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ABSTRACT

Objective To investigate longitudinal brain atrophy

in patients with neuromyelitis optica spectrum disorder
(NMOSD).

Methods We investigated the longitudinal brain
atrophy rate in patients with aquaporin-4 antibody-
positive NMOSD (AQP4-+NMOSD) and those with
multiple sclerosis (MS) in a retrospective cohort study.
Brain volume was calculated with statistical parametric
mapping-12.

Results We enrolled 36 patients with AQP4+NMOSD
and 60 with MS. Patients with NMOSD were older and
had a higher Kurtzke's expanded disability status scale
score at baseline MRI compared with those with MS.
Disease duration, annual relapse rate and intervals
from the last attack and from disease-modifying drugs
initiation were not significantly different between the
two groups. Lower normalised lesion volume and higher
normalised white matter volume were found in patients
with NMOSD compared with those with MS at baseline
MRI. However, the annualised atrophy rate of normalised
brain volume was similar between the NMOSD (median
0.47;1QR 0.75; p=0.49) and MS (median 0.46; IQR
0.84) groups. After adjustment of age and the presence
of clinical relapse, no differences of the annualised
atrophy rate of normalised brain volume also were found
for NMOSD and MS. Patients with AQP4+NMOSD with
long cord lesion showed higher annualised atrophy rate
of normalised grey matter volume compared with those
without long cord lesion.

Conclusions Silent progression of brain atrophy was
present in patients with AQP4+NMOSD, as shown in
patients with MS, even in the clinically inactive age-
matched cases. Subclinical dying back degeneration
may explain the brain atrophy in patients with AQP4
+NMOSD.

INTRODUCTION
Neuromyelitis optica spectrum disorder (NMOSD)
is a severe inflammatory disease in the central
nervous system (CNS). It mostly affects the optic
nerve and spinal cord, but a brain lesion can occur.
One feature of NMOSD is the positivity of anti-
bodies against aquaporin-4 (AQP4)." Report-
edly, 60%-90% of patients with NMOSD have
serum anti-AQP4 antibodies (patients with AQP4
+NMOSD).?

On the other hand, a feature of multiple scle-
rosis (MS), a demyelinating disease in the CNS, is

the dissemination of demyelination over time and
space.’ Different from AQP4+NMOSD, MS has
the progression phase in the disease course.*® Brain
atrophy, especially cortical and grey matter atrophy,
is correlated with worsening of cognition and
disability.”” While patients with NMOSD report-
edly have significantly reduced thalamic volumes
compared with healthy controls in a cross-sectional
study, patients with MS showed more reduced
thalamic volumes than patients with NMOSD."
However, this issue has remained controver-
sial.'! On the other hand, another cross-sectional
study showed no difference in the entire thalamic
volumes between healthy controls and patients with
NMOSD." Another study also reported signifi-
cantly lower grey matter volume (GMYV) in patients
with MS compared with those with NMOSD."
In addition, silent progression and longitudinal
brain atrophy in patients with relapsing-remitting
MS (RRMS) have been reported recently."* Mean-
while, the longitudinal brain atrophy in patients
with NMOSD has not been fully investigated. To
our best knowledge, only one study has reported
the longitudinal brain atrophy in patients with
NMOSD to date."

We investigated longitudinal brain atrophy in
patients with AQP4+NMOSD and RRMS in a
retrospective cohort study.

MATERIALS AND METHODS
Study design and patient populations
The clinical records of 114 patients with AQP4
+NMOSD and 283 with RRMS at Chiba Univer-
sity Hospital were reviewed retrospectively. The
patient-enrolled process and study design are shown
in figure 1. Patients who received two MRI scans
using the same scanner at a>1 year interval were
included. The two MRI scans (MRI-1 and MRI-2)
were selected when the interval between MRI-1
and MRI-2 became larger as much as possible, as
reported previously.'® Because steroids can affect
brain volume by causing steroid-related pseudo-
atrophy, MRIs were excluded when steroid therapy
was performed for MS attacks at 60 days before the
brain MRI scan, according to previous reports.'” 8
Because patients with AQP4+NMOSD receive
prednisolone to prevent the attack, MRIs were
excluded when prednisolone pulse therapy was
initiated within 60 days before the brain MRI scan.
All patients with AQP4 +NMOSD fulfilled the
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Figure 1 Flow chart and study design shows how we enrolled patients
with AQP4-+NMOSD and MS. AQP4+NMOSD, anti-aquaporin-4 antibody-
positive neuromyelitis optica spectrum disorders; MS, multiple sclerosis;
RRMS, relapsing—remitting multiple sclerosis.

2015 international diagnostic criteria for NMOSD' and were
positive for AQP4 antibodies measured by cell-based assay as
described previously.” Meanwhile, all patients with RRMS
fulfilled the 2017 McDonald’s diagnostic criteria and negative
for myelin oligodendrocyte glycoprotein antibodies measured
by cell-based assay as described previously.” 2° To minimise the
effect of disease-modifying drugs (DMDs) for the brain atrophy,
patients with AQP4+NMOSD and RRMS who continued the
same DMDs between MRI-1 and MRI-2 were included. We
performed a main study and two substudies as below.

First, all patients who fulfilled the aforementioned inclusion
criteria were included in study 1. In study 2, only patients without
clinical relapses and disability progression between MRI-1 and
MRI-2 were included to compare only clinically stable patients.
Clinical relapse was defined as reported previously.”’ Disability
progression also was defined as reported previously'*; that
is, if the baseline Kurtzke’s expanded disability status scale
(EDSS) score was 0, 1.0 to 5.0, and =5.5 at MRI-1, an EDSS
score increase of 1.5, 1.0 and 0.5 was regarded as disability
progression, respectively.'* Finally, an age-matched study was
performed as study 3. Age matching was performed as below;
patients with AQP4+NMOSD and MS in study 2 were sorted
by age. Younger patients with AQP4+NMOSD were matched
by choosing younger patients with MS as their age difference
became <35 years. The nearest patient in age was selected as the
matched pair. If there were several candidates, a coin toss was
performed to determine the age-matched patient.

Demographic characteristics, including sex ratio and age at
MRI-1, and clinical features, including disease duration to
MRI-1, EDSS score at MRI-1, annualised relapse rate (ARR)
from disease onset to MRI-1, months from the last attack,
months from the baseline treatment initiation, and the posi-
tivity of oligoclonal bands (OCB), were investigated. Positivity
of cerebrospinal fluid (CSF) OCB was determined by isoelectric
focusing.

To investigate the pathophysiology of the brain atrophy in
patients with AQP4+NMOSD, the annualised atrophy rate of
patients with AQP4+NMOSD was compared with or without
some clinical features including the past history of the optic
neuritis, myelitis, brain stem lesion, and long cord lesion. The
association between relapse numbers and the annualised atrophy
rate was also investigated. Long cord lesion was defined as >3
vertebral segments. The length of the spinal cord lesions (verte-
bral body segments) was measured from the image which showed
the maximum spinal cord lesion length in all spinal cord images
before MRI-1, and the correlation between the length and annu-
alised atrophy rate was investigated.

Brain MRI scan

The brain MRI scan protocol included a conventional brain
MRI, T1-weighted three-dimensional (3D) images, and fluid-
attenuated inversion recovery (FLAIR) or multiplanar recon-
struction from the 3D-FLAIR. The same MR scanner, a 1.5-Tesla
Signa HDxT (GE Healthcare, Milwaukee, Milwaukee, USA),
was used for all patients. Details of the MRI systems are shown
in online supplemental table 1.

Brain volume measurements
The brain volumes of patients with AQP4+NMOSD and
MS were calculated using statistical parametric mapping-12
(SPM12), which was implemented on MATLAB (V.R2016Db;
The MathWorks, Natick, Massachusetts, USA). A previously
reported method was used to measure brain volume in each
patient.'® ! Briefly, intracranial volume (ICV) was calculated
as the sum of the whole-brain grey matter volume (GMV)
plus white matter volume (WMV) and CSF volumes, and this
subsequently was treated to normalise for the brain and lesion
volumes. Lesions were segmented by the lesion growth algo-
rithm as implemented in the Lesion Segmentation Tool (LST)
toolbox V.2.0.15 (available in the public domain at www.
statisticalmodelling.de/Ist.html) for SPM.?* We used an initial
threshold (k) value of 0.30 in accordance with the recommen-
dation of Schmidt et al.?* The lesion volume filled by LST
was expressed as the total lesion volume (TLV). GMV/ICV,
WMV/ICV, (GMV +WMV)/ICV, and TLV/ICV were defined
as normalised grey matter (NGV), normalised white matter
(NWV), normalised brain (NBV) and normalised lesion (NLV)
volumes, respectively.

The annualised atrophy rate of X was defined as follows after
lesion filling was performed:

(X at 1st MRI scan— X at 2nd MRI scan) x12
(X at 1st MRI scan)x (Months between 1st and 2nd MRI scan)

where X=NGV, NWYV, or NBV.

Statistical analysis

Statistical tests were conducted using SPSS V.26.0 (IBM
Corporation). Continuous data were compared between
patients with AQP4+NMOSD and RRMS using the Mann-
Whitney U test. Categorical outcomes were evaluated using
Fisher’s exact test. An analysis of covariance (ANCOVA) was
performed when the annual atrophy rate was determined
using significant different items as covariates. A Spearman’s
rank correlation test was performed to analyse correlations.
p<0.05 was considered statistically significant. Due to the
exploratory nature of the study, no adjustment for multiple
comparisons was made.
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Table 1 Demographic and clinical characteristics in patients with AQP4+NMOSD and MS at MRI-1 in study1
AQP4+NMOSD (n=36) RRMS (n=60) p value

Demographic

Female (%) 32/36 (88.9%) 46/60 (76.7%) 0.18

Age (years) 54.5 (19.0) (34-77) 40.5 (13.0) (17-67) <0.001*
Clinical

Disease duration (years) 6.3 (14.9) (0.25-42.9) 8.3(11.2) (0.42-34.7) 0.14

EDSS score 4.5 (4.0) (1.0-9.0) 2.0 (3.0) (0.0-7.5) 0.006*

ARR from disease onset 0.65 (0.59) (0.20-4.0) 0.54 (0.53) (0.06-2.8) 0.36

Months from last attack 20.6 (33.6) (2.4-48.0) 32.9 (44.3) (1.1-207) 0.81

Months from DMD initiation 12.6 (18.3) (1.2-68.1) 17.8 (34.1) (0-172) 0.29

Oligoclonal bands positivity 5/27 (18.5%) 33/49 (67.3%) <0.001*
Number of patients with a history of

Optic neuritis 25/36 (69.4%)

Myelitis 30/36 (83.3%)

Long cord lesion 21/36 (58.3%)

Brain stem lesion 9/36 (25%)

Area postrema syndrome 2/36 (5.6%)

Cerebral syndrome 6/36 (16.7%)
DMD

Interferonf—1a 0 16

Interferonf—1b 0 10

Fingolimod 0 22

Dimethyl fumarate 0 5

Natalizumab 0 2

Prednisolone 25 0

Prednisolone-+azathioprine 5 0

Prednisolone-+eculizumab 1 0

None 5 5

Data are presented as median number (%) or (IQR; range). *p < 0.05. Months from DMD initiation indicate period between the start of the same DMD given before MRI-1 and

the date MRI-1 was performed.

AQP4+NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease; ARR, annual relapse rate; DMD, disease-modifying drug; EDSS, Kurtzke's

Expanded Disability Status Scale.

RESULTS

Patient demographics and clinical characteristics at MRI-1 in
study 1

The demographics and clinical characteristics of patients with
AQP4+NMOSD and MS at MRI-1 are summarised in table 1.
Age and EDSS score at MRI-1 were significantly higher in
patients with AQP4 +NMOSD compared with those with MS.
On the other hand, patients with AQP4+NMOSD showed
lower OCB positivity compared with patients with MS (18.5%
vs 67.3%, respectively). No other items, including female ratio,
disease duration, ARR from disease onset, and months from
DMD initiation, were different between the two groups. Of the
patients with AQP4+NMOSD, 25 received prednisolone alone
and six received prednisolone plus azathioprine (n=35) and pred-
nisolone plus eculizumab (n=1). Among the treated patients
with prednisolone, the median dose of prednisolone was 7.5 mg/
day (IQR: 2.5, range: 5-15). On the other hand, 26, 22, 5§ and
2 patients with MS received interferon-f, fingolimod, dimethyl
fumarate or natalizumab, respectively. Five patients with AQP4
+NMOSD and five with MS received no treatment at MRI-1.

Annualised brain atrophy rates were not different between
patients with AQP4+NMOSD and MS

The distribution of percentage brain volume change in each
patient with AQP4+NMOSD and MS is shown in figure 2A.

The clinical characteristics and brain volumes between MRI-1
and MRI-2 in patients with AQP4+NMOSD and MS in study
1 are exhibited in table 2. The results showed no difference
in AEDSS (EDSS at MRI-2 minus EDSS at MRI-1) and ARR
between MRI-1 and MRI-2. Time between MRI-1 and MRI-2
was longer in patients with AQP4+NMOSD than in those with
MS. ICV at MRI-1 and NLV at MRI-1 and MRI-2 were lower in
AQP4+NMOSD compared to patients with MS. NWV at MRI-1
and MRI-2 were higher in patients with AQP4+NMOSD, but
the annualised atrophy rate of NGV, NWM and NBV showed no
difference between the two patient groups. No difference was
found in the annualised atrophy rate of NBV, NGV and NWV
after ANCOVA was performed using statistically significant
different items in tables 1 and 2 as covariates (online supple-
mental table 2).

Annualised atrophy rates of NGV, NWV and NBV with or
without continuous steroid in patients with AQP4+NMOSD

To investigate the pseudoatrophy effect of steroids, we have
added the two analysis. First, we compared the annualised
atrophy rate of NGV, NWV and NBV with or without contin-
uous prednisolone at MRI-1 in study 1. The result showed the
annualised atrophy rate of NBV and NWYV was significantly
higher in patients without continuous prednisolone (n=35)
compared with patients with continuous prednisolone (n=31)
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Figure 2 The percentage brain volume change between MRI-1 and
MRI-2 in patients with AQP4+NMOSD and MS. (A) All patients with
AQP4+NMOSD and MS (in study 1). (B) Patients without clinical relapse

or disability progression (in study 2). (C) Age-matched patients without
clinical relapse or disability progression (in study 3). The blue line shows the
percentage brain volume change in each patient. The black line exhibits the
fitted average slope in patients with AQP4+NMOSD and MS, respectively.
AQP4+NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica
spectrum disorders; MS, multiple sclerosis; RRMS, relapsing—remitting
multiple sclerosis.

(p=0.008 and 0.003, respectively). No difference was found
in the annualised atrophy rate of NGV (p=0.45). We have
tried the same analysis in study 2, but the number of patients
without continuous prednisolone (n=3) was too small to
perform the statistical analysis. Therefore, the same statistical
analysis was not performed in study 2 and 3.

Next, we have analysed the correlation between the annu-
alised atrophy rate of NBV, NGV and NWV and total steroid
dose between MRI-1 and MRI-2. Total steroid dose tended
to negatively correlate with the annualised atrophy rate of
NBV (Spearman’s tho=—-0.33, p=0.052) and NWYV (Spear-
man’s rho=-0.31, p=0.063), but not with NGV (Spearman’s
rho=0.039, p=0.82) in study 1.

Patient demographics and clinical characteristics at MRI-1
only among patients without clinical relapse and disability
progression between MRI-1 and MRI-2 (study 2)

Table 3 exhibits the demographics and clinical characteristics at
MRI-1 in study 2. Age and EDSS score at MRI-1 were higher in
patients with AQP4+NMOSD than in those with MS in study 1.
Patients with MS showed higher OCB positivity compared with
patients with AQP4+NMOSD. Female ratio, disease duration,
ARR from disease onset, months from last attack, and months
from DMD initiation were not different between the two
groups at MRI-1. A total of 24 patients with AQP4 +NMOSD
received treatment at MRI-1 (prednisolone alone, n=20; pred-
nisolone plus azathioprine, n=3; and prednisolone plus eculi-
zumab, n=1). On the other hand, 41 patients with MS received
treatment at MRI-1 (interferon-B, n=17; fingolimod, n=18;
dimethyl fumarate, n=4; and natalizumab, n=2). Three patients
with AQP4+NMOSD and four with MS received no treatment
at MRI-1.

Table 2 Clinical characteristics and brain volumes at MRI-1 and MRI-2 and the annualised atrophy rate in patients with MS and AQP4+NMOSD

between MRI-1 and MRI-2 in study 1

AQP4+NMOSD (n=36) RRMS (n=60) p value
AEDSS (MRI-2 — MRI-1) 0.0 (0.0) (-2.0-3.5) 0.0 (0.19) (-3.0-2.5) 0.81
Years from MRI-1 to MRI-2 3.1(2.5)(1.0-6.3) 2.2(1.8) (1.0-6.1) 0.045*
ARR between MRI-1 and MRI-2 0.0 (0.0) (0.0-0.88) 0.0 (0.0) (0.0-1.5) 0.56
At MRI-1
1CV*102 (mL) 1.3(0.12) (1.2-1.6) 1.4(0.14) (1.1-1.7) 0.034*
NLV (mL) 1.0 (5.2) (0.0-33.2) 6.4 (10.3) (0.45-46.7) <0.001*
NGV*107 (mL) 0.43 (0.063) (0.32-0.49) 0.44 (0.058) (0.32-0.50) 0.47
NWV*10? (mL) 0.31(0.029) (0.22-0.34) 0.29 (0.033) (0.23-0.34) 0.007*
NBV*107 (mL) 0.75 (0.070) (0.62-0.81) 0.73 (0.085) (0.59-0.80) 0.61
At MRI-2
1CV*103 (mL) 1.3(0.12) (1.2-1.6) 1.4 (0.14) (1.1-1.7) 0.068
NLV (mL) 2.4(9.0) (0.0-142) 6.6 (10.3) (0.0-187) 0.019*
NGV*107 (mL) 0.43 (0.053) (0.31-0.49) 0.44 (0.060) (0.32-0.50) 0.5
NWV*107 (mL) 0.31(0.033) (0.22-0.34) 0.29 (0.029) (0.22-0.34) 0.007*
NBV*107 (mL) 0.74 (0.074) (0.60-0.80) 0.72 (0.088) (0.58-0.80) 0.43
Annualised atrophy rate
NGV (%) 0.50 (1.1) (-2.4-4.9) 0.36 (1.4) (-2.5-5.7) 0.96
NWV (%) 0.21 (1.5) (-6.2-4.5) 0.33(2.0) (-3.6-6.3) 0.72
NBV (%) 0.47 (0.75) (-0.57-3.0) 0.48 (0.85) (-1.3-3.4) 0.47

Data are presented as median number (%) or (IQR) (range). *p<0.05.

(X at 1st MRI scan— X at 2nd MRI scan) x 12

Annualised atrophy rate of X is defined as follows: (X at 1st MRI scan) x (Months between 1st and 2nd MRI scan)

AEDSS= EDSS at MRI-2 minus EDSS at MRI-1.

, X= NGV, NWV or NBV.

AQP4+NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease; EDSS, Kurtzke's Expanded Disability Status Scale; ICV, intracranial volume;
NBV, normalised brain volume; NGV, normalised grey matter volume; NLV, normalised lesion volume; NWV, normalised white matter volume.
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Table 3 Demographic and clinical characteristics in patients with MS and AQP4 +NMOSD without clinical relapses and disability progression at

MRI-1
AQP4+NMOSD (n=27) RRMS (n=45) p value

Demographic

Female (%) 25/27 (92.6%) 34/45 (75.6%) 0.11

Age (years) 55.0 (16.0) (34-77) 42.0 (13.0) (19-67) <0.001*
Clinical

Disease duration (years) 6.7 (17.2) (0.25-41.2) 8.4 (12.8) (0.42-34.7) 0.15

EDSS score 5.0 (4.0) (1.0-9.0) 2.5(3.0) (0.0-7.5) 0.020*

ARR from disease onset 0.55 (0.60) (0.20-4.00) 0.50 (0.45) (0.12-2.4) 0.24

Months from last attack 22.0 (35.5) (2.4-83) 35.8 (39.1) (3.1-149) 0.54

Months from DMD initiation 11.2 (20.3) (1.2-68.1) 22.2 (51.0) (1.4-172) 0.067

Oligoclonal bands positivity 5/19 (26.3%) 24/36 (66.7%) 0.006*
Number of patients with a history of

Optic neuritis 18/27 (66.7%)

Myelitis 23/27 (85.2%)

Long cord lesion 16/27 (59.3%)

Brain stem lesion 7127 (25.9%)

Area postrema syndrome 2127 (7.4%)

Cerebral syndrome 4127 (14.8%)
DMD

Interferon B—1a 0 10

Interferon —1b 0 7

Fingolimod 0 18

Dimethyl fumarate 0 4

Natalizumab 0 2

Prednisolone 20 0

Prednisolone+azathioprine 3 0

Prednisolone-+eculizumab 1 0

None 3 4

Data are presented as median number (%) or (IQR) (range). *p<0.05.

Months from DMD initiation indicate period between the start of the same DMD given before MRI-1 and the date MRI-1 was performed.
AQP4 +NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease; ARR, annualised relapse rate; DMD, disease modifying drug; EDSS, Kurtzke's

Expanded Disability Status Scale; RRMS, relapsing-remitting multiple sclerosis.

Annualised brain atrophy rates were not different between
patients with AQP4+NMOSD and MS without clinical relapse
and disability progression

Figure 2B shows the distribution of the percentage brain volume
change in each patient with AQP4+NMOSD and MS in study
2. Table 4 exhibits the clinical characteristics and annualised
brain atrophy rate in study 2. The results showed lower ICV at
MRI-1 and NLV at MRI-1 and MRI-2 in patients with AQP4
+NMOSD compared with those with MS. NWV was higher in
AQP4+NMOSD than in patients with MS at MRI-1 and MRI-2.
On the other hand, annualised atrophy rates of NGV, NWV and
NBV were not different between the two groups. Other items,
including AEDSS, years from MRI-1 to MRI-2, NGV at MRI-1
and MRI-2, NBV at MRI-1 and MRI-2, and ICV at MRI-2, were
not different between the two groups. Annualised atrophy rate
of NBV, NGV and NWV was not different after ANCOVA was
performed using statistically significant different items in tables 3
and 4 as covariates (online supplemental table 2).

Patient demographics and clinical characteristics at MRI-1
only in age-matched patients without clinical relapse and
disability progression (study 3)

Table 5 shows the demographic and clinical characteristics in age-
matched patients with AQP4+NMOSD and MS without clinical
relapses and progression at MRI-1. There was no difference in
female ratio, age at MRI-1, EDSS score and months from last

attack between the two groups. Disease duration at MRI-1 and
months from DMD initiation were lower in patients with AQP4
+NMOSD than in those with MS. On the other hand, ARR from
disease onset was higher in AQP4+NMOSD compared with
patients with MS. OCB positivity was not different between the
two groups. For treatment at MRI-1, 15, 2 and 1 patients with
AQP4+NMOSD received prednisolone alone, prednisolone plus
azathioprine, or prednisolone plus eculizumab, respectively. Two
patients with AQP4+NMOSD received no treatment at MRI-1.
Meanwhile, 9, 8 and 3 patients with MS received interferon-f,
fingolimod or dimethyl fumarate, respectively.

Annualised brain atrophy rates were not different between
age-matched patients with AQP4+NMOSD and MS without
clinical relapse and disability progression

The percentage brain volume change in each patient with AQP4
+NMOSD and MS is shown in figure 2C. Clinical character-
istics, brain volumes and the annualised brain atrophy rate in
study 3 are demonstrated in table 6. NGV, NWV and NBV at
MRI-1 and MRI-2 were higher in age-matched patients with
AQP4+NMOSD than in age-matched patients with MS. On the
other hand, NLV at MRI-1 and MRI-2 was lower in age-matched
patients with AQP4+NMOSD compared with age-matched
patients with MS. However, annualised atrophy rate of NGV,
NWYV and NBV were not different between the two groups. All
other items, including AEDSS, years from MRI-1 to MRI-2, and
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Table 4 Clinical characteristics and brain volumes at MRI-1 and MRI-2 and the annualised atrophy rate in patients with AQP4+NMOSD and MS
without clinical relapses and disability progression between MRI-1 and MRI-2

AQP4+NMOSD (n=27) RRMS (n=45) p value
AEDSS (MRI-2 - MRI-1) 0.0 (0.0) (-2.0-0.5) 0.0 (0.0) (-3.0-1.0) 0.83
Years from MRI-1 to MRI-2 3.0 (2.3) (1.0-6.3) 2.0 (1.8) (1.0-5.1) 0.12
At MRI-1
ICV*107 (mL) 1.3(0.12) (1.2-1.5) 1.4(0.13) (1.2-1.7) 0.018*
NLV (mL) 0.96 (4.5) (0.0-33.2) 7.1 (12.9) (0.45-46.7) <0.001*
NGV*10? (mL) 0.44 (0.047) (0.32-0.49) 0.44 (0.067) (0.32-0.50) 0.97
NWV*1072 (mL) 0.31(0.029) (0.24-0.33) 0.29 (0.028) (0.25-0.33) 0.001*
NBV*107 (mL) 0.75 (0.077) (0.62-0.81) 0.72 (0.086) (0.59-0.80) 0.19
At MRI-2
ICV*10° (mL) 1.3(0.12) (1.2-1.5) 1.4(0.14) (1.2-1.7) 0.056
NLV (mL) 1.7 (8.7) (0.0-141) 8.0 (11.8) (0.0-187) 0.026*
NGV*10? (mL) 0.43 (0.061) (0.31-0.49) 0.42 (0.063) (0.33-0.50) 0.95
NWV*1072 (mL) 0.31(0.028) (0.22-0.34) 0.29 (0.028) (0.24-0.38) 0.001*
NBV*107 (mL) 0.75 (0.078) (0.60-0.80) 0.71 (0.094) (0.58-0.80) 0.21
Annualised atrophy rate
NGV (%) 0.69 (1.2) (-1.7-3.0) 0.60 (1.7) (-2.5-4.5) 0.69
NWV (%) 0.16 (1.2) (-0.62-1.1) 0.19(1.9) (-3.2-6.3) 0.81
NBV (%) 0.50 (0.75) (~0.20-0.77) 0.42 (0.85) (-1.3-3.4) 0.73

Data are presented as median number (%) or (IQR) (range). *p<0.05.

(X at 1st MRI scan— X at 2nd MRI scan) x12

Annualised atrophy rate of X is defined as follows: 0
AEDSS=EDSS at MRI-2 minus EDSS at MRI-1.

X at 1st MRI scan) x (Months between 1st and 2nd MRI scan)

, X= NGV, NWV or NBV.

AQP4+NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease; EDSS, Kurtzke's Expanded Disability Status Scale; ICV, intracranial volume;
NBV, normalised brain volume; NGV, normalised grey matter volume; NLV, normalised lesion volume; NWV, normalised white matter volume.

ICV at MRI-1 and MRI-2, were not different between the two
groups. No significant difference was observed in the annual-
ised atrophy rate of NBV, NGV and NWV after ANCOVA was
performed using statistically significant different items in tables 5
and 6 as covariates (online supplemental table 2).

Patients with AQP4+NMOSD with long cord lesion showed
higher annualised atrophy rate of NGV compared with those
without long cord lesion

The result showed patients with AQP4+NMOSD demonstrated
higher annualised atrophy rate of NGV compared with those
without long cord lesion in study 1 (median; 0.79% vs 0.41%,
p=0.046). On the other hand, annualised atrophy rate of NBV
and NWV was not different with or without long cord lesion in
patients with AQP4+NMOSD (p=0.47 for both). The annual-
ised atrophy rate of NBV, NGV and NWV was not associated
with relapse numbers or was not different in patients with AQP4
+NMOSD with or without the history of the optic neuritis,
myelitis, brain stem lesion in study 1. Patients with AQP4
+NMOSD with long cord lesion also showed higher annualised
atrophy rate of NGV compared with those without long cord
lesion in study 2 (median; 0.92% vs 0.41%, p=0.005) and study
3 (median; 0.90% vs 0.41%, p<0.001). The annualised atrophy
rate of NGV was positively correlated with the length of spinal
cord lesion in study 2 (rho=0.52, p=0.005) and 3 (rho=0.63,
p=0.003).

DISCUSSION

We found that the annualised atrophy rate of NBV was not
different between patients with AQP4+NMOSD and MS even
in the age-matched analysis. This finding is clinically important
because longitudinal brain atrophy in patients with AQP4
+NMOSD was shown for the first time to our knowledge.

Our result showed that the median value of the annualised
atrophy rate of NBV in patients with MS was 0.46 in study 1,
0.42 in study 2, and 0.44 in study 3. These values are in the
middle of the previously reported brain atrophy rate in healthy
controls (0.1%-0.3% per year) and patients with MS (0.6%-—
1.35%), respectively.”’ ** However, another study reported
that the pathological range of the brain atrophy rate in patients
with MS was >0.46% with 90% specificity and >0.40% with
809 specificity.” The investigators reported that a 0.40% brain
atrophy rate per year (with an error probability of 20%) showed
high specificity and good sensitivity as the pathological cutoffs of
brain atrophy rate in patients with MS.? In our study, more than
half of the patients with MS in all studies exceeded the 0.40%
brain atrophy rate per year (with an error rate of 20%). These
findings indicated that our results were not contradictory to the
previous report about longitudinal brain atrophy in patients with
MS.

On the other hand, the brain atrophy rate was not different
between patients with AQP4+NMOSD and MS. This result
was not consistent with the previous study about the longitu-
dinal brain atrophy rate in patients with NMOSD." Our study
included patients with longer disease duration compared with
the previous study, which may result in the different result. The
brain atrophy was also reported to be influenced by normal
ageing,”® but the similar slope of the brain volume change was
observed even in age-matched patients with AQP4+NMOSD
and MS without clinical relapses and disability progression in
our study. This finding implied that patients with AQP4+N-
MOSD could have similar subclinical pathologic brain atrophy
as those with MS.

The result showed patients with AQP4+NMOSD with long
cord lesion demonstrated the higher annualised atrophy rate of
NGV compared with those without long cord lesion. Previous
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Table 5 Demographic and clinical characteristics in age-matched patients with AQP4+NMOSD and MS without clinical relapses and disability

progression at MRI-1

AQP4+NMOSD (n=20) RRMS (n=20) p value

Demographic

Female (%) 18/20 (90.0%) 15/20 (75.0%) 0.41

Age (years) 50.0 (16.5) (34-67) 48.0 (14.0) (35-67) 0.45
Clinical

Disease duration (years) 2.9(10.3) (0.25-36.7) 13.9(13.5) (1.6-27.1) 0.004*

EDSS score 4.5(4.1) (1.0-7.0) 3.5(4.8) (0.0-7.0) 0.67

ARR from disease onset 0.73 (0.70) (0.32-4.0) 0.51 (0.38) (0.14-2.1) 0.045*

Months from last attack 17.7 (26.6) (2.4-61.9) 37.4(56.7) (3.1-147.2) 0.19

Months from DMD initiation 9.7 (16.4) (1.2-68.1) 29.2 (61.2) (1.4-172.4) 0.009*

Oligoclonal bands positivity 3/14 (15%) 9/15 (60%) 0.06
Number of patients with a history of

Optic neuritis 13/20 (65%)

Myelitis 16/20 (80%)

Long cord lesion 11/20 (55%)

Brain stem lesion 5/20 (25%)

Area postrema syndrome 1720 (5%)

Cerebral syndrome 4/20 (20%)
DMD

Interferon B—1a 0 5

Interferon —1b 0 4

Fingolimod 0 8

Dimethyl fumarate 0 3

Natalizumab 0 0

Prednisolone 15 0

Prednisolone+azathioprine 2 0

Prednisolone-+eculizumab 1 0

None 2 0

Data are presented as median number (%) or (IQR) (range). *p<0.05.

Months from DMD initiation indicate period between the start of the same DMD given before MRI-1 and the date MRI-1 was performed.
AQP4+NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease; ARR, annualised relapse rate; DMD, disease-modifying drug; EDSS, Kurtzke's

Expanded Disability Status Scale; PRMS, relapsing-remitting multiple sclerosis.

study showed mean upper cervical cord area was correlated with
spinal cord lesion length in patients with NMO.*” Another study
reported associations between spinal cord atrophy with increased
number of myelitis attacks.?® Spinal cord injury was reported to
lead to spinal cord atrophy and cortical atrophy.”’ Therefore,
dying back degeneration as a result of long cord lesion could
explain the subclinical brain atrophy in patients with AQP4+N-
MOSD in our study.

OCB positivity in patients with AQP4+NMOSD was 18.5%
in study 1. A few studies reported OCB positivity in patients
with AQP4+NMOSD, but the percentage in our study is higher
compared with a previous report (8.8%),%° but almost same as
another study (16.4%).’" On the other hand, OCB positivity in
patients with MS in our study (67.3%) was lower than those
in the Western countries (almost 90%), but OCB positivity of
patients with MS in Asian countries was reported to be low
compared with those in Western countries.*> ** Our result
showed the similar OCB positivity with another study in Japan
(69%).%*

There are some limitations in our study. First, we could not
perform statistical analysis between patients and healthy controls
since we had not enrolled healthy subjects as controls. However,
as we discussed above, our data suggested that the annualised
brain atrophy rate in patients with AQP4+NMOSD and MS was
higher than the previously reported pathological brain atrophy
rate in patients with MS. Second, most of the brain atrophy

studies we referenced were performed using another method,
Structural Image Evaluation, using Normalisation, of Atrophy
(SIENA). Recent studies showed that the method difference
could cause the different results for measuring brain atrophy.>* %
However, SPM and SIENA reportedly showed good agreement
for whole-brain volume change in patients with MS in another
study.®” A validation study indicated that the brain atrophy rate
calculated by SIENA tended to be higher than that calculated by
SPM,?*” which means that the tendency for the annualised brain
atrophy rate in our study to exceed the pathological cutoffs of
brain atrophy rate in patients with MS reported by De Stefano
et al could be increased. However, we cannot directly compare
results of other studies due to differences in patient populations,
differences in the way patients may have been treated with medi-
cations, and differences in MRI scanners, software and methods
of calculation.

In conclusion, our study indicated that longitudinal brain
atrophy could occur even in clinically stable patients with AQP4
+NMOSD. A recent study reported that combined ganglion cell
and inner plexiform layer loss was independent of optic neuritis
attacks in AQP4+NMOSD.*® Another study also showed
subclinical neurodegeneration as revealed by optical coherence
tomography in patients with AQP4+NMOSD.* Therefore,
subclinical neurodegeneration may occur not only in the retina,
but also in the brain in patients with AQP4+NMOSD. Our
data suggest dying back degeneration after the long cord lesion
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Table 6 Clinical characteristics and brain volumes at MRI-1 and MRI-2 and the annualised atrophy rate in age-matched patients with
AQP4+NMOSD and MS without clinical relapses and disability progression between MRI-1 and MRI-2

AQP4+NMOSD (n=20) RRMS (n=20) p value
AEDSS (MRI-2 - MRI-1) 0.0 (0.0) (-2.0-0.5) 0.0 (0.38) (-0.5 t0 0.5) 0.69
Years from MRI-1 to MRI-2 3.1(3.0) (1.0-6.3) 2.0(1.8) (1.0-5.1) 0.27
At MRI-1
ICV*107 (mL) 1.3(0.12) (1.2-1.5) 1.4(0.18) (1.2-1.7) 0.12
NLV (mL) 1.7 (4.4) (0.0-33.2) 11.1 (12.6) (1.8-46.7) <0.001*
NGV*10? (mL) 0.44 (0.037) (0.39-0.49) 0.41 (0.059) (0.32-0.49) 0.006*
NWV*1073 (mL) 0.31(0.027) (0.24-0.33) 0.29 (0.031) (0.25-0.33) 0.002*
NBV*107 (mL) 0.75 (0.055) (0.66-0.81) 0.69 (0.062) (0.59-0.80) 0.001*
At MRI-2
ICV*10° (mL) 1.3(0.12) (1.2-1.5) 1.4(0.18) (1.2-1.7) 0.17
NLV (mL) 2.8 (8.3) (0.0-81.0) 12.6 (17.0) (2.1-187) 0.001*
NGV*102 (mL) 0.44 (0.045) (0.37-0.49) 0.41 (0.054) (0.33-0.46) 0.004*
NWV*1073 (mL) 0.31(0.027) (0.22-0.33) 0.29 (0.035) (0.25-0.34) 0.010*
NBV*107 (mL) 0.76 (0.067) (0.64-0.80) 0.68 (0.067) (0.58-0.78) 0.003*
Annualised atrophy rate
NGV (%) 0.68 (0.76) (—1.7 t0 2.6) 0.76 (1.6) (2.5 to 4.5) 0.82
NWV (%) 0.26 (0.79) (-1.4 t0 4.2) -0.087 (2.1) (-2.1t0 1.9) 0.2
NBV (%) 0.50 (0.69) (—0.20 to 2.1) 0.44 (0.63) (-0.75 t0 1.8) 0.86

Data are presented as median number (%) or (IQR) (range). *p<0.05.
AEDSS= EDSS at MRI-2 minus EDSS at MRI-1.

(X at 1st MRI scan— X at 2nd MRI scan) x 12

Annualized atrophy rate of X is defined as follows: 0

X at 1st MRI scan) x (Months between 1st and 2nd MRI scan)’

X= NGV, NWV or NBV.

AQP4+NMOSD, anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder disease; EDSS, Kurtzke's Expanded Disability Status Scale; ICV, intracranial volume;
NBV, normalised brain volume; NGV, normalised grey matter volume; NLV, normalised lesion volume; NWV, normalised white matter volume.

could cause the grey matter atrophy in the brain in patients with
AQP4+NMOSD. Future studies should shed light on brain
atrophy not only in patients with MS, but also in patients with
AQP4+NMOSD. To exclude the treatment effect,*” prospective
studies should include longer follow-up MRI duration and HCs
and compare the brain atrophy rate by the treatment difference
between steroids and more efficacious medication in patients
with AQP4+NMOSD.

Acknowledgements We thank Dr. Claudia Chien for discussing the
pathophysiology of the brain atrophy in patients with AQP4-+NMOSD.

Contributors HM, MM, SH and SK contributed to the conception and design of the
study. HM, MM, AU, TU, MM, RO, and RA contributed to the acquisition and analysis
of data. HM drafted the text and prepared the figures.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.
Patient consent for publication All patients provided written, informed consent.

Ethics approval The study procedure was approved by the ethics committee of the
Chiba University School of Medicine (No. 2555).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available with a granted proposal upon
reasonable request.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is

properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Hiroki Masuda http://orcid.org/0000-0002-4106-6482
Masahiro Mori http://orcid.org/0000-0002-8767-255X
Shigeki Hirano http://orcid.org/0000-0003-3473-2317
Akiyuki Uzawa http://orcid.org/0000-0001-9252-1863
Satoshi Kuwabara http://orcid.org/0000-0002-4716-8578

REFERENCES

1 Wingerchuk DM, Banwell B, Bennett JL, et al. International consensus diagnostic
criteria for neuromyelitis optica spectrum disorders. Neurology 2015;85:177-89.

2 Jarius S, Paul F, Weinshenker BG, et al. Neuromyelitis optica. Nat Rev Dis Primers
2020;6:85.

3 Polman CH, Reingold SC, Banwell B, et a/. Diagnostic criteria for multiple sclerosis:
2010 revisions to the McDonald criteria. Ann Neurol 2011;69:292-302.

4 Pittock SJ, Lucchinetti CF. Neuromyelitis optica and the evolving spectrum of
autoimmune aquaporin-4 channelopathies: a decade later. Ann N'Y Acad Sci
2016;1366:20-39.

5 Sahraian MA, Moghadasi AN, Azimi AR, et al. Diagnosis and management of
neuromyelitis optica spectrum disorder (NMOSD) in Iran: a consensus guideline and
recommendations. Mult Scler Relat Disord 2017;18:144-51.

6 Pitteri M, Romualdi C, Magliozzi R, et al. Cognitive impairment predicts disability
progression and cortical thinning in MS: an 8-year study. Mult Scler 2017;23:848-54.

7 Grzegorski T, Losy J. Cognitive impairment in multiple sclerosis - a review of current
knowledge and recent research. Rev Neurosci 2017;28:845-60.

8 Filippi M, Briick W, Chard D, et al. Association between pathological and MRI findings
in multiple sclerosis. Lancet Neurol 2019;18:198-210.

9 Patti F, Amato MP, Trojano M, et al. Cognitive impairment and its relation with disease
measures in mildly disabled patients with relapsing-remitting multiple sclerosis:
baseline results from the cognitive impairment in multiple sclerosis (COGIMUS) study.
Mult Scler 2009;15:779-88.

10 Hyun J-W, Park G, Kwak K, et al. Deep gray matter atrophy in neuromyelitis optica
spectrum disorder and multiple sclerosis. Eur J Neurol 2017;24:437-45.

11 Finke C, Heine J, Pache F, et a/. Normal volumes and microstructural integrity of deep
gray matter structures in AQP4+ NMOSD. Neurol Neuroimmunol Neuroinflamm
2016;3:€229.

12 Papadopoulou A, Oertel FC, Gaetano L, et al. Attack-Related damage of thalamic
nuclei in neuromyelitis optica spectrum disorders. J Neurol Neurosurg Psychiatry
2019;90:1156-64.

Masuda H, et al. J Neurol Neurosurg Psychiatry 2022;93:32—-40. doi:10.1136/jnnp-2021-326386 39


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-4106-6482
http://orcid.org/0000-0002-8767-255X
http://orcid.org/0000-0003-3473-2317
http://orcid.org/0000-0001-9252-1863
http://orcid.org/0000-0002-4716-8578
http://dx.doi.org/10.1212/WNL.0000000000001729
http://dx.doi.org/10.1038/s41572-020-0214-9
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1111/nyas.12794
http://dx.doi.org/10.1016/j.msard.2017.09.015
http://dx.doi.org/10.1177/1352458516665496
http://dx.doi.org/10.1515/revneuro-2017-0011
http://dx.doi.org/10.1016/S1474-4422(18)30451-4
http://dx.doi.org/10.1177/1352458509105544
http://dx.doi.org/10.1111/ene.13224
http://dx.doi.org/10.1212/NXI.0000000000000229
http://dx.doi.org/10.1136/jnnp-2018-320249

Multiple sclerosis

13 Duan Y, Liu Y, Liang P, et al. Comparison of grey matter atrophy between patients with 28 Chien C, Oertel FC, Siebert N, et a/. Imaging markers of disability in aquaporin-4
neuromyelitis optica and multiple sclerosis: a voxel-based morphometry study. £ur J immunoglobulin G seropositive neuromyelitis optica: a graph theory study. Brain
Radliol 2012;81:e110-4. Commun 2019;1:fcz026.

14 University of California, San Francisco MS-EPIC Team, Cree BAC, Hollenbach JA, et al. 29 Freund P, Weiskopf N, Ward NS, et al. Disability, atrophy and cortical reorganization
Silent progression in disease activity-free relapsing multiple sclerosis. Ann Neurol following spinal cord injury. Brain 2011;134:1610-22.
2019;85:653-66. _ o ‘ . 30 Akaishi T, Takahashi T, Fujihara K, et al. Impact of comorbid Sjégren syndrome in

15 LiuY, Duan Y, Huang J, et al. Different patterns of longitudinal brain and spinal cord anti-aquaporin-4 antibody-positive neuromyelitis optica spectrum disorders. J Neuro/
changes and their associations with disability progression in NMO and MS. Eur Radiol 2021:268:1938-44.

2018?28396‘193- ) ) ) o ) 31 Jarius S, Paul F, Franciotta D, et al. Cerebrospinal fluid findings in aquaporin-4

16 Masuda H, Mori M, Hirano S, et al. Comparison of brain atrophy in patients with antibody positive neuromyelitis optica: results from 211 lumbar punctures. J Neurol
multiple sclerosis treated with first- versus second-generation disease modifying Sci 2011:306:82-90.
therapy without dlinical relapse. £ur J Neurol 2020;27:2056-61. ) ) 32 Valado A. Multiple sclerosis: oligoclonal IgG bands, prevalence, prognosis and effect

17 Pelletlgr D, Garnsgn K,{Henry R'. M?asurement of whole-brain atrophy in multiple of latitude. Biomed J Sci Tech Res 2020;28:21357-64.
sglerqsw.JNeurOImalg/ng 2004{14'1 15-19. ) 33 Dobson R, Ramagopalan S, Davis A, et al. Cerebrospinal fluid oligoclonal bands in

18 tZ)wgdmov RH chatT\h L Cookfgwl D, etal/.llr;terfleron .beta-;a Sl,OWS lprf;gres;mr'] of multiple sclerosis and clinically isolated syndromes: a meta-analysis of prevalence,

rain atrophy in relapsing-remitting multiple sclerosis predominantly by reducing gray prognosis and effect of latitude. / Neurol Neurosurg Psychiatry 2013;84:909-14.
matter atrophy. Mult Scler 2007;13:490-501. . . : . . ; ’
) ) . . 34 Akaishi T, Takahashi T, Nakashima I. Oligoclonal bands and periventricular lesions

19 Sugimoto K, Mori M, Liu J, et al. The accuracy of flow cytometric cell-based assay to . . . : . } 4 .

X o ; Lo " in multiple sclerosis will not increase blood-brain barrier permeability. / Neurol Sci
detect anti-myelin oligodendrocyte glycoprotein (MOG) antibodies determining the 0.
. HEndr , o o 2018;387:129-33.
optimal method for positivity judgement. J Neuroimmunol 2019;336:577021. ) . .
) . - s 35 Alonso J, Pareto D, Alberich M, et al. Assessment of brain volumes obtained from

20 Thompson AJ, Banwell BL, Barkhof F, et a/. Diagnosis of multiple sclerosis: 2017 . o L .

- o o MP-RAGE and MP2RAGE images, quantified using different segmentation methods.
revisions of the McDonald criteria. Lancet Neurol 2018;17:162-73. MAGMA 2020:33-757—67

21 Masuda H, Mori M, Hirano S, et al. Relapse numbers and earlier intervention by 36 s ik MD A o H_S h. heim MM /A ¢ MSmetrix with
disease modifying drugs are related with progression of less brain atrophy in patients teegl\(\n:] d ' hmgl f' choonheim ,etav. glreerngt 0 d mletbrlleIt h
with multiple sclerosis. J Neurol Sci 2019;403:78-84. established methods o.r mleasunng cross-sectional and longitudinal brain atrophy.

22 Schmidt P, Gaser C, Arsic M, et al. An automated tool for detection of NeurO{mage Clin 201 7'15'8,43_53' .
FLAIR-hyperintense white-matter lesions in multiple sclerosis. Neuroimage 37 Storelli L, Rocca MA, Pagani E, et;/. Measurement of whqle—brgm and gray
2012:59:3774-83. matter atrophy in multiple sclerosis: assessment with MR imaging. Radiology

23 Rocca MA, Battaglini M, Benedict RHB, et a/. Brain MRI atrophy quantification in MS: 2018;288:554-64. ) } ) )
from methods to clinical application. Neurology 2017;88:403—13. 38 OQertel FC, Havla J, Roca-Fernandez A, et al. Retinal ganglion cell loss in

24 Bermel RA, Bakshi R. The measurement and clinical relevance of brain atrophy in neuromyelitis optica: a longitudinal study. / Neurol Neurosurg Psychiatry
multiple sclerosis. Lancet Neurol 2006;5:158—70. 2918;89:1259—65. . N o .

25 De Stefano N, Stromillo ML, Giorgio A, et al. Establishing pathological cut-offs of brain 39 Pisa M, Ratti f, Vabanesi M, et al. Subclinical neurodegeneration in multiple
atrophy rates in multiple sclerosis. J Neurol Neurosurg Psychiatry 2016;87:93-9. sclerosis and neuromyelitis optica spectrum disorder revealed by optical coherence

26 Azevedo CJ, Cen SY, Jaberzadeh A, et al. Contribution of normal aging to brain tomography. Mult Scler 2020;26:1352458519861603.
atrophy in MS. Neurol Neuroimmunol Neuroinflamm 2019;6:616. 40 Marignier R, Bennett JL, Kim HJ, et a/. Disability outcomes in the N-MOmentum trial

27 LiuY,Wang J, Daams M, et a/. Differential patterns of spinal cord and brain atrophy in of Inebilizumab in neuromyelitis optica spectrum disorder. Neurol Neuroimmunol
NMO and MS. Neurology 2015;84:1465-72. Neuroinflamm 2021;8:e978.

40 Masuda H, et al. J Neurol Neurosurg Psychiatry 2022;93:32—40. doi:10.1136/jnnp-2021-326386


http://dx.doi.org/10.1016/j.ejrad.2011.01.065
http://dx.doi.org/10.1016/j.ejrad.2011.01.065
http://dx.doi.org/10.1002/ana.25463
http://dx.doi.org/10.1007/s00330-017-4921-x
http://dx.doi.org/10.1111/ene.14335
http://dx.doi.org/10.1111/j.1552-6569.2004.tb00274.x
http://dx.doi.org/10.1177/1352458506070446
http://dx.doi.org/10.1016/j.jneuroim.2019.577021
http://dx.doi.org/10.1016/S1474-4422(17)30470-2
http://dx.doi.org/10.1016/j.jns.2019.06.011
http://dx.doi.org/10.1016/j.neuroimage.2011.11.032
http://dx.doi.org/10.1212/WNL.0000000000003542
http://dx.doi.org/10.1016/S1474-4422(06)70349-0
http://dx.doi.org/10.1136/jnnp-2014-309903
http://dx.doi.org/10.1212/NXI.0000000000000616
http://dx.doi.org/10.1212/WNL.0000000000001441
http://dx.doi.org/10.1093/braincomms/fcz026
http://dx.doi.org/10.1093/braincomms/fcz026
http://dx.doi.org/10.1093/brain/awr093
http://dx.doi.org/10.1007/s00415-020-10377-6
http://dx.doi.org/10.1016/j.jns.2011.03.038
http://dx.doi.org/10.1016/j.jns.2011.03.038
http://dx.doi.org/10.26717/BJSTR.2020.28.004611
http://dx.doi.org/10.1136/jnnp-2012-304695
http://dx.doi.org/10.1016/j.jns.2018.02.020
http://dx.doi.org/10.1007/s10334-020-00854-4
http://dx.doi.org/10.1016/j.nicl.2017.06.034
http://dx.doi.org/10.1148/radiol.2018172468
http://dx.doi.org/10.1136/jnnp-2018-318382
http://dx.doi.org/10.1177/1352458519861603
http://dx.doi.org/10.1212/NXI.0000000000000978
http://dx.doi.org/10.1212/NXI.0000000000000978

	Silent progression of brain atrophy in aquaporin-­4 antibody-­positive neuromyelitis optica spectrum disorder
	Abstract
	Introduction
	Materials and methods
	Study design and patient populations
	Brain MRI scan
	Brain volume measurements
	Statistical analysis

	Results
	Patient demographics and clinical characteristics at MRI-1 in study 1
	﻿Annualised brain atrophy rates were not different between patients with AQP4+NMOSD and MS﻿﻿﻿
	Annualised atrophy rates of NGV, NWV and NBV with or without continuous steroid in patients with AQP4+NMOSD
	Patient demographics and clinical characteristics at MRI-1 only among patients without clinical relapse and disability progression between MRI-1 and MRI-2 (study 2)
	Annualised brain atrophy rates were not different between patients with AQP4+NMOSD and MS without clinical relapse and disability progression
	Patient demographics and clinical characteristics at MRI-1 only in age-matched patients without clinical relapse and disability progression (study 3)
	Annualised brain atrophy rates were not different between age-matched patients with AQP4+NMOSD and MS without clinical relapse and disability progression
	Patients with AQP4+NMOSD with long cord lesion showed higher annualised atrophy rate of NGV compared with those without long cord lesion

	Discussion
	References


