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A B S T R A C T   

Background: Motion sickness and low back disorders are prevalent and debilitating conditions that affect the 
health, performance, and operational effectiveness of military aircrews. This study explored the effects of a 
motion sickness stimulus on biomechanical and genetic factors that could potentially be involved in the causal 
pathways for both disorders. 
Methods: Subjects recruited from a military population were exposed to either a mild (n = 12) or aggressive (n =
16) motion sickness stimulus in a Neuro-Otologic Test Center. The independent variable of interest was the 
motion sickness stimulus exposure (before vs. after), though differences between mild and aggressive stimuli 
were also assessed. Dependent measures for the study included motion sickness exposure duration, biome-
chanical variables (postural stability, gait function, low back function, lumbar spine loading), and gene 
expression. 
Findings: Seven of twelve subjects experiencing the mild motion sickness stimulus endured the full 30 min in the 
NOTC, whereas subjects lasted an average of 13.2 (SD 5.0) minutes in the NOTC with the aggressive motion 
sickness stimulus. Mild motion sickness exposure led to a significant decrease in the postural stability measure of 
sway area, though the aggressive motion sickness exposure led to a statistically significant increase in sway area. 
Both stimuli led to decreases in low back function, though the decrease was only statistically significant for the 
mild protocol. Both stimuli also led to significant changes in gene expression. 
Interpretation: Motion sickness may alter standing balance, decrease low back function, and lead to changes in the 
expression of genes with roles in osteogenesis, myogenesis, development of brain lymphatics, inflammation, 
neuropathic pain, and more. These results may provide preliminary evidence for a link between motion sickness 
and low back disorders.   

1. Introduction 

Motion Sickness (MS) and Low Back Disorders (LBDs) are prevalent 
and debilitating conditions affecting the health, performance, and 
operational effectiveness of military aircrews (Catanzariti et al., 2016; 
Cohen et al., 2009; Hartvigsen et al., 2018; Orsello et al., 2013; Wer-
theim, 1998). Estimations of aviator MS prevalence range from 10 to 

38%, but in extreme conditions, incidence rates can be as high as 
50–90% (Dobie, 2019; Simmons et al., 2008). Similarly, the prevalence 
of LBDs in military populations ranges from 33 to 58% (Bader et al., 
2018; Harrison et al., 2015). While the symptoms of both MS and LBDs 
are quite different, anecdotal evidence from military officials suggests 
that military service members who suffer from MS may be significantly 
more likely to also suffer from a LBD. If this is true, the identification of 
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factors that influence both MS and LBDs could allow for the develop-
ment of screening tools that are helpful at identifying at risk individuals 
and countermeasures that are helpful for prevention and treatment of 
both disorders. 

To the authors' knowledge, a direct relationship between MS and 
LBDs has yet to be formally investigated in the scientific literature. 
However, the scientific literature does provide evidence of biomechan-
ical causes for both disorders, which could suggest why some overlap 
between them has been noted anecdotally. The dominant account for the 
etiology of MS is sensory conflict theory, which suggests that the central 
nervous system (CNS) has an internal model that makes predictions of 
motion and sensory patterns based on incoming afferent signals (visual, 
vestibular, somatic) and past experiences. When there is incongruence 
between incoming afferent signals and predictions being made by in-
ternal model, MS symptoms are expected to be provoked (Reason and 
Brand, 1975; Warwick-Evans et al., 1998). However, this dominant 
theory has also been challenged by a secondary theory called the 
postural instability theory of motion sickness, which suggests more of a 
biomechanical basis for MS (Riccio and Stoffregen, 1991). According to 
this theory, MS arises from situations in which animals do not possess (or 
have not yet learned) strategies that are effective for the maintenance of 
postural stability. By extension, the greater the duration of the postural 
instability, the greater the likelihood and predicted severity of motion 
sickness. Thus, MS symptoms form a continuum rather than being all-or- 
none (Riccio and Stoffregen, 1991). Moreover, the postural instability 
theory of motion sickness suggests that MS is inherently a result of 
behavior (i.e., postural control) rather than sensory stimulation 
(although sensory afferents are not completely removed from this theory 
given that overall body posture is also affected by these signals). 

Likewise, a load-tolerance approach suggests that the relationship 
between tissue load and its corresponding tissue tolerance may define 
the risk of experiencing a LBD (Marras, 2012). According to this logic, 
when peak forces on the intervertebral discs of the spine are below what 
the tissue can handle, a given activity can be considered safe. However, 
when peak forces exceed the tissue tolerance, then risk for a LBD is 
present for at least some proportion of the population (Marras, 2012). 
Loading on the spinal tissues can be triggered by physical work factors, 
individual factors, or by psychosocial or organizational factors (NRC, 
2001). All of these factors can influence the response (i.e., coactivity) of 
the power-producing muscles of the trunk, wherein muscle coactivity 
has been linked to reduced low back function and increased forces on the 
spine (Granata and Marras, 1995; Marras et al., 2001). 

If biomechanical factors associated with both MS and LBDs are 
related, then it is reasonable to assume that these disorders are also 
indeed related to one another. For example, it is reasonable to believe 
that when postural stability is impaired, the body would compensate via 
altered neuromuscular recruitment patterns that help to maintain 
greater postural stability, particularly muscle coactivity and “guarding” 
behavior, which as stated above are known risk factors for the devel-
opment of LBDs (Ferguson et al., 2009; Marras, 2012). Alternatively, the 
link between MS and LBDs may be even more direct than the pathway 
stated here. A complementary or entirely separate explanation may be 
related to a shared genetic influence that could be driving the rela-
tionship between MS and LBDs (Hromatka et al., 2015). 

To explore the potential link between MS and LBDs, the objective of 
this study was to quantify the effects of a MS stimulus on biomechanical 
(i.e., postural stability, gait function, low back function, lumbar spinal 
loading,) and genetic factors (circulating small RNA expression) 
potentially associated with both conditions in a military population. The 
central hypothesis was that some underlying covariate(s) link both 
disorders. 

2. Methods 

2.1. Approach 

A laboratory study was conducted to better understand the effects of 
a MS stimulus on postural stability, gait function, low back function, 
lumbar spine loading, and circulating small RNA expression. In this 
laboratory study, subjects were exposed to one of two MS protocols 
(mild or aggressive), and dependent variables from each of the afore-
mentioned domains were assessed before and after exposure to the MS 
stimulus. The effects of both mild and aggressive MS protocols were 
assessed separately, but potential differences between the protocols 
were also assessed to account for a potential dose-response relationship 
between MS severity and the dependent measures. Sex-based differences 
were also assessed. 

2.2. Subjects 

Twelve subjects (8 male, 4 female) were exposed to the mild MS 
stimulus, and sixteen subjects (9 male, 7 female) were exposed to the 
aggressive MS stimulus. Age, stature, and mass characteristics for each 
group of subjects (by sex and protocol) are shown in Table 1 below. All 
subjects were asymptomatic for LBDs as well as other musculoskeletal 
disorders, and demographics were similar across the two MS stimulus 
groups. The study protocol was approved by all respective University 
and Institutional Review Boards in compliance with all applicable fed-
eral regulations governing the protection of human subjects. 

2.3. Procedure and motion sickness stimuli 

After arrival, subjects provided written informed consent, and a 
pregnancy test was obtained for female subjects to ensure no pregnant 
women participated. After collecting basic anthropometric measures, 
subjects were instrumented with IMU sensors (used to assess postural 
stability and gait function), electromyography (EMG) sensors (used to 
assess lumbar spinal loading), and motion capture markers (used to 
asses lumbar spinal loading), described further below. Though not all 
sensors were required for every test, sensors remained mounted to the 
subject whenever feasible (including inside the NOTC) to decrease the 
amount of down-time and optimize subject comfort throughout the 
study (with exception for the Clinical Lumbar Motion Monitor 
mentioned below, which was easy and quick to don and doff). Once 
instrumented, baseline data were collected across the previously 
mentioned domains including: postural stability, gait function, low back 
function, lumbar spine loading, and small RNA expression (described in 
more detail below). These data were used to represent the state of the 
subject before exposure to the MS stimulus. The testing order of these 
first four domains was randomized across subjects, but small RNA 
expression was always performed last because it involved a blood draw. 
It should also be noted that the data from all these domains were 
collected in a common data collection area. That is, subjects were not 
traveling from room to room to collect all these necessary data. 

Table 1 
Demographic characteristics of the subjects. Values are represented as mean 
(standard deviation).   

Age (years) Stature (cm) Mass (kg) 

Mild Stimulus    
Males (n = 8) 35.1 (4.4) 181.3 (4.7) 88.4 (8.1) 
Females (n = 4) 30.8 (6.8) 165.4 (9.0) 69.4 (9.2) 
All Subjects (n = 12) 33.7 (5.4) 176.0 (9.9) 82.0 (12.3) 

Aggressive Stimulus    
Males (n = 9) 27.7 (5.5) 183.1 (6.7) 85.7 (11.6) 
Females (n = 7) 30.7 (9.9) 165.8 (8.2) 71.0 (17.8) 
All Subjects (n = 16) 29.0 (7.6) 175.5 (11.4) 79.3 (16.0) 

Both Protocols (N ¼ 28) 31.0 (7.0) 175.7 (10.6) 80.4 (14.4)  

J.S. Dufour et al.                                                                                                                                                                                                                                



Clinical Biomechanics 96 (2022) 105671

3

Once all baseline data were collected, subjects were led just down the 
hall (approximately 100 ft away) from the data collection room and 
exposed to one of two MS stimuli (mild, aggressive) via a I-Portal Neuro- 
Otologic Test Center (NOTC) (Neuro Kinetics, Inc., Pittsburgh, PA, USA). 
The NOTC is commercially available, computer controlled, servo-driven, 
and capable of producing simultaneous controlled motion in the yaw 
and pitch axes. Various spin profiles can be produced, saved, and 
replicated and allow for input of motion control parameters including 
direction of rotation, acceleration, velocity, and duration. As such, this 
device is often used in both clinical and other research settings (Kim 
et al., 2021). 

During the MS stimulus, subjects were seated inside a light-proof, 
closed chamber (i.e., no interior illumination or windows). A two-way 
headphone and microphone system worn by the subjects allowed for 
constant communication between the operator and subject. For the mild 
MS stimulus protocol, subjects were tilted to an angle of 30 degrees. The 
platform was then rotated clockwise at a speed of 10 rpm for up to 30 
min to elicit MS symptoms (Dai et al., 2010). In contrast, for the 
aggressive MS stimulus protocol, subjects were not tilted in the NOTC, 
but were asked to tilt their head laterally from neutral position (0 de-
grees), to left (30 degrees), to right (30 degrees), and back to neutral at a 
rate of 0.1 Hz (Lawson et al., 2009). While tilting their heads, subjects 
were rotated clockwise at a speed ranging from 1 to 40 rpm for up to 40 
min, and the speed of the rotation was increased by 1 rpm every minute. 
In both MS protocols, subjects were instructed to keep their eyes open 
and were restrained in the chair at the chest, waist, and ankles. How-
ever, the head and neck motion were not restrained. 

Subjects were rotated in the NOTC until they expressed that they 
were sick, though the stopping criteria varied between the mild and 
aggressive MS protocols. For the mild MS protocol, a verbal cue of mild 
stomach awareness (yes/no) reported by the subject was used as the 
stopping criterion. In contrast, for the aggressive protocol, a verbal cue 
of moderate nausea (at least 5 on a 0–10 scale) reported by the subject 
was used as the stopping criterion. These stomach awareness and nausea 
ratings were assessed during the final 15 s of each minute of rotation 
while inside the NOTC via verbal communication with the subject. Prior 
to experiencing the MS stimulus, subjects were briefed on a symptom 
profile derived from the Pensacola Motion Sickness Questionnaire 
(MSSQ) (Hutchins Jr. and Kennedy, 1965) to guide their self-report of 
common motion sickness symptoms. Using MSSQ as a guide to rate 
symptoms helped to ensure consistency in the termination point for 
individual subjects and between all subjects. 

After the MS stimulus, subjects were removed from the NOTC, placed 
into a wheelchair for their safety, and wheeled back to the data collec-
tion area. Data were once more collected across the five domains of 

interest for each subject in the same order as before the MS stimulus. 

2.4. Dependent variables 

As mentioned, dependent measures for this study encompassed 
broad domains of postural stability, gait function, low back function, 
lumbar spinal loading, and circulating small RNA expression (see 
Table 2). All of these dependent measures were assessed pre- and post- 
exposure to the MS stimulus but not during exposure in the NOTC. 
Measures of exposure duration (i.e., how long subjects were in the NOTC 
before experiencing MS symptoms) and MS severity (i.e., nausea ratings 
from the aggressive MS stimulus) were also reported herein. 

2.4.1. Postural stability 
When assessing postural stability, subjects performed two balance 

tasks (the order of conditions counterbalanced) while standing on an 
AMTI force platform (Accusway Plus, Advanced Medical Technology 
Inc. Watertown, MA, USA) and wearing a wireless IMU affixed to the 
chest. These balance conditions included standing with eyes open on a 
stable force platform (EO) and standing with eyes closed on a foam 
platform (ECF). Standing balance trials lasted 30 s, and two repetitions 
of each condition were collected. During each trial, the movement of the 
subject on the force platform was used to calculate the instantaneous 
center of pressure (COP), and COP was used to derive the variables in 
Table 2. Dependent measures reported herein represent the average of 
the repetitions collected for each subject, with each trial type (EO, ECF) 
analyzed separately. 

Following each static balance trial, subjects also rated their 
perceived sense of postural instability (PSPSI). The PSPSI scale, origi-
nally described by Chiou et al. (1998), asks subjects to rate their 
perceived instability for four items on a scale from 0 to 2. Subjects rate 1) 
how much they felt their body sway, 2) how much difficulty they had 
maintaining balance, 3) if at any time they felt that they would fall, and 
4) the overall difficulty of the task. Each item's scores are summed such 
that the overall score ranges 0–8, where 8 represents the greatest PSPSI 
and 0 represents the minimum rating. This scale has been validated as 
reproducible and has been shown to be sensitive to changes in both the 
external environment (e.g., surface firmness, lighting) and experimental 
task (Chiou et al., 1998). 

2.4.2. Gait function 
Gait function was assessed via a modified version of the Instru-

mented Timed Up and Go test (iTUGT) (Zampieri et al., 2010; Zampieri 
et al., 2011). During the test, data were collected from IMUs (Yost Labs, 
Portsmouth, OH, USA) affixed to the chest, wrists, and shanks. For 

Table 2 
Dependent measures of interest for the study.  

Domain Dependent variable Description Equipment Assessed 

Exposure Duration 
Duration of MS Exposure Measured in minutes 

NOTC Inside NOTC 
Peak nausea (aggressive MS) 

Score (0 or 1 in mild MS, 0–10 in 
aggressive MS) 

Postural Stability 

Sway length Measured in cm 

AMTI Force Platform, wireless IMU on chest 
Pre/post MS 
exposure 

Sway area Measured in cm2 

Mediolateral sway Measured in cm 
Anteroposterior sway Measured in cm 
Perception of instability (PSPSI) Score (0–8) 

Gait Function 

Turn duration (TD) Measured in seconds 

YostLabs wireless IMUs 
Pre/post MS 
exposure 

Cadence Measured in steps/min 
Single stance time Measured in seconds 
Double support time Measured in seconds 
PSPSI Score (0–8) 

Low Back 
Function 

Probability of normal lumbar 
function (Pn) Probability (range 0–1) Clinical Lumbar Motion Monitor (cLMM) 

Pre/post MS 
exposure 

Lumbar Spine 
Loading Peak resultant lumbar spine load Measured in Newtons 

OptiTrack motion capture system, Delsys Trigno EMG 
system, Bertec force plate 

Pre/post MS 
exposure 

Gene Expression Small RNA 
Normalized fluorescent signal 
intensity 

Affymetrix microarray station, QuantStudio 7 
thermocycler 

Pre/post MS 
exposure  
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subjects experiencing the aggressive stimulus, additional sensors were 
worn around the shins, thighs, and waist (LEGSys, BioSensics, Newton, 
MA, USA). Accelerometer and gyroscope data were utilized to calculate 
the variables described in Table 2 using a method described previously 
(Bhattacharya et al., 2016). 

In the iTUGT, subjects were asked to arise from a chair, walk 6 m, 
turn, and walk back, taking two laps before sitting back down. Subjects 
were asked to walk as quickly but as safely as possible, and stopwatch 
times for each test were recorded. Two conditions were also tested, 
including single-task (ST) and dual-task (DT). ST trials were completed 
as outlined above, while DT trials added an additional cognitive demand 
in which subjects were assigned a number between 500 and 700 at the 
beginning of the trial and were instructed to repeatedly subtract 3 from 
this number out loud for the duration of the test, comparable to the math 
portion of the Trier Social Stress Test (Montero-Odasso et al., 2012). 
Each subject performed 3 trials of each condition in the following order: 
ST, ST, DT, DT, DT, and ST. An average of the dependent measures 
across the three trials was used for statistical testing, and each trial type 
(ST, DT) was analyzed separately. Finally, as was performed with the 
postural stability trials, PSPSI ratings were also gathered after each trial 
and averaged across the ST and DT conditions here as well. 

2.4.3. Low back function 
Low back function was assessed using a Clinical Lumbar Motion 

Monitor (cLMM), which is a wearable motion sensor system that utilizes 
two inertial measurement unit (IMU) sensors affixed to the body via 
shoulder and waist harnesses. The cLMM test protocol utilizes three- 
dimensional kinematic trunk motions to generate a functional impair-
ment score that is normalized for age and gender. Functional impair-
ment scores range from 0.00 to 1.00, with scores above 0.60 indicating 
healthy function. The cLMM and testing procedure have been described 
extensively in the literature (Ferguson et al., 2003; Ferguson et al., 2009; 
Marras et al., 1994; Marras et al., 1995; Marras et al., 1999; Marras et al., 
2000; Marras and Wongsam, 1986). 

2.4.4. Lumbar spine loading 
To assess lumbar spine loading, a 9.07 kg medicine ball was placed in 

front of the subject at knee height, approximately 40 cm away from the 
body. Subjects were asked to lift the weight at a comfortable pace while 
keeping their feet in a fixed position, and each lift was performed twice. 
The peak resultant lumbar spinal load was calculated using a validated 
EMG-assisted biomechanical model and extracted as the dependent 
measure of interest (averaged across repetitions). This EMG-assisted 
model used in this study to estimate lumbar spine loads has been 
described previously (Dufour et al., 2013; Hwang et al., 2016a; Hwang 
et al., 2016b) and is unique because trunk muscle responses during 
dynamic activities are used to capture the effects of realistic muscle co- 
activation when estimating spinal loads. The model relies on dynamic 
inputs of whole body kinematics (assessed via motion capture), torso 
muscle activations (assessed via EMG), and kinetic data (collected from 
a force plate). Whole body kinematics were captured using a 16-camera 
OptiTrack optical motion capture system (Prime 13, NaturalPoint, 
Corvallis, OR, USA) in conjunction with forty-one reflective markers 
placed onto the body consistent with a custom marker set prescribed by 
the motion capture software. Muscle activations were collected using a 
Delsys Trigno (Delsys Inc., Natick, MA) wireless electromyography 
system, with electrode pairs placed bilaterally on the ten power- 
producing trunk muscles (Mirka and Marras, 1993). Finally, kinetics 
were captured as subjects stood on a Bertec 4060 Force Plate (Bertec, 
Worthington, OH, USA) during the lifting exertions. 

2.4.5. Gene expression 
Gene expression was measured from peripheral blood draws using an 

Affymetrix microarray station (Affymetrix, Santa Clara, CA, USA). Sin-
gle nucleotide polymorphisms were genotyped using a QuantStudio 7 
real-time thermocycler (Thermo Fisher Scientific, Waltham, MA, USA). 

To assess circulating small RNA expression, 10 mL of blood was 
collected in red-capped tubes (no anticoagulant, Becton Dickinson, 
Franklin Lakes, NJ) and allowed to clot at room temperature for 30 min 
post draw. Tubes were centrifuged 20 min at 2000 xg at 4 ◦C to pre-
cipitate cellular material, and supernatant was removed and transferred 
to cryotubes for RNA isolation. Additionally, 4 mL of blood was collected 
into lavender-topped tubes (potassium EDTA, Becton Dickinson, 
Franklin Lakes, NJ) and transferred to separate cryotubes for DNA 
isolation. All blood specimens were stored at − 80 ◦C prior to nucleic 
acid isolation. 

The blood samples were analyzed for circulating small RNAs, 
including miRNAs. Total circulating RNA (primarily miRNA and other 
small RNA) from 200 μL of serum was isolated and purified with miR-
Neasy Serum/Plasma Kit (QIAGEN, Frederick, MD, USA). RNA quantity 
was measured using an Agilent Small RNA Kit on an Agilent 2100 Bio-
analyzer (Agilent, Santa Clara, CA, USA). A FlashTag™ Biotin HSR RNA 
Labeling Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used 
according to the manufacturer's protocol for miRNA labeling. Labeled 
samples were hybridized on GeneChip™ miR4.0 Arrays, washed per 
manufacturer's instructions with a GeneChip Hybrization, Wash, and 
Stain Kit on a GeneChip® Fluidics Station, and then scanned on a 
GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA, USA). Scanned 
chip images were then analyzed by Transcriptome Analysis Software v. 
4.0.1 (Affymetrix, Santa Clara, CA, USA). Data summarization was 
performed by RMA + DABG for the human content of the arrays. 
Annotation was performed using the most recent version for these arrays 
(miR-4.0-st-v1.annotations.20160922.csv). Gene expression was 
filtered by fold-change of at least 1.2, gene-level p-value of less than 
0.05, and DABG<0.05. 

A targeted analysis of single nucleotide polymorphisms (SNPs) 
associated with MS was conducted using blood DNA. DNA was extracted 
and purified from 200 μL of peripheral blood using a GeneJet Whole 
Blood Genomic DNA Purification Mini Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). The quantity and quality of the DNA extracted was 
determined using a Nano Drop One spectrophotomer (Thermo Fisher 
Scientific, Waltham, MA, USA). Of interest were forty-eight single 
nucleotide polymorphisms (SNPs) associated with motion sickness 
(Hromatka et al., 2015) or in genes controlling epigenetic modification. 
Genotyping was performed with Taqman allele discrimination assays 
per manufacturer's instructions with a QuantStudio 7 Flex (Applied 
Biosystems, Waltham, MA, USA) polymerase chain reaction system by 
measuring the fluorescence signals for VIC and FAM in each well, which 
corresponds to each allele. Taqman Genotyper Software (Applied Bio-
systems, Waltham, MA, USA) was used for genotype determination. 

2.5. Statistical analysis 

First, variables collected while inside the NOTC (MS exposure 
duration, nausea severity) were described. Given that the exposure data 
were not normally distributed, a nonparametric Mann Whitney U test 
was conducted to determine whether exposure duration or nausea 
severity varied between the male and female subjects in each protocol. 
Then, the effects of the two MS stimuli (mild, aggressive) on the other 
dependent measures (biomechanical, gene expression) were considered. 
As mentioned, the primary comparison of interest for these variables 
was the MS stimulus exposure (before vs. after), and the effects of each 
of the two MS stimuli (mild, aggressive) were evaluated separately. 
However, these data were also evaluated for potential differences be-
tween the mild and aggressive protocols and potential differences be-
tween males and females in a secondary analysis. 

To prepare the biomechanical variables (posture, gait, low back 
function, spinal loading), for statistical analysis, each of the dependent 
measures was first inspected visually to confirm that the data were 
approximately normally distributed. Data points with values above/ 
below the upper/lower quartile (respectively) by any more than 1.5 
times the interquartile range were excluded as outliers. Then, paired t- 
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tests were conducted to evaluate whether differences existed in the 
dependent measures before versus after the MS stimulus. 

Likewise, for small RNA expression, normalized signal intensities 
after MS stimulus were compared to their matched controls prior to 
stimulus. For SNP analysis, genotypes significantly outside of Hardy- 
Weinberg equilibrium for the study population (p < 0.05) were 
excluded from further analysis. The top and bottom quartiles for 
dependent variables were compared by chi-square analysis to determine 
if any genotypes were significantly more or less common in those 
groups. 

For variables for which a statistically significant difference was 
observed pre- versus post-exposure to the MS stimulus, Pearson's cor-
relation coefficients were calculated from paired observation changes to 
determine the degree of covariance between measures from different 
domains; the statistical significance of each pairwise correlation coef-
ficient was also assessed. Additional analyses were also performed on 
these variables to determine if significant differences existed based on 
either MS stimulus severity (mild vs. aggressive) or sex (male vs. fe-
male). These analyses were performed as Mann-Whitney U tests, which 
compared the changes in the medians of the dependent measures for the 
mild versus aggressive protocols and for males versus females within 
each MS protocol. All statistical tests were performed using JMP 14.0 
Pro software (SAS Institute Inc., Cary, NC, UA) relative to a significance 
level (α) of 0.05. 

3. Results 

3.1. Exposure duration 

Seven of twelve subjects (6 male, 1 female) made it through the full 
mild MS protocol without surpassing the stopping criteria (stomach 
awareness of 1). The other five subjects experienced motion sickness 
rather quickly and stopped the MS stimulus after durations of 2–14 min. 
Exact exposure durations included 2 min (female), 4 min (female), 4 min 
(male), 7 min (male), and 14 min (female). In contrast, none of the 
sixteen subjects lasted the full 40 min of the aggressive MS protocol 
before surpassing the stopping criteria (nausea rating of 5 or higher). 
Exposure duration and peak nausea ratings for the subjects experiencing 
the aggressive MS stimulus are shown in Table 3 below. Neither expo-
sure duration for the mild or aggressive stimuli nor peak nausea ratings 
(aggressive MS protocol) varied according between males and females. 

3.2. Biomechanical 

Results of the paired t-tests for each of the biomechanical measures 
shown in Table 4. The MS stimulus affected postural stability measures 
of sway area (both MS stimuli), mediolateral sway (aggressive MS 
stimulus), and perceived sense of postural instability (PSPI) (aggressive 
MS stimulus). The MS stimulus also influenced low back function (mild 
MS stimulus only). However, it did not influence lumbar spine loading 
(p = 0.472 for the mild stimulus and p = 0.127 for the aggressive 
stimulus) or any of the gait function variables (turn duration, single 
stance time, double stance time, cadence, PSPI). 

Regarding postural stability, neither the mild nor aggressive stimulus 
affected any of the postural sway variables for the eyes open (EO) con-
dition. However, both MS stimuli significantly influenced SA in both 
protocols for the eyes closed foam (ECF) condition (p = 0.030 for the 

mild stimulus and p = 0.039 for the aggressive stimulus). As shown in 
Fig. 1, the direction of the effect differed based on the stimulus protocol 
(mild vs. aggressive), leading to a statistically significant difference 
between the protocols in the Mann-Whitney U test (p < 0.001). SA 
decreased significantly on average following the mild MS stimulus 
protocol. However, the aggressive MS stimulus led to a significant in-
crease in sway area. Changes to sway area did not differ between male 
and female subjects for either the mild or aggressive MS stimuli. 

While subjects' perceived sense of postural instability (PSPI) was 
unaffected by the mild MS stimulus, subjects perceived significantly 
greater sway for both the EO (p = 0.05) and ECF (p = 0.008) conditions 
following the aggressive MS stimulus, with average PSPI scores 
increasing by 0.438 and 0.797 for EO and ECF conditions, respectively. 
As with SA results, changes to PSPI scores did not differ between male 
and female subjects. 

Regarding low back function, most subjects experienced a decrease 
in Pn after exposure to the MS stimulus (average reduction of 0.07 for 
mild MS stimulus and 0.05 for the aggressive MS stimulus). Changes in 
Pn after each MS protocol are shown in Fig. 2. The observed reduction in 
Pn was statistically significant for the mild MS stimulus (p = 0.008), but 
not for the aggressive stimulus (p = 0.130). The Mann-Whitney U test 
showed that the change in Pn after the MS stimulus did not differ 
significantly between the mild and aggressive protocols (p = 0.715). 
Additionally, changes to Pn did not differ between male and female 
subjects. 

Table 3 
Exposure duration and peak nausea ratings for aggressive MS stimulus. Values 
are represented as mean (standard deviation).  

Aggressive stimulus Exposure duration (min) Peak nausea rating (0− 10) 

Males (n = 9) 13.0 (6.2) 7.7 (1.7) 
Females (n = 7) 13.4 (3.2) 7.9 (1.2) 
All Subjects (n = 16) 13.2 (5.0) 7.8 (1.4)  

Table 4 
Statistically significant results of the MS stimuli in biomechanical variables.  

Domain Dependent variable Effect of MS stimulus 

Postural Stability Sway length  
Sway area * (mild) 

* (aggressive) 
Mediolateral sway  
Anteroposterior sway  
Perception of instability (PSPSI) * (aggressive) 

Gait Function Turn duration (TD)  
Cadence  
Single stance time  
Double support time  
Perception of instability (PSPSI)  

Low Back Function Pn ** (mild) 
Lumbar Spine Loading Peak resultant lumbar spine load  

* Denotes a statistically significant change p < 0.05, while ** denotes p < 0.01. 

Fig. 1. Sway area (postural stability) before and after mild and aggressive MS 
stimuli for the eyes closed foam (ECF) experimental condition. Error bars 
denote standard deviation, while * denotes a statistically significant difference 
at a significance level 0.05. 
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3.3. Gene expression 

Results of the chi-square analysis performed relative to changes in 
circulating small RNA expression are shown in Table 5. As shown, the 
mild MS stimulus led to 19 miRNAs with statistically significant changes 
(p < 0.03) in expression (>1.2-fold or < − 1.2-fold) before and after the 
MS protocol. Likewise, 6 other miRNAs were identified with statistically 
significant changes (p < 0.01) in expression for MS-exposure using the 
aggressive MS stimulus. These miRNAs play roles in cellular processes 
including osteogenesis, bone homeostasis, inflammation, differentiation 
of myoblasts and osteoblasts, and neuropathic pain pathways. No sig-
nificant correlations were found between individual SNP genotypes and 
other variables, although the major (C) allele of rs1378552, was more 
common than expected in subjects in the bottom quartile of Low Back 

Function (Pn) values (χ2 = 3.89, p = 0.049). 

3.4. Pairwise correlations 

Finally, a significant pairwise correlation was found between Sway 
Area induced by the mild MS protocol and levels of circulating U96a 
(correlation coefficient = 0.5785, p = 0.049). This small nucleolar RNA 
is typically found in Cajal bodies, but is also known to play a role in 
insulin-mediated signaling (Revilla et al., 2013). 

4. Discussion 

Motion sickness (MS) and low back disorders (LBDs) represent 
complex conditions that can affect a variety of systems in the body and 
lead to pain, discomfort, and decreased quality of life. Both disorders are 
highly prevalent in military populations, and anecdotally, military ser-
vice members who have one condition have been noted to be signifi-
cantly more likely to suffer from the other. The potential relationship 
between motion sickness and low back pain has yet to be investigated 
formally, though shared biomechanical and/or genetic factors related to 
the etiology of both disorders might help to explain this previously 
observed overlap between both conditions. To test this hypothesis, this 
study quantified the effects of two MS stimuli (mild and aggressive) on 
factors including postural stability, gait function, low back function, 
lumbar spinal loading, and circulating small RNA expression. The results 
of this study suggest that MS can alter standing balance, which may lead 
to decreased low back function. MS may also lead to changes in circu-
lating miRNAs controlling a diverse range of target mRNA expression. 
Interestingly, no sex-based differences were observed herein. In 
contrast, prior studies have shown that standing body sway and motion 
sickness exposure duration vary between males and females (Kim et al., 
2010; Koslucher et al., 2015; Koslucher et al., 2016; Munafo et al., 
2017). 

The standing balance data recorded herein for the aggressive MS 
stimulus suggests that MS may disturb the vestibular system. This pre-
sumed effect of the MS stimulus on the vestibular system and subsequent 
standing balance is also supported by prior literature (Basta et al., 2005; 
Carpenter et al., 2001; Nishiike et al., 2013; Yasuda et al., 1999), though 
these findings relate to standing postures only. Through the lens of 
traditional posturography literature (Horak, 1991), standing balance is a 
function of information derived from visual, somatosensory, and 
vestibular sensory influences. For the EO standing balance condition, 
subjects could rely on visual, proprioceptive, and vestibular sensory 
inputs; however, for the ECF standing balance condition, visual sensory 
information was eliminated (i.e., eyes were closed) and proprioceptive 
sensory information was diminished (i.e., standing on foam). In context 
of the results presented herein, sway area was unchanged during the EO 
condition, as subjects could rely on visual proprioceptive information to 
maintain balance, even if vestibular afferents were diminished by the 
MS stimulus. In contrast, sway area was increased significantly 
following the ECF condition because sensory information from visual, 
proprioceptive, and vestibular afferents were all either eliminated or 
diminished. Moreover, subjects also perceived that they were swaying 
more following the aggressive stimulus (PSPSI) but were unable to 
correct for the sway they perceived. 

Interestingly, however, the effect of the MS stimulus on sway area 
differed between the mild and aggressive protocols. Whereas the MS 
stimulus led to an increase in sway area as mentioned above, the mild 
MS stimulus led to a decrease in sway area. There are a few potential 
explanations for this observed effect. First, it is important to place these 
results in context of exposure duration. Unlike the aggressive MS stim-
ulus where all subjects expressed that they were feeling motion sick, 
seven of the twelve subjects exposed to the mild MS stimulus made it 
through the entire 30 min of the mild MS stimulus without expressing 
stomach awareness consistent with the stopping criteria. Therefore, 
these individuals may not yet have been motion sick to the point where 

Fig. 2. Box-and-whisker plot showing the change in low back function (Pn) 
after both mild and aggressive MS stimuli. 

Table 5 
Statistically significant acute changes in circulating small RNA expression 
following MS stimulus.  

Transcript ID Fold change p value 

hsa-miR-3157-3p − 1.38 <0.001 
hsa-mir-16-2 1.26 <0.001 
hsa-miR-324-3p 1.53 <0.001 
hsa-miR-1207-5p − 1.23 <0.001 
hsa-miR-4787-3p − 1.21 <0.001 
hsa-miR-6798-3p − 1.21 <0.001 
hsa-miR-550b-3p 1.22 0.002 
ENSG00000252719 − 1.2 0.002 
hsa-miR-4305 1.21 0.002 
hsa-miR-548 ac 1.44 0.003 
hsa-miR-548a-3p 1.68 0.005 
hsa-miR-202-5p − 1.24 0.006 
hsa-miR-3150b-5p 1.22 0.006 
hsa-mir-4453 − 1.24 0.010 
hsa-miR-4739 1.23 0.011 
hsa-miR-6765-5p − 1.31 0.011 
hsa-miR-122-5p − 1.27 0.012 
U96a 1.25 0.013 
hsa-miR-6797-3p − 1.31 0.015 
hsa-mir-101-1 1.21 0.016 
hsa-miR-3190-5p 1.32 0.017 
hsa-miR-32-5p − 1.29 0.017 
hsa-miR-4663 1.3 0.027 
hsa-miR-4508 1.49 0.029 
hsa-miR-4532 1.64 0.049  
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significant disruption to sensory (i.e., vestibular) information was 
observed, and the observed reduction in sway area may have arisen from 
a temporary stress response associated with the mild MS stimulus. In-
creases in alertness and activation in the dorsolateral prefrontal cortex 
of the brain have been noted previously to be involved in obtaining 
attentional resources to maintain upright static balance (Mihara et al., 
2008). 

The interpretation of these same results, however, through the lens of 
the postural stability theory of motion sickness may offer an alternative 
explanation. This is not the first instance in which reductions in spatial 
magnitudes have been observed after exposure to a MS stimulus, as 
Stoffregen et al. (2008) and Weech et al. (2018) observed reduced 
spatial magnitudes following instances of cybersickness. Collectively, 
these results challenge the traditional assumption that more sway is 
associated with less postural stability (Stoffregen et al., 2008). In 
contrast, it is also possible that adopting an overly rigid posture might 
leave individuals ill-equipped to respond to changing conditions like 
external perturbations, whereas increased postural sway could demon-
strate a better-equipped readiness to respond (Weech et al., 2018). When 
viewed from this perspective, it is possible that the reduced body sway 
observed for the mild MS stimulus demonstrates an ineffective postural 
control strategy that could serve as a precursor to motion sickness, 
consistent with the postural instability theory of motion sickness pre-
sented by Riccio and Stoffregen (1991). To discover which mechanism is 
indeed responsible for the changes observed herein, future study may 
benefit from evaluating not only spatial but also temporal dynamics of 
standing balance prior to and after exposure to a MS stimulus since 
stability in posture may be defined by more than just movement 
magnitude (Curry et al., 2020). 

A prevailing view of the etiology of low back disorders relates to the 
load on the spinal tissue relative to the spinal tissue's corresponding 
tissue tolerance. As muscles are primary loaders of the spinal tissues, 
changes to neuromuscular recruitment patterns (i.e., muscle coactivity) 
may serve as the primary mechanism by which a low back injury would 
occur. It was initially hypothesized that disturbances in the vestibular 
system consistent with MS would lead to increased muscle coactivity 
and increased spinal loading. It was also hypothesized that the MS 
stimulus would yield decreases to low back functional performance 
because with increased muscle coactivity comes increased “guarding” 
behavior, thereby reducing trunk velocity, acceleration (Marras et al., 
2005). The clinical lumbar motion monitor was able to detect changes in 
low back function following the mild MS stimulus, thus providing at 
least one quantitative link between MS and LBDs. However, increases in 
spinal loading were not ultimately observed for the tasks performed. It 
should be noted, though, that this observed result may simply be an 
effect of the simplicity and relative ease of the lifting task chosen. The 
lifting task was designed to minimize risk of injury following MS 
exposure. Coactivity is likely to play a larger role in lifting exertions that 
result in higher external moments being placed on the spine (Marras 
et al., 2001) or more complex muscle coordination. A more physically 
demanding or complex lifting task may yield spinal loading changes due 
to increased coactivity and should be considered for future study. 

Relative to the genetic results, levels of circulating miRNA and other 
small RNAs are known to respond to a tremendous variety of stimuli. 
These RNAs are thought to be packaged specifically into extracellular 
vesicles or released directly into circulation. In this study, all circulating 
RNA was captured and quantified. The levels of each RNA after exposure 
to mild or aggressive MS stimulus was compared to each subject's 
baseline prior to stimulus. The time between baseline and post-exposure 
blood draw was short at approximately 1 h. Therefore, these changes 
observed here are relatively small in magnitude and represent only the 
most acute changes in expression. Combined with the small study size, 
only one miRNA (hsa-miR-3157-3p) had expression changes that 
remained statistically significant after multiple testing correction using 
the Benjamini-Hochberg method. It was reliably low in the post-stimulus 
samples (Table 5). Little is known from the literature about this 

particular miRNA, except that it is one of the few miRNA that can 
discriminate schizophrenia patients from healthy controls (Pala and 
Denkçeken, 2020). Each of the miRNA (or snoRNA) identified in this 
study should be investigated further in larger studies. Mechanisms for a 
direct role of each of these remains to be investigated. We hypothesize 
that these miRNAs may provide insight into the molecular mechanisms 
associated with the effect(s) of MS on postural stability and LBD. 

A single genome-wide association study of motion sickness suscep-
tibility carried out by Hromatka et al. (2015) identified 35 SNPs 
significantly correlated with motion sickness, which we then genotyped 
in our study. It should be noted that the Hromatka et al. (2015) study 
was based on the 23andMe database and that 23andMe relied on web- 
based questionnaire responses from their participants to determine 
motion sickness susceptibility. None of the 35 SNPs identified had 
obvious correlations with our motion sickness variables, although one 
(rs1378552) had significantly more C alleles in the subjects of the bot-
tom quartile for Pn. No mechanism has been identified for this intra-
genic SNP. Given the imperfect method used to determine motion 
sickness susceptibility (i.e., survey), this could be a reason that no dra-
matic associations were observed. Therefore, another 13 SNPs were 
chosen for being within genes that control the epigenetic modification of 
other genes, with minor allele frequencies >15%. We hypothesized that 
differences in these genes could affect the epigenetic regulation of other 
genes involved in the motion sickness response. None, however, were 
found to be different between variables. The phenotypic effect of these 
SNPs may be individually too small to observe in the small study pop-
ulation used here. 

Finally, the results presented herein suggest that standing balance 
parameters or tests of gene expression may represent viable screening 
metrics to predict motion sickness and LBD susceptibility in the future. 
In fact, similar screening tools have already shown promise predicting 
motion sickness in other populations. For example, the use of pre- 
exposure temporal sway metrics has previously been shown to predict 
the intensity of seasickness experienced by maritime novices (Stoffregen 
et al., 2013). More recently, Weech et al. (2018) showed that sway path 
length from standing balance can be used alongside other factors like 
vestibular thresholds, vection magnitudes, and motion sickness sus-
ceptibility questionnaire responses to predict cybersickness in a simu-
lated environment. 

Of course, the results of this study should also be placed in context 
with the study's limitations. Namely, this study was performed in a 
controlled laboratory setting. The investigators implemented some 
changes between the mild and aggressive protocols, including different 
equipment and stopping criteria. Additionally, given the number of 
domains of interest, the results of the MS stimulus in the laboratory may 
have worn off or diminished in the time between the MS stimulus and 
some or all of the post- MS exposure biomechanical tests, particularly 
the biomechanical test(s) near the end of the randomization sequence 
for each session. Future studies may benefit from assessing biome-
chanical variables (i.e., kinematics, muscular response) during (rather 
than or in addition to after) the MS stimulus. This altered timing may be 
important because motion sickness has consistently been shown to be 
preceded by instability in the control of seated posture (Chang et al., 
2017; Curry et al., 2020; Dong et al., 2011; Merhi et al., 2007; Stoffregen 
et al., 2000; Stoffregen et al., 2008; Stoffregen et al., 2014; Stoffregen 
et al., 2017). 

During flight and inside the NOTC, military aircrew are/were seated. 
In contrast, postural stability, gait function, low back function, and 
lumbar spinal loading data were collected while standing. It is unclear 
whether the results obtained with stance can be generalized to sitting, 
though this study is believed to represent a valuable first stop in the 
investigation of the relationship between MS and LBDs. 

There also remain a few limitations surrounding the population 
chosen to participate in the study. As subject participation was volun-
tary, it is possible that the subject population was comprised of in-
dividuals that are less susceptible to motion sickness as compared to 
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other peers that would be more susceptible and subsequently self- 
exclude, which could have diluted the effects of the MS stimulus. 
Similarly, as all subjects recruited for this study were asymptomatic for 
LBDs, the results of both MS stimuli may have been diminished relative 
to those that might be observed in a population with already diminished 
low back function (i.e., individuals with low back pain). Future studies 
should assess potential differences in the dependent measures in more 
susceptible subject populations regarding both LBDs and MS. 

5. Conclusion 

This study represents an initial attempt to explain an anecdotally 
observed relationship between motion sickness and low back disorders. 
Our results provide preliminary evidence that both biomechanical and 
genetic factors may in fact link both conditions. A MS stimulus altered 
standing balance, decreased low back function, and led to changes in in 
the expression of genes with roles in osteogenesis, myogenesis, devel-
opment of brain lymphatics, inflammation, neuropathic pain, and more. 
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