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Higher longitudinal brain white 
matter atrophy rate in aquaporin‑4 
IgG‑positive NMOSD compared 
with healthy controls
Hiroki Masuda 1*, Masahiro Mori 1, Shigeki Hirano 1, Akiyuki Uzawa 1, Tomohiko Uchida 1, 
Mayumi Muto 1,2, Ryohei Ohtani 1,3, Reiji Aoki 1, Yoshiyuki Hirano 4, Japanese Alzheimer’s 
Disease Neuroimaging Initiative (J‑ADNI) * & Satoshi Kuwabara 1

We aimed to compare longitudinal brain atrophy in patients with neuromyelitis optica spectrum 
disorder (NMOSD) with healthy controls (HCs). The atrophy rate in patients with anti‑aquaporin‑4 
antibody‑positive NMOSD (AQP4 + NMOSD) was compared with age‑sex‑matched HCs recruited from 
the Japanese Alzheimer’s Disease Neuroimaging Initiative study and another study performed at 
Chiba University. Twenty‑nine patients with AQP4 + NMOSD and 29 HCs were enrolled in the study. 
The time between magnetic resonance imaging (MRI) scans was longer in the AQP4 + NMOSD group 
compared with the HCs (median; 3.2 vs. 2.9 years, P = 0.009). The annualized normalized white matter 
volume (NWV) atrophy rate was higher in the AQP4 + NMOSD group compared with the HCs (median; 
0.37 vs. − 0.14, P = 0.018). The maximum spinal cord lesion length negatively correlated with NWV 
at baseline MRI in patients with AQP4 + NMOSD (Spearman’s rho =  − 0.41, P = 0.027). The annualized 
NWV atrophy rate negatively correlated with the time between initiation of persistent prednisolone 
usage and baseline MRI in patients with AQP4 + NMOSD (Spearman’s rho =  − 0.43, P = 0.019). Patients 
with AQP4 + NMOSD had a greater annualized NWV atrophy rate than HCs. Suppressing disease 
activity may prevent brain atrophy in patients with AQP4 + NMOSD.

Neuromyelitis optica spectrum disorder (NMOSD) is a severe form of the central nervous system (CNS) 
inflammation that typically affects the spinal cord and optic nerve. However, brain lesions can occur in NMOSD. 
Another feature of NMOSD is positivity for aquaporin-4 (AQP4) antibodies, which are present in the sera of 
60%–90% of patients with NMOSD (AQP4 + NMOSD patients)1,2.

Disability in patients with NMOSD is reported to be attack-dependent3. Therefore, NMOSD is considered to 
not exhibit attack-independent neurodegeneration. However, previous reports observed decreases in the white 
matter volume in patients with NMOSD compared to that in healthy controls (HCs)4–6. Widespread occult 
damage in normal-appearing white matter was reported in NMOSD compared to the findings in  HCs7. A recent 
study observed a spectrum of astrocytopathy that supports the concept of attack-independent structural changes 
in the NMOSD  pathology8. Therefore, attack-independent neurodegeneration might occur in the white matter 
in patients with NMOSD.

Moreover, unlike multiple sclerosis (MS), NMOSD is not thought to exhibit longitudinal brain atrophy 
compared with HCs. However, only a few studies have investigated longitudinal brain atrophy in patients with 
NMOSD, including our  study9,10. We compared longitudinal brain atrophy in patients with AQP4 + NMOSD 
to longitudinal brain atrophy in patients with MS and showed that brain atrophy silently progressed in patients 
with AQP4 + NMOSD, even in clinically inactive  patients10. Patients with AQP4 + NMOSD and long cord 
lesions exhibited annualized brain gray matter volume atrophy rates that were higher than patients without 
long cord  lesions10. Thus, we hypothesized that subclinical dying back degeneration caused by long cord lesion 
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contributed to the brain atrophy in patients with AQP4 + NMOSD. However, HCs were absent in our previous 
study. Therefore, we compared the longitudinal brain atrophy rate between patients with NMOSD and HCs to 
overcome this limitation.

In this study, longitudinal brain atrophy was compared in patients with AQP4 + NMOSD to age-sex-
matched HCs using magnetic resonance imaging (MRI) images obtained from the Japanese Alzheimer’s Disease 
Neuroimaging Initiative (J-ADNI) study and another study performed at Chiba University. We also investigated 
the clinical characteristics associated with brain volume at baseline in patients with AQP4 + NMOSD.

Materials and methods
Study design and patient populations. We expanded the previously published  dataset10. Therefore, 
patients’ data overlapped with the previous study (82.8%)10. We reviewed the clinical records of 124 patients 
with AQP4 + NMOSD at Chiba University Hospital. Figure  1 demonstrates the patient enrolment and study 
design. Recruitment of patients with AQP4 + NMOSD was conducted as previously  described10. First, we 
included patients with two MRI scans by the same scanner at an interval of > 1  year. We selected two MRI 
scans (MRI-1 and MRI-2) as the interval widened, as previously  reported11. We excluded MRIs performed 
within 60  days of prednisolone pulse therapy or additional immunotherapies including plasma exchange to 
minimize  pseudoatrophy12,13. All AQP4 + NMOSD patients fulfilled the 2015 international diagnostic criteria for 
 NMOSD1 with AQP4 + cell-based assay results, as previously  described14. In addition, patients were grouped by 
age (< 55 years vs. ≥ 55 years) and matched by age and sex with HCs.

Patients who were at least 55  years old were age-sex matched with HCs from the J-ADNI study 
(UMIN000001374)15. The public–private partnership, J-ADNI, was established in 2007 with Professor Takeshi 
Iwatsubo as the Principal Investigator. The J-ADNI study’s main objective was to ascertain serial magnetic MRI, 
positron emission tomography, other biological markers, and clinical and neuropsychological assessment could 
be integrated to track mild Alzheimer’s disease and late mild cognitive impairment in the Japanese population. 
The National Bioscience Database Center Human Database, Japan (Research ID: hum0043.v1, 2016) provided 
the J-ADNI data. All J-ADNI MRI data were published after distortion  correction16.

Volunteer participants between 60 and 84 years old enrolled in the J-ADNI study. The eligibility criteria of 
the ADNI study was applied to the volunteer  participants17. Subjects who scored 24–30 in the Mini-Mental 
State Examination scores without memory complaints were treated as HCs. We included subjects with two 
same-scanner MRI scans at an interval of > 1 year. The two MRI scans (MRI-1 and MRI-2) with the largest time 
interval were selected. The J-ADNI database information were obtained from the National Bioscience Database 

Figure 1.  Flow chart and study design showing enrolment and age-sex-matching of patients with 
AQP4 + NMOSD and HCs. AQP4 + NMOSD anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum 
disorders, HCs healthy controls. Chiba-HCs means another study performed in Chiba University by Shimizu 
et al.
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Center Human Database, Japan (Research ID: hum0043.v1, 2016)15. Other inclusion and exclusion criteria are 
described at https:// cente r6. umin. ac. jp/ cgi- open- bin/ ctr/ ctr_ view. cgi? recpt no= R0000 12764.

Patients less than 55 years old were age-sex-matched with HCs from another study performed at Chiba 
University by Professor Shimizu (Chiba-HCs). Chiba-HCs had no history of mental disorder, and they were 
confirmed to currently not meet the diagnostic criteria for any mental disorder by psychosomatic physicians 
or psychiatrists by a comprehensive structured interview based on Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition. Any subjects with claustrophobia, head trauma, neurological disorders, or substance 
abuse were excluded. Nine volunteers underwent two same-scanner MRI scans at an interval of > 1 year.

Patients with AQP4 + NMOSD and HCs were sorted by age. Younger patients with AQP4 + NMOSD and HCs 
with an age difference of ≤ 5 years were matched. The HC closest in age to the patient was matched. If there were 
several candidates, patients or controls were blindly selected by a doctor (Yosuke Onishi).

Demographic characteristics. Demographic characteristics at MRI-1 and MRI-2, including sex ratio and 
age, and clinical features, including disease duration, Kurtzke’s Expanded Disability Status Scale (EDSS) score, 
annualized relapse rate (ARR) from disease onset, years from the last attack, years of continuous prednisolone, 
and oligoclonal band positivity were investigated. Years of the relapse prevention treatment at the same dosage 
which was given at MRI-1 or MRI-2 were also examined. Histories of optic neuritis, myelitis, long cord lesion, 
brainstem lesion, area postrema syndrome and cerebral syndrome were also investigated.

The brain volumes at MRI-1 and MRI-2 and atrophy rates in patients with AQP4 + NMOSD and HCs were 
compared.

Association of brain volume and clinical characteristics in patients with AQP4 + NMOSD. The 
maximum spinal cord lesion length and brain volume at baseline were correlated. The associations between 
annualized brain atrophy rates and clinical characteristics, including treatment duration, EDSS and ARR were 
also analyzed. Long cord lesion was defined as > 3 vertebral segments. We measured the spinal cord lesion length 
(vertebral body segments) from the image showing the maximum spinal cord lesion length in all spinal cord 
images performed in the acute phase of previous myelitis before MRI-1, and analyzed the correlation between 
the length and annualized atrophy rate. The analysis of association between years of continuous prednisolone 
usage and brain atrophy rates were added when difference of brain atrophy rates was found between patients and 
HCs. Differences in the annualized NWV atrophy rate with or without a history of brainstem lesion or cerebral 
syndrome were investigated in patients with AQP + NMOSD. Clinical and brain volume difference between male 
and female patients with AQP4 + NMOSD were also investigated.

Brain MRI scan and brain volume measurements. The same MR scanner, a 1.5-Tesla Signa HDxT (GE 
Healthcare, Milwaukee, WI, USA), was used to obtain a conventional brain MRI, T1-weighted three-dimensional 
(3D) images, and fluid-attenuated inversion recovery (FLAIR) or multiplanar reconstruction (MPR) from the 
3D-FLAIR from each patient. Supplementary Table S1 shows details of the MRI systems for patients.

Brain MRI imaging of HCs participating in the J-ADNI study was performed using a 1.5-Tesla15. The 3.0-Tesla 
Discovery MR750 (GE Healthcare, Milwaukee, WI, USA) was used for all Chiba-HCs. Supplementary Table S2 
presents MRI system information for younger HCs.

Since previous studies demonstrated the different scanners at different time points significantly affected 
the brain atrophy measures in the longitudinal morphometric  results18,19, the same MRI scanner was used for 
individual patients or Chiba-HCs to minimize the effect of the field strength difference between 3.0-Tesla for 
Chiba-HCs and 1.5-Tesla for all patients. Distortion correction was performed to all J-ADNI MRI data before 
the data  publication20.

We calculated brain volumes using statistical parametric mapping-12 (SPM12) with MATLAB (Version 
R2016b; The MathWorks, Inc., Natick, MA, USA). Measuring brain volume in each patient was performed as 
described  previously21,22. We employed a previously described technique to segment lesions and calculate the 
annualized atrophy  rate10,23. Lesion Segmentation Tool (LST) toolbox version 2.0.15 (available in the public 
domain at www. stati stica lmode lling. de/ lst. html) was used for  SPM23. As recommended by Schmidt et al.23, we 
used an initial threshold (κ) value of 0.30. Normalized brain (NBV), gray matter (NGV), lesion (NLV), and 
white matter (NWV) volumes were defined as previously  reported10. Briefly, each volume was divided by the 
intracranial volume, which was the sum of the whole-brain gray matter, white matter, and cerebrospinal fluid 
volumes, to reduce interindividual  variation24.

Statistical analysis. Statistical analyses were performed with SPSS version 27.0 (IBM Corporation, 
Armonk, NY, USA). Continuous data were compared by the Mann–Whitney U test. The Fisher’s exact test was 
used to evaluate categorical outcomes. Correlations were analyzed using the Spearman’s rank test. P < 0.05 was 
considered statistically significant. An analysis of covariance was performed when the annualized atrophy rate 
was determined using significant different items as covariates.

Ethical approval and consent to participate. The Chiba University School of Medicine ethic committee 
approved the study (No. 2555 and M10545). Informed consent was provided by all patients. The methods used 
in this study comply with the Declaration of Helsinki and its subsequent amendments, and were performed in 
accordance with the relevant guidelines and regulations.

https://center6.umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi?recptno=R000012764
http://www.statisticalmodelling.de/lst.html
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Results
Demographics and clinical characteristics at MRI‑1 and MRI‑2. We enrolled 29 patients in each 
group. Twenty-three patients with AQP4 + NMOSD who were at least 55  years old were matched with HCs 
in J-ADNI. Of the 22 patients less than 55  years old, 6 patients were matched with Chiba-HCs. Three HCs 
in the Chiba study were not matched because of sex differences. Of the 29 patients who were enrolled in this 
study, twenty-four patients overlapped with our previous  study10. Table 1 displays the clinical characteristics 
and demographics of patients with AQP4 + NMOSD and the HCs at MRI-1. Females accounted for 75.9% of 
the patients in both groups. The age difference between the two groups was not statistically significant (median: 
59.0 vs. 61.0 years, interquartile range: 9.5 vs. 4.5, P = 0.30). The median disease duration at MRI-1 was 7.0 years 
(interquartile range: 13.4, range: 0.3–42.9). The median EDSS score and ARR from disease onset were 3.5 and 
0.4, respectively (interquartile ranges: 4.0 and 0.4, ranges: 0.1–9.0 and 0.2–4.0, respectively). The median time 
from initiating continuous prednisolone therapy was 3.9  years (interquartile range: 3.2, range: 0.1–8.8). The 
median time since the last attack was 2.8 years (interquartile range: 3.3, range: 0.2–6.9). The median of years 
of the relapse prevention treatment was 1.3 at MRI-1 (interquartile range: 1.8, range: 0.1–5.2). Twenty patients 
with AQP4 + NMOSD received prednisolone alone; three patients received prednisolone plus azathioprine, one 
patient received prednisolone and eculizumab, and five patients did not receive any treatment at MRI-1. Dose 
range of prednisolone was from 1.25 to 20 mg/day at MRI-1.

The clinical features at MRI-2 in patients with AQP4 + NMOSD and HCs are shown in Table 2.
The median years from the last attack to MRI-2 was 5.2 years (interquartile range: 6.3, range: 0.9–10.3). 

In total, six patients showed the relapse between MRI-1 and MRI-2. Only one patient relapsed with cerebral 
syndrome between MRI scans. Years from the last attack to MRI-2 in the six patients were 0.90, 0.98, 1.26, 1.28, 
1.96, and 2.64. The median of years of the relapse prevention treatment was 3.3 at MRI-2 (interquartile range: 
4.4, range: 0.8–7.9). Ten patients changed the relapse prevention treatment between MRI-1 and MRI-2. One 
patient discontinued relapse prevention and one patient initiated the continuous prednisolone. Within other 
eight patients, four patients decreased the dosage of prednisolone between MRI-1 and MRI-2, two patients 
increased the prednisolone dosage, and two patients showed the same dosage of prednisolone. Nineteen patients 
with AQP4 + NMOSD received prednisolone alone; four patients received prednisolone plus azathioprine, one 
patient received prednisolone and eculizumab, and five patients received no treatment at MRI-2. Dose range of 
prednisolone was from 5.0 mg/day to 15 mg/day at MRI-2.

Table 1.  Demographic and clinical characteristics in patients with AQP4 + NMOSD and HCs at MRI-1. Data 
are presented as median number (%) or [interquartile range] (range). *P < 0.05. Years of the relapse prevention 
treatment indicate the continuous relapse prevention treatment period at the same dosage which was given at 
MRI-1. AQP4 + NMOSD anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease, 
ARR  annualized relapse rate, EDSS Kurtzke’s Expanded Disability Status Scale.

AQP4 + NMOSD (N = 29) HCs (N = 29) P-value

Demographic

 Female (%) 22/29 (75.9%) 22/29 (75.9%) 1.00

 Age (years) 59.0 [9.5] (34–73) 61.0 [4.5] (33–73) 0.24

Clinical

 Age at disease onset 48.0 [19.0] (19–67)

 Disease duration (years) 7.0 [13.4] (0.3–42.9)

 EDSS score 3.5 [4.0] (1.0–9.0)

 ARR from disease onset 0.4 [0.4] (0.2–4.0)

 Years from last attack 2.8 [3.3] (0.2–6.9)

 Years of continuous prednisolone 3.9 [3.2] (0.1–8.8) (N = 24)

 Years of relapse prevention treatment 1.3 [1.8] (0.1–5.2)

 Oligoclonal bands positivity 2/17 (11.8%)

 Number of patients with a history of

   Optic neuritis 20/29 (69.0%)

   Myelitis 25/29 (86.2%)

   Myelitis with long cord lesion 18/29 (62.1%)

   Brainstem lesion 6/29 (20.7%)

   Area postrema syndrome 1/29 (3.4%)

   Cerebral syndrome 4/29 (13.7%)

Treatment

   Prednisolone 20

   Prednisolone + azathioprine 3

   Prednisolone + eculizumab 1

   None 5
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Linearity of changes in brain volume in patients with AQP4 + NMOSD. To establish the linearity 
of longitudinal brain atrophy in patients with AQP4 + NMOSD, brain volume changes and disease duration in 
each patient with AQP4 + NMOSD were analyzed. Most patients showed a similar slope for changes in brain 
atrophy between MRI-1 and MRI-2, regardless of the disease duration (Fig. 2).

Annualized NWV atrophy rate. Table 2 shows the brain volumes at MRI-1 and MRI-2 as well as the 
annualized atrophy rate between MRI-1 and MRI-2 in patients with AQP4 + NMOSD and HCs. Patients with 
AQP4 + NMOSD had significantly longer intervals between MRI-1 and MRI-2 than HCs (median: 3.2 vs. 2.9, 
P = 0.009). Patients with AQP4 + NMOSD had decreased NBV at MRI-1 and NGV at MRI-1 and MRI-2 compared 
to NBV and NGV in HCs. Although the annualized NGW and NBV atrophy rates were not significantly different 
between patients with AQP4 + NMOSD and HCs, the patients with AQP4 + NMOSD had an annualized NWV 
atrophy rate greater than that of HCs (P = 0.018). The annualized NWV atrophy rate was significantly related to 
the MRI-1 and MRI-2 time interval in patients with AQP4 + NMOSD and HCs, according to the parallelism test 
(P = 0.048). Therefore, an analysis of covariance using the MRI-1 and MRI-2 time interval as covariates could not 
be performed for the annualized atrophy rate of NWV. Figure 3 shows the percentage of NBV, NGV, and NWV 
changes in patients with AQP4 + NMOSD and HCs.

Correlation between spinal cord lesion length and NWV at MRI‑1. In patients with AQP4 + NMOSD, 
we examined the relationships between the annualized atrophy rate of each brain volume and the spinal cord 
lesion length and brain volumes at MRI-1 and MRI-2. The spinal cord lesion length negatively correlated with 
NWV at MRI-1 (Spearman’s rho =  − 0.41, P = 0.027, Fig. 4) but not with NWV at MRI-2, NBV at MRI-1 or MRI-
2, NGV at MRI-1 or MRI-2, or NLV at MRI-1 or MRI-2. No associations were found between the spinal cord 
lesion length and annualized atrophy rate of each brain volumes including NBV, NGV, and NWV.

Correlation between persistent prednisolone usage duration and the annualized NWV atrophy 
rate. The annualized NWV atrophy rate negatively correlated with the time from the initiation of persistent 
prednisolone usage to MRI-1 and MRI-2 in patients with AQP4 + NMOSD (Spearman’s rho =  − 0.43 and − 0.46, 
P = 0.019 and 0.011, respectively, Fig. 5). EDSS at MRI-1, ΔEDSS (EDSS at MRI-2 minus EDSS at MRI-1), and 
ARR between MRI-1 and MRI-2 did not correlate with the annualized NBV, NGV or NWV atrophy rates. 
On the other hand, ARR at MRI-1 negatively correlated with the annualized NWV atrophy rate (Spearman’s 

Table 2.  Clinical characteristics at MRI-2 and brain volumes in patients with AQP4 + NMOSD and HCs. 
Data are presented as median number (%) or [interquartile range] (range). *P < 0.05. ΔEDSS = EDSS at MRI-2 
minus EDSS at MRI-1. Years of the relapse prevention treatment indicate the continuous relapse prevention 
treatment period at the same dosage which was given at MRI-2. AQP4 + NMOSD anti-aquaporin-4 antibody-
positive neuromyelitis optica spectrum disorder disease, ARR  annual relapse rate, EDSS Kurtzke’s Expanded 
Disability Status Scale, ICV intracranial volume, NBV normalized brain volume, NGV normalized gray matter 
volume, NLV normalized lesion volume, NWV normalized white matter volume. Annualized atrophy rate of X 
is defined as follows; (X at 1st MRI scan× at 2nd MRI scan)×12

(X at 1st MRI scan)× (Months between 1st and 2nd MRI scans)
 , X = NGV, NWV or NBV.

AQP4 + NMOSD (N = 29) HCs (N = 29) P-value

Years from last attack to MRI-2 5.2 [6.3] (0.9–10.3)

Years of relapse prevention treatment 3.3 [4.4] (0.8–7.9)

ΔEDSS (MRI-2 – MRI-1) 0.0 [− 0.5] (− 2.0–3.5)

Years from MRI-1 to MRI-2 3.2 [2.3] (1.0–6.3) 2.9 [1.1] (1.0–3.0) 0.009*

ARR between MRI-1 and MRI-2 0.0 [0.1] (0.0–0.9)

At MRI-1

 ICV*10–3 (mL) 1.35 [0.14] (1.22–1.60) 1.37 [0.21] (1.18–1.86) 0.40

 NLV (mL) 0.96 [4.08] (0.00–16.30)

 NGV*10–3 (mL) 0.42 [0.05] (0.32–0.49) 0.45 [0.04] (0.37–0.52) 0.004*

 NWV*10–3 (mL) 0.30 [0.03] (0.26–0.34) 0.29 [0.03] (0.26–0.34) 0.17

 NBV*10–3 (mL) 0.73 [0.06] (0.62–0.81) 0.75 [0.04] (0.66–0.85) 0.044*

At MRI-2

 ICV*10–3 (mL) 1.35 [0.13] (1.21–1.58) 1.37 [0.21] (1.18–1.86) 0.37

 NLV (mL) 1.70 [7.15] (0.00–141.5)

 NGV*10–3 (mL) 0.41 [0.06] (0.31–0.49) 0.44 [0.04] (0.37–0.51) 0.008*

 NWV*10–3 (mL) 0.30 [0.03] (0.24–0.34) 0.30 [0.03] (0.26–0.34) 0.32

 NBV*10–3 (mL) 0.73 [0.08] (0.59–0.80) 0.74 [0.05] (0.66–0.83) 0.069

Annualized atrophy rate

 NGV (%) 0.44 [0.15] (− 2.44–4.88) 0.71 [1.24] (− 1.43–3.14) 0.43

 NWV (%) 0.37 [1.36] (− 6.23–4.48)  − 0.14 [0.92] (− 1.76–1.03) 0.018*

 NBV (%) 0.50 [0.75] (− 0.57–3.04) 0.41 [0.75] (− 0.88–1.72) 0.91
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rho =  − 0.41, P = 0.026) but not with the annualized NBV or NGV atrophy rates. In patients with persistent 
prednisolone at MRI-1, ARR at MRI-1 negatively correlated with the duration of persistent prednisolone use 
(Spearman’s rho =  − 0.44, P = 0.033). No correlation was found between the annualized NWV atrophy rate and 
disease duration at MRI-1, MRI-2, or the interval between MRI-1 and MRI-2.

Difference in the annualized NWV atrophy rate between patients with and without a history 
of brainstem lesion or cerebral syndrome. No difference was found in the annualized NWV atrophy 
rate between patients with (N = 6) and those without a history of brainstem lesion (N = 23). The annualized 
NWV atrophy rate was higher in patients with a history of cerebral syndrome than in those without history 
of cerebral syndrome (median: 1.38% vs. 0.20%, interquartile range: 1.13 vs. 1.30, N = 4 vs. N = 25, P = 0.043). 
Patients with a history of cerebral syndrome had higher NLV at MRI-1 than those without history of cerebral 
syndrome (median: 11.5. mL vs. 0.91 mL, interquartile range: 12.8 vs. 3.07, N = 4 vs. N = 25, P = 0.008). Patients 
without cerebral syndrome tended to have a higher annualized NWV atrophy rate than age- and sex-matched 
HCs (median: 0.20% vs. − 0.17%, interquartile range: 1.30 vs. 0.96, N = 25 vs. N = 25, P = 0.068). One patient had 
a history of both brainstem lesion and cerebral syndrome. Patients with a history of brainstem lesion or cerebral 
lesion (N = 9) showed no difference from those without these histories (N = 20).

Clinical and brain volume difference between male and female patients with 
AQP4 + NMOSD. Male patients showed shorter disease duration at MRI-1 (median: 2.4 vs. 9.0  years, 
P = 0.013) and MRI-2 (median: 5.6 vs. 11.9 years, P = 0.013) than female patients. The male patients had higher 
intracranial volume at MRI-1 (median: 1.52 vs. 1.32, P < 0.001) and MRI-2 (median: 1.52 vs. 1.32, P < 0.001), and 
age at disease onset (median: 54.0 vs. 46.5 years, P = 0.049) than female patients. No difference was found in NBV, 
NGV, NWV, and NLV at MRI-1 and MRI-2 between male and female patients. Annualized atrophy rates of NBV, 
NGV, and NWV were similar in male and female patients.

Figure 2.  Brain volume changes and disease duration in each patient with AQP4 + NMOSD. (A) NBV changes 
and disease durations. (B) NGV changes and disease durations. (C) NWV changes and disease durations. 
AQP4 + NMOSD anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorders, NBV normalized 
brain volume, NGV normalized gray matter volume, NWV normalized white matter volume.
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Discussion
Our results show that patients with AQP4 + NMOSD had significantly higher annualized NWV atrophy 
rates than age-sex-matched HCs. Spinal cord lesion length negatively correlated with NWV in patients with 
AQP4 + NMOSD. Persistent prednisolone usage negatively correlated with the annualized NWV atrophy rate. 
These findings suggest that suppressing disease activity may prevent longitudinal brain atrophy in patients with 
AQP4 + NMOSD.

Patients with AQP4 + NMOSD had higher annualized NWV atrophy rates than HCs. Our result corresponds 
with previous studies. Decreased brain white matter volume was reported in NMO compared with  HCs4–6. 
Another study reported widespread occult damage in normal-appearing white matter in NMOSD compared 
with  HCs7. These results clearly demonstrate brain white matter could be damaged in AQP4 + NMOSD. On the 
other hand, in HCs, previous studies showed brain white matter volume appeared to be relatively stable except 
in oldest participants, while brain gray matter volume loss appeared to be constant throughout the adult  life25,26. 
Meanwhile, a previous study demonstrated patients with acute spinal cord injury showed faster atrophy rates in 
brain white matter and gray matter compared with  HCs27. These findings may explain why we found differences 
only in NWV but not NGV between patients with AQP4 + NMOSD and HCs.

Our study revealed a negative correlation between the spinal cord lesion length and NWV in patients with 
NMOSD. Another study reported a lower lateral geniculate nucleus volume in patients with NMOSD and a history 
of ON than in patients with NMOSD without a history of ON and  controls28. Oral prednisolone maintenance 
therapy was reported to be effective to prevent relapse in patients with AQP4 +  NMOSD29. Moreover, some 
biological disease-modifying drugs were reported to lower disability or reduce the risk of disability progression 
in patients with AQP4 + NMOSD. Interleukin-6 receptor blockade decreases ARR and lowers disability in patients 
with  NMOSD30,31. CD-19 blockade was also demonstrated to decrease the risk of 3-month EDSS-confirmed 
disability progression in patients with  NMOSD32. In addition, MRI studies demonstrated decreased spinal cord 

Figure 3.  The percent brain volume changes between MRI-1 and MRI-2 in patients with AQP4 + NMOSD 
and HCs. (A) NBV changes and follow-up durations. (B) NGV changes and follow-up durations. (C) NWV 
changes and follow-up durations. The black dotted lines represent brain volume changes (in percentage) for 
each patient. The fitted average slopes in patients with AQP4 + NMOSD and HCs are shown by the black line. 
AQP4 + NMOSD anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorders, HCs healthy 
controls, NBV normalized brain volume, NGV normalized gray matter volume, NWV normalized white matter 
volume.
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MRI activity during tocilizumab therapy, particularly in patients with AQP4 +  NMOSD30. The mean upper 
cervical cord area was associated with normalized brain volume in patients with  MS33. Cortical atrophy following 
spinal cord injury was also  reported34. Therefore, if silent progression by subclinical dying back degeneration 
occurs in patients with AQP4 + NMOSD, as we hypothesized, then biological disease-modifying drugs can 
prevent brain atrophy by decreasing the activity and lesion length in the spinal cord.

We demonstrated a negative correlation between annualized NWV atrophy rate and ARR at MRI-1. In 
addition, ARR at MRI-1 negatively correlated with persistent prednisolone duration at MRI-1 in patients 
undergoing persistent prednisolone treatment. These results suggest that inhibiting relapse and inflammation 
lowers subsequent brain white matter atrophy rates in patients with AQP4 + NMOSD. Autopsy results from a 
patient with AQP4 + NMO showed persistent microscopic active inflammatory lesions in the  CNS35. The patient 
received oral prednisolone treatment for over 40 years and showed no relapse for more than five years before 
death. Microscopic active inflammatory lesions were found not only in the spinal cord but also in the white 
matter of the right frontal lobe, left amygdala and central pons. These subclinical microscopic active inflammatory 
lesions in the brain may result in higher longitudinal brain atrophy rates in patients with AQP4 + NMOSD. 
This hypothesis may explain our findings of a negative correlation between longer prednisolone usage and 
annualized NWV atrophy rate. Conversely, cerebral syndrome, such as higher brain dysfunction, tends not to 
be reflected in the EDSS score. Moreover, attack-independent structural changes were reported in the NMOSD 
 pathology8. These facts could explain our results, in which ΔEDSS and ARR between MRI-1 and MRI-2 was not 
correlated with the annualized NBV, NGV, and NWV atrophy rates. Moreover, tiny structural changes in the 
brain without clinical relapse or EDSS changes might also contribute to brain atrophy in patients with NMOSD. 
Therefore, not only dying back degeneration but also subclinical active lesions may cause brain atrophy in 
patients with AQP4 + NMOSD. However, another study reported two cases of progressive cerebral atrophy in 
patients with  NMO36. The authors speculated that progressive cerebral cortical atrophy is induced by severe 
intrathecal inflammation in patients with NMO. Meanwhile, previous studies reported that chronic steroid 
use might contribute to the loss of brain  tissue37,38. These reports are not consistent with our findings, in which 

Figure 4.  Correlation between brain volumes and spinal lesion cord length in patients with AQP4 + NMOSD. 
(A) NBV changes and maximum spinal cord lesion length. (B) NGV changes and maximum spinal cord lesion 
length. (C) NWV changes and maximum spinal cord lesion length. AQP4 + NMOSD anti-aquaporin-4 antibody-
positive neuromyelitis optica spectrum disorders, NBV normalized brain volume, NGV normalized gray matter 
volume, NWV normalized white matter volume.
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persistent prednisolone usage had a negative correlation with the annualized NWV atrophy rate. However, 
chronic steroid use could inhibit the silent progression in NMOSD as we hypothesized in our previous study. 
Therefore, further investigation is required regarding the underlying mechanisms of brain atrophy in patients 
with AQP4 + NMOSD.

Our study has several limitations. First, this study included the same patient data as our previous report 
(24/29, 82.8%)10. Therefore, further study using different patients is required. Second, MRI imaging performed 
in Chiba-HCs did not include FLAIR or MPR. FLAIR or MRP images are required to perform lesion filling. 
Thus, lesion filling could not be performed only in the younger Chiba-HCs. In general, lacking lesion filling 
should result in decreased brain volumes. Therefore, if the subclinical cerebral lesions occur between MRI-1 
and MRI-2 in Chiba-HCs, the brain volume of Chiba-HCs at MRI-2 should be calculated as lower, resulting 
in the higher brain atrophy rates in Chiba-HCs. However, higher brain atrophy rates in Chiba-HCs would not 
affect our conclusion. Third, we used 3.0-Tesla MRI imaging only in younger HCs for the comparison of brain 
volumes between MRI-1 and MRI-2. Validation is required, particularly for the cross-sectional study, when 
using different scanners or different magnetic field strength imaging. Therefore, the use of different scanners may 
have affected our cross-sectional study. However, because individual patients or HCs underwent MRI with the 
same scanner for the longitudinal study, our results concerning atrophy rates should not be affected. Moreover, 
a previous study reported that different tesla did not affect brain atrophy  results39. Fourth, linear brain atrophy 
was hypothesized in our study. Therefore, the annualized NWV atrophy rate exhibited interaction with the MRI 
interval according to the parallelism test. If non-linear atrophy occurs, studies from other groups or several time 
points may be required. Fifth, six patients in our study demonstrated a relapse between MRI-1 and MRI-2. The 
proportions of patients with relapse between MRI scans may influence the result. Finally, the interval between 
MRIs was different in the AQP4 + NMOSD and HC groups. No differences in NVWs at either MRI-1 or MRI-2 
were observed between patients with AQP4 + NMOSD and HCs, while a higher annualized NWV atrophy rate 
was observed in patients with AQP4 + NMOSD. A prospective study comparing patients with AQP4 + NMOSD 
and HCs with the same MRI duration is required to identify the best MRI follow-up interval for detecting NWV 
differences.

Figure 5.  Correlation between persistent prednisolone usage and the annualized NWV atrophy rate in 
patients with AQP4 + NMOSD. (A) The annualized NWV atrophy rates and persistent prednisolone usage 
durations at MRI-1. (B) The annualized NWV atrophy rates and persistent prednisolone usage durations at 
MRI-2. AQP4 + NMOSD anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorders, NWV 
normalized white matter volume.
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Our study demonstrated that patients with AQP4 + NMOSD had greater rates of longitudinal brain white 
matter atrophy than HCs. Not only dying back degeneration but also subclinical active lesions may be involved in 
brain white matter atrophy pathogenesis in patients with AQP4 + NMOSD. Previous studies demonstrated some 
differences in clinical and demographic features in patients with NMOSD among different ethnic or geographic 
 groups40,41. Confounding factors including smoking may be involved in the brain atrophy in MS and  NMOSD42. 
Future studies with a higher number of patients, different ethnicity groups, adjusted confounding factors, and a 
unified MRI scanner are required. Evaluating differences in atrophy rates in patients with or without biological 
disease-modifying drugs, such as anti-interleukin-6 receptor therapy, may be necessary to determine whether 
preventing MRI activation in the spinal cord or subclinical active lesions prevents brain atrophy in patients with 
AQP4 + NMOSD.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable 
request.
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