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Purpose: This study aimed to identify consistent gray matter volume (GMV) changes in the two subtypes of multiple system atrophy (MSA), including parkinsonism subtype (MSA-P), and cerebellar subtype (MSA-C), by conducting a voxel-wise meta-analysis of whole brain voxel-based morphometry (VBM) studies.

Method: VBM studies comparing MSA-P or MSA-C and healthy controls (HCs) were systematically searched in the PubMed, Embase, and Web of Science published from 1974 to 20 October 2020. A quantitative meta-analysis of VBM studies on MSA-P or MSA-C was performed using the effect size-based signed differential mapping (ES-SDM) method separately. A complementary analysis was conducted using the Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) method, which allows a familywise error rate (FWE) correction for multiple comparisons of the results, for further validation of the results.

Results: Ten studies were included in the meta-analysis of MSA-P subtype, comprising 136 MSA-P patients and 211 HCs. Five studies were included in the meta-analysis of MSA-C subtype, comprising 89 MSA-C patients and 134 HCs. Cerebellum atrophy was detected in both MSA-P and MSA-C, whereas basal ganglia atrophy was only detected in MSA-P. Cerebral cortex atrophy was detected in both subtypes, with predominant impairment of the superior temporal gyrus, inferior frontal gyrus, temporal pole, insula, and amygdala in MSA-P and predominant impairment of the superior temporal gyrus, middle temporal gyrus, fusiform gyrus, and lingual gyrus in MSA-C. Most of these results survived the FWE correction in the complementary analysis, except for the bilateral amygdala and the left caudate nucleus in MSA-P, and the right superior temporal gyrus and the right middle temporal gyrus in MSA-C. These findings remained robust in the jackknife sensitivity analysis, and no significant heterogeneity was detected.

Conclusion: A different pattern of brain atrophy between MSA-P and MSA-C detected in the current study was in line with clinical manifestations and provided the evidence of the pathophysiology of the two subtypes of MSA.
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INTRODUCTION

Multiple system atrophy (MSA) is a sporadic disorder characterized by autonomic dysfunction in combination with parkinsonism and/or cerebellar ataxia. According to the predominant motor symptom, MSA is categorized into parkinsonism subtype (MSA-P) and cerebellar subtype (MSA-C). MSA has been pathologically confirmed to be an α-synucleinopathy, as the α-synuclein-positive glial cytoplasmic inclusions (GCIs) in various areas of the central nervous system, leading to subsequent neuronal death and reactive astrogliosis (Fanciulli and Wenning, 2015). As an atypical parkinsonian syndrome, MSA is thought to have more extensive brain structure abnormalities than Parkinson's disease (PD). However, the affected areas and the exact morphological changes in the brain of the two subtypes of MSA remain unclear.

Voxel-based morphometry (VBM) is a semi-automated, time-efficient, operator independent, and unbiased analytical technique, which allows detection of regional morphological changes in the whole brain in vivo (Ashburner and Friston, 2000). A number of VBM studies have been conducted to explore the gray matter volume (GMV) differences between the MSA-P/MSA-C patients and the healthy controls (HCs) recently. However, these studies have yield inconsistent results. For example, some studies found cerebellum atrophy in MSA-P (Minnerop et al., 2007; Chang et al., 2009; Tzarouchi et al., 2010; Kim et al., 2015; Planetta et al., 2015), whereas some other studies did not (Brenneis et al., 2003; Tir et al., 2009; Wang et al., 2011; Shigemoto et al., 2013; Dash et al., 2019). Some studies detected supratentorial GMV reduction in MSA-C (Brenneis et al., 2006; Minnerop et al., 2007; Chang et al., 2009), while some other studies detected GMV reduction limited to the cerebellum in MSA-C (Specht et al., 2005; Dash et al., 2019).

The conflicting results may partially ascribe to a relatively small sample size of each study or heterogeneous subjects enrolled in each study. Therefore, a quantitative meta-analysis of these VBM studies is of significance to identify consistent GMV changes in each subtype of MSA. Two studies have conducted meta-analysis comparing GMV between MSA-P and HCs using anatomic likelihood estimation (ALE) method in 2015 (Shao et al., 2015; Yu et al., 2015). However, there were only five or six literature included, and no studies comparing GMV between MSA-C and HCs were analyzed. The effect size-based signed differential mapping (ES-SDM) is a newly developed meta-analytic method based on well-established statistics accounting for within- and between-study variance, which allows combining both peak coordinates and statistical parametric maps. ES-SDM has been shown to be valid and superior to ALE method with higher sensitivity (Radua et al., 2012). Therefore, the present study aims to voxel-wisely meta-analyze the GMV changes in MSA-P and MSA-C patients using ES-SDM method. Since the updated version of ES-SDM, namely, the Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) allows a familywise error rate (FWE) correction for multiple comparisons of the results (Albajes-Eizagirre et al., 2019), we will conduct a complementary analysis using the SDM-PSI method for further validation of the results.



MATERIALS AND METHODS


Searching Method, Quality Assessment, and Data Extraction

Studies published from 1974 to 20 October 2020 were searched comprehensively in the PubMed, Embase, and Web of Science by two researchers (Junyu Lin and Jing Yang) independently using the combined keywords (“multiple system atrophy” OR “MSA” OR “multisystem atrophy” OR “Shy-Drager syndrome” OR “olivopontocerebellar atrophy” OR “autonomic failure” OR “striatonigral degeneration” OR “OPCA” OR “SND”) and (“VBM” OR “voxel based morphometry”). The reference list of the included articles and relevant reviews was also searched for potential inclusion.

Studies were included if they (1) conducted VBM to detect whole-brain GMV in MSA-P or MSA-C patients and HCs; (2) included MSA patients who met clinical diagnosis criteria of “probable” or “possible” MSA; (3) used significant thresholds to compare GMV differences between MSA-P or MSA-C patients and HCs; (4) reported GMV differences in a standard stereotactic space [Talairach or Montreal Neurological Institute (MNI)] with three-dimensional coordinates (x, y, z) or did not find significant differences; and (5) were published in English. Studies were excluded if (1) there were no HCs; (2) the stereotactic coordinates were not available, even if we contacted the authors to ask for help; (3) the results were only reported in regions of interest (ROIs) instead of in the whole brain; (4) MSA patients were studied as one group without distinguishing MSA-P or MSA-C; and (5) the study was conducted in the same center as previously published using overlapping data. In this case, the study with the largest sample size was selected.

A 15-point checklist (Supplementary Figure 1) was used to assess the quality of the articles ready for inclusion. Developed based on previous studies (Shepherd et al., 2012; Iwabuchi et al., 2015), the checklist comprised a comprehensive evaluation of sample characteristics and imaging-specific methodology.

In each included study, peak coordinates and their effect sizes (t-values, z scores, or p-values) with significant differences between MSA-P/MSA-C and HCs in GM volume were extracted according to the SDM tutorial. Literature searching and data extraction were performed by two neurologists (Junyu Lin and Jing Yang) independently. If there were disagreements, the third neurologist (XX) helped to check the data and make a decision.



Meta-Analysis of Voxel-Based Morphometry Studies

The meta-analysis was performed following the ES-SDM tutorial using SDM software package (www.sdmproject.com). The approach has been described in detail previously (Radua et al., 2012). The analyses of MSA-P and MSA-C were performed separately using the same method. First, a file containing samples sizes, coordinates, effect sizes, and clinical characteristics (e.g., mean age and disease duration of MSA patients) was created. Then, a mean analysis was conducted to compare the GMV between MSA-P/MSA-C and HCs. The default kernel size and statistical thresholds [full width at half maximum (FWHM) = 20 mm, p = 0.005, peak height threshold = 1, extent threshold = 10 voxels] were used, which have been validated to optimize the sensitivity and specificity and to produce a desirable balance between Type I and II error rates (Lieberman and Cunningham, 2009; Radua et al., 2012).

Q statistics were calculated to assess the heterogeneity between studies. Egger's tests were carried out to detect potential publication bias, and funnel plots were established for visual inspection. p < 0.05 and an asymmetric plot were recognized as significant. Jackknife sensitivity analyses were conducted to assess the robustness of the main meta-analytical output by removing one study at a time and repeating the analysis.

Finally, meta-regression analyses were carried out to examine the potential confounding variables such as age, disease duration, Unified Parkinson's Disease Rating Scale III (UPDRS-III) scores, and Mini-Mental State Examination (MMSE) scores using a stringent threshold (p = 0.0005, extent threshold = 10 voxels). Subgroup analyses were conducted if necessary.

Complementary analyses were conducted using the SDM-PSI software version 6.21 (www.sdmproject.com), with a threshold of FWE-corrected p < 0.05. I2 statistics were calculated to assess the heterogeneity between studies (I2 > 50% indicates serious heterogeneity). Egger's tests were calculated to assess potential publication bias (p < 0.05 indicates obvious publication bias).




RESULTS


Included Studies

The search strategy yielded 480 potentially relevant studies initially, and three additional studies were identified through references searching. Twelve studies that met the inclusion criteria were finally included in the meta-analysis. The quality scores of these studies were higher than 13 scores (Table 1). The detailed identification and attrition of studies are shown in the Figure 1. Among the 12 studies (Brenneis et al., 2003, 2006; Specht et al., 2005; Minnerop et al., 2007; Chang et al., 2009; Tir et al., 2009; Tzarouchi et al., 2010; Wang et al., 2011; Shigemoto et al., 2013; Kim et al., 2015; Planetta et al., 2015; Dash et al., 2019), 10 studies (Brenneis et al., 2003; Minnerop et al., 2007; Chang et al., 2009; Tir et al., 2009; Tzarouchi et al., 2010; Wang et al., 2011; Shigemoto et al., 2013; Kim et al., 2015; Planetta et al., 2015; Dash et al., 2019) detected the GMV differences between the MSA-P patients and the HCs, comprising 136 MSA-P patients and 211 HCs; five studies (Specht et al., 2005; Brenneis et al., 2006; Minnerop et al., 2007; Chang et al., 2009; Dash et al., 2019) detected the GMV differences between the MSA-C patients and the HCs, comprising 89 MSA-C patients and 134 HCs. The age and sex were matched between patients and HCs in each study. The demographic and clinical characteristics of the included studies are summarized in Table 1.


Table 1. Characteristics of included VBM studies in the current meta-analysis.
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FIGURE 1. Flow chart for the search process.




Regional Differences in Gray Matter Volume

Compared with HCs, MSA-P patients showed significant regional GMV reductions in the bilateral insula, the bilateral lenticular nucleus and putamen, the bilateral striatum, the right rolandic operculum (RO), the right Heschl gyrus, the right superior temporal gyrus, the opercular part of the right inferior frontal gyrus, the bilateral amygdala, the left cerebellar hemispheric lobule (VI, VIIB, and VIII), the left cerebellar crus I and II, and the left caudate nucleus (Table 2 and Figure 2).


Table 2. The mean meta-analysis: gray matter volume reductions in MSA-P patients relative to HCs.

[image: Table 2]


[image: Figure 2]
FIGURE 2. Regions of gray matter decrease in patients with MSA-P compared with healthy controls. MSA-P, multiple system atrophy with predominant parkinsonism.


Compared with HCs, MSA-C patients showed significant regional GMV reductions in the bilateral cerebellar hemispheric lobule III–VI, the left cerebellar crus I, the cerebellar vermic lobule (III–VI, VIII and X), the left fusiform gyrus, the bilateral lingual gyrus, the right superior temporal gyrus, and the right middle temporal gyrus (Table 3 and Figure 3). No significant regional GMV increase was detected in MSA-P or MSA-C patients.


Table 3. The mean meta-analysis: gray matter volume reductions in MSA-C patients relative to HCs.
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FIGURE 3. Regions of gray matter decrease in patients with MSA-C compared with healthy controls. MSA-C, multiple system atrophy with predominant cerebellar ataxia.




Analyses of Sensitivity, Heterogeneity, and Publication Bias

The jackknife sensitivity analysis revealed that all the abovementioned regional differences were highly robust in both MSA-P and MSA-C groups (Tables 2, 3). Heterogeneity analysis using Q statistics indicated that there was no variability between studies. The funnel plots showed no obvious asymmetric of all significant brain regions. However, the quantitative assessment measured by Egger's tests revealed publication bias in two areas in MSA-P (Table 2).



Meta-Regression Analyses

Meta-regression analyses were conducted in the MSA-P and MSA-C groups separately. In the MSA-P group, there was an increased probability of finding brain atrophy in bilateral insula and right cerebellar crus with lower MMSE score. Age, disease duration, and UPDRS-III score did not have any significant effect on the observed between-group GMV differences. In the MSA-C group, both increased age and a longer disease duration were correlated with severe GM atrophy in the cerebellar vermic lobule X.



Complementary Analyses

In the complementary analyses, using a threshold of FWE-corrected p < 0.05, most of the results overlapped with the uncorrected results. However, in MSA-P, the bilateral amygdala and the left caudate nucleus did not survive the FWE correction, while the left fusiform gyrus showed significant regional GMV reductions after the FWE correction. In MSA-C, the right superior temporal gyrus and the right middle temporal gyrus did not survive the FWE correction. The I2 statistics (I2 = 2.99–12.68%) and Egger's tests (p = 0.333–0.930) showed low heterogeneity and no obvious publication bias. The results are shown in Supplementary Tables 1, 2 and Supplementary Figures 2, 3.




DISCUSSION

The current meta-analysis revealed a different pattern of GMV reduction between the two subtypes. Besides cerebellum atrophy detected in both MSA-P and MSA-C, basal ganglia atrophy was only detected in MSA-P. GMV reduction in the cerebral cortex is different between the two subtypes.


Basal Ganglia and the Cerebellum

Although the mainly affected areas are thought to be different between the MSA-P and MSA-C subtypes (Ozawa et al., 2004), evidence arose that there are overlapping affected areas in the two subtypes. For example, basal ganglia involvement has also been reported in MSA-C subtype, while cerebellum involvement has also been reported in MSA-P subtype (Schulz et al., 1994, 1999; Wang et al., 2011). In the current meta-analysis, GMV reductions were detected in the cerebellum in both the two subtypes, whereas GMV reduction of the basal ganglia was only detected in the MSA-P not in MSA-C subtype.

In line with the current meta-analysis, basal ganglia abnormalities have been widely reported in patients with MSA-P by previous pathological (Goto et al., 1996; Wenning et al., 2002; Ozawa et al., 2004), volumetric MRI (Schulz et al., 1999; Messina et al., 2011), diffusion-weighted imaging (DWI) (Schocke et al., 2004), functional MRI (fMRI) (Planetta et al., 2015), dopamine transporter–positron emission tomography (DAT-PET) (Ghaemi et al., 2002), and fluorodeoxyglucose–positron emission tomography (FDG-PET) (De Volder et al., 1989; Juh et al., 2005; Lyoo et al., 2008; Baudrexel et al., 2014) studies. The atrophy of the basal ganglia observed in MSA-P accounts for the poor response to levodopa, which is a key characteristic for MSA-P (Fanciulli and Wenning, 2015). Inconsistent finding of basal ganglia atrophy in MSA-C has been reported by some pathological (Ozawa et al., 2004; Jellinger et al., 2005) and quantitative MRI studies (Schulz et al., 1994, 1999; Minnerop et al., 2007; Dash et al., 2019). The current meta-analysis did not find basal ganglia atrophy in MSA-C. A pathological study (Ozawa et al., 2004) found that relatively mild atrophy of the basal ganglia could cause clinically manifestation of parkinsonism, while more advanced cerebellar atrophy was required for ataxia symptom, which could partially explain the findings of our study due to a shorter disease duration of the included MSA-C patients (mean duration 3.7 years) compared with that of the included MSA-P patients (mean duration 4.1 years). The other possible explanation was the lack of sensitivity of VBM technique in detecting GMV changes in the basal ganglia due to the subcortical localization and the small volume of the basal ganglia (Minnerop et al., 2007). A recent quantitative susceptibility mapping (QSM) study detected higher QSM values in the substantia nigra in MSA-C compared with HCs (Sugiyama et al., 2019), indicating that more sensitive methods are needed to explore whether the basal ganglia would be affected in MSA-C.

Cerebellum abnormalities of MSA-C have been widely reported by previous pathological (Wenning et al., 1997; Ozawa et al., 2004), volumetric MRI (Schulz et al., 1994, 1999), diffusion tensor imaging (DTI) (Wang et al., 2011), PET (Juh et al., 2005), and QSM (Sugiyama et al., 2019) studies. In the current meta-analysis, GMV reductions were found in the cerebellar hemispheric lobule III–VI, cerebellar crus I, and cerebellar vermic lobule (III–VI, VIII, and X) in MSA-C. Atrophy of cerebellar hemispheric lobule III–V may result in ataxic symptoms, which are prominent symptoms in MSA-C since these regions have been reported to dominate sensorimotor control (Stoodley and Schmahmann, 2010; Stoodley et al., 2012). Atrophy of cerebellar hemispheric lobule VI and crus I observed in our study may be partially in charge of the cognitive impairment detected in MSA-C patients (Santangelo et al., 2020a) since these areas have been reported to be associated with language, verbal working memory, spatial processing, executive functions, and emotional control (Stoodley and Schmahmann, 2009, 2010; Stoodley et al., 2012). A previous VBM study also revealed that anterior cerebellar (cerebellar hemispheric lobule IV–V) volume was negatively correlated with motor performance, whereas posterior lobe integrity was positively correlated with cognitive assessment in MSA-C (Yang et al., 2019). Cerebellar vermic lobule IV–IX in combination with cerebellar hemispheric lobule VI/VII have been reported to participate in control of eye movements (Jenkinson and Miall, 2010). Atrophy of these regions may be responsible for abnormal eye movements in MSA-C patients (Anderson et al., 2008). In addition, the current meta-regression analysis revealed a positive correlation between GM atrophy of cerebellar and disease duration, which was in accordance with a previous VBM-correlation analysis (Minnerop et al., 2007) and pathological study (Wenning et al., 1997). Thus, cerebellar size may be a structural marker of disease duration in MSA-C. Cerebellum involvement in MSA-P has been reported by neuropathological (Ozawa et al., 2004), volumetric MRI (Schulz et al., 1994, 1999; Messina et al., 2011), DTI (Wang et al., 2011), and fMRI studies (Planetta et al., 2015), which was consistent with the current finding.



Cerebral Cortex

It remains controversial whether cortical atrophy is involved in MSA. Some pathological studies have reported the pathological change of cerebral cortex such as primary sensorimotor cortex and higher motor cortices in MSA (Papp and Lantos, 1994; Konagaya et al., 1999, 2002). However, a review of 203 pathologically proven MSA patients reported that 78.4% of the patients did not have cortical atrophy, 12.7% of the patients had mild atrophy in the cerebral cortex, and only 8.9% had moderate to severe atrophy in the cerebral cortex (Wenning et al., 1997). In the current meta-analysis, GMV reductions of the cerebral cortex were detected in both the MSA-P and MSA-C subtypes.

An important finding of the current meta-analysis was the involvement of the cortex that was associated with cognition performance. Temporal cortex, prefrontal cortex, and fusiform gyrus atrophy has been detected in MSA-P, while temporal cortex, fusiform gyrus, and lingual gyrus atrophy has been detected in MSA-C in the current meta-analysis. After FWE correction, only fusiform gyrus and lingual gyrus had significant GMV loss in MSA-C.

The detected atrophy of the temporal cortex may account for the impairment of the verbal recall and working memory observed in patients with MSA (Robbins et al., 1992). A recent study found that patients with MSA-P showed decreased cortical thickness of fronto-temporal-parietal regions and that cortical thinning in temporal correlated with global cognitive status and memory impairment (Caso et al., 2020). Another study detected decreased cerebral blood flow and functional connectivity in the temporal gyrus in MSA-C using combined arterial spin labeling (ALS) perfusion and resting-state fMRI method (Zheng et al., 2019). The GMV loss detected in the prefrontal cortex of MSA-P could explain the frontal executive dysfunction impairment in MSA patients (Robbins et al., 1992, 1994; Pillon et al., 1995; Siri et al., 2013; Zhang et al., 2019). Both neuronal loss and GCIs have been detected in the frontal gyrus of patients with MSA in previous studies (Konagaya et al., 1999, 2002). An fMRI study also detected decreased regional homogeneity (ReHo) in the lateral prefrontal cortex (You et al., 2011), and previous FDG-PET studies have detected frontal and parietotemporal glucose hypometabolism in MSA patients (De Volder et al., 1989; Juh et al., 2005; Lyoo et al., 2008). In addition, the cognitive impairment of MSA-P was significantly correlated with a decrease in prefrontal perfusion detected by single-photon emission CT (SPECT) (Kawai et al., 2008). Furthermore, a previous VBM-correlation analysis revealed that the superior and inferior frontal atrophy was significantly correlated with memory scores in MSA (Chang et al., 2009), which also supported the finding of the current study. The fusiform gyrus and lingual gyrus have been reported to encode visuospatial information (Muthukrishnan et al., 2020). The fusiform gyrus atrophy detected in both MSA-P and MSA-C subtypes was consistent with the clinical findings that visuospatial and constructional function was impaired in both MSA-P and MSA-C (Kawai et al., 2008). The fusiform gyrus and lingual gyrus atrophy detected in MSA-C in the current meta-analysis was in line with previous functional MRI and ALS studies (Ren et al., 2018; Zheng et al., 2019).

The affected brain cognition areas identified in the current meta-analysis were in line with a previous clinical study, which found that patients with MSA-P and MSA-C subtype had a different pattern of cognitive impairment: MSA-P showed severe impairment of visuospatial and constructional function, verbal fluency, and executive function, whereas MSA-C showed only visuospatial and constructional function involvement and a milder degree of impairment (Kawai et al., 2008).



Limbic System

Atrophy of the insula and amygdala in MSA-P subtype was identified in the current meta-analysis. The insula is composed of multiple functionally distinct areas such as primary sensorimotor and somatosensory cortex representing head and neck, visceral motor cortex and sensory cortex, and language areas (Augustine, 1996). By using resting-state functional connectivity (rsFC) analysis, insula has been found to have rich connections with extensive brain structures, indicating a vital role of insula for integrating cognitive-affective, sensorimotor, and autonomic information (Cauda et al., 2011). The trajectories of lateral cholinergic projection were from the nucleus basalis of Meynert to the insula, frontoparietal operculum, and superior temporal gyrus, which encodes memory (Selden et al., 1998). The positive correlation between MMSE scores and insula GMV identified in the current meta-regression analysis was in accordance with a previous functional MRI study, which has revealed decreased FC of insula in MSA patients with cognitive impairment (Yang et al., 2020). In addition, insula in combination with the prefrontal cortex and temporal pole, whose volume was decreased in the current study, constitute a complex neuroanatomical network, namely, the theory of mind (ToM) network (Bodden et al., 2010). ToM is defined as the ability to infer other people's mental states and is therefore important in human social interaction (Bodden et al., 2010). A clinical study detected deficit of both cognitive and affective components of ToM in patients with MSA (Santangelo et al., 2020b), which confirmed the ToM dysfunction in MSA.

The amygdala is also an important structure that plays a role in cognitive-affective network (Janak and Tyke, 2015). Pathological study has shown α-synuclein and transactive response DNA-binding protein of 43 kDa (TDP-43) pathology in the amygdala of MSA (Brettschneider et al., 2018; Koga et al., 2018). Functional MRI has detected lower amplitude of low-frequency fluctuations (ALFF) in the amygdala of MSA patients (Wang et al., 2017). Abnormal FC of amygdala has been reported to be associated with depressive symptoms in patients with MSA (Zhao et al., 2018), and greater neuronal cytoplasmic inclusion (NCI) burden in the amygdala has been reported to be associated with cognitive impairment in MSA (Maeda et al., 2018). More severe cognitive, affective, and autonomic symptoms observed in MSA-P than MSA-C subtype (Kawai et al., 2008; Zhang et al., 2017) may be attributed to the presence of insula and amygdala atrophy detected in MSA-P and absence of insula and amygdala atrophy in MSA-C. However, since the atrophy of the amygdala in MSA-P did not survive FWE correction, the results should be interpreted with caution, and more studies are needed to confirm the results.

A previous study also indicated that longer disease duration is associated with more progressive and diffuse atrophy of the cerebral cortex (Tzarouchi et al., 2010). The less extensive impairment of the cerebral cortex in MSA-C may partially ascribe to a relatively short disease duration of the included patients compared with the included MSA-P patients. Another explanation may be the intrinsic character of different cerebral involvement patterns of the two subtypes. MSA has recently been hypothesized to be an oligodendroglial synucleinopathy with “prion-like” propagation of misfolded α-synuclein from neurons to oligodendroglial and cell to cell (Reyes et al., 2014; Tarutani and Hasegawa, 2019), which may give clues to the spread pattern of affected areas in MSA. For example, given that the caudate receives afferent fibers mainly from the prefrontal cortex, and ventral striatum receives afferent fibers from the orbitofrontal cortex, the ventromedial frontal pole, the uncus of the temporal lobe, and the temporal pole (Lehericy et al., 2004), we speculated that the prominent involvement of frontal cortex in MSA-P subtype may be ascribed to the connection between the basal ganglia and frontal cortex. Therefore, the affected areas of the two subtypes of MSA may spread along the connected fibers, leading to different patterns of brain involvement and symptom manifestation.




LIMITATIONS

The current study has several limitations. First, only studies published in English language were included, and studies from which we could not extract stereotactic coordinates were excluded, which might lead to bias. Second, the heterogeneity of the methodologies in the included studies could not be completely ruled out, such as different preprocessing protocols, smoothing kernels, and statistical thresholds. For instance, we included a study using SPM99, a software where the Jacobian matrix is calculated using linear analyses, which increase the presence of false negative in the comparisons between MSA and HCs. Moreover, for studies adopting software from SPM8 backward, the inclusion of the GM threshold-based masking during the pre-processing was not mandatory. Without using this mask, the possibility to capture WM alterations and consider them as part of GM changes is high. However, we have conducted the jackknife sensitivity analyses by removing one study at a time and repeating the analysis to assess the robustness of the main meta-analytical results, which could partially compensate this limitation. Third, the diagnosis of the included patients with MSA was not confirmed by autopsy. In addition, due to the short disease duration range of patients included in this meta-analysis, the risk of misinterpreting probable WM alterations as cortical GM changes may be high.



CONCLUSIONS

The current study revealed a different pattern of GMV reduction between the two subtypes. Besides cerebellum atrophy in both MSA-P and MSA-C, basal ganglia atrophy was only detected in MSA-P. Cerebral cortex atrophy was detected in both subtypes, with predominant involvement of the temporal cortex, prefrontal cortex, fusiform gyrus, and insula in MSA-P and predominant involvement of the fusiform gyrus and lingual gyrus in MSA-C. These findings provided morphological evidence for the pathophysiology of the two subtypes of MSA.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

JL contributed to conception, organization and execution, data collection and statistical analysis, and drafting of the manuscript. XX, YH, and JY contributed to the execution and data collection. HS contributed to the conception and organization, manuscript review, and critique and is responsible for the overall content as the guarantor. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by 1.3.5 project for disciplines of excellence, West China Hospital, Sichuan University (Grant No. ZYJC18038) and 1.3.5 project for disciplines of excellence—Clinical Research Incubation Project, West China Hospital, Sichuan University (Grant No. 2019HXFH016).



ACKNOWLEDGMENTS

The authors thank all the participants of this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2020.591666/full#supplementary-material



REFERENCES

 Albajes-Eizagirre, A., Solanes, A., Vieta, E., and Radua, J. J. N. (2019). Voxel-based meta-analysis via permutation of subject images (PSI): theory and implementation for SDM. Neuroimage 186, 174–184. doi: 10.1016/j.neuroimage.2018.10.077

 Anderson, T., Luxon, L., Quinn, N., Daniel, S., David Marsden, C., and Bronstein, A. (2008). Oculomotor function in multiple system atrophy: clinical and laboratory features in. 30 patients. Mov. Disord. 23, 977–984. doi: 10.1002/mds.21999

 Ashburner, J., and Friston, K. J. (2000). Voxel-based morphometry–the methods. Neuroimage 11(6 Pt 1), 805–821. doi: 10.1006/nimg.2000.0582

 Augustine, J. R. (1996). Circuitry and functional aspects of the insular lobe in primates including humans. Brain Res. Brain Res. Rev. 22, 229–244. doi: 10.1016/S0165-0173(96)00011-2

 Baudrexel, S., Seifried, C., Penndorf, B., Klein, J. C., Middendorp, M., Steinmetz, H., et al. (2014). The value of putaminal diffusion imaging versus. 18-fluorodeoxyglucose positron emission tomography for the differential diagnosis of the Parkinson variant of multiple system atrophy. Mov. Disord. 29, 380–387. doi: 10.1002/mds.25749

 Bodden, M. E., Dodel, R., and Kalbe, E. (2010). Theory of mind in Parkinson's disease and related basal ganglia disorders: a systematic review. Mov. Disord. 25, 13–27. doi: 10.1002/mds.22818

 Brenneis, C., Boesch, S. M., Egger, K. E., Seppi, K., Scherfler, C., Schocke, M., et al. (2006). Cortical atrophy in the cerebellar variant of multiple system atrophy: a voxel-based morphometry study. Mov. Disord. 21, 159–165. doi: 10.1002/mds.20656

 Brenneis, C., Seppi, K., Schocke, M. F., Muller, J., Luginger, E., Bosch, S., et al. (2003). Voxel-based morphometry detects cortical atrophy in the Parkinson variant of multiple system atrophy. Mov. Disord. 18, 1132–1138. doi: 10.1002/mds.10502

 Brettschneider, J., Suh, E., Robinson, J. L., Fang, L., Lee, E. B., Irwin, D. J., et al. (2018). Converging patterns of alpha-synuclein pathology in multiple system atrophy. J. Neuropathol. Exp. Neurol. 77, 1005–1016. doi: 10.1093/jnen/nly080

 Caso, F., Canu, E., Lukic, M., Petrovic, I., Fontana, A., Nikolic, I., et al. (2020). Cognitive impairment and structural brain damage in multiple system atrophy-parkinsonian variant. J. Neurol. 267, 87–94. doi: 10.1007/s00415-019-09555-y

 Cauda, F., D'Agata, F., Sacco, K., Duca, S., Geminiani, G., and Vercelli, A. (2011). Functional connectivity of the insula in the resting brain. Neuroimage 55, 8–23. doi: 10.1016/j.neuroimage.2010.11.049

 Chang, C. C., Chang, Y. Y., Chang, W. N., Lee, Y. C., Wang, Y. L., Lui, C. C., et al. (2009). Cognitive deficits in multiple system atrophy correlate with frontal atrophy and disease duration. Eur. J. Neurol. 16, 1144–1150. doi: 10.1111/j.1468-1331.2009.02661.x

 Dash, S. K., Stezin, A., Takalkar, T., George, L., Kamble, N. L., Netravathi, M., et al. (2019). Abnormalities of white and grey matter in early multiple system atrophy: comparison of parkinsonian and cerebellar variants. Eur. Radiol. 29, 716–724. doi: 10.1007/s00330-018-5594-9

 De Volder, A. G., Francart, J., Laterre, C., Dooms, G., Bol, A., Michel, C., et al. (1989). Decreased glucose utilization in the striatum and frontal lobe in probable striatonigral degeneration. Ann. Neurol. 26, 239–247. doi: 10.1002/ana.410260210

 Fanciulli, A., and Wenning, G. K. (2015). Multiple-system atrophy. N. Engl. J. Med. 372, 249–263. doi: 10.1056/NEJMra1311488

 Ghaemi, M., Hilker, R., Rudolf, J., Sobesky, J., and Heiss, W. D. (2002). Differentiating multiple system atrophy from Parkinson's disease: contribution of striatal and midbrain MRI volumetry and multi-tracer PET imaging. J. Neurol. Neurosurg. Psychiatr. 73, 517–523. doi: 10.1136/jnnp.73.5.517

 Goto, S., Matsumoto, S., Ushio, Y., and Hirano, A. (1996). Subregional loss of putaminal efferents to the basal ganglia output nuclei may cause parkinsonism in striatonigral degeneration. Neurology 47, 1032–1036. doi: 10.1212/WNL.47.4.1032

 Iwabuchi, S., Krishnadas, R., Li, C., Auer, D., Radua, J., Palaniyappan, L. J. N., et al. (2015). Localized connectivity in depression: a meta-analysis of resting state functional imaging studies. Neurosci. Biobehav. Rev. 51, 77–86. doi: 10.1016/j.neubiorev.2015.01.006

 Janak, H. P., and Tyke, K. M. (2015). From circuits to behaviour in the amygdala. Nature 517, 284–292. doi: 10.1038/nature14188

 Jellinger, K. A., Seppi, K., and Wenning, G. K. (2005). Grading of neuropathology in multiple system atrophy: proposal for a novel scale. Mov. Disord. 20(Suppl. 12), S29–S36. doi: 10.1002/mds.20537

 Jenkinson, N., and Miall, R. C. (2010). Disruption of saccadic adaptation with repetitive transcranial magnetic stimulation of the posterior cerebellum in humans. Cerebellum 9, 548–555. doi: 10.1007/s12311-010-0193-6

 Juh, R., Pae, C. U., Lee, C. U., Yang, D., Chung, Y., Suh, T., et al. (2005). Voxel based comparison of glucose metabolism in the differential diagnosis of the multiple system atrophy using statistical parametric mapping. Neurosci. Res. 52, 211–219. doi: 10.1016/j.neures.2005.03.010

 Kawai, Y., Suenaga, M., Takeda, A., Ito, M., Watanabe, H., Tanaka, F., et al. (2008). Cognitive impairments in multiple system atrophy: MSA-C vs MSA-P. Neurology 70(16 Pt 2), 1390–1396. doi: 10.1212/01.wnl.0000310413.04462.6a

 Kim, J. S., Yang, J. J., Lee, D. K., Lee, J. M., Youn, J., Huh, Y. E., et al. (2015). Abstracts of the nineteenth international congress of parkinson's disease and movement disorders. Mov. Disord. 30(Suppl. 1), S1–S642. doi: 10.1002/mds.26295

 Koga, S., Lin, W. L., Walton, R. L., Ross, O. A., and Dickson, D. W. (2018). TDP-43 pathology in multiple system atrophy: colocalization of TDP-43 and alpha-synuclein in glial cytoplasmic inclusions. Neuropathol. Appl. Neurobiol. 44, 707–721. doi: 10.1111/nan.12485


 Konagaya, M., Konagaya, Y., Sakai, M., Matsuoka, Y., and Hashizume, Y. (2002). Progressive cerebral atrophy in multiple system atrophy. J. Neurol. Sci. 195, 123–127. doi: 10.1016/S0022-510X(01)00692-X

 Konagaya, M., Sakai, M., Matsuoka, Y., Konagaya, Y., and Hashizume, Y. (1999). Multiple system atrophy with remarkable frontal lobe atrophy. Acta Neuropathol. 97, 423–428. doi: 10.1007/s004010051008

 Lehericy, S., Ducros, M., Van de Moortele, P. F., Francois, C., Thivard, L., Poupon, C., et al. (2004). Diffusion tensor fiber tracking shows distinct corticostriatal circuits in humans. Ann. Neurol. 55, 522–529. doi: 10.1002/ana.20030

 Lieberman, M. D., and Cunningham, W. A. (2009). Type I and type II error concerns in fMRI research: re-balancing the scale. Soc. Cogn. Affect. Neurosci. 4, 423–428. doi: 10.1093/scan/nsp052

 Lyoo, C. H., Jeong, Y., Ryu, Y. H., Lee, S. Y., Song, T. J., Lee, J. H., et al. (2008). Effects of disease duration on the clinical features and brain glucose metabolism in patients with mixed type multiple system atrophy. Brain 131(Pt 2), 438–446. doi: 10.1093/brain/awm328

 Maeda, N., Honda, H., Suzuki, S. O., Fujii, N., Kira, J. I., and Iwaki, T. (2018). Mitochondrial dysfunction and altered ribostasis in hippocampal neurons with cytoplasmic inclusions of multiple system atrophy. Neuropathology. 38, 361–373. doi: 10.1111/neup.12482

 Messina, D., Cerasa, A., Condino, F., Arabia, G., Novellino, F., Nicoletti, G., et al. (2011). Patterns of brain atrophy in Parkinson's disease, progressive supranuclear palsy and multiple system atrophy. Parkinsonism Relat. Disord. 17, 172–176. doi: 10.1016/j.parkreldis.2010.12.010

 Minnerop, M., Specht, K., Ruhlmann, J., Schimke, N., Abele, M., Weyer, A., et al. (2007). Voxel-based morphometry and voxel-based relaxometry in multiple system atrophy-a comparison between clinical subtypes and correlations with clinical parameters. Neuroimage 36, 1086–1095. doi: 10.1016/j.neuroimage.2007.04.028

 Muthukrishnan, S. P., Soni, S., and Sharma, R. (2020). Brain networks communicate Through theta oscillations to encode high load in a visuospatial working memory task: an EEG connectivity study. Brain Topogr. 33, 75–85. doi: 10.1007/s10548-019-00739-3

 Ozawa, T., Paviour, D., Quinn, N. P., Josephs, K. A., Sangha, H., Kilford, L., et al. (2004). The spectrum of pathological involvement of the striatonigral and olivopontocerebellar systems in multiple system atrophy: clinicopathological correlations. Brain1 127(Pt 12), 2657–2671. doi: 10.1093/brain/awh303

 Papp, M. I., and Lantos, P. L. (1994). The distribution of oligodendroglial inclusions in multiple system atrophy and its relevance to clinical symptomatology. Brain 117(Pt 2), 235–243. doi: 10.1093/brain/117.2.235

 Pillon, B., Gouider-Khouja, N., Deweer, B., Vidailhet, M., Malapani, C., Dubois, B., et al. (1995). Neuropsychological pattern of striatonigral degeneration: comparison with Parkinson's disease and progressive supranuclear palsy. J. Neurol. Neurosurg. Psychiatr. 58, 174–179. doi: 10.1136/jnnp.58.2.174

 Planetta, P. J., Kurani, A. S., Shukla, P., Prodoehl, J., Corcos, D. M., Comella, C. L., et al. (2015). Distinct functional and macrostructural brain changes in Parkinson's disease and multiple system atrophy. Hum. Brain Mapp. 36, 1165–1179. doi: 10.1002/hbm.22694

 Radua, J., Mataix-Cols, D., Phillips, M. L., El-Hage, W., Kronhaus, D. M., Cardoner, N., et al. (2012). A new meta-analytic method for neuroimaging studies that combines reported peak coordinates and statistical parametric maps. Eur. Psychiatry 27, 605–611. doi: 10.1016/j.eurpsy.2011.04.001

 Ren, S., Zhang, H., Zheng, W., Liu, M., Gao, F., Wang, Z., et al. (2018). Altered functional connectivity of cerebello-cortical circuit in multiple system atrophy (cerebellar-type). Front. Neurosci. 12:996. doi: 10.3389/fnins.2018.00996

 Reyes, J. F., Rey, N. L., Bousset, L., Melki, R., Brundin, P., and Angot, E. (2014). Alpha-synuclein transfers from neurons to oligodendrocytes. Glia 62, 387–398. doi: 10.1002/glia.22611

 Robbins, T. W., James, M., Lange, K. W., Owen, A. M., Quinn, N. P., and Marsden, C. D. (1992). Cognitive performance in multiple system atrophy. Brain1 115(Pt 1), 271–291. doi: 10.1093/brain/115.1.271

 Robbins, T. W., James, M., Owen, A. M., Lange, K. W., Lees, A. J., Leigh, P. N., et al. (1994). Cognitive deficits in progressive supranuclear palsy, Parkinson's disease, and multiple system atrophy in tests sensitive to frontal lobe dysfunction. J. Neurol. Neurosurg. Psychiatr. 57, 79–88. doi: 10.1136/jnnp.57.1.79

 Santangelo, G., Cuoco, S., Picillo, M., Erro, R., Squillante, M., Volpe, G., et al. (2020a). Evolution of neuropsychological profile in motor subtypes of multiple system atrophy. Parkinsonism Relat. Disord. 70, 67–73. doi: 10.1016/j.parkreldis.2019.12.010

 Santangelo, G., Cuoco, S., Picillo, M., Erro, R., Squillante, M., Volpe, G., et al. (2020b). Theory of Mind in multiple system atrophy: comparison with Parkinson's disease and healthy subjects. J. Neural Transm. 127, 915–923. doi: 10.1007/s00702-020-02181-3

 Schocke, M. F., Seppi, K., Esterhammer, R., Kremser, C., Mair, K. J., Czermak, B. V., et al. (2004). Trace of diffusion tensor differentiates the Parkinson variant of multiple system atrophy and Parkinson's disease. Neuroimage 21, 1443–1451. doi: 10.1016/j.neuroimage.2003.12.005

 Schulz, J. B., Klockgether, T., Petersen, D., Jauch, M., Muller-Schauenburg, W., Spieker, S., et al. (1994). Multiple system atrophy: natural history, MRI morphology, and dopamine receptor imaging with. 123IBZM-SPECT. J. Neurol. Neurosurg. Psychiatr. 57, 1047–1056. doi: 10.1136/jnnp.57.9.1047

 Schulz, J. B., Skalej, M., Wedekind, D., Luft, A. R., Abele, M., Voigt, K., et al. (1999). Magnetic resonance imaging-based volumetry differentiates idiopathic Parkinson's syndrome from multiple system atrophy and progressive supranuclear palsy. Ann. Neurol. 45, 65–74. doi: 10.1002/1531-8249(199901)45:1<65::AID-ART12>3.0.CO;2-1

 Selden, N. R., Gitelman, D. R., Salamon-Murayama, N., Parrish, T. B., and Mesulam, M. M. (1998). Trajectories of cholinergic pathways within the cerebral hemispheres of the human brain. Brain 121(Pt 12), 2249–2257. doi: 10.1093/brain/121.12.2249

 Shao, N., Yang, J., and Shang, H. (2015). Voxelwise meta-analysis of gray matter anomalies in Parkinson variant of multiple system atrophy and Parkinson's disease using anatomic likelihood estimation. Neurosci. Lett. 587, 79–86. doi: 10.1016/j.neulet.2014.12.007

 Shepherd, A., Matheson, S., Laurens, K., Carr, V., and Green, M. J. (2012). Systematic meta-analysis of insula volume in schizophrenia. Biol. Psychiatry 72, 775–784. doi: 10.1016/j.biopsych.2012.04.020

 Shigemoto, Y., Matsuda, H., Kamiya, K., Maikusa, N., Nakata, Y., Ito, K., et al. (2013). In vivo evaluation of gray and white matter volume loss in the parkinsonian variant of multiple system atrophy using SPM8 plus DARTEL for VBM. Neuroimage Clin. 2, 491–496. doi: 10.1016/j.nicl.2013.03.017

 Siri, C., Duerr, S., Canesi, M., Delazer, M., Esselink, R., Bloem, B. R., et al. (2013). A cross-sectional multicenter study of cognitive and behavioural features in multiple system atrophy patients of the parkinsonian and cerebellar type. J. Neural. Transm. 120, 613–618. doi: 10.1007/s00702-013-0997-x

 Specht, K., Minnerop, M., Müller-Hübenthal, J., and Klockgether, T. J. N. (2005). Voxel-based analysis of multiple-system atrophy of cerebellar type: complementary results by combining voxel-based morphometry and voxel-based relaxometry. Neuroimage 25, 287–293. doi: 10.1016/j.neuroimage.2004.11.022

 Stoodley, C. J., and Schmahmann, J. D. (2009). Functional topography in the human cerebellum: a meta-analysis of neuroimaging studies. Neuroimage 44, 489–501. doi: 10.1016/j.neuroimage.2008.08.039

 Stoodley, C. J., and Schmahmann, J. D. (2010). Evidence for topographic organization in the cerebellum of motor control versus cognitive and affective processing. Cortex 46, 831–844. doi: 10.1016/j.cortex.2009.11.008

 Stoodley, C. J., Valera, E. M., and Schmahmann, J. D. (2012). Functional topography of the cerebellum for motor and cognitive tasks: an fMRI study. Neuroimage 59, 1560–1570. doi: 10.1016/j.neuroimage.2011.08.065

 Sugiyama, A., Sato, N., Kimura, Y., Fujii, H., Maikusa, N., Shigemoto, Y., et al. (2019). Quantifying iron deposition in the cerebellar subtype of multiple system atrophy and spinocerebellar ataxia type. 6 by quantitative susceptibility mapping. J. Neurol. Sci. 407:116525. doi: 10.1016/j.jns.2019.116525

 Tarutani, A., and Hasegawa, M. (2019). Prion-like propagation of alpha-synuclein in neurodegenerative diseases. Prog. Mol. Biol. Transl. Sci. 168, 323–348. doi: 10.1016/bs.pmbts.2019.07.005

 Tir, M., Delmaire, C., le Thuc, V., Duhamel, A., Destee, A., Pruvo, J. P., et al. (2009). Motor-related circuit dysfunction in MSA-P: usefulness of combined whole-brain imaging analysis. Mov. Disord. 24, 863–870. doi: 10.1002/mds.22463

 Tzarouchi, L. C., Astrakas, L. G., Konitsiotis, S., Tsouli, S., Margariti, P., Zikou, A., et al. (2010). Voxel-based morphometry and voxel-based relaxometry in parkinsonian variant of multiple system atrophy. J. Neuroimaging 20, 260–266. doi: 10.1111/j.1552-6569.2008.00343.x

 Wang, N., Edmiston, E. K., Luo, X., Yang, H., Chang, M., Wang, F., et al. (2017). Comparing abnormalities of amplitude of low-frequency fluctuations in multiple system atrophy and idiopathic Parkinson's disease measured with resting-state fMRI. Psychiatry Res. Neuroimaging 269, 73–81. doi: 10.1016/j.pscychresns.2017.09.002

 Wang, P. S., Wu, H. M., Lin, C. P., and Soong, B. W. (2011). Use of diffusion tensor imaging to identify similarities and differences between cerebellar and Parkinsonism forms of multiple system atrophy. Neuroradiology 53, 471–481. doi: 10.1007/s00234-010-0757-7

 Wenning, G. K., Seppi, K., Tison, F., and Jellinger, K. (2002). A novel grading scale for striatonigral degeneration (multiple system atrophy). J. Neural Transm. 109, 307–320. doi: 10.1007/s007020200025

 Wenning, G. K., Tison, F., Ben Shlomo, Y., Daniel, S. E., and Quinn, N. P. (1997). Multiple system atrophy: a review of. 203 pathologically proven cases. Mov. Disord. 12, 133–147. doi: 10.1002/mds.870120203

 Yang, H., Luo, X., Yu, H., Guo, M., Cao, C., Li, Y., et al. (2020). Altered resting-state voxel-level whole-brain functional connectivity in multiple system atrophy patients with cognitive impairment. Clin. Neurophysiol. 131, 54–62. doi: 10.1016/j.clinph.2019.09.026

 Yang, H., Wang, N., Luo, X., Lv, H., Liu, H., Li, Y., et al. (2019). Cerebellar atrophy and its contribution to motor and cognitive performance in multiple system atrophy. Neuroimage Clin. 23:101891. doi: 10.1016/j.nicl.2019.101891

 You, H., Wang, J., Wang, H., Zang, Y. F., Zheng, F. L., Meng, C. L., et al. (2011). Altered regional homogeneity in motor cortices in patients with multiple system atrophy. Neurosci. Lett. 502, 18–23. doi: 10.1016/j.neulet.2011.07.015

 Yu, F., Barron, D. S., Tantiwongkosi, B., and Fox, P. (2015). Patterns of gray matter atrophy in atypical parkinsonism syndromes: a VBM meta-analysis. Brain Behav. 5:e00329. doi: 10.1002/brb3.329

 Zhang, L., Cao, B., Ou, R., Wei, Q. Q., Zhao, B., Yang, J., et al. (2017). Non-motor symptoms and the quality of life in multiple system atrophy with different subtypes. Parkinsonism Relat. Disord. 35, 63–68. doi: 10.1016/j.parkreldis.2016.12.007

 Zhang, L., Cao, B., Zou, Y., Wei, Q. Q., Ou, R., Zhao, B., et al. (2019). Frontal lobe function, behavioral changes and quality of life in patients with multiple system atrophy. Restor. Neurol. Neurosci. 37, 11–19. doi: 10.3233/RNN-180862

 Zhao, B., Liu, H., Li, H., and Shang, X. (2018). Abnormal functional connectivity of the amygdala is associated with depressive symptoms in patients with multiple system atrophy. Neuropsychiatr. Dis. Treat. 14, 3133–3142. doi: 10.2147/NDT.S178657

 Zheng, W., Ren, S., Zhang, H., Liu, M., Zhang, Q., Chen, Z., et al. (2019). Spatial patterns of decreased cerebral blood flow and functional connectivity in multiple system atrophy (cerebellar-type): a combined arterial spin labeling perfusion and resting state functional magnetic resonance imaging study. Front. Neurosci. 13:777. doi: 10.3389/fnins.2019.00777

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.

Copyright © 2020 Lin, Xu, Hou, Yang and Shang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-12-591666-t002.jpg
Regions No. of Maximum MNI SDM-Z p-value Egger test Clusters’ breakdown Jackknife

voxels  coordinates (x ¥, 2) value (p-value) sensitivity analysis

Avea | 3210 32,14, -6 —3.425 ~0 0965 Right insula 10 outof 10
Right lenticular nucleus and putamen 10 outof 10
Right striatum 10 outof 10
Right rolandic operculum (RO) 10 outof 10
Right Heschl gyrus 8outof 10
Right superior temporal gyrus 9outof 10
Right inferior frontal gyrus, opercular 10 out of 10
part
Right amygdala 10 outof 10
Right temporal pole, superior 9outof 10
temporal gyrus

Area 2 1,459 ~34,6, -4 2008 <0.0001 0828 Left insula, 10 outof 10
Left lenticular nucleus and putamen, 10 out of 10
Left striatum, 10 outof 10
Left amygdala 10 outof 10

Area 3 587 38, -50, ~36 —2612  <0.0001 0010 Left cerebeliar hemispheric lobule VI, 9outof 10
Left cerebeliar hemispheric lobule VIIB, 8 out of 10
Left cerebeliar hemispheric lobule VIll, 7 out of 10
Left cerebellar crus I, 9out of 10
Left cerebelar crus I 8outof 10

Area 4 389 ~18,10, 10 -2519 00001 0,049 Left caudate nucleus 10 outof 10

MSA-P. multiple system atrophy with predominant parkinsonism; HCs, healthy controls; MNI, Montreal Neurological Institute; SDM, Seed-based d Mapping.





OPS/images/fnagi-12-591666-t003.jpg
Regions  No.of Maximum MNI SDM-Z

voxels  coordinates (x, ¥ z)  value
Avea 1 5384 -4,-52,-14 -5.307
Area 2 269 52,2, -14 —2.667

p-value

<0.001

Egger test
(p-value)

0.917

0673

Clusters’ breakdown

Left cerebeliar hemispheric lobule Il
Left cerebelar hemispheric lobule IVA/
Left cerebeliar hemispheric lobule VI
Right cerebellar hemispheric lobule i
Right cerebellar hemispheric lobule IV/V
Right cerebellar hemispheric lobule VI
Left cerebelar crus |

Cerebeliar vermic lobule I

Cerebellar vermic lobule VAV
Cerebellar vermic lobuie VI

Cerebellar vermic lobule VIl

Cerebeliar vermic lobule X

Left fusiform gyrus

Left lingual gyrus

Right lingual gyrus

Right temporal pole, superior temporal
gyrus

Right temporal pole, middle temporal
gyrus

Right superior temporal gyrus

Jackknife
sensitivity analysis

Soutof 5
Soutof 5
Soutof 5
Soutof 5
Soutof 5
Soutof 5
Soutof &
Soutof 5
Soutof 5
Soutof 5
Soutof 5
Soutof 5
Soutof 5
Soutof &
Soutof 5

Boutof 5
Boutof 5

Boutof &

MSA-C, multiple system atrophy with predominant cerebellar ataxia; HCs, healthy controls; MNI, Montreal Neurological Institute; SOM, Seed-based d Mapping.





OPS/images/fnagi-12-591666-g003.gif





OPS/images/fnagi-12-591666-t001.jpg
Study Sample  Sex(M/F)  Age(years) Disease duration ~UPDRS-lllscores MMSE scores ~ Scanner (T)  Software  Threshold Quality scores
(vears)

MSA-P

Brenneis et al. (2003) MSA-P 12 NA 62 +66 2811 42 NA 15 SPM99  p < 0.05 corrected 13
HC 12 NA 60 +58

Kim et al. (2015) MSA-P 15 &7 6527 +9.68 262159 3030 £9.23 2753164 3 FSL p < 0.05 corrected 14
HC 32 1918 6697 * 500

Planetta et al. (2015) MSA-P 14 86 646 +90 6527 3644130 274423 3 SPM8 p < 0.05 corrected 15
HC 14 95 619 +84

Shigemoto etal. (2013)  MSA-P 20 s 629 £ 77 41£22 NA NA 15 SPM8 p < 0.05 corrected 15
HC 30 10/20 647 £77

Tir et al. (2009) MSA-P 14 5/9 636 + 974 5122 3917 NA 15 SPM2 p < 0.05 corrected 14
HC 14 5/9 616 £76

Tzarouchi et al. (2010) MSA-P 11 o2 619 + 117 542425 NA NA 15 SPM p < 0.001 uncorrected 13
HC 11 83 64.63 + 104

Wang et al. (2011) MSA-P 12 48 630 + 127 5428 NA NA 15 SPM2 p < 0.05 corrected 14
HC 20 1010 524 + 195

Chang et al. (2009) MSA-P 13 o4 59.8 + 8.1 26 NA 249453 3 SPM2 p < 0.01 corrected 15
HC 37 2017 555 + 86

Dash et al. (2019) MSA-P9 574 538 6.0 15£10 NA NA 3 SPM8 p < 0.05 corrected 13
HC 25 18/7 550 6.8

Minnerop et al. (2007) MSA-P 16 88 628 +56 44523 NA NA 15 SPM2 p < 0.01 corrected 14
HC 16 &8 623 +43

MSA-C

Chang et al. (2009) MSA-C 10 5/5 571 +99 24 NA 21457 3 SPM2 p < 0.01 corrected 15
HC 37 2017 555 + 86

Dash et al. (2019) MSA-C20 1010 557 +5.4 17408 NA NA 3 SPM8 p < 0.05 corrected 14
HC 25 18/7 550 + 6.8

Minnerop et al. (2007) MSA-G32 1913 605 + 62 45%24 NA NA 15 SPM2 p < 0.01 corrected 14
HC 46 22/24 58.7 + 6.1

Brenneis et al. (2006) MSA-C 13 85 613 +62 3614 NA NA 15 SPMO9  p < 0.05 corrected 14
HC 13 85 605 + 4.4

Specht et al. (2005) MSA-C 14 5/9 594 +7.4 3714 NA NA 15 SPMO9  p < 0.05 corrected 14
HC 13 58 551 +69

VBM, voxel-based morphometry; UPDRS-Ill, Unified Parkinson's Disease Rating Scale Il MMSE, Mini-Mental State Examination; MSA, multiple system atrophy; MSA-P. muttiple system atrophy with predominant parkinsonism; MSA-C,

multiple system atrophy with predominant cerebellar ataxia; NA, none reported.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Voxel-Based Meta-Analysis of Gray Matter Abnormalities in Multiple System Atrophy



		Introduction



		Materials and Methods



		Searching Method, Quality Assessment, and Data Extraction



		Meta-Analysis of Voxel-Based Morphometry Studies







		Results



		Included Studies



		Regional Differences in Gray Matter Volume



		Analyses of Sensitivity, Heterogeneity, and Publication Bias



		Meta-Regression Analyses



		Complementary Analyses







		Discussion



		Basal Ganglia and the Cerebellum



		Cerebral Cortex



		Limbic System







		Limitations



		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Aging Neuroscience

Voxel-Based Meta-Analysis of Gray
Matter Abnormalities in Multiple
System Atrophy





OPS/images/fnagi-12-591666-g001.gif
Ao it hrogh Saabases
e, | [———
e T
R =
S
5
e e
e s
el
o Sy Ot e e
L] ~Oniy Getocted GM i RO (0+2)
DD e
e
T | | S s o iy

o e WA o cand UG
e

ey =y






OPS/images/fnagi-12-591666-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





