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Introduction: Functional neuroimaging could provide abundant information of

underling pathophysiological mechanisms of the clinical triad including motor,

cognitive and psychiatric impairment in Huntington’s Disease (HD).

Methods: We performed a voxel-based meta-analysis using anisotropic e�ect

size-signed di�erential mapping (AES-SDM) method.

Results: 6 studies (78 symptomatic HD, 102 premanifest HD and 131

healthy controls) were included in total. Altered resting-state brain activity was

primarily detected in the bilateral medial part of superior frontal gyrus, bilateral

anterior cingulate/paracingulate gyrus, left insula, left striatum, right cortico-

spinal projections area, right inferior temporal gyrus area, right thalamus, right

cerebellum and right gyrus rectus area. Premanifest and symptomatic HD patients

showed di�erent alterative pattern in the subgroup analyses.

Discussion: The robust and consistent abnormalities in the specific brain regions

identified in the current study could help to understand the pathophysiology of HD

and explore reliable neuroimaging biomarkers for monitoring disease progression,

or even predicting the onset of premanifest HD patients.

KEYWORDS

Huntington’s disease, meta-analysis, resting-state, functional magnetic resonance
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Introduction

Huntington’s disease (HD) is a hereditary neurodegenerative disease caused by cytosine–

adenine–guanine (CAG) repeat expansion in the first exon of the huntingtin (HTT) gene

on chromosome 4, mainly affecting the striatum and the cortex progressively with disease

development (1, 2). The identification of optimal, robust, and early biomarkers are important

and can reflect disease progression and response to treatment, especially for mutation

carriers in the premanifest stage of HD with no obvious clinical manifestations. The

functional neuroimaging method provides new insights.

Compared with brain structure atrophy, functional imaging alterations could be detected

in the early stage and considered more sensitive as biomarkers (3). In addition, functional

imaging may provide abundant information on the underlying pathophysiological

mechanisms of the clinical triad including motor, cognitive, and psychiatric abnormalities

in HD (3, 4). The blood oxygen level-dependent (BOLD) signal of resting-state fMRI (rs-

fMRI) indirectly reflects regional brain activity, and several approaches have been utilized to

analyze spontaneous BOLD signals including the amplitude of low-frequency oscillations

(ALFF), regional homogeneity (ReHo), and independent component analysis (ICA) (5).

Other radiotracer techniques measuring regional cerebral blood flow (rCBF) or glucose
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metabolism (rCMglu) can also detect neuronal activity (5).

Existing studies using these methods to reflect aberrant brain

activity in HD demonstrated inconsistent results (6–11),

and there has been no quantitative meta-analysis performed

to date (3).

We aimed to identify the most consistent and replicable

regions demonstrating abnormal intrinsic brain activity among

HD patients compared with healthy controls (HCs) and expected

to detect different patterns of alterations among premanifest and

manifest HD patients separately in the subgroup analyses. This

might be the first study to portray resting-state brain activity

abnormalities in HD patients using the method of a voxel-

based meta-analysis.

Materials and methods

Literature search

The comprehensive literature search was performed in

the MEDLINE, EMBASE, and Web of Science databases

following the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) guidelines strictly

(12). Two independent investigators (ZSR and LJY) searched

all available and relevant studies from database inception to

10 November 2022. Manual searches were also conducted

within the reference list of identified articles to avoid

omission and supplement the initial search. As an example,

the detailed search strategy in MEDLINE is presented in

Supplementary Table 1.

Study selection and data extraction

The inclusion criteria for the current meta-analysis were

as follows: studies that (1) included premanifest or manifest

genetically confirmed HD mutation carriers and healthy controls;

(2) employed one of the functional imaging methods such

as fMRI, PET, and SPECT in the resting state; (3) applied

a whole-brain analysis and used a significant and consistent

threshold throughout the whole brain; (4) reported coordinates

of the abnormal brain activity in a standard stereotactic space

[Talairach or Montreal Neurological Institute (MNI)] or detected

no significant differences. Studies were excluded if (1) studies

used seed-based analysis procedures or limited the analysis to a

specific region of interest, (2) studies were review articles and

case reports reporting no original data, and (3) studies were

conference abstracts without available full articles and relevant data.

In the case that two studies were performed based on overlapping

patient cohorts, the study with a smaller sample size would be

excluded. A total of two investigators (SZ and JL) performed

the study selection independently. Any discrepancies that could

not be resolved through discussion were addressed by the third

author (HS).

After literature selection, we extracted the following

information and data in each included study: first author,

publication year, country, sample size, baseline demographic

information, clinical characteristics of included participants,

software, peak coordinates, and the corresponding effect sizes

(t-values, p-values, and Z-scores). p-values and Z-scores were

converted to t-values for analyses using the SDM online converter

(https://www.sdmproject.com/utilities/?show=Statistics). In cases

in which the studies did not report any forms of the effect size, we

wrote a “p” for positive peaks and “n” for negative peaks following

the AES-SDM software package guidelines.

Quality assessment

At the time the study was conducted, there was no

standard quality assessment checklist for voxel-based meta-

analyses. Following those described in previous meta-analyses

(5, 13), a 10-point quality assessment checklist was applied

in the current study (Supplementary Table 2). This checklist

evaluated the quality of studies in terms of three aspects: sample

characteristics, methods for image acquisition and analysis, and

results reporting. Studies yielded a 0/0.5/1 score for each item

(0 representing not met, 0.5 representing partly met, and 1

representing completely met).

Statistical analysis

AES-SDM software was used to perform the statistical

analysis following the AES-SDM tutorial and “Ten simple rules

for neuroimaging meta-analysis”(14), which has been used to

investigate the neural substrates of psychological functions or some

other neuropsychiatric disorders (15, 16). The detailed algorithm

and theory of this software were elaborated in the previous

literature (17–19).

Pooled meta-analysis

Statistical parametric maps of individual studies were first

recreated for the pre-processing of peak coordinates using the

method of an anisotropic un-normalized Gaussian kernel (18). The

mean of the voxel values in different studies was weighted by the

inverse of the variance and accounted for inter-study heterogeneity

(17). The detailed method and its advantages were described

elsewhere (17, 19). The recommended parameters [full width at half

maximum (FWHM)= 20mm, p= 0.005, peak height threshold=

1, and extent threshold = 100 voxels] were applied in the analyses

(17, 20). The results were presented using MRIcron software. The

potential effect of age and CAG repeats number on the results of

our analyses were examined using meta-regression analysis, and

a conservative threshold of a p-value of < 0.0005 was applied.

The subgroup analyses of premanifest HD patients (pHD) and

symptomatic HD patients (sHD) were performed separately.

Sensitivity analysis

Jackknife sensitivity analysis was performed to test the

robustness of the results by repeating the meta-analysis procedure
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FIGURE 1

PRISMA flow diagram representing screening and selection procedure in meta-analysis.

multiple times and removing a single study from the analysis

each time. If previously identified regions of abnormal alterations

remained significant in all or most combinations of studies, we

considered results replicable and stable.

Heterogeneity analysis and publication bias

Between-study heterogeneity was assessed using a random-

effects model with Q statistics transformed to SPM-Z values.

Publication bias was examined using funnel plots and Egger’s test.

An obvious asymmetric funnel plot and a p-value of < 0.05 for

Egger’s test suggested evidence for the presence of publication

bias (21).

Results

Included studies and sample characteristics

Among the 843 studies identified in our searches, we included

six studies that met the inclusion criteria. The detailed process

of study screening and selection is presented in the PRISMA

flow diagram (Figure 1). Of the six included studies, five studies

investigated abnormal intrinsic brain activities using the method

of rs-fMRI (7–11), while only one study assessed the change of

brain activities reflected by resting-state cerebral blood flow (rs-

CBF) using the magnetic resonance perfusion imaging method (6).

A total of two studies compared pHD patients with healthy controls

(HCs) (6, 10), two studies compared sHD with HCs (7, 9), and two

studies compared both pHD and sHD patients with HC separately
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TABLE 1 Detailed characteristics of each study.

Study Country Modality/
analysis

Diagnosis Disease
stage

Sample number Mean Age ± SD Male/Female

pHD sHD HC pHD sHD HC pHD sHD HC

Wolf et al. (6) Germany MRI

(3T,CASL)/rCBF

Gene testing pHD 18 NA 18 36.3± 9.0 NA 37.2± 10.3 8/10 NA 9/9

Werner et al. (7) Germany rs-fMRI (3T)/ICA Gene testing (CAG

repeat expansion

40-49)

sHD NA 17 19 NA 44.9± 9.9 47.5± 10.1 NA 7/10 8/11

Poudel et al. (8) Australia rs-fMRI (3T)/ICA Gene testing pHD&sHD 25 23 18 42.9± 9.2 56.0± 9.4 45.5± 13.7 9/16 13/10 4/14

Liu et al. (9) China rs-fMRI (3T)/ALFF Gene testing sHD NA 10 20 NA 45.0± 9.1 45.4± 8.4 NA 1/9 2/18

Sarappa et al. (11) Italy rs-fMRI

(3T)/fALFF, ReHo

Gene testing pHD&sHD 11 28 40 38.1± 7.1 41.6± 9.6 37.4± 13.5 5/6 17/11 18/22

Harrington et al.

(10)

USA rs-fMRI (3T)/NBS Gene testing pHD 48 NA 16 39.7± 10.4 NA 42.6± 9.2 8/40 NA 4/12

Education years CAG repeats number UHDRS motor score UHDRS cognitive score Software Atrophy
correction

pHD sHD HC pHD sHD pHD sHD HC pHD sHD HC

14.7± 2.0 NA 15.1± 2.7 42.1± 3.1 NA 3.1± 3.0 NA NA 329.8± 32.3 NA NA SPM8 No

NA NA NA NA 44.2± 2.6 NA 31.1± 20.2 1.0± 1.0 NA 208.7± 81.1 319.3± 35.9 MELODIC, FSL Yes

NA NA NA 42.5± 1.9 42.6± 2.0 1.0± 1.2 26.5± 18.2 NA NA NA NA SPM8, FSL No

NA 10.4±

2.76

NA NA 43.9± 4.2 NA 25.7± 15.2 NA NA NA NA SPM8 Yes

NA NA NA 46 (range

40–49)

46 (range

42–65)

1 (range 0–4) 17 (range

5–53)

NA 216 (106–324) 166 (range

52–234)

NA SPM8 Yes

14.5± 2.4 NA 16.0± 1.9 42.7± 2.6 NA 7.3± 5.3 NA 5.1± 4.5 NA NA NA Not reported No

CASL, continuous arterial spin labeling; pHD, premanifest HD; sHD, symptomatic HD; HC, healthy control; ALFF, Amplitude of Low Frequency Fluctuations; ReHo, regional homogeneity; ICA, independent component analysis; fALFF, fractional Amplitude of Low

Frequency Fluctuations; NBS, network-based statistic; MELODIC, Multivariate Exploratory Linear Decomposition into Independent Components; SPM, Statistical Parametric Mappin; NA, not available.
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(8, 11). The rs-fMRI study by Sarappa et al. analyzed both fALFF

and ReHO abnormality of premanifest and manifest HD patients

and was considered two independent datasets (11). A total of six

included studies provided 10 datasets for the analyses. A pooled

population of 78 sHD, 102 pHD, and 131 HC was included. Table 1

summarizes the detailed demographic information and clinical

characteristics of the included studies. The quality scores ranged

from 8.5 to 9.5, indicating the moderate-to-high quality of the

included studies and are summarized in Supplementary Table 3.

Pooled meta-analyses and Jackknife
sensitivity analyses

Compared with the HC group, the HD group including

both pHD and sHD showed increased intrinsic resting-state

brain activity in the right inferior temporal gyrus, inferior

longitudinal fasciculus, right fusiform gyrus, right middle temporal

gyrus, right thalamus, right anterior thalamic projections, right

cerebellum (hemispheric lobule VI and crus I), right superior

frontal gyrus (orbital part), and corpus callosum (Figure 2 and

Table 2). The HD group showed decreased intrinsic brain activity

in the bilateral superior frontal gyrus (medial part), bilateral

anterior cingulate/paracingulate gyri, corpus callosum, left insula,

left striatum, left amygdala, anterior commissure, right anterior

thalamic projections, and right thalamus (Figure 3 and Table 2).

Most findings remained highly or moderately stable and replicable

in the Jackknife sensitivity analyses (significant in at least seven

combinations), while only six combinations detected a significant

decrease in brain activity in the right anterior thalamic projections

(Table 2).

Analyses of heterogeneity and publication
bias

Most regions with significant abnormal intrinsic brain activity

alterations showed no significant between-study heterogeneity

except the right inferior longitudinal fasciculus, right inferior

temporal gyrus, and right fusiform gyrus. Both funnel plots

(Supplementary Figures 1, 2) and Egger’s tests (Table 2) indicated

no obvious publication bias.

Meta-regression analyses

Meta-regression analyses were performed in the HD group

and HC group. The regression analyses found that the altered

resting-state brain activity was significantly associated with age and

CAG repeats number but not with UHDRS motor scores. To be

specific, there was an increased probability of finding decreased

brain activity in the bilateral superior frontal gyrus (medial part)

and bilateral anterior cingulate/paracingulate gyri among younger

mutation carriers (p < 0.0005). In addition, there was an increased

probability of finding increased brain activity in the right inferior

temporal gyrus, right inferior longitudinal fasciculus, right fusiform

gyrus, and right middle temporal gyrus among those mutation

carriers with more CAG repeat numbers (p < 0.0005).

Subgroup meta-analyses and Jackknife
sensitivity analyses

The subgroup analyses comparing pHD with HCs detected

increased brain activity mainly in the right thalamus area including

the right thalamus, right anterior thalamic projections, right

caudate nucleus, and corpus callosum, and detected decreased

brain activity in the bilateral anterior cingulate/paracingulate gyri,

left superior frontal gyrus (medial part), and right anterior thalamic

projections. Right anterior thalamic projections were unstable in

the Jackknife sensitivity analyses and remained significant only in

two combinations (Supplementary Table 4).

Comparing sHD with HCs, sHD patients showed increased

brain activity in areas mostly consistent with the main analysis

including the right inferior temporal gyrus, right inferior

longitudinal fasciculus, right fusiform gyrus, right middle

temporal gyrus, corpus callosum, bilateral superior frontal gyrus

(medial orbital part), bilateral gyrus rectus, right cerebellum

hemispheric lobule VI, and crus I (Supplementary Table 3 and

Supplementary Figure 2). sHD patients showed decreased brain

activity mainly in the bilateral superior frontal gyrus (medial part),

corpus callosum, bilateral anterior cingulate/paracingulate gyri,

and right striatum (Supplementary Table 4).

Discussion

Using the method of AES-SDM meta-analysis, we found

that the intrinsic brain activity decreased mainly in the

bilateral superior frontal gyrus (medial part), bilateral anterior

cingulate/paracingulate gyri, left insula area, and right cortico-

spinal projections area and increased mainly in the right inferior

temporal gyrus area, right thalamus area, right cerebellum

(hemispheric lobule VI) area, and right gyrus rectus area. Mixed

alterations of brain activity (both increased coordinates and

decreased coordinates were detected within one brain region) were

observed in the right superior frontal gyrus (medial part), right

thalamus, and corpus callosum.

Previous structural and functional studies have reported that

anteromedial superior frontal gyrus (SFG) was connected with

the anterior and mid-cingulate cortex as key nodes in the default

mode network (DMN) and executive network (ECN) (22) and

was also associated with emotion, motivation, and sociability

regulation-related processes (23, 24). Decreased brain activity was

identified most prominently in the bilateral medial part of SFG

and the bilateral anterior cingulate gyrus, indicating the functional

loss of DMN and ECN. Consistent with our findings, previous

resting-state fMRI studies generally observed abnormal functional

connectivity of DMN inHD. The abnormal function of ECN, which

exerted important functions in the cognitive domain and might

also correlate tightly with a cognitive decline in HD, was widely

reported in previous studies (8, 25, 26). As we did not detect other

abnormalities of critical components in DMN such as precuneus

and angular gyrus (9, 25), the functional alterations of SFG and
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FIGURE 2

Regions of increased intrinsic resting-state brain activity in patients with HD.

anterior cingulate/paracingulate gyrus observed in the current

meta-analysis might contribute prominently to the abnormal

functional connectivity of DMN and ECN and can partially

explain some important aspects of the clinical manifestations of

HD patients.

Although structural studies of HD have generally found that

striatum atrophy is a hallmark of HD patients even in the early

stage and functional abnormalities have been considered sensible

compared to structural atrophy, the current study only showed

moderately decreased brain activity in the left striatum. This is

consistent with most of the previous functional neuroimaging

studies (27), supporting that the structural atrophy of the striatum

did not represent the functional downregulation, and a dissociation

pattern of structural and functional alterations exists. This might

be partially explained by the neural compensation theory (26).

Increased inferior temporal gyrus (ITG) activity was observed in

the current meta-analysis, which is involved in the processes of

visual object recognition and might be tightly associated with

the impaired recognition memory of hand positions and spatial

locations in HD patients (9, 28). In addition, ITG also presents

an important correlation with the striatum through the temporo-

striatal circuit. The structural atrophy and partial functional loss

of the striatum might be compensated by the increased activity of

ITG tomaintain the normal function of the temporo-striatal circuit.

Projections from the striatum to the frontal motor regions are also

widely investigated (29, 30), and previous studies detected a pattern

of alterations similar to the temporo-striatal circuit in the frontal-

striatal circuit, which is of great vitality in maintaining executive

function (9). However, in the current study, after the meta-analysis

of the included studies, only the significantly decreased brain

activity of the prefrontal cortex was observed in our analyses,

which might indicate that the frontal-striatal circuit is damaged

more severely.

The structural imaging studies of HD generally considered

the striatum and the cortex as the primary location of pathology,

and the cerebellum also showed considerable atrophy in HD (31)

and played an important role in HD (31–33). The degeneration

of the cerebellum in HD is correlated with disrupted fine motor

skills, postural instability, impaired rapid alternating movements,

etc (31). Our results also showed that the resting-state intrinsic

activity of the right cerebellum increased in HD patients,

possibly suggesting that increased neural activity was required to

counterbalance the structural atrophy of the cerebellum.

We also found that even within one single brain region,

the alteration is complicated and not unidirectional, especially

referring to the right thalamus region in the current study.

Such divergent alteration patterns were also observed in DMN

and ECN in previous studies (3). They detected a functional
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TABLE 2 The mean meta-analysis: altered resting-state activity in HD patients relative to HCs.

Contrast Brain region MNI coordinates SDM-Z
score

No. of
voxels

p-
value

Egger’s
test (p)

Clusters’ breakdown Jackknife sensitive
analysis

X Y Z

HD>HC Area 1(Right inferior

temporal gyrus)

56 −18 −24 2.264 1174 <0.001 0.153 Right inferior temporal gyrus 10/10

Right inferior network, inferior

longitudinal fasciculus

10/10

Right fusiform gyrus 10/10

Right middle temporal gyrus 10/10

Corpus callosum 10/10

Area 2 (Right thalamus) 10 −12 16 1.938 277 <0.001 0.225 Right thalamus 10/10

Right anterior thalamic projections 10/10

Area 3 (Right cerebellum,

hemispheric lobule VI)

18 −72 −22 1.601 180 0.001 0.269 Right cerebellum, hemispheric lobule VI 9/10

Right cerebellum, crus I 7/10

Area 4 (Right gyrus rectus) 2 58 −20 1.507 162 0.002 0.883 Right gyrus rectus 8/10

Right superior frontal gyrus, medial orbital 8/10

Right superior frontal gyrus, orbital part 8/10

Corpus callosum 10/10

HD<HC Area 1 (Left anterior cingulate

/ paracingulate gyri)

−2 44 18 −2.566 1103 <0.001 0.083 Left superior frontal gyrus, medial 10/10

Left anterior cingulate/paracingulate gyri 10/10

Right superior frontal gyrus, medial 10/10

Right anterior cingulate/paracingulate gyri 10/10

Corpus callosum 10/10

Area 2 (Left insula) −34 6 −6 −2.124 616 <0.001 0.412 Left insula 8/10

Left lenticular nucleus, putamen 8/10

Left striatum 7/10

Left amygdala 7/10

Anterior commissure 7/10

Area 3 (Right cortico-spinal

projections)

6 −14 −6 −2.011 128 <0.001 0.377 Right anterior thalamic projections 6/10

Right thalamus 7/10
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FIGURE 3

Regions of decreased intrinsic resting-state brain activity in patients with HD.

posterior–anterior dissociation pattern within the ECN in HD

(25, 26), potentially representing a compensatory mechanism to

counterbalance the downregulation of disrupted brain regions

during disease progression (3). The complicated alteration pattern

might also be associated with the heterogeneity of included studies

and deserved further investigation to explore the role of neural

compensation in HD progression and its correlation with clinical

manifestations. Interestingly, brain regions with decreased activity

in HD were always bilateral, while brain activity always increased

on the right side. The underlying mechanism of such asymmetry is

still hard to explain, but two cerebral hemispheres with different

functions may present different susceptibility or resistance. This

finding may also be caused by the between-study heterogeneity and

hence should be interpreted with caution. Future studies with larger

sample sizes may help to verify the asymmetry.

In the meta-regression analyses, our results showed that

younger patients or patients with more CAG repeat numbers were

more sensible to detect altered intrinsic brain activity, which might

be associated with more severe pathogenic changes and less neural

compensation among these patients. Although we reasonably

speculated that the observed abnormal resting-state brain activity

of the specific brain region was involved in the pathophysiological

mechanisms of HD and correlated with patients’ manifestations,

UHDRS motor scores were not significantly associated with the

abnormal resting-state brain activity, and the effect of cognitive

performances was not analyzed in the current study limited by

incomplete information of original data. A possible reason for

the negative finding is that among studies with notable different

UHDRS motor scores in the baseline, the results varied widely

and were too inconsistent to detect a significant correlation. Wolf

et al. reported that the anterior cingulate gyrus within the left

lateral prefrontal resting-state network was associated with better

motor performances, and higher middle frontal gyrus functional

connectivity within the anterior prefrontal resting-state network

was associated with better cognitive ability (34). Left ITG neural

activity was also reported to be significantly correlated with

executive function (9). However, one longitudinal study assessing

the functional connectivity changes reported that the functional

connectivity did not change significantly over 3 years and lacked

sensitivity compared to striatal atrophy (35), suggesting that the

validation of altered intrinsic brain activity as functional imaging

biomarkers still requires future evidence.

We expected to summarize the dynamic change pattern

of the resting state from the subgroup analysis of pHD and

sHD separately. We observed that decreased brain activity

in the left medial superior frontal gyri and bilateral anterior

cingulate/paracingulate gyri started in the pHD stage and

maintained dysfunction in the sHD stage. Most regions with

increased intrinsic brain activity were only detected in the sHD

stage but not in the pHD stage. Future large sample size studies are

warranted to further clarify the dynamic change pattern of HD.

The current meta-analysis is a preliminary exploratory study

to portray the alteration pattern of the resting-state brain activity

in HD patients with several limitations: (1) Only six studies

were included in the current meta-analyses, and the sample

size of the current study is relatively small. There was also

heterogeneity among the studies included. The findings of the

current study should be interpreted cautiously. (2) Following the

AES-SDM guideline and previous voxel-based meta-analysis (5,

36–38), we included all studies using resting-state neuroimaging

methods focused on brain activity which might lead to the

heterogeneity between studies considering different physiological

bases of different methods. However, in the Jackknife sensitivity

analyses, the results remain stable in the combination of rs-fMRI

studies. (3) We also excluded all experiments applying the ROI

method that may lead to a bias as a critical number of studies

may not be considered in the meta-analysis. We hence discussed

some important findings of previous ROI studies in the discussion

part as recommended in the software guideline (14). (4) The AES-

SDM meta-analysis was conducted based on reported results, but

not original data, which may affect the accuracy of the identified

spatial location.

Conclusion

In this voxel-based meta-analysis including six resting-state

functional neuroimaging studies, we preliminarily portrayed the

whole-brain activity alterations in HD. We found that altered

resting-state brain activity mainly presented in the bilateral
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medial part of the superior frontal gyrus, bilateral anterior

cingulate/paracingulate gyrus, left insula area, right cortico-spinal

projections area, right inferior temporal gyrus area, right thalamus,

right cerebellum, and right gyrus rectus area. The pHD and sHD

patients showed different patterns of alteration and regions with

increased brain activity mostly presented in the sHD stage.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

SZ contributed to the conception, data collection, statistical

analysis, and drafting of the manuscript. JL, YH, and YC

contributed to the data collection and drafting of the manuscript.

HS contributed to the conception and organization and review of

the manuscript. All authors contributed to the article and approved

the submitted version.

Funding

This study was funded by the Sichuan Science and Technology

Program (Grant No. 2022ZDZX0023).

Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

The reviewer BC declared a shared parent affiliation with the

authors to the handling editor at the time of review.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.

1124158/full#supplementary-material

References

1. Ross CA, Tabrizi SJ. Huntington’s disease: frommolecular pathogenesis to clinical
treatment. Lancet Neurol. (2011) 10:83–98. doi: 10.1016/S1474-4422(10)70245-3

2. Bates GP, Dorsey R, Gusella JF, Hayden MR, Kay C, Leavitt BR, et al. Huntington
disease. Nat Rev Dis Primers. (2015) 1:15005. doi: 10.1038/nrdp.2015.5

3. Pini L, Jacquemot C, Cagnin A, Meneghello F, Semenza C, Mantini D,
et al. Aberrant brain network connectivity in presymptomatic and manifest
Huntington’s disease: a systematic review. Hum Brain Mapp. (2020) 41:256–
69. doi: 10.1002/hbm.24790

4. McColgan P, Tabrizi SJ. Huntington’s disease: a clinical review. Eur J Neurol.
(2018) 25:24–34. doi: 10.1111/ene.13413

5. Lan H, Suo X, Li W, Li N, Li J, Peng J, et al. Abnormalities of intrinsic brain
activity in essential tremor: a meta-analysis of resting-state functional imaging. Hum
Brain Mapp. (2021) 42:3156–67. doi: 10.1002/hbm.25425

6. Wolf RC, Grön G, Sambataro F, Vasic N, Wolf ND, Thomann PA, et al.
Magnetic resonance perfusion imaging of resting-state cerebral blood flow in
preclinical Huntington’s disease. J Cereb Blood Flow Metab. (2011) 31:1908–
18. doi: 10.1038/jcbfm.2011.60

7. Werner CJ, Dogan I, Saß C, Mirzazade S, Schiefer J, Shah NJ, et al. Altered
resting-state connectivity in Huntington’s disease. Hum Brain Mapp. (2014) 35:2582–
93. doi: 10.1002/hbm.22351

8. Poudel GR, Egan GF, Churchyard A, Chua P, Stout JC, Georgiou-Karistianis
N. Abnormal synchrony of resting state networks in premanifest and symptomatic
huntington disease: the image-Hd study. J Psychiatry Neurosci. (2014) 39:87–
96. doi: 10.1503/jpn.120226

9. Liu W, Yang J, Chen K, Luo C, Burgunder J, Gong Q, et al. Resting-state fmri
reveals potential neural correlates of impaired cognition in Huntington’s disease.
Parkinsonism Relat Disord. (2016) 27:41–6. doi: 10.1016/j.parkreldis.2016.04.017

10. Harrington DL, Rubinov M, Durgerian S, Mourany L, Reece C, Koenig
K, et al. Network topology and functional connectivity disturbances precede the
onset of Huntington’s disease. Brain. (2015) 138(Pt 8):2332-46. doi: 10.1093/brain/
awv145

11. Sarappa C, Salvatore E, Filla A, Cocozza S, Russo CV, Saccà F, et al. Functional
Mri signal fluctuations highlight altered resting brain activity in Huntington’s disease.
Brain Imaging Behav. (2017) 11:1459–69. doi: 10.1007/s11682-016-9630-6

12. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC, Ioannidis JP,
et al. The prisma statement for reporting systematic reviews and meta-analyses of
studies that evaluate healthcare interventions: explanation and elaboration. Bmj. (2009)
339:b2700. doi: 10.1136/bmj.b2700

13. Wang T, Liu J, Zhang J, Zhan W, Li L, Wu M, et al. Altered resting-state
functional activity in posttraumatic stress disorder: a quantitative meta-analysis. Sci
Rep. (2016) 6:27131. doi: 10.1038/srep27131

14. Müller VI, Cieslik EC, Laird AR, Fox PT, Radua J, Mataix-Cols D, et al. Ten
simple rules for neuroimaging meta-analysis. Neurosci Biobehav Rev. (2018) 84:151–
61. doi: 10.1016/j.neubiorev.2017.11.012

15. Lin J, Xu X, Hou Y, Yang J, Shang H. Voxel-based meta-analysis of gray
matter abnormalities in multiple system atrophy. Front Aging Neurosci. (2020)
12:591666. doi: 10.3389/fnagi.2020.591666

16. Huang X, Lin J, Shang H, Yang J. Voxel-based meta-analysis
of gray matter abnormalities in idiopathic dystonia. J Neurol. (2022)
269:2862–73. doi: 10.1007/s00415-022-10961-y

17. Radua J, Mataix-Cols D, Phillips ML, El-Hage W, Kronhaus DM, Cardoner N,
et al. A new meta-analytic method for neuroimaging studies that combines reported
peak coordinates and statistical parametric maps. Eur Psychiatry. (2012) 27:605–
11. doi: 10.1016/j.eurpsy.2011.04.001

18. Radua J, Rubia K, Canales-Rodríguez EJ, Pomarol-Clotet E, Fusar-Poli P, Mataix-
Cols D. Anisotropic kernels for coordinate-based meta-analyses of neuroimaging
studies. Front Psychiatry. (2014) 5:13. doi: 10.3389/fpsyt.2014.00013

19. Radua J, Mataix-Cols D. Meta-analytic methods for neuroimaging data
explained. Biol Mood Anxiety Disord. (2012) 2:6. doi: 10.1186/2045-5380-2-6

20. Lieberman MD, Cunningham WA. Type I and Type Ii error concerns in
fmri research: re-balancing the scale. Soc Cogn Affect Neurosci. (2009) 4:423–
8. doi: 10.1093/scan/nsp052

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2023.1124158
https://www.frontiersin.org/articles/10.3389/fneur.2023.1124158/full#supplementary-material
https://doi.org/10.1016/S1474-4422(10)70245-3
https://doi.org/10.1038/nrdp.2015.5
https://doi.org/10.1002/hbm.24790
https://doi.org/10.1111/ene.13413
https://doi.org/10.1002/hbm.25425
https://doi.org/10.1038/jcbfm.2011.60
https://doi.org/10.1002/hbm.22351
https://doi.org/10.1503/jpn.120226
https://doi.org/10.1016/j.parkreldis.2016.04.017
https://doi.org/10.1093/brain/awv145
https://doi.org/10.1007/s11682-016-9630-6
https://doi.org/10.1136/bmj.b2700
https://doi.org/10.1038/srep27131
https://doi.org/10.1016/j.neubiorev.2017.11.012
https://doi.org/10.3389/fnagi.2020.591666
https://doi.org/10.1007/s00415-022-10961-y
https://doi.org/10.1016/j.eurpsy.2011.04.001
https://doi.org/10.3389/fpsyt.2014.00013
https://doi.org/10.1186/2045-5380-2-6
https://doi.org/10.1093/scan/nsp052
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhang et al. 10.3389/fneur.2023.1124158

21. Radua J, Grau M, van den Heuvel OA, Thiebaut de. Schotten M, Stein DJ,
Canales-Rodríguez EJ, et al. Multimodal voxel-based meta-analysis of white matter
abnormalities in obsessive-compulsive disorder. Neuropsychopharmacology. (2014)
39:1547–57. doi: 10.1038/npp.2014.5

22. Li W, Qin W, Liu H, Fan L, Wang J, Jiang T, et al. Subregions of the
human superior frontal gyrus and their connections. Neuroimage. (2013) 78:46–
58. doi: 10.1016/j.neuroimage.2013.04.011

23. Wang S, Zhao Y, Zhang L, Wang X, Wang X, Cheng B, et al. Stress and the
brain: perceived stress mediates the impact of the superior frontal gyrus spontaneous
activity on depressive symptoms in late adolescence.HumBrainMapp. (2019) 40:4982–
93. doi: 10.1002/hbm.24752

24. Xu P, Chen A, Li Y, Xing X, Lu H. Medial prefrontal
cortex in neurological diseases. Physiol Genomics. (2019) 51:432–
42. doi: 10.1152/physiolgenomics.00006.2019

25. Dumas EM, van den Bogaard SJ, Hart EP, Soeter RP, van Buchem MA,
van der Grond J, et al. Reduced functional brain connectivity prior to and
after disease onset in Huntington’s disease. Neuroimage Clin. (2013) 2:377–
84. doi: 10.1016/j.nicl.2013.03.001

26. Wolf RC, Sambataro F, Vasic N, Baldas EM, Ratheiser I, Bernhard
Landwehrmeyer G, et al. Visual system integrity and cognition in early Huntington’s
disease. Eur J Neurosci. (2014) 40:2417–26. doi: 10.1111/ejn.12575

27. Xie JJ, Li XY, Dong Y, Chen C, Qu BY, Wang S, et al. Local and global
abnormalities in pre-symptomatic huntington’s disease revealed by 7t resting-state
functional Mri. Neurosci Bullet. doi: 10.1007/s12264-022-00943-5

28. Dean P, Cowey A. Inferotemporal lesions and memory for
pattern discriminations after visual interference. Neuropsychologia. (1977)
15:93–8. doi: 10.1016/0028-3932(77)90118-X

29. Takada M, Tokuno H, Hamada I, Inase M, Ito Y, Imanishi M, et al. Organization
of inputs from cingulate motor areas to basal ganglia in macaque monkey. Eur J
Neurosci. (2001) 14:1633–50. doi: 10.1046/j.0953-816x.2001.01789.x

30. Paulsen JS, Zimbelman JL, Hinton SC, Langbehn DR, Leveroni
CL, Benjamin ML, et al. Fmri biomarker of early neuronal dysfunction

in presymptomatic Huntington’s disease. AJNR Am J Neuroradiol. (2004)
25:1715–21.

31. Rüb U, Hoche F, Brunt ER, Heinsen H, Seidel K, Del Turco D, et al. Degeneration
of the cerebellum in Huntington’s disease (Hd): possible relevance for the clinical
picture and potential gateway to pathological mechanisms of the disease process. Brain
Pathol. (2013) 23:165–77. doi: 10.1111/j.1750-3639.2012.00629.x

32. Rees EM, Farmer R, Cole JH, Haider S, Durr A, Landwehrmeyer B, et al.
Cerebellar abnormalities in huntington’s disease: a role in motor and psychiatric
impairment?Mov Disord. (2014) 29:1648–54. doi: 10.1002/mds.25984

33. Sang L, Qin W, Liu Y, Han W, Zhang Y, Jiang T, et al. Resting-state functional
connectivity of the vermal and hemispheric subregions of the cerebellum with both
the cerebral cortical networks and subcortical structures. Neuroimage. (2012) 61:1213–
25. doi: 10.1016/j.neuroimage.2012.04.011

34. Wolf RC, Sambataro F, Vasic N, Depping MS, Thomann PA, Landwehrmeyer
GB, et al. Abnormal resting-state connectivity of motor and cognitive
networks in early manifest Huntington’s disease. Psychol Med. (2014)
44:3341–56. doi: 10.1017/S0033291714000579

35. Odish OF, van den Berg-Huysmans AA, van den Bogaard SJ, Dumas EM, Hart
EP, Rombouts SA, et al. longitudinal resting state fmri analysis in healthy controls and
premanifest huntington’s disease gene carriers: a 3-year follow-up study. Hum Brain
Mapp. (2015) 36:110–9. doi: 10.1002/hbm.22616

36. Amad A, Radua J, Vaiva G, Williams SC, Fovet T. Similarities
between borderline personality disorder and post traumatic stress disorder:
evidence from resting-state meta-analysis. Neurosci Biobehav Rev. (2019)
105:52–9. doi: 10.1016/j.neubiorev.2019.07.018

37. Kühn S, Gallinat J. Resting-state brain activity in schizophrenia and
major depression: a quantitative meta-analysis. Schizophr Bull. (2013) 39:358–
65. doi: 10.1093/schbul/sbr151

38. Koch SB, van Zuiden M, Nawijn L, Frijling JL, Veltman DJ, Olff M.
Aberrant resting-state braisn activity in posttraumatic stress disorder: a meta-
analysis and systematic review. Depress Anxiety. (2016) 33:592–605. doi: 10.1002/da.
22478

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2023.1124158
https://doi.org/10.1038/npp.2014.5
https://doi.org/10.1016/j.neuroimage.2013.04.011
https://doi.org/10.1002/hbm.24752
https://doi.org/10.1152/physiolgenomics.00006.2019
https://doi.org/10.1016/j.nicl.2013.03.001
https://doi.org/10.1111/ejn.12575
https://doi.org/10.1007/s12264-022-00943-5
https://doi.org/10.1016/0028-3932(77)90118-X
https://doi.org/10.1046/j.0953-816x.2001.01789.x
https://doi.org/10.1111/j.1750-3639.2012.00629.x
https://doi.org/10.1002/mds.25984
https://doi.org/10.1016/j.neuroimage.2012.04.011
https://doi.org/10.1017/S0033291714000579
https://doi.org/10.1002/hbm.22616
https://doi.org/10.1016/j.neubiorev.2019.07.018
https://doi.org/10.1093/schbul/sbr151
https://doi.org/10.1002/da.22478
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Aberrant resting-state brain activity in Huntington's disease: A voxel-based meta-analysis
	Introduction
	Materials and methods
	Literature search
	Study selection and data extraction
	Quality assessment
	Statistical analysis
	Pooled meta-analysis
	Sensitivity analysis
	Heterogeneity analysis and publication bias

	Results
	Included studies and sample characteristics
	Pooled meta-analyses and Jackknife sensitivity analyses
	Analyses of heterogeneity and publication bias
	Meta-regression analyses
	Subgroup meta-analyses and Jackknife sensitivity analyses

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


