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Abstract

Purpose

Adolescent idiopathic scoliosis (AIS) is a three-dimensional spinal structural deformity that

occurs in otherwise normal individuals. Although curve progression and severity vary

amongst individuals, AIS can lead to significant cosmetic and functional deformity. AIS etiol-

ogy has been determined to be genetic, however, exact genetic and biological processes

underlying this disorder remain unknown. Vestibular structure and function have potentially

been related to the etiopathogenesis of AIS. Here, we aimed to characterize the anatomy of

the semicircular canals (SCC) within the vestibular system through a novel approach utiliz-

ing T2-weighted magnetic resonance images (MRI).

Methods

Three dimensional, MRI-based models of the SCCs were generated from AIS subjects (n =

20) and healthy control subjects (n = 19). Linear mixed models were used to compare SCC

morphological measurements in the two groups. We compared side-to-side differences in

the SCC measurements between groups (group*side interaction).

Results

Side-to-side differences in the lateral SCC were different between the two groups [false dis-

covery rate adjusted p-value: 0.0107]. Orientation of right versus left lateral SCC was signifi-

cantly different in the AIS group compared to the control group [mean side-to-side

difference: -4.1˚, 95% CI: -6.4˚ to -1.7˚]. Overall, among subjects in the AIS group, the left

lateral SCC tended to be oriented in a more horizontal position than subjects in the control

group.

Significance

Asymmetry within the SCCs of the vestibular system of individuals with AIS potentially

results in abnormal efferent activity to postural muscles. Consequences of this muscular
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activity during periods of rapid growth, which often coincides with AIS onset and progres-

sion, warrant consideration.

Introduction

Late onset or adolescent idiopathic scoliosis (AIS) is a three-dimensional spine abnormality

present in 1–3% of children ages 10 to 16 years old [1–4]. Because the etiopathogenesis of AIS

is unknown [5], interventions are directed at the anatomic structural deformity rather than the

underlying cause of deformity. Recent evidence suggests the vestibular system may play a role

in the etiology of AIS [6–9], due to its impact on the hypothalamus, cerebellum, and vestibu-

lospinal pathway [10].

The vestibular system is comprised of otolith organs and three orthogonal semicircular

canals (SCCs) [11]. Each semi-circular canal works in tandem with its partner on the contralat-

eral side. Angular accelerations result in hair cell deflections within the SCCs that provide

afferent signals regarding the direction and intensity of the movement [12, 13]. Together,

these signals aid in balance and postural control. Angular acceleration sensitivity is directly

correlated with canal morphology [14], suggesting that any structural abnormality may cause

downstream effects including impaired balance and postural muscle activity. Since the SCCs

have a fixed size and shape at birth [10, 15, 16], abnormalities may play an early causative or

contributory role in the pathogenesis of AIS through activation of paraspinous muscles

responsible for trunk support [3]. Previous studies have identified vestibular morphological

anomalies among individuals with AIS when compared to normal controls [10, 17]. However,

controversy exists regarding the role of SCC canal morphology in AIS [18, 19].

We aimed to establish a novel approach to imaging the semicircular canals to assess the

association between anatomical variation in SCCs and AIS. We tested whether side-to-side dif-

ferences in SCC geometry are exaggerated in patients with AIS relative to control subjects.

Materials and methods

Patients and methods

Adolescent females undergoing treatment for moderate to severe AIS at a single institution

(n = 20) were recruited for the AIS study group. The location, type, and direction (side of

curve convexity) of the curves was recorded for all subjects (see Table 1). Adolescent and

young adult females (n = 19) without scoliosis were recruited as a control group. To see the

full data set of demographics and data dictionary used, please refer to S1 Table and S2 Table.

The Colorado Multiple Institution Review Board (COMIRB) has reviewed and approved this

study. The COMIRB study number is 09–0706. The original "certificate of approval" was pro-

vided on 09/24/2009. Consent and assent (when needed) was given in written fashion with

COMIRB approved consent forms.

Imaging protocol

A 1.5T MRI (Siemens) was used to obtain T2-weighted images of the vestibular system under

the following conditions: Avonto True FISP sequence, repetition time of 4.93 ms, echo time of

2.16 ms, flip angle of 65˚, percent phase field of view (FOV) of 75, 1 mm slice thickness, matrix

of 256 x 192, and 1 excitation. This process yielded anisotropic images with voxel size 0.98 x

0.98 x 1.0 mm3.
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All Digital Imaging and Communications in Medicine (DICOM) data were imported into

3D-Slicer [20] version 4.7.0. The original voxel size was reduced to 0.28 x 0.28 x 0.28 mm3 fol-

lowing b-spline interpolation. Salient edges were then smoothed and defined using a gradient

diffusion filter. In order to ensure consistent measurements of vestibular systems in relation to

anatomical landmarks, images were then reoriented according to the anterior (AC) and poste-

rior commissure (PC) [21].

Vestibular system segmentation

The SCCs were segmented from the preprocessed image using a process similar to the method-

ology developed by Shi et al [13]. A general, cubic region of interest (ROI) was first extracted

for each left and right vestibular system from the input T2 weighted image of the whole head

to increase processing speed. The surface of the vestibular system was extracted using the com-

petitive region growing algorithm GrowCut to select like pixels and create a 3D triangular

mesh from systematically selected initial conditions [22]. Because segmentation can be largely

dependent on initial conditions, the first generated surface mesh was then used as the initial

condition to generate a second triangular mesh that was used in subsequent analyses.

SCC measurements

We measured the horizontal distance from the lateral and posterior SCCs to the anatomical

midline (defined as the line connecting the AC and PC). Accordingly, the surface mesh was

Table 1. Scoliosis curve patterns.

Patient Curve Type Cobb Angle†

1 R. Thoracic 47˚

2 R. Thoracic 39˚

3 R. Thoracic 56˚

4 Biphasic 42˚/46˚

5 Biphasic 50˚/50˚

6 R. Lumbar 50˚

7 R. Thoracic 42˚

8 Biphasic 34˚/35˚

9 Biphasic 54˚/52˚

10 Biphasic 26˚/29˚

11 R. Thoracic 52˚

12 R. Thoracic 40˚

13 R. Thoracic 42˚

14 Biphasic 42˚/38˚

15 Biphasic 58˚/54˚

16 R. Thoracic 56˚

17 Biphasic 52˚/48˚

18 R. Thoracic 40˚

19 L. Lumbar 60˚

20 R. Thoracic 70˚

R = right convexity

L = left convexity

Biphasic or double major = R thoracic / L thoracolumbar curves of similar magnitude

†Radiographs obtained at most recent visit following skeletal maturity or radiograph prior to surgical intervention

https://doi.org/10.1371/journal.pone.0232417.t001

PLOS ONE Semi-circular canal abnormalities in adolescent idiopathic scoliosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0232417 April 29, 2020 3 / 12

https://doi.org/10.1371/journal.pone.0232417.t001
https://doi.org/10.1371/journal.pone.0232417


superimposed on the reoriented whole head MRIs. The horizontal distance in the axial plane

of the lateral and posterior canals was measured from the anatomic midline to the lateral most

aspect of the lateral and posterior canals, respectively (Fig 1). The lateral, superior, and poste-

rior SCCs were then separated from the overall vestibular system model. SCC endpoints were

defined as the vestibule and the bifurcation of the common crus. This was determined by

reviewing changes in cross-sectional area, allowing the operator to identify one common inter-

section point between the superior (anterior) and posterior canals. An approximate centerline

for each canal was manually defined to divide the canal into cross-sectional slices spaced by

0.25mm using the IGT Volume Reslice Driver in Slicer [23]. The canal centroid was then

defined using spline interpolation between the center of mass calculated for each division.

Cross-sectional area measurements were taken at each of the divisions resulting from the IGT
Volume Reslice Driver. Best-fit planes were determined following the conversion of each sur-

face model to a volumetric cloud. Canal planes were fit relative to the inverse of the cross-sec-

tional area squared as this technique has been suggested to best represent the functional plane

[14, 24]. These planes were then utilized to calculate the angle between the canal planes as well

as their angles compared to coordinate reference planes using the dot product of the two-plane

normal vector (Fig 2 and S1 Fig for more information). For the full data set of measurements,

please refer to S3 Table.

Fig 1. SCC distance measurements. Measurements of the horizontal distance from the lateral and posterior canals to the sagittal plane midline. LDR = lateral canal

distance on the right, LDL = lateral canal distance on the left, PDR = posterior canal distance on the right, PDL = posterior canal distance left.

https://doi.org/10.1371/journal.pone.0232417.g001
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Statistical methods

We compared side-to-side differences (right SCC measure minus the left SCC measure) in the

two groups using linear mixed models. We tested the null hypothesis of no difference in side-

to-side differences across groups (group�side interaction). The unstructured covariance struc-

ture was used to account for repeated measures (R and L side). The following parameters were

compared: (1) distance from each lateral SCC to the midline, (2) distance from each posterior

SCC to the midline, (3) inclination of each lateral SCC in the sagittal plane, (4) minimum

cross-sectional area of each superior SCC, (5) minimum cross-sectional area of each posterior

SCC, (6) minimum cross-sectional area of each lateral SCC, (7) angle between each superior

SCC and each lateral SCC best-fit-planes, (8) angle between each superior SCC and posterior

SCC best-fit-planes, and (9) angle between each posterior SCC and lateral SCC best-fit-planes.

Due to the large number of statistical comparisons, the Benjamini-Liu [25] method was used

to control the false discovery rate (FDR). Statistical significance was defined as an FDR cor-

rected p value <0.05.

Results

The average age at the MRI visit was higher in the control group (22.0 yrs. ±7.8) relative to the

AIS group (14.6 yrs. ±1.9). The majority of subjects in the AIS (18/20, 90%) and control (14/

19, 74%) groups were non-Hispanic white. Curve patterns in the AIS group included primary

thoracic (10/20, 50%), biphasic or double major (8/20, 40%), and lumbar (2/20, 10%). All pri-

mary thoracic and biphasic curves had a thoracic component with convexity, in the coronal

plane, that was oriented to the right. The average Cobb angle was 48.4˚ (±10.0) among individ-

uals with a single primary thoracic curve, 46.1˚ (±10.2) among individuals with biphasic

curves, and 55.0˚ (±7.1) among individuals with a single primary lumbar curve.

Side-to-side differences in the lateral canal angle (R minus L) were significantly different

between the AIS and control groups (FDR adjusted p value<0.05, Table 2). The average differ-

ence in the lateral SCC angle between R and L sides was 3.6˚ [95% CI: 1.94 to 5.2˚] in the AIS

group compared to -0.5˚ [95% CI: -2.2 to 1.2˚] in the control group. Overall, the side-to-side

difference in the lateral SCC angle was 4.1˚ [95% CI: 1.7 to 6.4˚] higher in the AIS group rela-

tive to the control group. The side-to-side differences in the other SCC parameters were not

Fig 2. SCC angle measurements. (A) Angle (θ) between the axial and best-fit left lateral canal planes (LLA) on the

reconstructed study surface. (B) Angles between each canal best-fit plane: θl−s = angle between lateral and superior

SCCs, θl−p = angle between lateral and posterior SCCs, θs−p = angle between superior and posterior SCCs.

https://doi.org/10.1371/journal.pone.0232417.g002
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significantly different (FDR adjusted p value>0.05) between the AIS and control groups

(Table 2).

To assess the heterogeneity in SCC lateral angle measurements on the basis of curve type,

we also summarized lateral SCC angle measurements among subjects with a primary thoracic

pattern, biphasic curve pattern, or a primary lumbar curve pattern (Table 3). Relative to the

control group, right sided lateral angle measurements were consistently increased (positive

side-to-side difference) among subjects with a primary thoracic curve pattern, biphasic curve

pattern, as well as subjects with a primary lumbar curve pattern (Table 3).

Discussion

The etiology of AIS and subsequent curve progression remains poorly understood. An associa-

tion between vestibular system abnormalities and AIS has been reported in current literature

[6, 10, 13, 26]. Using three-dimensional MRI based models of SCC anatomy, we compared

measurements of SCC morphology in females with AIS relative to female controls. Analysis of

side-to-side differences in SCC measurements revealed significant asymmetry in the orienta-

tion of the lateral SCC in subjects with AIS relative to control subjects. The left lateral SCC

tended to be orientated in a more horizontal position among subjects in the AIS group com-

pared to the control group. This may have important implications for the potential relation-

ship between vestibular SCC anatomy and the etiopathogenesis of AIS.

The results of the present study are consistent with several studies that have identified lat-

eral canal abnormalities among patients with AIS. Shi et al. found the distance between the

centers of the left lateral and superior canal were significantly smaller in 20 AIS patients with

Table 2. SCC canal measurements by group and side.

IS Group Control Group

Left Right Left Right P value� FDR Adjusted P value��

Mean (Stdev) Mean (Stdev) Mean (Stdev) Mean Stdev)

Angle between the superior and lateral SCC best-fit planes 88.72 (6.85) 89.72 (4.52) 92.06 (5.90) 92.04 (6.97) 0.6573 0.6230

Angle between the superior and posterior SCC best-fit planes 87.47 (3.44) 87.00 (3.73) 88.02 (4.54) 86.74 (5.23) 0.6669 0.6230

Inclination of the lateral SCC in the sagittal plane 1.46 (3.42) 5.03 (2.15) 5.21 (3.03) 4.72 (3.88) 0.0012 0.0107

Distance from midline to lateral SCC 42.74 (2.12) 43.20 (1.89) 44.12 (1.89) 43.86 (1.94) 0.3652 0.6230

Minimum cross-sectional area: superior SCC 1.27 (0.74) 1.20 (0.68) 1.31 (0.72) 1.21 (0.51) 0.8941 0.6230

Minimum cross-sectional area: lateral SCC 1.50 (0.85) 1.51 (0.80) 1.26 (0.61) 1.41 (0.64) 0.4356 0.6230

Minimum cross-sectional area: posterior SCC 1.87 (0.97) 1.43 (0.64) 1.30 (0.55) 1.39 (0.47) 0.0604 0.3226

Angle between posterior and lateral SCC best-fit planes 91.07 (4.70) 89.30 (4.81) 85.71 (4.68) 87.65 (5.28) 0.0548 0.3226

Distance from midline to posterior SCC 40.8 (2.11) 41.20 (2.16) 41.86 (2.31) 41.89 (2.13) 0.5124 0.6230

�Nominal p value

��FDR corrected p value (Benjamini-Liu method [25]) representing group�side interaction, Stdev = standard deviation, SCC = semi-circular canals

https://doi.org/10.1371/journal.pone.0232417.t002

Table 3. Measurements by curve type.

Curve Type n Mean Difference (R—L) Standard Deviation

Control 19 -0.48 3.25

Biphasic 8 4.36 3.95

R. Thoracic 10 2.87 4.15

R. Lumbar 1 6.63 n/a

L. Lumbar 1 1.13 n/a

https://doi.org/10.1371/journal.pone.0232417.t003
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right thoracic curvatures compared to 20 controls [13]. After evaluating the semicircular canals

in 18 AIS patients with right and/or left curvatures, Hitier and colleagues found that the left

lateral semicircular canals were more vertical and further from the midline compared to 9 con-

trols [10]. While these findings may seem discordant relative to our findings, it should be

noted that Hitier utilized 2D measurements with manual measurements as compared to our

MRI derived measurements that evaluated the angle of the best-fit lateral planes in three

dimensional space, and thus may provide a more functional assessment of the lateral SCC

plane. Three additional MRI studies analyzing the semicircular canals with 3D reconstruction

have highlighted lateral canal abnormalities present on both sides in AIS patients [26–28].

These include an abnormal “fluid bridge” between the lateral and posterior canals [26], and

longer, thinner canals [27, 28].

Studies of computational fluid-flow within idealized SCCs have suggested that regions of

small cross-sectional area play a fundamental role in the movement of endolymph through the

vestibular system, causing them to dominate biomechanical sensitivity [11, 14]. Complex MRI

analysis of 15 AIS patients compared to 12 controls revealed thinner lateral canals with signifi-

cant shape differences [28]. These findings were confirmed by Xin and colleagues who

observed longer, thinner canals in 11 female girls with right thoracic AIS compared to 11

healthy controls [27]. We compared the minimum cross-sectional area of each canal in our

study population but observed no difference in the cross-sectional area measurements in the

AIS group relative to the control group.

Theoretical model

Several hypotheses have been proposed to explain the connection between asymmetric SCC

anatomical variation and scoliosis. Central to these hypotheses is the assumption that the SCC

structure or orientation affects balance and consequently, postural muscle activity. Afferent

signals from the vestibular system are interpreted by higher brain centers to maintain postural

support and balance [12]. Based on latency responses observed in mammalian neurons acti-

vated by the vestibular system, it has been suggested that vestibular afferents form reflex arcs

with antigravity trunk musculature [29–34]. Although labyrinth output is bilateral, excitatory

signals from each labyrinth influence contralateral postural and lower limb muscle activity in

the coronal plane [34]. Therefore, it is conceivable that asymmetrical or unilateral hypofunc-

tion in vestibular afferent activity could result in unequal efferent output to the postural muscle

motor neuron pools of the trunk. This could potentially explain the overrepresentation of both

left-sided SCC abnormalities[10, 13] and of right sided thoracic curves [35] among patients

with AIS. However, this remains purely speculative and thus, the consequences of SCC varia-

tion on muscular activity during periods of rapid growth, such as puberty, which often coin-

cides with the AIS onset and progression, warrants consideration.

Abnormal posture and balance in patients with AIS is well documented [19, 28, 36–38]. Fol-

lowing vestibular injury, balance compensation can occur from higher brain centers. However,

only static control is regained. Externally imposed vestibular stimulations after unilateral ves-

tibular loss causes impaired responses that do not recover [39]. Therefore, while unilateral

canal loss has been reported to be compensated for [3], dynamic functioning is not recovered

[39]. This may explain why patients with AIS can perform normally under static conditions,

but struggle with sensory challenged positions [37]. It is important to note that body verticality

and balance are controlled by visual, somatosensory, and vestibular inputs [40], with proprio-

ception playing the largest role in the control of upright body posture and orientation [41].

Because normal adolescents have a transient period of proprioceptive neglect compared to
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adults [42], it may be possible that semicircular canal abnormalities present at birth have a

magnified effect during adolescence.

Animal models simulating conditions of exaggerated unilateral vestibular hypofunction

through selective lesions to vestibular system anatomy have also provided evidence to support

the role of asymmetric vestibular system activity in the development of abnormal spinal curva-

ture. Selective lesions of the vestibular nucleus in a rat model produced scoliosis with an aver-

age Cobb angle of 21˚ in 15% of the surviving rats after eight weeks [43]. Selective

hemilabyrinthectomy in guinea pigs produced a postural disorder and a lateral curvature of

the vertebral column that strongly resembled scoliosis [7, 44]. The convexity of the curvature

in the guinea pigs was consistently orientated towards the intact or unaffected labyrinth. This

coincides with Lambert et. al who reported that unilateral destruction of the vestibular system

in a frog model caused a spinal curvature with a convexity that was oriented toward the intact

or unaffected vestibular system [8]. In contrast to other animal studies in which the scoliotic

deformity tended to be temporary, the scoliotic deformity in the frog model was permanent.

The authors suggested the lack of forelimb proprioceptive feedback in the aquatic environment

may prevent compensation from forelimb proprioceptive feedback, a hypothesis that may be

relevant to the bipedal nature of human ambulation that similarly lacks forelimb propriocep-

tive feedback.

Among observational studies in adolescent and adult populations, support for the hypothet-

ical role of vestibular dysfunction in AIS has been inconsistent. A recent systematic review of

level III-IV evidence concluded there is a causative role of the vestibular system in scoliosis [3],

however, another systemic review concluded there is not enough research to support a consis-

tent association between unilateral, isolated, vestibular dysfunction and AIS [1]. Additional

targeted work is needed to understand the prevalence of SCC morphological asymmetries in

individuals with AIS and the potential functional consequences of these abnormalities on the

development and progression of spine deformities.

Limitations

There are limitations to our study design. While there is discordant information surrounding

functional testing of AIS patients, functional tests in the current study group would have been

beneficial. In particular, otolithic tests (Curthoys test) in patients with abnormal lateral canals,

represent the next logical experiment necessary to understand the association between SCC

structural variation and scoliosis. Secondarily, the study population was limited to female sub-

jects based on higher prevalence of more severe AIS in females compared to males. The results

of the current study are not generalizable to AIS in male subjects. Subjects in the control group

were older than subjects in the AIS group. This should not have an impact on our findings as

the SCCs are fully developed at birth [45], and do not change orientation following embryo-

genesis [10, 46]. Confounding is also a major concern in case-control studies. By focusing on

side-to-side differences in SCC morphology, the current study design avoids usual concerns

regarding confounding as each subject acts as his/her own control subject. This method is con-

sistent with methodology used by Hitier et al (2015) [10]. Lastly, the utricle and/or saccule also

have potential relevance to idiopathic scoliosis based on their role in body and head posture.

We did not review the utricle and/or saccule because the membranous utricle is impossible to

visualize ‘in-vivo’ due to the limited resolution of the MRI. Finally, modelling approach in cur-

rent study used some subjective operator input to develop the SCC models. Cortes Dominguez

et al [47] describes a novel modelling approach that may decrease the subjective nature of the

modeling strategy, resulting in a more accurate representation of underlying SCC. In our

study, all images were de-identified and the assessor was blinded to case status. As a result,
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although we acknowledge that the inherent subjectivity in our methods may result in some

measurement error, we expect this bias to be non-differential.

Conclusions

We developed a method for analyzing the semicircular canals in three dimensions. Our results

confirm previous studies [10, 13] that have observed an overrepresentation of morphological

asymmetries within the left lateral SCC among patients with AIS. Compared to the right side,

AIS patients have a more horizontally oriented left lateral semicircular canal than control sub-

jects. These results potentially support the hypothesis that vestibular abnormalities may repre-

sent a latent pathology that is related to or contributes to the onset of AIS. The current study is

observational in nature and thus, it is unclear whether anatomical asymmetries are causal or

whether the SCC asymmetries and severe curve patterns are related to a common, upstream

genetic variant. Additional work is needed to fully understand the fluid flow and functional

balance consequences that may result from SCC geometrical asymmetries as well as the poten-

tial genetic origins of these abnormalities.

Supporting information

S1 Fig. Determination and utilization of best-fit planes for SCC angle. Best-fit planes were

determined following the conversion of each surface model to a volumetric cloud of m data points

according to the minimization of the following total squared error sum, representing the squared

distance of point xi from the plane ax+by+cz+d = 0: f ða; b; c; dÞ ¼
Pm

i¼1
jwi � n � ðxi

⃑ � ci
⃑Þj

2
.

Where n⃑ is the plane normal vector, c⃑ is the centroid path, xi
⃑ is a vector containing the three-

dimensional point taken from the volumetric model, and weight wi is proportional to the inverse,

squared cross-sectional area of the nearest canal division: wi ¼
1

Axi
2. Canal planes were fit relative

to the inverse of the cross-sectional area squared as this technique has been suggested to best rep-

resent the functional plane. [14, 24] Previous studies have used general measures of canal cross-

sectional area to calculate canal planes. We implemented weights specific to the geometry of each

patients’ canal to better reflect the functional maximal response plane, defined as the plane that

exhibits maximal response when the three-canal system is rotated about that plane. These planes

were then utilized to calculate the angle between the canal planes as well as their angles compared

to coordinate reference planes using the dot product of the two plane normal vectors:

y ¼ cos� 1ðn1
⃑ � n2

⃑Þ.

(TIF)
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(XLSX)

S2 Table. Full data measurements.

(XLSX)

S3 Table. Data dictionary.

(XLSX)

Author Contributions

Conceptualization: Melissa Scholes, Dominique L. Rousie, Nancy Hadley Miller.

Data curation: Patrick M. Carry, Victoria R. Duke, Christopher J. Brazell, Dominique L.

Rousie.

PLOS ONE Semi-circular canal abnormalities in adolescent idiopathic scoliosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0232417 April 29, 2020 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232417.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232417.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232417.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232417.s004
https://doi.org/10.1371/journal.pone.0232417


Formal analysis: Patrick M. Carry, Victoria R. Duke.

Funding acquisition: Patrick M. Carry, Nancy Hadley Miller.

Investigation: Nancy Hadley Miller.

Methodology: Patrick M. Carry, Victoria R. Duke, Nicholas Stence, Melissa Scholes, Nancy

Hadley Miller.

Project administration: Nicholas Stence, Melissa Scholes, Nancy Hadley Miller.

Supervision: Nancy Hadley Miller.

Validation: Nicholas Stence, Dominique L. Rousie, Nancy Hadley Miller.

Visualization: Nicholas Stence, Melissa Scholes.

Writing – original draft: Patrick M. Carry, Christopher J. Brazell, Nancy Hadley Miller.

Writing – review & editing: Patrick M. Carry, Christopher J. Brazell, Nancy Hadley Miller.

References
1. Catanzariti JF, Agnani O, Guyot MA, Wlodyka-Demaille S, Khenioui H, Donze C. Does adolescent idio-

pathic scoliosis relate to vestibular disorders? A systematic review. Annals of physical and rehabilitation

medicine. 2014; 57(6–7):465–79. Epub 2014/06/08. https://doi.org/10.1016/j.rehab.2014.04.003 PMID:

24907096.

2. Fong DY, Lee CF, Cheung KM, Cheng JC, Ng BK, Lam TP, et al. A meta-analysis of the clinical effec-

tiveness of school scoliosis screening. Spine. 2010; 35(10):1061–71. Epub 2010/04/16. https://doi.org/

10.1097/BRS.0b013e3181bcc835 PMID: 20393399.

3. Hawasli AH, Hullar TE, Dorward IG. Idiopathic scoliosis and the vestibular system. European spine jour-

nal: official publication of the European Spine Society, the European Spinal Deformity Society, and the

European Section of the Cervical Spine Research Society. 2015; 24(2):227–33. Epub 2014/11/29.

https://doi.org/10.1007/s00586-014-3701-4 PMID: 25430569; PubMed Central PMCID: PMC4315699.

4. Weinstein SL, Dolan LA, Cheng JC, Danielsson A, Morcuende JA. Adolescent idiopathic scoliosis. Lan-

cet (London, England). 2008; 371(9623):1527–37. Epub 2008/05/06. https://doi.org/10.1016/s0140-

6736(08)60658-3 PMID: 18456103.

5. Burwell RG. Aetiology of idiopathic scoliosis: current concepts. Pediatric rehabilitation. 2003; 6(3–

4):137–70. Epub 2004/01/10. https://doi.org/10.1080/13638490310001642757 PMID: 14713582.

6. Wiener-Vacher SR, Mazda K. Asymmetric otolith vestibulo-ocular responses in children with idiopathic

scoliosis. The Journal of pediatrics. 1998; 132(6):1028–32. Epub 1998/06/17. https://doi.org/10.1016/

s0022-3476(98)70403-2 PMID: 9627598.

7. De Waele C, Graf W, Josset P, Vidal PP. A radiological analysis of the postural syndromes following

hemilabyrinthectomy and selective canal and otolith lesions in the guinea pig. Experimental brain

research. 1989; 77(1):166–82. Epub 1989/01/01. https://doi.org/10.1007/bf00250579 PMID: 2792260.

8. Lambert FM, Malinvaud D, Glaunes J, Bergot C, Straka H, Vidal PP. Vestibular asymmetry as the

cause of idiopathic scoliosis: a possible answer from Xenopus. The Journal of neuroscience: the official

journal of the Society for Neuroscience. 2009; 29(40):12477–83. Epub 2009/10/09. https://doi.org/10.

1523/jneurosci.2583-09.2009 PMID: 19812323.

9. Lambert FM, Malinvaud D, Gratacap M, Straka H, Vidal PP. Restricted neural plasticity in vestibulosp-

inal pathways after unilateral labyrinthectomy as the origin for scoliotic deformations. The Journal of

neuroscience: the official journal of the Society for Neuroscience. 2013; 33(16):6845–56. Epub 2013/

04/19. https://doi.org/10.1523/jneurosci.4842-12.2013 PMID: 23595743.

10. Hitier M, Hamon M, Denise P, Lacoudre J, Thenint MA, Mallet JF, et al. Lateral Semicircular Canal

Asymmetry in Idiopathic Scoliosis: An Early Link between Biomechanical, Hormonal and Neurosensory

Theories? PloS one. 2015; 10(7):e0131120. Epub 2015/07/18. https://doi.org/10.1371/journal.pone.

0131120 PMID: 26186348; PubMed Central PMCID: PMC4506017.

11. Boselli F, Obrist D, Kleiser L. Vortical flow in the utricle and the ampulla: a computational study on the

fluid dynamics of the vestibular system. Biomechanics and modeling in mechanobiology. 2013; 12

(2):335–48. Epub 2012/05/17. https://doi.org/10.1007/s10237-012-0402-y PMID: 22588372.

12. Purves D, Augustine GJ, Fitzpatrick D. The Semicircular Canals. Neuroscience 2nd edition. 2001; Sun-

derland (MA): Sinauer Associates. https://doi.org/10.1523/JNEUROSCI.21-06-02131.2001

PLOS ONE Semi-circular canal abnormalities in adolescent idiopathic scoliosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0232417 April 29, 2020 10 / 12

https://doi.org/10.1016/j.rehab.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24907096
https://doi.org/10.1097/BRS.0b013e3181bcc835
https://doi.org/10.1097/BRS.0b013e3181bcc835
http://www.ncbi.nlm.nih.gov/pubmed/20393399
https://doi.org/10.1007/s00586-014-3701-4
http://www.ncbi.nlm.nih.gov/pubmed/25430569
https://doi.org/10.1016/s0140-6736(08)60658-3
https://doi.org/10.1016/s0140-6736(08)60658-3
http://www.ncbi.nlm.nih.gov/pubmed/18456103
https://doi.org/10.1080/13638490310001642757
http://www.ncbi.nlm.nih.gov/pubmed/14713582
https://doi.org/10.1016/s0022-3476(98)70403-2
https://doi.org/10.1016/s0022-3476(98)70403-2
http://www.ncbi.nlm.nih.gov/pubmed/9627598
https://doi.org/10.1007/bf00250579
http://www.ncbi.nlm.nih.gov/pubmed/2792260
https://doi.org/10.1523/jneurosci.2583-09.2009
https://doi.org/10.1523/jneurosci.2583-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19812323
https://doi.org/10.1523/jneurosci.4842-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23595743
https://doi.org/10.1371/journal.pone.0131120
https://doi.org/10.1371/journal.pone.0131120
http://www.ncbi.nlm.nih.gov/pubmed/26186348
https://doi.org/10.1007/s10237-012-0402-y
http://www.ncbi.nlm.nih.gov/pubmed/22588372
https://doi.org/10.1523/JNEUROSCI.21-06-02131.2001
https://doi.org/10.1371/journal.pone.0232417


13. Shi L, Wang D, Chu WC, Burwell GR, Wong TT, Heng PA, et al. Automatic MRI segmentation and mor-

phoanatomy analysis of the vestibular system in adolescent idiopathic scoliosis. NeuroImage. 2011;54

Suppl 1:S180–8. Epub 2010/04/13. https://doi.org/10.1016/j.neuroimage.2010.04.002 PMID:

20382235.

14. Ifediba M, Rajfuru S, Hullar T, Rabbitt R. The role of 3-canal biomechanics in angular motion transduc-

tion by the human vestibular labyrinth. Ann Biomed Eng. 2007:1247–63. https://doi.org/10.1007/

s10439-007-9277-y PMID: 17377842

15. Crelin ES. Functional Anatomy of the Newborn. Yale University Press. 1973:19.

16. Joshi VM, Navlekar SK, Kishore GR, Reddy KJ, Kumar EC. CT and MR imaging of the inner ear and

brain in children with congenital sensorineural hearing loss. Radiographics: a review publication of the

Radiological Society of North America, Inc. 2012; 32(3):683–98. Epub 2012/05/15. https://doi.org/10.

1148/rg.323115073 PMID: 22582354.

17. Rousie D, Joly O, Berthoz A. Posterior Basicranium asymmetry and idiopathic scoliosis. Laboratoire de

la perception et de l’action. 2009.

18. Rousie D, Hache JC, Pellerin P, Deroubaix JP, Van Tichelen P, Berthoz A. Oculomotor, postural, and

perceptual asymmetries associated with a common cause. Craniofacial asymmetries and asymmetries

in vestibular organ anatomy. Annals of the New York Academy of Sciences. 1999; 871:439–46. Epub

1999/06/18. https://doi.org/10.1111/j.1749-6632.1999.tb09213.x PMID: 10372100.

19. Herman R, Mixon J, Fisher A, Maulucci R, Stuyck J. Idiopathic scoliosis and the central nervous system:

a motor control problem. The Harrington lecture, 1983. Scoliosis Research Society. Spine. 1985; 10

(1):1–14. Epub 1985/01/01. https://doi.org/10.1097/00007632-198501000-00001 PMID: 3885413.

20. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin JC, Pujol S, et al. 3D Slicer as an image

computing platform for the Quantitative Imaging Network. Magnetic resonance imaging. 2012; 30

(9):1323–41. https://doi.org/10.1016/j.mri.2012.05.001 PMID: 22770690; PubMed Central PMCID:

PMC3466397.

21. Park JS, Chung MS, Park HS, Shin DS, Har D-H, Cho Z-H, et al. A proposal of new reference system

for the standard axial, sagittal, coronal planes of brain based serially-sectioned images. J Korean Med

Sci. 2010:135–41.

22. Vezhnevets V, Konouchine V. GrowCut—Interactive multi-label N-D image segmentation. Proc Graphi-

con. 2005:150–6.

23. Tokuda J, Fischer GS, Papademetris X, Yaniv Z, Ibanez L, Cheng P, et al. OpenIGTLink: an open net-

work protocol for image-guided therapy environment. The international journal of medical robotics +

computer assisted surgery: MRCAS. 2009; 5(4):423–34. Epub 2009/07/22. https://doi.org/10.1002/rcs.

274 PMID: 19621334; PubMed Central PMCID: PMC2811069.

24. Bradshaw A, Curthoys I, Todd M, Magnussen J, Taubman D, Aw S, et al. A mathematical model of

human semicircular canal geometry: a new basis for interpreting vestibular pathology. JARO.

2010:145–59. https://doi.org/10.1007/s10162-009-0195-6 PMID: 19949828

25. Benjamini Y, Liu W. A step-down multiple hypotheses testing procedure that controls the false discovery

rate under independence. Journal of statistical planning and inference. 1999; 82(1–2):163–70.

26. Rousie DL, Deroubaix JP, Joly O, Baudrillard JC, Berthoz A. Abnormal connection between lateral and

posterior semicircular canal revealed by a new modeling process: origin and physiological conse-

quences. Annals of the New York Academy of Sciences. 2009; 1164:455–7. Epub 2009/08/04. https://

doi.org/10.1111/j.1749-6632.2009.03857.x PMID: 19645947.

27. Xin SQ, He Y, Fu CW, Wang D, Lin S,Chu WC, et al. Euclidean geodesic loops on high-genus surfaces

applied to the morphometry of vestibular systems. Medical image computing and computer-assisted

intervention: MICCAI International Conference on Medical Image Computing and Computer-Assisted

Intervention. 2011; 14(Pt 2):384–92. Epub 2011/10/15. https://doi.org/10.1007/978-3-642-23629-7_47

PMID: 21995052.

28. Zeng W, Lui LM, Shi L, Wang D, Chu WC, Cheng JC, et al. Shape analysis of vestibular systems in ado-

lescent idiopathic scoliosis using geodesic spectra. Medical image computing and computer-assisted

intervention: MICCAI International Conference on Medical Image Computing and Computer-Assisted

Intervention. 2010;13(Pt 3):538–46. Epub 2010/10/01. https://doi.org/10.1007/978-3-642-15711-0_67

PMID: 20879442.

29. Kitajima N, Sugita-Kitajima A, Bai R, Sasaki M, Sato H, Imagawa M, et al. Axonal pathways and projec-

tion levels of anterior semicircular canal nerve-activated vestibulospinal neurons in cats. Neuroscience

letters. 2006; 406(1–2):1–5. https://doi.org/10.1016/j.neulet.2006.06.024 PMID: 16908100.

30. Kushiro K, Bai R, Kitajima N, Sugita-Kitajima A, Uchino Y. Properties and axonal trajectories of posterior

semicircular canal nerve-activated vestibulospinal neurons. Experimental brain research. 2008; 191

(3):257–64. https://doi.org/10.1007/s00221-008-1503-9 PMID: 18830591.

PLOS ONE Semi-circular canal abnormalities in adolescent idiopathic scoliosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0232417 April 29, 2020 11 / 12

https://doi.org/10.1016/j.neuroimage.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20382235
https://doi.org/10.1007/s10439-007-9277-y
https://doi.org/10.1007/s10439-007-9277-y
http://www.ncbi.nlm.nih.gov/pubmed/17377842
https://doi.org/10.1148/rg.323115073
https://doi.org/10.1148/rg.323115073
http://www.ncbi.nlm.nih.gov/pubmed/22582354
https://doi.org/10.1111/j.1749-6632.1999.tb09213.x
http://www.ncbi.nlm.nih.gov/pubmed/10372100
https://doi.org/10.1097/00007632-198501000-00001
http://www.ncbi.nlm.nih.gov/pubmed/3885413
https://doi.org/10.1016/j.mri.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22770690
https://doi.org/10.1002/rcs.274
https://doi.org/10.1002/rcs.274
http://www.ncbi.nlm.nih.gov/pubmed/19621334
https://doi.org/10.1007/s10162-009-0195-6
http://www.ncbi.nlm.nih.gov/pubmed/19949828
https://doi.org/10.1111/j.1749-6632.2009.03857.x
https://doi.org/10.1111/j.1749-6632.2009.03857.x
http://www.ncbi.nlm.nih.gov/pubmed/19645947
https://doi.org/10.1007/978-3-642-23629-7_47
http://www.ncbi.nlm.nih.gov/pubmed/21995052
https://doi.org/10.1007/978-3-642-15711-0_67
http://www.ncbi.nlm.nih.gov/pubmed/20879442
https://doi.org/10.1016/j.neulet.2006.06.024
http://www.ncbi.nlm.nih.gov/pubmed/16908100
https://doi.org/10.1007/s00221-008-1503-9
http://www.ncbi.nlm.nih.gov/pubmed/18830591
https://doi.org/10.1371/journal.pone.0232417


31. Sato H, Endo K, Ikegami H, Imagawa M, Sasaki M, Uchino Y. Properties of utricular nerve-activated

vestibulospinal neurons in cats. Experimental brain research. 1996; 112(2):197–202. https://doi.org/10.

1007/bf00227638 PMID: 8951388.

32. Sato H, Imagawa M, Isu N, Uchino Y. Properties of saccular nerve-activated vestibulospinal neurons in

cats. Experimental brain research. 1997; 116(3):381–8. https://doi.org/10.1007/pl00005766 PMID:

9372287.

33. Sugita A, Bai R, Imagawa M, Sato H, Sasaki M, Kitajima N, et al. Properties of horizontal semicircular

canal nerve-activated vestibulospinal neurons in cats. Experimental brain research. 2004; 156(4):478–

86. https://doi.org/10.1007/s00221-003-1805-x PMID: 15007578.

34. Ali AS, Rowen KA, Iles JF. Vestibular actions on back and lower limb muscles during postural tasks in

man. The Journal of physiology. 2003;546(Pt 2):615–24. https://doi.org/10.1113/jphysiol.2002.030031

PMID: 12527747; PubMed Central PMCID: PMC2342524.

35. Ponseti IV, Friedman B. Prognosis in idiopathic scoliosis. J Bone Joint Surg Am. 1950; 32A(2):381–95.

PMID: 15412180.

36. Simoneau M, Lamothe V, Hutin E, Mercier P, Teasdale N, Blouin J. Evidence for cognitive vestibular

integration impairment in idiopathic scoliosis patients. BMC neuroscience. 2009; 10:102. Epub 2009/

08/27. https://doi.org/10.1186/1471-2202-10-102 PMID: 19706173; PubMed Central PMCID:

PMC2739533.

37. Byl NN, Gray JM. Complex balance reactions in different sensory conditions: adolescents with and with-

out idiopathic scoliosis. Journal of orthopaedic research: official publication of the Orthopaedic

Research Society. 1993; 11(2):215–27. Epub 1993/03/01. https://doi.org/10.1002/jor.1100110209

PMID: 8483034.

38. Guo X, Chau WW, Hui-Chan CW, Cheung CS, Tsang WW, Cheng JC. Balance control in adolescents

with idiopathic scoliosis and disturbed somatosensory function. Spine. 2006; 31(14):E437–40. Epub

2006/06/17. https://doi.org/10.1097/01.brs.0000222048.47010.bf PMID: 16778672.

39. Curthoys IS. Vestibular compensation and substitution. Current opinion in neurology. 2000; 13(1):27–

30. Epub 2000/03/17. https://doi.org/10.1097/00019052-200002000-00006 PMID: 10719646.

40. Assaiante C, Mallau S, Jouve JL, Bollini G, Vaugoyeau M. Do adolescent idiopathic scoliosis (AIS)

neglect proprioceptive information in sensory integration of postural control? PloS one. 2012; 7(7):

e40646. Epub 2012/07/21. https://doi.org/10.1371/journal.pone.0040646 PMID: 22815779; PubMed

Central PMCID: PMC3398941.

41. Vaugoyeau M, Viel S, Amblard B, Azulay JP, Assaiante C. Proprioceptive contribution of postural con-

trol as assessed from very slow oscillations of the support in healthy humans. Gait & posture. 2008; 27

(2):294–302. Epub 2007/05/19. https://doi.org/10.1016/j.gaitpost.2007.04.003 PMID: 17509884.

42. Viel S, Vaugoyeau M, Assaiante C. Adolescence: a transient period of proprioceptive neglect in sensory

integration of postural control. Motor control. 2009; 13(1):25–42. Epub 2009/02/28. https://doi.org/10.

1123/mcj.13.1.25 PMID: 19246776.

43. Barrios C, Arrotegui JI. Experimental kyphoscoliosis induced in rats by selective brain stem damage.

International orthopaedics. 1992; 16(2):146–51. https://doi.org/10.1007/bf00180206 PMID: 1428313.

44. Vidal PP, Wang DH, Graf W, de Waele C. Vestibular control of skeletal geometry in the guinea pig: a

problem of good trim? Progress in brain research. 1993; 97:229–43. https://doi.org/10.1016/s0079-

6123(08)62282-7 PMID: 8234750.

45. Obrist D. Fluid Mechanics of the Inner Ear. Habilitation treatise in Fluid Mechanics at the Department of

Mechanical and Process Engineering of ETH Zurich. 2011.

46. Cox PG, Jeffery N. Morphology of the mammalian vestibulo-ocular reflex: the spatial arrangement of

the human fetal semicircular canals and extraocular muscles. Journal of morphology. 2007; 268

(10):878–90. Epub 2007/07/31. https://doi.org/10.1002/jmor.10559 PMID: 17659532.
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