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ABSTRACT
Background: Comorbidities occur in aquaporin-4 antibody-positive neuromyelitis optica spectrum disorder (AQP4-NMOSD), 
myelin oligodendrocyte glycoprotein antibody-associated disease (MOGAD), and double seronegative NMOSD (DN-NMOSD), 
potentially contributing to a less favorable disease course.
Objectives: To characterize comorbidities in AQP4-NMOSD, MOGAD, and DN-NMOSD and assess their association with optic 
neuritis (ON) outcomes by optical coherence tomography (OCT) in AQP4-NMOSD.
Methods: Four hundred and forty-two participants from the CROCTINO cohort were evaluated for comorbidities.
Results: In AQP4-NMOSD patients (n = 360), 43.5% (n = 161) had comorbidities, equally divided between single and multi-
ple. In MOGAD (n = 49), 40.8% had comorbidities, with 75% (n = 15) single and 25% (n = 5) multiple. In DN-NMOSD (n = 33), 
36.4% (n = 12) had comorbidities equally split. AQP4-NMOSD patients had more multiple comorbidities (50%, n = 81/161) than 
MOGAD (25%, n = 5/20, p = 0.03) and more autoimmune disorders (AID) (40.4%, n = 65) than MOGAD (20%, n = 4, p = 0.09) 
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and DN-NMOSD (none, p = 0.004). Cardiovascular comorbidities and related risk factors (CVC/RF) occurred in 34.8% (n = 56) 
of AQP4-NMOSD, 50% (n = 10) of MOGAD, and 33.3% (n = 4) of DN-NMOSD. Expanded Disability Status Scale was higher in 
MOGAD (3.0 vs. 2.0, p = 0.006) and DN-NMOSD (5.0 vs. 2.0, p = 0.008) with comorbidities. AQP4-NMOSD patients with CVC/
RF had higher ON relapse rates than those with AID (1.06 ± 3.33 vs. 0.49 ± 0.98, p < 0.001). OCT revealed reduced inner nuclear 
layer thickness in AQP4-NMOSD with comorbidities compared to non-comorbidity (B = −1.52, p = 0.047), more pronounced with 
CVC/RF (B = −2.96, p = 0.009).
Conclusion: Comorbidities are frequent in AQP4-NMOSD and MOGAD and are associated with ON frequency and disability. 
These findings highlight the need for proactive comorbidity management to improve patient care.

1   |   Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a rare 
inflammatory autoimmune disease of the central nervous 
system (CNS), characterized by damage to astrocytes with 
subsequent inflammation, demyelination, and neurodegen-
eration [1–3]. Serum immunoglobulin G autoantibodies (IgG) 
are found in the majority of NMOSD patients, targeting the 
astrocyte water channel aquaporin-4 (AQP4) [4–7]. Myelin 
oligodendrocyte glycoprotein (MOG) antibody-associated 
disease (MOGAD) is a recently described entity with import-
ant differential diagnostic criteria compared to NMOSD. In 
MOGAD, antibodies (MOG-IgG) target MOG, primarily as-
sociated with demyelination [8–10]. Individuals within the 
NMOSD spectrum who are seronegative for both AQP4-IgG 
and MOG-IgG antibodies are known as double seronegative 
(DN) NMOSD (DN-NMOSD) and represent a heterogeneous 
subgroup [11, 12]. In all three clinical entities, optic neuritis 
(ON) is a frequent manifestation often associated with severe 
neurodegeneration and blindness [13].

ON is an inflammatory demyelinating condition character-
ized by primary inflammation, demyelination, and axonal in-
jury in the optic nerve, which may lead to poor visual function 
[12, 14–16]. Optical coherence tomography (OCT) is a neuroim-
aging diagnostic tool that can be useful to differentiate AQP4-
NMOSD and MOGAD from distinct conditions such as multiple 
sclerosis (MS) [17, 18]. OCT can quantify neuro-axonal retinal 
damage by measuring specific inner retinal layers, including the 
peripapillary retinal nerve fiber layer (pRNFL), the ganglion cell 
and inner plexiform layer (GCIPL), and the inner nuclear layer 
(INL) [19–25].

Emerging evidence suggests that comorbidities occur frequently, 
in particular in NMOSD, and may contribute to worsened clini-
cal outcomes [22–29]. Comorbidities refer to any additional con-
dition co-existing with the primary index disease in the same 
individual. Comorbidities may result from coincident predispos-
ing genetic or environmental factors, immunologic mechanisms 
(e.g., antigen spreading) or from treatment of an index disease 
[30]. In MS, comorbidities have become an area of increasing 
interest in recent years [31] because they can adversely affect 
a broad range of outcomes, including the risk of relapse and 
disease progression, associated with diminished quality of life 
(QoL) and long-term disability [22, 24, 25, 28, 29].

Exploring the epidemiology and clinical consequences of 
comorbidities in a large multicenter cohort may enhance 

generalizability and facilitate assessments comparing co-
morbidity patterns across AQP4-NMOSD, MOGAD, and DN-
NMOSD. This may provide more information on comorbidity 
impact on clinical outcomes and may explain the heteroge-
neity in clinical results. We assessed comorbidities in a large  
cohort, the CROCTINO study (The Collaborative Retrospective  
Study of Retinal Optical Coherence Tomography in 
Neuromyelitis optica) with the associated OCT dataset. Visual 
outcomes and OCT were included because these were the 
outcome measures available in the CROCTINO Cohort and 
aligned with the aims of this study. This provided a valuable 
opportunity to analyze ON and investigate whether comorbid-
ities influence ON outcomes with a level of detail not previ-
ously reported.

Building on this framework, in the current study, we inves-
tigated whether the frequency and type of comorbidities (a) 
differ among patients with AQP4-NMOSD, MOGAD, and DN-
NMOSD; (b) interact with clinical outcomes; (c) impact retinal 
integrity after ON as measured by OCT in individuals with 
AQP4-NMOSD.

2   |   Materials and Methods

2.1   |   Study Design and Participants

The Collaborative Retrospective Study of Retinal Optical 
Coherence Tomography in Neuromyelitis optica (CROCTINO) 
aimed to analyze retinal pathology using OCT in AQP4-
NMOSD (369), MOGAD (54) and DN-NMOSD (58), with a total 
of 515 participants, who fulfilled the 2006 [32] and 2015 diag-
nostic criteria for NMOSD [33]. Data are reported according to 
STROBE reporting guidelines [34]. These data were collected 
from 22 participating centers located across North and South 
America, Asia, and Europe. Participating centers contributed 
OCT data and clinical metadata (acquired between 2000 and 
2018). A detailed explanation of the dataset can be found else-
where [12, 34]. Of note, the original design of the CROCTINO 
dataset was not intended to evaluate comorbidities. From the 
total CROCTINO cohort, 73 (14%) patients were excluded due 
to missing data on comorbidities, OCT results, or unknown 
antibody testing status. This exclusion left 442 patients eligi-
ble for this comorbidity study. Demographic and clinical data 
such as Expanded Disability Status Scale (EDSS), age at onset, 
time since onset, total number of ON attacks per person, and 
visual acuity were collected from all patients, along with OCT 
measurements.
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2.2   |   Standard Protocol Approvals, Registrations, 
and Patient Consents

All participants gave written informed consent, and the study 
was approved by local ethics committees and conducted in ac-
cordance with the applicable laws and the current version of the 
Declaration of Helsinki.

2.3   |   Classification of Comorbidities

In the CROCTINO study, participating centers documented co-
morbidities in a free-text field. The onset times of these comorbid-
ities were not recorded. For the current analysis, we standardized 
and reclassified the data from the free-text fields. Any records not 
originally in English were translated into English. All free-text 
entries were carefully read and transformed into standard termi-
nology, ensuring uniformity in the representation of the various 
conditions. The available data on comorbidity were then method-
ically classified into 14 principal categories. Categories included 
Cardiovascular and related risk factors (CVC/RF), autoimmune 
comorbidities (AID), endocrine, psychiatric, neurological, respi-
ratory, gastrointestinal, neoplastic, rheumatologic, hematologic, 
dermatologic, genitourinary, infectious, and ophthalmic diseases. 
An additional category was created to incorporate any conditions 
not covered by the previous list. In this framework, injuries, and 
acute presentations, especially traumas and their associated frac-
tures, were situated within the ‘injuries’ domain, rather than 
being identified as chronic comorbid conditions. If nicotine abuse 
was documented for a patient, it was included in the category 
“Cardiovascular and Related Risk Factors.” However, smoking 
was not systematically assessed. Of note, no included patient had 
ON-unrelated ophthalmic comorbidities that could potentially 
interfere with OCT results (e.g., glaucoma). The details of the co-
morbidities included in all categories, particularly the CVC/RF 
and AID groups, are provided in Table S1.

2.4   |   Optical Coherence Tomography

Various OCT devices were used at each center. Only data 
from Spectralis SD-OCT (Heidelberg Engineering, Heidelberg, 
Germany) were used in this study. Image quality was assessed 
using modified OSCAR-IB criteria by experienced graders 
[35–37]. Eyes were excluded if neither the ring nor macular scan 
passed quality control. OCT measurements in the acute stage, 
within 3 months, were excluded in this current study. The peri-
papillary retinal nerve fiber layer (pRNFL) thickness was mea-
sured and corrected per protocol (peripapillary ring scan with 
a 12°- or 3.5-mm diameter around the optic disc.) GCIPL and 
IPL were extracted from macular volume scans with a custom 
segmentation pipeline, as described earlier [34, 38]. The GCIPL 
thickness for the combined ganglion cell and inner plexiform 
layers was calculated based on the summation of both layers.

2.5   |   Statistical Methods

All statistical analyses were performed using R statistical 
software (version 4.3.1). Data were analyzed visually and 

statistically for their distribution. Next, descriptive statis-
tics were performed based on the data distribution using the 
‘base’ package in R to compute means, median, interquartile 
range, standard deviations, and frequencies. The distribution 
of comorbidities across different patient groups was examined 
using the “dplyr” and “tidyr” packages for data manipulation 
and summarization.

Welch Two Sample t-test, one-way ANOVA, and chi-squared 
tests were conducted using the “stats” package. Logistic re-
gression analyses were executed with the ‘survival’ package 
to identify age thresholds for comorbidity presence, and re-
ceiver operating characteristic (ROC) curve analysis was con-
ducted using the ‘pROC’ package, which computed the area 
under the curve (AUC). A p-value of less than 0.05 was con-
sidered significant. The study was exploratory with no sample 
size calculation and no adjustments were made for multiple 
comparisons.

Linear mixed-effects models were conducted using the “nlme” 
package to assess the impact of comorbidity on OCT metrics. 
Two models were designed: the first, a simple model, was ap-
plied separately to two subsets of eyes those with ON and those 
without. This analysis included random effects for inter-eye 
within-subject variations and fixed effects for comorbidity, AID, 
and CVC/RF separately. The second, more complex model in-
cluded random effects for inter-eye within-subject variations 
and fixed effects as above for ON, comorbidity or AID or CVC/
RF status, and the interaction between ON and these parame-
ters. The evaluated OCT metrics included pRNFL, GCIPL, and 
INL thicknesses.

3   |   Results

3.1   |   Comorbidity Distribution

The study included 442 patients, categorized into AQP4-
NMOSD (n = 360), MOGAD (n = 49), and DN-NMOSD (n = 33). 
These patients were classified based on the presence of comor-
bidities, either having one or ≥ 2, that is multiple comorbidities. 
Further classifications were made based on the presence of AID 
and CVC/RF (Figure 1).

In the AQP4-NMOSD group 43.5% (n = 161) had at least one 
comorbidity. Within the comorbidity group, there were 40.4% 
(65) with AID and 34.8% (56) with CVC/RF. In the MOGAD
cohort, 40.8% (n = 20) of patients had at least one comorbidity.
Of those, 20.4% (4) were AID and 50% (10) were CVC/RF. In
the DN-NMOSD group, 36.4% (n = 12) of patients had at least
one comorbidity, of which 33.3% (4) had CVC/RF and none
had AID.

People with AQP4-NMOSD (50%, n = 81/161) more fre-
quently had multiple comorbidities compared to people with  
MOGAD (25%, n = 5/20) (p = 0.03), independent of age. 
Furthermore, people with AQP4-NMOSD more frequently 
had AID (40.4%, n = 65/161) compared to MOGAD (20%, 
n = 4/20) (p = 0.09) and DN-NMOSD (0% n = 0/12) (0.004), in-
dependent of age.
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In AQP4-NMOSD, the two most common CVC/RF comorbidi-
ties included hypertension (n = 29) and diabetes mellitus (n = 12), 
followed by dyslipidemia (n = 11). For MOGAD, hypertension 
(n = 6) was most prevalent, with fewer cases of diabetes melli-
tus (n = 2) and obesity (n = 3). In DN-NMOSD, diabetes mellitus 
(n = 2) and hypertension (n = 1) were recorded. Autoimmune 
diseases were also frequent in AQP4-NMOSD, including sys-
temic lupus erythematosus (SLE) (n = 17), Sjögren's syndrome 
(n = 11), myasthenia gravis (n = 9), and autoimmune thyroiditis 
(Hashimoto's disease) (n = 5) (Table S1).

3.2   |   Demographics and Clinical Characteristics

3.2.1   |   Sex and Age

The details of the demographic and clinical characteristics are pro-
vided in Table 1. AQP4-NMOSD had a high female predominance 
in all comorbidity categories, ranging from 85.7% to 92.3% female. 
55.2% of MOGAD patients without comorbidities were female, 
and 65% of those had at least one comorbidity. For DN-NMOSD, 
patients without comorbidities consisted of 71.4% female, rising to 
91.7% female in those with comorbidities (Table 1).

The mean age was higher in the AQP4-NMOSD group with 
at least one comorbidity (49.8 ± 14.8 years) (p ≤ 0.001), those 
with AID (50.1 ± 14 years) (p ≤ 0.001), and those with CVC/RF 
(52.9 ± 13.6 years) (p ≤ 0.001) compared to those with no comor-
bidity (41.0 ± 13.5 years). The mean age was higher in patients 

with comorbidities compared to those without in both MOGAD 
and DN-NMOSD groups (Table 1).

Age at onset was higher in patients with comorbidities across 
all groups. The mean age at onset was higher in patients with 
at least one comorbidity (42.7 ± 15.7 years) (p < 0.001), those 
with AID (42.7 ± 15.1 years) (p ≤ 0.001), and those with CVC/RF 
(45.6 ± 15.1 years) (p ≤ 0.001) compared to those with no comor-
bidity (33.5 ± 13.7 years). The mean age at onset was higher in 
patients with comorbidities compared to those without in both 
MOGAD and DN-NMOSD groups (Table 1).

The age distribution of AQP4-NMOSD patients, stratified by 
comorbidity status, is shown in Figure 2A. Patients with a sin-
gle comorbidity (47.5 ± 20.5 years) were on average 7.5 years 
older than those without comorbidities (40.0 ± 19.5 years) 
(p = 0.002), while patients with multiple comorbidities 
(54.0 ± 19 years) were 14 years older than those without co-
morbidities (p < 0.001). However, in the comorbidity group 
in all three diseases, the age distribution did not show any 
significant differences: AQP4-NMOSD 49.8 ± 14.8, MOGAD 
48.0 ± 14.8, DS-NMOSD 41.7 ± 17.3 (p = 0.19) (Table 1). To de-
termine the threshold age for predicting comorbidity presence 
in the AQP4-NMOSD subgroup, logistic regression analysis 
was performed. The aim was to ascertain the efficacy of pa-
tient age as a predictor for the development of comorbid condi-
tions. The dataset was divided into two groups: those without 
comorbidities (n = 199) and those with at least one comorbid 
condition (n = 161). Receiver Operating Characteristic (ROC) 

FIGURE 1    |    Distribution of comorbidity, cardiovascular comorbidities and risk factors, and autoimmune comorbidities among AQP4-IgG sero-
positive neuromyelitis optica spectrum disorder (AQP4-NMOSD), myelin oligodendrocyte glycoprotein antibody disease (MOGAD), and double 
seronegative with NMOSD phenotype (DN-NMOSD). RF: risk factors.
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analysis was conducted, which resulted in an Area Under 
the Curve (AUC) of 0.67. This AUC value reflects the logis-
tic regression model's performance in comorbidity prediction 
as a function of age and indicates a moderate discriminative 

ability of the model to differentiate between patients with and 
without comorbidity. Furthermore, the analysis for the cutoff 
threshold gets maximized at a sensitivity of 0.55 and specificity 
of 0.71, which corresponds to the age threshold of 48.5 years, 

TABLE 1    |    Demographic and clinical characteristics across comorbidity status, autoimmune and cardiovascular comorbidity and risk factor 
status in AQP4-NMOSD, MOGAD, and DN-NMOSD patients.

No comorbidity
At least one 
comorbidity

At least one 
autoimmune 
comorbidity

At least one cardiovascular 
comorbidities & 

risk factors

Number of patients

AQP4-NMOSD (N = 360) 199 (53.8%) 161 (43.5%) 65 (40.4%) 56 (34.8%)

MOGAD (N = 49) 29 (59.2%) 20 (40.8%) 4 (20%) 10 (50%)

DN-NMOSD (N = 33) 21 (63.6%) 12 (36.4%) 0 (0%) 4 (33.3%)

Age (years), mean ± SD

AQP4-NMOSD 41.0 ± 13.5 49.8 ± 14.8* 50.10 ± 14* 52.9 ± 13.6*

MOGAD 31.6 ± 11.6 48.0 ± 14.8* 46.50 ± 10.4* 50.9 ± 14.4*

DN-NMOSD 30.2 ± 7.85 41.7 ± 17.3* — 58.2 ± 9.74*

p < 0.001* 0.19 0.61 0.66

Sex, female, N (%)

AQP4-NMOSD 178 (89.4) 144 (89.4) 60 (92.3) 48 (85.71)

MOGAD 16 (55.2) 13 (65) 3 (75) 6 (60)

DN-NMOSD 15 (71.4) 11 (91.7) 0 (0) * 4 (100)

p < 0.001* 0.007* 0.007* 0.08

EDSS, median (IQR)

AQP4-NMOSD 3.5 (2–5.5) 3.5 (2–4.5) 3 (2–4.5) 3.5 (2.5–6)

MOGAD 2 (1–2) 3 (2–3.5) * 1.25 (0.6–1.9) 3 (1.3–3)

DN-NMOSD 2 (1–2) 2.5 (1–3.5) — 5 (5–5) *

p < 0.001* 0.07 0.11 0.07

Age at onset (years), 
mean ± SD

AQP4-NMOSD 33.5 ± 13.7 42.7 ± 15.7* 42.7 ± 15.1* 45.6 ± 15.1*

MOGAD 28.6 ± 12.1 42.3 ± 17.2* 46.5 ± 10.4* 44.4 ± 17*

DN-NMOSD 24.5 ± 8.27 35.9 ± 16.5* — 47.8 ± 15.5*

p 0.003* 0.36 0.1 0.93

Time since onset (years), 
median (IQR)

AQP4-NMOSD 6.4 (2–11.7) 4.7 (2–10.1) 4.4 (1.9–11.3) 5.2 (1.9–9.9)

MOGAD 1.9 (0.7–3.6) 2.1 (0.1–7) 0.2 (0.1–0.3) 1.8 (1.1–5.1)

DN-NMOSD 5.1 (2.3–8.8) 2.8 (1–10.8) — 11.9 (8–14.3)

p < 0.001* 0.64 0.07 0.73

Note: Statistics: t-test/ANOVA for comparing two means/more than two means, with post hoc tests if needed; chi-squared for proportion comparison, or Fisher's exact 
test when expected counts are low. The asterisk in each cell indicates a comparison of that cell to the no comorbidity group: *if p < 0.05. If there is no symbol, the 
comparison is not statistically significant.
Abbreviations: μm, micrometer; AQP4-NMOSD, aquaporin-4 positive neuromyelitis optica spectrum disorder; DN-NMOSD, double negative neuromyelitis optica 
spectrum disorder; EDSS, Expanded Disability Status Scale; IQR, interquartile range; logMAR, logarithm of the minimum angle of resolution, lower logMAR values 
indicate better visual acuity; MOGAD, myelin oligodendrocyte glycoprotein antibody-associated disease; N, number; ON, optic neuritis; SD, standard deviation.
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suggesting an increased likelihood of having a comorbidity 
probability beyond this age (Figure 2B).

3.2.2   |   Disease-Related Disability Characteristics

AQP4-NMOSD patients with comorbidities had a similar me-
dian EDSS of 3.5 (IQR: 2–4.5) compared to 3.5 (IQR: 2–5.5) in 
those without. MOGAD patients with comorbidities showed a 
higher median EDSS of 3 (IQR: 2–3.5) versus 2 (IQR: 1–2) in 
those without (p = 0.006). DN-NMOSD patients with CVC/RF 
comorbidities had a higher median EDSS of 5 (IQR: 5–5) com-
pared to 2 (IQR: 1–2) in those without (p = 0.008).

3.2.3   |   Association Between Presence of Comorbidities 
on Visual Outcome and OCT Parameters in 
AQP4-NMOSD

Due to low sample sizes in the MOGAD and DN groups, the 
analysis on visual outcome and OCT parameters was only con-
ducted in the AQP4-NMOSD group. There were no differences 
in high contrast visual acuities between patients without comor-
bidities (mean = 0.1, range (0.1–0.33)) compared to those with 
comorbidities (mean = 0, range (0–0.1), p = 0.48). For the OCT 
analysis in AQP4-NMOSD patients, the two mentioned mod-
els were performed. The comparison between the comorbidity 
groups for rejected and accepted scans using OSCAR-IB criteria 
was performed [35, 36]. In the criteria, R stands for retinopathy, 
so scans with visible pathology influencing OCT measurements 
other than ON were excluded. The results showed that comor-
bidities did not affect the frequency of rejected scans, and the 
details are provided in Table S2.

Two models were applied. The first model analyzed eyes with 
and without ON separately, using random effects for inter-eye 
variations and fixed effects for comorbidity, AID, and CVC/RF. 
The second, more complex model included these same effects 
but also added interactions between ON status and comorbidity, 
AID, or CVC/RF.

In the first model, both the pRNFL and the GCIPL showed no 
significant difference in thickness between individuals with co-
morbid conditions (n = 41) and those without (n = 108) (pRNFL: 
B = −0.91, SE = 5.44, p = 0.87; GCIPL: B = −1.47, SE = 2.82, 
p = 0.6). Additionally, no significant differences were observed 
in relation to AID or CVC/RF in these retinal layer thickness 
measurements. In this model, in eyes without ON, there was no 
significant difference in all comparisons (Figure 3).

However, in eyes with ON, the INL showed a significant reduc-
tion in thickness in people with comorbid conditions (n = 41) 
compared to the non-comorbidity group (n = 108) (B = −1.52, 
SE = 0.41, p = 0.047). Eyes from people with CVC/RF (n = 17) 
had a significantly thinner INL thickness (mean = 37.6, 
SD = 2.0) compared to those without comorbidities (n = 108) 
(mean = 40.27, SD = 3.6), with a difference of −2.6 (B = −2.96, 
SE = 1.12, p = 0.009), independent of age.

In order to explain these findings, we performed further anal-
yses between comorbidity types in the ON group. The annual 
ON relapse rate was lower in the comorbidity group (0.34 ± 0.50) 
than in the no comorbidity group (1.10 ± 5.49, p = 0.01). Within 
the comorbidity group, the annual ON relapse rate per person 
was higher in those with solely CVC/RF comorbidity (n = 42, 
1.06 ± 3.33) compared to those with solely AID comorbidity 
(n = 48, 0.49 ± 0.98, p < 0.001).

FIGURE 2    |    (A) Violin plot of age distribution by comorbidity in AQP4-NMOSD. No: No comorbidity, Single: Single Comorbidity, Multiple: 
Multiple comorbidities. *Statistical significance is indicated where p < 0.05. (B) ROC Curve depicting the logistic regression model's performance in 
comorbidity prediction by age for AQP4-NMOSD, with an AUC of 0.67. The optimal age cutoff is approximately 48.5 years, maximizing the sum of 
sensitivity and specificity at the given points of 0.55 and 0.71, respectively.
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Furthermore, in the second model, only ON showed a significant 
effect on the thickness of all three retinal layers. Specifically, 
for pRNFL thickness, ON was associated with a reduction 
(B = −25.22, SE = 4.18, p < 0.001). Similarly, for the GCIPL thick-
ness, ON led to a significant decrease (B = −13.72, SE = 2.22, 

p < 0.001), and for INL thickness, ON had a positive effect 
(B = 1.61, SE = 0.67, p = 0.02). However, in this model, comorbidity 
status (including general comorbidity, AID, and CVC/RF), as well 
as the interaction between ON and these comorbidities, did not 
significantly impact the thickness of the retinal layers (Table 2).

FIGURE 3    |     Legend on next page.
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4   |   Discussion

In this study originating from the CROCTINO cohort [12, 34, 38], 
we aimed to determine the frequency and type of comorbidities 
associated with demographic and clinical features in AQP4-
NMOSD, MOGAD, and DSDN-NMOSD. We further explored 
whether visual outcomes and retinal structural integrity are as-
sociated with the presence of comorbidities. The main finding 
was that people with AQP4-NMOSD were more likely to have 
multiple comorbidities compared to MOGAD. Importantly, 
comorbidities in AQP4-NMOSD were more likely to be of au-
toimmune origin compared to MOGAD or DN-NMOSD. These 
relationships were independent of age. In patients with MOGAD 
or DN-NMOSD and comorbidities, cardiovascular comorbidi-
ties and related risk factors were associated with more severe 
disability (higher EDSS) and in patients with AQP4-NMOSD, 
with a higher annual ON relapse rate. This finding suggests 
that comorbidities have a negative impact on clinical outcomes. 
Moreover, in ON-affected eyes, patients having AQP4-NMOSD 
and comorbidities demonstrated a significant reduction in the 
thickness of the INL, indicating that changes in this layer may 
be associated with disease severity and prognosis in the pres-
ence of comorbidities. A proactive management of comorbidities 
should be considered in clinical practice.

AQP4-NMOSD occurs in females with a disproportionate fre-
quency of up to 9:1 as compared to males [39]. The current data 
indicate that the comorbidities group in all three diseases ex-
hibited a high female predominance, with the highest female 
proportion observed in autoimmune comorbidities in AQP4-
NMOSD (92.3%). This pattern of results is consistent with the 
idea that autoimmune disease prevalence is greater in females 
due to specific factors. Among mechanisms proposed to con-
tribute to the female propensity for most autoimmune diseases 
include endocrine/hormonal or genetic [40]/human leukocyte 
antigen (HLA) mechanisms [41]. However, while our sample 
showed a female predominance, this difference was not statis-
tically significant, and the low number of males precluded a 
subgroup analysis. Therefore, we could not determine whether 
gender clustering of comorbidities contributes to differences in 
disease prognosis.

Interestingly, the mean age and age at onset were higher in the 
comorbidity group than in patients lacking comorbidity in all 
three conditions. The age distribution in the comorbidity group 

in all three diseases did not show any significant differences 
(Table 1). The age distribution in the comorbidity group in all 
three diseases did not show any significant differences (Table 1).

Approximately half of the AQP4-NMOSD group experienced 
at least one comorbidity, suggesting that older people are more 
likely to develop comorbid conditions. This underscores the im-
portance of monitoring for comorbidities in older people, as these 
conditions potentially could lead to broader health implications.

Limited studies of comorbidities reported increased frequency of 
comorbid conditions in AQP4-NMOSD in line with our findings 
[42–46]. However, our study included a larger number of patients 
and compared AQP4-NMOSD with MOGAD and DN-NMOSD, 
groups noting different pattern characteristics of comorbidities 
in these disease entities [29]. Of note, CVC/RF did not appear to 
be different across the three disease entities highlighting the po-
tential gain in screening of CVC/RF strategies. Interestingly, the 
annual relapse rate in AQP4-NMOSD was significantly higher 
with CVC/RF comorbidities compared to AQP4-NMOSD with 
only autoimmune comorbidities. It may be speculated that this 
is a general phenomenon, that the coexistence of two or more 
AID may ameliorate the disease course.

Similarly, MS studies suggest that the most common comorbidi-
ties in MS are CVC/RF including obesity, hypertension, hyperlip-
idemia, and type 2 diabetes mellitus (T2DM) [47]. Furthermore, 
several studies indicate that comorbidities in MS are associated 
with disability progression, lesion accrual on CNS MRI, lower 
quality of life, hospitalizations, and mortality [48–50].

In the current study, we observed that the INL thicknesses in 
ON eyes were lower in the AQP4-NMOSD group with comor-
bidities, and with a more pronounced reduction in people with 
CVC/RF comorbidity compared to the no comorbidity group. 
The INL contains both neuronal and glial cells, including AQP4-
expressing Müller cells [51]. Of note, the retinal vasculature of 
the deep capillary network is located in the INL [52].

In MS, overlapping processes of INL thickening during inflam-
matory disease stages and INL thinning during the more pro-
gressive disease stage have been described [53]. An OCT study 
showed faster thinning of INL and the outer plexiform layer in 
progressive MS compared to the age-matched RRMS group and 
healthy controls [54]. Moreover, a recent study demonstrated 

FIGURE 3    |    Boxplot of OCT parameters in the AQP-NMOSD group. (A) Peripapillary Retinal nerve fiber layer (pRNFL) thickness, (B) ganglion 
cell-inner plexiform layer (GCIPL) thickness, and (C) inner nuclear layer (INL) thickness comparing patients with and without a history of optic 
neuritis (ON). Number of ON eyes: No comorbidity n = 108; at least one comorbidity: N = 43; at least one autoimmune comorbidity: N = 21; at least one 
cardiovascular comorbidities & risk factors: N = 19. Statistics: Linear mixed-effects modeling was applied separately to two subsets of eyes—those 
with ON and those without. This analysis included random effects to account for inter-eye within-subject variations and fixed effects for comorbid-
ity, AID, and CVC/RF separately. *Statistical significance is indicated where p < 0.05. Abbreviations: Com−NON: Patients without comorbidities and 
without a history of ON; Com+NON: Patients with comorbidities but without a history of ON; AID+NON: Patients with autoimmune comorbidities but 
without a history of ON; CVC/RF+NON: Patients with cardiovascular comorbidities & risk factors but without a history of ON; Com−ON: Patients with-
out comorbidities and without a history of ON; Com+ON: Patients with comorbidities and with a history of ON; AID+ON: Patients with autoimmune 
comorbidities and with a history of ON; CVC/RF+ON: Patients with cardiovascular comorbidities & risk factors and with a history of ON. Statistics: 
Linear mixed-effects modeling was applied separately to two subsets of eyes—those with ON and those without. This analysis included random 
effects to account for inter-eye within-subject variations and fixed effects for comorbidity, AID, and CVC/RF separately. *Statistical significance is 
indicated where p < 0.05.
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TABLE 2    |    Impact of comorbidity status, autoimmune and cardiovascular comorbidity, and risk factor status on OCT parameters in AQP4-
NMOSD patients.

B SE p R2
marg-R2

cond

Comorbidity

pRNFL thickness

Optic neuritis −25.22 4.18 < 0.001* R2
marg: 0.25

R2
cond: 0.63Comorbidity 0.59 4.65 0.90

Interaction of ON and comorbidity −1.43 6.58 0.83

GCIPL thickness

Optic neuritis −13.72 2.22 < 0.001* R2
marg: 0.27

R2
cond: 0.66Comorbidity 0.19 2.47 0.94

Interaction of ON and comorbidity −1.67 3.50 0.63

INL thickness

Optic neuritis 1.61 0.67 0.02* R2
marg:0.05

R2
cond:0.75Comorbidity −0.06 0.74 0.93

Interaction of ON and comorbidity −1.46 1.04 0.16

Autoimmune comorbidity

pRNFL thickness

Optic neuritis −25.22 4.23 < 0.001* R2
marg: 0.28

R2
cond: 0.64AD 4.08 5.78 0.48

Interaction of ON and autoimmune comorbidity −10.14 8.65 0.24

GCIPL thickness

Optic neuritis −13.72 2.30 < 0.001* R2
marg: 0.28

R2
cond: 0.67AD 1.69 3.14 0.59

Interaction of ON and AD −5.25 4.69 0.27

INL thickness

Optic neuritis 1.61 0.69 0.02 R2
marg: 0.04

R2
cond: 0.72AD 1.39 0.93 0.14

Interaction of ON and AD −1.88 1.39 0.18

Cardiovascular comorbidity and risk factor

pRNFL thickness

Optic neuritis −24.87 4.37 < 0.001* R2
marg: 0.21

R2
cond: 0.64CVC/RF −2.84 6.90 0.68

Interaction of ON and CVD/RF 14.27 9.71 0.14

GCIPL thickness

Optic neuritis −13.60 2.36 < 0.001* R2
marg: 0.22

R2
cond: 0.69CVC/RF −1.04 3.71 0.78

Interaction of ON and CVD/RF 3.96 5.22 0.45

INL thickness

Optic neuritis 1.62 0.69 0.02* R2
marg: 0.08

R2
cond: 0.79CVC/RF −0.27 1.09 0.80

Interaction of ON and CVD/RF −2.69 1.52 0.08

Abbreviations: AD, autoimmune disorders; AQP4-NMOSD, aquaporin-4 positive neuromyelitis optica spectrum disorder; B, estimate; CVC/RF, cardiovascular 
disorders and risk factors; GCIPL, ganglion cell-inner plexiform layer; INL, inner nuclear layer; ON, optic neuritis; pRNFL, peripapillary retinal nerve fiber layer; R2 
conditional (R2 cond), proportion of variance explained by both the fixed and random factors; R2 marginal (R2 marg), proportion of variance explained by the fixed 
factors alone; SD, standard deviation; SE, standard errors.
*Statistical significance is indicated where p < 0.05. The linear mixed-effects modeling analysis included random effects to account for within-subject inter-eye 
variations, as well as fixed effects for optic neuritis, comorbidity status, and their interaction.
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retinal degeneration, as the INL thickness decreased in the ear-
lier phases of primary progressive MS and late phases of SPMS 
[55], in line with pathology findings in post-mortem MS eyes 
[53]. One challenge with these studies is that the timing from 
ON to OCT assessment is not known and therefore it is not pos-
sible to separate the resolution of inflammation related INL 
edema (also called pseudoatrophy) from true atrophy. In another 
study in MS, the cumulative effect of comorbidities significantly 
influenced pRNFL and the GCIPL [56]. However, in MS, the im-
pact of comorbidities on INL has not yet been investigated. In 
AQP4-NMOSD, we previously reported that INL was thicker in 
the affected-ON eye compared with HC [38]. However, in the 
first model of analysis of the present study in AQP4-NMOSD 
with comorbidities, a reduction in INL thickness was observed, 
which may suggest a localized neurodegenerative process at this 
site, insufficient immunological repair mechanisms, or alterna-
tively another non–disease-specific process due to the presence 
of comorbidity. We did not find significant differences in the 
thickness of the pRNFL and the GCIPL, suggesting that these 
layers may not be as sensitive to changes associated with co-
morbid conditions in this group. However, the second complex 
model showed that ON status, but neither comorbidity status 
(including general comorbidity, AID, and CVC/RF) nor the in-
teraction between ON and these comorbidities impacted retinal 
layer thickness. INL swelling is an inflammatory process, and 
its resolution is highly dynamic, [53] so our results may primar-
ily reflect ON-related thickness changes. Consequently, these 
results should be viewed as exploratory, and they warrant fur-
ther validation in larger, prospectively designed cohorts.

This finding highlights the importance of further investigation 
into how systemic conditions influence neuroinflammatory 
and neurodegenerative processes in the retina. One import-
ant strength of our study was that patients originated from a 
large cohort diagnosed with AQP4-NMOSD, MOGAD, and 
DN-NMOSD from multiple centers worldwide, which increases 
the generalizability of the findings. A limitation was the cross-
sectional design of our study instead of a longitudinal design for 
the purpose; however, our cohort represented all disease stages. 
The retrospective design of the CROCTINO dataset might have 
led to inaccuracies in the documentation of comorbidities, par-
ticularly regarding onset, duration, treatment profile, and their 
impact on disease outcomes. Specific risk factors, such as smok-
ing, were not systematically collected. The absence of standard-
ized methods for collecting and categorizing comorbidity data 
might have led to inconsistencies in the recording of onset and 
duration of comorbidity. Thus, certain comorbidities, such as 
diabetes or orthopedic conditions, could independently influ-
ence OCT or EDSS findings, respectively, regardless of AQP4-
NMOSD/MOGAD disease activity. Similarly, patients with 
autoimmune comorbidities may have received more intensive 
immunosuppressive treatment, potentially affecting disease 
outcomes. The relatively small sample size within comorbidity 
subgroups further limited statistical power. Future directions 
should focus on prospective studies with standardized data col-
lection to ensure accuracy and consistency in reporting comor-
bid conditions.

Further research is needed to explore the mechanisms through 
which systemic diseases affect retinal structures and to enhance 
the sensitivity of OCT technology in detecting subtle changes to 

validate these observations would be an obvious continuation. 
Comorbidities may influence NMOSD, MOGAD, and DSDN-
NMOSD-related treatment effectiveness, safety, tolerability, and 
adherence. Therefore, knowledge of comorbid conditions is crit-
ical. Refining comorbidity management strategies will be cru-
cial to better address the overall health and vision preservation 
needs of these patients.

5   |   Conclusion

The CROCTINO dataset revealed a higher prevalence of multi-
ple comorbidities and autoimmune disorders in AQP4-NMOSD 
than in MOGAD and DN-NMOSD. Cardiovascular comorbid-
ities and related risk factors were common across all groups 
and correlated with worse clinical outcomes, particularly in 
MOGAD and DN-NMOSD. In AQP4-NMOSD, cardiovascular 
comorbidities and related risk factors led to a higher ON relapse 
rate than in AQP4-NMOSD with autoimmune comorbidities. 
Our results indicate a reduction in INL thickness in the AQP4-
NMOSD comorbidity group. Future prospective research should 
include a focus on how systemic diseases and effective manage-
ment of comorbidities affect retinal structures in these disease 
groups.
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