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Objective: We aimed to characterize the cognitive profiles in multiple system atrophy (MSA) and explore the cerebral metabolism related to the cognitive decline in MSA using 18F-fluorodeoxyglucose (18F-FDG) Positron Emission Tomography (PET).

Methods: In this study, 105 MSA patients were included for cognitive assessment and 84 of them were enrolled for 18F-FDG PET analysis. The comprehensive neuropsychological tests covered five main domains including execution, attention, memory, language, and visuospatial function. The cognitive statuses were classified to MSA with normal cognition (MSA-NC) and MSA with cognitive impairment (MSA-CI), including dementia (MSA-D), and mild cognitive impairment (MSA-MCI). With 18F-FDG PET imaging, the cerebral metabolism differences among different cognitive statuses were analyzed using statistical parametric mapping and post-hoc analysis.

Results: Among 84 MSA patients, 52 patients were found with MSA-CI, including 36 patients as MSA-MCI and 16 patients as MSA-D. In detail, the cognitive impairments were observed in all the five domains, primarily in attention, executive function and memory. In 18F-FDG PET imaging, MSA-D and MSA-MCI patients exhibited hypometabolism in left middle and superior frontal lobe compared with MSA-NC (p < 0.001). The normalized regional cerebral metabolic rate of glucose (rCMRglc) in left middle frontal lobe showed relative accuracy in discriminating MSA-CI and MSA-NC [areas under the curve (AUC) = 0.750; 95%CI = 0.6391–0.8609].

Conclusions: Cognitive impairments were not rare in MSA, and the hypometabolism in frontal lobe may contribute to such impairments.
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INTRODUCTION

Multiple system atrophy (MSA) is a sporadic, adult-onset, progressive neurodegenerative disorder, clinically presenting with the combination of parkinsonism, cerebellar ataxia, autonomic failure, and corticospinal disorders (1, 2). Cognitive impairments or dementia are traditionally believed to be rare or even the non-supporting feature in MSA diagnosis (3). Recently, increasing evidences suggested the existence of cognitive decline even dementia in MSA, which could reach up to 10–20% in several studies (4–9). However, the data on the prevalence or the status of cognitive impairments in MSA is greatly limited, which may be partially due to the lack of diagnostic criteria for cognition in MSA (10). In clinical practice, the cognition evaluation in MSA can refer to the clinical diagnostic criteria for mild cognitive impairment and dementia in Parkinson's disease (PD-MCI, PD-D) (11, 12).

As the evidences for cognitive impairments are accumulating, the biomarker and mechanism involved are to be further explored. The degeneration of striatonigral and olivopontocerebellar regions with α-synuclein-immunoreactive inclusions in oligodendrocytes has been acknowledged as the pathological characteristics of MSA (13, 14). In some patients of autopsy-confirmed MSA, neuronal loss in the frontal cortex (15), the α-synuclein pathology in limbic regions or medial temporal lobe (16, 17) were reported to correlate with the cognitive impairments in MSA. Nevertheless, pathological findings in autopsy only represent the end stage of the disease, and the in vivo neuroimaging methods may point out more underlying mechanism for further understanding. Currently, most of the neuroimaging studies uncovering cognitive impairments in MSA focused on structural imaging (18–21), while few studies pay attention to 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) functional neuroimaging (8, 22–24).

In the current study, we aimed to investigate the detailed cognitive profiles in a Chinese cohort of MSA patients, detect the regional cerebral metabolism differences among different cognitive statuses, and explore the utility of cerebral metabolism in differentiating the cognitive status in MSA.



MATERIALS AND METHODS


Subjects

In this study, 105 patients diagnosed as probable or possible multiple system atrophy (3) were enrolled in Huashan Hospital between February 2012 and August 2020. The diagnosis were made by two senior investigators of movement disorders with face-to-face clinical evaluations. The study was approved by the Human Studies Institutional Review Board, Huashan Hospital, Fudan University. All participants provided written informed consent in accordance with the Declaration of Helsinki before entering this study.



Clinical Assessments

We systemically collected the demographic information of the patients, including the age, sex, disease duration, and education degree. The motor dysfunction was assessed using Hoehn and Yahr scale and the Unified Parkinson's Disease Rating Scale Part III (UPDRS-III) in the “OFF” state, off anti-parkinsonian medications for at least 12 h.

The cognitive assessments were performed by a comprehensive battery of neuropsychological tests. The global cognitive status was tested through Mini Mental State Examination (MMSE); executive function was tested through the Stroop Color-Word Test (CWT) (25) and Trail-Making Test part B (TMT-B) (26); attention was tested through the Symbol Digit Modalities Test (SDMT) (27) and Trail-Making Test part A (TMT-A) (26); memory function was tested through the Auditory Verbal Learning Test (AVLT) (28) and delayed recall task of the Rey–Osterrieth Complex Figure Test (CFT-delayed recall) (29); visuospatial function was tested through the Clock Drawing Test (CDT) and copy task of Rey–Osterrieth Complex Figure Test (CFT) (29); language ability was tested through Boston Naming Test (BNT) and Animal Verbal Fluency Test (AVFT) (30).

The norm data we used was derived from healthy controls in Shanghai area (31), in which, groups were stratified based on age and educational level. The impairment in each test was defined to be 1.5 SD below mean of the corresponding group in the norm data. The diagnosis of mild cognitive impairment (MCI) and dementia in MSA (MSA-D) were made referring to the standard diagnostic criteria of PD-MCI and PDD (11, 12). The patients who didn't met the criteria of MSA patients with cognitive impairment (MSA-CI) (i.e., deficits present in at least two tests, either within one single cognitive domain or across different domains), including MSA-D and MSA-MCI, were considered as MSA with normal cognition (MSA-NC).



PET Imaging and Data Analysis

All patients underwent 18F-FDG PET imaging within 1 month around clinical assessment. But among 105 patients, 21 patients' imaging were not included for the final PET imaging analysis because of the change of PET/CT machine due to technical issues after May 2019 (Supplementary Figure 1). The subjects were asked to fast for at least 6 h but had free access to water, and anti-parkinsonian medications in patients were withheld for at least 12 h before PET imaging. We used a Siemens Biograph 64 PET/CT (Munich, Germany). Following the CT scan, a PET scan of 10-min duration was started 45-min post-injection. All studies in patients were performed in a resting state in a quiet and dimly lit room (32).

In the stage of data processing, statistical parametric mapping (SPM5) software running in Matlab platform (Mathworks Inc, Sherborn, MA) was applied as described previously (32). First, the original images were spatially normalized into a standard stereotactic Montreal Neurological Institute (MNI) space and estimated using default [15O]-H2O PET template (www.fil.ion.ucl.ac.uk/spm/spm99.html) (33). Then they were smoothed with a three-dimensional Gaussian filter of 10 mm Full Width at Half Maximum (FWHM) to improve signal to noise ratio.

To confirm and characterize the metabolism pattern of MSA, two-sample t-test was used to compare MSA patients (including three separate groups) and healthy controls (n = 15) (mean age 58.53 ± 5.74, male: female 7:8, years of education 9.80 ± 4.34) with age as a covariate according to the general linear model at each voxel in SPM. To explore metabolism characteristics of cognitive impairments in MSA, a pairwise comparison was made between MSA-D, MSA-MCI, and MSA-NC with education entered as a covariate. Clusters we reported met certain criteria as follows: significant with peak threshold at p = 0.001(uncorrected) over whole brain regions and extent threshold three times over the average cluster size calculated by the model. For a stricter criterion, clusters that survived a False Discovery Rate (FDR) correction at P < 0.05 were also explored. Then we constructed the 4 mm-radius spherical volume of interest (VOI) with the circle center at the peak voxel of cluster, and quantified metabolic values in each VOI using ScAnVP software (Version 5.9.1; Center for Neuroscience, the Feinstein Institute for Medical Research, Manhasset, NY). Due to the individual differences in global metabolic value, the normalized regional cerebral metabolic rate of glucose (rCMRglc) was expressed as: [VOI value/whole-brain metabolism] × 50 × 100%.

Exact coordinates and anatomical locations of significant regions were determined by Talairach-Daemon software (Research Imaging Center, University of Texas Health Science Center, San Antonio, TX, USA). In stereotaxic space, the SPM maps for hypermetabolism and hypometabolism were overlaid on a standard T1-weighted magnetic resonance imaging (MRI) brain template.



Statistical Analysis

The continuous, normally distributed data (including rCMRglc) among the MSA-NC, MSA-MCI, and MSA-D groups were analyzed using one-way analysis of variance (ANOVA) and post-hoc Bonferroni's comparison. Non-normally distributed data were analyzed with Mann–Whitney U-tests. The categorical variables were compared using Pearson's chi-square test. The accuracy of normalized rCMRglc in constructed VOI to diagnose the cognitive status was tested by receiver operating characteristic curve (ROC) analysis. Correlations between normalized rCMRglc in each significant cluster and test score/time in specific cognitive domain were assessed by Pearson correlation. All the analyses were conducted using the SPSS software (SPSS for Windows, version 22.0; SPSS Inc., Chicago, IL, USA). P < 0.05 was considered to be statistically significant.




RESULTS

Eighty-four patients with 18F-FDG PET imaging (51 males and 33 females) were finally included for analysis in the current study. The mean age of them was 57.12 ± 8.01 years old with the mean disease duration 26.80 ± 20.69 months. The detailed demographic and clinical characteristics were summarized in Table 1. No significant differences of characteristics were found between the included MSA patients (84 cases) with 18F-FDG PET and the total MSA patients (105 cases) (Supplementary Table 1).


Table 1. Demographic and clinical characteristics in three cognitive statuses of 84 MSA patients with PET imaging.
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Cognitive Profile in MSA Patients

As shown in Table 2, although only 18 (21%) patients had impaired MMSE in global cognitive function, a large proportion of MSA patients had impairments in the 10 individual neuropsychological tests. Among these tests, SDMT had the highest prevalence for impairment (51%), along with TMT-A (42%) and TMT-B (37%), while the two tests with the lowest prevalence for impairment were AVFT score (25%) and CDT score (25%). Impairments in 5 cognitive domains were all observed in MSA patients. The respective numbers and percentages of impairments in each domain were as follows: attention, 48 (57%); executive function, 45 (54%); memory, 43 (51%); visuospatial function, 34 (40%); language, 31 (37%).


Table 2. Comparisons of cognitive impairment in the three cognitive statuses of 84 MSA patients with PET imaging.

[image: Table 2]

MSA patients were classified into three categories: 32 (38.1%) were MSA-NC, 36 (42.9%) were MSA-MCI and 16 (19.0%) were MSA-D. The percentage of MSA-CI reached 61.9%. In accordance with the criteria of three cognitive statuses, MSA-D patients had the poorest performance in MMSE and nearly every neuropsychological test, followed by MSA-MCI and MSA-NC (Supplementary Table 2). The impairment pattern in cognitive domain was similar across MSA-D and MSA-MCI: prominent in attention and executive dysfunction and less prominent in visuospatial function and language. The information of the cognition in the 105 total patients was listed in Supplementary Table 3, showing an analogous pattern.



Regional Differences of Cerebral Metabolism Across Three Cognitive Statuses

Compared with 15 healthy controls, metabolic characteristics of MSA patients, MSA-D, MSA-MCI, and MSA-NC were all in accordance with MSA-related pattern (MSARP) observed by previous study (34, 35) (Supplementary Figure 2).

Global metabolic values had no significant differences among three cognitive statuses (ANOVA: F−0.056, p = 0.946). However, several regions with significantly different metabolism by paired-comparison between MSA-D, MSA-MCI, and MSA-NC were detected (Table 3 and Figure 1). Compared with MSA-NC, MSA-D patients revealed hypermetabolism in right cuneus, precentral gyrus, and hypometabolism in left middle frontal gyrus and superior frontal gyrus (p < 0.001), similarly, MSA-MCI patients presented less FDG uptake in left middle frontal gyrus, bilateral superior frontal gyrus, and cingulate gyrus (p < 0.001). If MSA-CI was regarded as a whole, MSA-CI patients showed the same picture in decreasing metabolism in left middle frontal gyrus and superior frontal gyrus compared with MSA-NC (p < 0.001). However, none was found in metabolic differences between MSA-D and MSA-MCI.


Table 3. Brain regions with significant metabolic differences between three cognitive statuses of 84 MSA patients.
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FIGURE 1. Comparison of regional cerebral metabolic changes across three cognitive statuses (MSA-D, MSA-MCI, and MSA-NC) utilizing voxel-based SPM analysis. (A) MSA-D patients displayed hypometabolism (blue–green) in left middle frontal gyrus and superior frontal gyrus compared with MSA-NC. (B) MSA-MCI patients displayed hypometabolism in left middle frontal gyrus, bilateral superior frontal gyrus, and cingulate gyrus. (C) MSA-CI patients displayed hypometabolism in left middle frontal gyrus and superior frontal gyrus compared with MSA-NC. All changes of metabolism are overlaid on a structural MRI brain template. White arrows indicate the representative brain regions. The thresholds of the color bars depict T-values and voxel threshold was set at p < 0.001.


Normalized rCMRglc in VOI centered at peak voxel in four representative regions—left middle frontal gyrus cluster (−30, 18, 50), left superior frontal gyrus cluster (−6, 28, 54), left superior frontal gyrus cluster (−12, 8, 64), and left cingulate gyrus (−6, 10, 42) were all significantly different across MSA-D, MSA-MCI, and MSA-NC (ANOVA: p < 0.001; Figure 2A). The area under the ROC curve (AUC) of determining diagnostic accuracy of normalized rCMRglc in aforementioned four regions for discriminating between MSA-CI and MSA-NC was moderate at 0.750 (95%CI = 0.6391–0.8609), 0.736 (95%CI = 0.6242–0.8481), 0.745 (95%CI = 0.6387–0.8505) and 0.754 (95%CI = 0.6489–0.8583), respectively (Figure 2B). In addition, AUC using rCMRglc value to distinguish MSA-D and MSA-NC, MSA-MCI and MSA-NC was shown in Supplementary Figure 3.
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FIGURE 2. Differences of normalized regional cerebral metabolic rate of glucose (rCMRglc) in representative regions across three cognitive statuses illustrated by post-hoc ANOVA and differential diagnostic utility of rCMRglc in corresponding regions for MSA-CI and MSA-NC. (A) Normalized rCMRglc obtained within a spherical VOI (4-mm radius) with the center in peak voxel of left middle frontal gyrus cluster (−30, 18, 50), left superior frontal gyrus cluster (−6, 28, 54), left superior frontal gyrus cluster (−12, 8, 64), and left cingulate gyrus cluster (−6, 10, 42) were significantly different among three cognitive statuses. ***p < 0.001; *p < 0.05. (B) The area under ROC curve of using rCMRglc in the aforementioned regions to distinguish MSA-CI from MSA-NC were 0.750, 0.736, 0.745, and 0.754, respectively.




Correlation of Test Score in Specific Cognitive Domain With Cerebral Metabolism in MSA Patients

Global metabolic values were not correlated with any cognitive score in five domains (regression analysis: absolute value r ≤ 0.179, p ≥ 0.104). However, significant correlations between normalized rCMRglc in all the aforementioned four regions and TMT-B time, TMT-A time, SDMT score, CFT-copy score, and AVFT score were observed (Supplementary Figure 4 and Supplementary Table 4).




DISCUSSION

Four major findings were reported in this 18F-FDG PET imaging study on the cognitive deficits in patients with MSA. First, cognitive impairments were not rare in MSA, with the proportion of MSA-CI up to 62%. Second, cognitive impairments in MSA were broad, covering all the five cognitive domains. Third, comparing with patients with MSA-NC, patients with MSA-CI presented decreased metabolism in left middle frontal gyrus and superior frontal gyrus in 18F-FDG PET imaging. Fourth, cognitive scores were significantly correlated with metabolic values in frontal lobe and cingulate gyrus. The latter two findings suggested the hypometabolism in frontal lobe was closely associated with cognitive decline in MSA patients. It is of practical significance to recognize that such hypometabolism in frontal gyrus existed even in non-dementia status (MCI). Further longitudinal study is needed to identify the role of frontal hypometabolism in the evolution process of cognitive impairments in MSA.

In our study, 19.0% of the MSA patients were classified as MSA-D, 42.9% patients as MSA-MCI, and 38.1% patients presented with normal cognitive function. Consistent with our report, emerging evidences (4–8, 36) supported the cognitive impairments in MSA. In another Chinese cohort (5), Cao reported that 32.7% MSA patients presented global cognitive deficits based on the Addenbrooke's Cognitive Examination-Revised (ACE-R). In Richard's study from UK (6), nearly 20% MSA patients were considered as MSA with cognitive impairment according to the Mattis Dementia Rating Scale (DRS). One of the main reasons causing the prevalence disparity in cognitive impairments in MSA may be the lack of accurate criteria for the cognitive impairments in MSA and corresponding tests (10). Therefore, the cognition changes in MSA may be underestimated and the development of sensitive criteria are in need.

Moreover, cognitive impairments of MSA patients in our study presented broad neurocognitive phenotypes. Attention (57%), executive function (54%), and memory (51%) were the three domains dominantly influenced. In a previous study using similar neuropsychological tests covering the five domains (8), 65.7% MSA patients had impairment in memory, 48.6% patients in executive dysfunction, supporting our findings. Apart from the impairments in the field of attention, executive function and memory, the impairment proportions in the field of visuospatial function and language were nearly 40% of total. Hence, our results suggested a wide range of deficits in cognitive domains in MSA, and such cognitive impairment feature should be further verified.

The evidences for cognitive impairments in MSA are accumulating, but the biomarkers and mechanisms involved remain to be further elucidated. In the current study with 18F-FDG PET imaging, MSA-D and MSA-MCI patients showed decreased metabolism in the frontal lobes comparing with MSA-NC, and the normalized rCMRglc was accurate in discriminating MSA-CI and MSA-NC. Cortical hypometabolism seen in the past FDG studies (Supplementary Table 5) was supportive of our result, but their classification for cognitive statuses was not elaborate as us (23). In previous MRI studies (Supplementary Table 5), patients with MSA-CI showed volume reduction in the frontal, temporal cortical areas (18–20), corpus callosum (21), basal ganglia (19), parahippocampal and lingual cortices (7). Howerver, the hypometabolism in MSA-CI was found mainly in the left frontal gyrus in our 18F-FDG PET imaging, suggesting such hypometabolism we reported was not identical to the structure volume reduction, inspiring us to further explore the role of frontal hypometabolism in the cognitive declines of MSA.

We believed that the frontal hypometabolism shared some neuropathological bases (Supplementary Table 5). In patients with MSA-D, microscopically neuronal cell loss, gliosis, and glial cytoplasmic inclusions (GCIs) accumulation were reported (37, 38). In Salvesen's stereological study, fewer frontal cortex neurons were found in patients with executive dysfunction than those with normal executive function (15). In term of burders of GCIs or neuronal cytoplasmic inclusion (NCI) in middle frontal gyrus, however, no difference was found between MSA-CI and MSA-NC (17, 39). Therefore, the detailed mechanisms involved in the cognition-related hypometabolism need to be further explored.

The strengths in our study are as follows. First, we got relative large sample size with systematic neuropsychological tests and 18F-FDG PET imaging in MSA patients. Second, in terms of cognitive status in assessment, we defined MSA-MCI as a non-dementia stage referring to PD-MCI and detected existing metabolic changes in MSA-MCI state, which has not been previously reported. However, there are several limitations in our study. First, we used UPDRS-III as a index to assess the movement ability of MSA patients and we admit that Unified Multiple System Atrophy Rating Scale (UMSARS) would be better and more systematic. But unfortunately, we hadn't got the Chinese version of UMSARS at the time of the cohort enrollment. Second, we didn't do partial volume effect (PVE) correction due to the incomplete data in MRI, so we constructed a relatively narrow VOI to quantify metabolic values in order to reduce the impact of atrophy on hypometabolism. We expect to obtain rigorous results based on PVE correction in the future study with newly recruited patients. Third, although neuropsychological tasks and indicators less affected by motor disability were selected in our study and evaluated when the patient was in relatively good condition, cognitive performance was biased by motor disorder. And in the future study, we will develop more suitable tests to compensate for this bias. Fourth, the fewer sample size in MSA-D might cause the smaller cluster sizes of hypometabolism in MSA-D than the ones observed in MSA-MCI. And we hope to perform a study with larger sample size in the future. Fifth, the hypermetabolism in cuneus and precentral gyrus observed in MSA-D compared with MSA-NC was unique, which we speculated as a compensation. But so far there was few evidence on neuropathological burdens or structural changes in these areas. Therefore, future studies are necessary to confirm this result and make explanations for underlying mechanism.

In conclusion, we reported a more frequent and wider range of cognitive impairments in MSA patients than we previously considered. In 18F-FDG PET imaging, regional hypometabolism in the left middle and superior frontal gyrus was verified as an characteristic biomarker to the cognitive deficits in MSA. Longitudinal studies are needed to clarify the role of frontal hypometabolism in the development of cognitive impairments in MSA.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Human Studies Institutional Review Board, Huashan Hospital, Fudan University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JW and F-TL were involved in the conception and design of the study. CS, LC, Q-SC, S-JH, X-YL, JZ, Y-MS, J-JW, and PW took part in the acquisition, screening, and analysis of data. CS, J-JG, and J-YL were responsible for figures and tables. CS, LC, and F-TL wrote the first draft of the manuscript. F-TL and JW revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Nature Science Foundation of China (grant number: 81701250, 91949118, 81771372, 81671239, and 81971641), Ministry of Science and Technology of China (grant number: 2016YFC1306500, 2016YFC1306504), Shanghai Sailing Program (No. 18YF1403100), Shanghai Municipal Science and Technology Major Project (No. 2018SHZDZX01) and ZJ Lab, and Project of Chinese Academy of Sciences (SKLN-201904).



ACKNOWLEDGMENTS

We are very grateful to all the patients who took part in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.652059/full#supplementary-material



REFERENCES

 1. Wenning GK, Tison F, Ben Shlomo Y, Daniel SE, Quinn NP. Multiple system atrophy: a review of 203 pathologically proven cases. Mov Disord. (1997) 12:133–47. doi: 10.1002/mds.870120203

 2. Stefanova N, Bucke P, Duerr S, Wenning GK. Multiple system atrophy: an update. Lancet Neurol. (2009) 8:1172–8. doi: 10.1016/S1474-4422(09)70288-1

 3. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski JQ, et al. Second consensus statement on the diagnosis of multiple system atrophy. Neurology. (2008) 71:670–6. doi: 10.1212/01.wnl.0000324625.00404.15

 4. Stankovic I, Krismer F, Jesic A, Antonini A, Benke T, Brown RG, et al. Cognitive impairment in multiple system atrophy: a position statement by the Neuropsychology Task Force of the MDS Multiple System Atrophy (MODIMSA) study group. Mov Disord. (2014) 29:857–67. doi: 10.1002/mds.25880

 5. Cao B, Zhao B, Wei QQ, Chen K, Yang J, Ou R, et al. The Global Cognition, Frontal Lobe Dysfunction and Behavior Changes in Chinese Patients with Multiple System Atrophy. PLoS One. (2015) 10:e0139773. doi: 10.1371/journal.pone.0139773

 6. Brown RG, Lacomblez L, Landwehrmeyer BG, Bak T, Uttner I, Dubois B, et al. Cognitive impairment in patients with multiple system atrophy and progressive supranuclear palsy. Brain. (2010) 133(Pt 8):2382–93. doi: 10.1093/brain/awq158

 7. Kim HJ, Jeon BS, Kim YE, Kim JY, Kim YK, Sohn CH, et al. Clinical and imaging characteristics of dementia in multiple system atrophy. Parkinsonism Relat Disord. (2013) 19:617–21. doi: 10.1016/j.parkreldis.2013.02.012

 8. Lyoo CH, Jeong Y, Ryu YH, Lee SY, Song TJ, Lee JH, et al. Effects of disease duration on the clinical features and brain glucose metabolism in patients with mixed type multiple system atrophy. Brain. (2008) 131(Pt 2):438–46. doi: 10.1093/brain/awm328

 9. Fiorenzato E, Antonini A, Wenning G, Biundo R. Cognitive impairment in multiple system atrophy. Mov Disord. (2017) 32:1338–9. doi: 10.1002/mds.27085

 10. Stankovic I, Quinn N, Vignatelli L, Antonini A, Berg D, Coon E, et al. A critique of the second consensus criteria for multiple system atrophy. Mov Disord. (2019) 34:975–84. doi: 10.1002/mds.27701

 11. Litvan I, Goldman JG, Troster AI, Schmand BA, Weintraub D, Petersen RC, et al. Diagnostic criteria for mild cognitive impairment in Parkinson's disease: Movement Disorder Society Task Force guidelines. Mov Disord. (2012) 27:349–56. doi: 10.1002/mds.24893

 12. Emre M, Aarsland D, Brown R, Burn DJ, Duyckaerts C, Mizuno Y, et al. Clinical diagnostic criteria for dementia associated with Parkinson's disease. Mov Disord. (2007) 22:1689–707; quiz 837. doi: 10.1002/mds.21507

 13. Papp MI, Kahn JE, Lantos PL. Glial cytoplasmic inclusions in the CNS of patients with multiple system atrophy (striatonigral degeneration, olivopontocerebellar atrophy and Shy-Drager syndrome). J Neurol Sci. (1989) 94:79–100. doi: 10.1016/0022-510X(89)90219-0

 14. Papp MI, Lantos PL. The distribution of oligodendroglial inclusions in multiple system atrophy and its relevance to clinical symptomatology. Brain. (1994) 117 (Pt 2):235–43. doi: 10.1093/brain/117.2.235

 15. Salvesen L, Winge K, Brudek T, Agander TK, Løkkegaard A, Pakkenberg B. Neocortical neuronal loss in patients with multiple system atrophy: a stereological study. Cereb Cortex. (2017) 27:400–10. doi: 10.1093/cercor/bhv228

 16. Homma T, Mochizuki Y, Komori T, Isozaki E. Frequent globular neuronal cytoplasmic inclusions in the medial temporal region as a possible characteristic feature in multiple system atrophy with dementia. Neuropathology. (2016) 36:421–31. doi: 10.1111/neup.12289

 17. Koga S, Parks A, Uitti RJ, van Gerpen JA, Cheshire WP, Wszolek ZK, et al. Profile of cognitive impairment and underlying pathology in multiple system atrophy. Mov Disord. (2017) 32:405–13. doi: 10.1002/mds.26874

 18. Fiorenzato E, Weis L, Seppi K, Onofrj M, Cortelli P, Zanigni S, et al. Brain structural profile of multiple system atrophy patients with cognitive impairment. J Neural Transm (Vienna). (2017) 124:293–302. doi: 10.1007/s00702-016-1636-0

 19. Kim JS, Yang JJ, Lee DK, Lee JM, Youn J, Cho JW. Cognitive impairment and its structural correlates in the parkinsonian subtype of multiple system atrophy. Neurodegener Dis. (2015) 15:294–300. doi: 10.1159/000430953

 20. Chang CC, Chang YY, Chang WN, Lee YC, Wang YL, Lui CC, et al. Cognitive deficits in multiple system atrophy correlate with frontal atrophy and disease duration. Eur J Neurol. (2009) 16:1144–50. doi: 10.1111/j.1468-1331.2009.02661.x

 21. Hara K, Watanabe H, Bagarinao E, Kawabata K, Yoneyama N, Ohdake R, et al. Corpus callosal involvement is correlated with cognitive impairment in multiple system atrophy. J Neurol. (2018) 265:2079–87. doi: 10.1007/s00415-018-8923-7

 22. Meyer PT, Frings L, Rucker G, Hellwig S. (18)F-FDG PET in Parkinsonism: differential diagnosis and evaluation of cognitive impairment. J Nucl Med. (2017) 58:1888–98. doi: 10.2967/jnumed.116.186403

 23. Park KW, Ko JH, Choi N, Jo S, Park YJ, Lee EJ, et al. Cortical hypometabolism associated with cognitive impairment of multiple system atrophy. Parkinsonism Relat Disord. (2020) 81:151–6. doi: 10.1016/j.parkreldis.2020.10.039

 24. Grimaldi S, Boucekine M, Witjas T, Fluchere F, Renaud M, Azulay JP, et al. Multiple System Atrophy: phenotypic spectrum approach coupled with brain 18-FDG PET. Parkinsonism Relat Disord. (2019) 67:3–9. doi: 10.1016/j.parkreldis.2019.09.005

 25. Steinberg BA, Bieliauskas LA, Smith GE, Ivnik RJ. Mayo's older Americans normative studies: age- and IQ-adjusted norms for the trail-making test, the stroop test, and MAE controlled oral word association test. Clin Neuropsychol. (2005) 19:329–77. doi: 10.1080/13854040590945210

 26. Zhao Q, Guo Q, Li F, Zhou Y, Wang B, Hong Z. The Shape Trail Test: application of a new variant of the Trail making test. PLoS One. (2013) 8:e57333. doi: 10.1371/journal.pone.0057333

 27. Sheridan LK, Fitzgerald HE, Adams KM, Nigg JT, Martel MM, Puttler LI, et al. Normative Symbol Digit Modalities Test performance in a community-based sample. Arch Clin Neuropsychol. (2006) 21:23–8. doi: 10.1016/j.acn.2005.07.003

 28. Guo Q, Zhao Q, Chen M, Ding D, Hong Z. A comparison study of mild cognitive impairment with 3 memory tests among Chinese individuals. Alzheimer Dis Assoc Disord. (2009) 23:253–9. doi: 10.1097/WAD.0b013e3181999e92

 29. Caffarra P, Vezzadini G, Dieci F, Zonato F, Venneri A. Rey-Osterrieth complex figure: normative values in an Italian population sample. Neurol Sci. (2002) 22:443–7. doi: 10.1007/s100720200003

 30. Lucas JA, Ivnik RJ, Smith GE, Ferman TJ, Willis FB, Petersen RC, et al. Mayo's older African Americans Normative Studies: norms for Boston Naming Test, Controlled Oral Word Association, Category Fluency, Animal Naming, Token Test, WRAT-3 Reading, Trail Making Test, Stroop Test, and Judgment of Line Orientation. Clin Neuropsychol. (2005) 19:243–69. doi: 10.1080/13854040590945337

 31. Wu L, Liu FT, Ge JJ, Zhao J, Tang YL, Yu WB, et al. Clinical characteristics of cognitive impairment in patients with Parkinson's disease and its related pattern in (18) F-FDG PET imaging. Hum Brain Mapp. (2018) 39:4652–62. doi: 10.1002/hbm.24311

 32. Ge J, Wu P, Peng S, Yu H, Zhang H, Guan Y, et al. Assessing cerebral glucose metabolism in patients with idiopathic rapid eye movement sleep behavior disorder. J Cereb Blood Flow Metab. (2015) 35:1902. doi: 10.1038/jcbfm.2015.208

 33. Della Rosa PA, Cerami C, Gallivanone F, Prestia A, Caroli A, Castiglioni I, et al. A standardized [18F]-FDG-PET template for spatial normalization in statistical parametric mapping of dementia. Neuroinformatics. (2014) 12:575–93. doi: 10.1007/s12021-014-9235-4

 34. Eckert T, Barnes A, Dhawan V, Frucht S, Gordon MF, Feigin AS, et al. FDG PET in the differential diagnosis of parkinsonian disorders. Neuroimage. (2005) 26:912–21. doi: 10.1016/j.neuroimage.2005.03.012

 35. Shen B, Wei S, Ge J, Peng S, Liu F, Li L, et al. Reproducible metabolic topographies associated with multiple system atrophy: network and regional analyses in Chinese and American patient cohorts. Neuroimage Clin. (2020) 28:102416. doi: 10.1016/j.nicl.2020.102416

 36. Kawai Y, Suenaga M, Takeda A, Ito M, Watanabe H, Tanaka F, et al. Cognitive impairments in multiple system atrophy: MSA-C vs MSA-P. Neurology. (2008) 70(16 Pt 2):1390–6. doi: 10.1212/01.wnl.0000310413.04462.6a

 37. Wakabayashi K, Ikeuchi T, Ishikawa A, Takahashi H. Multiple system atrophy with severe involvement of the motor cortical areas and cerebral white matter. J Neurol Sci. (1998) 156:114–7. doi: 10.1016/S0022-510X(98)00018-5

 38. Konagaya M, Sakai M, Matsuoka Y, Konagaya Y, Hashizume Y. Multiple system atrophy with remarkable frontal lobe atrophy. Acta Neuropathol. (1999) 97:423–8. doi: 10.1007/s004010051008

 39. Cykowski MD, Coon EA, Powell SZ, Jenkins SM, Benarroch EE, Low PA, et al. Expanding the spectrum of neuronal pathology in multiple system atrophy. Brain. (2015) 138(Pt 8):2293–309. doi: 10.1093/brain/awv114

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 © 2021 Shen, Chen, Ge, Lu, Chen, He, Li, Zhao, Sun, Wu, Wu, Liu and Wang. 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/fneur-12-652059-t003.jpg
Groups

MSA-D vs. MSA-NC

Increased metabolism

Decreased metabolism

MSA-MCI vs MSA-NC

Increased metabolism
Decreased metabolism

MSA-Cl vs. MSA-NC
Increased metabolism
Decreased metabolism

Statistical threshold: p < 0.001.

Regions

Right Cuneus
Right Precentral Gyrus
Left Superior Frontal Gyrus
Left Midde Frontal Gyrus
Left Middle Frontal Gyrus

/
Left Superior Frontal Gyrus
Left Middle Frontal Gyrus
Left Cingulate Gyrus'

Right Superior Frontal Gyrus
Right Superior Frontal Gyrus
Right Cingulate Gyrus

/

Left Superior Frontal Gyrus”
Left Superior Frontal Gyrus'*
Left Middle Frontal Gyrus'*

*survived after FDR correction, p < 0.05.

"

BA

s

® © o &

32
36
—12
24
—28

-32
-6
18
10
10

-12
-30

MNI coordinate

y

28
16
10
32
18
24

28

18

represents the four representative clusters chosen to construct VO], make quantification and do post-hoc analysis.

BB/ BY 588388

3¢

Zmax

432
3.81
3.94
3.74
3.24

4.29
4.05
4.09
3.64
3.45
3.48

4.7
4.16
4.19

Cluster size (mm?)

1,224
864
1,752
1,812
1,812

6,920
6,920
6,920
1,784
1,784
1,784

18,200
18,200
18,200

BA, Brodmann area; MNI, Montreal Neurological Institute; MSA-D, Multiple system atrophy with dementia; MSA-MCI, Multile system atrophy with mild cognitive impairment; MSA-NC,

Multiple system atrophy with normal cognition; FDR, False Discovery Rate.





OPS/images/fneur-12-652059-t001.jpg
MSA with PET (n = 84)

Age (years) 57.12 £8.01
Sex (male/female) (51/33)
Education (years) 1082+ 3.19
MSA duration (months) 26.80 % 20.69
UPDRS Il score_OFF 33.58 + 15.42
Hoehn & Yahr score 2944088

Data are shown in mean  SD or (n/m).

MSA-NC (n =32)

58.03 + 7.49
(25/7)
11.91+£2.98
24.08 % 16.00
2097 + 12.68
272£073

MSA-MCI (n = 36)

5522 £9.02
(20r16)
10.33 £855
25.64 = 17.52
33.58 + 15,69
292099

MSA-D (n = 16)

50.56 +5.72
(6/10)
975 +2.05
34.94 +32.15
4081 + 18.06
344073

p-value represents the significance level of the analysis of variance performed for each item across the three cognitive statuses of 84 MSA patients.
MSA-NC, Multiple system atrophy with normal cognition; MSA-MCI, Multiple system atrophy with mild cognitive impairment; MSA-D, Multiple system atrophy with dementia; UPDRS,

Unified Parkinson's Disease Rating Scale.

0.141
0.018
0.039
0.208
0.070
0.022





OPS/images/fneur-12-652059-t002.jpg
MSA with PET (n = 84) MSA-NC (n =32) MSA-MCI (n = 36) MSA-D (n = 16)

MMSE 2643 2.80 28,00 +1.72 26.92 +1.50 22,19+ 2,61
18 (21%) 2(6%) 0(0%) 16 (100%)
Executive function 45 (54%) 6(19%) 24 (67%) 15 (94%)
CWT-C score 25 (30%) 6(19%) 12(33%) 7 44%)
TMT-B time 31(87%) 0(0%) 18 (50%) 13 (81%)
Attention 48 (57%) 4(13%) 2981%) 15 (94%)
TMT-A time 35 (42%) 0(0%) 22(61%) 13 (81%)
SDMT score 43(51%) 4(13%) 25 (69%) 14 (83%)
Memory 43(51%) 413%) 25 (69%) 14.(88%)
AT 29 (35%) 2(6%) 18 (50%) 9(56%)
CFT-delay recall 29 (35%) 2(6%) 17 (47%) 10 (63%)
Visuospatial function 34 (40%) 6(19%) 18 (50%) 10 (63%)
CFT score 27 (32%) 2(6%) 16 (44%) 9(56%)
CDT score 21 (25%) 4(13%) 10 (28%) 7 (44%)
Language 31(87%) 0(0%) 20 (56%) 11 (69%)
AVFT score 21 (25%) 0(0%) 13 (36%) 8(50%)
BNT score 22 (26%) 0(0%) 14 (39%) 8(50%)

Data are shown in mean  SD or n(m%). n(m%) means number and percentage of impaiment in each item.
MSA-NC, Muttiple system atrophy with normal cognition; MSA-MCI, Multiole system atrophy with mild cognitive impaiment; MSA-D, Multiole system atrophy with dementia; MMSE, Mini
Mental State Examination; CWT-C, Stroop Color-Word Test C; TMT, Trail Making Test; SDMT, Symbol Digit Modalities Test; AVLT, Auditory Verbal Learning Test; CFT, the Rey-Osterristh
Complex Figure Test; CDT, Clock Drawing Test; AVFT, Animal Verbal Fluency Test; BNT, Boston Naming Test.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cerebral Metabolism Related to Cognitive Impairments in Multiple System Atrophy



		Introduction



		Materials and Methods



		Subjects



		Clinical Assessments



		PET Imaging and Data Analysis



		Statistical Analysis







		Results



		Cognitive Profile in MSA Patients



		Regional Differences of Cerebral Metabolism Across Three Cognitive Statuses



		Correlation of Test Score in Specific Cognitive Domain With Cerebral Metabolism in MSA Patients







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Cerebral Metabolism Related to
Cognitive Impairments in Multiple
System Atrophy





OPS/images/fneur-12-652059-g001.gif
MSA-D vs MSA-NC __Left Superior Frontal Gyrus  Left Middic Frontal Gyrus.

G Ha

MSA- uu 3 MSA-NC

oo

483

345463

snan

Froma Goro






OPS/images/fneur-12-652059-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





