affect ability to move during activities of daily life, there is a need for discovery 

of otolith organ-specific treatment methods to help individuals who may not receive benefits 

from current vestibular rehabilitation exercises.  

Results of several studies show that OAR may be useful in stimulating the CNS to 

compensate for otolith organ dysfunction. Studies involving space flight have shown that off-

axis rotation stimulates otolith function, with one study applying a distance of 0.5 m off-axis 

(constant velocity of 254º/s), and the other applying a distance of 3.5 cm off-axis (constant 

velocity of 400º/s).40,41 Carrick and colleagues researched the effects of vestibular rehabilitation 

methods, including OAR, on patients with PTSD (post-traumatic stress disorder) who had 

suffered TBIs. These researchers found that symptoms were significantly improved after 

treatment,42 yet no details were included to indicate how OAR was applied. Furthermore, a 

recent case study showed significant improvements in otolith dysfunction following OAR of an 

individual with total unilateral vestibular loss. This study applied a distance of 7.0-8.0 cm off-

axis (constant velocity of 300 º/s).36  

Our investigation of healthy controls showed that a distance parameter of 3.5 cm off-axis 

created a shift in SVV, but that a stimulus of 7.0 cm off-axis did not produce a greater shift when 

applied at the same velocity. Thus, providing a stimulus of 7.0 cm off-axis was not more useful 

than providing a 3.5 cm stimulus for adaptation of otolith function. VAS results showed that an 

increase in distance off-axis was related to greater symptom intensity following OAR, meaning 

that the 7.0 cm off-axis stimulus produced greater discomfort in participants than did the 3.5 cm 

off-axis stimulus. Balance testing did not show significant differences following OAR in either 

of the two experiments, and thus did not provide an indication of which distance parameter was 

optimal.  
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Due to the nature of these results, we propose that 3.5 cm off-axis be used as the optimal 

distance parameter for OAR as a means of stimulating compensation of otolith organ function. 

However, limitations of our study include the small sample size, and the narrow age range of 

participants. It may be beneficial to repeat these study measures in healthy controls with both a 

larger sample size and with a broader participant age range. The findings gathered in this study 

may act as a starting point for future studies pursuing OAR as a treatment method for patients 

with otolith dysfunction.  
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