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ABSTRACT

Introduction: To evaluate the value of plasma
exchange (PE) for patients with three subtypes
of demyelinating optic neuritis (ON): aqua-
porin-4 (AQP4) antibody-positive ON (AQP4-
ON), myelin oligodendrocyte glycoprotein
(MOG) antibody-positive ON (MOG-ON), and
AQP4 and MOG double-antibody-seronegative
ON (D-ON).
Methods: A single-center prospective study
compared the logarithm of the minimum angle

of resolution (logMAR) best-corrected visual
acuity (BCVA) at most severe onset, 1 day before
intravenous high-dose methylprednisolone
(IVMP) treatment, 1 day before PE treatment,
after five-cycles of PE therapy, and at 1-, 3-, and
6-month follow-up visits. The proportions of
eyes in each visual outcome category were also
compared. Logistic regression and a receiver
operating characteristic curve were used to
analyze predicted factors for VA improvement.
Results: A total of 124 ON attacks of 122
patients were included. No significant differ-
ences were found in BCVA (P = 0.659) before
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and after PE therapy for 22 D-ON attacks, but
VA improved in two of six MOG-ON patients. In
95 AQP4-ON patients suffering 96 attacks, the
mean logMAR BCVA markedly improved and
was steadily maintained after five-cycles of PE
treatments (adjusted P\0.001), with VA
exhibiting a significantly increasing trend (ad-
justed P = 0.001) after PE treatment. The com-
bination of the number of previous ON episodes
and the time window to PE treatment showed
accuracy of 74.7% for predicting an improve-
ment in BCVA score C 2 levels. In addition, a
combination of logMAR VA before PE and the
time window to PE treatment resulted in 83.4%
accuracy in predicting whether VA would regain
1.0 logMAR.
Conclusion: PE therapy effectively improves
visual outcomes for AQP4-ON patients, but
offers limited value for D-ON patients. Early
initiation greatly increases likelihood of
achieving VA improvement.

Keywords: Acute Optic Neuritis; Plasma
Exchange; Efficacy; Antibody

Key Summary Points

This study aimed to evaluate the value of
plasma exchange (PE) for patients with
three subtypes of demyelinating optic
neuritis (ON), including aquaporin-4
(AQP4) antibody-positive ON (AQP4-ON),
myelin oligodendrocyte glycoprotein
(MOG) antibody-positive ON (MOG-ON),
and AQP4 and MOG double-antibody-
seronegative ON (D-ON).

PE treatment leads to visual functional
improvement in AQP4-ON patients.

Early initiation of PE treatment increases
the likelihood of improvement in visual
acuity in AQP4-ON patients.

PE treatment may have limited value for
D-ON patients.

INTRODUCTION

Demyelinating optic neuritis (ON), which can
cause acute or subacute vision loss, occurs
worldwide, but incidence varies among races
[1]. The discovery of two biomarkers, aqua-
porin-4 (AQP4) and myelin oligodendrocyte
glycoprotein (MOG) antibodies, has allowed
recognition of the cause of atypical ON, which
is characterized by severe visual loss (worse than
6/60 or 20/200), no recovery within 3 weeks of
onset, and progression of visual loss for more
than 2 weeks [1]. The AQP4 antibody is patho-
genic and highly specific for neuromyelitis
optica spectrum disorder (NMOSD) [2], whilst
the MOG antibody is a biomarker of MOG
antibody-associated disorder (MOG-AD) [3].
AQP4 antibody-positive ON (AQP4-ON), which
is dominant in the Asian population, is associ-
ated with more severe episodes and poor visual
recovery [4]. In contrast, MOG antibody-related
ON (MOG-ON) exhibits no distinct ethnic
predilection, although associated with recurrent
ON [5, 6]. With no biomarker currently recog-
nized, double-antibody-negative ON (D-ON),
exhibits a distinct clinical presentation, and
idiopathic ON [7, 8] or multiple sclerosis (MS)-
related ON [9] without a recognized biomarker
may also be included as ‘‘D-ON.’’ Demyelinating
ON tends to relapse, leading to cumulative
blindness and disability, so timely and effective
treatment is essential to save vision. Intra-
venous high-dose methylprednisolone (IVMP)
is the standard first-line treatment for acute ON,
while plasma exchange (PE) is performed as a
rescue method in patients with ON refractory to
IVMP treatment. PE has been reported to be
useful in treating steroid-resistant ON [10–13],
severe ON due to NMOSD [14–16], and recur-
rent ON at risk for poor recovery [17].

The seventh edition of the clinical treatment
guidelines of the American Society for Apheresis
(2016) identified PE as the recommended grade
IB and class II indications for the treatment of
acute NMOSD [18]. Several studies and subse-
quent meta-analyses have revealed that PE can
lower disease activity and improve functional
scoring (Expanded Disability Status Scale, EDSS)
in NMOSD [15, 19–28]. However, confounding
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factors and different disease entities can lead to
several contradictions. One concern is whether
different antibody subtypes are related to prog-
nosis. While some studies have concluded that
a positive AQP4 antibody result is associated
with time to complete improvement [29, 30],
others have suggested that AQP4-Ab-seronega-
tive patients are associated with a superior
response to PE therapy [17, 20]. There is limited
evidence about the efficacy of PE for MOG-ON
or D-ON patients. Benefit-related factors,
including the correlation between the benefit of
PE and the timing of PE initiation are also
somewhat controversial. Most studies concur
that early initiation may increase the benefit to
NMOSD patients [17, 20, 21, 25, 29, 30], while
some studies reported no strong correlation
between the interval from relapse to PE treat-
ment and 3-month functional scoring [14], and
another study concluded that the time window
from the onset of attack to PE initiation was not
significantly associated with treatment outcome
in children with acute inflammatory demyeli-
nating central nervous system (CNS) syndromes
[24]. Due to the scarcity of plasma resources,
determining the optimal timing of treatment is
valuable for clinical guidance. Our previous
study showed that PE treatment effectively
improved the visual outcomes of a small group
of patients experiencing their first attack of
severe acute isolated ON [28]. Clinically, many
ON patients suffer a long disease duration,
experiencing episodes of relapse. However,
research on the therapeutic effect of PE for these
patients is scarce. This study aimed to evaluate
the efficacy of PE in improving visual outcomes
in ON patients with different serum antibodies
after treatment with IVMP and to determine the
factors associated with visual improvement.

METHODS

Study Design and Participants

A single-center cohort study, which included
all consecutive patients presenting at the
Department of Ophthalmology, Chinese Peo-
ple’s Liberation Army General Hospital was
conducted between January 2015 and October

2021. The study protocol was approved by the
Ethics Committee for Human Research of the
hospital (approval number S2017-093-01) and
was in accordance with the tenets of the Hel-
sinki Declaration and the ICH-GCP guidelines.
Written informed consent was obtained from
all study subjects. Consent to publish the
patient-level data presented in Table S2 was also
obtained.

The diagnosis of ON was based on the criteria
described by the Optic Neuritis Treatment Trial
[31, 32]. The inclusion and exclusion criteria
followed our previous study [30], but with no
restriction on the times of attacks, initial visual
acuity (VA), the disease duration, or the pre-
sentation of a related demyelinating disease of
the CNS, such as transverse myelitis (TM), area
postrema syndrome, acute disseminated
encephalomyelitis, or MS.

The recruited patients were administered
IVMP at 1 g daily for 3–5 days (total dose,
5-10 g; treatment duration, 3–14 days), followed
by orally administered prednisone (starting at
1 mg/kg/day) without any other treatment.
According to the patients’ VA tested 1 day after
the last course of IVMP treatment, PE was rec-
ommended to patients who were ‘‘unresponsive
to initial IVMP therapy.’’ In those patients ele-
vated to PE after IVMP treatment, five cycles of
PE were administered after the end of IVMP
treatment, combined with oral prednisone
(starting at 1 mg/kg/day). No other rescue
therapy was added during PE treatment. Addi-
tional immunosuppressants, including ritux-
imab, azathioprine, and mycophenolate
mofetil, were prescribed to the patients after
completion of PE treatment.

‘‘Unresponsive to initial IVMP therapy’’ was
defined as no obvious visual improvement of
more than three lines of Snellen VA [30] or
inability to read the highest letter on the Snel-
len chart at 10 feet at the end of IVMP
treatment.

Ophthalmic Examinations

Patients underwent a comprehensive oph-
thalmic examination. Best-corrected visual
acuity (BCVA) was measured at each visit,
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including the worst acuity at onset, 1 day before
IVMP therapy, 1 day after IVMP therapy, 1 day
before PE therapy, and after the fifth cycle of PE
therapy. BCVA follow-up (1, 3, and 6 months
after PE treatment) was conducted via tele-
phone or outpatient follow-up visits. The Snel-
len VA of 20/400 was recorded when the
subjects were just able to read the highest line of
the Snellen chart at 10 feet. If the vision was
worse than 20/400, the VA was recorded as
counting fingers (CF) acuity, and converted to
Snellen VA. The conversion of CF acuity to
Snellen acuity is as follows: VA of 20/800 (CF at
10 feet), VA of 20/1000 (CF at 8 feet) and VA of
20/2000 (CF at 4 feet). For subjects who were
unable to detect CF at a distance of[3 feet, the
VA was assessed and categorized into the fol-
lowing, in descending order: CF, perception of
hand motion (HM), light perception (LP), or no
light perception (NLP). The Snellen scale was
converted into the logarithm of the minimum
angle of resolution (logMAR) scale for statistical
analysis.

Spectral-domain optical coherence tomogra-
phy (OCT) (Zeiss Stratus OCT system; Carl Zeiss
Meditec, Inc., Dublin, CA, USA) and flash visual
evoked potential (F-VEP) (Roland RETI-scan 32
system; Roland Consult GmbH, Brandenburg,
Germany) examinations were performed during
hospitalization. The thickness of the peripheral
retinal nerve fiber layer (pRNFL) and macular
inner limiting membrane retinal pigment
epithelium (mILM-RPE), N2-P2 peak-to-peak
amplitude, and P2 peak latency of the F-VEP
were recorded.

Detection of AQP4 and MOG
Autoantibodies

Serum samples from patients hospitalized after
2016 were tested for the presence of AQP4 and
MOG autoantibodies using a cell-based assay
(Euroimmun, Lübeck, Germany) before the first
PE treatment. Samples from patients hospital-
ized before 2016 were only tested for the pres-
ence of AQP4 autoantibodies. Only seven
patients with AQP4 autoantibody positivity
before 2016 were recruited. Recruited subjects
were divided into three subtypes of ON

depending on their detected serum antibodies—
AQP4-ON, MOG-ON, and D-ON.

Therapeutic Plasma Exchange

Double-filtration plasmapheresis (Plasauto EZ,
Asahi Kasei Medical, Tokyo, Japan) was per-
formed on all recruited patients, who received a
total of five cycles of treatment, administered
every other day over 10 days. During a treat-
ment session, during which approximately
2000–3500 mL of plasma was removed, each
patient received a 1.0–1.5 plasma volume
exchange with 10% albumin and plasma
replacement fluid.

Outcome Assessment

The visual outcome score was categorized into
10 levels: Snellen VA of 20/20, scotoma, but
with VA better than 20/30, 20/30 C VA[20/
60, 20/60 C VA[20/200, 20/200 C VA[20/
800, 20/800 C VA[ 20/2000, CF, HM, LP, and
NLP. Changes in VA were defined at each time
point as the primary outcome.

Statistical Analysis

To avoid selection bias, only one eye was ran-
domly selected using a random number table if
the patients’ eyes were simultaneously bilater-
ally involved. Statistical analyses were con-
ducted using SPSS version 26.0 (IBM Corp.,
Armonk, NY, USA) or GraphPad Prism 8.0.2
(GraphPad Software, San Diego, CA, USA).
Continuous data are presented as the
mean ± standard deviation. The Mann–Whit-
ney U test was used to compare the differences
for continuous data and the chi-square test,
corrected chi-square test, or Fisher’s exact test to
compare categorical variables. The differences
in VA value (logMAR) and the proportions of
eyes in each VA category at the seven time
points were evaluated using the Friedman test,
together with the post hoc Wilcoxon signed-
rank test. Statistical significance in the Wil-
coxon signed-rank test was adjusted by Bonfer-
roni correction. P\0.05 was considered
statistically significant.
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Backward stepwise multiple logistic regres-
sion analyses were performed to identify critical
factors associated with visual improvement
after the fifth cycle of PE treatment in the AQP4-
ON group. These factors included sex, age at
receiving PE treatment, disease duration, dis-
ease phenotype, history of autoimmune disease,
time window from onset to IVMP treatment,
time window from onset to PE treatment, log-
MAR VA before PE, number of previous ON
episodes, and bilateral eye involvement. Body
mass index (BMI) [30], thickness of pRNFL (ex-
cluding one AQP4-ON patient with optic disc
edema) [33], and mILM-RPE [34] were also
included as factors for analysis, because they
were identified to be associated with visual
outcomes in previous studies. According to the
significance in clinical practice and based on
the statistical estimation for maintaining bal-
ance between compared groups, VA improve-
ment scores C 2 levels and VA\1.0 logMAR
were selected as the outcome indicator for
visual improvement: the ratio of VA improve-
ment scores C 2 to VA improvement scores\2
was equal to 1:2; the ratio of VA\ 1.0 logMAR
to VA C 1.0 logMAR was equal to 1:3. An
independent variable with P\0.05 was con-
sidered a critical factor. Establishing a regression
equation of the combined predictor and
receiver–operating characteristic (ROC) curve
was used to analyze the highest sensitivity and
specificity by using the Youden index for the
single and combined predictor to achieve VA
score improvement C 2 levels and regain less
than 1.0 logMAR vision after the fifth cycle of
PE therapy.

RESULTS

Demographic and Clinical Characteristics
of Optic Neuritis Patients
and Comparisons Between Different
Antibody Subtypes

A flowchart of patient inclusion is shown in
Fig. 1. During the mean 30.21 ± 17.29 months
follow-up visits, three AQP4-ON patients and

four D-ON patients were lost to follow-up. A
total of 122 consecutive patients receiving PE to
treat 124 episodes were ultimately eligible for
analyses (Table 1), consisting of 95 (77.5%)
patients in the AQP4-ON group, 6 (4.8%) in the
MOG-ON group, and 21 (17.7%) in the D-ON
group. During the 28.11 ± 16.05 months fol-
low-up time, none of the subjects in the D-ON
group had developed MS or other forms of
inflammatory CNS disorders, except for one
patient who was diagnosed as NMOSD. Among
the 21 patients (22 attacks), only one patient
had better onset vision (20/50), but it was a
recurrent attack. All the other patients had poor
onset VA worse than 20/200. All the D-ON
patients were ‘‘unresponsive to initial IVMP
therapy.’’ There was no MS or idiopathic ON
patients in our cohort, and only one patient
with NMOSD.

Comparison of the AQP4-ON group and
D-ON group revealed no significant differences
(all P[0.05) in gender, age of onset, age of PE
initiation, attack phenotype, frequencies of
ocular pain, history of area postrema syndrome,
systemic disease including hypertension, dia-
betes mellitus and autoimmune diseases,
malignant tumor, and time window from onset
to IVMP or PE initiation. Owing to a longer
disease duration and a higher proportion of ON
history (both P\ 0.001), the AQP4-ON group
had a significantly thinner average thickness of
the pRNFL (P = 0.001) and mILM-RPE
(P = 0.042), whereas the D-ON group had a
significantly higher frequency of bilateral
involvement (P\0.001), a lower proportion of
TM history (P = 0.035), and higher BMI
(P = 0.007). No statistical difference in F-VEP
amplitude and latency was found between the
AQP4-ON and D-ON groups.

In terms of the six MOG-ON patients (three
male) receiving PE treatment (Table S2), the age
of onset varied from 15 to 54 years, and age of
PE initiation was[18 years. Two patients
experienced bilateral involvement. The number
of ON attacks in this group ranged from 3 to 12.
None experienced other CNS attacks before or
were combined with systemic disease. There was
a difference in gender balance compared with
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Fig. 1 Study flowchart. AQP4 aquaporin-4; MOG myelin
oligodendrocyte glycoprotein; ON optic neuritis; D-ON
double-antibody-negative optic neuritis; IVMP

intravenous methylprednisolone; PE plasma exchange;
BCVA best-corrected visual acuity
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Table 1 Major clinical characteristics of the recruited optic neuritis patients with different antibody subtypes

Total AQP4-Ab-

positive group

Double-Ab-

negative group

MOG-Ab-

positive group

P1 P2 P3

Study subjects (eyes) 124 96 22 6 – – –

Female (n, %) 106 (85.5%) 87 (90.6%) 16 (72.7%) 3 (50.0%) 0.055c 0.021d 0.573c

Age of onset (mean ± SD, years) 33.81 ± 12.87 33.02 ± 12.64 37.73 ± 12.12 32.00 ± 18.53 0.162a 0.765a 0.530a

Age of PE initiation

(mean ± SD, years)

36.96 ± 12.35 36.60 ± 12.39 38.23 ± 12.11 38.00 ± 14.27 0.676a 0.701a 0.935a

Bilateral eye onset (n, %) 31 (25.0%) 14 (14.6%) 15 (68.2%) 2 (33.3%) < 0.001b 0.237d 0.281c

Phenotype (n, %)

ON 115 (92.7%) 87 (90.6%) 22 (100%) 6 (100%) 0.294c [ 0.999d –

ON ? others 9 (7.3%) 9 (9.4%) 0 0 – – –

Presence of ocular pain (n, %) 73 (58.9%) 56 (58.3%) 13 (59.1%) 4 (66.7%) 0.948b [ 0.999c [ 0.999c

Disease duration (mean ± SD,

years)

3.11 ± 4.28 3.52 ± 4.25 0.51 ± 1.37 6.00 ± 7.46 < 0.001a 0.595a 0.033a

History of ON (n, %) 76 (61.3%) 68 (70.8%) 4 (18.2%) 4 (66.7%) < 0.001b [ 0.999c 0.069c

History of TM (n, %) 21 (16.9%) 21 (21.9%) 0 0 0.035c 0.444c -

History of area postrema

syndrome (n, %)

16 (12.9%) 14 (14.6%) 2 (9.1%) 0 0.739c 0.593d [ 0.999d

BMI (mean ± SD, kg/m2) 23.32 ± 4.92 23.08 ± 5.22 24.87 ± 3.63 21.45 ± 2.80 0.007a 0.252a 0.045a

Systemic disease

Hypertension (n, %) 7 (5.6%) 5 (5.2%) 2 (9.1%) 0 0.845c [ 0.999d [ 0.999d

Diabetes mellitus (n, %) 7 (5.6%) 6 (6.3%) 1 (4.5%) 0 0.999c [ 0.999d [ 0.999d

Other autoimmune diseases (n,

%)

16 (12.9%) 15 (15.6%) 0 1 (16.7%) 0.103c [ 0.999d 0.214d

Malignant tumor (n, %) 2 (1.6%) 2 (2.1%) 0 0 [ 0.999d [ 0.999d -

Time (mean ? SD), median

(range), days

Onset to IVMP window 10.85 ± 13.83,

7 (1–100)

11.52 ± 14.76,

7 (1–100)

9.32 ± 10.84,

2.5 (1–29)

5.67 ± 4.63,

5.5 (1–12)

0.112a 0.300a 0.849a

Onset to PE window 38.31 ± 27.31,

29 (9–157)

40.01 ± 29.52,

29 (9–157)

33.45 ± 14.88,

32.5 (15–70)

29.00 ± 24.49,

18.5 (11–75)

0.915a 0.211a 0.283a

IVMP initiation to PE initiation

window

27.47 ± 24.45,

20 (3–124)

28.49 ± 26.20,

20 (3–124)

24.14 ± 15.19,

20.5 (7–68)

23.33 ± 24.62,

13 (4–67)

0.838a 0.405a 0.395a

Ophthalmic examination results

The thickness of pRNFL

(mean ? SD, lm)

n 107 86 17 4

Average pRNFL 93.21 ± 50.14 87.44 ± 46.19 128.82 ± 59.07 65.75 ± 24.87 0.001a 0.201a 0.018a

spRNFL 117.04 ± 73.84 108.99 ± 67.99 166.65 ± 88.96 79.25 ± 41.92 0.002a 0.255a 0.031a
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AQP4-ON, with significantly fewer female
MOG-ON patients (P = 0.021), but no statisti-
cally significant difference was observed for
other clinical characteristics. In contrast, a
longer disease duration (P = 0.033), lower BMI
(P = 0.045), and a thinner average pRNFL
(P = 0.018) were observed in MOG-ON patients
compared with the D-ON group.

In the total group, the mean time windows
from onset to IVMP initiation, onset to PE ini-
tiation, and IVMP initiation to PE initiation
were 10.85 ± 13.83 days, 38.31 ± 27.31 days
and 27.47 ± 24.45 days, respectively (Table 1).

Changes in logMAR Visual Acuity
at Different Time Points Before and After
Plasma Exchange Treatment in ON
Patients with Different Serum Antibodies

In the D-ON group, there was no statistical
difference in mean logMAR VA of the studied
eyes at seven points (Friedman P = 0.659,
Fig. 2a, Table S1).

In the MOG-ON group, two patients
improved significantly following treatment,
with one improving from NLP to a final score of
0.1 logMAR; two patients (patient 2 and patient

Table 1 continued

Total AQP4-Ab-

positive group

Double-Ab-

negative group

MOG-Ab-

positive group

P1 P2 P3

ipRNFL 114.67 ± 69.99 107.10 ± 63.23 161.76 ± 88.98 77.25 ± 38.50 0.002a 0.289a 0.031a

npRNFL 79.33 ± 48.82 74.09 ± 46.64 110.12 ± 54.14 61.00 ± 17.91 < 0.001a 0.420a 0.031a

tpRNFL 59.64 ± 20.23 57.34 ± 16.61 74.59 ± 30.25 45.50 ± 9.04 0.011a 0.155a 0.018a

The thickness of mILM-RPE

(mean ? SD, lm)

n 94 73 17 4

mILM-RPE 236.68 ± 32.74 231.44 ± 19.61 257.00 ± 61.90 246.00 ± 20.94 0.042a 0.143a 0.965a

F-VEP (mean ? SD)

n 107 86 17 4

Amplitudes (lV) 12.71 ± 6.94 12.94 ± 7.24 12.78 ± 5.59 7.64 ± 3.48 0.982a 0.069a 0.081a

Latencies (ms) 125.40 ± 23.98 123.44 ± 24.85 133.29 ± 20.31 134.00 ± 7.53 0.067a 0.168a 0.965a

Others include transverse myelitis and posterior zone syndrome

AQP4 aquaporin-4; MOG myelin oligodendrocyte glycoprotein; Ab antibody; ON optic neuritis; TM transverse myelitis; BMI body mass index; IVMP

intravenous methylprednisolone; PE plasma exchange; pRNFL peripheral retinal nerve fiber layer; spRNFL superior peripheral retinal nerve fiber layer;

ipRNFL inferior peripheral retinal nerve fiber layer; npRNFL nasal peripheral retinal nerve fiber layer; tpRNFL temporal peripheral retinal nerve fiber

layer; mILM-RPE macular inner limiting membrane retinal pigment epithelium; F-VEP flash visual evoked potential; n number of eyes; SD standard

deviation

P1 P value for comparison between AQP4-Ab-positive group and double-Ab-negative group

P2 P value for comparison between AQP4-Ab-positive group and MOG-Ab-positive group

P3 P value for comparison between double-Ab-negative group and MOG-Ab-positive group

Bold: P\ 0.05
aMann–Whitney U test
bChi-square test
cCorrected chi-square test
dFisher’s exact test
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3) had unchanged VA and another (patient 6)
remained CF after PE treatment, and patient 5
had no more than one level improvement
(Fig. 2b, Table S2).

The mean logMAR VA improved markedly
after PE treatment in the AQP4-ON group. The
VA at the worst onset, 1 day before IVMP
treatment, and 1 day before PE therapy
(Table S1) ranged from 3.33 ± 1.51 to
2.22 ± 1.21 and did not change significantly
after IVMP treatment (adjusted P = 0.525,
Fig. 2c). PE therapy significantly improved VA
(P = 0.001), but after completing the five-cycle
PE therapy there was no further significant
change (all adjusted P[ 0.999, Table S1,
Fig. 2c). A significant improvement was found

bFig. 2 Visual acuity (logMAR) of the studied eyes over the
study period. a The visual acuity (logMAR) of the studied
eyes in the D-ON group. The mean VA (logMAR) values
of the patients at the onset, 1 day before IVMP therapy,
1 day before PE therapy, after five cycles of PE therapy,
and at the 1-, 3-, and 6-month follow-up visits were
3.95 ± 1.23, 3.40 ± 1.47, 2.75 ± 1.45, 2.59 ± 1.57,
2.47 ± 1.69, 2.95 ± 1.77, and 2.39 ± 1.96, respectively.
The VA was not statistically different among different
time points (Friedman P = 0.659). b The visual acuity
(logMAR) of the MOG-ON eyes. The red, green, black,
purple, blue, and brown lines represent patients 1, 2, 3, 4,
5, and 6, respectively. c The visual acuity (logMAR) of the
studied eyes in the AQP4-ON group. The mean VA
(logMAR) values of the patients were 3.33 ± 1.51,
3.16 ± 1.63, 2.22 ± 1.21, 1.61 ± 1.14, 1.87 ± 1.46,
1.94 ± 1.49, and 1.85 ± 1.52, respectively. The VA
improved after PE therapy (Friedman P\ 0.001). The
data are presented as the mean ± standard deviation. The
horizontal axis represents the time points at the onset,
1 day before IVMP therapy, 1 day before PE therapy, after
five cycles of PE therapy, and at the 1-, 3-, and 6-month
follow-up visits, respectively. *Adjusted P\ 0.05, **ad-
justed P\ 0.01, and ***adjusted P B 0.001, compared
with the VA at 1 day before PE therapy; ### adjusted
P\ 0.001, compared with the VA at 1 day before IVMP
therapy; ns no statistical differences. IVMP intravenous
methylprednisolone; PE plasma exchange; VA visual
acuity; D-ON double-antibody-negative optic neuritis;
MOG myelin oligodendrocyte glycoprotein; AQP4 aqua-
porin-4; ON optic neuritis
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between the VA 1 day before IVMP treatment
and four time points after PE treatment (after
five cycles of PE therapy and at 1-, 3-, and
6-month follow-up visits) (Fig. 2c, Table S1).

Before commencement of PE therapy, there
was a wide range in VA in the AQP4-ON group.
The proportions in VA categories did not differ
between the onset and before IVMP treatment
(Table S3), but a significant difference existed
after IVMP treatment (adjusted P = 0.035, Fig. 3,
Table S3), with a relatively large proportion
improving from NLP (45.8%) before IVMP
treatment to HM (20.8%) and CF (25%) after
IVMP treatment (Fig. 3, Table S3). A signifi-
cantly increasing trend in VA was observed after
PE treatment (adjusted P\ 0.001, Fig. 3,
Table S3) resulting in about half of the patients
demonstrating an improvement in VA from HM
and CF to CF and 20/200 C VA[20/800.
Notably, the VA of two subjects improved to
20/20 and of three to scotoma but with VA
better than 20/30 (Table S3). Some follow-up VA
data were lost due to patient failure to undergo

examination on time. However, there was no
significant difference in the proportion of VA
classification 1 day after PE treatment and at the
1-, 3-, and 6-month follow-up visits (adjusted
P[ 0.999, Fig. 3). Finally, 6.3% of patients
recorded an improvement in VA to 20/20. A
similar proportion improved to scotoma but
with VA better than 20/30, and 10% recovered
to 20/30 C VA[20/60 (Table S3).

Visual Outcome Improvement-Associated
Factors in the AQP4-ON Group

Two independent variables were identified to be
associated with a visual improvement C 2 levels
after the fifth cycle of PE treatment in AQP4-ON
patients: the number of previous ON episodes
(P = 0.048) and time window from onset to PE
treatment (P = 0.003) (Table S4). According to
the regression coefficient, a predictive regres-
sion equation was established: combined factor
(Y) = (-1) 9 time window from onset to PE

Fig. 3 Visual outcome categorization of AQP4-ON
patients during the plasma exchange treatment period.
The proportions of patients in each visual outcome
category 1 day before IVMP treatment were not signifi-
cantly different from those at the onset (adjusted
P[ 0.999). A significant trend in visual acuity improve-
ment was observed from five-cycle PE treatment to the
6-month follow-up visit as compared with the visual
outcome before the IVMP therapy (Friedman P\ 0.001).
The proportions of patients in each visual outcome
category shifted significantly towards an improved distri-
bution after PE therapy as compared with those 1 day
before PE therapy (P = 0.001), and 6-month follow-up
visits as compared with those at 1 day before PE therapy

(P = 0.043). The proportions in each visual outcome
category at the 1-, 3-, and 6-month follow-up visits were
the same as those after the five-cycle PE therapy (adjusted
P[ 0.999). The data are presented as cumulative per-
centages. *Adjusted P\ 0.05 and ***adjusted P B 0.001,
compared with the VA 1 day before PE treatment;
#adjusted P\ 0.05 and ###adjusted P\ 0.001, compared
with the VA 1 day before IVMP treatment. CF ability to
count fingers; HM ability to perceive hand motion; LP
light perception; NLP no light perception; IVMP intra-
venous methylprednisolone; PE plasma exchange; VA
visual acuity; AQP4 aquaporin-4; ON optic neuritis
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treatment (days) - 11.11 9 the number of pre-
vious ON episodes.

Similarly, three independent variables were
determined to be statistically significant in
multivariate analysis of VA\1.0 logMAR after
the fifth cycle of PE treatment in the AQP4-ON
group: the logMAR VA before PE treatment
(P = 0.001), the time window from onset to PE
treatment (P = 0.009), and bilateral eye
involvement (P = 0.047). The predictive factor
(Y) = (-1) 9 time window from onset to PE
treatment - 22.73 9 the logMAR VA before PE
treatment was calculated (Table S5).

Predictive Factors for Visual Acuity
Improvement ‡ 2 Levels After Plasma
Exchange Treatment in the AQP4-ON
Group

A ROC analysis was performed with the com-
bined factor as the predictor and success in

achieving an improvement of C 2 levels after PE
treatment as the dependent variable. The area
under the curve (AUC) was determined to be
0.747 (Fig. 4a), the Youden optimal criterion of
the combined factor[-49.78, and sensitivity
and specificity were 80.6% and 64.6%, respec-
tively. Both the individual AUCs of the time
window from onset to PE treatment and the
number of previous ON episodes as individual
predictors of success in improving two levels
after PE treatment were lower (0.691 and 0.564,
respectively).

Predictive Factors for Regaining Less
than 1.0 logMAR Vision (~ Snellen 20/200)
After Plasma Exchange Treatment
in the AQP4-ON Group

A similar analysis was conducted with success to
regain less than 1.0 logMAR as the dependent
variable. A combination of logMAR VA before
PE treatment and time window from onset to PE
treatment reached the optimal AUC of 0.834
(Fig. 4b) with a Youden optimal criterion of[
-83.42, sensitivity of 87%, and specificity of
64.4%. The addition of bilateral eye involve-
ment led to a reduced AUC (0.808) relative to
that with the combined factor (0.834).

Fig. 4 A receiver operating characteristic (ROC) curve of
the predictors after PE treatment in the AQP4-ON group.
a The predictors of VA improvement C 2 levels. The
combined factors include the number of previous ON
episodes and time window from onset to PE treatment.
b The predictors of success in regaining less than 1.0
logMAR (20/20) vision. The combined factors include the
logMAR VA before PE and the time window from onset
to PE treatment. PE plasma exchange; VA visual acuity;
AQP4 aquaporin-4; ON optic neuritis

Fig. 5 Categorization of visual function improvement
after PE treatment of the studied eyes with different PE
treatment windows in the AQP4-ON group. PE plasma
exchange; AQP4 aquaporin-4; ON optic neuritis; d day
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Visual Improvement Scores at Different
Time Windows from Onset to Plasma
Exchange Treatment in the AQP4-ON
Group

The visual improvement scores at four time
windows (9–20 days, 21–30 days, 31–60 days,
61–157 days) for PE initiation were analyzed.
Delay in the treatment reduced the likelihood
of achieving visual improvement (Table S6,
Fig. 5). Specifically, no patients achieved a
visual improvement score[3 when the treat-
ment time window exceeded 60 days.

See Tables S1–S6 in the electronic supple-
mentary material.

Safety Assessment of PE Treatment

Among the 124 attacks which received PE
treatment, allergic reaction occurred on seven
occasions, but the symptoms mainly involved a
transient rash. No other serious adverse events
occurred in the recruited subjects. All recruited
subjects completed the full course of five-cycle
PE treatment without any interruption. In the
group of excluded patients, four patients did
not complete the five-cycle PE treatment due to
personal economic problems and deficient
plasma. Another patient was excluded because
the PE therapy was completed in other hospital.
There were no adverse events reported by any of
these patients.

DISCUSSION

This paper reports the findings of a relatively
large cohort study of PE rescue treatment for ON
attacks unresponsive to IVMP, which revealed
that PE treatment effectively improved VA in
AQP4-ON patients. This study also identified
the time window from onset to PE initiation as
the key factor for VA prognosis. The concept
‘‘Time is Vision’’ should be emphasized in the
treatment of acute ON.

A previous study reported that patients with
D-ON often displayed early development of
severe visual impairment, with about 75% of
patients experiencing very poor outcomes after

the first ON attack. Recovery of VA in the D-ON
group was as poor as that of the AQP4-ON group
[7, 8]. There is currently a paucity of data on
D-ON. Mild D-ON patients may have excellent
functional central acuity recovery sponta-
neously or recover after IVMP treatment, ren-
dering PE therapy unnecessary. In this cohort
study, 18 of 22 D-ON patients experienced their
first attack with a mean PE initiation of
22.78 ± 11.37 days (range 7–49 days). However,
VA improvement was limited even after five-
cycle PE therapy (Friedman P = 0.659, Fig. 2a),
indicating that PE therapy may be of limited
benefit for patients with severe D-ON.

As a large proportion of MOG-ON patients
achieved relatively better prognosis after IVMP,
only a small cohort of MOG-ON patients were
recruited in the current study; therefore, only
descriptive data could be reported for this con-
dition (Table S2, Fig. 2b). For two patients (pa-
tient 2 and patient 4), the treatment was
implemented after their first ON attack. Both
had bilateral eye involvement and were of
similar age (47 years and 54 years), and their VA
before PE treatment was NLP. However, patient
4 recovered to 20/25, whilst patient 2 remained
NLP. Other than the small age gap, the major
difference was the time window from onset to
PE initiation (19 and 75 days, respectively). Of
the remaining four patients, patient 1 had
experienced 12 ON attacks over the past 7 years,
and received timely PE treatment within
11 days of onset. The worst VA before treatment
was 20/50, after IVMP but before PE was 20/30,
after PE was 20/25, and finally achieving 20/20
Snellen VA. For the other three patients who
had different ages of PE initiation, experiencing
between three and six ON episodes over the past
3–20 years, although PE initiation was relatively
timely (within 20 days for patient 3 and patient
5), no obvious VA improvement occurred.
Patient 4 improved dramatically from NLP to
20/25 after receiving PE treatment. However, it
was still difficult to ensure that the improve-
ment after PE in these patients was due to the
additional PE treatment. This issue will need to
be addressed in further studies.

In contrast, the mean logMAR VA measure-
ments in the AQP4-ON group improved mark-
edly after five cycles of PE treatment (Friedman
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P\ 0.001, Fig. 2c), and the VA of 95 eyes was
steadily maintained, despite a longer disease
duration (3.52 ± 4.25 years) and a higher pro-
portion of past ON history (70.8%). The pro-
portions of patients in each visual outcome
category shifted significantly toward an
improved distribution after PE therapy (ad-
justed P = 0.001, Fig. 3, Table S3). These results
indicate that PE therapy effectively improves
visual outcomes in AQP4-ON patients.

It was observed that VA improvement
leveled off, showing no difference in VA or
proportion of patients in each VA category at
four time points after PE treatment. A multi-
variate analysis was conducted to determine the
factors associated with achieving VA score
improvement C 2 levels, which produced a
combined predictive factor equation: the com-
bined factor (Y) = (-1) 9 time window from
onset to PE treatment (days) - 11.11 9 the
number of previous ON episodes. The derived
ROC curve demonstrated that a combination of
the number of previous ON episodes and the
time window of PE initiation could more effi-
ciently predict the occurrence of VA score
improvement C 2 levels after PE treatment and
the cutoff point that optimizes the balance
between sensitivity and specificity was -49.78
(sensitivity 80.6% and specificity of 64.6%)
(Fig. 4a). This indicates that the time window is
49.8 days for patients with their first attack of
ON, 38.6 days for patients with one previous
ON episode, 27.5 days for patients with two,
16.5 days for patients with three, and 5.3 days
for patients with four. It also reveals a low
probability of achieving a score improvement of
two or more levels after PE therapy for patients
with five or more episodes.

The same analysis showed that the logMAR
VA before PE treatment combined with the time
window from onset to PE treatment could pre-
dict the likelihood of regaining less than 1.0
logMAR vision with the cutoff point -83.42
(87% sensitive and 64.4% specific) (Fig. 4b) and
the predictive factor (Y) = (-1) 9 time window
from onset to PE treatment - 22.73 9 the log-
MAR VA before PE treatment. That is, the
treatment time window was 22 days for patients
with HM VA before PE treatment and 51.6 days
for patients with CF VA before PE treatment.

The histogram directly demonstrated that
patients who received early initiation of PE
treatment had a greater opportunity to achieve
increased improvement in VA. When the treat-
ment time window exceeded 60 days, there was
a low probability of achieving a visual
improvement score[3 (Fig. 5, Table S6).

In summary, the smaller number of attacks,
the better VA before treatment, and the shorter
treatment time window are indicators of the
likely success of the PE therapy. Early diagnosis
of ON, together with timely commencement of
PE to prevent permanent visual disability
should be given higher priority [35]. Our results
emphasize that ‘‘Time is Tissue,’’ a core principle
in neuroimmunology, and the precept that
‘‘Time is Vision’’ should be considered in either
IVMP or PE initiation therapy [36], viewing
AQP4-ON as an emergency. Because less serious
adverse events occurred in our cohort, we
would recommend the treatment approach for
demyelinating ON as follows: after patients are
diagnosed with demyelinating ON, initiation of
IVMP treatment is recommended as soon as
possible, followed by oral prednisone. When
AQP4-ON can be confirmed and is ‘‘unrespon-
sive to initial IVMP therapy,’’ we recommend
escalating to five-cycle PE treatment immedi-
ately for AQP4-ON patients. The recommended
time window is within 49.8 days for patients
with first attack of ON, 38.6 days for patients
with one previous ON episode, 27.5 days for
patients with two episodes, 16.5 days for
patients with three episodes, and 5.3 days for
patients with four episodes. The treatment time
window for PE should be within 22 days for
patients with VA of HM and 51.6 days for VA of
CF.

Previous studies have shown that progressive
axonal loss may follow acute inflammatory
demyelination, and ongoing subclinical
inflammation may continue to develop over
several years after an attack, as evidenced by a
reduction in the pRNFL and decrease in the
macular ganglion cell layer and inner plexiform
layer (GCIPL) in longitudinal OCT studies
[37, 38] and a mean decrease in the optic nerve
area over a 1-year follow-up period in serial
magnetic resonance imaging (MRI) studies
[39, 40]. Further episodes of ON, leading to
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additional demyelination and failure of
remyelination of the initial lesion, may con-
tribute to conduction block, and over time, to
secondary axonal degeneration [41]. In addi-
tion, the loss of critical macular axons may
affect the ability of the visual system to com-
pensate. Therefore, timely control of inflam-
mation and prevention of recurrence are
crucial. The rationale behind the improvement
of prognosis by PE is as follows: The principle of
PE is to separate the patient’s blood into plasma
and blood cells via a blood cell separator to
remove harmful and pathogenic components in
the plasma and replace these with an equal
amount of fluid and then transfuse the blood
cells and PE fluid back into the patient [42]. PE
can improve disease activity by reducing circu-
lating antibodies, abnormal plasma proteins or
cytokines, and other pathogenic macro-
molecules [42]. Early initiation of PE treatment
can alleviate complement activation and sub-
sequent inflammatory tissue destruction in
AQP4-ON patients by clearance of AQP4-IgG, a
critical driver in the evolving NMOSD lesion,
which may decrease the synthesis and secretion
of complement components, cytokines, and
chemokines. Timely removal of complement
protein may block the crosstalk between astro-
cytes and microglia [43, 44], rapidly blocking
ganglion cell loss and preserving visual function
[45]. In the future, we intend to evaluate the
relationship between the pathogenic AQP4
antibody and prognosis, as well as to establish a
model of PE efficacy and determine the con-
centration of the pathogenic AQP4 antibody.

This study does have several limitations.
Firstly, only six patients with MOG-ON were
included in this study of PE therapy, allowing
only a descriptive analysis about the changes in
logMAR VA with PE treatment in MOG-ON. The
number of patients with D-ON was also rela-
tively small, so a larger study is still needed to
support the conclusions of this study for D-ON.
Secondly, as this was a one-arm study, the effect
of IVMP treatment is difficult to exclude. No
statistically significant differences existed in
mean logMAR VA before and after IVMP treat-
ment, but a difference existed after IVMP treat-
ment in each VA category. Further research
should include equivalent-baseline ON patients

who only received treatment for acute IVMP, in
order to separate the effect of the IVMP therapy.
Thirdly, the AQP4 antibody titer was not
quantified longitudinally because of difficulty
in conducting follow-ups related to changes in
antibody titer changes. Thus, the correlation
between therapeutic effect and the change in
antibody titer should be investigated to
improve the clinical estimation of the value of
the therapy. Moreover, because some of the
attacks were recurrent, and the patients received
the initiation IVMP for their first attack outside
the study site, the information on the initiation
of IVMP, such as time or dosage, was missing.
Furthermore, due to the paucity of plasma
resources, not all the patients could receive PE
treatment at the expected time after onset.
There is currently no evidence-based data about
the exact initiation window for PE therapy.
These factors lead to inconsistency in the time
window for therapeutic PE. However, based on
the large time window of PE initiation to onset,
which ranged from 9–157 days (some patients’
PE initiation[60 days), in this observational
study, the time window of PE initiation which
benefited prognosis could be determined.
Lastly, optic disc swelling causes difficulties in
assessing the degree of severity. One (0.1%)
AQP4-ON patient with optic disc edema was
excluded from the analyses. Unfortunately,
neither GCIPL nor pRNFL was collected at fol-
low-up in the current study.

CONCLUSION

The most salient points of this study are the
importance of antibody detection and serotyp-
ing of acute ON, to guide the use of PE treat-
ment. PE therapy effectively improves visual
outcomes for AQP4-ON patients, but provides
limited value for D-ON patients. This study has
provided a statistically rational treatment time
window for AQP4-ON patients dependent on
the previous history of their disease. In sum-
mary, the earlier the treatment commences, the
greater the benefits.
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