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Abstract

Optic neuritis (ON) has been recognized since antiquity, but its modern clinical identity
emerged only in the late 19th century and was definitively shaped by the Optic Neuritis
Treatment Trial (ONTT). The ONTT established the natural history, visual prognosis, as‑
sociation with multiple sclerosis (MS), and therapeutic response to corticosteroids, build‑
ing the foundation for contemporary ON management. Subsequent discoveries—most
notably aquaporin‑4 IgG‑associated ON (AQP4‑ON), myelin oligodendrocyte glycopro‑
tein antibody‑associated ON (MOG‑ON), and double‑negative ON—have fundamen‑
tally transformed this paradigm, shifting ON from a seemingly uniform demyelinating
syndrome to a group of biologically distinct disorders. These subtypes differ in im‑
munopathology, clinical course, MRI features, retinal injury patterns, CSF profiles, and
long‑term outcomes, making early and accurate differentiation essential. MRI provides
key distinctions in lesion length, orbital tissue inflammation, bilateral involvement, and
chiasmal or optic tract extension. Optical coherence tomography (OCT) offers comple‑
mentary structural biomarkers, including severe early ganglion cell loss in AQP4‑ON, rela‑
tive preservation in MOG‑ON, and variable patterns in double‑negative ON. CSF analysis
further refines diagnosis, with oligoclonal bands strongly supporting MS‑ON. Together,
these modalities enable precise early stratification and timely initiation of targeted im‑
munotherapy, which is critical for preventing irreversible visual disability. Despite ma‑
jor advances, significant unmet needs persist. Access to high‑resolution MRI, OCT, cell‑
based antibody assays, and evidence‑based treatments remains limited in many regions,
contributing to global disparities in outcomes. The understanding of the pathogenesis
of double‑negative optic neuritis, the identification of reliable biomarkers of relapse and
visual recovery, and the determination of standardized cut‑off values for multimodal di‑
agnostic tools—including MRI, OCT, CSF analysis, and serological assays—remain unre‑
solved challenges. Future research must expand biomarker discovery, refine imaging crite‑
ria, and ensure equitable global access to cutting‑edge diagnostic platforms and therapeu‑
tic innovations. Four decades after the ONTT, ON remains a dynamic field of investiga‑
tion, with ongoing advances holding the potential to transform care for patients worldwide.
Together, these advances expose a fundamental tension between historically MS‑centered
diagnostic frameworks and the emerging biological heterogeneity of ON, a tension that
underpins the structure and critical perspective of the present review.
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1. Introduction
Optic neuritis (ON) encompasses a spectrum of inflammatory disorders affecting the

optic nerve, typically presenting with subacute visual loss. The conceptual origins of ON
can be traced back to classical antiquity, specifically the 5th to 4th centuries BCE, when
early physicians such as Alcmaeon of Croton and Hippocrates first proposed that vision
loss could originate from neural structures beyond the eye itself [1]. Since then, the con‑
cept has evolved through a series of major milestones, most notably the invention of the
ophthalmoscope in the mid‑19th century, allowing the in vivo examination of optic nerve
inflammation; the Optic Neuritis Treatment Trial (ONTT) studies with onset in the turn of
the 20th century; and the identification of aquaporin 4 (AQP4 IgG) and myelin oligoden‑
drocyte glycoprotein (MOG IgG) antibodies as causes of immune‑mediated ON [2–4].

The difficulty in defining ON over more than two millennia reflects the way its under‑
lying concepts evolved across history. Explanations for vision loss alternated between oc‑
ular, neural, inflammatory, and systemic models, creating lasting diagnostic uncertainties
that persisted into the modern era. Appreciating these historical limitations is essential for
understanding the ONTT—not only as a landmark achievement but also as a study shaped
by the conceptual boundaries of its time.

Recently, an international consortium of experts proposed a classification framework
for ON based on its underlying etiology and fundamental pathophysiological mechanisms.
This initiative also introduced a set of diagnostic criteria that integrates clinical phenotype,
neuroimaging features, and serological biomarkers, aiming to enhance diagnostic accu‑
racy, inform prognosis, and guide therapeutic decision‑making [5].

Despite these marked advancements, several unresolved issues persist, particularly
regarding biomarker development, pathophysiological characterization, and long‑term
management of double‑seronegative ON (DN‑ON), defined as AQP4‑IgG–negative, MOG‑
IgG–negative ON not associated with multiple sclerosis (MS). Importantly, the absence
of validated biological markers means that DN‑ON currently represents a heterogeneous,
exclusion‑based diagnostic category rather than a unified nosological entity. This limi‑
tation underscores the need for cautious interpretation of this group and highlights the
importance of targeted research strategies aimed at refining classification, improving di‑
agnostic precision, and guiding individualized therapeutic decision‑making. This review
provides a comprehensive synthesis of the evolution of the foundation of the ON concept
from Antiquity to Modern Age, and the current status of its knowledge. We examine the
state‑of‑the‑art of immune‑mediated ON including its clinical characteristics, diagnostic
approach, and therapeutic strategies for both typical ON (MS‑ON)—as defined by the
ONTT and subsequent studies—and atypical ON (non‑MS‑ON), which predominantly in‑
cludes AQP4‑ON, MOG‑ON, and double‑seronegative forms of undetermined etiology.
Additionally, we explore the major challenges associated with the diagnosis and subclassi‑
fication of seronegative ON and propose research strategies aimed at defining distinct en‑
tities within this group. These include detailed analysis of clinical phenotyping, advanced
neuroimaging techniques, and the identification of novel serum autoantibodies that could
allow discrimination of other types of ON within this common group. Such efforts are
essential for bridging current gaps in the field, ultimately enabling more precise diagnosis,
targeted therapy, personalized care and improved clinical outcomes [5–7]. Against this
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historical backdrop, the following section reviews the major milestones that shaped the
early conceptual foundations of optic neuritis.

2. Optic Neuritis Before the ONTT: Historical Foundations
The conceptual foundations of optic neuritis (ON) emerged through a long sequence

of anatomical, physiological, and clinical insights that progressively reframed vision from
a purely ocular phenomenon to a neurological function. The principal milestones that
shaped this evolution—from antiquity to the threshold of the modern era—are summa‑
rized in Figure 1.

Figure 1. Milestones in the understanding of optic neuritis from antiquity to the onset of the
modern era.

2.1. Antiquity: Neural Vision and the Optic Pathways

The discovery of the optic nerves is traditionally attributed to Alcmaeon of Croton
(c. 510–450 BCE), who traced visual pathways from the eyes to the brain and proposed that
the brain, rather than the heart, was the seat of sensation and cognition [8]. This marked
a decisive departure from earlier cardiocentric and metaphysical views of vision. Subse‑
quent writings in the Hippocratic Corpus acknowledged visual loss without visible ocular
disease, often described as amaurosis, although these texts did not clearly distinguish optic
nerve pathology from intraocular disorders [9].

Anatomicalunderstandingadvanced furtherwithHerophilusofChalcedon (c. 335–280 BCE),
who provided the first description of the optic chiasm as a crossing of the optic nerves [1]. Rufus
of Ephesus (1st century CE) later recognized that visual loss could arise from central or neural
causes and described the optic nerve as a solid structure extending from the brain to the eye, cor‑
recting earlier extramission theories [10]. Galen subsequently emphasized the coordinated role
of the eye, optic nerves, and brain in vision, although his enduring doctrine still conceived the
optic nerves as hollow conduits transmitting “visual pneuma,” an idea that dominated medical
thought for more than a millennium [1,11].

2.2. Medieval Medicine: Early Clinical Descriptions of Optic Nerve Inflammation

A major conceptual advance occurred during the Islamic Golden Age. Hunayn ibn
Ishaq (809–873 CE) provided the earliest detailed clinical descriptions consistent with ON
in his Kitab al‑Ashr Maqalat fil‑Ayn (Ten Treatises on the Eye). He described acute visual
loss occurring without apparent ocular disease, often accompanied by pain and sometimes
followed by recovery—features closely aligned with modern ON [12]. Figure 2 illustrates
an eye and optic pathway diagram from a later copy of Hunayn’s work, reflecting the
anatomical and conceptual framework underlying his observations.

https://doi.org/10.3390/biomedicines14020334

https://doi.org/10.3390/biomedicines14020334


Biomedicines 2026, 14, 334 4 of 54

 

Figure 2. Hunayn ibn Ishaq 9th century CE description of the eye diagram in a copy of his book,
Kitab al‑Ashr Maqalat fil‑Ayn (“Ten Treatises on the Eye”), in a 12th century CE edition. Source:
Wikipedia [13].

The earliest known use of the expression “inflammation of the optic nerve” (waram
ʿaṣab al‑baṣar) appears in Ali ibn Isa al‑Kahhal’s Tadhkirat al‑Kahhalin (c. 1010 CE), which
described painful visual loss attributed to optic nerve disease and its occasional association
with systemic conditions [14].

Avicenna (Ibn Sina, 980–1037 CE) further advanced visual physiology by relocating
the faculty of vision from the crystalline lens to the optic nerve in The Canon of Medicine,
thereby reframing visual loss as a neurological disorder rather than a purely ocular one [15].
His therapeutic approaches to inflammatory eye disease implicitly acknowledged inflam‑
mation as a cause of visual impairment.

2.3. Renaissance to Early Modern Era: Anatomical Precision and Functional Correlation

The Renaissance marked the definitive abandonment of Galenic visual doctrine.
Vesalius demonstrated that the optic nerves are solid neural structures, while Kepler es‑
tablished the retina as the site of image formation, enabling a clear distinction between
retinal and optic nerve pathology. Thomas Willis later linked optic chiasm lesions to char‑
acteristic visual field defects, strengthening clinico‑anatomical correlations. By the 18th
century, Zinn’s detailed descriptions of the optic nerve and orbital anatomy completed
the anatomical framework required for modern neuro‑ophthalmology [16].

2.4. The Modern Era: Clinical Characterization Before the ONTT

The invention of the ophthalmoscope by Helmholtz (1851) enabled direct visualiza‑
tion of the optic disc, transforming the diagnosis of ON. Shortly thereafter, von Graefe
described inflammatory optic disc changes and distinguished papillitis from papilledema,
recognizing that ON could occur in isolation or in association with neurological dis‑
eases [17]. Nettleship’s 1884 description of retrobulbar neuritis established that acute ON
may present with a normal fundus and identified key features such as a central scotoma,
dyschromatopsia, and pain with eye movement [18].

Physiological observations—including Uhthoff’s phenomenon and the Pulfrich effect—
provided functional correlates of demyelinating conduction failure [19]. Finally, Charcot in‑
tegrated ON into the clinical spectrum of multiple sclerosis in 1868 [20]. Mid‑20th‑century
epidemiological studies clarified the risk of MS following ON and stimulated early therapeu‑

https://doi.org/10.3390/biomedicines14020334

https://doi.org/10.3390/biomedicines14020334


Biomedicines 2026, 14, 334 5 of 54

tic trials with ACTH [21–25], directly paving the way for the Optic Neuritis Treatment Trial
and the modern era of evidence‑based management [26,27].

Despite these cumulative anatomical and clinical insights, ON remained a loosely de‑
fined clinical syndrome, lacking standardized diagnostic criteria, prognostic markers, or
evidence‑based therapeutic guidance. This uncertainty—particularly regarding visual out‑
comes and the risk of developing MS set the stage for the ONTT, which represented the
first systematic effort to define and standardize a specific clinical phenotype of ON.

3. The Optic Neuritis Treatment Trial and Characterization of Multiple
Sclerosis‑Related Optic Neuritis

By the 1970s and 1980s, the management of acute ON remained largely empirical.
Systemic corticosteroids were widely used, yet the evidence supporting their efficacy was
inconsistent and derived mainly from small, uncontrolled studies. Questions persisted
regarding the optimal dose, route, and duration of therapy, and uncertainty extended to
the natural history of ON itself—particularly its long‑term visual prognosis and the mag‑
nitude of its association with MS. Although epidemiologic observations suggested that
ON frequently served as a presenting symptom of MS, robust prospective data quantify‑
ing this risk were not yet available. The advent of magnetic resonance imaging (MRI) in
the mid‑1980s provided an unprecedented means of detecting clinically silent demyelinat‑
ing lesions, but its prognostic value in the setting of a first ON episode had not been sys‑
tematically evaluated. This convergence of therapeutic ambiguity, prognostic uncertainty,
and emerging neuroimaging technology created a compelling rationale for a rigorously
designed, large‑scale clinical trial.

To address these gaps, the Optic Neuritis Study Group (ONSG) was established as
a multicenter collaborative consortium supported by the National Eye Institute. Bringing
together leading neurologists and neuro‑ophthalmologists from 15 clinical centers across
the United States, the ONSG undertook the first comprehensive, prospective character‑
ization of demyelinating ON and designed what would become the ONTT. The ONTT
was conceived with two principal objectives. The first was to determine whether specific
corticosteroid regimens—namely high‑dose intravenous methylprednisolone followed by
oral prednisone, oral prednisone alone, or placebo—could accelerate visual recovery or
improve long‑term visual outcomes in acute ON. The second objective was to define the
long‑term risk of MS following a first episode of ON and to evaluate whether baseline brain
MRI could stratify that risk with clinical utility.

Over the next two decades, the ONTT and its extension studies generated an exten‑
sive body of work, including seminal reports on treatment effects, visual recovery tra‑
jectories, late visual function, quality of life, recurrence rates, and MS conversion risk.
These publications collectively transformed the clinical understanding and management
of ON [2,28–51].

Together, the ONTT and its related investigations established the evidence‑based
framework that continues to guide the diagnosis, treatment, and prognostication of MS‑
related ON.

3.1. Demographic and Clinical Characterization of Optic Neuritis in the ONTT

Between 1988 and 1991, the ONTT enrolled 457 patients with a first episode of acute
unilateral ON across 15 clinical centers in the United States [26]. The cohort was predom‑
inantly Caucasian (85.3%), with smaller proportions of African American (12.7%), Asian
(1.5%), and Hispanic (0.4%) participants. Eligibility required age between 18 and 45 years
and the presence of a first episode of acute unilateral ON of ≤8 days’ duration, typically
characterized by sudden visual loss accompanied by periocular pain. Clinical examination
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had to be consistent with ON, including an RAPD and either optic disc swelling or a normal
disc in retrobulbar cases. Visual acuity (VA) in the affected eye was required to be worse
than 20/40 but not no light perception (NLP), while that of the fellow eye had to be bet‑
ter than 20/40. Patients were excluded if they exhibited atypical clinical features—such as
marked optic disc swelling with hemorrhages or exudates, progression beyond two weeks,
or absence of pain—prior ON in the affected eye, or VA worse than 20/40 in the fellow
eye. Additional exclusion criteria included systemic diseases capable of mimicking ON
(e.g., sarcoidosis, syphilis, Lyme disease, systemic lupus erythematosus), other ocular or
neurological conditions affecting vision, contraindications to corticosteroid therapy (such
as uncontrolled hypertension, diabetes, active infection, psychosis, or peptic ulcer disease),
pregnancy or lactation, or exposure to systemic corticosteroids within the previous 30 days.

The baseline demographic and clinical characteristics of the ONTT cohort are summa‑
rized in Table 1. These data outline the visual function profile and symptomatology of the
457 patients at study entry [26]. The table includes demographic variables, laterality, and
the frequency of simultaneous bilateral involvement, as well as key baseline measures such
as high‑contrast visual acuity (HCVA), color vision, contrast sensitivity (CS), visual field
findings, and the presence of an afferent pupillary defect. It also reports the prevalence of
eye pain or headaches accompanying vision loss, a hallmark feature of acute demyelinating
ON in this population.

Table 1. Baseline Demographic and Clinical Characteristics of Patients with Optic Neuritis Enrolled
in the ONTT.

Characteristics Value

Number of patients 457

Age, mean (range), years 32 (18–45)

Sex, female (%) 352 (77)

Race (%)
White: 388 (85)
Black: 64 (14)
Other: 5 (1%)

Affected eye (%) Right: 229 (50), Left: 228 (50)

Simultaneous bilateral involvement (%) 7 (1.5)

Eye pain or headache associated with
vision loss (%) 420 (92)

Visual acuity in affected eye %

≥20/20: 3
20/25–20/40: 6

20/50–20/190: 56
≤20/200: 35; CF: 14; HM: 10;

LP: 3; NLP: <1

Visual acuity in fellow eye (%)
≥20/20: 96

20/25–20/40: 3
≤20/50: 1

Color vision defect in affected eye
(Hardy–Rand–Rittler plates)

Median correct plates: 1/14
>90% abnormal, severe defect in 60%

Contrast sensitivity abnormality
(Pelli–Robson chart)

Mean log cs: 1.04 ± 0.37
>95% abnormal (<1.65)

Visual field defect in affected eye %

Central or cecocentral scotoma: 52
Diffuse depression: 29

Nerve fiber bundle defect: 8
Altitudinal defect: 3

Other: 8
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Table 1.Cont.

Characteristics Value

Afferent pupillary defect %

Present: >95
Severe: 47

Moderate: 34
Mild: 14

ONTT—Optic Neuritis Treatment Trial; APD—afferent pupillary defect; VA—visual acuity; LP—light percep‑
tion; CS—contrast sensitivity.

3.2. Assessment of Corticosteroid Treatment

The selected ONTT participants were randomized to one of three groups: (1) IV methyl‑
prednisolone (IVMP) + oral prednisone: 250 mg IV every 6 h for 3 days (1 g/day), then oral
prednisone 1 mg/kg/day for 11 days with taper; (2) oral prednisone alone (1 mg/kg/day for
14 days); or (3) oral placebo: 14 days. The study showed that IVMP significantly acceler‑
ated recovery of visual function, with earlier improvement in visual fields (p = 0.0001), CS
(p = 0.026), and color vision (p = 0.033) compared to placebo, though no long‑term VA benefit
was observed. Oral prednisone alone was ineffective and increased recurrence risk [2].

At five‑year follow‑up most patients retained good vision (≥20/20 VA in ~74% of af‑
fected eyes). Baseline MRI lesions predicted a ~50% 5‑year MS risk vs. ~25% with normal
MRI [43,44]. At 10 years, 74% had ≥20/20 VA, 18% had 20/25–20/40, 5% had <20/40–20/200,
and 3% had <20/200. Recurrence occurred in ~35%, more often in MS patients (p < 0.001).
At 15–18 years, 72% of affected eyes and two‑thirds of patients had ≥20/20 VA bilaterally.
Multiple sclerosis remained associated with slightly worse outcomes and quality‑of‑life
measures [47,52,53].

3.3. Multiple Sclerosis Risk and Prognostic Value of MRI

A pivotal contribution of the ONTT was the detailed characterization of the long‑term
risk of MS following the first episode of acute demyelinating ON while meeting the study’s
inclusion criteria. These findings established the prognostic utility of baseline brain MRI as
the most powerful predictor of MS conversion in isolated ON [28,43,47,49], thereby defin‑
ing what is now understood as typical demyelinating ON.

In the final long‑term ONTT follow‑up, conducted 14–18 years after enrollment (mean,
15 years), the cumulative probability of clinically definite MS for the entire cohort was
approximately 50% [49]. Baseline brain MRI performed at study entry stratified patients
into two distinct prognostic groups. Individuals with one or more characteristic white‑
matter lesions—defined at the time as ovoid, ≥3 mm in diameter, and located in typi‑
cal MS regions such as periventricular, juxtacortical, infratentorial areas, or the corpus
callosum—had a 15‑year MS conversion risk of approximately 72%. In contrast, pa‑
tients with a normal MRI had a markedly lower conversion probability of approximately
25% [49].

The temporal pattern of MS conversion demonstrated a biphasic distribution. The
majority of conversions occurred within the first five years, particularly among patients
with MRI abnormalities [43]. Conversions continued at a slower rate thereafter, with very
few new cases after ten years among patients with normal baseline MRI, suggesting that
long‑term risk eventually plateaus [49].

Several clinical factors increased MS risk independently of MRI findings. These in‑
cluded older age at ON onset, female sex, relapsing ON (RON), and the presence of addi‑
tional neurological symptoms or abnormal neurological examination at presentation [54–56].
Conversely, severe visual loss and optic disc swelling—particularly in children—were asso‑
ciated with a lower likelihood of MS conversion, although these features were not strong
independent predictors once MRI was taken into account [56].
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Optical coherence tomography (OCT) has also emerged as a potential prognostic tool.
Thinning of the ganglion cell internal plexiform layer (GCIPL) and the peripapillary retinal
nerve fiber layer (pRNFL) in both the affected and the fellow eye may serve as independent
predictors of MS conversion after ON [57,58].

Recurrent ON occurred more frequently among patients who subsequently devel‑
oped MS, affecting approximately one‑third of the ONTT cohort [26,49,52]. In many cases,
involvement of the fellow eye occurred in close temporal proximity to the MS diagnosis.
These observations firmly established MRI as an essential tool for long‑term prognostica‑
tion and directly influenced revisions to the McDonald diagnostic criteria in 2001, 2005,
2010, 2017, and 2024, which increasingly relied on MRI evidence of dissemination in space
(DIS) and time (DIT) to confirm MS after a single demyelinating event [59–63].

3.4. The Role of Optic Neuritis in the Diagnosis of Multiple Sclerosis

The evolution of the McDonald criteria over the past two decades has progressively
reshaped the diagnostic weight assigned to ON in MS, integrating increasingly sophisti‑
cated imaging and laboratory biomarkers into the diagnostic framework [59–65] (Table 2).

Table 2. Evolution of the McDonald’s Criteria and Role of Optic Neuritis in the Diagnosis of
Multiple Sclerosis.

McDonald’s Criteria Key Revisions to
McDonald Criteria

Impact of Optic Neuritis
on MS Diagnosis References

2001

First introduction of McDonald
criteria; allowed MS diagnosis after

a single clinical attack (e.g., ON)
with MRI evidence of DIS and DIT.

ON recognized as a possible first
demyelinating event; MRI could

confirm MS diagnosis if DIS and DIT
criteria met.

[59]

2005

Revised criteria allowed DIT to be
demonstrated by a new T2 or

gadolinium‑enhancing lesion on
follow‑up MRI, replacing the need for
clinical evidence of a second attack.

ON remained a valid first
demyelinating event; follow‑up MRI
showing new lesions could expedite

MS diagnosis.

[63]

2010

DIT could be demonstrated by
simultaneous presence of

gadolinium‑enhancing and
non‑enhancing lesions on baseline

MRI. Allowed earlier diagnosis
without waiting for new clinical

attacks or follow‑up scans.

ON with baseline MRI fulfilling DIS
and DIT criteria could establish MS

diagnosis immediately.
[60]

2017
CSF‑specific OCBs accepted as an
alternative to demonstrating DIT.

DIS still required.

ON plus MRI showing DIS and
positive CSF OCBs could confirm

MS diagnosis without requiring DIT.
[61]

2025

Advanced imaging incorporated:
CVS and PRLs recognized as

supportive MRI features; inclusion
of OCT parameters; CSF KFLC
accepted as alternative to OCBs;

broader lesion
topography definitions.

ON diagnosis can be supported by
advanced MRI markers

(CVS, PRLs), OCT
evidence of retinal nerve fiber layer

loss, and CSF KFLC positivity,
enabling earlier and more accurate
MS diagnosis when combined with

DIS criteria.

[62]

ON—optic neuritis; DIS—dissemination in space; DIT—dissemination in time; CSF—cerebrospinal fluid;
OCB—oligoclonal bands; KFLCs—kappa free light chains; CVS—central vein sign; PRLs—paramagnetic rim
lesions; OCT—optic coherence tomography.
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The 2001 and 2005 revisions relied primarily on conventional MRI evidence of DIS
and DIT, permitting the diagnosis of MS after a first demyelinating episode—such as
ON—when radiological thresholds were fulfilled [59,63]. The 2010 update advanced this
framework by allowing DIS and DIT to be demonstrated on a single MRI scan through the
simultaneous presence of enhancing and non‑enhancing lesions, thereby accelerating MS
diagnosis in typical ON presentations [60].

In 2017, cerebrospinal fluid (CSF)‑specific oligoclonal bands (OCBs) were accepted as
an alternative to demonstrating DIT, although the optic nerve itself still did not qualify
as a DIS site [61]. This long‑standing limitation was fundamentally revised in the 2024
McDonald update, which recognized the optic nerve as the fifth topographic region for DIS,
allowing ON‑related lesions—identified on orbital MRI, visual evoked potentials (VEP), or
OCT—to directly support MS diagnosis [62,66].

This shift is particularly relevant for patients presenting with isolated ON and bor‑
derline MRI findings. In such cases, advanced imaging markers now incorporated
into the criteria—such as the central vein sign (CVS) and paramagnetic rim lesions
(PRLs)—provide additional specificity [67–70].

The CVS reflects the perivenular origin of demyelinating plaques in MS. It appears
as a small central vessel traversing white‑matter lesions on susceptibility‑weighted or T2*
imaging [71], corresponding to classic histopathological descriptions of MS lesions cen‑
tered on small veins [72]. Quantitative thresholds—such as ≥40% of lesions showing
a central vein—have demonstrated high diagnostic accuracy in distinguishing MS from
ischemic, migraine‑related, and other inflammatory white‑matter disorders [73].

The PRLs also referred to as “iron rim lesions”, reflect chronic active demyelination in
MS. They exhibit a demyelinated, hypocellular core surrounded by iron‑laden activatedmi‑
croglia/macrophages, producing a paramagnetic rim on susceptibility‑based MRI [74,75].
PRLs are highly specific for MS and rare in ischemic small‑vessel disease or neuromyeli‑
tis optica spectrum disorder (NMOSD) [76]. Their presence correlates with accelerated
brain atrophy, greater clinical disability, and worse long‑term outcomes [77,78]. Longitu‑
dinal studies have demonstrated that PRLs are relatively specific for MS, distinguishing
it from other white matter diseases such as small vessel ischemia or NMOSD, in which
PRLs are rare [76]. The presence of PRLs has been associated with greater clinical disabil‑
ity, faster brain atrophy, and worse long‑term outcomes, underscoring their prognostic
value [69,76–79].

Optical coherence tomography has become an integral component of the 2024 McDon‑
ald criteria, reflecting its value as a structural biomarker in patients presenting with optic
ON. By quantifying axonal and neuronal integrity in the retina, OCT provides objective ev‑
idence of optic nerve involvement that complements MRI and CSF analysis [66]. Both, the
pRNFL and the GCIPL are particularly informative after ON. They exhibit characteristic
thinning following demyelination, with GCIPL loss occurring earlier and correlating more
consistently with functional outcomes such as low‑contrast visual acuity (LCVA), color
vision, and visual field sensitivity [80,81].

Intereye absolute difference (IEAD) substantially enhances diagnostic sensitivity for
prior unilateral ON. Validated thresholds of ≥9 µm for pRNFL and ≥6 µm for GCIPL
reliably distinguish affected from unaffected eyes, even when clinical history is uncertain
or visual evoked potential (VEP) are inconclusive [82,83].

Importantly, OCT also detects subclinical retinal thinning in MS eyes without a history
of ON, reflecting diffuse neuroaxonal injury that parallels global CNS atrophy [84]. This
extends OCT’s utility beyond the assessment of ON and supports its use as a marker of
neurodegeneration in MS more broadly.
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Early OCT changes additionally hold prognostic value as the magnitude of GCIPL
and pRNFL thinning in the weeks following ON predicts long‑term visual function, and
retinal atrophy may progress despite clinical recovery, indicating ongoing neurodegener‑
ation [80].

Given its reproducibility, quantitative precision, and sensitivity to small structural
changes, OCT is now routinely incorporated into multicenter clinical trials evaluating neu‑
roprotective and remyelinating strategies [85]. Its integration into the 2025 diagnostic cri‑
teria reflects the growing emphasis on multimodal, objective biomarkers to strengthen the
diagnostic framework in clinically isolated ON and early MS.

Kappa free light chains (KFLCs) have emerged as a highly sensitive, quantitative
marker of intrathecal B‑cell activity and are now incorporated into the 2025 McDonald
criteria as an accepted alternative to CSF‑specific OCBs. KFLCs are released in excess dur‑
ing immunoglobulin synthesis, and their measurement—typically expressed as the KFLC
index—provides a reproducible and automated assessment of intrathecal immunoglobu‑
lin production [86].

Large multicenter studies have established the strong diagnostic performance of
KFLCs. In an early, influential investigation, Presslauer et al. reported a diagnostic sen‑
sitivity of 95% for intrathecal KFLC synthesis in MS, compared with 93% for OCBs, with
both biomarkers demonstrating 95% specificity [86]. These findings were subsequently
supported by Leurs et al., who demonstrated a sensitivity of 88% (95% CI 85–90%) for
the KFLC index versus 82% (95% CI 79–85%) for OCBs, with specificities of 83% and 92%,
respectively [87].

Meta‑analytic data further validate the robustness of KFLC. A systematic review en‑
compassing 32 studies reported weighted mean sensitivities of 88% for the KFLC index
and 85% for OCBs, with specificities of 89% and 92%, respectively [88]. Complementary
findings from Nabizadeh et al. demonstrated pooled KFLC sensitivities of 90–91% and
specificities of 86–87%, confirming its diagnostic accuracy across diverse populations [89].

In addition to its diagnostic power, KFLC offers several practical advantages over
isoelectric focusing (IEF) for OCB detection, including automation, quantification, reduced
inter‑observer variability, faster turnaround time, and improved cost‑effectiveness [87,90].
These operational strengths have led multiple consensus statements to recommend KFLC
as a core biomarker for MS diagnosis [88,91].

The integration of KFLC into the 2024 McDonald criteria reflects a broader shift to‑
ward multimodal, quantitative, and reproducible biomarkers that enhance diagnostic cer‑
tainty, reduce delays in identifying MS after a first demyelinating event, and improve dif‑
ferentiation from mimicking inflammatory or infectious conditions. When combined with
MRI and OCT findings, KFLC substantially strengthens the diagnostic framework for pa‑
tients presenting with ON and other clinically isolated syndromes.

4. Beyond the ONTT: Non‑Multiple Sclerosis‑Related Optic Neuritis
(“Atypical Optic Neuritis”)

The ONTT (1992–2008) established the benchmark clinical phenotype of acute de‑
myelinating ON and clarified the effects of corticosteroid therapy on visual outcomes [2,
26,29–33,35–38,40–48,50–52,92,93]. It also defined the risk of conversion to MS over differ‑
ent follow‑up periods [28,38,47,49]. Clinical features that diverge from the ONTT‑defined
profile—such as painless presentation, bilateral or rapidly sequential involvement, severe
optic disc edema with hemorrhages or exudates, poor visual recovery, and associated sys‑
temic signs—were subsequently considered “atypical” and recognized as red flags war‑
ranting an expanded diagnostic evaluation [94].
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The term “atypical optic neuritis” subsequently emerged as a practical umbrella des‑
ignation for these phenotypes that deviate from the ONTT‑defined profile and encompass
a heterogeneous group of inflammatory optic neuropathies, including those associated
with NMOSD, MOGAD, chronic relapsing inflammatory optic neuropathy (CRION), in‑
fectious etiologies, neurosarcoidosis, and neuroretinitis [94,95].

Table 3 shows the classification of ON with emphasis on the immune‑mediated sub‑
types according to their etiopathogenic mechanisms, with representative references for
each category [2,5,26,29–38,40–50,52,53,92,93,96–126].

The International Consensus Optic Neuritis (ICON) Criteria distinguish Single Isolated
Optic Neuritis (SION)—a first episode of ON in individuals who do not fulfil diagnostic
criteria for MS, NMOSD, or MOG‑antibody disease—from ON occurring in established MS,
which reflects disease activity within a recognized MS phenotype [5,127,128].

This conceptual separation builds on earlier classifications that defined idiopathic iso‑
lated ON as a discrete clinical construct within the spectrum of autoimmune optic neu‑
ropathies [128].

Despite this categorical distinction, SION and MS‑associated ON share nearly iden‑
tical clinical and paraclinical profiles, including acute unilateral painful visual loss, the
presence of a relative afferent pupillary defect, short‑segment retrobulbar enhancement
on MRI, and characteristic OCT patterns of GCIPL and pRNFL thinning—features consis‑
tent with a shared demyelinating pathophysiology [127,129,130].

The 2024 McDonald diagnostic criteria further strengthen this biological continuum.
Under the revised framework, MS may be diagnosed at the time of a first demyelinating
event—such as SION—when dissemination in space is demonstrated and when support‑
ive MRI or CSF biomarkers, including the central vein sign, paramagnetic rim lesions, or
optic nerve involvement, are present. As a result, some cases previously classified as SION
now meet diagnostic criteria for MS even in the absence of clinical dissemination in time,
underscoring the diagnostic relevance of early radiological markers and the continuum
between isolated ON and MS.

This distinction has been operationalized in prospective datasets, including the Acute
Optic Neuritis Network (ACON), which stratify patients as SION or MS‑ON based on Mc‑
Donald diagnostic status at presentation [131,132]. Longitudinal studies consistently show
that a substantial proportion of patients presenting with SION eventually fulfil criteria for
MS, thereby transitioning from an isolated optic neuropathy to MS‑associated ON. In the
ONTT, approximately 50% of individuals with a first episode of typical ON converted to
MS over 15 years, with baseline brain MRI abnormalities representing the strongest predic‑
tor of conversion [48]. Similar long‑term trajectories have been demonstrated in European
and Finnish cohorts evaluating idiopathic ON [133,134].

More recent analyses within the McDonald 2017 and 2024 frameworks confirm that
ON frequently represents the first clinical manifestation of MS [135,136].

Collectively, these data indicate that although SION and MS‑associated ON are often
treated as separate diagnostic categories, they likely represent two temporal expressions
of the same underlying demyelinating disease process. Their differentiation primarily re‑
flects the timing of detection of additional MS‑typical lesions rather than fundamental dis‑
tinctions in clinical, radiological, or pathological mechanisms. The 2024 McDonald crite‑
ria reinforce this interpretation by enabling MS diagnosis at the first demyelinating event
when appropriate supportive biomarkers are present, integrating isolated ON more di‑
rectly into the MS disease spectrum.
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Table 3.Types of Optic Neuritis According to Etiopathogenetic Mechanisms.

Type References

Infectious ON [5,96,97,137]

Immune‑mediated ON

MS‑related ON (Typical ON) [2,26,28–53,92,93]

Non‑MS‑related ON
(Atypical ON)

AQP4‑Related ON [98,99]

MOG‑Related‑ON [100,126]

Paraneoplastic ON
(CRMP5‑ON) [101,102]

GFAP‑Related ON [103–107]

Glycine Receptor‑Related ON [108–110]

Post‑infection‑ON [111,112]

Post‑vaccination ON [114–116]

Recurring Idiopathic ON
RION [117,119]

CRION [120,122]

ON in systemic autoimmune disorders [123–125]

Other immune‑mediated ON of
undetermined etiopathogenesis [6,123]

ON—optic neuritis; AQP4—aquaporin‑4; MOG—myelin oligodendrocyte glycoprotein; CRMP5—collapsin
response‑mediator protein 5; GFAP—glial fibrillary acidic protein; RION—relapsing isolated optic neuritis;
CRION—chronic relapsing inflammatory optic neuropathy.

At the time of the ONTT, AQP4‑IgG and MOG‑IgG antibodies had not yet been discov‑
ered. In a recent reanalysis of stored serum from 177 ONTT participants, none tested posi‑
tive for AQP4‑IgG, while 3 patients (1.7%) were positive for MOG‑IgG [138]. All MOG‑IgG‑
positive patients presented with optic disc edema and had good recovery of VA, though
one had persistent peripheral visual field loss. Two experienced a single episode of recur‑
rent ON, but none developed MS or had demyelinating lesions on MRI during 15 years
of follow‑up. These results show that MOG‑IgG and AQP4‑IgG are rare in typical ONTT
cases, and that MOG antibody‑associated disease (MOGAD) is clinically and prognosti‑
cally distinct from MS [138].

4.1. Aquaporin 4‑Related Optic Neuritis

The identification of AQP4‑IgG marked the first unequivocal demonstration that
a substantial subset of ON represents a primary astrocytopathy rather than a demyelinat‑
ing disease, fundamentally challenging the ONTT‑derived assumption that ON is patho‑
physiologically homogeneous. AQP4‑related ON is a severe, relapsing autoimmune dis‑
order with distinct epidemiology, pathophysiology, clinical features, and prognosis. It is
a hallmark of NMOSD and is associated with severe visual impairment and a high risk of
permanent disability [139].

Epidemiology—The reported prevalence of AQP4‑IgG seropositivity in patients with
isolated ON varies widely according to age and geographic region, ranging from 4% in non‑
Asian adults to 27% in Asian adults. In pediatric ON, AQP4‑IgG is rare, being detected in
only 0.4% of non‑Asian children but in up to 15% of Asian children [140].

Population‑based data from Olmsted County show the antibody prevalence in 3% of
ON cases [141].
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Conversely, ON represents a frequent manifestation of NMOSD, accounting for
50–70% of first clinical presentations in seropositive patients [142].

The mean age of onset varies across populations, reported at 26.2 ± 11.0 years in
a Turkish cohort and 38.6 ± 13.7 years in a Chinese cohort [143,144].

A striking female predominance is observed, with female‑to‑male ratios ranging from
6.5:1 to 14.7:1 in AQP4‑IgG‑positive NMOSD cohorts [145]. This sex imbalance is particu‑
larly pronounced during reproductive age, when the ratio can reach 23:1 [146].

Epidemiological studies consistently show that Asian, Black, and Latin American
patients—both adults and children—are more frequently affected than Caucasians [147,148].
These groups also face a higher risk of developing NMOSD and tend to have worse clinical
outcomes [149–151].

Pathophysiology—In AQP4‑ON antibodies of the IgG1 subclass target AQP4 water
channel densely expressed at astrocytic endfeet in the optic nerves. Binding of AQP4‑IgG
triggers complement‑dependent cytotoxicity, perivascular deposition of C5b‑9, astrocyte
injury/necrosis, and secondary oligodendrocyte and axonal loss [98,152–154].

Histopathology shows loss of AQP4 and glial fibrillary acidic protein (GFAP) along
with perivascular IgG/complement and granulocyte infiltration. These findings indicate
a primary astrocytopathy rather than a primary demyelinating process [154]. The optic
nerve’s high AQP4 density and relative paucity of complement regulators likely contribute
to its particular vulnerability in AQP4‑ON [155].

Experimental models of ON induced by passive transfer of AQP4‑IgG have success‑
fully reproduced the histological features observed in NMOSD, including severe visual
dysfunction [156].

Recent transcriptomic analyses suggest that inflammation in AQP4‑ON is mediated
by damage‑associated molecular patterns (DAMPs) and involves selective activation of
toll‑like receptors (TLR2, TLR5, TLR8, TLR10), with immune cell infiltration correlating
with visual impairment [157].

Additionally, gene expression analyses have identified histone modification genes as
potential biomarkers, indicating a role for epigenetic regulation indiseasepathogenesis [158].

Clinical features—AQP4‑ON is consistently associated with profound vision loss at
nadir, often reaching 20/200 or worse. In a large Japanese cohort, the median nadir VA in
AQP4‑ON was 20/2000, and even after treatment, the median final VA improved only to
20/50, which is significantly worse than outcomes in MOG‑ON or MS‑ON.

In a population‑based US study, most AQP4‑ON patients had multiple attacks, and
two‑thirds were left with NLP in at least one eye [141].

Similarly, a large Chinese cohort found that 42.9% of AQP4‑ON eyes remained
≤20/200 at final follow‑up, while only 42.9% achieved ≥20/40, highlighting the high risk
of permanent legal blindness [159].

Chiasmal involvement is a notable feature in AQP4‑ON, occurring in approximately
20% of cases and demonstrating microstructural damage that correlates with reduced VA
and pRNFL thinning [155], a prevalence similar to that seen in MOG‑IgG‑ON but with
distinct patterns—AQP4‑ON more often affects the posterior chiasm, whereas MOG‑IgG‑
ON typically shows LEON lesions extending from the orbit to the chiasm [160].

Treatment and outcome—Acute attacks of AQP4‑ON are primarily managed with
high‑dose IVMP, which should be administered ideally within three days of onset to opti‑
mize visual recovery as even a short delay can significantly worsen prognosis [161–163]. In
cases where response to steroids is inadequate, plasma exchange (PLEX) is recommended
and has been shown to improve visual outcomes, especially when initiated early [164].

Long‑term relapse prevention relies on immunosuppressive therapies, including rit‑
uximab, azathioprine, and mycophenolate mofetil, with recent evidence supporting the
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preferential use of monoclonal antibodies such as ravalizumab, inebilizumab, and satral‑
izumab [165–167].

Visual acuity at nadir is the strongest predictor of long‑term outcome across all ON
subtypes, including AQP4‑ON. In patients with NMOSD, AQP4‑ON at disease presenta‑
tion is a predictor of poorer outcome than when it occurs in the course of the disease [168].

Maintenance immunosuppressive therapy also reduces recurrences and improves fi‑
nal VA, with patients on maintenance therapy achieving median VA of 20/20 at one year,
compared to 20/200 in those without. Older age at onset and more recurrences are addi‑
tional risk factors for poor outcome [159,161,169].

These distinctions are clinically decisive because early recognition of AQP4‑ON man‑
dates urgent escalation from corticosteroids to PLEX when response is incomplete and ne‑
cessitates prompt initiation of long‑term relapse‑prevention therapy. Failure to correctly
identify this subtype risks irreversible astrocytic and axonal injury, repeated attacks, and
inappropriate exposure to MS disease‑modifying therapies that are ineffective or poten‑
tially harmful in NMOSD.

4.2. MOG‑Related Optic Neuritis

Myelin oligodendrocyte glycoprotein antibody‑associated disease (MOGAD) is recog‑
nized as a distinct demyelinating disorder of the CNS [170,171] in which ON is the present‑
ing symptom in 70–77% cases, especially in adults and late‑adult onset patients [172,173].

Epidemiology—MOGAD prevalence ranges from 1.3–2.5 per 100,000 inhabitants,
while its annual incidence is approximately 3.4–4.8 per million, with 20–40% of patients
presenting a history of preceding infection or vaccination [174].

The frequency of MOG‑ON among all cases of ON as the first sign of demyelinating
diseases of the CNS varies by population and age group. Some pediatric studies have
found that 18–27% of children with acquired demyelinating syndromes and ON were
MOG‑IgG positive [175,176]. The proportion of MOG‑ON among isolated ON cases ranges
from 25% to nearly 50% in pediatric cohorts [140,175,177].

However, in adult populations, the proportion is lower. In the US and Europe MOG‑
IgG‑MOG‑ON represents about 5% of all adult ON cases, while meta‑ analyses and system‑
atic reviews show that the frequency in some Asian populations can be as high as 8–20%
of all adult ON patients [141,178–180].

MOG‑ON affects a wide age range, with a median or mean age at onset typically in the
20s to 40s, but cases havebeen reported fromearly childhood to late adulthood [176,181–183].

In MOGAD there is no strong female or male predominance: Most large studies report
a female‑to‑male ratio close to 1:1 or slightly higher for females (1.2:1) [174]. However,
an US pediatric cohort found 57% female [184] and a Quebec cohort found an equal sex
ratio [185]. In Olmsted County (USA) and Martinique, 38% of MOGAD cases were female,
suggesting some variability by region [186]. This is highly distinct from AQP4+ NMOSD,
which has a strong female predominance [145].

Studies with European, Asian and North American cohorts show that there is no
clear racial preponderance globally as MOGAD has been observed across all racial groups
without a strong bias [174,186]. However, some differences in distinct ancestries have
been observed. A study in Singapore found a slightly higher prevalence among Indians
(2.48/100,000) compared to Malays (1.47/100,000) and Chinese (1.03/100,000) [187]. Another
study in Olmsted County and Martinique found prevalence of 3.70/100,000 in Olmsted
County and 2.61/100,000 in Martinique, with children, respectively, representing 29% and
11% of the MOGAD cohorts [186].

Pathophysiology—MOGAD represents a unique autoimmune demyelination driven
byperivenous, antibody‑mediated myelin injury. The disease is associated with pathogenic
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serum MOG‑IgG, which targets the outermost surface of myelin sheaths, making it sus‑
ceptible to autoimmune attack. Activated peripheral CD4+ T cells and MOG‑specific
B cells breach the blood–brain barrier, producing antibodies that induce complement ac‑
tivation and antibody‑dependent cytotoxicity. Lesions show perivenous demyelination
with macrophages, granulocytes, and CD4+ T‑cell predominance, but relative astrocyte
preservation—distinct from AQP4‑NMOSD and MS. Pathological studies reveal that MO‑
GAD lesions display both perivenous and confluent white matter demyelination, with
a notable over‑representation of intracortical demyelinated lesions compared to MS [188].

Clinical features—MOG‑ON is often associated with severe visual loss at onset, with
nadir VA frequently ≤20/200 in 50–80% of cases. Most patients experience substantial re‑
covery, with median post‑treatment VA improving to 20/20–20/45 [189,190]. In a large
cohort study, only 6% of the MOG‑ON patients had a final VA of 20/200 or worse [183].
In children recovery is even better; 56–85% achieve complete recovery, and 89–98% reach
at least 20/40 [191–193]. Older age, female sex, and longer optic nerve lesion length pre‑
dict worse final VA [194,195]. Ocular pain, especially with eye movement, is reported in
82–90% [196].

Optic disc swelling is a hallmark of MOG‑ON, present in 53–100% of cases, and is
more common than in AQP4‑IgG or MS‑associated ON [189,197]. Bilateral involvement is
frequent, occurring in 50–84% of cases [198].

Relapsing ON (RON) is common: 47–80% of patients experience relapses, with per‑
sistent MOG‑IgG seropositivity increasing this risk [163,190]. The annualized relapse rate
(ARR) in relapsing cohorts ranges from 0.69 to 1.2 attacks per year [196,199]. The most
common interval for the first relapse is within the first year, with a median time to first
relapse of 5–6 months and 75–80% of relapsing patients experiencing their first relapse
within 12 months [138,189,198]. The median number of relapses in relapsing patients is 2
(IQR 1–4), with over half experiencing two or more relapses [198,200].

Diagnosis of MOGAD requires a compatible clinical syndrome (such as ON, myelitis,
or ADEM) detection of MOG‑IgG in serum using a cell‑based assay; exclusion of alter‑
native diagnoses, especially MS and AQP4‑IgG‑positive NMOSD; and supportive MRI or
neurophysiological evidence of demyelination [198].

Treatment—Acute attacks of MOG‑ON are primarily managed with high‑dose IVMP,
which leads to favorable outcomes in most patients, especially when administered promptly;
for example, 91% of patients achieved full visual recovery at three months, whereas delayed
treatment (>10 days) significantly reduced the likelihood of optimal recovery [201,202].

If response to IVMP is insufficient after 3–5 days, escalation to intravenous im‑
munoglobulin (IVIG), 1–2 g/kg over 1–5 days) or PLEX is recommended as second‑line
therapies [203]. IVIG has demonstrated significant improvement in disability and vi‑
sual outcomes in acute attacks, with retrospective studies showing marked improve‑
ment in Expanded Disability Status Scale (EDSS) and VA (p < 0.0001) 2. PLEX is also
effective, particularly in severe or steroid‑resistant cases, and is commonly used after
IVMP failure [202,203]. For maintenance therapy to prevent relapses, immunosuppres‑
sive agents such as rituximab, azathioprine, mycophenolate mofetil, and monthly IVIG are
commonly used [202–207]. Observational studies indicate that IVIG provides the lowest
annualized relapse rates (ARR: 0–0.13) and highest relapse‑free probability (up to 72%),
outperforming rituximab (ARR: 0.51), mycophenolate mofetil (ARR: 0.32), and azathio‑
prine (ARR: 0.2) [204–206].

In adults, maintenance IVIG at 1 g/kg every 4 weeks is associated with a significant
reduction in relapses, with only 17% relapsing at this dose and frequency [206].

TraditionalMSdisease‑modifying therapies are generally ineffective inMOGAD [204,207].
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The comparison of MOG‑ON with AQP4‑ON and MS‑ON shows that similar clinical
presentations can arise from different underlying immune mechanisms, each associated
with distinct outcomes and treatment considerations. This understanding has shifted ON
from a symptom‑based clinical label to a biologically defined spectrum of diseases.

4.3. Distinct Clinical, Biomarker, and Imaging Profiles of MS‑ON, AQP4‑ON and MOG‑ON

Patients with MS‑ON, AQP4‑ON, and MOG‑ON exhibit distinct clinical, biomarker,
MRI, and OCT profiles. Clinically, AQP4‑ON and MOG‑ON are more often bilateral and
severe, with AQP4‑ON showing the worst visual outcomes. MRI reveals longer, more
posterior lesions in AQP4‑ON and anterior, optic nerve head swelling in MOG‑ON, while
MS‑ON lesions are typically unilateral and anterior. OCT demonstrates greater GCIPL
and p‑RNFL thinning in AQP4‑ON and MOG‑ON than MS‑ON, correlating with visual
impairment severity. Table 4 summarizes their main distinctive feature.

Table 4.Distinctive features of Immune‑mediated Optic Neuritis Subtypes.

Feature MS‑ON AQP4‑ON MOG‑ON Key References

Ocular Pain (%) ~10% Lower than
MOG‑ON

62.5%; higher than
AQP4‑ON [164,208]

Severity of VA
Loss (Acute) Mild‑moderate Severe, often

profound
Severe, but

often recovers [163,164,200]

Mean Final VA 20/25–20/40 Counting fingers
or worse 20/25 [164,200,209]

Response to
Treatment

Good,
steroid‑responsive

Poorer, limited
recovery

Good,
steroid‑responsive [163,164,200,209]

Optic Disc Edema
(Acute, %) <33% ~9% 53–91% [164,210]

Optic Nerve
Extensive Lesion (%) 15 64 53 [211]

Perineuritis (%) Rare Rare 33 [163,211,212]

Chiasmal
Involvement (%) 15 20–64 5–16 [210,211]

MRI Lesion Location Anterior, unilateral Posterior, bilateral Anterior, bilateral [211,213]

Optic Nerve
Enhancement Focal, short Longitudinal,

posterior
Longitudinal,

anterior [211,213]

Other MRI Features Brain lesions
common Spinal cord, chiasm Isolated ON, less

brain involvement [164,213]

Mean pRNFL (µm) ~87.5 58–64 58–75 [209,213–216]

Mean GCIPL (µm) Higher than
AQP4/MOG Lower than MS Lower than MS [217]

OCT Pattern of Loss Thinner RNFL,
less severe Severe thinning Severe thinning, but

better preserved [214,217]

OCT‑A Differential Not well defined Reduced vessel
density

Reduced vessel
density [216]

CSF OCB (%) 77–95 10–30 7–17 [198,218–221]

CSF Pleocytosis
(cells/µL) Rare 25% 37.5% [222]

RNFL—retinal nerve fiber layer; GCIPL—ganglion cell inner plexiform layer; OCT‑A—optical coherence tomog‑
raphy angiography; CSF—cerebrospinal fluid; OCB—oligoclonal bands.
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Despite these recent advances, a substantial proportion of patients with recurrent or
severe ON remain seronegative for known antibodies, highlighting a residual diagnostic
blind spot. These cases challenge current classification systems and suggest the existence
of additional, yet‑unidentified immune mechanisms. The current classification of double‑
seronegative ON (DN‑ON) is therefore best regarded as a diagnostic residual category
rather than a defined disease entity. Its definition relies primarily on exclusion—namely
the absence of MS, AQP4‑IgG, and MOG‑IgG—rather than on positive biological mark‑
ers. As a result, this category likely aggregates multiple distinct pathogenic processes that
cannot yet be reliably distinguished using existing clinical, imaging, or laboratory criteria.

Comparative diagnostic value, limitations, and accessibility of MRI and OCT in
ON—Although MRI and OCT are often presented as complementary diagnostic tools in
ON, they differ substantially in their diagnostic roles, limitations, and real‑world accessi‑
bility. MRI remains the cornerstone for etiological classification, providing critical infor‑
mation on lesion location, length, enhancement patterns, and associated CNS involvement.
In MS‑ON, MRI enables risk stratification for MS, while in AQP4‑ON and MOG‑ON it re‑
veals characteristic features such as LEON lesions, posterior or chiasmal involvement, and
perineural enhancement. However, MRI availability is uneven globally, acquisition proto‑
cols vary, and sensitivity for isolated optic nerve involvement may be limited in the acute
phase, particularly in resource‑constrained settings.

In contrast, OCT offers rapid, non‑invasive, and highly reproducible quantification
of retinal neuroaxonal injury. Measurements of the GCIPL and pRNFL provide objec‑
tive markers of structural damage that correlate with visual function and long‑term out‑
come across ON subtypes. OCT is particularly valuable for distinguishing patterns of
injury—such as severe early GCIPL loss in AQP4‑ON or relative structural preservation
despite severe visual loss in MOG‑ON—but lacks etiological specificity and cannot replace
MRI for lesion localization or CNS assessment.

From a practical perspective, OCT may be more accessible, is less costly, and easier
to standardize across centers than MRI, making it especially valuable in low‑ and middle‑
income regions. Conversely, MRI provides indispensable pathophysiological and prog‑
nostic information but is limited by cost, infrastructure requirements, and variability in ac‑
cess. Optimal diagnostic evaluation of optic neuritis therefore relies not on either modality
alone, but on their integrated use, with MRI guiding etiological diagnosis and OCT refining
prognosis, monitoring disease evolution, and quantifying cumulative injury.

4.4. Relapsing Optic Neuritis

Relapsing ON represents a heterogeneous group of ON with diverse etiopathogene‑
sis and outcomes. A study of 246 patients at Mayo Clinic with at least two consecutive
demyelinating ON attacks at presentation with or without a subsequent other demyelinat‑
ing involvement, showed that about one third of these cases were related to AQP4‑IgG or
MOG‑IgG, about 10% were related to MS, and 6% could be classified as CRION. Double
negative isolated RON comprised 41% of the entire cohort [200].

That subtype of ON characterized by relapses restricted to the optic nerves without
evidence of MS‑, AQP4‑ or MOG‑mediated disease has been classified as relapsing isolated
optic neuritis (RION) [5].

Relapsing isolated optic neuritis affects both adults and children, with a slight female
predominance in most cohorts. In a recent US cohort [223] the median age at onset was in
the mid‑30s, pediatric cases accounting for about 15% of the cohort, and over a quarter of
these presented with bilateral involvement. No clear preceding infections were identified,
and recurrences typically occurred within two months of the initial episode. Ocular or
periocular pain is reported in 85–95% of cases, more frequently precedes vision loss by on
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to two days and is usually less severe than in NMOSD. Visual acuity at onset is generally
less severe than in antibody‑positive ON. Only 23% of patients presented with VA <20/200,
compared to much higher rates in AQP4‑ON and MOG‑ON. Pediatric cases had a higher
rate of severe vision loss at presentation. Visual recovery is typically favorable, and at one
month follow‑up, nearly 90% of patients achieved a VA of 20/40 or better; this proportion
exceeding 95% at the last follow‑up. In pediatric cases, all achieved a final VA of 20/40 or
better. These outcomes are notably better than those seen in AQP4‑ON and are similar to
or slightly better than MOG‑ON [223].

Optical coherence tomography provides a sensitive marker of cumulative damage fol‑
lowing ON attacks. The average retinal nerve fiber layer (RNFL) loss following the first
episode is about 20 µm within 3–6 months, and repeated attacks result in progressive thin‑
ning, particularly in the temporal quadrant. Ganglion cell–inner plexiform layer (GCIPL)
loss parallels visual outcome. Nevertheless, compared with MOGAD or AQP4‑IgG ON,
RNFL and GCIPL loss in idiopathic RION tend to be milder [123].

4.5. Chronic Relapsing Inflammatory Optic Neuropathy

Chronic relapsing inflammatory optic neuropathy is a rare form of ON, character‑
ized by recurrent, painful ON responsive to corticosteroids but prone to relapse on steroid
withdrawal [120]. Unlike demyelinating MS‑ON or AQP4‑ON, CRION typically presents
with normal brain MRI, absence of AQP4‑IgG seropositivity, and dependency on long‑
term immunosuppression for relapse prevention. The hallmark of CRION is relapse upon
steroid taper or discontinuation, typically within weeks to months. The median num‑
ber of relapses across series ranges from 3 to 6, with an inter‑relapse interval of about
4–6 months [121]. Some patients experience prolonged remission under maintenance im‑
munotherapy, whereas others relapse repeatedly over years, accumulating optic atrophy
and visual disability.

In the study of 122 cases, the median age at onset was 36 years (range 11–70), with
a slight female predominance (~58%). Approximately 70% of cases were bilateral, of‑
ten sequentially affected, and the majority occurred in adults without prior systemic au‑
toimmune disease. Ethnic distribution indicated higher frequency among Caucasians and
Asians, but later cohorts identified cases globally, including in Latin America and the Mid‑
dle East [121,224].

At nadir, vision is often profoundly reduced—count fingers (CF), hand motion (HM),
or NLP in up to 60% of eyes [120]. The weighted mean baseline VA across 122 cases was
20/160. Following IVMP, most eyes recovered to ≥20/40 (0.5 decimal) within weeks, but
long‑term follow‑up revealed residual deficits in up to 40% of eyes. The mean final VA
across studies was 20/33, though with marked interindividual variability. Patients with
MOG‑IgG–positive CRION exhibit better short‑term recovery than AQP4‑ON, yet relapse
frequency leads to cumulative axonal loss and poorer OCT outcomes [122].

Recognition of CRION is critical due to its relapsing nature and potential for irre‑
versible visual loss if untreated. MRI of the orbits shows enhancement of affected optic
nerves in most cases, while brain MRI is usually normal, further distinguishing CRION
from MS or NMOSD. Cerebrospinal fluid findings are usually unremarkable, or show mild
pleocytosis without OCB, differing from MS. Optical coherence tomography studies reveal
substantial p‑RNFL thinning and GCIPL loss after recurrent attacks, supporting cumula‑
tive axonal damage even in steroid‑responsive cases. Table 5 shows the revised diagnostic
criteria for CRION.

A key discriminator of CRION is its steroid dependence and absence of systemic find‑
ings. Serological testing for AQP4‑ and MOG‑IgG is mandatory for the diagnosis of any
relapsing or bilateral optic neuritis.
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Table 5.Diagnostic Criteria for Chronic Relapsing Inflammatory Optic Neuropathy *.

HISTORY OPTIC NEURITIS AND AT LEAST ONE RELAPSE
CLINICAL Objective evidence for loss of visual function

LABORATORY AQP4‑IgG seronegative status
MRI Contrast enhancement of the acutely inflamed optic nerves

TREATMENT Response to immunosuppressive treatment and relapse on
withdrawal or dose reduction

* [150,225].

The precise pathogenesis of CRION remains uncertain. Steroid responsiveness and
dependency reflect a persistent inflammatory drive modulated by adaptive immunity.
With the discovery of MOG‑IgG, CRION was reinterpreted as part of the spectrum of MO‑
GAD [122]. In the Seoul National University cohort, 11 of 12 patients meeting CRION crite‑
ria were MOG‑IgG positive [122]. Similarly, other studies reported MOG‑IgG in 50–90% of
CRION‑like cases, suggesting CRION is often a clinical phenotype within MOGAD rather
than a distinct nosological entity [123]. MOG‑IgG‑associated CRION tends to manifest
with younger onset (median 30–40 years), bilateral sequential attacks, prominent optic disc
swelling (seen in up to 80%), excellent corticosteroid responsiveness but early relapse if ta‑
pered rapidly [122].

Visual outcome depends on early recognition and consistent immunotherapy. In the
Petzold review, 36% of patients achieved complete recovery (≥20/25), 45% partial recov‑
ery (20/40–20/200), and 19% severe permanent loss (<20/200) [121]. Poor prognostic indi‑
cators include delayed treatment, high relapse frequency, and optic disc pallor. MOG‑
IgG–positive CRION has a relatively favorable prognosis, though with risk of cumulative
structural damage positive [122].

4.6. GFAP‑Related Optic Neuritis

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein expressed by as‑
trocytes and Müller cells that provides cytoskeletal stability and regulates astrocyte–neuronal
signaling. GFAP astrocytopathy (GFAP‑A) is a distinctive meningoencephalomyelitis charac‑
terized by CSF GFAP‑IgG antibodies and a monophasic, steroid‑responsive course [226].

GFAP‑associated‑ON (GFAP‑ON) is rare, occurring in 6% of all GFAP‑A cases. The
mechanism of visual involvement in the disease is thought to be related to venous inflam‑
mation and perivascular processes, rather than direct demyelination or perineural inflam‑
mation typical of other ON etiologies [103]. Recent systematic reviews and clinical se‑
ries [227–231] have established the clinical and imaging characteristics of the disease. It
affects a wide age spectrum (median age 46 years), shows a slight male predominance,
and has a worldwide distribution with no ethnic predilection.

When present, visual symptoms often accompany or follow systemic GFAP‑A
manifestations—headache, fever, meningismus, encephalopathy, or myelitis—reflecting
widespread CNS inflammation. Typically, it presents with subacute bilateral, painless vi‑
sual blurring and marked optic disc edema, occasionally with vitreous cells, mimicking pa‑
pilledema. It should be suspected in bilateral disc edema without raised intracranial pres‑
sure or when accompanied by meningoencephalitis signs [123]. Visual acuity ranges from
mild impairment to profound loss. At nadir it is usually 20/40–20/200, but patients recover to
near‑normal levels in most cases after corticosteroid therapy; mild optic atrophy persisted in
20%. Relapses occur in about 15–20% of patients, particularly in association with coexisting
AQP4‑IgG or neoplasia. In a pooled review, >80% of patients experienced favorable visual
and neurological recovery after corticosteroids, confirming excellent reversibility [232].

The hallmark MRI feature of GFAP‑A is linear, radial perivascular enhancement radi‑
ating from the ventricles into the deep white matter, best seen on post‑contrast T1‑weighted
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images. This pattern is highly suggestive of the disease and reflects perivenular inflam‑
mation. Patchy confluent hyperintense lesions in the periventricular, centrum semiovale,
deep brain structures, brainstem, and cerebellum can be found. Spinal MRI may reveal
extensive lesions, sometimes with punctate or patchy enhancement. Orbital MRI may
show enhancement of the optic nerves, but this is not a consistent finding. Most visual
involvement is due to bilateral optic disc edema without classic optic nerve enhancement;
more often, optic disc edema occurs without significant MRI abnormalities of the optic
nerve [103,233–235]. The CSF profile shows lymphocytic pleocytosis (70–90%), elevated
protein (0.8–1.5 g/L), and frequent GFAP‑IgG detection by cell‑based assay. Rarely, ele‑
vated opening pressure is observed [232].

For GFAP astrocytopathy, treatment recommendations remain less well defined and
may rely on extrapolation from similar autoimmune CNS disorders. High‑dose IV cor‑
ticosteroids for 5 days induce rapid improvement in >80% of cases [236]. For relapsing
prevention or severe cases, mycophenolate mofetil, azathioprine, or rituximab are used as
maintenance therapy.

Plasma exchange or IVIG is considered for steroid‑refractory disease. Overall prog‑
nosis is favorable, though mild visual field defects or optic pallor may persist. Favor‑
able prognosis correlates with early steroid therapy, absence of co‑existing antibodies, and
monophasic presentation. Poor outcomes relate to paraneoplastic GFAP‑A, delayed treat‑
ment, or extensive myelitis [237].

4.7. CRMP5‑Related Optic Neuritis

Collapsin response‑mediator protein 5 antibodies are a marker of paraneoplastic au‑
toimmunity, most frequently found in patients with small cell lung cancer and thymoma.
It is associated with a broad spectrum of neurologic abnormalities, but painful polyradicu‑
loneuropathy, ataxia, myelopathy, optic neuropathy, and cranial neuropathies are the
most characteristic [238,239]. CRMP5‑IgG has been identified in patients with paraneo‑
plastic ON, vitritis, retinitis, or a combination thereof. Its frequency among all ON cases
is very low, and is estimated to be lower than 1% of all ON cases [5,123,237]. In a series of
76 CRMP5‑IgG‑positive patients, 29 (38%) had neuro‑ophthalmic manifestations (central
nystagmus and diplopia), and only 18% ON [131]. Another study found that ON and/or
retinitis occurred in 11% of patients with CRMP5 autoimmunity [238].

The pathology is characterized by microvasculitis affecting small venules and capil‑
laries. CRMP5‑ON most commonly affects older adults, with a median age of 67 years
(range 33–88), and shows a female predominance (about 69%) (about 69%) [102]. At on‑
set, median VA is moderately reduced (20/50, range 20/20 to CF), and the final median VA
is similar or slightly improved (20/40, range 20/20 to hand movements) [102]. In all cases
there is optic disc edema which is frequently associated with retinitis, vitritis, and uveitis in
the patients [102]. Ocular motility dysfunction, such as central nystagmus and diplopia, oc‑
curs in about 41% of cases, and MRI typically does not show optic nerve enhancement [102].
Visual outcomes are variable: about half of patients receiving immunosuppressive therapy
experience improvement, but overall, recovery is less favorable than in typical ON, and the
prognosis is closely linked to the underlying malignancy [102,123].

Management of CRMP5‑ON generally follows treatment protocols for atypical ON.
Acute attacks are typically treated with high‑dose intravenous corticosteroids as first‑line
therapy, often followed by an oral taper. In severe or refractory cases, PLEX may be consid‑
ered to control the acute episode. Identification and treatment of underlying malignancy is
also crucial for optimal outcomes. Long‑term immunosuppressive therapy may be neces‑
sary to prevent relapses in some cases, and treatment should be tailored to the individual
based on the underlying cause and associated symptoms [123].
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4.8. Optic Neuritis in Systemic Autoimmune Diseases

Optic neuritis may occur as a neuro‑ophthalmic manifestation of several systemic
immune‑mediated diseases [5]. Although uncommon in most of these conditions, its oc‑
currence is clinically consequential, frequently reflecting active systemic inflammation and
often requiring urgent immunosuppressive therapy to reduce the risk of irreversible vi‑
sual loss. Compared with typical MS‑associated ON, systemic autoimmune‑associated
ON more often presents with severe visual impairment at nadir, bilateral or LEON involve‑
ment, optic nerve sheath or chiasmal enhancement, and variable responsiveness to corti‑
costeroid monotherapy. Table 6 summarizes the principal systemic diseases associated
with ON, categorized by the consistency and strength of available evidence.

Table 6. Systemic Autoimmune Diseases Associated with Optic Neuritis.

Disease Report
Frequency * Typical ON Pattern/Comment Key

References (DOI)

Sarcoidosis Frequent Granulomatous ON often chiasmal and
leptomeningeal involvement. [240]

Systemic lupus erythematosus Frequent Severe, ON or ischemic neuropathy; often bilateral
and poor visual outcome. [241]

Primary Sjögren’s syndrome Frequent ON or optic neuropathy possibly preceding sicca;
may overlap with NMOSD. [242]

Behçet’s disease Rare Uveitis and retinal vasculitis typical; ON rare
but documented. [243]

ANCA‑associated vasculitis
(GPA/MPA/EGPA) Rare Orbital inflammation or vasculitic ON,

sometimes bilateral. [244]

IgG4‑related disease Rare
Optic perineuritis or sheath involvement;

enhancement along optic nerve;
steroid responsiveness.

[245]

Polyarteritis nodosa Rare ON or Ischemic neuropathy. [246]

Takayasu arteritis Rare ON only occasionally reported. Mainly ischemic
optic neuropathy secondary to large‑vessel stenosis. [247]

Drug‑induced ON (TNF‑α or
checkpoint inhibitors) Rare Immune‑mediated ON after biologic therapy

(e.g., infliximab, nivolumab). [248]

Primary antiphospholipid
syndrome Very rare Vaso‑occlusive or ischemic optic neuropathy;

usually secondary to microthrombosis. [249]

Giant cell arteritis Very rare True ON extremely rare. Arteritic
AION dominant. [250]

Cogan syndrome Very rare ON exceptional; typical ocular sign is
interstitial keratitis. [251]

Ankylosing spondylitis
(HLA‑B27) Very rare Uveitis typical; ON very rare. [252]

Ulcerative colitis Very rare Immune‑mediated ON after biologic therapy
(e.g., infliximab, nivolumab). [248]

Systemic sclerosis Very rare Sporadic optic neuropathy; likely ischemic. [253]

Overlap or rheumatic disease
(unspecified CTD) Very rare Mixed connective‑tissue disease–related

ON; anecdotal. [254]

Kawasaki disease Very rare Mostly pediatric; isolated ON exceptional. [255]

Susac syndrome Very rare Retinal artery occlusions typical; ON not
a core feature. [256]

* Frequent: Supported by cohort studies and systematic reviews; optic nerve involvement appears in 3–10% of
systemic cases. Rare: Documented in small but reproducible clusters—roughly a few dozen reported worldwide.
Very Rare: Only isolated or single‑case literature; prevalence likely <1% of total systemic cases.
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In accordance with the ICON 2022 framework, ON in systemic autoimmune diseases
should be regarded as a distinct etiological category of immune‑mediated ON, requiring
systematic exclusion of MS, NMOSD, and MOGAD. In several conditions, ON may pre‑
cede the diagnosis of systemic disease, underscoring the importance of integrating neuro‑
ophthalmic phenotype, MRI pattern, serological testing, and systemic evaluation.

Sarcoidosis‑associated optic neuritis and optic perineuritis.
Sarcoidosis is a multisystem granulomatous disease of unknown etiology, with preva‑

lence ranging from approximately 1 to 40 per 100,000 depending on ethnicity and geo‑
graphic region [257]. Neurological involvement occurs in 5–26% of patients with systemic
sarcoidosis, and up to one third of patients with neurosarcoidosis lack clinically apparent
systemic disease at presentation [258].

Optic nerve involvement accounts for approximately 1–5% of sarcoidosis cases [259]
and represents a characteristic neuro‑ophthalmic manifestation of neurosarcoidosis. Patho‑
physiological mechanisms include granulomatous infiltration of the optic nerve, inflam‑
mation of the optic nerve sheath (optic perineuritis, OPN), contiguous spread from lep‑
tomeningeal disease, cavernous sinus involvement, or secondary effects of raised in‑
tracranial pressure. Although a large Japanese cohort of noninfectious ON reported no
sarcoidosis‑related cases [164], sarcoidosis remains one of the most consistently docu‑
mented systemic causes of ON in Western cohorts.

Sarcoidosis‑associated ON typically presents between 35 and 55 years of age, with
a modest female predominance and increased frequency among Black and Northern Eu‑
ropean populations [257]. Onset is usually subacute and often painless. Initial unilateral
involvement is common, but bilateral or sequential ON occurs in approximately 25–30%
of cases [257]. Optic disc edema is frequent, and VA at nadir is often poor (20/200 to LP)
particularly in cases with extensive perineural or chiasmal involvement [260].

Visual outcomes are variable. In a review of 52 cases, mean VA at presentation was
approximately 20/400, with improvement to ≥20/60 in 56% following treatment [260].
Poor prognostic factors include bilateral disease, chiasmal extension, delayed therapy, and
chronic granulomatous infiltration leading to secondary optic atrophy.

Optic perineuritis is a distinctive phenotype recognized within the ICON classifica‑
tion as a specific inflammatory optic neuropathy characterized by primary sheath involve‑
ment. Clinically, sarcoid‑related OPN presents with progressive visual loss, frequent or‑
bital pain, and circumferential optic nerve sheath enhancement on MRI, often sparing the
nerve core. OPN is typically corticosteroid‑responsive but prone to relapse with rapid ta‑
pering [261].

Magnetic resonance imaging findings include fusiform optic nerve enlargement, en‑
hancement extending to the optic chiasm, and characteristic “tram‑track” or “dough‑
nut” enhancement patterns on post‑contrast fat‑suppressed T1‑weighted images. Lep‑
tomeningeal enhancement, particularly at the skull base, occurs in up to 40% of cases [260].

Cerebospinl fluid abnormalities occur in approximately 50–70% of patients and in‑
clude lymphocytic pleocytosis and elevated protein; oligoclonal bands may be detected
but are typically nonspecific. Serum ACE is elevated in about 60% of cases, while
CSF ACE or soluble interleukin‑2 receptor levels may support the diagnosis but lack
sensitivity [257,261].

The differential diagnosis includes infectious meningitides, IgG4‑related disease, lym‑
phoma, and vasculitis [261]. In line with consensus recommendations, histological confir‑
mation from accessible non‑neural tissue is strongly encouraged to establish the diagno‑
sis and exclude mimics [260]. Diagnostic stratification follows the Neurosarcoidosis Con‑
sortium and International Workshop on Ocular Sarcoidosis (IWOS) criteria, summarized in
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Table 7, with non‑caseating granulomas on tissue biopsy remaining the diagnostic gold
standard [260,262].

Table 7.Diagnostic framework for sarcoidosis‑related optic neuritis and optic perineuritis.

Diagnostic
Domain

Definite
S‑ON/S‑OPN

Probable
S‑ON/S‑OPN

Possible
S‑ON/S‑OPN

Clinical
phenotype

Acute or subacute optic neuritis or optic
perineuritis with visual loss and/or
periorbital pain; may coexist with
uveitis, cranial neuropathies, or

meningitic symptoms

Same as definite Same as definite

MRI findings

Gadolinium‑enhancing optic nerve
sheath or optic nerve lesion; often
longitudinal, circumferential, or

contiguous with
meningeal enhancement

(‘tram‑track’/‘doughnut’ signs)

Same pattern; may be less
extensive or limited to

leptomeningeal enhancement

Suggestive but
non‑specific imaging pattern;

no tissue confirmation

Systemic and
laboratory support

Typical systemic sarcoidosis evidence
(bilateral hilar/mediastinal

lymphadenopathy, ↑ ACE, ↑ sIL‑2R,
↑ lysozyme); CSF lymphocytic

pleocytosis or ↑ protein; FDG‑PET
uptake in sarcoid‑like distribution

Same as definite Suggestive systemic features
or incomplete work‑up

Histological
confirmation

Non‑caseating granulomas in neural
tissue (optic nerve/sheath, meninges,

brain, or ocular tissue)

Non‑neural tissue biopsy
(e.g., lymph node, skin,
salivary gland) showing

non‑caseating granulomas

No biopsy or
non‑diagnostic specimen

Exclusion
of mimics

Infectious (TB, syphilis,
fungi), neoplastic

(meningioma, lymphoma), and
immune‑mediated (NMOSD, MOGAD,

IgG4‑RD, GPA) causes ruled out

Same Same

Level of certainty
(Neurosarcoidosis
Consortium tier)

Definite neurosarcoidosis Probable neurosarcoidosis Possible
neurosarcoidosis

Clinical
implication

Confirms sarcoid origin of optic
neuropathy; guides long‑term

systemic therapy

Supports diagnosis
when neural biopsy
unavailable; requires
systemic evaluation

Suggests sarcoid etiology
when all mimics excluded;

biopsy pursuit recommended

S‑ON—sarcoidosis‑associated optic neuritis. S‑OPN—sarcoidosis‑associated optic perineuritis. ↑—increased,
ACE—angiotensin converting enzyme. sIL‑2R—serum interlekin‑2 receptor, FDG‑PET—fluorodeoxyglucose
positron emission tomography. IgG4‑RD—IgG4‑related disease. GPA granulomatosis with polyangiitis.

High‑dose systemic corticosteroids constitute first‑line therapy and often result in
rapid improvement in pain and partial visual recovery. Relapsing or corticosteroid‑
dependent disease frequently requires steroid‑sparing immunosuppression or biologic
therapy. Visual prognosis depends on disease burden, timeliness of treatment, and extent
of optic nerve involvement.

Systemic lupus erythematosus‑associated optic neuritis.
Optic neuritis occurs in approximately 0.6–1% of patients with systemic lupus erythe‑

matosus (SLE) and may represent the initial manifestation of the disease [263]. Pathogenic
mechanisms include immune‑mediated vasculitis, microthrombotic injury—particularly
in the presence of antiphospholipid antibodies—and direct inflammatory damage to the
optic nerve [241,263].

Systemic lupus erythematosus‑associated ON is typically severe at onset, with most
patients presenting with VA worse than 20/200 [241]. Visual outcomes are heterogeneous,
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ranging from meaningful recovery with early aggressive immunosuppression to perma‑
nent visual impairment despite therapy [264]. More than one third of affected eyes remain
legally blind across published series [241,263].

Diagnosis requires optic neuropathy in conjunction with established clinical or sero‑
logical criteria for SLE. CSF findings are usually unremarkable, and the absence of per‑
sistent oligoclonal bands helps distinguish SLE‑associated ON from MS‑associated ON.
Testing for AQP4‑IgG and MOG‑IgG is mandatory to exclude NMOSD or MOGAD over‑
lap. MRI frequently demonstrates longitudinally extensive optic nerve enhancement, with
occasional chiasmal involvement [265].

High‑dose intravenous corticosteroids are the recommended initial therapy. In
corticosteroid‑refractory cases, intravenous cyclophosphamide pulse therapy has demon‑
strated benefit, while PLEX may be considered in severe or resistant cases [220,266]. Ow‑
ing to the absence of randomized controlled trials, management is guided by observational
data and expert consensus [220,221,266].

Sjögren’s syndrome‑associated optic neuritis.
Optic neuritis is an uncommon manifestation among patients with Sjögren’s syn‑

drome (SS), yet SS is overrepresented among ON cohorts with autoimmune features. In
a Chinese series, 7.9% of ON patients fulfilled diagnostic criteria for SS, particularly among
those with bilateral or recurrent ON [267]. When ON occurs in SS, it frequently reflects un‑
derlying NMOSD, especially in AQP4‑IgG–positive patients [268,269].

Sjogren’s syndrome‑associated ON is often severe at onset, with VA commonly worse
than 20/800 or counting fingers [225,270]. Early corticosteroid treatment may result in
meaningful improvement, whereas delayed therapy or recurrent attacks are associated
with incomplete recovery and cumulative optic nerve damage [225]. Female predomi‑
nance and relapsing disease course are characteristic [227,268].

Diagnosis requires standard SS evaluation alongside neuro‑ophthalmic assessment.
In accordance with ICON recommendations, AQP4‑IgG testing is essential, as antibody
positivity reclassifies the disorder as NMOSD and directly informs prognosis and long‑
term management [227,268].

Acute treatment consists of high‑dose intravenous corticosteroids, often followed by
maintenance immunosuppression to reduce relapse risk. Plasma exchange is reserved
for steroid‑refractory attacks. Long‑term immunosuppressive therapy is strongly recom‑
mended for relapsing diseases, particularly in AQP4‑IgG‑positive patients [227].

4.9. Post‑Infectious and Post‑Vaccination Optic Neuritis

Post‑infectious ON is an immune‑mediated inflammatory demyelinating optic neu‑
ropathy that develops after recovery from a systemic infection rather than from direct mi‑
crobial invasion of the optic nerve. It represents a frequent cause of bilateral ON in chil‑
dren and young adults and typically follows a viral, or less commonly bacterial, illness by
several weeks. Reported antecedent infections include the varicella‑zoster virus, the her‑
pes simplex virus, measles, mumps, influenza, and the Epstein–Barr virus [228–230], with
more recent recognition of Mycoplasma pneumoniae, arboviral infections such as dengue,
and SARS‑CoV‑2 as relevant triggers [231,271].

Post‑infectious ON predominantly affects children and young adults, with a female
predominance. The latency between infection and visual symptoms usually ranges from
1 to 6 weeks. Clinically, patients present with subacute visual loss, frequently bilateral (ap‑
proximately 40–60%), often accompanied by pain on eye movement and dyschromatopsia.
Optic disc edema is common, particularly in pediatric cases, although retrobulbar presen‑
tations also occur. Visual acuity at nadir is variable, with many patients presenting at or
below 20/200 [272].
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Magnetic resonance imaging typically demonstrates optic nerve T2 hyperintensity
with gadolinium enhancement. Brain MRI usually lacks disseminated demyelinating le‑
sions, helping distinguish post‑infectious ON from MS and, in most cases, from MOGAD.
Acute treatment consists of high‑dose IVMP followed by a short oral taper, with IVIG or
PLEX reserved for severe cases or MOG‑IgG positivity. Prognosis is generally favorable,
with most series reporting near‑complete visual recovery within 4–8 weeks.

Post‑vaccination ON has been described in temporal association with several vac‑
cines, most frequently following COVID‑19 immunization, as well as after other vaccines
summarized in Table 8.
Table 8.Vaccines Associated with Optic Neuritis.

Vaccine Type Evidence/Notes References

Influenza (seasonal, H1N1) Reviews and case series [115,273]
Hepatitis B Highly reported in VAERS ON [115,274]
Human Papillomavirus (HPV) Noted in VAERS and case reviews [115,274]
Hepatitis A Documented in reviews [115]
Rabies Documented in reviews [115]
Measles, Rubella, Measles‑Rubella Case reports and reviews [115,275]
Varicella Zoster (VZV) Case reports [276]
Yellow Fever Documented in reviews [115]
Anthrax Case reports [115,277]
Meningococcus Documented in reviews [115]
Tetanus, Diphtheria, Pertussis (Tdap) VAERS, case reports, and reviews [113–115,274]
COVID‑19 (mRNA, J&J) Cohort studies and case reports [114,278,279]

Abbreviations: HPV—Human Papillomavirus; VAERS—Vaccine Adverse Event Reporting System; ON optic
neuritis; VZV—Varicella Zoster; Tdap—Tetanus, Diphtheria, Pertussis.

A large Vaccine Safety Datalink analysis found no increased risk of ON within biologi‑
cally plausible post‑vaccination windows [277], whereas analyses from the Vaccine Adverse
Event Reporting System suggest a temporal clustering of cases within the first 6–8 weeks after
vaccination, despite overall incidence remaining within expected background rates [274].
A 2023 systematic review of post‑COVID‑19 vaccination ON reported a mean presenting
VA of approximately 20/170 and bilateral involvement in 35% of cases [279].

Clinical features include subacute unilateral or bilateral visual loss, periocular pain,
dyschromatopsia, and optic nerve enhancement on MRI. Detection of MOG‑IgG in a subset
of patients suggests that vaccination may act as a trigger in individuals with latent autoim‑
mune susceptibility [280]. Visual outcomes are typically favorable, and recurrences after
re‑exposure to the same vaccine are rare [281]. Within the ICON 2022 framework, post‑
infectious and post‑vaccination ON most often represent monophasic immune‑mediated
ON, particularly in children and young adults [5,272], but antibody positivity reclassifies
the phenotype as MOG‑associated ON [279,280].

5. Diagnosis of Optic Neuritis
5.1. Clinical History and Examination

The diagnosis of optic neuritis (ON) relies on a careful clinical history addressing
the onset of visual loss, its association with eye pain—typically exacerbated by ocular
movements—and headache; the temporal evolution of visual impairment over subsequent
days or weeks; the nature of visual deficits; the presence of premonitory symptoms; recent
infectious illnesses or vaccinations; prior symptoms suggestive of ON mimickers; comor‑
bid conditions; and a family history of autoimmunity. As an inflammatory disorder, ON
typically presents as a subacute event, with progressive visual worsening over hours to
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a few days. Abrupt, non‑progressive visual loss favors a vascular cause, while progres‑
sion beyond one week suggests an expansive lesion.

Eye Pain andHeadache—Eye pain and headache are hallmark symptoms of ON, with
prevalence and characteristics varying by etiology. In MS‑ON, eye pain is near univer‑
sal, affecting up to 92% of patients in the ONTT, most often exacerbated by eye move‑
ment [26,282]. This pain is partly attributed to optic nerve sheath and anterior segment
involvement, activating trigeminal afferents, and is strongly associated with orbital seg‑
ment enhancement on MRI [282,283].

Pain typically precedes visual loss by two to three days and resolves within one week.
In AQP4‑ON, pain is less consistent and generally milder, less movement‑related, and
less predictive of visual decline, reflecting predominant posterior optic pathway involve‑
ment [164]. By contrast, MOG‑ON shows high pain prevalence (86–92%), often bilateral,
frequently preceding vision loss. Headaches are also more common in MOG‑ON than
MS‑ON (50.5% vs. 14%), supporting a role for optic nerve sheath inflammation [164,284].

Overall, pain characteristics may assist early differentiation of ON subtypes before
serological results are available.

Visual Acuity—Assessment of VA is a key element of the clinical history. Among
immune‑mediated ON subtypes, AQP4‑ON is consistently associated with the most severe
visual loss and poorest high‑contrast VA outcomes compared with MS‑ON, MOG‑ON, and
double‑negative ON [164,200]. In a Japanese cohort of 531 noninfectious ON cases, median
pretreatment VA (logMAR) was 2.6 in AQP4‑ON, compared with 1.6 in MOG‑ON and
1.2 in DN‑ON; 53% of AQP4‑ON patients had VA of CF or worse, versus 25% in DN‑ON
and 22% in MOG‑ON [164]. Similarly, a large Chinese series of 1022 ON attacks reported
VA ≤20/200 in 83.6% of AQP4‑ON and 66.9% of MOG‑ON attacks [159]. Nadir VA in
AQP4‑ON was frequently profound, with 34.9% reaching no light perception [200].

Visual Field Abnormalities—Visual field (VF) patterns may provide supportive but
non‑specific diagnostic information. While MS‑ON most often produces a central scotoma,
AQP4‑ON is associated with more heterogeneous and extensive VF defects, reflecting fre‑
quent long‑segment optic nerve and chiasmal involvement. In the Japanese nationwide
cohort, central scotoma predominated in DN‑ON (61%) but remained common in AQP4‑
ON (46%); the latter also showed higher frequencies of complete field loss (26%), altitudi‑
nal defects (22%), and temporal hemianopia (7%) [164]. Despite these trends, substantial
overlap exists across ON subtypes, and no single VF pattern reliably distinguishes MS‑ON,
AQP4‑ON, MOG‑ON, or DN‑ON in isolation [6,285]. These extensive defects are consis‑
tent with MRI findings in NMOSD, including longitudinally extensive optic nerve lesions
and chiasmal involvement [286].

Contrast Sensitivity and Color Vision Abnormalities—High‑contrast VA alone in‑
completely captures visual dysfunction in ON [287]. Low‑contrast visual acuity (LCVA)
and color vision testing are more sensitive for detecting functional impairment and pre‑
dicting outcome. In demyelinating ON cohorts assessed ≥3 months after attack, Sloan
2.5% LCVA outperformed HCVA and 1.25% LCVA in identifying prior ON, and its com‑
bination with HCVA detected abnormalities in approximately 85% of affected eyes [288].
In the acute setting, LCVA demonstrated 100% sensitivity for ON, exceeding OCT, VEP,
and MRI, while orbital MRI provided complementary diagnostic specificity [289]. Contem‑
porary guidelines therefore recommend LCVA and structured color vision testing as core
components of ON assessment [290]. Early inter‑eye color asymmetry predicts long‑term
LCVA, axonal loss, and mfVEP abnormalities, underscoring the strong structure–function
relationship in ON [291,292].

Bilateral Involvement—AQP4‑ON shows a higher tendency for bilateral involve‑
ment than MS‑ON, although it is less frequent than in MOG‑ON. Attacks may be simul‑
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taneous or rapidly sequential, and bilateral ON is recognized as a characteristic feature
of NMOSD [140]. In a large Chinese cohort, bilateral involvement at first presentation
occurred in 12.6% of AQP4‑ON attacks compared with 45.0% in MOG‑ON [159]. When
present, bilateral ON should strongly raise suspicion for atypical ON, particularly AQP4‑
ON or MOGAD‑ON. Associated features such as pain, optic disc edema, and RAPD further
contribute to clinical differentiation.

Optic Disc Edema—The frequency of optic disc edema varies according to ON etiol‑
ogy. In MS‑ON, disc swelling occurs in approximately 35% of cases, with most patients
presenting with retrobulbar neuritis and a normal optic disc [26]. Disc edema is less com‑
mon in AQP4‑ON than in MOG‑ON. In a Chinese cohort, disc swelling was observed in
32.8% of AQP4‑ON compared with 67.7% of MOG‑ON cases [180], a pattern confirmed in
a large Japanese multicenter study [164]. A meta‑analysis reported pooled frequencies of
approximately 35% in MS‑ON, 20–30% in AQP4‑ON, and 50–80% in MOG‑ON [140]. The
lower prevalence in AQP4‑ON likely reflects its predilection for posterior optic nerve and
chiasmal involvement.

Relative Afferent Pupillary Defect—The relative afferent pupillary defect (RAPD)
reflects asymmetric afferent pathway dysfunction and remains a key bedside sign sup‑
porting the diagnosis of ON and helping distinguish it from retinal disorders [123]. RAPD
was a mandatory inclusion criterion in the ONTT [2] and remains part of the minimal clin‑
ical triad for “possible ON,” together with subacute monocular vision loss and pain with
eye movements [5]. In unilateral ON, RAPD is present in most cases, while its absence
constitutes a diagnostic red flag, particularly in the presence of atypical features [123].

Accurate assessment requires optimal technique and testing conditions, which are
often suboptimal in routine clinical settings. RAPD is also intrinsically insensitive in bi‑
lateral or near‑symmetric ON, as commonly seen in AQP4‑IgG‑ and MOG‑IgG‑associated
disease [237,284].

Therefore, while highly informative, RAPD findings must be interpreted in con‑
text and complemented by multimodal investigations such as OCT, MRI, and serological
testing [132,237].

5.2. Paraclinical and Supportive Tests

Magnetic resonance imaging—MRI remains indispensable for evaluating ON, pro‑
viding diagnostic confirmation and enabling reliable distinction among MS‑ON, AQP4‑
ON, and MOG‑ON (Table 9; Figure 3). Conventional fat‑suppressed T2‑weighted and
STIR sequences have limited sensitivity, detecting ON abnormalities in only 20–44% of
acute episodes [5], whereas gadolinium‑enhanced fat‑suppressed T1‑weighted sequences
achieve far superior detection rates of 85–94% [293,294]. Diffusion tensor imaging offers
complementary biomarkers, capturing microstructural axonal injury with predictive value
for visual recovery [295].

Lesion length and topography are among the strongest radiological discriminators
across immune‑mediated ON subtypes. MS‑ON typically demonstrates short retrobulbar
lesions, whereas longitudinally extensive optic nerve lesions (LEONL) (>17–18 mm or >50%
of total nerve length) are common in MOG‑ON (23–88%) and AQP4‑ON (50–79%) [164,211].
Segmental analysis reinforces these distinctions since ≥2‑segment involvement appears in
75% of NMOSD‑ON and 33% of MS‑ON, whereas ≥3 segments are affected in 72% vs.
only 7% of cases, respectively [296]. Such patterns reflect the broader spatial distribution
of inflammation in AQP4‑ and MOG‑ON.
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Figure 3. Magnetic Resonance Imaging Features of Immune‑Mediated Optic Neuritis Subtypes.
T1‑weighted, gadolinium‑enhanced orbital MRI illustrating characteristic patterns across immune‑
mediated optic neuritis. (A,B) MS‑ON: axial (A) and coronal (B) views showing a short, focal en‑
hancing lesion of the left optic nerve. (C,D) MOG‑IgG–seronegative CRION: axial views demon‑
strating bilateral, longitudinally extensive enhancement of the optic nerves. (E–G) MOG‑ON: axial
views showing optic nerve sheath enhancement (E) and enhancement of the posterior orbital peri‑
optic tissues (F), with coronal confirmation of perioptic enhancement (G). (H–L) AQP4‑ON: sagit‑
tal view (H) showing a longitudinally extensive, thickened and enhancing optic nerve; axial views
demonstrating bilateral optic nerve involvement with mild (I) and marked (J) enhancement; and
axial (K) and coronal (L) views showing chiasmal involvement.

Differences in the continuity and trajectory of lesions also aid diagnosis. LEONL
with contiguous enhancement from orbit to chiasm is strikingly more frequent in MOG‑
ON (54%) compared with AQP4‑ON (7%) [160] helping differentiate these two long‑
lesion disorders.

Laterality offers additional discriminatory value. Bilateral involvement appears in
84% of MOG‑ON and 82% of AQP4‑NMO cases but in only 23% of MS‑ON cases [211],
a finding supported by independent series [297].

Despite this shared bilateral tendency, MOG‑ON and AQP4‑ON present distinct
anatomic predilections: MOG‑ON more frequently affects anterior segments and often
accompanies optic disc edema, whereas AQP4‑ON preferentially involves posterior seg‑
ments, including intracranial optic nerve, chiasm, and optic tracts [160,164,211,285].

Perineural enhancement is a distinctive marker of MOG‑ON, observed in up to ~50%
of cases [298] reflecting inflammatory involvement of the optic nerve sheath. MOG‑ON is
also strongly associated with perioptic orbital fat and posterior orbital tissue involvement
(31–52%)—findings uncommon in AQP4‑ON and extremely rare in MS‑ON [299]. These
periorbital features provide important radiological clues in early or atypical presentations.

Chiasmal involvement varies substantially among ON phenotypes. AQP4‑ON demon‑
strates the highest prevalence (~20%), followed by MOG‑ON (~16%) [160] while MS‑ON
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shows substantially lower frequencies (5–15%) [160,211]. Nonetheless, the pattern of chi‑
asmal involvement differs: in MOG‑ON, chiasmal enhancement often represents an exten‑
sion of a long anterior–posterior lesion, whereas in AQP4‑ON it typically localizes to the
posterior chiasm [160]. Modern large‑scale cohorts suggest that earlier literature may have
overestimated chiasmal involvement in AQP4‑ON.

In combination, lesion length, the presence of perineural or orbital tissue involvement,
laterality, and chiasmal extension provide robust phenotypic signatures. Consequently,
thin‑slice (≤3 mm) contrast‑enhanced fat‑suppressed orbital MRI at ≥1.5 T remains essen‑
tial for accurate subtype differentiation and individualized therapeutic decision‑making.

Table 9.Distinct MRI Features in MS‑ON, AQP4‑ON, and MOG‑ON.

Feature MS‑ON AQP4‑ON MOG‑ON Key References

Laterality Usually unilateral Often bilateral Often bilateral [210,211,300]

Lesion Length Short (<1/2 optic nerve) Longitudinally
extensive

Longitudinally
extensive [210,211,300]

Optic Nerve
Head Swelling Rare Rare Common [210,211,300]

Chiasmal
Involvement Rare (5–15%) Frequent

(20–64%)

Moderate (15–16%),
often as part of

long lesion
[210,300,301]

Optic Tract
Involvement Rare Common

(up to 45%) Rare [210,211,300]

Lesion Location
(Optic Nerve)

Retrobulbar,
posterior

Posterior, intracranial,
chiasmal, tract

Anterior, retrobulbar,
optic nerve head [210,211,300]

Brain Lesions Common Rare Rare [213,298,300,302]

Central Vein Sign (CVS) Common Rare Rare [213,303]

Enhancement Pattern Focal,
well‑demarcated

Patchy, poorly
demarcated

Fluffy, perineural,
poorly demarcated [298,300]

MRI—magnetic resonance imaging; MS‑ON—multiple sclerosis‑associated optic neuritis; AQP4‑ON—aquaporin
4‑associated optic neuritis; MOG‑ON—myelin oligodendrocyte glycoprotein antibody‑associated optic neuritis;
CVS—central vein sign.

While MRI is essential for etiological classification and risk stratification, it provides
limited direct quantification of axonal loss and visual pathway integrity, highlighting the
complementary role of OCT in structural and prognostic assessment.

Optic coherence tomography—OCT provides highly sensitive quantitative measures
of neuroaxonal injury across ON phenotypes (Table 10; Figure 4). In MS‑ON, chronic
pRNFL thinning typically ranges from 60–75 µm, with marked temporal‑predominant loss
reflecting selective vulnerability of small‑diameter papillomacular axons. GCIPL values
decline to ~55–70 µm compared with 80–85 µm in healthy controls, and subclinical fellow‑
eye involvement is frequent, illustrating progressive and attack‑independent neurodegen‑
eration [304].

AQP4‑ON displays a more destructive and diffuse pattern of retinal neurodegen‑
eration. In the CROCTINO cohort, GCIPL thickness averaged 57.4 ± 12.2 µm versus
81.4 ± 5.7 µm in controls, with the first ON attack accounting for the vast majority of ir‑
reversible loss (−22.7 µm after the initial episode and only −3.5 µm with additional re‑
lapses) [305]. Meta‑analytic data confirm similarly severe injury, with reductions of ~33µm
in pRNFL and ~21 µm in GCIPL compared with healthy controls, and thinning more pro‑
nounced than in MS‑ON [306]. Although the outer retinal layers are generally preserved,
except for selective parafoveal OPL thinning [307], the pattern of inner retinal involvement
is highly distinctive. In this context, IED metrics provide particularly strong diagnostic dis‑
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crimination, with a pRNFL IEAD ≥ 5 µm yielding an are under the curve (AUC) of ~0.95
(sensitivity 86%, specificity 82) and a GCIPL IEAD ≥ 4 µm achieving an AUC of ~0.93
(sensitivity 75%, specificity 98). These quantitative asymmetry measures have been incor‑
porated into recently proposed ON diagnostic criteria and enhance the differentiation of
AQP4‑ON from both healthy controls and AQP4‑NMOSD without ON [308].

Figure 4. Optical coherence tomography in immune‑mediated optic neuritis subtypes (OS). Upper
row: peripapillary retinal nerve fiber layer thickness; lower row: macular ganglion cell (GC) layer
thickness. (A). MS‑ON; (B). MOG‑ON; (C). AQP4‑ON. The severity of axonal and ganglion cell loss
is lowest in MS‑ON, highest in AQP4‑ON, and intermediate in MOG‑ON. In MS‑ON, the temporal
quadrant of the pRNFL is preferentially and more severely affected.

MOG‑ON exhibits a unique structural trajectory, beginning with marked acute optic
disc and pRNFL swelling often exceeding 150–200 µm—more pronounced than in MS‑ON
or AQP4‑ON. After edema resolves, pRNFL and GCIPL thinning are generally mild to
moderate after a first episode (GCIPL 60–75 µm), though cumulative relapses lead to pro‑
gressive loss [309]. Fellow‑eye structure is typically preserved, consistent with an attack‑
dependent rather than chronic degenerative process [310,311]. Diagnostic accuracy of IED
thresholds remains high in MOG‑ON (pRNFL > 5 µm; GCIPL > 4 µm) [83,304,312,313].

Structure–function correlation displays strikingphenotype‑specific patterns. In adults
with MOG‑ON, each 10 µm GCIPL loss corresponds to a loss of ~5.2 high‑contrast letters,
yet this relationship is weaker than in AQP4‑ON and MS‑ON [314]. Pediatric patients
show even greater dissociation: despite similar degrees of GCIPL thinning, 73% regain
complete vision compared with 31% of adults, suggesting greater neuroplasticity [193,315].
A defining hallmark of MOG‑ON is its pronounced structure–function dissociation. Even
with substantial pRNFL and GCIPL thinning—pRNFL ≤ 75 µm in 69% of eyes, GCIPL
frequently 55–65 µm—VA recovers to ≥20/30 in 70–85% of cases [215,316–319].

Conversely, AQP4‑ON produces far poorer visual outcomes despite sometimes com‑
parable structural metrics [217].
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MS‑ON typically exhibits more proportional structure–function coupling than MOG‑
ON but less severe injury than AQP4‑ON.

Temporal evolution also differs across subtypes. MS‑ON shows early GCIPL thin‑
ning within 2–4 weeks. In MOG‑ON, pronounced pRNFL swelling masks early GCIPL
loss, which becomes apparent only after 6–12 weeks [316]. In AQP4‑ON, GCIPL loss is
abrupt, severe, and most pronounced during the first attack, reflecting astrocytopathic
mechanisms [306,316,320]. Retinal thinning correlates with degenerative changes in the
lateral geniculate nucleus and occipital cortex, consistent with trans‑synaptic degeneration
along the visual pathway [321].

OCTA provides complementary microvascular insights. In AQP4‑ON, reductions
in radial peripapillary capillary density and macular superficial plexus perfusion occur
even in clinically unaffected eyes and correlate closely with VA, pRNFL, and GCIPL thin‑
ning. MOG‑ON may also show reduced capillary density, though with greater variabil‑
ity and typically milder reductions than AQP4‑ON, consistent with its more reversible
inflammatory profile.

Table 10.Comparative OCT Characteristics in MS‑ON, AQP4‑ON, and MOG‑ON.

OCT Parameter MS‑ON AQP4‑ON MOG‑ON Key‑References

Typical chronic
pRNFL thickness 60–75 µm 40–55 µm 65–85 µm

after single ON [215,217,305,322]

Typical chronic
GCIPL thickness 55–70 µm

57.4 ± 12.2 µm;
−22.7 µm

after first attack

60–75 µm
after first ON;

55–65 µm recurrent
[215,217,305]

Acute pRNFL
swelling Mild–moderate Variable >150–200 µm [310,311]

Pattern of thinning Temporal‑
predominant Diffuse, pan‑retinal Global, less temporal [310,311]

Outer retinal layers
(OPL/ONL) Preserved No consistent thinning Preserved [215]

Subclinical (non‑ON)
eye involvement

Frequent (3–5 µm
GCIPL asymmetry) Less frequent Rare [305,322]

Inter‑Eye
Difference thresholds

GCIPL ≥ 4 µm;
pRNFL ≥ 5 µm

Validated:
pRNFL ≥ 5 µm

(AUC 0.95)

GCIPL ≥ 7–8 µm or
≥8–10% asymetry [308,313]

Structure–function
relationship Correlates with VA loss Strong correlation

Dissociation possible
(70–85% recover

≥20/30)
[216,217]

Disease mechanism
reflected in OCT

Mixed demyelination +
neurodegeneration

(progressive component)

Astrocytopathy
with secondary
neuronal loss

Relapse‑driven
inflammatory

demyelination with
relative ganglion cell

functional preservation

[215,217]

MS‑ON—multiple sclerosis‑associated optic neuritis; AQP4‑ON—aquaporin 4‑associated optic neuritis; MOG‑
ON—myelin oligodendrocyte glycoprotein antibody‑associated optic neuritis; pRNFL—peripapillary retinal
nerve fiber layer thickness; GCIPL—ganglion cell—inner plexiform layer thickness; IED—intereye difference;
VA—visual acuity.

However, OCT findings must be interpreted in conjunction with MRI, as retinal struc‑
tural changes alone do not reliably distinguish between MS‑ON, AQP4‑ON, and MOG‑ON
in the absence of lesion localization and CNS context.

Visual Evoked Potentials as a Supportive Tool for Optic Neuritis Diagnosis and
Subtypes Differentiation—VEPs provide an objective physiological measure of visual
pathway conduction and have enduring value in both the diagnosis of ON and the dif‑
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ferentiation of immune‑mediated ON phenotypes. VEPs quantify two key dimensions of
injury, i.e., conduction delay, reflected in P100 latency prolongation, and axonal loss, re‑
flected in a reduction in N75–P100 amplitude. The relative predominance of these abnor‑
malities varies among MS‑ON, AQP4‑ON, and MOG‑ON, and these patterns align with
the underlying pathophysiology of each disorder.

The International Consensus on Optic Neuritis (ICON) Criteria 2022 explicitly rec‑
ognize VEP as a supportive diagnostic biomarker, especially when MRI is nondiagnostic
or fundoscopic findings are subtle, reinforcing its role in confirming demyelinating optic
neuropathy [5].

In MS‑ON, VEP predominantly demonstrate prolonged P100 latency with relatively
preserved amplitude, consistent with primary demyelination and partial axonal preserva‑
tion. In a comparative diagnostic study, combined multifocal VEP (mfVEP) amplitude–
latency criteria detected abnormalities in ~89% of previously affected MS‑ON eyes, com‑
pared with 62% by OCT and 72% by automated perimetry, underscoring VEP’s sensitivity
to conduction block [323].

Moreover, mfVEP latency delay has prognostic relevance as in clinically isolated syn‑
drome presenting with ON, latency delay predicted a 36.4% one‑year conversion to MS,
whereas patients with normal latency showed 0% conversion [324]. Low‑contrast VEP fur‑
ther increases early detection sensitivity, identifying abnormalities in 76.9% of first episode
ON compared with 43.6% using standard high‑contrast stimuli [325].

In AQP4‑ON, the VEP pattern diverges markedly. Here, severely reduced or extin‑
guished VEP amplitude with only modest or variable latency prolongation is typical, re‑
flecting pronounced and often irreversible axonal damage. Comparative structure–function
studies demonstrate that AQP4‑ON produces greater amplitude loss and worse visual out‑
comes than MS‑ON, and unlike MS, the fellow eye is usually structurally and electrophysi‑
ologically preserved [326].

MOG‑ON shows a third, intermediate profile. During the acute phase, large optic
disc swelling, and conduction block commonly produce marked P100 latency prolonga‑
tion, like MS‑ON. However, VEP amplitude is frequently better preserved than in AQP4‑
ON, aligning with OCT and clinical evidence that MOG‑ON involves demyelination with
relative axonal sparing. Longitudinal electrophysiology confirms that latency may remain
prolonged, but amplitude often recovers in parallel with visual function, producing the
well‑recognized structure–function dissociation [309].

5.3. Diagnostic Criteria for Optic Neuritis

The ICON 2022 criteria provide a pragmatic, structured framework for diagnos‑
ing optic neuritis (ON), distinguishing possible from definite ON and standardizing par‑
aclinical corroboration for both clinical practice and research (Table 11). They repre‑
sent the first international attempt to formalize diagnostic thresholds across diverse
ON etiologies—including MS‑ON, AQP4‑IgG–positive NMOSD‑ON, MOG‑ON, and id‑
iopathic ON—while integrating modern imaging and serological biomarkers.

The criteria begin with three clinical entry phenotypes: (A) subacute, typically monoc‑
ular visual loss with pain on eye movement, dyschromatopsia, reduced CS, and a RAPD;
(B) a painless presentation otherwise identical to (A); and (C) binocular visual loss with
features of (A) or (B), noting RAPD is unreliable in bilateral disease. These clinical constel‑
lations anchor a two‑tiered scheme in which paraclinical evidence—neuroimaging, OCT,
or immunological markers—upgrades the diagnosis from “possible” to “definite” ON.

Paraclinical corroboration rests on three modality pillars. First, OCT: acute optic disc
swelling consistent with ON, or intereye asymmetry measured within 3 months—the con‑
sortium prespecifies thresholds of mGCIPL ≥4% or >4 µm, or pRNFL >5% or >5 µm. Sec‑
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ond, MRI of the orbits showing acute optic nerve ± sheath gadolinium enhancement, or
intrinsic T2 signal increase within 3 months. Third, biomarkers, either serum antibodies
(AQP4‑IgG, MOG‑IgG, or CRMP5‑IgG) or CSF‑restricted OCB providing biological plau‑
sibility and etiologic cues.

ICON then specifies how clinical and paraclinical data combine: definite ON is di‑
agnosed with (A) + ≥1 paraclinical test; (B) + ≥2 paraclinical tests from different modali‑
ties; or (C) + two paraclinical tests, one of which must be MRI. Possible ON applies when
a patient is assessed acutely with features of (A)/(B)/(C) but paraclinical tests are unavail‑
able and the fundus and clinical course remain typical on follow‑up, or when paraclinical
tests are positive in a patient with a history strongly suggestive of ON. These explicit com‑
binations address prior variability and aim to minimize both under‑ and over‑diagnosis.

Table 11.Optic Neuritis Diagnostic Criteria *.

Component Description Key Elements/Thresholds

Clinical Entry Phenotypes Defines clinical presentations
consistent with ON.

A. Subacute monocular visual loss, pain with eye
movement, dyschromatopsia, reduced contrast
sensitivity, RAPD.

B. Same as A but without pain.
C. Bilateral involvement;

note: RAPD unreliable.

Core Clinical Features
Suggestive of ON

Used to support bedside
impression of ON.

Subacute vision loss (hours–days); pain on eye
movement (usually); impaired color vision; reduced
contrast sensitivity; central/cecocentral scotoma; RAPD
(if unilateral/asymmetric).

Paraclinical Modalities Objective confirmation elevates
diagnosis from possible to definite.

(1) OCT:
Acute optic disc edema OR
Inter‑eye asymmetry within 3 months:
• mGCIPL ≥4% or >4 µm
• pRNFL ≥5% or >5 µm.

(2) MRI (Orbits, Gd/T2):
Gadolinium enhancement or T2 hyperintensity
within 3 months.

(3) Biomarkers:
AQP4‑IgG, MOG‑IgG, CRMP5‑IgG or
CSF‑restricted OCB.

Diagnostic Categories Defines how clinical +
paraclinical criteria combine.

Definite ON:
(A) + ≥1 paraclinical test OR
(B) + ≥2 different paraclinical modalities OR
(C) + ≥2 paraclinical tests, one must be MRI.
Possible ON:
Typical clinical presentation but insufficient
evidence yet OR
Historical ON strongly suggested without
contemporaneous testing.

Red Flags Features requiring reconsideration of
ON diagnosis to avoid misclassification.

Progressive visual decline > 2 weeks; painless ON;
absence of RAPD in unilateral cases; severe disc edema
or early optic atrophy; simultaneous bilateral ON;
retinal findings inconsistent with ON; systemic
infectious signs; compressive or ischemic patterns.

* Modified from Petzold et al., 2022 [5]. ON—optic neuritis; RAPD—relative afferent pupillary defect;
CS—contrast sensitivity; mGCIPL—macular ganglion cell‑inner plexiform layer; pRNFL—peripapillary retinal
nerve fiber layer.
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Crucially, the criteria embed “red flags” to prompt evaluation for mimickers (is‑
chemic, compressive, infectious, toxic‑nutritional, hereditary). Examples include progres‑
sive visual loss over >2 weeks without improvement, severe disc edema or, conversely, un‑
explained optic atrophy at onset, bilateral simultaneous ON, absence of pain, retinitis or
retinal dysfunction on OCT/electrophysiology, focal neurological deficits, fever/systemic
signs, and atypical demographic or geographic contexts. This structured differential re‑
duces misclassification and guides ancillary testing.

Early external applications underscore both the utility and the operational nuances
of the 2022 framework. In a first‑episode cohort, Terrim et al. [131] classified 62% as def‑
inite and 38% as possible ON, with seronegative non‑MS causes less often meeting “def‑
inite” thresholds—highlighting the importance of timely, multimodal testing. A major
prospective evaluation arose from the Acute Optic Neuritis Network (ACON), a global,
multicenter cohort assessing first‑ever ON, which provided critical insights into the oper‑
ational performance of the ICON criteria in real‑world practice. Strict adherence to the
ICON clinical entry features—particularly the requirement for RAPD and documented
dyschromatopsia—excluded a substantial proportion of clinically diagnosed ON; in fact,
nearly half of patients were classified as “not ON” solely because RAPD or color vision
impairment was not documented, despite 63% showing MRI‑confirmed optic nerve in‑
flammation and 43% harboring disease‑defining biomarkers. These observations under‑
score several limitations of mandatory reliance on RAPD: it is intrinsically insensitive
in bilateral ON, a pattern common in NMOSD and MOGAD; it may be subtle or unde‑
tectable in mild, early, or partially treated ON; and the swinging‑flashlight test is heavily
dependent on examiner skill, lighting conditions, and patient cooperation. Furthermore,
emergency departments—where most ON presentations occur—frequently lack standard‑
ized color vision testing, contributing to under‑documentation of dyschromatopsia. In
response to these constraints, the ACON investigators proposed a pragmatic refinement
designed to increase diagnostic sensitivity without compromising specificity: in patients
with otherwise typical painful monocular ON, the absence of RAPD or dyschromatopsia
may be offset by concordant paraclinical evidence, specifically MRI abnormalities of the
optic nerve plus a second paraclinical abnormality such as OCT asymmetry or a disease‑
defining biomarker. Applying this adjustment substantially increased ON capture (from
58% to 79%), offering constructive guidance for implementing ICON criteria across di‑
verse clinical environments and supporting a more flexible, evidence‑driven diagnostic
approach [132].

The structured ICON 2022 approach facilitates accurate etiologic classification of
immune‑mediated ON by combining clinical phenotype with OCT, MRI, and antibody
testing. OCT inter‑eye asymmetry and MRI enhancement support confirmation of inflam‑
matory optic neuropathy, while serologic markers differentiate subtypes: AQP4‑IgG iden‑
tifies NMOSD‑ON, MOG‑IgG characterizes MOG‑ON, and the presence of restricted‑CSF
OCB in specific antibody negative cases, and typical MRI abnormalities favor MS‑ON. The
diagnostic flowchart (Figure 5) reinforces this stepwise logic, guiding clinicians from ini‑
tial recognition of typical ON signs toward diagnosis of immune‑mediated ON subtypes,
while prompting exclusion of ischemic, compressive, infiltrative, and toxic mimics. This
framework promotes early, targeted treatment and reduces misclassification.
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Figure 5. Diagnostic flowchart for immune‑mediated optic neuritis subtypes RAPD—relative affer‑
ent pupillary defect; ICON—International Consensus on Optic Neuritis; CSF—cerebrospinal fluid;
OCB—oligoclonal bands; OCT—optical coherence tomography; VEP—visual evoked potential;
NAION—non‑arteritic anterior ischemic optic neuritis; ONSM—optic nerve sheath meningioma;
AQP4‑ON—aquaporin 4‑associated optic neuritis; MOG‑ON—myelin oligodencrocyte glycoprotein‑
associated optic neuritis.

6. Unanswered Questions and Unmet Research Needs
In spite of the remarkable progress achieved over the last four decades since the

ONTT, ON remains an area marked by persistent diagnostic, prognostic, and therapeutic
uncertainties. The following subsections outline the principal areas in which uncertainties
persist and identify priority directions for future investigation.

6.1. Damage and Repair in MS‑ON

In MS‑ON, corticosteroids accelerate visual recovery but do not prevent irreversible
axonal degeneration. The imperfect relationship between lesion burden, inflammatory
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markers, and visual prognosis suggests that the determinants of axonal vulnerability, re‑
myelination capacity, and neuroprotection are not fully characterized [327,328]. Address‑
ing these gaps will require longitudinal imaging–histopathology correlation studies and
clinical trials of remyelination‑promoting and neuroprotective agents, including clemas‑
tine and anti‑LINGO‑1.

6.2. Double‑Negative Optic Neuritis

A major unresolved challenge in ON is the subgroup of patients who test nega‑
tive for both AQP4‑IgG and MOG‑IgG. In some cohorts, DN‑ON represents the majority
of cases, implying the presence of unidentified autoantibodies or non‑humoral immune
mechanisms [164,200,209].

Whether these forms reflect T cell–mediated optic neuropathy, microglial activation,
astrocyte dysfunction, or non‑canonical complement signaling is unknown. Progress in
this area requires systematic antigen discovery using approaches such as proteomic epi‑
tope mapping, single‑cell immune profiling, and phage‑display antibody screening.

6.3. Biomarker Development and Standardization

Although AQP4‑IgG and MOG‑IgG testing remain the most robust serological tools
for diagnosis of atypical ON [5], their optimal testing platforms, timing of sampling, and
interpretation in low‑titer or pediatric cases require standardization. Cerebrospinal fluid
NF‑L levels have shown promise as predictors of poor visual outcomes, yet cutoff values
and temporal profiles remain poorly defined. Similarly, other potential CSF biomarkers,
such as myelin basic protein, osteopontin, and chitinase‑3‑like‑1—require multicenter val‑
idation before incorporation into clinical algorithms [329].

6.4. Imaging Biomarkers

MRI lesion characteristics differ across ON etiologies, yet these distinctions are not
reliably reproducible across imaging centers [211]. OCT‑derived inter‑eye GCIPL and
pRNFL asymmetry provides a sensitive marker of previous ON but requires device‑
independent thresholds and ancestry‑adjusted interpretation [330]. The emerging role
of OCT‑A in detecting perfusion deficits is promising, though its diagnostic specificity
remains under investigation, lacking large, prospective validation studies [5]. A coordi‑
nated effort toward standardized acquisition protocols and shared normative datasets is
urgently needed.

6.5. Therapeutic Algorithms and Clinical Trials

Evidence‑based treatment of acute attack sequencing remains underdeveloped across
ON subtypes. Comparative trials of rituximab, inebilizumab, ravalizumab, and satral‑
izumab to prevent relapses and avoid disability in AQP4‑ON are limited. Escalation strate‑
gies are not standardized, particularly in recurrent MOG‑ON [6,331]. Clinical trials would
benefit from unified outcome measures, incorporating low‑contrast VA, contrast sensitiv‑
ity, OCT structural loss rates, and VEP latency changes to enable cross‑study comparability.

6.6. Global Disparities and the for Collaborative Research Networks

Marked geographic differences exist in access to antibody testing, MRI, OCT, and
biologic therapies, leading to delayed diagnosis and undertreatment in many regions, es‑
pecially in low‑ and middle‑income countries. Consequently, diagnostic delays and under‑
treatment are common [5,329].

Building multinational ON registries and biorepositories encompassing diverse an‑
cestries is vital to capture population‑specific immunological and genetic determinants.
Collaborative consortia should prioritize harmonized data collection, equitable technology
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transfer, and cost‑effective diagnostic platforms to ensure that advances in ON research
translate into global clinical benefit.

7. Conclusions
The Optic Neuritis Treatment Trial (ONTT) established the benchmark clinical phe‑

notype of acute demyelinating ON, demonstrated that intravenous methylprednisolone
accelerates—but does not ultimately change—the visual outcome, and clarified the long‑
term risk of MS after the first ON episode. At that time, ON was largely conceptualized
as a monospecific demyelinating event within the MS spectrum. Subsequent discovery
of AQP4‑IgG and MOG‑IgG, together with refined MRI and OCT techniques, has trans‑
formed this view, revealing a group of distinct autoimmune optic neuropathies with dif‑
ferent immunopathological mechanisms, clinical trajectories, and treatment responses.

Yet, several critical gaps remain. The immunobiology of DN‑ON is still poorly under‑
stood; here, targeted antigen‑discovery programs, single‑cell immunophenotyping, and
integrative transcriptomic/epigenomic studies represent key investigative avenues.

In MS‑ON, longitudinal cohorts combining high‑resolution MRI, OCT, VEP, and fluid
biomarkers are needed to dissect the determinants of axonal vulnerability, remyelination
capacity, and incomplete visual recovery and to test candidate neuroprotective or remyeli‑
nating agents in well‑designed trials.

For biomarkers, research priorities include defining disease‑ and age‑adjusted thresh‑
olds for neurofilament light chain, validating multimarker CSF and serum panels, and
embedding standardized biobanking within multicenter ON registries.

In the domain of imaging, international efforts should focus on harmonizing MRI and
OCT acquisition protocols, developing device‑independent inter‑eye difference thresh‑
olds, and clarifying the diagnostic and prognostic value of OCT angiography across
ON subtypes.

Regarding therapy, comparative and stratified randomized controlled trials are re‑
quired to optimize the sequencing and duration of B‑cell‑depleting and complement‑ or
interleukin‑targeting agents in AQP4‑ON and MOG‑ON, as well as to define evidence‑
based approaches for relapsing seronegative ON.

Finally, addressing global disparities will demand multinational registries, context‑
adapted diagnostic algorithms, and evaluation of cost‑effective testing platforms to ensure
that advances in classification and treatment translate into improved outcomes worldwide.

Taken together, these converging research programs—spanning immunology, imag‑
ing, biomarkers, therapeutics, and health equity—provide a concrete roadmap toward
truly phenotype‑driven, personalized care for patients with ON globally.
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Abbreviations
The following abbreviations are used in this manuscript:

ACE Angiotensin‑conversion enzyme
ACTH Adrenocorticotropic hormone
APD Afferent pupillary defect
AQP4 IgG Aquaporin‑4
AQP4‑ON Aquaporin‑4‑associated optic neuritis
ARR Annualized relapse rate
AUC Area under the curve
CF Count fingers
CRION Chronic relapsing inflammatory optic neuropathy
CRMP5 Collapsin response‑mediator protein 5
CS Contrast sensitivity
CSF Cerebrospinal fluid
CVS Central vein sign
DAMPs Damage‑associated molecular patterns
DIS Dissemination in space
DIT Dissemination in time
DN‑ON Double negative optic neuritis
EBV Epstein–Barr virus
EDSS Expanded disability status scale
GCIPL Ganglion cell internal plexiform layer
GFAP Glial fibrillary acidic protein
GFAP‑A GFAP astrocytopathy
GFAP‑ON GFAP‑associated‑ON
HCVA High‑contrast visual acuity
HM Hand motion
HPV Human papillomavirus
ICON International consensus on optic neuritis
IEAD Intereye absolute difference
IED Intereye difference
IEF Isoelectric focusing
IEPD Intereye percentage difference
IVIG intravenous immunoglobulin
IVMP IV methylprednisolone
IWOS International Workshop on Ocular Sarcoidosis
KFLCs Kappa free light chains
LCVA Low‑contrast visual acuity
LEON Longitudinally extensive optic nerve
LP Light perception
mfVEP Multifocal VEP
MOG IgG Myelin oligodendrocyte glycoprotein
MOGAD Myelin oligodendrocyte glycoprotein antibody‑associated disease
MOG‑ON Myelin oligodendrocyte glycoprotein‑associated optic neuritis
MRI Magnetic resonance imaging
MS Multiple sclerosis
MS‑ON Multiple sclerosis‑associated optic neuritis (Typical optic neuritis)
NPL No perception of light
NMOSD Neuromyelitis optica spectrum disorder
non‑MS‑ON Optic neuritis not associated with MS (Atypical optic neuritis))
OCBs Oligoclonal bands
OCT Optical coherence tomography
OCT‑A Optic coherence tomography angiography
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ON Optic neuritis
ONSG Optic Neuritis Study Group
ONTT Optic neuritis treatment trial
OPN Optic perineuritis
PLEX Plasma exchange
PRLs Paramagnetic rim lesions
pRNFL Peripapillary retinal nerve fiber layer
RAPD Relative afferent pupillary defect
RION Relapsing isolated optic neuritis
RNFL Retinal nerve fiber layer
RON Relapsing ON
SS Sjogren syndrome
Tdap Tetanus, diphtheria, pertussis
VA Visual acuity
VAERS Vaccine Adverse Event Reporting System
VEP Visual evoked potential
VZV Varicella zoster virus
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