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Title: Structural and functional hippocampal alterations in Multiple sclerosis 

and Neuromyelitis optical spectrum disorder 

Abstract 

Background: Hippocampal involvement may differ between multiple 

sclerosis (MS) and neuromyelitis optical spectrum disorder (NMOSD). 

Objective: To investigate the morphometric, diffusion and functional 

alterations in hippocampus in MS and NMOSD and the clinical significance.  

Methods: A total of 752 participants including 236 MS, 236 NMOSD and 280 

healthy controls (HC) were included in this retrospective multi-center study. 

The hippocampus and subfield volumes, fractional anisotropy (FA) and mean 

diffusivity (MD), amplitude of low frequency fluctuation (ALFF) and degree 

centrality (DC) were analyzed, and their associations with clinical variables 

were investigated. 

Results: The hippocampus showed significantly lower volume, FA and 

greater MD in MS compared to NMOSD and HC (P<0.05), while no abnormal 

ALFF or DC was identified in any group. Hippocampal subfields were affected 

in both diseases, though subiculum, presubiculum and fimbria showed 

significantly lower volume only in MS (P<0.05). Significant correlations 

between diffusion alterations, several subfield volumes and clinical variables 

were observed in both diseases, especially in MS (R=-0.444~0.498, P<0.05). 

FA and MD showed fair discriminative power between MS and HC, NMOSD 

and HC (AUC>0.7). 
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Conclusions: Hippocampal atrophy and diffusion abnormalities were 

identified in MS and NMOSD, partly explaining how clinical disability and 

cognitive impairment are differentially affected. 
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Introduction 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central 

nervous system characterized by demyelination and neurodegeneration1, 

while neuromyelitis optica spectrum disorder (NMOSD) is an inflammatory 

disease with astrocyte injury2. Cognitive impairment is a common feature of 

MS and NMOSD with a prevalence of approximately 40% to 70% in MS3 and 

54% to 57% in NMOSD4.  

The hippocampus is a complex structure composed of various subfields, 

which plays a crucial role in cognitive performance failure in MS and NMOSD5, 

6. Hippocampal subfields have distinct anatomical and functional features and 

collectively contribute to standard cognitive processing. Studies of 

hippocampal subfields are scarce in MS and NMOSD, although 

understanding the complex mechanisms of hippocampus subfields is 

essential for developing imaging biomarkers for disease progression, 

particularly cognitive impairment7. Previous studies have reported that 

hippocampal subfields changes occurred even in early stage of MS8, 9, and 

have identified the association between hippocampal subfield (e.g. dentate 

gyrus) alteration and impaired word learning in MS10, 11. 

Most previous studies focused on a single imaging modality7, 12 or based on 

small-sized cohorts3, 8. Multi-modal magnetic resonance imaging (MRI) 

studies with large sample size, especially with a multi-center design, are 

needed to understand better the clinical significance of abnormal 
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hippocampal structure and function in MS and NMOSD. 

We hypothesized that the hippocampus exhibits different patterns of 

involvement in MS and NMOSD. Therefore, we investigated the 

morphometric, diffusion and functional alterations in the hippocampus in MS 

and NMOSD, and assessed the correlations between hippocampal 

measurements and clinical variables, particularly cognitive scores, in a large 

multi-center cohort. 

  



5 

 

Materials and methods 

Participants 

A total of 863 participants (262 MS, 270 NMOSD and 331 healthy controls 

[HC]), aged between 16 and 65 years, were considered for this retrospective 

multi-center study in China carried out in seven centers between January 

2009 and September 2019. Table e-1 listed the number of subjects recruited 

in each center. Informed consents from all participants have been obtained. 

This study was approved by local institutional review board. All subjects 

recruited fulfilled the inclusion criteria: (1) 2017 revised McDonald criteria for 

MS and 2015 criteria for NMOSD; (2) Relapsing-Remitting MS; (3) 

right-handedness; (4) either in relapsing phase (less than 4 weeks from the 

last relapse) or stable phase (more than 4 weeks from the last relapse). 

Clinical variables were collected, including expanded disability status scale 

(EDSS) scores, disease duration, anti-APQ4 serostatus of 163 NMOSD 

patients and the number of relapses. We excluded subjects based on the 

following criteria: (1) incomplete clinical assessment; (2) poor image quality; 

(3) a history of other neurological or neuropsychological diseases. After 

exclusion, 752 participants (236 MS, 236 NMOSD and 280 HC) were finally 

included in the current study.  

A total of 161 subjects received the California Verbal Learning Test (CVLT)–

Second Edition13, 176 subjects received the Brief Visuospatial Memory Test 

(BVMT)–Revised14, and 274 subjects received the Paced Auditory Serial 
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Addition Test (PASAT) measurements (3 seconds)15 in this study. Figure 1 

shows the flow chart of subjects included in this study. 

MRI acquisition 

MRI was acquired on 3.0T scanners, including T2 weighted (T2w), FLAIR 

(fluid attenuated inversion recovery) images, high-resolution 3D T1 weighted 

(T1w), diffusion tensor imaging and resting-state fMRI (functional MRI). The 

MRI scan parameters for each center are summarized in Table e-2. Among 

752 participants, all subjects had T2w or FLAIR images, 721 subjects (216 

MS, 227 NMOSD, 278 HC) had 3D T1w images, 709 subjects (233 MS, 222 

NMOSD, 254 HC) had diffusion images, 636 subjects (208 MS, 200 NMOSD, 

and 228 HC) had resting-state fMRI images, and 583 subjects had complete 

four modalities images.  

Lesion measurement 

Based on T2w or FLAIR images, lesion masks for each subject were 

created by an experienced radiologist (G.C. with five years of experience) 

and checked by a senior neuroradiologist (Y.D. with 11 years of experience). 

3D T1w images were nonlinearly registered to T2w or FLAIR images on 

which lesion mask were drawn for every subject, and the backward 

transformation matrix was obtained. Then T1w image was segmented using 

SPM12 (Wellcome Trust Centre for Neuroimaging, UCL, London, UK) and the 

forward transformation matrix from T1w space to Montreal neurological 

institute (MNI) space was obtained. Finally lesion masks were normalized to 
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MNI space using the above backward and forward transformation matrices. 

The lesion probability map was created in the MNI space and lesion volumes 

were calculated in native space in the study. 

Hippocampus volume, diffusion and functional measures 

3D T1 images of 721 subjects were successfully processed using 

Freesurfer 6.0 software (http://surfer.nmr.mgh.harvard.edu/). The “recon-all” 

pipeline was used for preprocessing, including (1) Talairach-transformation, 

(2) intensity normalization, (3) skull stripping, (4) gray matter, white matter 

(WM) and CSF segmentation, (5) extraction of hippocampus volume using a 

non-linear warping atlas. Additionally, a visually checking of 

Talairach-transformation and manually correction (including 6 MS, 8 NMOSD 

and 9 HC) was conducted to ensure segmentation accuracy. 

Diffusion data were processed using FMRIB’s Diffusion Toolbox (FDT, FSL 

6.0.1, www.fmrib.ox.ac.uk/fsl). Head-motion and eddy currents were corrected, 

using the FMRIB's linear registration tool (FLIRT) to align all images to the first 

b0 image16. FA and MD images were registered to T1-weighted images after 

brain-extraction using an affine alignment17. FA and MD values were 

calculated from each voxel’s tensor, and averaged across regions as defined 

in the Automated Anatomical Labeling (AAL) atlas18. 

Resting-state fMRI data were processed using SPM12 and Data 

Processing and Analysis for Brain Imaging (DPABI, Version 4.4) software19. 

Amplitude of Low Frequency Fluctuation (ALFF) was used to measure 
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regional spontaneous activity, which was defined as the total power in the 

0.01-0.1Hz frequency band. Voxel-based functional connectivity matrix was 

constructed using Pearson correlation and binarized with a threshold of 0.25. 

Degree centrality (DC) was calculated using the binarized functional network. 

The ALFF and DC values were transformed into Z-scores for statistical 

analysis. 

Hippocampal subfield volume measurement 

The hippocampus was automatically segmented into 13 subfields in each 

hemisphere (Figure 2), based on a tetrahedral mesh probabilistic atlas and a 

Bayesian algorithm20 in Freesurfer 6.0 software. The alveus was discarded in 

this study due to small size and unreliable segmentation. Cornu ammonis 2 

(CA2) and CA3 fields were combined because of unclear borders contrast 20. 

Further details about the segmentation method are provided in Iglesias et 

al20. 

Validation 

  To exclude the disease phase influence, patients in the non-relapsing 

phase were treated as a subgroup. To exclude multi-center effects and 

improve data heterogeneity, the single largest center (Beijing Xuanwu 

hospital) data was selected to validate the results. Additionally, only patients 

without hippocampal lesions were included for analysis to exclude an effect of 

hippocampal lesions on MRI measurements. To exclude its influence 

between MS and NMOSD, disease duration was controlled as a covariate. 



9 

 

Statistical analysis 

Statistical analyses were performed using SPSS software (version 22.0) 

and Matlab (2013a, MathWorks). The center effect, age and sex were firstly 

controlled by mixed linear regression modelling for MRI measures, and total 

intracranial volume was also considered for hippocampal volume. The 

corrected measure was calculated as residual plus mean of the 

corresponding measure, which was used for subsequent analysis.  

Sex difference between groups was analyzed using a chi-square test. 

Group differences in MRI measures of the hippocampus between three 

groups were examined by analysis of variance (ANOVA). Spearman 

correlation was performed for correlation analysis, with 95% confidence 

interval (CI)21. False discovery rate (FDR) correction was performed for 

multiple comparisons (including the ANOVA post-hoc comparisons and 

comparisons across multiple MRI measures). Logistic regression was 

conducted to explore the discrimination ability of each MRI measure for MS 

and HC, NMOSD and HC, MS and NMOSD. The area under the receiver 

operator characteristics curve (AUC) were obtained to evaluate the model 

performance using a 10-fold nested cross-validation with 100 outer loop 

iterations to obtain the average value and standard deviation (refer to 

https://github.com/ZFL15/ROC1.git). The significant level was set at 0.05. 

  

https://github.com/ZFL15/ROC1.git
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Results 

Demographics and clinical information 

As shown in Table 1, NMOSD patients were older, showed a higher 

female/male ratio, and higher EDSS scores and longer disease duration than 

MS patients. Of the 163 NMOSD patients tested, 102 (62.6%) were 

APQ4-IgG positive. Significantly lower CVLT and PASAT scores were 

observed in both MS and NMOSD groups compared with HC. BVMT scores 

lower in NMOSD compared to HC and MS. 

Hippocampal lesion 

  In total, 236 MS and 130 NMOSD patients had brain lesions. The average 

brain lesion volume in MS was significantly higher than NMOSD (MS: 

14.2±25.8 ml, NMOSD: 4.5±7.5ml, P<0.001). Twelve MS patients had 

hippocampal lesions, while no NMOSD patients had hippocampal lesions. 

The lesion probability map shows higher lesion probability in MS than 

NMOSD (Figure e-1). 

Hippocampal volume, diffusion and functional measures 

As shown in Table e-4 and Figure 3, lower volume, FA and greater MD of 

bilateral hippocampus were observed in both MS and NMOSD compared to 

HC and in MS compared to NMOSD (P<0.001). No group differences were 

observed for ALFF or DC of the hippocampus (P>0.05). 

Hippocampal subfield volume 

As shown in Figure 2 and Table e-4, MS patients showed significantly lower 
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subfield volumes including bilateral tail, subiculum, CA1, presubiculum, 

molecular layer, granule cell layer of the dentate gyrus (GC-DG), CA3, CA4, 

fimbria, hippocampal amygdala transition area (HATA), and right 

parasubiculum, yet greater volume in the fissure compared to HC. NMOSD 

demonstrated significantly lower hippocampal subfields volumes including 

bilateral tail, CA1, molecular layer, GC-DG, CA3, CA4 and HATA, yet greater 

volume of in bilateral fissure volume compared to HC. Comparing to NMOSD, 

MS showed significantly lower volumes of the bilateral tail, subiculum, 

presubiculum, molecular layer, GC-DG, fimbria, left HATA, and right CA1.  

Correlation between MRI measurements and lesion volumes 

In MS, lesion volume was correlated with the volume, FA, MD of the 

bilateral hippocampus, DC in the left hippocampus, ALFF in the right 

hippocampus, as well as several subfields volumes (e.g., tail, subiculum, CA1; 

R [correlation coefficient] =-0.641~0.595, all P<0.05). In NMOSD, lesion 

volume was correlated with FA of the bilateral hippocampus, the volume and 

MD of right hippocampus, right CA1 and molecular layer (R=-0.275~0.261, all 

P<0.05). Details see Figure 4 and Table e-5. 

Correlation between MRI measurements and clinical status 

In MS, disease duration was significantly correlated with the bilateral 

hippocampal volume, FA, MD, left hippocampus ALFF, and the volume of 

several hippocampal subfields (e.g., tail, molecular layer and fimbria; 

R=-0.402~0.328, all P<0.05). EDSS was correlated with bilateral volume, FA, 
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MD, and ALFF in the hippocampus, and the volume of several hippocampal 

subfields (e.g., molecular layer, GC-DG, fimbria; R=-0.286~0.314, all P<0.05). 

In NMOSD, disease duration was correlated with FA of the hippocampus (Left: 

R=-0.226, 95% CI [-0.368,-0.080], P=0.034, Right: R=-0.234, 95% CI 

[-0.373,-0.079], P=0.034). No association between EDSS and MRI measures 

was observed in NMOSD (P>0.05). Details see Figure 4 and Table e-6. 

Correlation between MRI measurements and cognition scores 

In MS, significant correlations were only observed between PASAT scores 

and the volume, FA, MD of the whole hippocampus, and several hippocampal 

subfield volumes in MS (e.g., subiculum, CA1, molecular layer; 

R=-0.444~0.498, all P<0.05). No significant correlation was observed in 

NMOSD. Details see Figure 4 and Table e-7. 

Group discrimination 

As shown in Table e-8, the hippocampal measures showed poor  

discriminative power for MS and NMOSD (AUC<0.6). FA and MD showed fair 

discriminative power for MS and HC (AUC>0.8),, and for NMOSD and HC 

(AUC>0.7).  

Validation 

First, the results in the non-relapsing phase of both patient subgroups were 

largely consistent with the whole group analyses (Table e-9). Second, 

separate subgroup analysis in the single largest center was very similar as 

compared to the whole group analysis (Table e-10). Third, only patients 
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without hippocampal lesions were entered for analysis. The results were 

largely consistent with the whole group analysis (Table e-11). Finally, the 

results of partial correlation with disease duration as covariate were largely 

consistent with primary results (see Table e-12~e-15).   
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Discussion 

In the current study, we demonstrated differential patterns of hippocampal 

structural and diffusional alterations in MS and NMOSD, without significant 

functional MRI alterations in either disease. Hippocampal diffusion measures 

and subfield volume correlated with clinical disability and cognitive 

impairment in both MS and NMOSD, and diffusion measures can better 

distinguish MS from NMOSD. 

Compared to HC, MS showed overall hippocampal atrophy, which is 

consistent with previous studies22, 23. The lower hippocampal volume reflects 

neuropathological processes, including lower dendritic density, neuronal loss, 

and demyelination in MS10. Hippocampal atrophy was also observed in 

NMOSD in the current study, though to a milder degree as compared to MS, 

which was consistent with the previous study24. However, previous studies 

reported controversial results 25, which may due to the different recruitment 

criteria (e.g., ethnicity, disease status) and segmentation methods.  

Diffusion alterations of the hippocampus were observed in both MS and 

NMOSD, implying hippocampal demyelination and axonal damage as 

common features of two diseases6, 24. MS showed more severe hippocampal 

microstructural abnormalities than NMOSD, and these differences might help 

discriminate MS from NMOSD. Our study showed no change in ALFF 

(functional activity) or DC (functional connectivity) of the hippocampus in either 

MS or NMOSD. However, previous study of small sample size reported 
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increased synchronization in hippocampus in NMOSD26, which may due to the 

heterogeneity of the patient groups. Functional impairment and adaptation 

may coexist in this cohort which may have cancelled out each other. 

We also identified different regional atrophy patterns within the 

hippocampus between MS and NMOSD. The subiculum, presubiculum, and 

fimbria showed significant differences in MS compared to HC, while no 

significant atrophy was observed in NMOSD, highlighting the importance of 

these subfields in differentiating MS-related versus NMOSD-related damage. 

The complex of subiculum and presubiculum is important for hippocampal 

circuitry (memory, motivation, reward and stress response), which is one of 

the most severely damaged subfields in MS27, 28. As a WM structure, the 

fimbria extends from the alveus and eventually forms the fornix. 

Fimbria-fornix connects the left and right hippocampus, and has been 

associated with memory ability29. The lower volume of the fimbria in MS, 

rather than NMOSD, indicates that the WM damage was more severe in MS. 

Total WM lesion volume was significantly associated with hippocampal 

volume in MS, slightly in NMOSD; although associated with diffusion 

abnormalities in both diseases. These findings suggest brain lesion is a 

driving factor for hippocampus atrophy (neurodegeneration) in MS, but not in 

NMOSD, but contribute to demyelination or axonal injury in both MS and 

NMOSD. 

The total hippocampus volume, FA and MD were correlated with disease 
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duration in MS, while only FA correlated with disease duration in NMOSD. 

These results indicated that microstructural alterations of the hippocampus 

reflect disease progression in both diseases, while hippocampal atrophy is 

more relevant in MS. Hippocampus measures were also correlated with 

EDSS in MS but not in NMOSD, implying that the atrophy and microstructural 

alterations of hippocampus are sensitive imaging markers for clinical disability 

in MS. Hippocampus subfield volume analyses confirmed the total 

hippocampus volume findings, with subfield volumes generally correlating 

with disease duration and EDSS in MS. However, Galego et al found no 

relation between hippocampal volume and EDSS or disease duration in 

primary progressive MS patients (PPMS)30, which is inconsistent with our 

findings. One possible explanation is that disability in PPMS was more 

associated with spinal cord injury31. 

Hippocampal diffusion parameters that correlate with cognition was 

reported in MS6, which is consistent with our findings showing the correlation 

between the auditory processing speed ability and hippocampal diffusion 

alterations. Additionally, the total volume of the hippocampus and several 

subfield volumes significantly correlated to PASAT scores in our study. 

Bozzali et al reported that the anatomical connectivity mapping in the 

hippocampus was associated with PASAT scores in MS32. Taken together, 

these findings suggest that hippocampal diffusion and structural alterations 

might be important markers for evaluating auditory processing speed ability in 
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MS. Additionally, several findings which not survived the FDR correction 

might be still clinical relevance, such as the correlations between 

hippocampal subfield volumes (CA1, presubiculum, tail, presubiculum, 

fimbria, subiculum) and cognitive scores. Previous studies reported that the 

atrophy of the subiculum correlated with visuospatial memory, verbal memory, 

and memory acquisition in MS11, 27, which was different from our results. The 

discordance may due to different segmentation methods and patient selection. 

Several previous studies reported association between the volume of 

hippocampal subfields and cognitions, such as CA1 with spatial memory33, 

and presubiculum with verbal learning memory34. These different patterns 

imply slightly different substrates of cognitive impairment and the importance 

of hippocampal subfields for different domains of cognitive impairment31, 

although no such correlation was observed in our study.  

  There are several limitations in this study. First, this is a retrospective study 

with limited cognitive assessment (such as lack of Symbol Digit Modalities Test 

scores) and other phenotypes of MS patients (PPMS, Secondary progressive 

MS), precluding a more comprehensive assessment of hippocampal function 

concerning subfield damage. Further prospective studies with comprehensive 

information are warranted to investigate the clinical importance of 

hippocampal-imaging markers. Second, the MRI parameters and subjects 

were heterogeneous across centers (see Table e-1, Table e-3, and Figure e-2), 

which would cause scanner/MRI protocol bias. However, our validation results 
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showed consistent findings, suggesting that our findings are robust and can be 

generalized. And hippocampal lesion frequency may have been 

underestimated. Third, due to the small size of the hippocampus, we could not 

study diffusion and functional alterations within hippocampal subfields, which 

would need higher resolution MRI and more sophisticated analysis methods to 

define subfield structure and function. In addition, 1mm resolution might not be 

optimal for automatic segmentation of hippocampal subfields, and the results 

of hippocampal subfields should be interpreted with caution 20,35, even though 

the Bayesian segmentation algorithm warps anatomic labels with a 0.13 mm 

resolution with subvoxel accuracy. Further studies with submillimeter 

resolution are warrant to validate the current findings. Last, we just selected 

ALFF and DC to account for hippocampus functional alterations. Various 

metrics (e.g., node degree, betweenness centrality) could characterize the 

hippocampus at regional and global levels, which would be examined in the 

future. 

Conclusion 

Differential patterns of morphometric and diffusional hippocampal 

abnormities were identified in MS and NMOSD. Hippocampal morphometric 

features, particularly hippocampal subfield volumes, and diffusion measures 

can serve as potential objective imaging biomarkers to monitor disease 

progression and cognitive impairment in these two diseases. 
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