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Differentiation of acute-phase
AQP4-1gG+ optic neuritis from CNS
inflammatory diseases using optic
nerve head blood flow analysis
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Mizuki Otomo3, Airi Takagi®, Takahiro Oshima?, Ryo Kimura?, Kazuko Omodaka?,
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Early diagnosis of optic neuritis (ON) associated with aquaporin-4 immunoglobulin-G (AQP4-1gG),
myelin oligodendrocyte glycoprotein immunoglobulin-G (MOG-IgG), or multiple sclerosis (MS) is
challenging due to invasive and time-consuming tests. We investigated whether ophthalmologic
assessments, including laser speckle flowgraphy (LSFG) and optical coherence tomography (OCT),
are useful for distinguishing among these diseases at ON onset. This retrospective study included 10
AQP4-1gG+ON patients, 20 MOG-IgG+ON patients, 9 MS-ON patients, and 27 idiopathic ON (ION)
patients at initial onset, and 66 propensity-score-matched control eyes. We measured mean blur rate
(MBR), representing blood flow velocity, using LSFG and assessed optic nerve head (ONH) vessel-area
MBR (ONH-MV), tissue-area MBR (ONH-MT), and peripapillary choroidal MBR. Circumpapillary retinal
nerve fiber layer (cpRNFL) thickness was measured with OCT. We found that MOG-1gG+ON patients
had a significantly thicker cpoRNFL than AQP4-1gG+ON patients and controls (P <0.05). AQP4-IgG+ON
and MOG-IgG+ON patients had significantly lower ONH-MV than controls (P<0.001). AQP4-IgG+ON
patients had significantly lower ONH-MT than MOG-IgG+ON, MS-ON, ION patients, or controls, and
lower choroidal MBR than controls (P <0.05). A receiver operating characteristic analysis combining
cpRNFL thickness, ONH-MV, ONH-MT, and choroidal MBR achieved an area under the curve of 0.892 in
differentiating AQP4-1gG+ON from other diseases (P <0.001). LSFG and OCT could distinguish AQP4-
IgG+ON from other diseases at onset non-invasively.

Keywords Laser speckle flowgraphy, Optic neuritis, Neuromyelitis optica spectrum disorders, Myelin
oligodendrocyte antibody-associated diseases, Multiple sclerosis

Aquaporin-4 immunoglobulin G-positive (AQP4-IgG+) neuromyelitis optica spectrum disorder (NMOSD),
myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD), and multiple sclerosis (MS)
are autoimmune inflammatory diseases of the central nervous system (CNS), each characterized by a distinct
pathophysiology, clinical features, and prognoses!™. AQP4-IgG+NMOSD is especially notable, as it targets
astrocytes via complement-dependent and independent cell cytotoxicity and triggers secondary severe
inflammation and demyelination, resulting in significant neurological impairments such as blindness, paralysis,
and bladder dysfunction®-3. Early diagnosis and timely treatment are essential; however, reliance on invasive and
time-consuming tests, such as contrast-enhanced MRI and antibody assays, can delay intervention®'°.

In these CNS diseases, inflammation often affects the optic nerves, leading to visual symptoms. Collaboration
with ophthalmologists is thus crucial, as non-invasive and rapid ophthalmologic tests can help in the early
differentiation of these CNS diseases, thereby improving the efficiency of clinical management. Previous studies
have reported that the degree of optic nerve head (ONH) swelling, as measured by optical coherence tomography
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(OCT), varies depending on the underlying CNS disease causing optic neuritis (ON)!1-!3. Moreover, systemic
vasculitis, such as in lupus or Sjogren syndrome, has been reported as a complication potentially related to the
pathophysiology of AQP4-IgG+NMOSD, and the eye is the only organ where the vasculature can be observed
and imaged in vivo through transparent tissues without invasive methods!®. Laser speckle flowgraphy (LSFG)
measures mean blur rate (MBR), a parameter corresponding to blood flow (BF) velocity, by utilizing speckle
patterns generated by laser light scattered by moving red blood cells'>~!”. LSFG is a non-invasive, efficient, and
highly reproducible imaging modality that requires no dye and captures images within just four seconds!>"'”. In
a previous study using LSFG, we demonstrated reduced ocular BF in eyes with ON'8. However, the underlying
CNS disease-specific trends remain unclear.

In this study, we evaluated differences in circumpapillary retinal nerve fiber layer (cpRNFL) thickness and
ocular BF among patients with AQP4-IgG+ON, MOG-IgG+ON, MS-ON, and idiopathic ON (ION) using
OCT and LSFG. Through this evaluation, we aimed to investigate the potential utility of these measurements in
differentiating underlying autoimmune inflammatory CNS diseases, particularly in supporting the diagnosis of
AQP4-IgG+ON.

Results

A comparison of clinical characteristics and ophthalmological findings among the AQP4-IgG+ON, MOG-
IgG+ON, MS-ON, ION, and control groups is presented in Table 1. There were no significant differences in the
patient backgrounds of these groups (P> 0.05). The percentage of patients with ONH swelling was highest in the
MOG-IgG+ON group and lowest in the AQP4-IgG+ON group, with a significant difference between these two
groups (85.0% vs. 20.0%, P<0.001). Compared to the control group, best-corrected visual acuity (BCVA) was
worse in the AQP4-IgG+ON, MOG-IgG+ON, MS-ON, and ION groups (P<0.001). The cpRNFL was thicker
in the MOG-IgG+ON and ION groups than in the control group (P<0.001), and it was thicker in the MOG-

ON groups, n=66
Variables AQP4-IgG+ON | MOG-IgG+ON | MS-ON ION Control,n=66 | Pvalues | P values for specific pairs
Patients, (n, %) 10, (15.2%) 20, (30.3%) 9, (13.6%) 27, (40.9%) - - -
Age, years 48.1+19.0 49.1+21.3 37.6+12.0 40.1+14.7 46.1+16.8 0.2221
Male to female ratio 1:9 6:14 1:8 4:23 18:48 0.500
Systolic BB, mmHg 126.50+15.57 125.65+£22.58 122.78+12.09 | 117.63+16.58 | 121.14+16.48 0.424"
Diastolic BP, mmHg 78.20+11.45 73.05+13.22 74.78+6.67 72.63+14.89 72.27+11.21 0.683"
Pulse rate, bpm 76.50+11.28 79.30+13.85 78.00+6.78 79.26+15.46 75.91+13.09 0.664*
Hypertension (n, %) 3, (30.0%) 3, (15.0%) 1, (11.1%) 2, (7.4%) 13, (19.6%) 0.446
Diabetes mellitus (n, %) 0, (0.0%) 0, (0.0%) 0, (0.0%) 0, (0.0%) 5, (7.6%) 0.498
Dyslipidemia (n, %) 3, (30.0%) 3, (15.0%) 0, (0.0%) 1, (3.7%) 13, (19.6%) 0.111
Heart disease (n, %) 0, (0.0%) 0, (0.0%) 0, (0.0%) 0, (0.0%) 6, (9.1%) 0.345
Optic disc swelling (n, %) 2, (20.0%) 17, (85.0%) 6, (66.7%) 15, (55.5%) - 0.005 E<0.001%"
Length of the ON lesion, mm | 28.35+12.97 23.77+11.06 20.02+6.29 19.20+8.26 - 0.325
ON localization
Intraorbital (n, %) 5/9, (55.6%) 19/20, (95.0%) | 7/8, (87.5%) | 23/27, (85.2%) | - 0.076
Canalicular (n, %) 719, (77.8%) 6/20, (30.0%) 2/8, (25.0%) 9/27,(33.3%) | - 0.077
Pre-chiasmal (n, %) 5/9, (55.6%) 6/20, (30.0%) 2/8, (25.0%) 5/27,(18.5%) | - 0.233
Chiasmal (n, %) 3/9, (33.3%) 4/20, (20.0%) | 1/8, (12.5%) | 6/27, (22.2%) | - 0.801
Optic tract (n, %) 1/9, (11.1%) 0/20, (0.0%) 0/8, (0.0%) 0/27, (0.0%) - 0.266
BCVA, logMAR 1.81+1.20 1.16+1.00 0.78+0.75 1.22+1.12 -0.12+0.08 <0.001%* | A, B, C,D<0.001%*
IOP, mmHg 15.87+£2.82 15.68 £3.46 16.46 +3.46 15.99+2.37 15.38+3.10 0.918"
Color vision, Ishihara score | 3.33+6.63 4.21+6.39 6.00+7.30 5.54+6.95 - 0.547*
CpRNFL thickness, um 113.68 £22.55 167.99£62.06 125.17+30.94 | 155.65+89.95 | 104.59+11.73 <0.001%* | B, D<0.001%*, E=0.002%*
Time before OCT, days 3.20+3.36 3.05+3.49 6.78+3.31 4.22+3.98 - 0.075*
Time before LSFG, days 3.40+3.20 3.15+3.59 7.11+3.48 4.78£4.02 - 0.054*

Table 1. Comparison of clinical characteristics among AQP4-IgG+ON, MOG-IgG+ON, MS-ON, ION, and
control groups. A, AQP4-IgG+ON versus control; B, MOG-IgG+ON versus control; C, MS-ON versus control;
D, ION versus control; E, AQP4-IgG+ON versus MOG-IgG+ON. AQP4, aquaporin-4; BCVA, best-corrected
visual acuity; BP, blood pressure; CpRNFL, circumpapillary retinal nerve fiber layer; IgG, immunoglobulin

G; ION, idiopathic optic neuritis; IOP, intraocular pressure; LSFG, laser speckle flowgraphy; MOG, myelin
oligodendrocyte glycoprotein; MS, multiple sclerosis; OCT, optical coherence tomography; ON, optic neuritis.
P value indications: *indicates statistical significance after appropriate corrections. Unmarked P values:
chi-square test; T indicates one-way analysis of variance (ANOVA) and # indicates Kruskal-Wallis test. For
pairwise comparisons, § indicates the Tukey test, § the Dunn test, and # the Fisher exact test. The significance
level for the Dunn, chi-square, and Fisher exact tests was set at P <0.005 after Bonferroni correction.
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IgG+ON group than the AQP4-IgG+ON group (P=0.002). There were no significant differences in intraocular
pressure (IOP) (P=0.918).

Figure 1 shows box plots of LSFG-derived parameters for the control and ON-related CNS disease groups.
The MOG-IgG+ON group showed a significant decrease in ONH vessel-area mean blur rate (MBR; ONH-
MV) compared to the control group (P<0.001). The AQP4-IgG+ON group also showed a significant decrease
in ONH-MV compared to the control group (P=0.001), but there was no significant difference between the
AQP4-IgG+ON and MOG-IgG+ON groups (Fig. 1a). The AQP4-IgG+ON group showed a significant decrease
in ONH tissue area MBR (ONH-MT), which reflects circulation in the deep capillaries, compared to the MOG-
IgG+ON, MS-ON, ION, and control groups (P=0.010, P=0.039, P=0.015, and P=0.004, respectively) (Fig. 1b).
The AQP4-IgG+ON group showed a significant reduction in peripapillary choroidal MBR compared to the
control group (P<0.001) after Bonferroni correction (Fig. 1c).

Representative control cases and cases of each ON-related CNS disease are shown in Fig. 2. Cases are
shown from top to bottom, as follows: AQP4-IgG+ON, MOG-IgG+ON, MS-ON, ION, and control. In fundus
photographs and OCT images, ONH swelling was observed in the MOG-IgG+ON, MS-ON, and ION patients
but not in the AQP4-IgG+ON patient. In the LSFG color maps, the AQP4-IgG+ON patient showed decreased
MBR in the central retinal artery region, as well as decreased ONH tissue area and peripapillary choroidal MBR,
which can be seen by the cooler colors in comparison to other ON-related CNS diseases and the control case.

Figure 3 shows the receiver operating characteristic (ROC) curves for distinguishing AQP4-IgG+ON from
other ON-related CNS diseases using different modalities. The area under the curve (AUC) was 0.739 (95% CI
0.574-0.903; P=0.086) for OCT alone (cpRNFL thickness) and 0.873 (95% CI 0.772-0.974; P<0.001) for LSFG
parameters alone. When cpRNFL thickness and LSFG parameters were combined, the AUC reached 0.892 (95%
CI 0.764-0.999; P<0.001), which was the highest diagnostic performance among all models and exceeded the
performance of either modality alone.
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Fig. 1. Box plots for LSFG parameters in the AQP4-IgG+ON, MOG-IgG+ON, MS-ON, control, and ION
groups. The x-axis shows the diagnosis, and the y-axis shows the MBR values. Left to right: ONH-MV, ONH-
MT, and peripapillary choroidal MBR. (A) ONH-MV. The ONH-MYV values are as follows: AQP4-IgG+ON
group, 34.58 £8.99 arbitrary units (AU); MOG-IgG+ON group, 36.74+6.16 AU; MS-ON group, 38.93+7.02
AU; ION group, 40.07 £7.77 AU; and control group, 43.87 +6.45 AU (overall P<0.001). Comparisons of
groups are as follows: AQP4-IgG+ON with MOG-IgG+ON (P=0.924), MS-ON (P=0.637), ION (P=0.200),
and control (P=0.001); MOG-IgG+ON with MS-ON (P=0.931), ION (P=0.469), and control (P <0.001); MS-
ON with ION (P=0.992) and control (P=0.257); and ION with control (P=0.117). (B) ONH-MT. The ONH-
MT values are as follows: AQP4-IgG+ON group, 9.97 +1.85 AU; MOG-IgG+ON group, 12.62+2.54 AU; MS-
ON group, 12.68 +1.84 AU; ION group, 12.42+1.83 AU; and control group, 12.52+2.07 AU (overall P=0.009).
Comparisons of groups are as follows: AQP4-IgG+ON with MOG-IgG+ON (P=0.010), MS-ON (P=0.039),
ION (P=0.015), and control (P=0.004); MOG-IgG+ON with MS-ON (P=0.999), ION (P=0.997), and
control (P>0.999); MS-ON with control (P>0.999) and ION (P=0.997); and ION with control (P>0.999). (C)
Peripapillary choroidal MBR. The peripapillary choroidal MBR values are as follows: AQP4-IgG+ON group,
5.37+1.62 AU; MOG-IgG+ON group, 7.44+3.05 AU; MS-ON group, 7.79+2.10 AU; ION group, 7.25+2.09
AU; and control group, 8.11+2.11 AU (overall P=0.004). Comparisons of groups are as follows: AQP4-
IgG+ON with MOG-IgG+ON (P=0.171), MS-ON (P=0.074), ION (P=0.109), and control (P<0.001); MOG-
IgG+ON with MS-ON (P>0.999), ION (P>0.999), and control (P=0.446); MS-ON with ION (P>0.999) and
control (P>0.999); and ION with control (P=0.401). All P values are after Bonferroni adjustment. *P<0.05,
**P<0.01, **P<0.001.
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Fig. 2. Ocular examination data from representative cases. The examinations include, from left to right, the
following: fundus photographs, OCT images, LSFG color map images, and Goldmann kinetic perimetry (GP).
AQP4-IgG+ON patient: BCVA is 20/40, and IOP is 16.7 mmHg. The fundus photograph and OCT image are
normal. The ONH large vessel area, tissue area, and choroidal area (orange and yellow arrows) show decreased
BF; ONH-MV is 30.8 AU, ONH-MT is 8.5 AU, and peripapillary choroidal MBR is 5.0 AU. A superior visual
field defect is present in the GP. MOG-IgG+ON patient: BCVA is 20/400, IOP is 20.3 mmHg. ONH swelling

is present in the fundus photograph (white arrow) and OCT image. In the LSFG color map, the boundary
between the large vessel and tissue areas within the ONH is obscured (orange arrow); ONH-MYV is 30.6 AU,
ONH-MT is 14.4 AU, peripapillary choroidal MBR is 6.3 AU. The GP data show a central scotoma. MS-ON
patient: BCVA is 20/13, IOP is 13.0 mmHg. ONH swelling is observed in the fundus photograph (white arrow)
and OCT image. In the LSFG color map, the boundary between the large vessel and tissue areas within the
ONH is blurred (orange arrow); ONH-MV is 34.3 AU, ONH-MT is 12.8 AU, choroidal MBR is 7.3 AU. The
GP show a parafoveal scotoma. ION patient: BCVA is counting fingers at 10 cm, and IOP is 14.7 mmHg. ONH
swelling is observed in the fundus photograph (white arrow) and OCT image. In the LSFG color map, the
boundary between the large vessel and tissue areas within the ONH is blurred (orange arrow); ONH-MYV is
29.5 AU, ONH-MT is 12.4 AU, and peripapillary choroidal MBR is 7.2 AU. Almost complete visual field loss is
shown by the GP. Control: The fellow eye of a patient with normal tension glaucoma. BCVA is 20/16, and IOP
is 12.0 mmHg. The fundus photograph and OCT image are normal. The LSFG color map is normal: ONH-MV
is 55.4 AU, ONH-MT is 14.3 AU, and peripapillary choroidal MBR is 10.1 AU. The GP is normal.

Discussion

This study is an evaluation of differences in the degree of ONH swelling and BF reduction at initial onset among
CNS diseases presenting with ON and to demonstrate the potential utility of these parameters for differential
diagnosis. The MOG-IgG+ON group showed severe thickening of the cpRNFL compared to the AQP4-IgG+ON
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Fig. 3. ROC curves for differentiating AQP4-IgG+ON from other ON-related CNS diseases (MOG-IgG+ON,
MS-ON, and ION), based on standardized cpRNFL thickness, ONH-MYV, ONH-MT, and peripapillary
choroidal MBR. The AUC was 0.739 (95% CI 0.574-0.903; P=0.086) for OCT alone (cpRNFL thickness; blue),
and 0.873 (95% CI 0.772-0.974; P<0.001) for LSFG parameters alone (red). When cpRNFL thickness and
LSFG parameters were combined (black), the AUC reached 0.892 (95% CI 0.764-0.999; P<0.001).

and control groups. In contrast, the AQP4-IgG+ON group showed a decrease in BF in the large vessel, capillary,
and peripapillary choroidal areas of the ONH compared to the control group. In addition, the AQP4-IgG+ON
group showed a decrease in ONH capillary BF compared to the MOG-IgG+ON, MS-ON, and ION groups,
suggesting that a unique mechanism of hypoperfusion is related to tissue injury in AQP4-IgG+NMOSD. It was
possible to differentiate AQP4-IgG+ON from other ON-related CNS diseases using OCT and LSFG parameters,
which could contribute to the diagnosis of AQP4-IgG+NMOSD in patients in whom it is difficult to identify this
disease at its initial onset.

In this study, the AQP4-IgG+ON group showed a decrease in BF in the ONH large vessels, ONH capillaries,
and peripapillary choroid. Also, the MOG-IgG+ON group showed more severe ONH swelling than the AQP4-
IgG+ON group, as well as decreased BF in the ONH large vessels, but not in the ONH capillaries, compared to the
control group, suggesting that there are different mechanisms of tissue edema and damage in AQP4-IgG+disease
and MOG-IgG+disease. AQP4 is a water channel expressed in the foot processes of astrocytes and is considered
a primary target in AQP4-IgG+NMOSD'-2!. In AQP4-IgG+NMOSD, AQP4-IgG and its activated complement
are deposited around blood vessels and in the astrocytic foot processes, leading to primarily astrocyte lysis at
the perivascular areas, disrupting the vascular barrier function and increasing the permeability of the blood-
brain barrier, which leads to astrocytopathic tissue injury and vasogenic edema®?>%3. This astrocytopathic
lesion with loss of AQP4 and astrocytes causes a secondary demyelinating lesion, featuring dominant loss of
myelin-associated glycoprotein, which is a typical ischemia-like pattern of demyelination related to astrocyte
loss and microvasculature change in AQP4-IgG+NMOSD®?*, Therefore, the specific underlying tissue injury
in AQP4-IgG+NMOSD could explain the differences in BF and ONH changes compared with MOGAD in
the present study. In addition, focal tissue injury induces the production of inflammatory cytokines such as
IL-6 and the recruitment of chemokines, promoting the infiltration of inflammatory cells and the progression
of inflammation; nevertheless, increased levels of cerebrospinal fluid cytokines such as IL-6 are commonly
observed in the acute stage of AQP4-IgG+NMOSD and MOGAD#22:23:25:26,

Astrocytes are present in the retina in addition to the optic nerve, which suggests that the retina is the primary
target of AQP4 antibodies, causing retinitis with axonal pathology in the RNFL and ganglion cell layer?”.
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Furthermore, it is reasonable that BF derived from the central retinal artery and short posterior ciliary artery
is affected, possibly because complication with systemic vasculitis which is occasionally observed in AQP4-
IgG+NMOSD, or because the possible mechanisms of astrocyte dysfunction and vasodynamic change cause
tissue edema and necrosis, as discussed in ischemic models of AQP4 depolarizationzg.

In AQP4-IgG+ON, inflammation tends to occur posterior to the optic nerve, including in the optic chiasm
and optic tract, more frequently than in other types of ON. In contrast, in MOG-IgG+ON, inflammation tends to
occur from the optic nerve to near the ONH3%3!, which is one of the causes of MOG-IgG+ON mainly occurring
with ONH swelling. It is known that in anterior ON, in which ONH swelling occurs, the boundary between
the ONH vessels and tissue is blurred®?, and under these circumstances, ONH-MV is markedly reduced, while
ONH-MT is relatively unaffected, which is consistent with our findings®.

The MS-ON patients in this study did not show significant BF impairment compared to the control group or
the groups with other ON-related CNS diseases. In MS, demyelinating lesions in the CNS are the predominant
pathology, and blood-brain barrier damage, increased vascular permeability, and perivascular inflammation are
not as severe as seen in MOGAD and AQP4-IgG+NMOSD?****. Therefore, it is possible that this explains why
BF damage was not observed in either the ONH or peripapillary choroidal regions in our LSFG evaluations.

In this study, a model using cpRNFL thickness and LSFG parameters (ONH-MV, ONH-MT, and peripapillary
choroidal MBR) showed high diagnostic accuracy (AUC=0.892) in discriminating AQP4-IgG+ON from
other ON-related CNS diseases. Other diagnostic methods, such as those based on contrast-enhanced MRI
(AUC=0.876) and the urine proteome (AUC =0.858), are useful, but they have limitations such as invasiveness
and being time consuming®*%’. Alternative methods using simpler ophthalmic devices, such as OCT angiography
(OCTA), have been reported. For the differentiation of AQP4-IgG+ON and MS-ON, analyses of vessel density
and perfusion density (AUC=0.857)3, the combination of OCTA and serum markers (AUC=0.813)*, and
sector-based methods focusing on patterns of vessel density reduction (AUC=0.833)*" have been highlighted
as effective. However, studies using OCTA have primarily focused on chronic-phase BF and used methods that
were not specialized for acute-phase diagnosis. Furthermore, there have been no reports that included MOG-
IgG+ON. To address these gaps, our study aimed to improve the early diagnosis of CNS diseases causing ON
by focusing on and collecting cases in the initial and early stages. A key strength of our study lies in including
patients with MOG-IgG+ON, which requires antibody testing, thereby broadening the scope of diagnostic
evaluation.

In the 2024 revision of the McDonald diagnostic criteria’?, the optic nerve was added as the fifth anatomical
region of the CNS. Results from evaluation of the optic nerve using OCT, visual evoked potential, and orbital
MRI are now recognized as valid evidence for determining dissemination in space. In this study, we focused
on the acute phase of ON, and the OCT findings we assessed—namely, transient thickening due to edema—
differ from those considered in the McDonald criteria, which include chronic damage, manifested as thinning.
Nevertheless, this revision aligns with our findings in highlighting the growing importance of ocular assessment
in CNS inflammatory diseases.

This study has several limitations. First, this was a relatively short-term study, and the proportions of patients
with different causes of ON may have differed in a longer-term study. However, ON is a rare disease, and large-
scale surveys focusing on ON with specific conditions, such as BF measurements and antibody testing, are
limited in Japan. Therefore, we consider that this study provides important evidence on MOG-IgG and AQP4-
IgG antibodies and ocular BF measurements. Second, the diagnosis of ION in this study was based only on brain
MRI and serological testing. We did not perform cerebrospinal fluid analysis including testing for oligoclonal
bands due to its invasiveness; moreover, spinal MRI has low utility for rare asymptomatic cases of myelitis.
Therefore, we cannot completely rule out the possibility that the ION group included patients who currently had
seronegative NMOSD or who may be diagnosed with MS in the future. Third, it is not fully understood whether
LSFG reflects BF in deeper or more superficial areas. ONH-MT has been reported to reflect deep-tissue-area
BF*2, but it may also include more superficial BF, and ONH-MV may reflect some degree of BF in deeper
areas. A newly developed LSFG device with depth information would be ideal. Fourth, since this was a cross-
sectional study, it is unclear whether the LSFG parameters can be used as disease state markers or for making
prognoses. Especially, it is limited in considering the tissue pathology using this kind of in-direct methodology.
However, the significant decrease of BF in NMOSD is observed without RNFL thickness change, so we consider
it could not simply be discussed as a secondary phenomenon of tissue damage. Fifth, the possibility that optic
disc edema affected the LSFG measurements cannot be excluded. Nevertheless, the presence of clear intergroup
differences based on the measured values indicates that LSFG is useful for differentiating AQP4-IgG+ON
from other diseases. Whether BF in AQP4-IgG+ON is in fact reduced to the extent measured in this study will
require further advances in technology to determine. Sixth, OCTA data were not available for this study, which
limited our ability to comprehensively evaluate vascular structure. While OCTA is suitable for detecting vascular
structural changes, LSFG allows for assessment of BF; each modality has its own advantages. In the future, a
combined approach using both LSFG and OCTA may provide a more comprehensive understanding of the
pathophysiology of ON.

In conclusion, this study demonstrated that ocular non-invasive examination parameters, such as OCT and
LSFG, can potentially aid in differentiating ON-related CNS diseases; in particular, they can distinguish AQP4-
IgG+ON from other ON-related CNS diseases.

Materials and methods

This was a retrospective, cross-sectional study conducted at Tohoku University Hospital in Sendai, Miyagi,
Japan. The institutional review board of the Tohoku University Graduate School of Medicine approved the study.
All procedures were approved by the ethics committee of Tohoku University Graduate School of Medicine and
conformed with the Declaration of Helsinki and its later amendments or comparable ethical standards. The
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Study Flow at Tohoku University Hospital (June 2012—April 2024)

I Patients diagnosed with ON during the period:
- AQP4-IgG+ON: 19 eyes of 18 patients
- MOG-IgG+ON: 49 eyes of 38 patients
- MS-ON: 22 eyes of 18 patients
- ION: 41 eyes of 38 patients

+ Exclude recurrent cases (11 eyes of 7 patients)
- Exclude cases in which LSFG was performed 22 weeks after onset (n=3)

4

Analyses:

+ Exclude seronegative NMOSD case (n=1)
- Select only patients who underwent testing with LSFG before treatment (n = 66)

I Overall patients included:

- AQP4-IgG+ON: 10 eyes of 10 patients

- MOG-IgG+ON: 23 eyes of 20 patients

- MS-ON: 9 eyes of 9 patients

- ION: 28 eyes of 27 patients
------------------------------- - If both eyes had received a diagnosis, one eye was randomly selected per patient
I Final eyes included:

- AQP4-IgG+ON: 10 eyes of 10 patients

- MOG-IgG+ON: 20 eyes of 20 patients

- MS-ON: 9 eyes of 9 patients

- ION: 27 eyes of 27 patients

- Control: 66 eyes of 66 participants (adjusted for 1:1 propensity score matching with the overall ON group for systemic factors)

1) Comparison of clinical characteristics in AQP4-IgG+ON, MOG-IgG+ON, MS-ON, ION, and control groups
2) ROC curve analysis using OCT and LSFG parameters to differentiate AQP4-IgG+ON from ON-related CNS diseases

Fig. 4. Criteria for eye selection in this study. The horizontal arrows indicate the exclusion criteria.
AQP4-IgG+, aquaporin-4 immunoglobulin G-positive; ION, idiopathic optic neuritis; LSFG, laser speckle
flowgraphy; MOG-IgG+, myelin oligodendrocyte glycoprotein immunoglobulin G-positive; MS, multiple
sclerosis; NMOSD, neuromyelitis optica spectrum disorder; OCT, optical coherence tomography; ON, optic
neuritis.

criteria for eye selection in this study are shown in Fig. 4. We reviewed medical records from June 2012 to
April 2024 and identified 18 patients with AQP4-IgG+ON, 38 patients with MOG-IgG+ON, 18 patients with
MS-ON, and 38 patients with ION. Only patients with initial-onset ON who had not yet started treatment were
included in this study. We excluded cases of recurrent ON, cases of seronegative NMOSD, cases in which the
patient did not undergo LSFG imaging before treatment, and cases in which LSFG imaging was performed 2 or
more weeks after ON onset. If both eyes were diagnosed, one eye was randomly selected per subject. Finally, the
analysis included 10 affected eyes of 10 AQP4-IgG+ON patients, 20 affected eyes of 20 MOG-IgG+ON patients,
9 affected eyes of 9 MS-ON patients, and 27 affected eyes of 27 ION patients. ON and its underlying CNS
diseases were diagnosed by a neuro-ophthalmologist (N.H.) and a neurologist (T.M.). The inclusion criteria for
ON were as follows: (1) acute visual disturbance or visual field defect; (2) relative afferent pupillary defect; (3)
reduced critical flicker fusion frequency; (4) contrast effects along the optic nerve in contrast-enhanced MRI;
and (5) no evidence of any other neurologic, infectious, or neoplastic ocular disease that could be responsible
for visual impairment.

The microscopic live cell-based assay method was used to confirm MOG-Ab/AQP4-Ab positivity in the
serum and cerebrospinal fluid***%. Human M23-AQP4 or human MOG-expressing HEK293 cells were incubated
with diluted serum samples taken from the patients. A secondary antibody specific to the IgG-Fc fragment was
used. Serum samples were screened at dilutions of 1:16 for AQP4-Ab and 1:128 for MOG-Ab. Cerebrospinal
fluid samples were screened without diluting the samples in either of the antibodies. The treated cells were
stained with an Alexa Fluor 488-conjugated anti-human IgG Fc fragment secondary antibody (Thermo Fisher
Scientific, Waltham, MA, USA). The titrations were evaluated visually semi-quantitatively using consecutive
twofold end-point dilutions. MOG-IgG+ON patients were diagnosed based on the criteria proposed by the 2023
International MOGAD Panel®. AQP4-IgG+ON patients were diagnosed according to the 2015 International
Panel for NMO Diagnosis criteria?®. MS-ON patients met the 2017 revised McDonald criteria?’. Patients with
ON were classified as having ION if they tested negative for both anti-MOG and anti-AQP4 antibodies, they did
not meet the criteria for MS, and secondary causes of ON were ruled out’.

We interviewed each patient at the initial onset of ON for a detailed medical history; details recorded included
the presence of hypertension (HT), diabetes mellitus (DM), dyslipidemia (DL), and heart disease (HD). Baseline
data were collected, including visual acuity, IOP, slit lamp findings, and a dilated funduscopic examination. The
control group was selected by 1:1 propensity matching adjusted for age, gender, systolic blood pressure (BP),
diastolic BP, pulse rate (PR), HT, DM, DL, and HD for the ON group. The control group included 66 fellow eyes
of patients with cataracts, glaucoma, epiretinal membrane, or traumatic optic neuropathy. We did not observe
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evident thinning of the cpRNFL (104.59£11.73 um) or glaucomatous visual field defects (mean deviation:
-0.73 +1.54 dB) in the fellow control eyes of the patients with glaucoma. The analyses in this study included (1) a
comparison of systemic and ocular parameters among the AQP4-IgG+ON, MOG-IgG+ON, MS-ON, ION, and
control groups, and (2) ROC curve analysis using OCT and LSFG parameters to differentiate AQP4-IgG+ON
from other ON-related CNS diseases.

Measurement of clinical variables and BF parameters

The length of the ON lesion in orbital MRI images was semi-quantitatively represented by the number of
segments showing involvement in the following five areas of the optic nerve: intraorbital, canalicular, pre-
chiasmal, chiasmal, and optic tract®®. The BCVA was used and converted to the logarithmic minimum angle
of resolution (logMAR) for analysis. IOP was measured with non-contact tonometry (Tonoref III; Nidek Co.,
Ltd, Gamagori, Japan). Color vision was assessed using the Ishihara test. Visual field testing was performed
with Goldmann kinetic perimetry. The cpRNFL thickness was determined with the 3D OCT-2000-embedded
software (ver. 8.11, Topcon Corporation, Tokyo, Japan). ONH and choroidal BF were assessed with the LSFG-
NAVI device (Softcare Co., Ltd., Fukutsu, Japan), which measures MBR in arbitrary units. First, an ellipsoid
was manually drawn around the ONH to define the region of interest (ROI) in composite MBR color maps. The
accompanying LSFG software (LSFG analyzer, version 3.1.59.0) then automatically divided the large-vessel and
tissue (i.e., capillary) areas of the ONH and determined MV and MT separately in a cross-sectional analysis.
ONH-MT has been reported to be a good indicator of BF in the deep capillaries of the ONH*42. A same-sized
ROI was then set on the temporal side of the ONH in the same image to mark the choroidal region, as we
described previously'®*4°. The ONH-MV reflects BF derived from the central retinal artery, while ONH-MT
and peripapillary choroidal MBR reflect BF derived from the short posterior ciliary artery*"*2, Before the LSFG
measurements, the patient’s pupils were dilated with 0.4% tropicamide, a muscarinic antagonist (Mydrin M;
Santen Pharmaceutical Co., Ltd). After the instillation, the patient sat in a dark, quiet room for 15 min to stabilize
pupil dilation, BP, and PR. Then, BP and PR were measured (HBP-1300; Omron Colin Co., Ltd. Tokyo, Japan),
and LSFG was performed.

Statistical analysis

The target sample size was calculated based on the between-group difference in peripapillary choroidal MBR
reported in a previous study'®. Specifically, we assumed that tests to compare the five groups had a standard
deviation of 2-3, a statistical power of 80%, and a two-sided significance level of 5%. Calculations were
performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). Since the prevalence of ON varies depending
on the underlying CNS disease>’, and AQP4-IgG+ON and MS-ON were relatively rare in this study, the AQP4-
IgG+ON to MOG-IgG+ON to MS-ON to ION to control allocation ratio was set at 1:2:1:3:7 in consideration of
the differences in the number of cases among these groups.

All data are shown as the mean value + SD. Shapiro-Wilk and Levene tests were performed to confirm the
normality of continuous variables in all analyses. Based on these results, the Kruskal-Wallis test was used to
analyze the overall group, with the Dunn post-hoc test used for pairwise comparisons. For analyses using a one-
way analysis of variance (ANOVA), the Tukey honestly significant difference (HSD) test was performed as a post-
hoc analysis. For comparisons of continuous variables between pairs of groups after propensity matching, the
t-test was used for parametric variables, and the Wilcoxon rank sum test was used for nonparametric variables.
For nominal variables, chi-square tests and Fisher exact tests were used. The significance level for overall group
comparisons was set at P<0.05. Using Bonferroni correction, the significance levels for the Dunn post-hoc test
for pairwise comparisons and Fisher exact test were adjusted to P <0.005.

ROC curve analysis was performed to evaluate the diagnostic ability of the examined parameters for AQP4-
IgG+ON and other ON-related CNS diseases, including a combination of standardized cpRNFL thickness,
ONH-MYV, ONH-MT, and peripapillary choroidal MBR parameters. The AUC was calculated to quantify the
model’s discriminative power and assess the diagnostic ability for AQP4-IgG+ON compared to other ON-
related CNS diseases. All statistical analyses were performed with R software version 4.4.2 (available at https://
www.R-project.org/).

Data availability
The datasets either used or analyzed or both in the current study are available from the corresponding author
upon reasonable request.
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