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Abstract

Background The clinical phenotypes of myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD)
have been found to overlap with several other diseases. The new criteria proposed in 2023 were designed to better
identify the disease but require validation across various populations to ascertain its clinical utility. We aimed to inves-
tigate the diagnostic performance in phenotypically diverse patients.

Methods This multicenter study retrospectively included adult and pediatric patients who were hospitalized

for a first suspected demyelinating event and tested positive for MOG immunoglobulin G (IgG) during the acute
phase. The 2023 Lancet Neurology criteria were assessed against the benchmark of empirical clinical diagnosis,

and the 2018 JAMA Neurology and Journal of Neuroinflammation criteria were also evaluated for comparative analysis.

Results Among the 291 eligible patients (82 adults, 209 children), 282 (96.9%) were clinically diagnosed as definite
MOGAD (77 adults, 205 children), while 262 (90.0%) fulfilled the 2023 diagnostic criteria (78 adults, 184 children).

A total of 265 patients met the criteria for core clinical demyelinating events, and 76 (26.1%) had serum clear posi-
tive MOG-IgG (= 1:100). The sensitivity of the 2023 criteria was 0.91 (adults vs. children=0.97 vs. 0.89), the specific-
ity was 0.56 (adults vs. children=0.40 vs. 0.75), positive likelihood ratio was 2.06 (adults vs. children=1.62 vs. 3.57),
and negative likelihood ratio (NLR) was 0.15 (adults vs. children=0.06 vs. 0.14). Additionally, 264 and 256 cases were
classified as definite MOGAD by the 2018 JAMA Neurology and Journal of Neuroinflammation criteria, respectively.
Compared to the 2023 diagnostic criteria, the 2018 JAMA Neurology criteria demonstrated similar diagnostic per-
formance. However, the 2018 Journal of Neuroinflammation criteria exhibited comparable sensitivity (0.92, adults
vs. children=0.96 vs. 0.89), higher specificity (1.00, adults vs. children=1.00 vs. 1.00) and better NLR (0.09, adults vs.
children=0.04 vs. 0.11).
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Conclusions The 2023 criteria demonstrated good sensitivity in adult and pediatric patients in China yet mod-
est specificity. Close follow-up is needed for patients with atypical phenotypes but high-titer MOG-IgG to avoid

underdiagnosis.

Keywords Myelin oligodendrocyte glycoprotein antibody-associated disease, 2023 diagnostic criteria, Core
demyelinating event, Antibody titer, Real-world application, Multicenter cohort

Background

In recent years, myelin oligodendrocyte glycoprotein-
immunoglobulin G (MOG-IgG) has been detected in
patients with demyelinating diseases of the central
nervous system (CNS). Despite various descriptions of
this phenomenon, the prevailing terminology used is
MOG antibody-associated disease (MOGAD) [1]. The
clinical manifestations of MOGAD are diverse, overlap-
ping with various conditions such as multiple sclero-
sis (MS), neuromyelitis optica spectrum disorder, and
acute disseminated encephalomyelitis (ADEM), pos-
ing a challenge for diagnosis [2]. In 2018, two research
groups proposed the concepts and diagnostic criteria of
“MOG-IgG-associated disorder” and “MOG-IgG-asso-
ciated encephalomyelitis” based on clinical phenotypes
and MOG-IgG testing results [3, 4], which have since
been widely applied in clinical practice in China. How-
ever, numerous issues have emerged during the clinical
application of these criteria, particularly when low-titer
MOG-IgG was identified in patients with suspected MS
or other CNS inflammatory demyelinating diseases,
thereby complicating the diagnostic process [5].

In 2023, new diagnostic criteria for MOGAD were
proposed by an international expert group [6]. They are
based on demyelinating phenotypes, antibody titers,
supportive criteria, and exclusion criteria for diag-
nostic evaluation. Their diagnostic performance have
been confirmed in several single-center and small-
sample studies [7-13], yet they have not been vali-
dated in China as of yet. Pediatric patients constitute
a significant proportion of the overall patient popula-
tion, and their clinical presentation differs significantly
from adults [2, 14—16]. Currently, only three pediatric
studies have been conducted [10, 11, 13]. However, as
there are potential differences in disease presentation
between different countries and ethnicities, it is impor-
tant to ascertain the performance of the new criteria
in large, diverse cohorts including both pediatric and
adult patients. Furthermore, specific phenotypes, such
as short-segment myelitis (STM), aseptic meningitis,
and clinical presentations of seizures with negative
magnetic resonance imaging (MRI) findings [17-23],
have not been studied using the new criteria. Clarifica-
tion of their classification in the diagnostic criteria is
needed to facilitate diagnosis and treatment.

This study aimed to evaluate the performance of the
2023 MOGAD diagnostic criteria in children and adults
in a multi-center Chinese cohort, analyzing its clinical
utility and application challenges.

Methods

Patients

This was a multi-center-based retrospective study of
adult (>18 years old) and pediatric (<18 years old)
patients from the Second Affiliated Hospital, School
of Medicine, Zhejiang University, Children’s Hospital,
Zhejiang University School of Medicine, and Zhejiang
Hospital, between September 2016 and July 2023. All
participants had a suspected inflammatory demyelinat-
ing event, and positive MOG-IgG was detected in either
serum or cerebrospinal fluid (CSF) using a fixed cell-
based assay (CBA). The inclusion criteria were as follows:
(1) first episode and hospitalized during the acute phase;
(2) complete clinical data and all available brain + spi-
nal cord *orbital MRI and/or ophthalmic examination.
Patients who were not experiencing their initial attack
and those with clinical information lacking or with
incomplete data were excluded (Fig. 1).

Demographic, clinical, and paraclinical data, includ-
ing sex, age of onset, disease duration (period from the
onset of symptoms to the time of hospital admission),
clinical phenotypes, MOG-IgG titers, radiological fea-
tures, and ophthalmic examination results from the first
attack were collected from medical records during the
diagnostic workup. The following MRI sequences were
used: T1-weighted imaging, T2-weighted imaging, fluid-
attenuated inversion recovery (FLAIR) imaging, and con-
trast-enhanced T1-weighted imaging. This research was
approved by the local ethics committee of each partici-
pating center. The requirement to obtain patient consent
was waived for this retrospective study.

MOG-IgG assay

The MOG-IgG assay was performed at the acute phase
of disease within 1 week of admission using commer-
cial fixed CBA kits (Euroimmun, Liibeck, Germany)
with HEK293A cells transfected with full-length human
MOG, following the manufacturer’s instructions at all
centers [24]. Screening of serum samples was performed
at 1:10 dilution, and if positive, titrated at 1:10, 1:32,
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Patient with a suspected inflammatory
demyelinating event and positive MOG-IgG
(n=306)
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Fig. 1 Flowchart of study cohort and application of MOGAD criteria. Abbreviations: FN, False negative; FP, False positive; MOG-lgG, Myelin
oligodendrocyte glycoprotein-immunoglobulin G; MOGAD, Myelin oligodendrocyte glycoprotein antibody-associated disease; NLR, Negative
likelihood ratio; NPV, Negative predictive value; PLR, Positive likelihood ratio; PPV, Positive predictive value; TN, True negative; TP, True positive

1:100, 1:320, 1:1000, and 1:3200. CSF samples were ini- a “clear positive” MOG-IgG was established when the
tially screened at 1:1 dilution, and then serially diluted at ~ serum titer greater than or equal to 1:100 [6].

1:3.2, 1:10, 1:32, etc. MOG-IgG titers were determined

according to the fluorescence of the different sample Diagnostic criteria assessment

dilutions by two independent examiners using indirect  Before applying the 2023 and 2018 MOGAD diagnos-
immunofluorescence test. According to the 2023 criteria, tic criteria, two neurologists independently assigned a
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“clinical diagnosis” to each patient, classifying them as
either definite MOGAD or non-MOGAD, based on their
initial clinical and paraclinical characterizations as well
as subsequent follow-up observations. This approach
provided a robust benchmark for evaluating the pro-
posed diagnostic criteria. Patients were also assessed
at the time of their initial clinical onset using the 2023
Lancet Neurology criteria [6], the 2018 JAMA Neurology
[3] and 2018 Journal of Neuroinflammation criteria [4]
(Additional file 1: Fig. S1), with subsequent classifica-
tion into definite and possible/non-MOGAD categories.
“Possible MOGAD” referred to patients exhibiting diag-
nostic “red flags” according to the 2018 Journal of Neu-
roinflammation criteria [4], but whose antibody status
could not be confirmed via additional CBA testing since
no second, methodologically different CBA was available
at our center. The concordance rates for these diagnos-
tic criteria were 95%, 97%, 98%, and 95%, respectively.
In instances of diagnostic discordance, resolution was
achieved through team discussion.

Statistical analysis

The study results were presented using percentages,
medians, and interquartile range (IQR). The Mann—
Whitney U test was used to compare differences between
continuous variables in two groups, while the chi-square
test or Fisher’s exact test was used to compare differ-
ences between categorical variables. Spearman’s rank
correlation coefficient was used to measure the associa-
tion between two variables. To assess the performance of
the 2023 and 2018 diagnostic criteria against the clinical
diagnosis, we calculated the true positives (TP), true neg-
atives (TN), false negatives (FN), and false positives (FP),
along with their respective ratios. These ratios included
sensitivity, specificity, accuracy, positive predictive value
(PPV), negative predictive value (NPV), positive likeli-
hood ratio (PLR), and negative likelihood ratio (NLR),
each with a 95% confidence interval (CI) (Fig. 1) [25]. All
statistical analyses were performed using R version 4.3.2.
A two-tailed p-value (p<0.05) was considered statisti-
cally significant.

Results

Demographic characteristics and clinical features

Among the 306 patients who tested positive for MOG-
IgG, 15 were excluded based on the inclusion and exclu-
sion requirements (Fig. 1). Of the remaining 291 eligible
patients, 28.2% (n=282) were adults, and 71.8% (n=209)
were children. As shown in Table 1, the male-to-female
ratio was approximately 1:1 in the overall cohort, with
no significant differences observed between the two age
groups. The median age of onset was 35.5 years in adults
(IQR=27.0-54.0, range=18.0-75.0), and 6.8 years in
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children (IQR=5.0-10.1, range=0.4—17.0). Adults also
had a significantly longer duration of disease at admis-
sion compared to children (p=0.013).

Referring to the clinical phenotypes, optic neuritis
(ON) was predominant in adults (n =22, 26.8%), followed
by myelitis (n=16, 19.5%), while ADEM was predomi-
nant in children (n =84, 40.2%). Two hundred and eighty-
seven cases showed positive serum antibodies, with a
median titer of 1:32 (IQR=1:10-1:100, range=1:10—
1:1000). The remaining four cases with negative serum
antibodies tested positive for CSF MOG-IgG (1:10). The
median interval from the first attack to MOG-IgG testing
was 12.0 days (IQR=8.0-20.0, range=2.0-125.0), with
no significant correlation with antibody titer (p=0.737).
All patients with visual impairment (n=68) underwent
fundoscopy, with 44 cases showing optic disc edema, and
10 out of 30 patients who received orbital enhanced MRI
found perineural optic sheath enhancement, which was
more common in adults than children (9 vs. 1, p<0.001)
(Table 1). Additionally, all patients with symptoms sug-
gesting involvement of the brain and/or spinal cord
underwent comprehensive MRI examinations of the
brain and spinal cord. Among them, intracranial lesions,
including involvement of the cortex, white matter, and
deep gray matter, were significantly more common in
adults than children (Table 1). Notably, seven patients
along with clinical presentation of acute encephalitis
exhibited special imaging types, including five cases (one
adult and four children) with a leukodystrophy-like phe-
notype consistent with previous reports (confluent and
bilateral, essentially symmetric, white matter abnormali-
ties) [18], and two cases (one adult and one child) with
tumefactive demyelination. Moreover, 15 patients (three
adults and 12 children) with clinical features of encepha-
litis or myelitis without detectable abnormalities on T2/
FLAIR and contrast-enhanced MRI were defined as
“MRI-negative encephalitis/myelitis” Additionally, 12
cases (all children) presented as meningitis, character-
ized by headache, nuchal rigidity, CSF pleocytosis, or
leptomeningeal enhancement, without evidence of focal
or multifocal neurological deficits or parenchymal imag-
ing abnormalities, as previously suggested [26]. All cases
underwent rigorous evaluation to exclude infectious or
other potential diagnostic alternatives.

Above all, 282/291 (96.9%) patients were identified
with a clinical diagnosis of MOGAD. Among the remain-
ing nine patients with low-titer MOG-IgG, four met the
diagnostic criteria for MS [27]. Additionally, four patients
presenting with encephalitis were also positive for CSF
N-methyl-p-aspartate receptor (NMDAR)-IgG, leading
to a diagnosis of “MOG antibody and NMDAR antibody
overlapping syndrome (MNOS)” [28]. One case with
longitudinally extensive transverse myelitis (LETM) was
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Table 1 Clinical characteristics and diagnostic classification of adult and pediatric patients

Total Adults Children P-value
Number of patients 291 82 209
Male, n (%) 147 (50.5) 45 (54.9) 102 (48.8) 0423
Age at onset, year, median (IQR) 9.5(5.8-22.5) 35.5(27.0-54.0) 6.8 (5.0-10.1) <0.001
Disease duration, day, median (IQR) 9.0 (5.0-15.0) 10.0 (7.0-20.0) 8.0(5.0-15.0) 0.013
Patients with definite MOGAD by different criteria, n (%)
Clinical diagnosis 282 (96.9) 77 (93.9) 205 (98.1) 0.123
2023 Lancet Neurology 262 (90.0) 78 (95.1) 184 (88.0) 0.110
2018 JAMA Neurology 264 (90.7) 78(95.1) 186 (89.0) 0.163
2018 Journal of Neuroinflammation 256 (88.0) 74 (90.2) 182 (87.1) 0.585
Fulfillment of the 2023 criteria
(A) Core clinical demyelinating events, n (%)
ON 50(17.2) 22 (26.8) 28 (13.4) <0.001
Myelitis 24 (8.2) 16 (19.5) 8(3.8)
ADEM 90 (30.9) 6(7.3) 84 (40.2)
Cerebral monofocal or polyfocal deficits 40(13.7) 10(12.2) 30(14.4)
Brainstem or cerebellar deficits 9(3.1) 5(6.1) 4(1.9)
Cerebral cortical encephalitis often with seizures 22(7.6) 10(12.2) 12(5.7)
Combined events 30(10.3) 10(12.2) 20(9.6)
(B) Clear positive serum MOG-IgG test, n (%) 76 (26.1) 27 (32.9) 49 (23.4) 0.132
(C) Supporting clinical or MRI features, n (%)
ON
Bilateral simultaneous clinical involvement 32(11.0) 10(12.2) 22 (10.5) 0.841
Longitudinal optic nerve involvement 25(8.6) 10(12.2) 15(7.2) 0.254
Perineural optic sheath enhancement 10 (3.4) 9(11.0) 1(0.5) <0.001
Optic disc edema 44(15.1) 12 (14.6) 32(153) >0.999
Myelitis
Longitudinally extensive myelitis 66 (22.7) 20 (24.4) 46 (22.0) 0.779
Central cord lesion or H-sign 57 (19.6) 19(23.2) 38(18.2) 0423
Conus lesion 17 (5.8) 2024) 15(7.2) 0.203
Brain, brainstem, or cerebral syndrome
Multiple ill-defined T2-hyperintensity lesions in supratentorial and often infratentorial 132 (45.4) 17 (20.7) 115 (55.0) <0.001
white matter
Deep grey matter involvement 91(31.3) 8(9.8) 83(39.7) <0.001
lll-defined T2-hyperintensity involving pons, middle cerebellar peduncle, or medulla 90 (30.9) 21 (25.6) 69 (33.0) 0276
Cortical lesion with or without lesional and overlying meningeal enhancement 105 (36.1) 18 (22.0) 87 (41.6) 0.003

Abbreviations: ADEM, Acute disseminated encephalomyelitis; IQR, Interquartile range; MOG-IgG, Myelin oligodendrocyte glycoprotein-immunoglobulin G;
MOGAD, Myelin oligodendrocyte glycoprotein antibody-associated disease; MRI, Magnetic resonance imaging; ON, Optic neuritis

ultimately diagnosed with ependymoma upon patho-
logical examination (patient 1-9 in Additional file 1:
Table S1).

Evaluation and application of the 2023 criteria

We assessed the overall cohort according to the steps
outlined in the 2023 diagnostic criteria (Fig. 2). In Step 1,
265/291 (91.1%) MOG-IgG-positive patients met the cri-
teria for core clinical demyelinating events, including 50
cases of ON, 24 cases of myelitis, 90 cases of ADEM, 40
cases of cerebral monofocal or polyfocal deficits, 9 cases

of brainstem or cerebellar deficits, 22 cases of cerebral
cortical encephalitis often with seizures, and 30 cases of
combined phenotypes (Table 1, Fig. 3). Meanwhile, 26
cases exhibiting atypical phenotypes were classified as
non-MOGAD, including 14 cases (adults: »=3; children:
n=11) of MRI-negative encephalitis (Patient 6—19 in
Additional file 1: Table S1), and 12 cases (all children) of
meningitis (Patient 20-31 in Additional file 1: Table S1).
In Step 2a, 68/265 (25.7%) patients (adults: n=25;
children: n=43) met the criteria for serum clear posi-
tive MOG-IgG. Among the remaining 197 patients, 195
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Fig. 2 Diagnosis workflow for patients with suspected MOGAD (based on the 2023 diagnostic criteria [6]). Abbreviations: CBA, Cell-based assay;
MOG-IgG, Myelin oligodendrocyte glycoprotein-immunoglobulin G; MOGAD, Myelin oligodendrocyte glycoprotein antibody-associated disease;
MRI, Magnetic resonance imaging

(adults: n=54; children: n=141) fulfilled the supportive
criteria in Step 2b and advanced to Step 3 for further
evaluation (Fig. 3). The remaining two patients (all chil-
dren) including one case of STM and one case of MRI-
negative myelitis were classified as non-MOGAD (Patient
32-33 in Additional file 1: Table S1). Consequently, in the
Step 3, except for one case of ependymoma (Patient 5 in
Additional file 1: Table S1), a total of 262 patients were
diagnosed with definite MOGAD (adults: #=78; chil-
dren: n=184).

Among the 282 patients clinically diagnosed as definite
MOGAD, 258 were confirmed as definite MOGAD by
the 2023 criteria (TP), while the remaining 24 were diag-
nosed as non-MOGAD (EN; 10 cases of MRI-negative
encephalitis, 12 cases of meningitis, one case of STM,
and one case of MRI-negative myelitis) (Patients 10-33
in Additional file 1: Table S1). Additionally, five patients
were classified as non-MOGAD according to both the
clinical diagnosis and the 2023 criteria (TN; four cases
of MNOS and one case of ependymoma) (Patients 5-9
in Additional file 1: Table S1). Notably, four patients ini-
tially fulfilled the 2023 criteria for MOGAD during their
first episode of demyelination. Nonetheless, as their dis-
ease progressed, further neuroimaging studies revealed
evidence consistent with MS, culminating in a conclusive

diagnosis of MS (FP) (Patients 1-4 in Additional file 1:
Table S1). Overall, the sensitivity of the 2023 MOGAD
diagnostic criteria compared to clinical diagnosis was
091 (95% CI=0.88-0.94), specificity was 0.56 (95%
CI=0.21-0.86), and accuracy was 0.90 (95% CI=0.86—
0.94). Notably, sensitivity was higher in adult patients
(0.97 vs. 0.89), while specificity was greater in children
(0.75 vs. 0.40). Additionally, we further calculated PPV,
NPV, and PLR and NLR values, adjusted for prevalence,
to assess the significance of positive and negative diag-
nostic results, as shown in Table 2.

Significance of each item of the 2023 diagnostic criteria

To further elucidate the role and significance of each step
in the 2023 diagnostic criteria, we conducted a compre-
hensive analysis (Additional file 1: Fig. S2). In Step 1 of
core demyelinating events, 262 patients who met this cri-
terion were diagnosed as definite MOGAD according to
the 2023 criteria (TP). However, three patients were sub-
sequently excluded and reclassified as non-MOGAD (FP)
during the later steps of the diagnostic process, includ-
ing one case of ependymoma, one case of STM, and
one case of MRI-negative myelitis (Patients 5, 32, 33 in
Additional file 1: Table S1). All the 26 patients who did
not meet the core demyelinating events were classified
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Core clinical demyelinating events

Cerebral mono- or polyfocal deficits
Brainstem or cerebellar deficits
Cerebral cortical encephalitis

I

| ON+Cerebral mono- or polyfocal deficits
| ON+Brainstem or cerebellar deficits
| Myelitis+Cerebral mono- or polyfocal deficits
| Myelitis+Brainstem or cerebellar deficits

Atyical events

Page 7 of 14

[l child
2 Adurt

ON+Myelitis
ON+ADEM

30 45 60 75

Numbers of patients

15

Supporting clinical or MRI features

Brain, brainstem, or cerebral syndrome

Myelitis+Brain, brainstem, or cerebral syndrome

ON+Myelitis+Brain, brainstem, or cerebral syndrome
L

ON+Brain, brainstem, or cerebral syndrome

ON
Myelitis

ON+Myelitis

0 15 30 45 60

Numbers of patients

75 90
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are shown inside the red dashed box). Abbreviations: ADEM, Acute disseminated encephalomyelitis; MRI, Magnetic resonance imaging; ON, Optic

neuritis

as non-MOGAD. Among them, 8 patients (adults: n=2,
children; n=6) met the serum clear positive MOG-IgG
test requirement, including four cases of MRI-negative
encephalitis and four cases of meningitis (Patients 12,
16, 17, 19, 21, 25, 28, 29 in Additional file 1: Table S1).
In summary, the diagnostic sensitivity and specificity of
core demyelinating events within the 2023 criteria were
1.00 (95% CI=0.99-1.00) and 0.90 (95% CI=0.73-0.98),
respectively (Additional file 1: Table S2).

In the evaluation of the serum clear positive MOG-
IgG criterion, 68 out of the 76 patients who met this
requirement were ultimately diagnosed with definite
MOGAD according to the 2023 diagnostic criteria (TP).
The remaining 8 patients were classified as non-MOGAD
(FP) (Patients 12, 16, 17, 19, 21, 25, 28, 29 in Additional
file 1: Table S1). The sensitivity and specificity of this
diagnostic step within the 2023 criteria were 0.74 (95%
CI1=0.68-0.79) and 0.28 (95% CI=0.13-0.47), respec-
tively (Additional file 1: Table S2).

Among the 260 patients who met the supportive cri-
teria, all except one case of ependymoma (Patients 5
in Additional file 1: Table S1) were classified as definite
MOGAD according to the 2023 criteria (TP). Moreover,
among the 31 patients who did not meet the supportive

criteria, three with serum MOG-IgG at 1:100 were diag-
nosed as definite MOGAD (TP): two cases of unilateral
short-segment ON without enhancement and optic disc
edema, and one case of STM. The sensitivity and speci-
ficity for these criteria under the 2023 criteria were 0.99
(95% CI=0.97-1.00) and 0.97 (95% CI=0.82-1.00),
respectively (Additional file 1: Table S2). We further
analyzed the diagnostic performance of each supportive
criterion for ON, myelitis, and brain lesions (Additional
file 1: Table S3). Among 68 patients meeting any ON sup-
portive criterion, optic disc edema was most frequent
(44, 64.7%), while perineural optic sheath enhancement
was least frequent (10, 14.7%). For myelitis, 74 patients
met the criteria, with LETM being the most common
(66, 89.2%) and conus involvement the least common
(17, 23.0%). Of 194 patients meeting any brain lesion cri-
terion, multiple ill-defined T2-hyperintensity lesions in
supratentorial and infratentorial white matter were most
common (132, 68.0%). Patients with ON were more fre-
quently associated with serum clear positive MOG-IgG,
predominantly with perineural optic sheath enhance-
ment (6/10, 60%), while cortical lesions with or without
lesional and overlying meningeal enhancement were
less common (17/105, 16.2%). Excluding the LETM (one



Page 8 of 14

(2025) 23:40

Cai et al. BMC Medicine

QAIIsod an| ¢ ‘aA1ebau anU] ‘N ‘OnjeA 9ANDIPaId SAISO Add ‘011ed POOYIaYI| SAIISOd ‘Yd ‘@n[eA aAndIpaid
dA11RBAN ‘AdN ‘o11el pooy1ay1| aAebaN ‘YN ‘d|gedijdde JoN ‘v ‘@seasip pareidosse-Apogue u110idodA|6 914301puapobijo Ul ‘GyDOW DA1Isod as|eq 44 ‘DA1nebau as|ed ‘N4 {[eAISUl 92USPYUOD) 1D SUOIIDIASIQQY

(91'0-800) L (>¥N) o (PE0-¥00)SL'0  (00'1-860) 00'L (£60-+80)680 (00L-0¥0)00'L (€60-¥80)680 ¥ € 0 ¢8L UIpIyYd
(€1'0-100) Y00 (e>-¥N) e (L60—+C0) 290 (00'1-560) 00l  (660-060)960 (00L-870)00L (660-680)960 G € O v/  SUnpy
(€1'0-90°0) 600 (o-YN) e (€£0-CL'0)9C0 (00'1-660)00L (¥60-/80) L60 (00'1-990)00'L (#60-/80) 160 6 9¢ 0 95¢C [E10]  UOHDWIWDYUIOINGN JO [DUINOL 8LOT
(9T0-90°0) €10 (€£61-990) L19€  (#E€0-€00) €10 (001-£60)00L (¥60-5810)060 (660-610) S£0 @o 0-58 9 060 € 0 L S8L uaIpiyd
(L£0-100)900  (Z€€-6,0)791 (€60-£000)050 (660-680)960 (86:0-98°0) ¥60 (S80-S00)0K0 (00L-160)/60 T T € S/ SUpY
(620-L00) ¥ (LEY-0011) L0T  (8£0-900)6L°0 (00'1-9610) 860 (#6:0-£80) L60  (98°0-1Z0) 950 ﬁ@ 0-880)260 S ¢ v ¥9C [e101 Abojoinan YWYr 810T
(6C0-L00) ¥ (1561-590) £S€  (LE0-€00) T (001-£60)660 (€60-¥80)680 (660-610)520 (6604800680 € ¢¢ L €8l UIpiyd
(LE0-100)900  (Z€€-6L0)T9L (€60-£00)050 (660-6810)960 (860-980) ¥60 (S80-500)0F0 (00'L-160)/60 ¢ ¢ € SL  SUPY
(LE€0-800) L0 (8ZT-660)90C (9€0-90°0) £ (001-9610)860 (¥60-980) 060 (980-120)950 (#60-880) 160 S +¥¢ ¥ 8SC [e3oL Abojoinap 122up7] £70C
(12 %56) (1> %S6) (1D %56) (1> %S6) (1D %S56) (1> %S6) (ID%s6) (u) (u) (u (v
YN 41d AdN Add A>eandy Kpypads Auamisuss  NL N4 dd  dL

sisoubelp [B21UI]D JO SBWYDUSQ 3Y) UO Paseq BUSIID QYOOW 810C PUR €207 241 JO 2oUBWIONSd T djqeL



Cai et al. BMC Medicine (2025) 23:40

case of ependymoma), all other criteria met the defini-
tion of definite MOGAD by the 2023 criteria. Addition-
ally, a comparative analysis between patients with LETM
(n=66) and STM (n=7) revealed no significant differ-
ences in meeting the serum clear MOG-IgG criteria (16
vs. 1, p>0.999) or in the diagnosis of definite MOGAD
(65 vs. 6, p>0.999). Notably, perineural optic sheath
enhancement, optic disc edema, conus lesion, and deep
grey matter involvement exhibited 100% specificity for
clinically diagnosed MOGAD.

Comparison of diagnostic performance among each
criteria

To evaluate the performance differences between the
2023 and the 2018 diagnostic criteria, we reassessed 291
MOG-IgG positive patients and identified 264 and 256
cases as definite MOGAD by 2018 JAMA Neurology cri-
teria and 2018 Journal of Neuroinflammation criteria,
respectively. As illustrated in Fig. 4, in comparison to the
clinical diagnosis, 22 cases of MRI-negative encephali-
tis and meningitis classified as non-MOGAD under the
two 2018 diagnostic criteria were FN (Patients 10-31

2018 JAMA Neurol.

Clinical Diagnosis

(MRI-negative encephaliti
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in Additional file 1: Table S1). And four cases of MNOS
and one case of ependymoma were TN (Patients 5-9 in
Additional file 1: Table S1). Additionally, there were four
EN cases under the 2018 Journal of Neuroinflammation
criteria, including one case of MRI-negative myelitis
(Patients 33 in Additional file 1: Table S1) classified as
non-MOGAD and three cases (one with ON + encephali-
tis, one with ADEM, one with ON+ ADEM) classified as
possible MOGAD due to the presence of red flag (CSE-
restricted MOG-IgG positivity). Meanwhile, the 2018
JAMA Neurology criteria also yielded four FP cases of MS
(Patients 1-4 in Additional file 1: Table S1).

All patients classified as definite MOGAD under the
2023 criteria met the requirements of the 2018 JAMA
Neurology criteria. However, seven cases with red flags
(three with CSF-restricted MOG-IgG positivity, four
with typical MRI features of MS) classified as possible
MOGAD under the 2018 journal of Neuroinflamma-
tion criteria were identified as definite MOGAD in the
2023 criteria. By contrast, one case of STM (Patients 32
in Additional file 1: Table S1) classified as non-MOGAD
by the 2023 criteria met the two 2018 criteria, and one

2018 J Neuroinflammation
2023 Lancet Neurol.

2G positivity*)

Number of patients with definite MOGAD

2018 JAMA Neurol.

Clinical Diagnosis

2018 J Neuroinflammation

2023 Lancet Neurol.

Number of patients with possible/non-MOGAD

Fig.4 Venn diagram of patients with definite or possible/non-MOGAD by each diagnostic criteria. *Possible MOGAD with red flags, but unable

to verify antibody status through additional CBA testing due to technical limitations (three cases with CSF-restricted MOG-IgG positivity, four MS
cases with typical MRI features, four cases with MNOS, one case with ependymoma). Abbreviations: CBA, Cell-based assay; CSF, Cerebrospinal fluid;
MOG-IgG, Myelin oligodendrocyte glycoprotein-immunoglobulin G; MOGAD, Myelin oligodendrocyte glycoprotein antibody-associated disease;
MRI, Magnetic resonance imaging; MS, Multiple sclerosis; MNOS, Myelin oligodendrocyte glycoprotein antibody and N-methyl-d-aspartate receptor

antibody overlapping syndrome; STM, Short-segment myelitis
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MRI-negative myelitis case (Patients 33 in Additional
file 1: Table S1) met the 2018 JAMA Neurology criteria.

Following the clinical diagnosis, we evaluated the
diagnostic performance of the two criteria. As shown in
Table 2, the performance of the 2018 JAMA Neurology
criteria was similar to the 2023 criteria. When compared
to the 2018 Journal of Neuroinflammation criteria, the
2023 criteria exhibited comparable sensitivity (0.92, 95%
CI=0.88-0.95 vs. 0.91, 95% CI=0.87-0.94) and accu-
racy (0.91, 95% CI=0.87-0.94 vs. 0.91, 95% CI=0.87-
0.94) but lower specificity (0.56, 95% CI=0.21-0.86 vs.
1.00, 95% CI=0.66-1.00) and worse NLR (0.14, 95%
CI=0.07-0.29 vs. 0.09, 95% CI=0.06—0.13) and PLR
(2.06, 95% CI=0.99-4.28 vs. o0, 95% CI=NA-o0). All
three sets of criteria showed better sensitivity, accuracy,
and NLR among adult patients than among children. In
contrast, the 2023 criteria and the 2018 JAMA Neurology
criteria both showed lower specificity and PLR in adults
than in children, while the 2018 Journal of Neuroinflam-
mation criteria showed 100% specificity and a nominally
infinite PLR in both adults and children.

Discussion

This study was a real-world application of the 2023
MOGAD diagnostic criteria using the largest cohort of
adult and pediatric patients as yet studied for this set of
criteria. We found that the 2023 MOGAD criteria dem-
onstrated high diagnostic sensitivity and accuracy across
different age groups, but lower specificity and a worse
NLR compared to previously published criteria with
similar sensitivity. Nevertheless, cautious differentiation
is essential in cases with overlapping clinical and imaging
features of MS. While the inclusion of core clinical demy-
elinating events has facilitated the diagnosis of MOGAD,
regular follow-up and close monitoring are still war-
ranted for patients presenting with atypical phenotypes
accompanied by high-titer MOG-IgG.

Upon evaluation using the 2023 diagnostic criteria, 262
out of 291 MOG-IgG-positive patients were classified as
definite MOGAD. A comparison with clinical diagnosis
revealed four FP and 24 FN cases, indicating the potential
for misdiagnosis and underdiagnosis. Although these FP
cases did not receive an MS diagnosis at the time of their
initial attack, subsequent evaluations revealed that they
indeed had MS. This underscores the diagnostic chal-
lenge, as the differentiation between MOGAD and MS
remains inherently complex [21, 22, 29-31]. Similarly, the
research conducted by Lipps et al. corroborated the con-
cern that the 2023 diagnostic criteria may not adequately
distinguish between MOGAD and MS [29]. Given the
incomplete specificity and pathogenic potential of MOG-
IgG, particularly at low titers, the clinical relevance of
these antibodies in disease pathogenesis warrants further
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investigation [5]. Considering the risk of low-titer false-
positive MOG-IgG results in adult patients with a first
demyelinating event typical of MS, Jarius et al. and Ger-
aldes et al. highlighted the importance of pre-test prob-
ability [4, 30]. Overall, accurate diagnosis of MOGAD
might necessitate a comprehensive approach, repeat
serological assessment, use of confirmatory assays,
reevaluation of imaging, and vigilant monitoring of clini-
cal progression and therapeutic response [31]. Keep in
mind that diagnosing MOGAD necessitates the exclusion
of other more likely conditions, particularly MS, and this
distinction is of utmost importance for patients with low
MOG-IgG titers. Even if patients initially meet the diag-
nostic criteria for MOGAD, ongoing regular follow-ups
and dynamic re-examinations are indispensable. If fea-
tures emerge that are consistent with MS, it is imperative
to reconsider the original diagnosis. Future refinements
to diagnostic criteria are essential to improve specificity
and better differentiate between MOGAD and MS.
Among the 24 EN cases, 22 presented with meningi-
tis (12 cases) and MRI-negative encephalitis (10 cases),
which were excluded due to not meeting the criteria
for core demyelinating events. All cases of meningitis
in our study were in children, and, as reported in previ-
ous studies, meningitis is not uncommon in pediatric
MOGAD (32, 33]. These patients typically presented with
increased CSF cell counts, and symptoms such as fever
and headache. Most patients have favorable responses to
immunotherapy, while MOG-IgG titers tend to decrease
following treatment [17, 33]. Although patients with
MOG-IgG-positive meningitis may not be diagnosed
as definite MOGAD according to the 2023 criteria, this
clinical phenotype might fundamentally belong on the
MOGAD spectrum, especially when presenting with
clear positive MOG-IgG. Further study into the pediatric
meningitis phenotype is needed, to evaluate its use as a
core clinical demyelinating event. Referring to the MRI-
negative encephalitis, the negative findings may be due
to delayed imaging manifestations compared to clinical
symptoms, small lesions that are not visible, or detec-
tion biases resulting from instrument parameter set-
tings [34]. Actually, pediatric patients constitute 80% of
these FN MRI-negative encephalitis cases, and their rela-
tively shorter disease course compared to adults might
increase the incidence of MRI-negative findings. None-
theless, the presence of neurological deficits strongly sug-
gests inflammatory CNS damage, and the possibility of
MOGAD cannot be ruled out, especially in the presence
of high-titer MOG-IgG. Repeated MRI examinations
during the disease course may facilitate the identifica-
tion of underlying demyelinating events. Moreover, cases
with MRI-negative findings but concurrent clinical fea-
tures such as seizures, psychiatric symptoms, or altered
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consciousness may fulfill the diagnostic criteria for auto-
immune encephalitis [35]. Considering the broad spec-
trum of MOGAD and the overlaps in pathophysiology
[36, 37], these cases may still fall within the MOGAD
spectrum. Overall, in light of the diversity and complex-
ity of MOGAD phenotypes, we recommend combin-
ing these atypical phenotypes and diagnosing patients
with clear positive MOG-IgG as “possible MOGAD”
to avoid underdiagnosis and to facilitate treatment
decision-making.

Moreover, the remaining two FN patients with core
demyelinating events of STM and MRI-negative myelitis
were categorized as non-MOGAD due to the low-titer
MOG-IgG and the absence of supportive criteria. These
findings corroborated the discoveries of Forcadela et al.,
who suggested that delayed testing or insufficient inves-
tigation may result in low positive MOG-IgG titers and
a lack of supportive features, thereby contributing to
missed diagnosis [8]. Consequently, the integration of
antibody testing with clinical and paraclinical findings
was imperative for accurate MOGAD diagnosis. An eval-
uation of each step of 2023 diagnostic criteria revealed
that antibody titer exhibited a high NLR (0.94, 95%
CI=0.50-1.76), underscoring its significance in exclud-
ing non-MOGAD though with potential risk for under-
diagnosis [38]. Another study by Kurd et al. also reported
that the 2023 criteria did not improve the diagnostic
accuracy of the antibody test alone [10]. Indeed, merely
26% of our patients met the criteria for clear positive
serum MOG-IgG (>1:100), a proportion lower than that
reported in other studies. This discrepancy may be attrib-
uted to the fact that a substantial number of patients
were in the acute phase of the disease, with a relatively
short duration of disease, and most sought medical atten-
tion and antibody testing promptly after onset. During
the early stages of the disease, antibody titers may be low,
gradually increasing as the disease progresses, and then
decreasing in the later stages [30, 39]. Some patients in
our cohort may have lower serum MOG-IgG which
could be attributed to the early stage of the disease, while
their antibody titers could reach the requirement for
clear positivity later in the disease. Another study by Kim
et al. also reported a sensitivity of 93% for the 2023 crite-
ria after a median observation period of 24 months and
only 84% at disease onset [9]. Therefore, these patients
might be “potential” MOGAD. Meanwhile, current anti-
body detection methods have not yet achieved standardi-
zation, as there are weaknesses in their consistency and
repeatability, which may result in false positive or false
negative results [39]. To facilitate timely diagnosis and
treatment, patients with suspected diagnoses and low
serum MOG-IgG titers or positive MOG-IgG antibod-
ies only in the CSF should undergo antibody retesting
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[4]. Furthermore, MOG-IgG levels might be influenced
by factors such as ethnicity and geographic region, as low
titers have also been observed in other studies conducted
in China [40—-42]. Further research is needed to confirm
these findings.

The integration of supportive criteria as ancillary evi-
dence in case of low-titer MOG-IgG was crucial for
enhancing the sensitivity of MOGAD diagnosis and
thereby reducing the risk of underdiagnosis. However,
among patients with optic nerve enhancement, the pro-
portion of cases with serum clear positive MOG-IgG was
the highest, whereas cortical lesions were the least com-
mon. Previous studies have suggested that MOG-IgG
titers were associated with brain lesions. Optic nerve
enhancement might indicate more pronounced inflam-
matory damage, whereas cortical lesions may be related
to relatively lower titers due to the lesions being local-
ized or early disease stage [43]. Intracranial involvement,
including white matter, deep gray matter, and cortical
regions, was common in CNS demyelinating diseases
but lacked specificity, potentially leading to FP diagnoses
like MS [44]. In such cases, the requirement for serum
clear positive MOG-IgG could reduce the risk of misdi-
agnosis. Further research into the intracranial imaging
characteristics of MOGAD is warranted to improve diag-
nostic specificity and avoid misdiagnosis. Additionally,
after comparing MOG-IgG-positive patients with STM
and LETM, we found no differences in terms of meeting
the criteria for “serum clear positive MOG-IgG” or “defi-
nite MOGAD”. Vigilance regarding a potential diagnosis
of MOGAD remains essential in cases of STM [20]. How-
ever, due to the limited number of STM patients in this
study, further investigations with larger cohorts are war-
ranted to assess its specificity in MOGAD.

Overall, we found that the 2023 diagnostic criteria
exhibit high sensitivity (91%) but relatively lower speci-
ficity (56%). This finding aligns with the validation study
by Alaboudi et al., which reported high sensitivity (100%)
but low specificity (56%) for the 2023 criteria [7]. The low
specificity was primarily associated with FP in MS cases.
In other validation studies, a single-center study from
the USA conducted by Filippatou et al. supported the
diagnostic utility of the MOGAD criteria, suggesting its
accuracy in distinguishing MOGAD from serologically
low-titer MOG-IgG positive mimics [11]. Additionally,
the 2023 criteria have demonstrated favorable diagnos-
tic performance in cohorts from South Korea [9], the
UK [13], and Israel [10, 12]. Compared to the two 2018
criteria [3, 4], the 2023 criteria exhibited comparable
sensitivity, underscoring its efficacy in identifying true
MOGAD cases. However, its relatively lower specific-
ity when comparing with the 2018 Journal of Neuroin-
flammation criteria indicated persistent challenges in
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excluding FP diagnoses, particularly in distinguishing
MOGAD from MS. By contrast, another study by For-
cadela et al. found no difference in specificity between
these two criteria, which may be attributed to differences
in the study populations and methodologies between the
two studies [8]. It is noteworthy that the 2018 journal
of Neuroinflammation criteria were primarily intended
for use in adults and adolescents [4]. Nonetheless, when
applied to pediatric patients, we found these criteria to
demonstrate robust diagnostic performance. By conven-
tion, tests, including diagnostic criteria, are deemed clin-
ically useful if they have a PLR>10 and a NLR<0.1 [45].
In our study, only the 2018 Journal of Neuroinflammation
criteria met both of these conditions. Importantly, the
2023 criteria demonstrated a higher NLR, meaning that
their efficacy in ruling out MOGAD (in case the criteria
are not met) was lower. When considering the exclusion
of atypical phenotypes and FP cases, the 2023 criteria
offered a more detailed diagnostic framework, provid-
ing clearer guidance for clinical practice in some situa-
tions and addressing the diagnostic uncertainties caused
by data deficiencies [6]. In details, compared to the 2018
JAMA Neurology criteria, the 2023 criteria explicitly clas-
sified STM and MRI-negative myelitis with low-titer
MOG-IgG as non-MOGAD, thereby potentially increas-
ing diagnostic specificity and reducing the burden of
overdiagnosis and overtreatment. Compared to the 2018
Journal of Neuroinflammation criteria, the 2023 criteria
increased clinical practicability by supplementing sup-
portive criteria for CSF-restricted MOG-IgG-positive
cases, i.e., by addressing diagnostic uncertainties arising
from the reliance on CSF antibody testing alone due to
sample acquisition issues or data loss.
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Interestingly, the 2023 criteria exhibit higher diagnos-
tic specificity in children compared to adult patients,
albeit with lower sensitivity. Previous research by Kurd
et al. also supported the good diagnostic performance of
the new criteria in pediatric patients [10]. However, Var-
ley et al. reported that the 2023 criteria exhibited higher
sensitivity in children compared to adults, with simi-
lar specificity, primarily due to a higher incidence of FN
ON in adults [13]. In contrast, our cohort showed more
EN cases of MRI-negative encephalitis and meningitis in
children, leading to reduced sensitivity.

Our study has several limitations. First, as a retrospec-
tive study, it was inherently prone to bias. Second, the
use of fixed CBA for MOG-IgG detection may result in
slightly lower sensitivity compared to live CBA, poten-
tially leading to lower antibody titers [46, 47]. Nota-
bly, MOG-IgG testing was susceptible to measurement
errors. According to the 2018 Journal of Neuroinflam-
mation criteria, patients with borderline, unequivocal,
or low-titer antibodies were required to undergo a sec-
ondary test to confirm a positive MOG-IgG result [4]. In
contrast, the 2023 diagnostic criteria permitted diagnosis
based on supporting criteria, yet clinical or paraclinical
features cannot transform a truly FP laboratory results
into a TP. Additionally, the 2023 criteria used the same
clinical or paraclinical features both to confirm ques-
tionable antibody results and as triggers for MOG-IgG
testing, potentially creating a circular reasoning that
could result in the erroneous reclassification of genuine
FP cases as TP. Hence, future multicenter studies with
larger cohorts and diverse antibody testing methods are
needed to validate the diagnostic criteria and refine test-
ing requirements to improve specificity.

Suspicion of MOGAD
' |
Step 1: Core clinical
demyelinating event? b= e
Step 2a: Clear positive . N w v
MOG-IgG test? e ° N -
Step 2b: Supporting
Y N

clinical or MRI features? b °
Step 3: Exclusion of ‘
better diagnoses \l/ l
Diagnostic classification Pefnite DNoh- il

MOGAD MOGAD MOGAD

Fig. 5 Recommended diagnostic workflow for MOGAD. Abbreviations: MOG-lgG, Myelin oligodendrocyte glycoprotein-immunoglobulin G;
MOGAD, Myelin oligodendrocyte glycoprotein antibody-associated disease; MRI, Magnetic resonance imaging
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Conclusions

The 2023 diagnostic criteria demonstrated good sensitiv-
ity but relatively modest specificity in Chinese pediatric
and adult cohorts. We suggest a supplementary diagnos-
tic subtype of “possible MOGAD” for patients presenting
with non-core clinical demyelinating events, i.e., menin-
gitis, or MRI-negative encephalitis/myelitis, but who also
met the requirement of serum clear positive MOG-IgG
(Fig. 5). Close follow-up is needed for these patients to
avoid missed diagnoses. Furthermore, a more compre-
hensive analysis is warranted for MOG-IgG positive
patients who do not fulfill the diagnostic criteria to thor-
oughly exclude alternative genetic, metabolic, or infec-
tious etiologies.

Abbreviations

ADEM Acute disseminated encephalomyelitis

CBA Cell-based assay

cl Confidence interval

CNS Central nervous system

CSF Cerebrospinal fluid

FLAIR Fluid-attenuated inversion recovery

FN False negative

FP False positive

[e]€] Immunoglobulin G

IQR Interquartile range

LETM Longitudinally extensive transverse myelitis

MNOS Myelin oligodendrocyte glycoprotein antibody and N-methyl-d-
aspartate receptor antibody overlapping syndrome
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MOGAD  MOG antibody-associated disease

MRI Magnetic resonance imaging

MS Multiple sclerosis

NLR Negative likelihood ratio
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NPV Negative predictive value
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PLR Positive likelihood ratio

PPV Positive predictive value

STM Short-segment myelitis

™ True negative

TP True positive
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