
C
LIN

IC
A
L
S

Low Regional Homogeneity of Intrinsic
Cerebellar Activity in Ankle Instability: An
Externally Validated rs-fMRI Study
C
IEN

C
ES
XIAO’AO XUE1, RONG LU2, DI ZANG3, HONG LI1, HUI ZHANG4, HANLIN XU1, QIANRU LI1, TENGJIA MA1,
WEIJUN TANG2, SHUANG CHEN2, HE WANG4,5,6, and YINGHUI HUA1,7

1Department of Sports Medicine, Huashan Hospital, Fudan University, Shanghai, CHINA; 2Department of Radiology, Huashan
Hospital, Fudan University, Shanghai, CHINA; 3Department of Neurosurgery, Huashan Hospital, Fudan University, Shanghai,
CHINA; 4Institute of Science and Technology for Brain-Inspired Intelligence, Fudan University, Shanghai, CHINA; 5Human Phenome
Institute, Fudan University, Shanghai, CHINA; 6Key Laboratory of Computational Neuroscience and Brain-Inspired Intelligence
(Fudan University), Ministry of Education, Shanghai, CHINA; and 7Yiwu Research Institute, Fudan University, Yiwu, CHINA
Address fo
Medicine,
China; E-m
X. X. and
Y. H., H. W
Submitted
Accepted f
Supplemen
appear in t
of this artic

0195-9131
MEDICIN
Copyright
on behalf o
article distr
Commercia
sible to dow
cannot be c
the journal

DOI: 10.12
ABSTRACT

XUE,X., R. LU,D. ZANG,H. LI,H. ZHANG,H.XU,Q. LI, T.MA,W.TANG, S.CHEN,H.WANG, andY.HUA.LowRegional Homogeneity

of Intrinsic Cerebellar Activity inAnkle Instability: An ExternallyValidated rs-fMRI Study.Med. Sci. Sports Exerc., Vol. 54, No. 12, pp. 2037-2044,

2022.Purpose: Joint deafferentation after post-ankle sprain ligament healing can disrupt sensory input from the ankle and induce maladaptive

neuroplasticity, especially in the cerebellum. This study aimed to determine whether the regional homogeneity of intrinsic cerebellar activity

differs between patients with ankle instability and healthy controls without a history of ankle injury.Methods: The current study used a pri-

mary data set of 18 patients and 22 healthy controls and an external UK Biobank data set of 16 patients with ankle instability and 69 healthy

controls for a cross-database, cross-sectional investigation. All participants underwent resting-state functional magnetic resonance imaging to cal-

culate their regional homogeneity (ReHo) value. Between-group comparisons of the sensorimotor-related subregions of the cerebellum were first

performed in the primary data set to identify low cerebellar ReHo in patients with multiple comparison corrections, and the surviving subregions

were then externally validated in the UK Biobank data set. Correlation analyses between the ReHo values and clinical features were also per-

formed. Results: The ReHo value of cerebellar lobule VIIIb was significantly lower in the ankle instability group than in the controls

(0.170 ± 0.016 vs 0.184 ± 0.019 in the primary data set, 0.157 ± 0.026 vs 0.180 ± 0.042 in the UK Biobank data set). The ReHo values of this

subregion showed a significant positive correlation with the Cumberland Ankle Instability Tool scores in the ankle instability group

(r = 0.553, P-corrected = 0.0348). Conclusions: Patients with ankle instability had lower intraregional coherence in cerebellar lobule VIIIb than

that of controls, which was also positively correlated with the intensity of self-reported ankle instability. Key Words: ANKLE INJURIES,

MAGNETIC RESONANCE IMAGING, NEURONAL PLASTICITY, CEREBELLUM
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Ankle sprain is one of the most frequently reported
sports injuries in both the general population and
among competitive athletes (1,2). Despite being com-

monly viewed as a musculoskeletal disorder with minor con-
sequences, approximately 40% of initial injuries are followed
by subsequent reinjuries, residual symptoms (e.g., self-reported
“feeling of instability”), and even early onset of posttraumatic os-
teoarthritis (3). Various therapeutic strategies, including external
support, exercise therapy, and restabilization surgery, are used
to restore ankle stability, but their effectiveness is not well de-
fined (4,5). Recent mainstream opinions have also suggested that
the symptoms of ankle instability (i.e., functional instability)
are not simply parallel with joint laxity (i.e., mechanical insta-
bility) (1). Therefore, a better understanding of the pathologi-
cal mechanisms underlying ankle instability is important for
both clinicians and patients to develop targeted treatments.

In 1965, Freeman et al. (6) introduced a comprehensive the-
ory of ankle instability, identifying traumatic damage to the af-
ferent nerve fibers and corresponding joint deafferentation as
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the cause of stabilization failure. Subsequently, there has been
general recognition of the role of neural factors in the chronic
course and pathological characteristics of ankle instability
(7,8). Disruption of proprioceptors, inflammatory cascade, and
persistent effusion within the injured joints have a chronic effect
on articular sensory input to the central nervous system (CNS),
which culminates in prolonged maladaptive neuroplasticity and
leads to bilateral sensorimotor deficits after unilateral sprains
(7,8). In the CNS, deficits of the cerebellum were thought to be
associated with ankle instability in the latest magnetic resonance
imaging (MRI) studies. In 2019, Terada et al. (9) utilized diffu-
sion tensor imaging to observe impaired structural integrity in
the superior cerebellar peduncle in patients with a history of ankle
sprains. Subsequently, Xue et al. (10) characterized lower gray
matter volumes in the cerebellar vermis in patients with ankle in-
stability using three-dimensional structural imaging. However,
functional evidence of maladaptive neuroplasticity in the cer-
ebellum is lacking in existing studies on ankle instability (8).

Resting-state functional MRI (rs-fMRI) is a clinically practical
method for assessing intrinsic blood oxygen level–dependent sig-
nals in the CNS (8). Although measured in the static condition,
the functional features derived from the intrinsic cerebellar activ-
ity are supposed to predict dynamic sensorimotor behaviors (i.e.,
brain-behavior correlation analyses), whichmight provide insight
into the pathological mechanisms of ankle instability (11,12).
Among the numerous rs-fMRI parameters, regional homoge-
neity (ReHo), which represents the coherence of scanned
neural activity, is one of the most reliable and frequently used
measurements (13,14). In contrast to distant connectivity methods
that explore the association between different regions, ReHo
might be able to determine whether the cerebellum is a key re-
gion with abnormally organized neurons involved in ankle in-
stability (13,14). Recently, Shen et al. (15) also investigated the
ReHo of patients with ankle instability, but only the cerebral
FIGURE 1—Flow chart of the participant selections and study design of the prim
ment; PSM, propensity score matching.
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cortex was studied, and the cerebellum was ignored. Because
poor functional coherencewas supposed to bemaladaptive, we
speculated that low cerebellar ReHo values could be observed
in ankle instability, whichmight be a necessary addition to pre-
vious structural evidence to improve our understanding ofmal-
adaptive neuroplasticity in ankle instability (16).

Therefore, the primary purpose of the current study was to
determine whether the ReHo of intrinsic cerebellar activity dif-
fers between patients with ankle instability and healthy con-
trols without a history of ankle injury. The secondary purpose
was to determine the correlation between low ReHo values
and serious clinical features of ankle instability. We hypothe-
sized that patients with ankle instability would have lower cer-
ebellar ReHo values than those of controls, whichwould also be
positively correlated with the severity of ankle instability (e.g.,
higher self-reported feeling of instability intensity, lower activ-
ity level, worse pain, or longer chronicity of ankle instability).

MATERIALS AND METHODS

Study Design

The current study applied a cross-sectional design with
cross-database validation, including a primary data set from
Huashan Hospital and an external data set from the UK
Biobank (17). The use of the primary data set and all research
protocols was approved by the Institutional Review Committee
of Huashan Hospital (No. 2016-413). All participants provided
written informed consent before enrolling. Ethical approval for
the use of the UK Biobank data set was approved by the North-
west Multi-Centre Research Ethics Committee, and the present
research has been prospectively registered online (No. 62721).
This study followed the Strengthened Reporting of Observa-
tional Studies in Epidemiology Statement, and the flow diagram
of the study design is presented in Figure 1 (18).
ary dataset (A) and the UKBiobank data set (B). FD, frame-wise displace-
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Participants

In the primary data set, we recruited 43 participants, includ-
ing 20 patients with unilateral ankle instability from our de-
partment of sports medicine and 23 healthy controls without
any history of ankle injury from the local community. Exclu-
sion criteria for both groups included a) a history of cardiovas-
cular, neurological, infectious, autoimmune, or other major
medical illnesses or traumas; b) a history of joint instability be-
yond the ankle; and c) not being right-footed, defined by the pre-
ferred limb to kick a ball. All patients in the primary data set
have a) experienced at least one significant ankle sprain resulting
in pain, swelling, and at least 1 d’s interruption of desired phys-
ical activity; b) functional instability: experienced at least two
episodes of their ankle “giving way” in the past 6 months or at
least two occurrences of sprains to the same ankle or Cumber-
land Ankle Instability Tool (CAIT) scores <24; and c) mechan-
ical instability: had been diagnosed with impaired lateral ankle
ligaments through physical examination and MRI assessment
(5). It should be noted that we did not set the duration from
the initial sprain to scanning as a criterion to explore the correla-
tion between neural outcomes and the full pathological process
of ankle instability, which made our inclusion broader than that
recommended by the International Ankle Consortium (3).

To validate our primary outcome of low cerebellar ReHo in
ankle instability, we applied an external data set from the UK
Biobank, which is a nationwide population-based data set
(with a cohort of 502,461 individuals). First, individuals who
a) did not have brain imaging data, b) were not labeled as
right-handed (no footedness accessible), c) met the aforemen-
tioned exclusion criteria of the primary data set, or d) did not
have complete demographic data (age, sex, body mass index
(BMI), or ethnic background) were excluded. Participants
with a medical history of an ankle instability–related diagnosis
(instability, dislocation, recurrent injury, or ligament disorder)
before scanning were enrolled in the ankle instability group.
Notably, the patients in this data set were more general than
those in the primary data set in representing the ankle instabil-
ity population because the existence of functional instability
was not recorded. Finally, propensity score matching was per-
formed to match the healthy controls with the most similar
age, sex, BMI, and ethnic background to the patients at a ratio
of 1:4 (19). Diagnoses of excluded diseases and joint instability
were based on the 10 labels of the International Classification
of Diseases, Tenth Revision (ICD-10), with criteria reviewed
and decided by three experienced specialists (orthopedist, neu-
rologist, and radiologist). The detailed ICD-10 criteria are pre-
sented in Supplemental Appendix A (see Supplemental Digital
Content 1, http://links.lww.com/MSS/C667).

Data Acquisition

Demographic and clinical features. In the primary
data set, a single investigator screened the medical history of
the participants and collected their demographic and clinical
features before scanning, including age, sex, BMI, ethnic
background, the duration of ankle instability (from the initial
CEREBELLAR ACTIVITY IN ANKLE INSTABILITY
sprain to scanning), 100-mm visual analog scale (VAS) for
pain, Tegner Activity Rating Scale for sports level, and CAIT
for the self-reported feeling of instability intensity and the in-
jured side (3). For the UK Biobank data set, all participants
completed a series of computer-based questionnaires followed
by face-to-face interviews with trained investigators (age, sex,
BMI, ethnic background), and health-related outcomes (ICD-
10 diagnoses and the corresponding admission dates) were re-
corded during hospital inpatient admissions.

fMRI data acquisition and analysis. An investigator
blinded to the group assignment performed the scanning of
the primary data set. A 3.0T Siemens Magnetom Verio scanner
equippedwith an eight-channel head coil was used. During scan-
ning, foam padding and headphones were used to limit headmo-
tion and reduce scanner noise, respectively. The subjects were
instructed to hold still, keep their eyes closed but not fall asleep,
and avoid thinking of anything in particular. For structural
three-dimensional T1 imaging, we used a fast spoil gradient re-
call sequence as follows: matrix size, 256 � 256; 1.0-mm3 iso-
tropic voxels; slice gap, 0 mm; repetition time, 2300 ms; echo
time, 2.98 ms; flip angle, 9°; field of view, 256 � 256 mm2;
and slice thickness, 1.0 mm. For functional imaging, we used a
T2*-weighted echo-planar image sequence as follows: matrix
size, 64� 64; 4.0-mm3 isotropic voxels; slice gap, 0 mm; repe-
tition time, 2210 ms; echo time, 30 ms; flip angle, 90°; field of
view, 224 � 224 mm2; slice thickness, 4.0 mm; number of ac-
quisitions, 200; and ascending interleaved slice acquisition of
40 axial slices. Detailed neuroimaging data acquisition protocols
for the UK Biobank data set are available online (https://
biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf).

All preprocessing steps were performed using the Data Pro-
cessing Assistant for Resting-State fMRI (DPARSFA) version
5.2, based on Resting-State Statistical Parametric Mapping
version 12 (SPM12; Department of Cognitive Neurology,
London, UK) in MATLAB version R2018b (MathWorks
Inc., Natick, MA) (20). The same processing procedures were
performed for both data sets. Image preprocessing was per-
formed as follows: a) the first 10 time points of functional im-
ages were removed for signal equilibration; b) slice-time cor-
rection that referred to the middle slice of each run was applied
to correct for the different acquisition times of each slice; c)
interscan head motion was corrected by realigning the func-
tional images to the middle image and the mean functional im-
age was produced after realignment; d) structural images were
co-registered to the mean functional image by rigid body
transformation using their mutual information; e) unified seg-
mentation was used to segment the co-registered structural im-
ages into gray matter, white matter, and cerebrospinal fluid; f )
nuisance covariates, including linear trend, Friston 24 head
motion parameters, white matter signal, and cerebrospinal
fluid signal, were regressed out from the functional images;
g) based on the Diffeomorphic Anatomical Registration
Through Exponentiated Lie algebra tool, segmented images
were used to compute transformation parameters, and then
functional images were normalized from the individual native
space to the standardized Montreal Neurological Institute
Medicine & Science in Sports & Exercise® 2039
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space; h) functional images were resampled to 3� 3� 3 mm3

because of the original definition of ReHo (14); i) linear trends
of the time series were removed by detrending; and j)
band-pass temporal filter (0.01–0.1 Hz) was applied (20). Par-
ticipants with a mean frame-wise displacement of head motion
larger than 0.2 mmwere excluded (21). Individual spatial ReHo
maps were calculated based on Kendall’s coefficient concor-
dance, which measures the similarity of the time series of a sin-
gle voxel to its nearest 27 neighbors, and then forms a map for
each subject (14). Spatial smoothing was performed for each
ReHomap with a Gaussian kernel of 4� 4� 4-mm3 full width
at half maximum to increase the signal-to-noise ratio (20).

Then, region of interest (ROI) analysis was performed by
extracting the averaged ReHo values of all included voxels in
each ROI (22). Regarding the selection of ROIs, we focused on
the sensorimotor-related subregions of the anterior lobule (V)
and posterior lobules with the vermis (VIIIa andVIIIb) according
to the functional topography of the cerebellum (23–25). To verify
the bilateral effects of ankle injuries and symmetric ReHo values
in the cerebellar lobules, we performed two-tailed paired t-tests
for the ipsilateral and contralateral lobules in the ankle instabil-
ity group and the left/right lobules in the control group (1,26).
No significant between-side differences were observed in our
data set (P > 0.05, see Supplemental Appendix B, Supplemen-
tal Digital Content 2, http://links.lww.com/MSS/C668); thus,
the left and right lobules were merged into bilateral lobules.
Based on the probabilistic cerebellar atlas, five cerebellar ReHo
outcomes were extracted for further analysis, including lobules
V, VIIIa, and VIIIb, and vermis VIIIa, and VIIIb (Fig. 2) (22).
Statistical Analysis

Statistical analyses were performed using GraphPad Prism,
version 9.0. (GraphPad Software, San Diego, CA). Descriptive
statistics were calculated as the mean ± SD or median (inter-
quartile range). The use of parametric or nonparametric tests
for the numerical variables followed normality tests using the
Kolmogorov–Smirnov Z test. In this study, the duration of ankle
instability and the scores of the clinical questionnaires (CAIT,
VAS, and Tegner) were nonnormally distributed, whereas age,
BMI, and cerebellar ReHo values were normally distributed
FIGURE 2—Visualization of the included sensorimotor-related cerebellar subre
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(P > 0.05). Subsequently, two-tailed χ2 tests, Mann–Whitney
U tests, and independent two-sample t-tests were applied to
examine the equivalence of demographic variables between
the groups. As the primary outcome, one-tailed independent
two-sample t-tests were used to determine the lower ReHo
values of the five cerebellar ROIs in patients compared with
those of controls. Cohen’s d effect sizes with 90% confidence in-
tervals (CIs) were calculated for themagnitude of between-group
differences, with the absolute values of d classified as small
(0.2–0.5), moderate (0.5–0.8), or large (>0.80) effect sizes of
lower ReHo values in patients (27). Bonferroni correction was
also performed on the P values of the five comparisons to ob-
tain the corrected P values, and the ROIs that survived in the
correction were focused on in the following analyses (28). Ex-
ternal validation was performed in the UK Biobank data set
using one-tailed independent two-sample t-tests. Regarding
the secondary outcome, based on our directional hypothesis
that lower cerebellar ReHo values were positively correlated
with the severity of ankle instability, one-tailed Spearman cor-
relations with Bonferroni corrections were performed between
the ReHo value and CAIT scores, Tegner scores, VAS, or the
duration since the initial sprain within the patient group.

RESULTS

Demographic and clinical features. A total of 43 par-
ticipants volunteered for inclusion in the primary data set, of
whom 2 patients and 1 control were excluded because of head
motion. A total of 18 patients (5 women; age, 30.00 ± 6.74 yr)
and 22 controls (4 women; age, 27.50 ± 6.05 yr) were finally
enrolled. Eleven patients injured their left ankle, and seven in-
jured their right ankle. Among the 502,461 participants in the
UK Biobank data set, only 19 patients with ankle instability
and 76 matched healthy controls met the selection criteria. Of
those, 3 patients and 7 controls were removed because of head
motion, leaving 16 patients (11 women; age, 61.00 ± 10.27 yr)
and 69 controls (50 women: age, 60.86 ± 7.24 yr). The detailed
selection steps are illustrated in Figure 1. The groups did not dif-
fer significantly in terms of sex, age, BMI, or ethnic background
in either data set (P > 0.05). Significantly lower CAIT, higher
VAS, and lower Tegner scores were found in patients than in
controls in the primary data set (P < 0.05). The duration of
gions by lateral (left) and upward (right) views.
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TABLE 1. Between-group comparison of ReHo values in the sensorimotor-related subregions of cerebellum in the primary data set.

Regions of Interest Ankle Instability (n = 18) Healthy Control (n = 22) Cohen’s d Effect Size (90% CIs) P Value (Uncorrected) P Value (Corrected)

Bilateral V 0.225 ± 0.025 0.241 ± 0.035 −0.520 (−1.051 to 0.012) 0.0505 0.2526
Bilateral VIIIa 0.175 ± 0.017 0.185 ± 0.018 −0.566 (−1.100 to −0.033) 0.0392 0.1959
Bilateral VIIIb 0.170 ± 0.016 0.184 ± 0.019 −0.780 (−1.324 to −0.237) 0.0096 0.0480*
Vermis VIIIa 0.212 ± 0.033 0.235 ± 0.042 −0.608 (−1.143 to −0.073) 0.0281 0.1407
Vermis VIIIb 0.215 ± 0.040 0.242 ± 0.049 −0.577 (−1.111 to −0.043) 0.0347 0.1737

*Significant lower ReHo values in patients when compared with controls (one-tailed two-sample t-test with Bonferroni correction).
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ankle instability was 11.00 (7.00–36.00) months in the primary
data set, and the time gap between diagnosis and scanning was
82.68 (43.85–191.71) months in the UK Biobank data set.
Tables showing the detailed demographic and clinical features
are presented in Supplemental Appendix C (see Supplemental
Digital Content 3, http://links.lww.com/MSS/C669).

Region-wise ReHo comparisons and correlations.
Among the five pairs of comparisons in the primary data set, only
the cerebellar lobuleVIIIb survived theBonferroni correction,which
indicated significantly lower ReHo values in the ankle instability
group than in the controls with a moderate effect size (Cohen’s
d = −0.780; 90% CI, −1.324 to −0.237; P-corrected = 0.0480;
Table 1). Validated by the external UKBiobank data set, signif-
icantly lower ReHo values of lobule VIIIb in patients than in
controls were also observed, with a moderate effect size
(Cohen’s d = −0.583; 90% CI, −1.134 to −0.031; P = 0.0207;
Fig. 3a). Among the four correlation analyses, the only significant
correlation between the ReHo values of lobule VIIIb and clinical
features was the association between lower cerebellar ReHo and
higher instability intensity (lower CAIT scores) in the ankle
instability group (r = 0.553, P-corrected = 0.0348; Fig. 4).
DISCUSSION

The most important finding of this study was that the ReHo
values within the bilateral cerebellar lobule VIIIb were lower
in patients with ankle instability than in healthy controls, and
these values correlated with the intensity of self-reported ankle
instability among patients. In addition, this between-group dif-
ference in cerebellar lobule VIIIb was externally validated
using the UK Biobank data set.
FIGURE 3—Patients with ankle instability have lower intraregional coherence o
when compared with healthy controls in both the Primary data set and the UK

CEREBELLAR ACTIVITY IN ANKLE INSTABILITY
The cerebellum (“little brain” in Latin) is the main structure
of the vertebrate hindbrain, containing approximately 50% of
all brain neurons, and is involved in numerous vital functions,
including sensorimotor control, spatial, cognitive, and lan-
guage functions (24). Cerebellar lobule VIII forms part of
the posterior cerebellar lobe, receives information from the ce-
rebral sensorimotor cortices, and serves as part of the second-
ary motor representation (23,29,30). A meta-analysis of func-
tional topography suggested that both cerebellar lobules VIIIa
and VIIIb are recruited for motor activation, whereas somato-
sensory tasks only activate VIIIb (24). Motor somatotopy
maps also showed that the cerebellar lobule VIIIb best over-
laps with foot-related regions of movement (31,32). More-
over, the degeneration of lobule VIIIb leads to motor deficits
in aging individuals and patients with cerebellar disorders. A
study by Terada et al. demonstrated that impaired white matter
ascending from the cerebellar lobules was associated with pos-
tural deficits after ankle sprains (9,33,34). As a result, we sug-
gest that our functional localization of cerebellar lobule VIIIb
is consistent with the abundant evidence of sensorimotor def-
icits in patients with ankle instability (35–37).

Relationships between low cerebellar ReHo and
ankle instability. The lower intraregional coherence of local
neuronal activity observed during the current study indicates
that cerebellar lobule VIIIb neurons worked incongruously
in patients with ankle instability. Although measured in the
resting state, we speculated that the lower cerebellar coherence
might also hint at deficits in cerebellar functions in dynamic
conditions. For example, if more coherence of the cerebellum
is needed to stabilize the ankle when running than when rest-
ing, it might also be more challenging for patients with worse
f local neuronal activity (ReHo values) in bilateral cerebellar lobule VIIIb
Biobank data set. *P < 0.05; **P < 0.01.
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FIGURE 4—Scatter plot of the relationship between the ReHo values of bilateral cerebellar lobule VIIIb and the (A) CAIT for self-reported instability, (B)
Tegner Activity Rating Scale for sports level, (C) VAS for pain, (D) and the durations of ankle instability. *P < 0.05.
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resting cerebellar coherence to meet the functional demand of
running. Our findings on the correlation between the ReHo
values and the self-reported feeling of instability intensity
might also indicate its relationship with ankle instability, and
the recent ReHo study on cerebral cortex also supported that
the premotor cortex of the patients had to be more coherent
to compensate for sensory deafferentation in ankle instability
(15). For this mechanism, we tentatively surmise that the
aforementioned joint deafferentation might influence cerebel-
lar lobule VIIIb (reducing ReHo values), thereby causing a
failure of appropriate motor output by cerebellar lobule VIIIb
(presenting as functional instability). Further research using
activators and inhibitors is needed to fully confirm the rela-
tionship between the lack of sensory input, reduced ReHo in
cerebellar lobule VIIIb, and deficits in motor output.

Our primary data set enrolled patients with both mechanical
and functional instability, whereas the UK Biobank data set did
not strictly set the criteria of considering functional instability. Al-
though the smaller effect size of the lower ReHo values in the
UK Biobank data set might indicate an association between cer-
ebellar deficits and functional instability, the low neuroplasticity
caused by old age and the potential self-healing effects caused
by the longer duration of ankle instability might also lead to
smaller between-group differences in the UK Biobank data
sets (38). More controlled studies with patients who only have
mechanical or functional instability are needed to fully clarify
the central effects of the different types of instability.

Regarding the affected side, cerebellar lobule VIIIb is thought
to be responsible for ipsilateral limb actions, but the results of the
current study indicate that cerebellar activitywas influenced bilat-
erally by unilateral ankle instability (22,24). Recent studies have
suggested that the contralateral and unaffected sides of patients
with previous lower-extremity injuries may also have impaired
2042 Official Journal of the American College of Sports Medicine
proprioception,motor cortex excitability, and increased risk of in-
jury (26,39,40). In addition, bilateral improvements in postural
stability after unilateral rehabilitation of injured joints have also
been reported (41). Various speculative hypotheses, including
functional reorganization, interaction, and adaptation of the bilat-
eral sensorimotor network, have been suggested but are accom-
panied by scarce substantiation (26,39,40). Our findings regard-
ing bilateral alteration of cerebellar lobule VIIIb activity provide
direct evidence of a central phenomenon, consistent with previ-
ous evidence and hypotheses. Further studies are necessary to
elucidate and substantiate the underlying mechanisms.

Research implications. We believe that our validated
results regarding less coherent activities in cerebellar lobule
VIIIb could open the door for future investigations of func-
tional neuroimaging research on ankle instability. For exam-
ple, fMRI during specific tasks or regional magnetic reso-
nance spectroscopy combined with subjective sensorimotor
measurements (e.g., joint position reproduction and force
matching) could contribute to our understanding. In addition,
to regional activity, the bilateral cerebellar lobule VIIIb could
also be applied as a seed (ROI) for functional or structural con-
nectivity research aimed at exploring its role in the brain net-
work of patients with ankle instability. In addition, this study
did not observe a difference in the ReHo values of the cerebel-
lar vermis, which was atrophic according to the previous mor-
phology by Xue et al. (10).We speculate that the functional al-
terations of the atrophic vermis might not be neural coherence,
and studies using other rs-fMRI parameters or task fMRI are
needed to fully understand the deficits of the cerebellum in an-
kle instability.

Clinical implications. Considering previous theories and
the current correlation between CAIT scores and lobule VIIIb
activity, we consider that deteriorating organization of lobule
http://www.acsm-msse.org
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VIIIb may be an intrinsic pathological process associated with
sensorimotor deficits in ankle instability. This finding may
promote improvement of rehabilitation models and facilitate
more specific ways of treating ankle instability, which leads
to reorganization of the affected supraspinal structures
(42,43). Various therapeutic techniques can induce positive
neuroplasticity, such as balance training and supplementary
noninvasive brain stimulation (8,42,43). Although the exact
doses and action periods of these interventions remain unclear,
more targeted treatment strategies based on the aforemen-
tioned functions of cerebellar lobule VIIIb might improve sen-
sorimotor ability and subsequently avoid reinjuries. rs-fMRI is
an accessible measurement that can be performed in any hos-
pital equipped with MRI, and data are easily analyzed using
batched software (compared with those from complex electro-
physiological measurements). We suggest that the ReHo
values of cerebellar lobule VIIIb may have the potential to
act as clinical biomarkers to reflect the progress of treatment
and ankle instability prognosis. These assumptions require
longitudinal studies with long-term follow-up for clarification.

Limitations. This study has some limitations. First, the
cross-sectional design made it difficult to detect causal rela-
tionships between abnormal neural activity and ankle instabil-
ity. No significant correlation between the altered ReHo
values and the duration of ankle instability was found in this
study, and we speculated that the biases generated by the com-
plexity of ankle instability (e.g., injury severity and treatment
history) might obscure this potential correlation. Only a pro-
spective cohort study including high-risk healthy individuals
with repeated measurements before and after the injury could
confirm the negative effect of orthopedic injury on the CNS.
Second, the sample sizes of both data sets were relatively
small, but we suggest that cross-data set validation might com-
pensate for the lack of power of our observations. Third, the
criteria for ankle instability used during the current study did
not fully meet the International Ankle Consortium standard,
and the participants’ characteristics were even different be-
tween the two data sets, especially the UK Biobank data set,
which is based on the medical history of an ankle
instability–related diagnosis. Further studies are needed to
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validate our findings in a more homogenous cohort of patients
with chronic ankle instability. Fourth, the resolution of the
functional images is relatively low in the primary data set
because of our device limitations, which might reduce the
accuracy of our detection of the cerebellum as a small region.
Although the lower ReHo values of lobule VIIIb can also be
observed in the UKBiobank data set, more accurate fMRI data
acquisition is needed to further support our results. Last but not
the least, although widely used in neuroscience research, the
exactmechanism of the rs-fMRI to reflect the real-world situation
remains unknown, and a more comprehensive understanding
of the physiological meaning of the rs-fMRI measurements
introduced by future laboratory research is essential for better
interpretation of our results.
CONCLUSIONS

Patients with ankle instability have lower intraregional co-
herence of local neuronal activity (ReHo values) in the bilat-
eral cerebellar lobule VIIIb than in that of healthy controls.
Decreased ReHo values were positively correlated with the in-
tensity of self-reported ankle instability by patients. We spec-
ulated that the reduced coherence of cerebellar lobule VIIIb
activity might be associated with functional ankle instability,
and our findings may allow better targeting of interventions
for ankle instability based on the function of the cerebellar lob-
ule VIIIb.
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