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Background: Abnormalities of structural and functional brain regions might influence
the persistence of knee pain, the progression, and the response to treatments in knee
osteoarthritis (KOA). These complex alterations present a challenge to the understanding of
its mechanism.

Objectives: To meta-analyze the concurrence across structural and functional magnetic
resonance imaging studies.

Study Design: Systematic review and meta-analysis.

Setting: This meta-analysis examined all voxel-based morphometric (VBM) and amplitude of
low-frequency fluctuation (ALFF) studies involving the whole-brain alterations of KOA.

Methods: VBM and ALFF studies published up to May 7, 2023, were searched in the Web
of Science, PubMed, EMBASE, Cochrane Library (CENTRAL), China National Knowledge
Infrastructure (CNKI), Chinese Biomedical Literature Database, Chongging VIP, Wanfang
Database. Two independent researchers carried out study screening, quality assessment,
clinical data extraction, and neuroimaging data extraction. The whole-brain voxel-based gray
matter (GM) and brain activity data of KOA were collected from eligible studies and meta-
analyzed using the anisotropic effect size-signed differential mapping (AES-SDM).

Results: Fourteen studies were included in this study. In VBM meta-analyses, a total of
481 patients were enrolled in this study (252 KOA and 229 healthy patients). In the ALFF
meta-analysis, a total of 518 patients were enrolled in this study (265 KOA and 253 healthy
patients). According to the meta-analysis, KOA had increased GM volume in the right inferior
frontal gyrus and decreased GM volume in the bilateral superior frontal gyrus, as well as
increased brain activity in the left inferior frontal gyrus and inferior temporal gyrus, and
decreased brain activity in the left middle occipital gyrus, right supramarginal gyrus, right
superior frontal gyrus, and right superior parietal gyrus compared with healthy patients.

Limitations: Most of the ALFF studies included in this meta-analysis were conducted
in China. Our findings are exclusively addressed by the VBM and ALFF studies. The meta-
regression between the duration of KOA, pain intensity and abnormal gray matter, and
functional activity of brain regions in patients with KOA were unable to be analyzed.

Conclusion: The results of this meta-analysis indicate that patients with KOA present
significant abnormalities in GM volume and functional activity. These findings contribute to
a better understanding of the structural and functional abnormalities seen in patients with
KOA.

Key words: Knee osteoarthritis, meta-analysis, signed differential mapping, voxel-based
morphometry, amplitude of low frequency fluctuation
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n many countries, chronic pain is proven to

be related to neural sensitization, with the

maturity and popularity of magnetic resonance
technology in the past decades. Patients diagnosed
with knee osteoarthritis (KOA) frequently experience
persistent and intense rest-related pain (1), leading
to reduced activity levels, significant changes in gray
matter plasticity, impaired cognitive function, and
an increased risk of developing dementia (2). Such
discoveries concerning the abnormalities present in
different structural and functional brain areas can hold
significant implications for all recurring pain afflictions,
including KOA, which is ranked among the most
prevalent chronic illnesses.

Patients with KOA displayed measurable reductions
in gray matter volumes in several key areas, particularly
the left middle temporal gyrus, inferior temporal gyrus
(3), precentral cortex (4), both bilateral orbital frontal
cortex, right lateral prefrontal and postcentral cortices
(5), together with bilateral amygdala, nucleus accum-
bent, and the primary somatosensory cortex on the
ipsilateral side (6) compared with healthy individuals.
Additionally, KOA patients presented decreased brain
activity in various regions like the bilateral angular gy-
rus, precuneus gyrus, medial superior frontal gyrus, and
left middle cingulate cortex (7,8), while also exhibiting
elevated functional activity in certain parts, such as the
bilateral amygdala and cerebellum posterior lobe (7).
Despite these observed findings, there are significant
variations across different studies pertaining to the
exact locations where abnormal gray matter and func-
tional activity appear.

To identify the most notable and consistently ob-
served areas of abnormal gray matter and functional
activity related to KOA, we conducted a meta-analysis
that consolidated all existing whole-brain VBM and
ALFF studies on the patient to data, using the anisotro-
pic effect size signed differential mapping (AES-SDM)
method (9,10). Utilizing this approach, we appraised
both the VBM and ALFF meta-analyses’ strength, as
well as gauged the impact of age on these altered
brain regions.

METHODS

Search Strategies

A comprehensive search strategy to identify rel-
evant neurological imaging studies on structural and
functional changes related to KOA was conducted. Re-
searchers Cheng and Dong independently performed

a 2-state literature search using 8 databases, including
Web of Science, PubMed, EMBASE, Cochrane Library
(CENTRAL), Chinese Nation Knowledge Infrastruc-
ture (CNKI), Chinese Biomedical Literature Database,
Chonggqging VIP, and Wanfang Database. The search was
carried out until May 7, 2023, with no restriction on
publication data. During the English search, we used
the following terms: (knee osteoarthritis OR knee pain)
AND (magnetic resonance imaging OR MRI OR fMRI OR
voxel-based morphometry OR VBM OR gray matter OR
amplitude of low frequency fluctuation OR ALFF) AND
resting state. This search strategy was tailored to suit
the Chinese electronic databases. In cases where data
were not available, or information was unclear, corre-
sponding authors were contacted by e-mail for further
clarification.

Selection Criteria

Studies that met the following criteria were includ-
ed: (1) original articles published in English or Chinese
academic journals; (2) patients recruited comprised of
both KOA patients and healthy patients (HP); (3) the
study examined structural or functional differences in
the whole brain between KOA and HP; (4) results were
reported using Montreal Neurological Institute (MNI)
or Talairach coordinates; and (5) MRI scanners used had
a magnet strength greater than or equal to 1.5T.

The criteria for exclusion were as follows: (1) stud-
ies that reported region of interest (ROI) findings or
applied small volume corrections in pre-selected ROIs;
or (2) datasets that were already covered by one or
more articles; or (3) patients with concomitant, non-
negligible medical conditions; or (4) patients who were
adolescents. Additionally, when the same or similar da-
tasets were used in multiple studies, we included only
data from the analysis using the largest sample size.

Recorded Variables

The following information from the studies that
met our inclusion criteria was extracted: first author,
year of publication, sample size, mean age of patients,
MRI scanner (1.5T or 3.0T), full width at half maximum
(FWHM), and statistical threshold. We also identified
statistically significant coordinates that included the
direction of gray matter volume or density, or differen-
tial activity between KOA patients and HP. The relevant
information has been compiled into Table 1 and 2.

Quality Assessment
The quality of all included studies was evaluated
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Table 1. Demographic and clinical characteristics of patients in VBM studies included in the meta-analysis.

Study Koliumbe;P M;z:;lAAge (y:;:) sclflﬁllel‘ (:‘r&)ﬁtﬁ) Statistical threshold | Quality score
Baliki et al 2011 20 46 53.05 38.77 3.0T 8 TFCE corrected 11.5

Wu et al 2012 16 20 48.50 49.70 3.0T 6 Alphasim corrected 11
Zhang et al 2014 32 20 48.53 49.07 3.0T NA uncorrected 9.5
Wang et al 2017 45 15 60.64 NA 3.0T 8 uncorrected 11
Lewis et al 2018 29 18 71.00 68.00 3.0T 2 TFCE corrected 11.5

Liao et al 2018 30 30 56.50 55.20 3.0T 8 FWE corrected 12

Guo et al 2021 13 13 55.50 53.90 3.0T 10 Alphasim corrected 11.5
Kang et al 2022 37 37 71.60 69.50 1.5T 8 Alphasim corrected 11

Ma et al 2023 30 30 57.40 58.70 3.0T 6 uncorrected 10.5

Abbreviations: FWE, family-wise error; FWHM, full width at half maximum; HP, healthy patients; KOA, knee osteoarthritis; MRI, magnetic reso-
nance imaging; NA, not available; T, tesla; TFCE, threshold-free cluster enhancement; VBM, voxel-based morphometry.

Table 2. Demographic and clinical characteristics of patients in ALFF studies included in the meta-analysis.

Study Koliumbe;P M;z:;lAAge (y:;:) sclflﬁllel‘ (:‘r&)ﬁtﬁ) Statistical threshold | Quality score
Wu et al 2012 16 20 48.50 49.70 3.0T 6 Alphasim corrected 11
Zhang et al 2014 32 20 48.53 49.07 3.0T NA uncorrected 9.5

Tang et al 2019 50 50 52.32 54.92 3.0T NA FWE corrected 10.5
Wang et al 2019 18 14 65.40 64.90 3.0T NA GREF corrected 11

Lan et al 2020 23 23 71.20 70.80 3.0T GREF corrected 11.5

Qu et al 2021 13 13 55.50 53.90 3.0T 4 Alphasim corrected 10

Cai et al 2022 80 80 52.35 53.01 3.0T NA uncorrected 11

Ma et al 2023 16 16 61.13 61.13 3.0T 8 FDR corrected 10.5

Abbreviations: ALFF, amplitude of low frequency fluctuation; FDR, false discovery rate; FWE, family-wise error; FWHM, full width at half maxi-
mum; GRE, gaussian random field; HP, healthy patients; KOA, knee osteoarthritis; MRI, magnetic resonance imaging; NA, not available; T, tesla.

using a 12-point checklist, which was adapted from
those used in previous meta-analyses. The checklist
examined various aspects, including the demographic
characteristics of the patients and critical scanner pa-
rameters, as well as methodological details (Table S1).

Data Extraction

Two investigators (Lai and Chen) conducted study
selection and data extraction independently using a
standardized approach, with any discrepancies being
resolved by a third investigator (Zhou). This meta-
analysis strictly followed the guidelines set forth in the
Preferred Reporting Items for Meta-Analysis (PRISMA).

Meta-Analyses of Structural and Functional
Abnormalities

A whole-brain voxel-wise meta-analysis using AES-
SDM (https://www.sdmproject.com/software) (10,11)
was conducted to examine changes in brain structure

and activity. Firstly, retrieved peak information was
integrated using a Gaussian kernel to rebuild the effect
size and variance maps, with larger effect sizes assigned
to voxels closer to the peaks. To avoid false-positive re-
sults, the full width at half maximum (FWHM) was fixed
at 20 mm (10). Voxel-wise study maps were generated
by taking into account sample size, intra-study vari-
ability, and between-study heterogeneity to determine
random-effects means. The meta-analysis means were
then applied with thresholds set to default parameters
(voxel threshold P < 0.005, peak height threshold z >
1.00, and cluster size threshold > 10 voxels) (10). Sta-
tistical assessment of the meta-analysis effect-size map
was carried out by comparing it to a null distribution
created using a permutation algorithm. We also per-
formed a leave-one-out jackknife sensitivity analysis
to assess the reproducibility of VBM and ALFF findings
after methodically removing each study. To investigate
any influence from small or few studies, funnel plots of
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the peaks of the main findings were conducted. Lastly,
we conducted the Egger test to check for publication
bias (12).

Meta-Regression Analysis

To assess the potential impacts of patient charac-
teristics such as age of KOA on changes in the brain,
a meta-regression analysis was conducted using a
weighted approach based on sample size and intra-
and between-study variances (10). To minimize false
associations, we decreased the probability threshold to
0.005. Only results for the slope and one extreme of the
regressor were included, while regions that were not
detected in the main analysis were excluded.

REsuLts

General Information of the Included Studies
Our search strategy yielded 857 articles, and after
screening, 14 were deemed suitable for inclusion in
this meta-analysis (Fig. 1) (3,5-8,13-21). Among these,
3 studies employed both VBM and ALFF methods to
explore structural and functional variations between
KOA and HP (16-18). These studies were regarded as 2
separate contributions in the meta-analysis. Therefore,
the total number of studies included in our analysis
was increased to 17. Out of the studies included, 9 re-
ported changes in gray matter volume (either increase
or decrease) in patients with KOA (3,5,6,13-18), while
8 reported differences in brain activity (7,8,16-21). The
VBM meta-analyses involved a
total of 481 patients, consisting

of 252 individuals with KOA
(mean age: 57.53 years) and
229 HP (mean age: 54.81 years).

Additional records identified through

other sources (n—)

Similarly, the ALFF meta-anal-
ysis comprised a total of 518

_5 Records identified through database

i searching (n=857)

g

3 _—

= -

=

Records after duplicated removed

- . (n=132)

| ¢

g

w

Records screened (n=725)

v

Records excluded
-------ie Not related to KOA or MRI trial
(n=640)

patients, including 265 KOA pa-
tients (mean age: 55.27 years)
and 253 HP (mean age: 56.28
years). There was no statisti-
cally significant age difference
found between individuals
with KOA and HP (P> 0.05). The
studies had mean quality scores
of 11.06 and 10.63, respectively,

Full-text articles assessed [o

eligibility (n=83)

Studies included for meta-analysis

Full-text articles excluded

Not brain MR (2}
' Not VBM or ALFF studies (10)
Not whole-brain studies (7)
No full-text. conlerence abstract (n—=2)

out of a possible total score of
12, indicating a high-quality of
research. Fig. 1 presents details
of the literature search and cri-

Protocol (7) X X i .
Not original article (12) teria used for article inclusion.
gl NO HS (1) Tables 1 and 2 provide informa-

tion about the clinical variables
and technical details of the
included studies.

(n=14)
I

v v

. VBM studies
(n=9)

Included

ALFF studies
(n=%)

Meta-Analyses of Gray
Matter Changes

The AES-SDM  analysis
revealed that patients with
KOA demonstrated increased

based morphometry.

Fig. 1. The flow diagram for VBM and ALF'F studies is included in the present meta-
analysis. Abbreviations: ALF'F, amplitude of low-frequency fluctuation; HPF, healthy z = 1.043) alongside reduced
patients; KOA, knee osteoarthritis; MRI, magnetic resonance imaging; VBM, voxel-

GM volume in the right infe-
rior frontal gyrus (P = 0.000,

GM volume in the right supe-
rior frontal gyrus (P =0.000, z =
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-2.015), left superior frontal gyrus (P=0.001, z=-1.739), Meta-Analyses of ALFF Abnormalities
left middle temporal gyrus (P = 0.000, z = -1.990) com- The AES-SDM findings revealed that patients
pared with HP (Table 3, Fig. 2). with KOA displayed increased brain activity in the

Table 3. GM differences between KOA paiients and healthy patients.

MNI SDM P- Number
. Cluster breakdown . .
coordinates | z-score | value | of voxels heterogeneity | Sensitivity
@ ® © (number of voxels)
X | y | z

KOA > HP

R inferior frontal gyrus, triangular Yes

i i art, BA44, BA45, BA48 (150)
R inferior 58 | 20 | 24 | 1.043 | 0.000 287 P 8/9
frontal gyrus R inferior frontal gyrus, opercular
part, BA44, BA48 (132)
KOA < HP
) R superior frontal gyrus, BA9, BA10

R superior 12 | 54 | 34 | 2015 | 0.000 731 (731) No 9/9
frontal gyrus

R middle frontal gyrus, BA46 (63)
L superior 0 54 | 26 1739 0.001 L superior frontal gyrus, BA9, BA10 No 6/9
frontal gyrus (209)
L middle L middle temporal gyrus, BA20,
temporal gyrus -58 | -14 | -14 | -1.990 0.000 815 BA21, BA22 (497) No 719

L superior temporal gyrus, BA21,

BA22, BA48 (88)
L inferior temporal gyrus, BA20 (64)
L temporal pole, BA21 (12)

Peak height threshold: z > 1. ®Voxel probability threshold: P < 0.005. <Cluster extent threshold: regions with less than 10 voxels are not reported in
the cluster breakdown. Abbreviations: BA, Brodmann area; GM, gray matter; HP, healthy patients; KOA, knee osteoarthritis; L, left; MNI, Montreal
Neurological Institute; R, right; SDM, signed differential mapping; VBM, voxel-based morphometry.

ball "

Fig. 2. A) Gray matter volume alterations of brain e Efwiarg Sra

regions in KOA patients compared with healthy
patients. B) Functional activity alterations of brain
regions in KOA patients compared with healthy
patients.

Abbreviations: IFG, inferior frontal gyrus; ITG, inferior B
temporal gyrus; L, left; MOG, middle occipital gyrus; MTG,

middle temporal gyrus; R, right; SFG, superior frontal

gyrus; SMG, supramarginal gyrus; SPG, superior parietal
gyrus Bilateral IFG R fusifoem gyrus LITG "

RSFG

R SMG

www.painphysicianjournal.com E561
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left inferior frontal gyrus (P = 0.000, z = 2.632), left
inferior temporal gyrus (P = 0.000, z = 2.617), right
fusiform gyrus (P = 0.000, z = 2.598), and right infe-
rior frontal gyrus (P = 0.000, z = 2.615), while mani-
festing decreased brain activity in the left middle
occipital gyrus (P = 0.000, z = -2.643), right supra-
marginal gyrus (P =0.001, z = -1.974), right superior
frontal gyrus (P = 0.001, z = -1.940), right superior
parietal gyrus (P = 0.004, z = -1.535) compared to HP
(Table 4, Fig. 2).

Meta-Regression

A meta-regression analysis was performed to investi-
gate the potential impact of age on structural and func-
tional brain regions in KOA patients. The results demon-
strated that the mean age of KOA patients had an impact
on gray matter volume alterations in the left middle tem-
poral gyrus (P=0.000, z =-2.345) in VBM studies (Table 5).
Moreover, the age of KOA patients was associated with
changes in brain activity in the right superior frontal gyrus
(P=0.001, z=-2.813) in ALFF studies (Table 5).

Table 4. Brain activity differences between KOA patients and healthy patients.

MNI SDM P- Number
. Cluster breakdown . oo .
coordinates | z-score | value | of voxels heterogeneity | Sensitivity
@ ) © (number of voxels)
x | y | z
KOA > HP
L inferior frontal gyrus, BA45, BA46
. . (291)
L inferior 46|38 | 6 | 2632 | 0.000 854 No 7/8
frontal gyrus L middle frontal gyrus, BA10, BA45,
BA46, BA47 (410)
L inferior temporal gyrus, BA20,
i i BA36 (171)
L inferior 34| -4 | -44| 2617 | 0.000 472 No 6/8
temporal gyrus
L fusiform gyrus, BA20 (72)
R fusiform gyrus, BA20 (160)
gRyfr‘;SSIform 38 | -14 | -30 | 2.598 | 0.000 265 R parahippocampal gyrus, BA20 (28) No 7/8
R inferior temporal gyrus, BA20 (20)
R inferior R inferior frontal gyrus, BA44, BA45,
frontal gyrus 52 |1 22| 16 2.615 0.000 255 BA4S (224) No 7/8
KOA < HP
L middle occipital gyrus, BA7, BA19
(395)
. L precuneus, BA7 (126)
L middle
occipital gyrus 26| 78| 36 2643 0-000 848 L superior occipital gyrus, BA18 (83) No 718
L cuneus cortex, BA19 (47)
L superior parietal gyrus, BA19 (28)
R supramarginal gyrus, BA40, BA48
R (199)
supramarginal | 54 | -44 | 28 | -1.974 0.001 391 R superior temporal gyrus, BA42, No 5/8
gyrus BA48 (49)
R angular gyrus, BA48 (10)
i R superior frontal gyrus, BA9 (154)
R superior 18 | 46 | 38 | -1.940 | 0.001 309 P & No 8/8
frontal gyrus R middle frontal gyrus, BA9 (78)
i R superior parietal gyrus, BA7 (15)
R superior 12 |-68| 52| -1535 | 0.004 35 periorp & No 3/8
parietal gyrus R precuneus, BA7 (15)

*Peak height threshold: z > 1. ®Voxel probability threshold: P < 0.005. Cluster extent threshold: regions with less than 10 voxels are not reported in
the cluster breakdown. Abbreviations: BA, Brodmann area; GM, gray matter; HP, healthy patients; KOA, knee osteoarthritis; L, left; MNI, Montreal

Neurological Institute; R, right; SDM, signed differential mapping.
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Table 5. Meta-regression analysts for correlation between GM and ALFF abnormalities and age of KOA paiients.

Region MTI coordin|ate SDM z-score P-value ® number of voxels ©
x y z

GM abnormalities

L middle temporal gyrus | -62 | -28 | -4 | -2.345 | 0.000 | 696

ALFF abnormalities

R superior frontal gyrus | 14 | 56 | 26 | -2.813 | 0.001 | 88

*Peak height threshold: z > 1. ®Voxel probability threshold: P < 0.005. “Cluster extent threshold: Regions with less than 10 voxels are not reported
in the cluster breakdown. Abbreviations: ALFF, amplitude of low frequency fluctuation; GM, gray matter; KOA, knee osteoarthritis; L, left; MNI,
Montreal Neurological Institute; R, right; SDM, signed differential mapping.

Heterogeneity Analysis, Sensitivity Analysis
and Publication Bias

After conducting VBM meta-analysis and hetero-
geneity analysis, significant heterogeneity was discov-
ered in the right inferior frontal gyrus (P < 0.005). Based
on the leave-one-out jackknife sensitivity analysis, the
right superior frontal gyrus remained intact in 9 com-
binations which can be found in Table S2. As illustrated
in Fig. S1, the funnel plots suggested that the principal
findings were driven by a minimum of 8 VBM studies.
Further analysis of publication bias revealed that Eg-
ger test yielded insignificant results for the peaks of
the altered brain regions in the VBM meta-analysis (P
=0.613).

During ALFF studies, the heterogeneity analysis
showed that no significant heterogeneity was found
among the observed brain activity abnormalities (P >
0.005). Based on the leave-one-out jackknife sensitivity
analysis, the right superior frontal gyrus was found to
be unaffected in 8 combinations, which can be located
in Table S3. Furthermore, as shown in Fig. S2, the funnel
plots illustrated that the primary findings were driven
by a minimum of 6 ALFF studies. Analysis of publication
bias revealed that Egger test produced insignificant
results for the peaks of the altered brain regions in the
ALFF meta-analysis (P = 0.002).

Discussion

To our knowledge, this is the first meta-analysis of
VBM and ALFF studies utilizing image-based techniques
to investigate differences between patients with KOA
and HP. The primary findings indicated that those who
had KOA exhibited significantly increased GM volume
in the right inferior frontal gyrus and decreased GM
volume in bilateral superior frontal gyrus compared to
HP. Additionally, there was an increase in brain activity
observed in the left inferior frontal gyrus and inferior
temporal gyrus, as well as a decrease in the activity of
the left middle occipital gyrus, right supramarginal gy-

rus, right superior frontal gyrus, and right superior pa-
rietal gyrus. According to the 14 studies reviewed, the
most reliable findings involved gray matter reduction
and decreased functional activity in the right superior
frontal gyrus. The meta-regression analysis also dem-
onstrated that age was associated with abnormal gray
matter in the left middle temporal gyrus and altered
functional activity in the right superior frontal gyrus.

Pain is a multidimensional experience that encom-
passes various aspects, including sensory recognition,
emotional motivation, and cognitive evaluation (22).
The superior frontal gyrus, which is involved in numer-
ous processes like cognitive functional and emotional
processing (23), showed a decrease in both GM volume
and functional activity in patients with KOA, support-
ing previous findings from behavioral and functional
MRI studies (7,24). Additionally, patients with KOA
exhibited an increase in both GM volume and func-
tional activity in the bilateral inferior frontal gyrus, a
region associated with pain processing (25,26). These
findings align well with other functional MRI studies
that have reported abnormal responses in the frontal
cortex of patients with KOA and other chronic pain
disorders (22,27,28). The prefrontal cortex is a critical
region for top-down pain regulation and cognitive
control of emotion-driven behaviors (28,29). There was
a significant increase in prefrontal cortex activity in
patients with KOA, which plays a role in the suppres-
sion of chronic pain (30). High brain processing activity
transforms sensory stimuli into perceptual signals, and
these signals are utilized to regulate the flow of incom-
ing sensory stimuli at the entry point to the central ner-
vous system, known as the dorsal horn (28). Research
has demonstrated the involvement of the prefrontal
cortex (PFC) in placebo analgesia and the connections
between pain and depression, anxiety, and cognition
decline. Notably, the loss of gray matter in the PFC is of-
ten reversible following successful treatment of chronic
pain (28).

www.painphysicianjournal.com
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The middle temporal gyrus serves as the central
structure of the default mode network (31). The tem-
poral lobe is known to be associated with attentional
orientation (32) and plays a significant role in pain
perception in other chronic pain disorders (33). The
inferior temporal gyrus is involved in memory, social
cognition, action observation, and the integration of
sensory information from multiple modalities. In stress
disorders, a decrease in the volume of the inferior tem-
poral cortex has been found to be inversely related to
self-reported anxiety (34). Although the middle tempo-
ral gyrus and inferior temporal gyrus do not directly
regulate pain, changes in their GM volume and func-
tional activity may be associated with the comorbidities
of KOA, such as cognitive and emotional impairments
caused by chronic knee pain (24). Studies have shown
that patients with KOA exhibit reduced resting-state
functional connectivity between the left middle tem-
poral and the right superior frontal gyrus, as well as the
left medial superior frontal gyrus (24). It suggests that
abnormal structure and function within these areas
may contribute to impaired pain regulation, emotional
disturbances, and ultimately increase the risk of persis-
tent pain in patients with KOA.

The occipital cortex is responsible for visual percep-
tion and the integration of visual, auditory, and tactile
information (35,36). Previous studies have shown struc-
tural and functional alterations in the occipital cortex
in patients with chronic pain disorders (37,38), which
are believed to be related to the integration of visual
cues with motor pathways. This integration allows for
the coordination of limb movements based on visual
feedback, enabling effective interaction with the envi-
ronment (39). Interestingly, similar structural and func-
tional alterations have also been observed in patients
with KOA (13,18,21), suggesting impaired visuospatial
attention reallocation for self-regulation in these in-
dividuals. Additionally, patients with KOA exhibited
decreased functional activity in the superior parietal
gyrus, a region that is part of a network related to pain
perception. Reduced functional connectivity between
parietal regions and the sensorimotor system may
indicate a more segregated and less efficient system
(40), which can affect one’s ability to adapt behavior in
response to painful stimuli (41).

This study has a few limitations that should be
considered. Firstly, the Egger test revealed a potential

publication bias as the majority of the ALFF studies in-
cluded in this meta-analysis were conducted in China.
Because most of the eligible ALFF studies included in
this meta-analysis were Chinese. Secondly, our findings
are limited by the constraints of the VBM and ALFF
methods, which may not capture other spatially com-
plex and subtle group differences in brain metrics, such
as regional homogeneity, cortical thickness, and white
matter. Thirdly, due to a lack of available data, we were
unable to directly analyze the correlations between the
duration of KOA, pain intensity, emotion state, abnor-
mal gray matter, and functional activity in specific brain
regions of patients with KOA.

CONCLUSIONS

The results of this meta-analysis indicate that
patients with KOA present significantly increased GM
volume in the right inferior frontal gyrus, as well as
decreased GM volume in the bilateral superior frontal
gyrus. Furthermore, there is increased brain activity in
the left inferior frontal gyrus and inferior temporal
gyrus, along with decreased brain activity in the left
middle occipital gyrus, right supramarginal gyrus, right
superior frontal gyrus, right superior parietal gyrus.
These findings contribute to a better understanding of
the structural and functional abnormalities seen in pa-
tients with KOA. The meta-regression analyses provide
additional insights into whether age is associated with
these alterations in GM volume and functional activity
in individuals with KOA. However, there is a need for
larger prospective longitudinal studies that combine
structural and functional MRI to further investigate the
associations between these variables and GM volume
and functional activity in the same study.
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Table S1. Quality Assessment Checklist (1 point per criterion for fully satisfied, 0.5 for partially satisfied, 0 for otherwise).

Category 1: Patients

| Score (0/0.5/1)

1. Patients were evaluated prospectively, specific diagnostic criteria were applied, and demographic data were reported.

2. Healthy patients were evaluated prospectively, and psychiatric and medical illnesses were excluded.

either by stratification or statistically.

3. Important variables (such as age, gender, illness duration, onset time, medication status, comorbidity, and severity of illness) were checked,

4. Sample size per group > 10.

Category 2: Methods for image acquisition and analysis

5. Magnet strength > 1.5T.

6. MRI slice thickness < 2 mm.

7. The whole-brain analysis was automatically calculated with no prior regional selection.

8. Coordinates were reported in a standard space.

9. The imaging technique processing was described clearly enough to be reproducible.

10. Measurements were described clearly enough to be reproducible.

Category 3: Results and conclusions

11. Statistical parameters were provided.

12. Conclusions were consistent with the results obtained, and the limitations were discussed.

TOTAL /12

Abbreviations: MRI, magnetic resonance imaging; T, tesla.

Table S2. Sensitivity analysis of VBM meta-analysis.

Increased GM Decreased GM volume regions

Studies volume regions
R inferior R superior L superior L middle R inferior

frontal gyrus frontal gyrus frontal gyrus temporal gyrus frontal gyrus
Baliki et al 2011 yes yes yes yes yes
Wu et al 2012 yes yes no yes yes
Zhang et al 2014 yes yes no yes yes
Wang et al 2017 no yes no yes no
Lewis et al 2018 yes yes yes yes yes
Liao et al 2018 yes yes yes yes no
Guo et al 2021 yes yes yes yes no
Kang et al 2022 yes yes yes no yes
Ma et al 2023 yes yes yes no yes

Abbreviations: GM, gray matter; L, left; R, right; VBM, voxel-based morphometry.
Table S3. Sensitivity analysis of ALFF meta-analysis.
Increased ALFF regions Decreased ALFF regions
Studies L inferior | L inferior R fusiform R inferior | L n{id.dle R . R superior | R suPel‘ior
frontal temporal frontal occipital | supramarginal frontal parietal
gyrus gyrus gyrus gyrus gyrus gyrus gyrus gyrus

Wu et al 2012 yes yes yes yes yes no yes no
Zhang et al 2014 yes yes yes yes yes no yes no
Tang et al 2019 yes yes yes yes yes yes yes yes
Wang et al 2019 yes yes yes yes yes yes yes no
Lan et al 2020 yes no yes yes yes no yes no
Qu et al 2021 no no no no no yes yes yes
Cai et al 2022 yes yes yes yes yes yes yes yes
Ma et al 2023 yes yes yes yes yes yes yes no

Abbreviations: ALFFE, amplitude of low frequency fluctuation; L, left; R, right.
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Fig. S1. A funnel plots suggesting that the principal findings were driven by a minimum of 8 VBM studies.
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Fig. §2. The funnel plots illustrated that the primary findings were driven by a minimum of 6 ALFF studies.




