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Cerebral Blood Flow Changes in Multiple Sclerosis and Neuromyelitis Optica and Their Correlations With Clinical Disability
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Distinguishing relapsing-remitting multiple sclerosis (RRMS) and neuromyelitis optica (NMO) is clinically important because they differ in prognosis and treatment. This study aimed to identify perfusion abnormalities in RRMS and NMO and their correlations with gray matter volume (GMV) atrophy and clinical parameters. Structural and arterial spin labeling MRI scans were performed in 39 RRMS patients, 62 NMO patients, and 73 healthy controls. The gray matter cerebral blood flow (CBF) values were voxel-wisely compared among the three groups with and without GMV correction. The regional CBF changes were correlated with the Expanded Disability Status Scale scores in the corresponding patient groups. Although multiple brain regions showed CBF differences among the three groups without GMV correction, only three of these regions remained significant after GMV correction. Specifically, both the RRMS and NMO groups showed reduced CBF in the occipital cortex and increased CBF in the right putamen compared to the control group. The RRMS group had increased CBF only in the medial prefrontal cortex compared to the other two groups. The occipital CBF was negatively correlated with clinical disability in the NMO group; however, the CBF in the right putamen was positively correlated with clinical disability in both patient groups. These findings suggest that there are perfusion alterations independent of GMV atrophy in RRMS and NMO patients. The regional CBF in the occipital cortex and putamen could be used as imaging features to objectively assess clinical disability in these patients.
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INTRODUCTION

As the most common demyelinating diseases of the central nervous system in Asian populations (1, 2), multiple sclerosis (MS) and neuromyelitis optica (NMO) show both common and distinct features in terms of symptoms and immunological, pathological, and imaging aspects (3–5). Identification of the similarities and differences in these features between the two disorders would be very helpful in understanding the pathogenic mechanisms and in making differential diagnoses. Over the past few decades, brain MRI techniques have greatly improved our understanding of the brain damage in these two disorders. In addition to the extensive white matter damage, both disorders have shown the involvement of gray matter (6–16). However, the absence of cortical lesions and atrophy or deep gray matter abnormalities has also been reported in NMO or NMO spectrum disorder (NMOSD) with aquaporin-4 antibody-positive (AQP4 Ab-positive) (17–20).

Despite the lack of reliable evidence for the cortical atrophy in NMO, gray matter volume (GMV) reductions were found in both MS and NMO in a previous work (10). The reduction in cell components theoretically reduces both the metabolic and energy consumption and then results in cerebral blood flow (CBF) changes in these disorders. Moreover, the impairments in neurons, astrocytes, and microvascular components (21, 22) due to disease pathology may lead to neurovascular decoupling, which also resulting in CBF changes in these disorders. More importantly, the gray matter damage in these diseases is critically important because it can substantially affect clinical cognitive function (9, 23, 24). As expected, many studies using different imaging methods have revealed gray matter CBF changes in patients with MS (3, 6–8, 10–12, 15). However, only one study has investigated and found gray matter CBF changes in patients with NMO (13).

Because MS and NMO differ in terms of both prognosis and approaches to treatment (25–29), it is clinically important to distinguish MS from NMO. Although immunological, clinical, and imaging measures have exhibited the potential to distinguish these two disorders, no method has been able to completely differentiate MS from NMO. Thus, there is an urgent need to identify imaging markers that could be used to distinguish these two disorders. Currently, none of the existing studies are performed to compare the resting-state CBF differences in gray matter between MS and NMO. Investigation of CBF changes in MS and NMO may help not only to identify potential imaging measures for distinguishing these two diseases but also to understand the pathogenic mechanisms of these disorders.

Because GMV atrophy has been shown to affect CBF changes in the brain, we aimed to identify CBF differences among the relapsing-remitting MS (RRMS), NMO, and control groups that are independent of GMV reductions. The clinical significance of the potential CBF changes was assessed by investigating their correlations with the clinical disabilities in these disorders.

MATERIALS AND METHODS

Subjects

This study was approved by the Medical Research Ethics Committee at Tianjin Medical University General Hospital, and the participants provided informed written consent. By using a database for patients with NMO or MS who had visited Tianjin Medical University General Hospital for treatment within the prior 5 years, all patients were invited to participate in this experiment during the recruitment phase. The healthy controls (HC) were recruited via advertisements in the local community. A total of 39 RRMS patients, 62 NMO patients, and 73 HC were included in this study (Table 1). The inclusion criteria for both the patients and controls were an age of 18–70 years and right-handedness. The RRMS patients fulfilled the revised McDonald criteria (30), and the NMO patients satisfied the revised Wingerchuk diagnostic criteria (31) (Table S1 in Supplementary Material). Moreover, a retrospective evaluation confirmed that they also fulfilled the 2015 criteria for NMOSD (32) (Table S2 in Supplementary Material). The AQP4 antibody was tested using a cell-based array through quantitative flow cytometry; there were 40 NMO patients who were seropositive for AQP4 antibodies (details and results relating to the assay protocol were shown in Supplementary Material). The prevalence of optic neuritis and myelitis among the MS patients were 24 and 81%, respectively, while both were 100% among the NMO patients.

TABLE 1 | Demographic and clinical characteristics of the participants.
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All MS and NMO patients exhibited the relapsing form and were recruited during the chronic stage, having not taken corticosteroids within 1 month. The exclusion criteria for both the patients and controls included MRI contraindications; histories of head trauma, neuropsychiatric diseases or other autoimmune diseases; and poor image quality (visible artifacts). The disease severity of the patients was assessed using the Expanded Disability Status Scale (EDSS) scores.

MRI Data Acquisition

MRI data were acquired using a 3.0-T MR system (Discovery MR750, General Electric, Milwaukee, WI, USA). Tight but comfortable foam padding was used to minimize head motion, and earplugs were used to reduce noise. Conventional brain and spinal cord MRI scans were performed to detect visible lesions. Sagittal 3D T1-weighted images were acquired using a brain volume sequence with the following parameters: repetition time (TR) = 8.2 ms; echo time (TE) = 3.2 ms; inversion time (TI) = 450 ms; flip angle (FA) = 12°; field of view (FOV) = 256 mm × 256 mm; matrix = 256 × 256; slice thickness = 1 mm, no gap; and 188 sagittal slices. The resting-state perfusion imaging was performed using a pseudo-continuous ASL (pcASL) sequence with a 3D fast spin-echo acquisition and background suppression (TR/TE = 4,886/10.5 ms; post-label delay = 2,025 ms; spiral in readout of eight arms with 512 sample points; FA = 111°; FOV = 240 mm × 240 mm; reconstruction matrix = 128 × 128; slice thickness = 4 mm, no gap; 40 axial slices; number of excitations = 3; and acquisition time = 284 s). The label and control whole-brain volumes required eight TRs, respectively. A total of three pairs of label and control volumes were acquired. During the ASL scans, all subjects were instructed to keep their eyes closed, to relax and move as little as possible, to think of nothing in particular, and not to fall asleep.

CBF Calculation

The ASL difference images were calculated through the subtraction of the label images from the control images. The CBF maps were subsequently derived from the ASL difference images. The detailed calculation procedures were described in a previous study (33, 34). The CBF images of all participants were coregistered to the standard CBF template in the Montreal Neurological Institute (MNI) space and were resampled to 2-mm cubic voxels using the Statistical Parametric Mapping (SPM81). Each coregistered CBF map was removed of non-brain tissue and spatially smoothed with a Gaussian kernel of 8 mm × 8 mm × 8 mm full-width at half maximum (FWHM). For each participant, the CBF maps were further normalized into z scores by subtracting the mean and dividing by the SD of the global value within the gray matter mask. As a result, 0 represents the mean of the global CBF values, while the positive and negative values represent higher and lower than the mean, respectively.

GMV Calculation

The GMV of each voxel was calculated using the SPM8 software. The structural MR images were segmented into gray matter, white matter, and cerebrospinal fluid using the standard unified segmentation model. After an initial affine registration of the gray matter concentration map to the MNI space, the maps were nonlinearly warped using the diffeomorphic anatomical registration through the exponentiated Lie algebra (DARTEL) technique (35) and were resampled to a voxel size of 2.0 mm × 2.0 mm × 2.0 mm. The GMV of each voxel was obtained by multiplying the GM concentration map by the non-linear determinants derived from the spatial normalization step. Finally, the GMV images were smoothed with a Gaussian kernel of 8 mm × 8 mm × 8 mm FWHM. After spatial preprocessing, the normalized, modulated, and smoothed GMV maps were used for the statistical analyses.

Statistical Analysis

The demographic and clinical data were analyzed using the Statistical Package for the Social Sciences version 19.0 (SPSS, Chicago, IL, USA). The chi-square test was used to compare the gender differences among the three groups, the non-parametric Kruskal–Wallis ANCOVA test was used to evaluate the age differences among the three groups, and the non-parametric Mann–Whitney U test was used to assess the differences in the clinical data between the two patient groups.

Non-parametric tests were performed to investigate voxel-wise GMV and CBF differences among the RRMS, NMO, and HC groups, while controlling for the effects of age and gender. To exclude the potential confounding effect of GMV atrophy on the CBF comparisons, we also repeated the voxel-based CBF analyses with the GMV of each voxel as an additional covariate of no interest. Multiple comparisons for these voxel-wise analyses were corrected using permutation-based non-parametric testing (Randomize v2.1 of FSL2). The number of permutations was 5,000, and the significance threshold for intergroup differences was set at P < 0.05 after correcting for family-wise error (FWE) using the threshold-free cluster enhancement option in the permutation-testing tool in FSL. For each subject, the normalized CBF of each cluster with a significant group difference was extracted and used for region of interest-based analyses. With age and sex as covariates of no interest, the Kruskal–Wallis ANCOVA test was used to test CBF differences among the three groups and then post hoc comparisons were used to identify CBF differences between every two groups (P < 0.05). For clusters with significant CBF changes in the RRMS or NMO group, we performed Spearman correlations between the CBF and GMV values in each patient group to explore their relationships. In addition, Spearman correlations were also performed between the CBF values of these clusters and EDSS scores. In addition, voxel-wise correlation analyses between the gray matter CBF values and EDSS scores were also performed in each patient group.

RESULTS

Demographic and Clinical Characteristic of Participants

The demographic and clinical data of the RRMS patients, NMO patients, and HC are shown in Table 1. There were significant differences in terms of both sex (P = 0.011) and age (P < 0.001) among the three groups. Specifically, the NMO patients showed a significant female predominance compared to the RRMS patients (P = 0.003); the RRMS patients demonstrated relatively younger ages than both the NMO patients (P = 0.001) and HC (P = 0.001); and the NMO patients had greater EDSS scores (P < 0.001) than the RRMS patients.

The CBF Differences Among the Three Groups Without GMV Correction

After controlling for the effects of age and gender, the bilateral calcarine cortex (CC), thalamus and putamen, the left superior temporal gyrus (STG), the right subgenual anterior cingulate cortex (ACC) and olfactory gyrus [subgenual anterior cingulate cortex (sgACC)/OG], and the right ACC and medial prefrontal cortex (ACC/MPFC) showed significant CBF differences (P < 0.05, FWE-corrected) among the three groups (Figure 1A; Table 2).
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FIGURE 1 | CBF differences among the relapsing-remitting multiple sclerosis, NMO, and control groups without GMV correction (P < 0.05, FWE-corrected). (A) Voxel-based analysis shows brain regions with significant CBF differences among the three groups using age and gender as nuisance variables (P < 0.05, FWE-corrected). (B) Bar plots show CBF differences between every two groups. Error bars are SEs. *P < 0.05. Abbreviations: ACC, anterior cingulate cortex; CBF, cerebral blood flow; CC, calcarine cortex; FWE, family-wise error; L, left; MPFC, medial prefrontal cortex; Put, putamen; R, right; sgACC, subgenual anterior cingulate cortex; STG, superior temporal gyrus; Tha, thalamus.



TABLE 2 | Brain regions with significant group differences in CBF.
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The post hoc analyses revealed that both the RRMS and NMO patients showed increased CBF in the left thalamus (P < 0.001 for both RRMS and NMO) and the bilateral putamen (left: P < 0.001 for RRMS and P = 0.002 for NMO; right: P < 0.001 for both RRMS and NMO), and decreased CBF in the bilateral CC (P = 0.018 for RRMS and P < 0.001 for NMO), the right sgACC/OG (P < 0.001 for both RRMS and NMO), and the left STG (P < 0.001 for both RRMS and NMO) compared to the HC. The RRMS patients had reduced CBF in the right thalamus compared to the NMO patients (P = 0.013) and HC (P < 0.001). Moreover, the RRMS patients showed increased CBF in the right ACC/MPFC compared to the NMO patients (P < 0.001) (Figure 1B).

The CBF Differences Among the Three Groups With GMV Correction

By adding the GMV of each voxel as an additional covariate of no interest, we repeated the voxel-wise CBF comparisons and found significant CBF differences among the three groups in the bilateral CC and the right putamen and ACC/MPFC (P < 0.05, FWE correction) (Figure 2A; Table 2). The bilateral thalamus, the right sgACC/OG, and the left putamen and STG no longer showed CBF differences among the three groups after GMV correction.
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FIGURE 2 | CBF differences among the relapsing-remitting multiple sclerosis, NMO, and control groups after GMV correction (P < 0.05, FWE-corrected). (A) Voxel-based analysis shows brain regions with significant CBF differences among the three groups using age and gender as nuisance variables (P < 0.05, FWE-corrected). (B) Bar plots show CBF differences between every two groups. Error bars are SEs. *P < 0.05. Abbreviations: ACC, anterior cingulate cortex; CBF, cerebral blood flow; CC, calcarine cortex; FWE, family-wise error; L, left; MPFC, medial prefrontal cortex; Put, putamen; R, right; GMV, gray matter volume.



The post hoc analyses found that both the RRMS and NMO patients showed increased CBF in the right putamen (P < 0.001 for both RRMS and NMO), and decreased CBF in the bilateral CC (P = 0.016 for RRMS and P < 0.001 for NMO) compared to the HC (Figure 2B). The RRMS patients showed increased CBF in the right ACC/MPFC compared to the NMO patients (P = 0.002) and HC (P < 0.001) (Figure 2B).

The GMV Differences Among the Three Groups

After controlling for the effects of age and gender, the bilateral thalamus, the left inferior temporal gyrus, fusiform gyrus, ACC and caudate nucleus, and the right CC, gyrus rectus and putamen showed significant GMV differences (P < 0.01, FWE-corrected, threshold of cluster size = 100) among the three groups. The post hoc analyses revealed that both the RRMS and NMO patients showed GMV reductions in the bilateral thalamus, the left inferior temporal gyrus, fusiform gyrus, ACC and caudate nucleus, and the right gyrus rectus and putamen (P < 0.05 for both RRMS and NMO). The NMO patients additionally showed decreased GMV in the right CC compared to the HC (P < 0.05). The details are shown in Supplementary Material.

Correlations of CBF Changes With Clinical Parameters

Spearman correlation analyses were used to investigate the correlations between CBF values in the brain regions with significant intergroup differences and EDSS scores. For the brain regions with reduced CBF in the NMO patients, there was a significant negative correlation (rs = −0.262, P = 0.04) between CBF in the bilateral CC and EDSS scores in the NMO patients (Figure 3A). For the brain regions with increased CBF in both the NMO and MS patients, there were significant positive correlations between CBF in the right putamen and EDSS scores in both the NMO (rs = 0.267, P = 0.036) (Figure 3B) and RRMS (rs = 0.406, P = 0.011) patients (Figure 3C). Moreover, voxel-wise correlation analyses were carried out to explore correlations between gray matter CBF values and EDSS scores in each patient group after controlling for age and gender (P < 0.001, uncorrected). We found that most of the brain regions showed positive or negative correlations between CBF values and EDSS scores in both patient groups. The distribution of the brain regions with significant correlations was different between NMO and MS patients. The details are shown in Supplementary Material.
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FIGURE 3 | Correlations between CBF values and clinical disability in both patient groups. (A) Spearman correlations between CBF values in the bilateral calcarine cortex and EDSS scores in NMO patients. (B) Spearman correlations between CBF values in the right putamen and EDSS scores in NMO patients. (C) Spearman correlations between CBF values in the right putamen and EDSS scores in RRMS patients. Abbreviations: CBF, cerebral blood flow; CC, calcarine cortex; EDSS: Expanded Disability Status Scale; RRMS, relapsing-remitting multiple sclerosis; NMO, neuromyelitis optica; Put, putamen; R, right.



DISCUSSION

In this study, we investigated the CBF changes in RRMS and NMO with and without GMV correction. Significant intergroup CBF differences in several brain regions diminished after GMV correction, suggesting that the CBF differences in these regions are possibly related to GMV changes. Three brain regions showed between-group CBF differences that were independent of the GMV changes. Two of these brain regions had similar CBF changes in the RRMS and NMO patients; however, the CBF in the medial prefrontal cortex (MPFC) differed in RRMS from that in NMO, indicating this feature as a potential imaging measure that may be used to distinguish RRMS from NMO. In addition, the CBF changes in the CC and the right putamen were correlated with clinical parameters in the corresponding patient groups.

The Possible Mechanisms for CBF Changes in RRMS and NMO

Several mechanisms may account for CBF abnormality in RRMS and NMO. First, any factors impairing cerebral blood vessels would lead to CBF abnormalities. Perivascular inflammation is one of the prominent pathological features in both RRMS and NMO (22) that may impair the microvasculature and affect the precise regulation of CBF (21, 22, 36–39). Second, the integrity of the neurovascular unit (neurons, astrocytes, and vessels) is critically important for normal neurovascular coupling (40, 41). From the perspective of the normal neurovascular coupling, neuronal loss or dysfunction may reduce the metabolic demand and result in the CBF reduction (42–44), which may explain why CBF differences in several brain regions disappeared after GMV correction. In the neurovascular unit, astrocytes play an important role in bridging neuronal activity and vascular response (40, 41, 45). The foot processes of astrocytes are the main target of the NMO-IgG (21, 46–48), which leads to astrocyte dysfunction and impairments in the normal neurovascular coupling in NMO (42–44). Additionally, any factors influencing the signal transmission from neurons to astrocytes or from astrocytes to vascular structures may affect normal neurovascular coupling and lead to CBF changes. Cortical neuronal loss and reduced cortical perfusion due to anterograde or retrograde degeneration of axons should also be considered (36, 49–51), especially trans-synaptic degeneration (52–56). Finally, other factors such as neurotransmitters and non-specific agents [such as ET-1 transcription (57) and calcium increase (37)] that can affect vascular response may also contribute to CBF changes.

CBF Differences Dependent on GMV Alterations

We found that significant CBF differences in several brain regions disappeared after GMV correction, including the bilateral thalamus, the left putamen and STG, and the right subgenual ACC and olfactory gyrus, most of which have shown GMV alterations in RRMS and/or NMO patients both in our study and in others (10, 12, 36, 58–63). This was also mainly verified by Spearman correlation analyses between the CBF values and GMV values in the patient groups (Supplementary Material). The GMV damage in these regions may be caused by neuronal degeneration within the cortex and/or may be secondary to the damage in other structures such as the brain white matter, spinal cord, and optic nerves (36). In these regions, the altered CBF could be better explained by the relatively normal neurovascular coupling. For example, the reduced number of neurons in regions with GMV reductions may reduce the metabolic demand and then reduce CBF. Therefore, we believe that the disappearance of significant CBF differences in several brain regions after GMV correction indicates that the altered CBF in these regions is possibly caused by GMV changes. However, the number of optic neuritis attacks may be a potential confounder, so limited reproducibility across VBM studies has been shown in regard to NMO (16). It should be noted that the relationship between CBF and GMV is rather complex and needs to be further investigated.

CBF Differences Independent of GMV Alterations

The CC showed CBF reductions in both RRMS and NMO patients, which was consistent with prior findings in these two disorders (64–66). One possible explanation for the CBF change is the GMV reduction, which has been frequently reported in RRMS and NMO. However, the GMV reduction cannot fully explain the CBF reduction because we still found CBF reductions after GMV correction. Damage to the visual pathway may be an important reason for the dysfunction in the visual cortex, such as trans-synaptic degeneration of the anterior part of the visual pathway (52–56); in addition, the number of optic neuritis attacks in relapsing NMO has been claimed to be related to perfusion changes and clinical disabilities (13). The impairments in other components of this cortex may also be related to the CBF reductions, such as the selective immunological damage to oligodendrocytes in RRMS and to astrocytes in NMO and the damage to vascular structures due to the inflammation in both disorders. We also found that greater CBF reductions in this region resulted in more severe clinical disabilities in the NMO patients (both cluster-based and voxel-wise correlation analyses), which may be used as an imaging marker to objectively assess clinical disability in NMO.

We also found increased CBF in the right putamen in both the NMO and RRMS patients. The putamen, a part of the dorsal striatum that is involved in cognition and movement regulation and coordination, has been demonstrated to be impaired in the RRMS patients (12, 36, 58, 59). All factors affecting the neurovascular unit could theoretically result in abnormally increased CBF in this region; however, the exact biological mechanisms should be clarified in future studies. More importantly, there was a significant positive correlation between the CBF values and EDSS scores in both of the patient groups (according to both the cluster-based and voxel-wise correlation analyses), suggesting that the abnormally increased CBF in this region may be related to the clinical disabilities in both disorders. These findings suggested that the increased CBF is either a reflection of functional abnormality or an indication of functional compensation for patients with more severe clinical disabilities.

The CBF of the right ACC/MPFC was increased in RRMS patients, but not in NMO patients. The ACC/MPFC is the core component of the default mode network (DMN), which is involved in introspection, episodic memory, and self-processing (67–69). The DMN coordinates with the executive control network to support goal-directed behaviors (68). Although we do not know the exact mechanism that is responsible for the CBF increase in this region in RRMS, we think it may be related to the cognitive impairment in RRMS patients, a notion that has been supported by the correlation between this region’s abnormalities and the cognitive decline in RRMS patients (9, 70). However, we did not find significant CBF differences in the ACC/MPFC between the NMO patients and HC. Moreover, the ACC/MPFC was the only region that showed significant CBF differences between the RRMS and NMO patients, implicating it as a potential imaging marker to distinguish RRMS from NMO, but further validation is needed. The distinct CBF changes in RRMS and NMO may be related to the differences in neuropathological, immunologic, and other features between the two disorders. For example, cortical demyelinating lesions are frequently present in RRMS but are not detected in NMO (4).

Limitations

This was a cross-sectional study; thus, we could not investigate the longitudinal changes in gray matter CBF. We did not exclude the effect of gray matter lesions because we consider these lesions as a feature of these demyelination disorders, which may have led to an overestimation of the CBF in some brain regions. In addition, we performed GMV correction to find alterations in perfusion independent of GM atrophy; this may not have eliminated the possible effects of GM volume differences at all, and a longitudinal study is a better choice to reveal the exact relationship between the CBF and GMV changes. Regarding CBF difference in the MPFC between RRMS and NMO, it is clear that further validation is definitely needed. While the RRMS patients showed reduced CBF in the CC, whether this finding suggested a high prevalence of optic neuritis in MS patients also requires further study. We did not evaluate the CBF changes in the white matter, though they should be investigated in future studies because functional and structural changes in the white matter are the key to a better understanding of RRMS and NMO. According to the proportion (40/62) of seropositive for AQP4 antibody, the NMO cohort may be heterogeneous and may have comprised patients with seropositive for myelin oligodendrocyte glycoprotein (MOG) antibody (71). Most of patients with RRMS and NMO had received immunological treatments that might have affected the CBF changes. Further work with drug-free patients will be necessary to confirm our results.

CONCLUSION

We used a 3D pcASL technique to compare CBF differences among the RRMS, NMO, and control groups. Some brain regions demonstrated CBF changes related to GMV alterations, but others demonstrated CBF differences independent of GMV changes, and some regional CBF changes were correlated with the clinical disabilities. More importantly, we found CBF differences in the MPFC between the RRMS and NMO patients, which may be helpful in distinguishing RRMS from NMO after further validation.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of “Medical Research Ethics Committee at Tianjin Medical University General Hospital” with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the “Medical Research Ethics Committee at Tianjin Medical University General Hospital.”

AUTHOR CONTRIBUTIONS

XZ and CY designed research; XZ, XG, HC, NZ, JS, and QW performed research; YQ, LZ, LY, and F-DS was involved in the clinical assessment; XZ, XG, and CY analyzed data; XZ, XG, and CY wrote the paper.

ACKNOWLEDGMENTS

The authors thank the members of the Department of Radiology and Tianjin Key Laboratory of Functional Imaging and the Tianjin Neuroimmunology laboratory team for patient recruitment and collection of clinical data, and patients as well as healthy volunteers for participating in this study.

FUNDING

This work was supported by the Tianjin Key Technology R&D Program (14ZCZDSY00018) and the Natural Science Foundation of China (Grant No. 81425013, 81301202).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fneur.2018.00305/full#supplementary-material.

REFERENCES

1. Jacob A, Matiello M, Wingerchuk DM, Lucchinetti CF, Pittock SJ, Weinshenker BG. Neuromyelitis optica: changing concepts. J Neuroimmunol (2007) 187:126–38. doi:10.1016/j.jneuroim.2007.04.009

2. Wingerchuk DM. Neuromyelitis optica. Int MS J (2006) 13:42–50.

3. Kim HJ, Paul F, Lana-Peixoto MA, Tenembaum S, Asgari N, Palace J, et al. MRI characteristics of neuromyelitis optica spectrum disorder: an international update. Neurology (2015) 84:1165–73. doi:10.1212/WNL.0000000000001367

4. Kawachi I, Lassmann H. Neurodegeneration in multiple sclerosis and neuromyelitis optica. J Neurol Neurosurg Psychiatry (2016) 88(2):137–45. doi:10.1136/jnnp-2016-313300

5. Zekeridou A, Lennon VA. Aquaporin-4 autoimmunity. Neurol Neuroimmunol Neuroinflamm (2015) 2:e110. doi:10.1212/NXI.0000000000000110

6. Ota M, Sato N, Okamoto T, Noda T, Araki M, Yamamura T, et al. Neuromyelitis optica spectrum disorder and multiple sclerosis: differentiation by a multimodal approach. Mult Scler Relat Disord (2015) 4:515–20. doi:10.1016/j.msard.2015.08.006

7. Kim W, Kim S-H, Huh S-Y, Kim HJ. Brain abnormalities in neuromyelitis optica spectrum disorder. Mult Scler Int (2012) 2012:735486. doi:10.1155/2012/735486

8. Shu N, Duan Y, Xia M, Schoonheim MM, Huang J, Ren Z, et al. Disrupted topological organization of structural and functional brain connectomes in clinically isolated syndrome and multiple sclerosis. Sci Rep (2016) 6:29383. doi:10.1038/srep29383

9. He D, Wu Q, Chen X, Zhao D, Gong Q, Zhou H. Cognitive impairment and whole brain diffusion in patients with neuromyelitis optica after acute relapse. Brain Cogn (2011) 77:80–8. doi:10.1016/j.bandc.2011.05.007

10. Duan Y, Liu Y, Liang P, Jia X, Yu C, Qin W, et al. Comparison of grey matter atrophy between patients with neuromyelitis optica and multiple sclerosis: a voxel-based morphometry study. Eur J Radiol (2012) 81:e110–4. doi:10.1016/j.ejrad.2011.01.065

11. Kearney H, Yiannakas MC, Samson RS, Wheeler-Kingshott CAM, Ciccarelli O, Miller DH. Investigation of magnetization transfer ratio-derived pial and subpial abnormalities in the multiple sclerosis spinal cord. Brain (2014) 137:2456–68. doi:10.1093/brain/awu171

12. Geurts JJ, Barkhof F. Grey matter pathology in multiple sclerosis. Lancet Neurol (2008) 7:841–51. doi:10.1016/S1474-4422(08)70191-1

13. Sánchez-Catasús CA, Cabrera-Gomez J, Almaguer Melián W, Giroud Benítez JL, Rodríguez Rojas R, Bayard JB, et al. Brain tissue volumes and perfusion change with the number of optic neuritis attacks in relapsing neuromyelitis optica: a voxel-based correlation study. PLoS One (2013) 8:e66271. doi:10.1371/journal.pone.0066271

14. Zhao DD, Zhou HY, Wu QZ, Liu J, Chen XY, He D, et al. Diffusion tensor imaging characterization of occult brain damage in relapsing neuromyelitis optica using 3.0T magnetic resonance imaging techniques. Neuroimage (2012) 59:3173–7. doi:10.1016/j.neuroimage.2011.11.022

15. Liu Y, Xie T, He Y, Duan Y, Huang J, Ren Z, et al. Cortical thinning correlates with cognitive change in multiple sclerosis but not in neuromyelitis optica. Eur Radiol (2014) 24:2334–43. doi:10.1007/s00330-014-3239-1

16. Sánchez-Catasús CA, Cabrera-Gomez J, Melián WA, Bayard JB, Rojas RR, Valdes-Sosa P. The number of optic neuritis attacks is a potential confounder when comparing patients with NMO vs. controls by voxel-based neuroimaging analysis. Acta Radiol (2016) 57:985–91. doi:10.1177/0284185115610935

17. Finke C, Heine J, Pache F, Lacheta A, Borisow N, Kuchling J, et al. Normal volumes and microstructural integrity of deep gray matter structures in AQP4+ NMOSD. Neurol Neuroimmunol Neuroinflamm (2016) 3:e229. doi:10.1212/NXI.0000000000000229

18. Matthews L, Kolind S, Brazier A, Leite MI, Brooks J, Traboulsee A, et al. Imaging surrogates of disease activity in neuromyelitis optica allow distinction from multiple sclerosis. PLoS One (2015) 10:e0137715. doi:10.1371/journal.pone.0137715

19. Calabrese M, Oh MS, Favaretto A, Rinaldi F, Poretto V, Alessio S, et al. No MRI evidence of cortical lesions in neuromyelitis optica. Neurology (2012) 79:1671–6. doi:10.1212/WNL.0b013e31826e9a96

20. Sinnecker T, Dörr J, Pfueller CF, Harms L, Ruprecht K, Jarius S, et al. Distinct lesion morphology at 7-T MRI differentiates neuromyelitis optica from multiple sclerosis. Neurology (2012) 79:708–14. doi:10.1212/WNL.0b013e3182648bc8

21. Takeshita Y, Obermeier B, Cotleur AC, Spampinato SF, Shimizu F, Yamamoto E, et al. Effects of neuromyelitis optica-IgG at the blood-brain barrier in vitro. Neurol Neuroimmunol Neuroinflamm (2017) 4:e311. doi:10.1212/NXI.0000000000000311

22. Laupacis A, Lillie E, Dueck A, Straus S, Perrier L, Burton JM, et al. Association between chronic cerebrospinal venous insufficiency and multiple sclerosis: a meta-analysis. CMAJ (2011) 183:e1203–12. doi:10.1503/cmaj.111074

23. Pozzilli C, Passafiume D, Anzini A, Borsellino G, Koudriavsteva T, Sarlo G, et al. Cognitive and brain imaging measures of multiple sclerosis. Ital J Neurol Sci (1992) 13:133–6.

24. Francis PL, Jakubovic R, O’Connor P, Zhang L, Eilaghi A, Lee L, et al. Robust perfusion deficits in cognitively impaired patients with secondary-progressive multiple sclerosis. AJNR Am J Neuroradiol (2013) 34:62–7. doi:10.3174/ajnr.A3148

25. Wang KC, Lin KH, Lee TC, Lee CL, Chen SY, Chen SJ, et al. Poor responses to interferon-beta treatment in patients with neuromyelitis optica and multiple sclerosis with long spinal cord lesions. PLoS One (2014) 9:e98192. doi:10.1371/journal.pone.0098192

26. Trebst C, Jarius S, Berthele A, Paul F, Schippling S, Wildemann B, et al. Update on the diagnosis and treatment of neuromyelitis optica: recommendations of the neuromyelitis optica study group (NEMOS). J Neurol (2014) 261:1–16. doi:10.1007/s00415-013-7169-7

27. Pohl D, Tenembaum S. Treatment of acute disseminated encephalomyelitis. Curr Treat Options Neurol (2012) 14:264–75. doi:10.1007/s11940-012-0170-0

28. Tenembaum SN. Treatment of multiple sclerosis and neuromyelitis optica in children and adolescents. Clin Neurol Neurosurg (2013) 115:S21–9. doi:10.1016/j.clineuro.2013.09.016

29. Kleiter I, Gold R. Present and future therapies in neuromyelitis optica spectrum disorders. Neurotherapeutics (2016) 13:70–83. doi:10.1007/s13311-015-0400-8

30. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol (2011) 69:292–302. doi:10.1002/ana.22366

31. Wingerchuk DM, Lennon VA, Pittock SJ, Lucchinetti CF, Weinshenker BG. Revised diagnostic criteria for neuromyelitis optica. Neurology (2006) 66:1485–9. doi:10.1212/01.wnl.0000216139.44259.74

32. Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W, Chitnis T, et al. International consensus diagnostic criteria for neuromyelitis optica spectrum disorders. Neurology (2015) 85:177–89. doi:10.1212/WNL.0000000000001729

33. Liu F, Zhuo C, Yu C. Altered cerebral blood flow covariance network in schizophrenia. Front Neurosci (2016) 10:308. doi:10.3389/fnins.2016.00308

34. Xu G, Rowley HA, Wu G, Alsop DC, Shankaranarayanan A, Dowling M, et al. Reliability and precision of pseudo-continuous arterial spin labeling perfusion MRI on 3.0 T and comparison with 15O-water PET in elderly subjects at risk for Alzheimer’s disease. NMR Biomed (2010) 23:286–93. doi:10.1002/nbm.1462

35. Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage (2007) 38:95–113. doi:10.1016/j.neuroimage.2007.07.007

36. Debernard L, Melzer TR, Van Stockum S, Graham C, Wheeler-Kingshott CA, Dalrymple-Alford JC, et al. Reduced grey matter perfusion without volume loss in early relapsing-remitting multiple sclerosis. J Neurol Neurosurg Psychiatry (2014) 85:544–51. doi:10.1136/jnnp-2013-305612

37. Mulligan SJ, MacVicar BA. Calcium transients in astrocyte endfeet cause cerebrovascular constrictions. Nature (2004) 431:195–9. doi:10.1038/nature02827

38. D’haeseleer M, Hostenbach S, Peeters I, Sankari SE, Nagels G, De Keyser J, et al. Cerebral hypoperfusion: a new pathophysiologic concept in multiple sclerosis? J Cereb Blood Flow Metab (2015) 35:1406–10. doi:10.1038/jcbfm.2015.131

39. Wuerfel J, Paul F, Zipp F. Cerebral blood perfusion changes in multiple sclerosis. J Neurol Sci (2007) 259:16–20. doi:10.1016/j.jns.2007.02.011

40. Koehler RC, Gebremedhin D, Harder DR. Role of astrocytes in cerebrovascular regulation. J Appl Physiol (2006) 100:307–17. doi:10.1152/japplphysiol.00938.2005

41. Stobart JL, Anderson CM. Multifunctional role of astrocytes as gatekeepers of neuronal energy supply. Front Cell Neurosci (2013) 7:38. doi:10.3389/fncel.2013.00038

42. Venkat P, Chopp M, Chen J. New insights into coupling and uncoupling of cerebral blood flow and metabolism in the brain. Croat Med J (2016) 57:223–8. doi:10.3325/cmj.2016.57.223

43. Zlokovic BV. Neurodegeneration and the neurovascular unit. Nat Med (2010) 16:1370–1. doi:10.1038/nm1210-1370

44. Muoio V, Persson PB, Sendeski MM. The neurovascular unit – concept review. Acta Physiol (2014) 210:790–8. doi:10.1111/apha.12250

45. Filosa JA, Morrison HW, Iddings JA, Du W, Kim KJ. Beyond neurovascular coupling, role of astrocytes in the regulation of vascular tone. Neuroscience (2016) 323:96–109. doi:10.1016/j.neuroscience.2015.03.064

46. Saji E, Arakawa M, Yanagawa K, Toyoshima Y, Yokoseki A, Okamoto K, et al. Cognitive impairment and cortical degeneration in neuromyelitis optica. Ann Neurol (2013) 73(1):65–76. doi:10.1002/ana.23721

47. Popescu BFG, Parisi JE, Cabrera-Gómez JA, Newell K, Mandler RN, Pittock SJ, et al. Absence of cortical demyelination in neuromyelitis optica. Neurology (2010) 75:2103–9. doi:10.1212/WNL.0b013e318200d80c

48. Marshall O, Lu H, Brisset J-C, Xu F, Liu P, Herbert J, et al. Impaired cerebrovascular reactivity in multiple sclerosis. JAMA Neurol (2014) 71:1275–81. doi:10.1001/jamaneurol.2014.1668

49. Trapp BD, Peterson JW, Ransohoff RM, Rudick RA, Mörk S, Bö L. Axonal transection in the lesions of multiple sclerosis. N Engl J Med (1998) 338:278–85. doi:10.1056/NEJM199801293380502

50. Calabrese M, De Stefano N, Atzori M, Bernardi V, Mattisi I, Barachino L, et al. Detection of cortical inflammatory lesions by double inversion recovery magnetic resonance imaging in patients with multiple sclerosis. Arch Neurol (2007) 64:1416–22. doi:10.1001/archneur.64.10.1416

51. Nikić I, Merkler D, Sorbara C, Brinkoetter M, Kreutzfeldt M, Bareyre FM, et al. A reversible form of axon damage in experimental autoimmune encephalomyelitis and multiple sclerosis. Nat Med (2011) 17:495–9. doi:10.1038/nm.2324

52. Jindahra P, Petrie A, Plant GT. Retrograde trans-synaptic retinal ganglion cell loss identified by optical coherence tomography. Brain (2009) 132:628–34. doi:10.1093/brain/awp001

53. Pfueller CF, Brandt AU, Schubert F, Bock M, Walaszek B, Waiczies H, et al. Metabolic changes in the visual cortex are linked to retinal nerve fiber layer thinning in multiple sclerosis. PLoS One (2011) 6:e18019. doi:10.1371/journal.pone.0018019

54. Dörr J, Wernecke KD, Bock M, Gaede G, Wuerfel JT, Pfueller CF, et al. Association of retinal and macular damage with brain atrophy in multiple sclerosis. PLoS One (2011) 6:e18132. doi:10.1371/journal.pone.0018132

55. Rizzo G, Tozer KR, Tonon C, Manners D, Testa C, Malucelli E, et al. Secondary post-geniculate involvement in Leber’s hereditary optic neuropathy. PLoS One (2012) 7:e50230. doi:10.1371/journal.pone.0050230

56. Pfueller CF, Paul F. Imaging the visual pathway in neuromyelitis optica. Mult Scler Int (2011) 2011:869814. doi:10.1155/2011/869814

57. D’haeseleer M, Beelen R, Fierens Y, Cambron M, Vanbinst A-M, Verborgh C, et al. Cerebral hypoperfusion in multiple sclerosis is reversible and mediated by endothelin-1. Proc Natl Acad Sci U S A (2013) 110:5654–8. doi:10.1073/pnas.1222560110

58. Haider L, Simeonidou C, Steinberger G, Hametner S, Grigoriadis N, Deretzi G, et al. Multiple sclerosis deep grey matter: the relation between demyelination, neurodegeneration, inflammation and iron. J Neurol Neurosurg Psychiatry (2014) 85:1386–95. doi:10.1136/jnnp-2014-307712

59. Inglese M, Park S, Johnson G, Babb JS, Miles L, Jaggi H, et al. Deep gray matter perfusion in multiple sclerosis. Arch Neurol (2007) 64:196–202. doi:10.1001/archneur.64.2.196

60. Cifelli A, Arridge M, Jezzard P, Esiri MM, Palace J, Matthews PM. Thalamic neurodegeneration in multiple sclerosis. Ann Neurol (2002) 52:650–3. doi:10.1002/ana.10326

61. Juurlink BHJ. The evidence for hypoperfusion as a factor in multiple sclerosis lesion development. Mult Scler Int (2013) 2013:598093. doi:10.1155/2013/598093

62. Rashid W, Parkes LM, Ingle GT, Chard DT, Toosy AT, Altmann DR, et al. Abnormalities of cerebral perfusion in multiple sclerosis. J Neurol Neurosurg Psychiatry (2004) 75:1288–93. doi:10.1136/jnnp.2003.026021

63. Hojjat S-P, Cantrell CG, Vitorino R, Feinstein A, Shirzadi Z, MacIntosh BJ, et al. Regional reduction in cortical blood flow among cognitively impaired adults with relapsing-remitting multiple sclerosis patients. Mult Scler (2016) 22(11):1421–8. doi:10.1177/1352458515622696

64. Faro SH, Mohamed FB, Tracy JI, Elfont RM, Pinus AB, Lublin FD, et al. Quantitative functional MR imaging of the visual cortex at 1.5 T as a function of luminance contrast in healthy volunteers and patients with multiple sclerosis. AJNR Am J Neuroradiol (2002) 23:59–65.

65. Cai H, Zhu J, Zhang N, Wang Q, Zhang C, Yang C, et al. Subregional structural and connectivity damage in the visual cortex in neuromyelitis optica. Sci Rep (2017) 7:41914. doi:10.1038/srep41914

66. Sepulcre J, Goñi J, Masdeu JC, Bejarano B, Vélez de Mendizábal N, Toledo JB, et al. Contribution of white matter lesions to gray matter atrophy in multiple sclerosis: evidence from voxel-based analysis of T1 lesions in the visual pathway. Arch Neurol (2009) 66:173–9. doi:10.1001/archneurol.2008.562

67. Li W, Mai X, Liu C. The default mode network and social understanding of others: what do brain connectivity studies tell us. Front Hum Neurosci (2014) 8:74. doi:10.3389/fnhum.2014.00074

68. Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. The role of the medial frontal cortex in cognitive control. Science (2004) 306:443–7. doi:10.1126/science.1100301

69. Liang P, Liu Y, Jia X, Duan Y, Yu C, Qin W, et al. Regional homogeneity changes in patients with neuromyelitis optica revealed by resting-state functional MRI. Clin Neurophysiol (2011) 122:121–7. doi:10.1016/j.clinph.2010.05.026

70. Geisseler O, Pflugshaupt T, Bezzola L, Reuter K, Weller D, Schuknecht B, et al. Cortical thinning in the anterior cingulate cortex predicts multiple sclerosis patients’ fluency performance in a lateralised manner. Neuroimage Clin (2016) 10:89–95. doi:10.1016/j.nicl.2015.11.008

71. Zamvil SS, Slavin AJ. Does MOG Ig-positive AQP4-seronegative opticospinal inflammatory disease justify a diagnosis of NMO spectrum disorder? Neurol Neuroimmunol Neuroinflamm (2015) 2:e62. doi:10.1212/NXI.0000000000000062

Conflict of Interest Statement: 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 © 2018 Zhang, Guo, Zhang, Cai, Sun, Wang, Qi, Zhang, Yang, Shi and Yu. 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 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.



1http://www.fil.ion.ucl.ac.uk/spm/software/spm8/ (Accessed: March 02, 2015).

2http://www.fmrib.ox.ac.uk/fsl (Accessed: March 02, 2012).

OPS/images/fneur-09-00305-t002.jpg
Regions Brodmann  Clustersize  Peak  Coordinates
areas (voxels)  pvalues in MNI (xy,2)
Without GMV correction
cc 17,18 4839 00002 -14,-98,-16
Tha L - 202 00048 -16,-24,4
Tha R - 1,049 00016 -2,-26,16
Put_L - 617 00048 30, -14, -4
Put_ R - 1,884 00002  32,-18,-8
SGACC/OG_R 2 493 00008 2,12,-14
STG_L 38,13 507 00012 -44,8,-12
ACC/MPFCR 113210 1,648 00024 14,56,-10
After GMV correction
cc 18 4,444 00002 -14,-98,-16
Put_ R - 1,458 00004  32,-20,-6
ACCMPFC R 113210 962 00052  -14,58,-6

ACC, anterior cingulate cortex; CBF, cerebral blood flow; CC, calcarine cortex; GMV,
gray matter volume; L, left; MNI, Montreal Neurological Institute; MPFC, medial

prefrontal cortex; Put, putamen; R, right; S9ACC, subgenual anterior cingulate cortex;
STG, superior temporal gyrus; Tha, thalamus.





OPS/images/fneur-09-00305-g003.jpg
'CBF_VALUE

CBF_VALUE

o
051"
10

024 6 810
EDSS






OPS/images/fneur-09-00305-t001.jpg
Participants RRMS NMO Healthy  pValue

patients patients controls

(n=39) (n=62) (n=73)
Sex (F/M) 23/16 53/9 55/18 0011
Age (years) 38721264 47681391 48.14+9.83 <0.001
EDSS scores 2(0-6) 35(0-9) - <0.001
Disease duration ~ 422+494 612648 - 0.144

EDSS scores reported as median (range), the rest values are expressed as mean  SD.
EDSS, Expanded Disabilty Status Scale; RRIS, relapsing-remitting muliole sclerosis;
NMO, neuromyelltis optica.





OPS/images/cover.jpg
frontiers
in Neurology

Cerebral Blood Flow Changes in
Multiple Sclerosis and
Neuromyelitis Optica and Their
Correlations With Clinical
Disability





OPS/images/fneur-09-00305-g001.jpg
Group

- NMO
RRMS
HC

CC Thal ThaR Pull PutR sgACC/OG R STG L ACCMPFC R





OPS/images/fneur-09-00305-g002.jpg
CBF

ACC_MPFC_R

Group

NMO
RRMS
HC





OPS/images/logo.jpg
Ghesk for

i@





