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Background:  Patients with neuromyelitis optica spectrum disorder (NMOSD) are often seropositive for antibodies against aquaporin-4 (AQP4).

The importance of MRI monitoring in this disease requires evaluation.

Purpose:  To profile MRI features from a large international cohort with AQP4 immunoglobulin G (IgG)-seropositive NMOSD (from the Parallel
MRI in NMOSD [PAMRINO] study) and to evaluate and confirm existing knowledge regarding the incidence, location, and longitudinal
development of characteristic lesions in the central nervous system associated with AQP4-IgG—seropositive NMOSD.

Materials and Methods:

In this retrospective study (from August 2016 to January 2019), MRI and clinical data were collected from 17 NMOSD expert

sites in 11 countries across four continents. Clinical features and lesions identified at cross-sectional and longitudinal MRI were assessed. No formal
statistical tests were used to compare observations; however, means, SDs, and 95% Cls are reported when evaluating lesion frequencies.

Results:  Available T1-weighted and T2-weighted MRI scans in patients with AQP4-IgG—seropositive NMOSD (7 = 525) were read. Among the 525
patients, 320 underwent cerebral MRI examinations with T2-weighted hyperintense cerebral (264 of 320; 82.5%), cerebellar (44 of 320; 13.8%), and
brainstem (158 of 321 [49.2%)], including one lesion observed at cervical spinal cord [SC] MRI) lesions. Lesions in the optic nerves, analyzed from
152 MRI examinations, were mainly found in the central (81 of 92; 88%) and posterior (79 of 92; 86%) sections (bilaterally in 39

of 92; 42%). Longitudinally extensive transverse myelitis was the predominant SC lesion pattern (upper compartment from 322 MRI examinations,
133 of 210 [63.3%]; and lower compartment from 301 MRI examinations, 149 of 212 [70.3%]). However, nonlongitudinal extensive transverse
myelitis lesions were also observed frequently (105 of 210; 50.0%) in the cervical SC. Clinical data (7 = 349; mean age, 44 years + 14 [SD]; 202
female patients) and acute lesions at contrast-enhanced (CE) MRI (7 = 58, performed within 30 days of the last attack) were evaluated. CE lesions
were detected in the cerebrum (eight of 13; 62%), optic nerves (14 of 19; 74%), or chiasm (three of four; 75%) within 15 days of any relapse. In the
upper SC (29 of 44; 66%), CE lesions were frequently observed up to 20 days after a clinical myelitis event.

Condlusion: A high incidence of abnormal brain MRI examinations and nonlongitudinal extensive SC lesions was found in patients in PAMRINO

with AQP4-IgG—seropositive NMOSD.

Published under a CC BY 4.0 license.
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Neuromyelitis optica spectrum disorder (NMOSD) is an auto-
immune inflammatory central nervous system disease char-
acterized by a severe onset and relapse events, including optic
neuritis, longitudinally extensive transverse myelitis (LETM),
brainstem and/or hypothalamic syndromes, and encephalitis
(1). Serum immunoglobulin G (IgG) antibodies against the astro-
cytic water channel aquaporin-4 (AQP4) are found in most pa-
tients (2). Brain parenchymal lesions that appear hyperintense at
T2-weighted MRI occur predominantly in areas with high AQP4
protein expression, such as in the area postrema or the periepen-
dymal tissue adjacent to the third, fourth, or lateral ventricles (3).
Spinal cord (SC) lesions have also been described, not all of which
involve LETM (4,5). To date, published MRI analyses mostly orig-
inate from relatively small and/or monocentric studies. Because of

the rarity of the disease, as well as the lack of internationally stan-
dardized imaging protocols, information is scarce regarding the re-
gional lesion distribution, frequency, and acute attack—related MRI
enhancement. Therefore, the importance of MRI in monitoring
the disease course requires further evaluation (6).

The Parallel MRI in NMOSD (PAMRINO) study enables
large-scale radiologic readings in patients from different sites, and
with different clinical presentations. The aim of this study was to
descriptively profile MRI features from this real-world, large, in-
ternational cohort with AQP4-IgG—seropositive NMOSD, and
to evaluate and confirm existing knowledge regarding the inci-
dence, location, and longitudinal development of characteristic
central nervous system lesions associated with AQP4-IgG—sero-
positive NMOSD.
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Abbreviations

AQP4 = aquaporin-4, CE = contrast enhanced, IgG = immunoglobulin
G, LETM = longitudinally extensive transverse myelitis, NETM =
nonlongitudinal extensive transverse myelitis, NMOSD = neuromyelitis
optica spectrum disorder, ON = optic nerve, PAMRINO = Parallel
MRI in NMOSD, SC = spinal cord

Summary

Large, international, real-world MRI assessments showed high
heterogeneity in the data collected from patients with aquaporin-4
immunoglobulin G-seropositive neuromyelitis optica spectrum disorder
and frequent cerebral and lower spinal cord abnormalities.

Key Results

m In this retrospective study of 349 patients with aquaporin-4
immunoglobulin G—seropositive neuromyelitis optica spectrum
disorder, abnormal cerebral MRI features were found in 264 of 320
(82.5%) of brain MRI examinations.

m Imaging abnormalities previously found in a minority of patients were
frequently observed: 214 of 264 (81.1%) patients with periventricular-
lateral ventricles and 210 of 264 (79.5%) with juxtacortical lesions,
and 105 of 210 (50%) with nonlongitudinal extensive transverse
myelitis and 32 of 212 with conus involvement (15.1%).

m Contrast enhancement could be visualized in 14 of 19 (74%) optic
nerve lesions up to 15 days after acute optic neuritis; and in 29
of 44 (66%) upper spinal cord lesions up to 20 days after acute
myelitis attack.

PAMRINO raw clinical data
collected (including HC)
n=637

|
PAMRINO patient
raw MRI data
collected
n=>525
Patients meeting NMOSD
2006 or 2015 Criteria
n =380

Chien and Cruz e Silva et al

Materials and Methods

E Hoffmann-La Roche provided financial support in the form
of an independent grant to the coordination and analysis cen-
ters. At the time of the research and study drafting, none of
the authors were employees of Roche. The researchers retained
complete control over the design, methods, and conduct of the
research, data, and information submitted for publication. The
funding did not influence the results or conclusions of the study.
Please see also Appendix S1 (supplemental methods section) for
additional information regarding funding for this study.

Study Design and Participants

The institutional review boards of each center approved this ret-
rospective study; written informed consent was obtained from
all participants. Expert centers affiliated with the Guthy-Jack-
son Charitable Foundation International Clinical Consortium
network were recruited to participate between August 2016 and
January 2019. For this study, patients in the PAMRINO study
with AQP4-IgG—seropositive NMOSD (2015 International
Panel criteria [7]) were selected exclusively.

Meta-analysis

A literature search on the clinical prevalence and MRI find-

ings in population- and hospital-based cohorts of patients with

NMOSD who were seropositive and seronegative for AQP4-
IgG was performed. PubMed was searched for
articles published in English from database incep-
tion to February 6, 2024, with the following search
terms: [prevalence] OR [MRI] OR [multicenter]
AND [NMOSD] (Table S1). Studies regarding
adults with NMOSD with clinical attack and MRI
information were included (7 = 32). The pooled
mean prevalences, SDs, and IQRs were calculated
for each clinical and MRI parameter (Table S2) us-
ing software (R, version 4.3.0, R Project for Statis-
tical Computing; R meta package, version 7.0-0,
hitps:/github.comlguido-s/metal), where the inverse
variance method for pooling was used. Exclusion

Patients with Patients with
AQP4-1gG+NMOSD AQP4-1gG+NMOSD

Patients with
AQP4-1gG+NMOSD

criteria are detailed in Appendix S1 (supplemental
methods section).

with attack data with cross-sectional with any FU Data Collection
n =359 MRI (longitudinal) MRIs Anonymized demographic and clinical disability
n =349 n=220 data were entered into standardized electronic clini-
I { cal record forms in Research Electronic Data Cap-
Patients with Patients with Patients with ture, or REDCap (Vanderbile, hzps:/projectredcap.

AQP4-1gG+NMOSD
cross-sectional
cohort with

AQP4-1gG+NMOSD
with associated
acute MRI (< 30

AQP4-1gG+NMOSD
with any MRIs
indicative of acute

orglsoftwarel) (8), by participating centers (Appen-
dix S1, supplemental methods section). Pseudony-
mized Digital Imaging and Communications in
Medicine data were collected without restrictions

associated MRI days from any last inflammation
(within 180 days) attack) n=63 for magnetic field strength, scanner manufacturer,
n=231 h=58 or type of sequence. Clinical visit data were not

restricted to coincide with MRI visit dates because

Figure 1: Flowchart shows an overview of the data collection, quality checks, cleaning, and
matching performed as part of the Parallel MRIin NMOSD (PAMRINO) study. Figure shows data col-
lection and cleaning steps (orange), data used for separate clinical phenotyping and MRI radiologic
reading secfions (blue), and data used inthe matched MRI data demographics and acute MRl analysis
sections of this study (green). No MRI scans in patients with aquaporin-4 (AQP4) immunoglobulin G-
seroposifive (IgG+) neuromyelitis optica spectrum disorder (NMOSD) were excluded from reading.

FU = follow-up, HC = healthy control.
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this is a rare disease (9), and many expert centers
previously had no standardized MRI or clinical visit
protocols for diagnosing and/or evaluating these pa-
tients until the past 5 years. Further data collection
details are found in Appendix S1 (supplemental
methods section).
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Table 1: Baseline Cross-Sectional Matched Cohort Characteristics
Total
Patients
with AQP4
IgG- History History of
seropositive History History of  of Area History of Diencephalic Ophthalmologic Abnormal Abnormal
NMOSD  of Optic Transverse Postrema  Brainstem  Brain or Other Cerebral  Spinal Cord
Cohort Neuritis Myelitis Syndrome  Syndrome Narcolepsy ~ Comorbidities ~MRI MRI
Characteristic ~ (=231) (2=107) (n=151) (n=27) (n=27) (n=4) (n=110) (n=149) (n=156)
Mean age (y) 439+ 143 429+144 443+140 41.8+124 428+11.4 34.0+10.2 46.0+14.4 455+ 14.9 43.1 + 14.4
Sex
No. of female 202 (87.4) 94 (87.9) 136 (90.1) 18 (66.7) 24 (88.9) 3 (75.0) 99 (90.0) 136 (91.3) 95 (84.8)
patients
No.ofmale 29 (12.6) 13(121) 15099 9(33.3) 3(11.1)  1(25.0) 11 (10.0) 1387 17(15.2)
patients
Mean age at 38.6+14.8 36.1+15.1 39.4+14.8 352+13.8 384+124 29.2+82 41.3+152 39.1+15.5 37.4+15.0
onset (y)
Mean time since 5.3+6.7 6.8+80 49+6.8 6.6+9.6 44+82 51+4.0 4.7 +6.4 64+73 5774
onset (y)
EDSS score* 4(0-9.5) 4(0-9.5 4(0-9.5 4(2.0-8.5) 4(1.5-9.0) 5(2.0-6.0) 4 (0-9.5) 4(0-9.5) 4(0-9.5)
Note.—Mean data are + SDs. Unless otherwise indicated, data in parentheses are percentages. Data are from the Parallel MRI in NMOSD
(PAMRINO) study cohort with aquaporin-4 (AQP4) immunoglobulin G (IgG)-seropositive neuromyelitis optica spectrum disorder
(NMOSD). EDSS = Expanded Disability Severity Scale.
* Data are medians; data in parentheses are ranges.

Data Cleaning, MRI, and Clinical Data Matching

Technical MRI data were extracted from Digital Imaging and
Communications in Medicine headers. MRI sequence data col-
lected as a part of the clinical routine at participating sites are de-
tailed in Appendix S1 (supplemental methods section) and Tables
§3-S6. PAMRINO clinical data from REDCap were exported in
full and filtered to include only patients with AQP4-IgG—sero-
positive NMOSD. Patients tested using cell-based or immuno-
fluorescence antibody assays positive for AQP4-IgG at any time
during their clinical history were considered to have AQP4-IgG—
seropositive NMOSD (10). Patients with MRI examinations,
even without matched clinical visit data, were included in this
study for further cross-sectional (7 = 349) and longitudinal radio-
logic readings (n = 220).

MRI Lesion Analyses

MRI scans were independently read by a board-certified neurora-
diologist (V.C.e.S., with >12 years of experience). Further radio-
logic reading quality check information can be found in Appendix
S1 (supplemental methods section). Readings were performed
blinded to patient identity and clinical or laboratory information.
Imaging features were visually assessed and classified using avail-
able T2-weighted and unenhanced and/or contrast-enhanced (CE)
T1-weighted sequences, and lesions were sorted according to their
anatomic location. The following compartments were rated: brain
parenchyma, cerebellum, and brainstem; optic nerve (ON) and
optic chiasm; and SC—upper SC (the cervical cord) and lower SC
(the thoracic cord and conus medullaris).

In addition to characteristic NMOSD lesions (7), brain le-
sions resembling small-vessel disease were investigated (11).
ON lesions were assessed in anterior, central, and posterior
(excluding the chiasm) sections according to the intraorbital,
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Patients with Available Scans

Table 2: Cross-Sectional Lesion Location Distribution in All

Lesion Location

No. of Patients

Brain
Periventricular-lateral ventricles
Periventricular-third ventricle*
Corpus callosum
Juxtacortical
Subcortical
Cortical
Cerebellum
Brainstem
Medulla oblongata
Area postrema
Pons
Mesencephalon
Periventricular-fourth ventricle
Other circumventricular organs
Optic nerves

Anterior third

Central third

Posterior third

Chiasm

264/320 (82.5) [78, 871
214/264 (81.1) [76, 86]
34/264 (12.9) [9, 17]
100/264 (37.9) [32, 44]
210/264 (79.5) [75, 84]
18/264 (6.8) [4, 10]
16/264 (6.1) [3, 9]
44/320 (13.8) [10, 18]
158/321 (49.2) [44, 55]
98/158 (62.0) [54, 70]
84/158 (53.2) [45, 61]
68/158 (43.0) [35, 51]
52/158 (32.9) [26, 40]
36/158 (22.8) [16, 29]
4/158 (2.5) [0, 5]
92/152 (60.5) [53, 68]
52/92 (56) [46, 606]
81/92 (88) [81, 95]
79192 (86) [79, 93]
49/153 (32.0) [25, 39]

— — — —

in Table S7.

Note.—Data are numerators/denominators; data in parentheses
are percentages; data in brackets are 95% Cls.

* Hypothalamic lesions were considered periventricular third
ventricle lesions. Some patients had simultaneous lesions in
different regions, where each lesion location was counted as one
in Table 1; thus, the lesion counts per region are not unique.
More information regarding simultaneous lesions can be found
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intracanalicular, and intracranial
anatomic segments (12). Acute
ON and chiasmatic lesions were
defined as T2-weighted hyper-
intense lesions with a tumefac-
tive effect, and concomitant
CE images were assessed, when
available, to help confirm acute
inflammation. SC lesions ex-
tending over three or more ver-
tebrae were considered LETM
(13). Nonlongitudinal extensive
(NETM)

was defined as a lesion length

transverse  myelitis
of fewer than three vertebrae
(14). SC lesion topography was
recorded according to the lateral,
central, posterior or anterior, and
ventral region or regions affected.
So-called bright spotty lesions
(15) were evaluated in the SC. SC
atrophy was visually rated as gen-
eral or focal (16). For follow-up
MRI, a minimum 1-month inter-
val between visits was established
to define relapsing disease accord-
ing to the International Consen-
sus Diagnosis Criteria (7).

Clinical and MRI Phenotyping
MRI scans were matched to each
clinical visit based on the exami-
nation date (within the previous
180 days or within 180 days after
the MRI examination date). The
first-matched MRI scans (Fig 1)
per patient (hereafter, referred
to as baseline) were chosen as
the cross-sectional cohort for
phenotyping. Baseline AQP4-
IgG—seropositive NMOSD data
(n = 231) were analyzed for de-
mographic features, attack types,
and general disability as measured
by the Expanded Disability Sta-
tus Scale (Table 1). The acute
MRI and clinical phenotyp-
ing methods used are described
in Appendix S1 (supplemental
methods section).

MRI Analysis of Acute
Inflammation and Summary

of Findings

If CE MRI examinations of acute
inflammation were available, the
duration of CE after a disease-re-
lated attack was visualized graphi-
cally in different compartments.

Chien and Cruz e Silva et al

Figure 2:
spectrum disorder (A, B) Axial T2-weighted fluid-attenuated inversion recovery MRI scans show a 20-year-old female
patient with a previous symptomatic narcolepsy or acute diencephalic clinical syndrome. Images show (A) bilateral tu-

Representative scans from patients with aquaporin-4 immunoglobulin G-seropositive neuromyelitis optica

mefactive lesions extending throughout the internal capsules and external capsules and involving both thalami, with o
left subcortical frontal-opercular lesion and (B) bilateral fluffy lesions of the deep and periventricular white matter, with
ependymal involvement. (€) A non—fat-saturated axial T2-weighted fluid-attenuated inversion recovery image and (D)
a contrast-enhanced T1-weighted MRI scan in a 19-year-old female patient with previous optic neuritis show bilateral
extensive abnormalities in the white matter, nontumefactive, with vacuolization and concomitant contrast enhancement. (E)
A coronal T2-weighted fluid-attenuated inversion recovery MRI scan in a 55-year-old female patient with previous opfic
neuritis and brainstem involvement shows extensive brainstem involvement with middle cerebellar peduncles. (F) A sagittal
T2-weighted fluid-attenuated inversion recovery MRI scan in a 38-year-old female patient with previous myelitis shows a
Dawson finger-like lesion.

Radiology: Volume 313: Number 2—November 2024 = radiology.rsna.org 4
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Table 3: Cross-Sectional Spinal Cord Lesion Distribution in All Patients with Available Scans, According to Lesion Type,
Lesion Location, Contrast Enhancement, and Atrophy Pattern
Parameter No. of Patients with Upper Spinal Cord Lesions No. of Patients with Lower Spinal Cord Lesions
Lesion types 210/322 (65.2) [60, 70] 212/301 (70.4) [65, 76]
LETM 133/210 (63.3) [57, 70] 149/212 (70.3) [64, 76]
NETM 105/210 (50.0) [43, 57] 84/212 (39.6) [33, 46]
Central 50/105 (47.6) [38, 57] 63/84 (75) (66, 84]
Posterior 41/105 (39.0) [30, 48] 31/84 (37) [27, 47]
Anterior 7/105 (6.7) [2, 11] 5/84 (6) [0.9, 11]
Lateral 28/105 (26.7) [18, 35] 8/84 (9) [3, 16]
LETM and NETM simultaneous 12/210 (5.7) [3, 9] 20/212 (9.4) [5, 13]
BSL and LETM 33/83 (46) [35, 57] 46/83 (55) [45, 60]
BSL and NETM 19/83 (23) [14, 32] 11/83 (13) [6, 21]
CE lesions 871242 (36.0) [30, 42] 81/222 (36.5) [30, 43]
LETM 66/87 (76) (67, 85] 68/81 (84) [76, 92]
NETM 29/87 (32) [22, 42] 24/81 (30) [20, 40]
LETM and NETM simultaneous 5/87 (6) [0.8, 11] 12/81 (15) [7, 23]
Atrophy 48/210 (22.9) [17, 29] 98/212 (46.2) [39, 53]
Focal 37/48 (77) [65, 89] 81/98 (83) [75, 90]
General 11/48 (23) [11, 35] 18/98 (18) [11, 26]
Focal and general simultaneous 0 [NA] 1/98 (1) [-0.9, 3]
Note.—Data are numerators/denominators; data in parentheses are percentages; data in brackets are 95% Cls. Simultaneous indicates a
simultaneous observation at one or more MRI examinations. BSL = bright spotty lesion, CE = contrast enhanced, LETM = longitudinally
extensive transverse myelitis, NA = not applicable, NETM = nonlongitudinal extensive transverse myelitis.

Statistical Analysis

This is a descriptive study. Referenced values specified in this
study indicate the number of patients; however, individual
MRI findings may differ in total number of patients according
to availability.

No formal statistical tests were used to compare observations;
however, means, SDs, and 95% Cls are reported when evaluating
lesion frequencies. The graphs were produced using software (R,
version 4.3.0; R Project for Statistical Computing).

Results

Baseline Demographics
Atotal 0f 891 MRI examinations in 349 patients with AQP4-1gG—
seropositive NMOSD were evaluated. The number of patients
with available MRI examinations in each compartment are de-
scribed. Figure 1 illustrates the data-cleaning procedure, with pa-
tients included in this study for further cross-sectional (7 = 349)
and longitudinal radiologic reading (z = 220). Matched clini-
cal and MRI data in 231 patients with AQP4-IgG—seropositive
NMOSD were included in this study (mean age, 43.9 years +
14.3 [SD]J; 202 female patients, 29 male patients). Table 1 lists
all relevant patient demographic features from the baseline cross-
sectional matched cohort.

MRI scans acquired within 30 days of relapse (referred to
as acute MRI scans) were analyzed (158 scans in 63 patients)

(Fig 1).

Cross-Sectional MRI Overview

MRI scans from patients with AQP4-IgG—seropositive NMOSD
were analyzed (Fig 1), regardless of matching clinical informa-
tion (Table 2). Because patients may not have undergone MRI in
every anatomic compartment and may have simultaneous lesions
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in different central nervous system regions, the total number of
patients per region is not equal, as shown in Table 2.

Cross-Sectional MRI Findings

Brain.—Brain MRI scans were available for lesion evaluation in
320 of 349 patients (Table S4). Cerebral imaging showed ab-
normalities in 264 of 320 (Table 2) of the patients from PAM-
RINO with AQP4-IgG-seropositive NMOSD (82.5%, com-
pared with the mean pooled average of 46.2% from the literature
meta-analysis).

The hyperintense lesion distributions on T2-weighted or
fluid-attenuated inversion recovery images were mostly peri-
ventricular (alongside lateral ventricles), with ependymal lining
involvement, and in the subcortical regions (Table 2). Tume-
factive lesions were observed in 17 of 264 patients (6.4%; Fig
2); the so-called Dawson finger morphologic appearance was
identified in 38 of 264 (14.4%) patients; and 50 of 264 pa-
tients (18.9%) presented with small multifocal and nonspecific
white matter lesions, which resemble small-vessel disease at T2-
weighted fluid-attenuated inversion recovery MRI. Lesions in
the brain were identified on CE T1-weighted MRI scans in 42
of 245 (17.1%) patients. A central vein sign (17) could be iden-
tified in only two of 152 (1.3%) patients with T2*-weighted or
susceptibility-weighted imaging sequences.

Brainstem involvement (<50% of patients; Fig 2E) was mostly
located in the medulla oblongata and area postrema and less so
in the pons or mesencephalon; CE lesions were identified on 41
of 249 (16.5%) lesions, from 249 of 320 (77.8%) available CE
MRI scans.

Optic nerves.—Among the 349 patients, 152 underwent MRI
with an orbital acquisition protocol that could be used to
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evaluate the ON (Table S4). ON lesions were fre-
quent (>50%), mainly in the central and posterior
regions (Table 2). Bilateral ON lesions were identi-
fied in 39 of 92 (42%) patients. However, bilateral
hyperintense lesions with slight tumefactive effects,
characteristic of acute lesions, were observed in only
six of 39 (15%) patients. These lesions were charac-
terized by longitudinally extensive ON lesions en-
compassing more than half of the length of the ON.
CE lesions were found in 47 of 92 (51%) patients
with available data from CE MRI.

Optic chiasm.—MRI was used for distinct evaluation
of the optic chiasm in 153 of 349 patients (Table S4).
Chiasmatic lesions were observed in fewer than half
of the available scans (Table 2), and 24% (12 of 49)
of the T2-weighted scans in patient lesions exhibited
CE. Lesions exclusively affecting the chiasm were
found in five of 49 (10%) patients, whereas simulta-
neous effects of both the chiasm and ON were iden-
tified in 44 of 152 (28.9%) patients, almost always
with posterior involvement (43 of 44; 98%). In these
patients, bilateral (28 of 44; 64%) rather than unilat-
eral (16 of 44; 36%) ON involvement was observed.
However, bilateral tcumefactive ON lesions extending
to the chiasm, suggestive of acute inflammation, were
found in only four of 27 (15%) patients and involved
all three sections of the ON.

SC lesions.—In 322 of 349 patients with upper
SC MRI and 301 of 349 patients with lower SC
MRI, SC lesions were evaluated (Table S4). SC
lesions (Table 3) were frequently observed (upper
SC, 65.2%; lower SC, 70.4%) and were distributed
along the entire cord. LETM was the predominant
lesion pattern, and CE LETM was observed more
often than CE NETM. However, NETM repre-
sented up to 50% of the total SC lesions—mostly
central—and were isolated in the upper SC in 105
of 210 (50.0%) patients and in the lower SC in
84 of 212 (39.6%) patients. Simultaneous LETM
and NETM were not frequently found in either
compartment. Conus medullaris involvement was
identified in 32 of 212 patients (15.1%) with le-
sions in the lower SC, isolated in 15 of 32 (47%)
patients and by extension of lower SC LETM in 17 of 32
(53%) patients. Bright spotty lesions were identified in 83 of
276 (30.1%) patients with SC lesions and were more often ob-
served in LETM (Table 3). A sagittal T2-weighted hyperintense
intramedullary spinal line, described in myelin oligodendrocyte
glycoprotein antibody—associated disease (18), was present in
34 of 277 (12.3%) patients with lesions involving the upper
and lower SC. Of these patients, 32 of 34 (94%) associated
with LETM, two of 34 (6%) associated with NETM, and four
of 34 (12%) associated with both lesion types simultaneously.
The “H” sign on axial SC images (central cord gray-matter T2-
weighted hyperintensity) (18,19), suggestive of myelin oligo-
dendrocyte glycoprotein antibody—associated disease, was ob-
served in 11 of 133 (8.3%) patients with LETM, extending
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Figure 3:
longitudinal extensive fransverse myelitis isolated in the conus medullaris from @ 22-year-old female
patient (arrows).

Chien and Cruz e Silva et al

Representative T2 hyperintense (A, €) and T1 gadolinium-enhancing (B, D) non-

throughout the entire SC in four of 11 (36%) patients. Atrophy
was more frequently focal than generalized, mostly affecting the
lower SC.

Table S7 details the simultaneous lesions found in differ-
ent central nervous system compartments that were present
in patients with AQP4-IgG-seropositive NMOSD. A high
proportion of patients had simultaneous brain and lower SC
(126 of 2135 59.2%; 95% CI: 53, 66), brain and upper SC
(135 of 247; 54.6%; 95% CI: 48, 61), and brain and ON
lesions (73 of 149; 49.0%; 95% CI: 41, 57).

Longitudinal MRI Data
Follow-up MRI scans were available in 220 patients (com-
partments are detailed in Table S8). The following radiologic
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Figure 4: Evaluation of contrast-enhancing lesions in acute relapse MRI scans observed in (A=D) the brain and brainstem, (E=H) the optic nerve (ON) and optic chiasm,
and (1-L) the upper spinal cord (USC) and lower spinal cord (LSC). Confrast-enhanced lesions were detected in the cerebrum (eight of 13), optic nerves (14 of 19), or chiasm
(three of four) within 15 days of any type of attack. In the upper spinal cord (29 of 44), contrast-enhanced lesions were frequently observed up to 20 days after a clinical myelitis
event. The curves indicate density. AP = area posirema, BS = brainstem, CE = contrast enhanced.

readings included all available longitudinal MRI (7 = 220; 762 section). Figure S1A shows an example of CE lesions within
visits). Acute inflammation was found on MRI scans in 63 24 hours of symptom onset.
patients (Fig 1, Table S9).
Optic chiasm MRI.—Among the 220 patients with longitudinally
Brain MRI.—Of the 220 patients who had longitudinally ac-  acquired MRI scans, 59 patients had cerebral and/or orbital MRI
quired MRI scans, 146 had cerebral MRI scans available for scans available for chiasm analysis (Table S8). Chronic chiasmatic
analysis (Table S8). Eleven of the 146 (7.5%) patients with lesions were identified on follow-up scans in 10 of 59 (17%) pa-
initially inconspicuous MRI developed lesions within a follow- tients, whereas new chiasmatic lesions were observed in 12 of 59
up period between 30 days and 6 years after undergoing initial ~ (20%) patients, with a maximum of 5 years of follow-up. Previ-
MRI. Complete resolution of brain lesions occurred in four of ~ ous scans were normal in seven of these 12 patients (58%). For
146 (2.7%) patients from within 20 days to 2.5 years. However, more details regarding chiasmic CE lesions, see Appendix S1
an increase in brain lesion burden with multifocal distribution (supplemental results section).
was the most frequent pattern observed. New brain lesions fre-
quently occurred subcortically, periventricularly adjacent to the ~ SC MRl.—Among the 220 patients with longitudinally acquired
lateral ventricles, and in the corpus callosum (Table S10). For ~ MRI scans, 159 patients had upper SC MRI scans and 137 pa-
more details regarding CE lesions and brainstem lesions, see tients had lower SC MRI scans available for analysis (Table S8).
Appendix S1 (supplemental results section). The lower SC (106 of 137; 77.4%) and upper SC (18 of 159;
74.2%) were often affected at multiple follow-up visits, with a
ON MRI.—Of the 220 patients with longitudinally acquired ~ predominant LETM pattern (72 of 106 [67.9%] in the LSC; 74
MRI, 58 patients had orbital MRI scans available for ON of 118 [62.7%] in the upper SC) in both compartments. How-
analysis (Table S8). For more details regarding ON atro- ever, NETM patterns were also observed (72 of 118 [61.0%)] in
phy and CE lesions, see Appendix S1 (supplemental results  the upper SC; 50 of 106 [47.2%] in the lower SC).
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CNS Location AQP4 IgG-seropositive NMOSD MS
Spine 1. Sagittal: Single LETM (>3 vertebrae in 50%). 1. Sagittal multiple short segments.

2. Axial: Often extensive central or entire diameter 2. Axial wedge-shaped, often posterior and
spanning T2-weighted hyperintense with bright peripheral, T2-weighted hyperintense,
spotty lesions, cavitations, acute irregular or well-delineated, contrast enhanced in
punctuate contrast enhancement, hypointense acute lesions, variable pattern (20% ring),
in acute phase, chronic pronounced atrophy. rarely T1-weighted hypointense (eg, when

3. High preponderance of lower spinal cord T2- chronic).
weighted hyperintense lesions, sometimes
extending into the conus.

ON 1. Unilateral > bilateral, often posterior and involving 1. Unilateral, anterior, short ON lesions
2/3 of the ON. excluding the ON sheath.
2. Also, often in chiasm and optic tract.
Chiasm 1. Frequent involvement of the optic chiasm. 1. Rare chiasmatic lesions.
Brain and brainstem 1. Often normal, infrequent disseminated unspecific 1. Disseminated small ovoid T2-weighted
small T2-weighted hyperintense lesions hyperintense lesions with contrast
reported. enhancement in the acute phase.

2. Third and fourth ventricle ependymal and 2. Often periventricularly, Dawson fingers,
periventricular white matter hyperintensities. central vein sign, frequent hypointense rim

3. Area postrema with patchy contrast enhancement at SWI.
during attack. 3. T2-weighted lesion accumulation typically

4. Rarely, development of T1-weighted hypointense without lesion resolution.
lesions. 4. Frequent T1-weighted hypointense lesions.

Figure 5: Ovenview of characteristic MRI features differentiating between aquaporin-4 (AQP4) immunoglobulin G (IgG)-seropositive neuromyelifis optica spectrum disorder

(NMOSD) and muliiple sclerosis [MS). CNS = central nervous system, LETM = longitudinally extensive transverse myelitis, ON = optic nerve, SWI = susceptibility-weighted imaging.

We also observed isolated involvement of the conus medul-
laris in patients with AQP4-IgG—seropositive NMOSD (Fig 3),
which was previously hypothesized to be more characteristic of
myelin oligodendrocyte glycoprotein antibody—associated disease
(19). This finding is similar to that of a previous study in which
extensions of LETM from the thoracic cord into the conus were
described in more than 20% of patients with AQP4-IgG—seroposi-
tive NMOSD (20). For more details on new SC lesions and CE
lesions, see Appendix S1 (supplemental results section, Table S10)
and Figure S1B.

Clinical and MRI phenotyping.—Cross-sectional MRI examina-
tions and clinical data in patients from each center with AQP4-
[gG—seropositive NMOSD were evaluated for mean differences
in age at onset and Expanded Disability Status Scale scores. In
this international study, the age at first clinical visit varied be-
tween the specialized centers (within less than or more than 10
years from median patient age of approximately 45 years) (Fig
S2). Expanded Disability Status Scale scores at the first clinical
visit are less variable; however, it should be noted that only 152 of
231 patients (65.8%) had Expanded Disability Status Scale scores
collected at the first available visit.

MRI analysis of acute inflammation and summary of find-
ings.—To determine the duration of blood-brain barrier
breakdown during relapse, data regarding lesion counts from
CE T1-weighted MRI and lesion locations within 30 days af-
ter relapse were evaluated.

In 58 patients, at least one CE MRI scan (101 MRI scans
in total from multiple examinations) was available within the
acute relapse setting. The frequency of observed CE in lesions
in the upper SC and lower SC slightly increased 20 days after
myelitis relapse, resulting in bimodal distributions (Fig 4).

For more information regarding CE lesions, see Appen-
dix S1 (supplemental results section). There are several MRI
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indications that are more commonly associated with AQP4-
IgG—seropositive: NMOSD MRI than multiple sclerosis in
clinical practice (Fig 5).

Figure 6 illustrates a summary of common radiologic findings
from this study.

Discussion

We observed brain lesions to be the most frequent radiologic find-
ing, differing from our meta-analysis results. Twenty percent of
patients presented with imaging findings of small-vessel disease;
spinal cord (SC) MRI showed longitudinally extensive transverse
myelitis of the upper SC and/or lower SC, highly suggestive of
neuromyelitis optica spectrum disorder. Nonlongitudinal exten-
sive transverse myelitis was observed at a similar frequency.

Characteristic lesion morphologic structures, such as dience-
phalic lesions around the third ventricle and those affecting the
area postrema (3), that were previously considered suggestive of
NMOSD were considerably less frequent (eg, lateral ventricle—
surrounding or subcortical lesions).

Typical imaging features of multiple sclerosis, such as the
central vein sign or cortical lesions (7), were identified in one
patient only. Generally, characteristics of multiple sclerosis such
as central vein sign were barely observed in those patients with
AQP4-IgG-seropositive  NMOSD,  corroborating previous
studies (17). The relatively high frequency of white matter brain
lesions resembling small-vessel disease in our cohort is impor-
tant to note. We believe these findings represent the older age
at onset of the population with NMOSD; however, we do not
have enough information to understand how these observations
differ from unspecific causes (eg, aging or migraine). Further
exploration of possible vascular risk factors or pathologic mech-
anisms in NMOSD is therefore pertinent. We recommend
higher-resolution fluid-attenuated inversion recovery and/or
T2-weighted imaging sequences for accurate lesion depiction
and to help with consistent longitudinal assessments.
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Summary of Common Imaging Findings in a Real-world, International AQP4-lgG+NMOSD Cohort

s —

Medulla ob\onéala
lesion (98/158; 62% of
brainstem lesions)

Periventricular lesions -
lateral ventricles
(214/264, 81% of brain
lesions)

Nonspecific white
malter lesions -
vascular etiology
(50/264; 19%)

2 v & /
. B
Extensive acute optic nerve lesion (20/37; 54% of
cases) - 19/20; 95% with contrast-enhancement

Acute chiasmatic
lesions (8/36; 22% of
cases) with contrast-
enhancement (4/8;

Figure 6:
spectrum disorder (NMOSD). An enlarged image (arrows) shows the conus region of the spinal cord (SC). LETM = longitudinally extensive myelitis, NETM = nonlongitudinal

extensive transverse myelitits.

Recently, Cortese et al (21) reported that deep gray mat-
ter atrophy may help to discriminate NMOSD from multiple
sclerosis with moderate accuracy. For quantitative volumet-
ric analyses, isotropic three-dimensional sequences are rec-
ommended and can be used to calculate lesion load, brain
parenchymal gray and white matter volumes, or upper SC
cross-sectional area (22). However, whether global or regional
brain atrophy exists in patients with NMOSD (23) is debated;
volumetric analyses may not be considered in clinical practice
in the near future (24).

According to the multiple sclerosis—suggestive lesion crite-
ria from Jurydczyk et al (25), the presence of simultaneous U
fibers, Dawson finger—like lesions, at least one periventricular
lesion, and one temporal lesion were observed in only five of
264 patients (1.9%). However, the periventricular changes ex-
hibited a diffuse pattern with ependymal lining hyperintensity
and wider lesion size or tumefactive lesions (26), which can be
distinguishing features for patients with NMOSD who fulfill
these criteria.

SC NETM lesions were often observed, and our data are in
line with the clinical clues for NMOSD diagnosis proposed by
Fang et al (14), who described more centrally located lesions in
the SC. Therefore, our findings support the initial identification
of short SC lesions as indications for NMOSD diagnosis (27).

Acute SC lesions persisted more frequently until 30 days af-
ter any attack (but especially after myelitis), although this was
observed less frequently in the ON and/or brainstem. These ob-
servations are in line with those found in another cohort (28).
Only two patients in the PAMRINO study with AQP4-1gG—
seropositive NMOSD had available MRI to depict silent CE
SC lesions (upper SC and lower SC). Another large study (29)
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50%) LETM (upper SC: 133/210; 63% to
lower SC: 149/212; 70%) and
NETM (upper SC: 105/210; 50%)

1) In this retrospective study of 349 patients with
aquaporin-4-lgG+ neuromyelitis optica spectrum disorder,
abnormal cerebral MRI features were found in 264/320
(82%) of brain MRlIs.

2) Imaging hallmarks previously found in a minority of
patients were frequently observed, i.e., periventricular-
lateral (214/264; 81%) and juxtacortical lesions (210/264;
80%), nonlongitudinal extensive transverse myelitis in the
upper SC (105/210; 50%), and conus involvement
(321212; 15%).

3) Contrast-enhancement could be visualized in 14 of 19
(74%) optic nerve lesions up to 15 days postacute optic

neuritis; and in 29 of 44 (66%) upper spinal cord lesions
up to 20 days postacute myelitis attack.

Bright spotty lesions
(lower SC: 11/83; 13%
to upper SC: 19/83;
23%) of NETM)

Posterior short lesion
(lower SC: 31/84; 37%
to upper SC: 41/105;
39% of NETM)

Conus medullaris
lesion (32/212; 15% of
lower SC lesions)

Summary of common imaging findings in a real-world, international cohort with aquaporin-4 immunoglobulin G-seropositive (AQP4-IgG+) neuromyelitis optica

found that 49% of patients with NMOSD had silent CE le-
sions during clinical attacks. Thus, full imaging coverage of the
central nervous system is preferable (30).

Our study had several limitations. Considerable heterogene-
ity in the incidence of optic neuritis, myelitis, and abnormal
MRI scans was found, likely because of both case ascertainment
and clinical and/or MRI visit timing after a clinical attack. Also,
because of the large time frame in which we matched MRI scans
with data from corresponding clinical visits (within 180 days
prior to or after the MRI examination), there is a chance that
some acute MRI scans were mislabeled as chronic or nonacute.
From our expert centers, we observed that patients are not al-
ways able to gain access to undergo MRI close to an attack that
is not documented. Thus, we are confident that the misclassifi-
cation of chronic scans or lesions as acute scans or lesions would
be low. This finding is in line with another large study (31)
in which attacks were documented and MRI was performed,
but AQP4-IgG testing was the limiting factor required for cor-
rect diagnosis. In our study, the radiologist was also blinded to
the radiologic readings used for the diagnosis. The MRI scans
suggestive of acute lesions were analyzed, and lesions were con-
firmed as not silent or misread after unblinding the diagnoses.
Therefore, through expert-center data collection, we were able
to extract detailed clinical and MRI lesion information for pro-
filing an orphan disease. Because few patients had new lesions
and/or acute MRI scans, with mostly confirmed optic neuritis
and/or myelitis attacks during the closest clinical visit, the dy-
namics of silent lesions on longitudinal MRI scans were not
assessed. Other MRI studies found virtually no lesions (<3%
of patients with AQP4-IgG—seropositive NMOSD), except few

brain lesions, were clinically silent for longer than 3 months
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(30). More discussion regarding SC MRI and limitations at CE
lesions and/or acute scans can be found in Appendix S1 (supple-
mental discussion and supplemental limitations sections).

The implementation of standardized imaging protocols and
regular MRI follow-up in patients with neuromyelitis optica spec-
trum disorder is a future direction for disease monitoring (32).
Large collaborative studies would benefit from standardized MRI
protocols when planning for monitoring and volumetric central
nervous system assessments, which will provide further insights
into potential diffuse and/or subclinical disease activity (24).
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