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ABSTRACT 

Objective 

To elucidate the differences in the source and in the level of intrathecal synthesis between anti-aquaporin-4 antibodies 

(AQP4-IgG) and anti-myelin oligodendrocyte glycoprotein antibodies (MOG-IgG). 

Methods 

Thirty-eight patients with MOG-IgG-associated disease and 36 with AQP4-IgG-positive neuromyelitis optica spectrum 

disorders (NMOSD) were studied for the antibody titers in the sera and cerebrospinal fluids (CSF) simultaneously collected 

in the acute attacks. The quotients between CSF and serum levels of albumin, total IgG, and each disease-specific antibody 

were calculated. Intrathecal production level in each disease-specific antibody was evaluated by calculating antibody index 

from these quotients. 

Results 

Eleven of the 38 patients with MOG-IgG were positive for the antibody only in the CSF, while no patient with AQP4-IgG 

showed CSF-restricted AQP4-IgG. Blood-brain barrier compromise as shown by raised albumin quotients was seen in 

75.0% of MOG-IgG-positive cases and 43.8% of AQP4-IgG-positive cases. Moreover, MOG-IgG quotients were more than 

10 times higher than AQP4-IgG quotients (effect size r = 0.659, p < 0.0001). Elevated antibody index (>4.0) was confirmed 

in 12 of 21 with MOG-IgG, whereas it was seen only in one of 16 with AQP4-IgG (φ = 0.528, p < 0.0001). The CSF 

MOG-IgG titers (rho = +0.519, p = 0.001) and antibody indexes for MOG-IgG (rho = +0.472, p = 0.036) correlated with the 

CSF cell counts but not with clinical disability. 

Conclusions 

Intrathecal production of MOG-IgG may occur more frequently than that of AQP4-IgG. This finding implies the different 

properties of B-cell trafficking and antibody production between MOG-IgG-associated disease and AQP4-IgG-positive 
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NMOSD. 

 

 

Search Terms:  

1. anti-aquaporin-4 antibodies 

2. intrathecal synthesis 

3. anti-myelin oligodendrocyte glycoprotein antibody 

4. neuromyelitis optica spectrum disorders 

5. production site 

 

 

Glossary 

AI = antibody index; AQP4-IgG = anti-aquaporin-4 immunoglobulin G; CSF = cerebrospinal fluid; MOG-IgG = 

anti-myelin oligodendrocyte glycoprotein immunoglobulin G; MS = multiple sclerosis; NMOSD = neuromyelitis optica 

spectrum disorder; OCB = oligoclonal bands; ���� = albumin quotient; ���� = immunoglobulin G quotient 

  

 

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.  

 



Introduction 

Neuromyelitis optica spectrum disorder (NMOSD) is a demyelinating neurological condition in the CNS.1, 2 In contrast to 

multiple sclerosis (MS), which usually lacks disease-specific antibodies, NMOSD is characterized by the presence of 

specific antibodies such as anti-aquaporin-4 immunoglobulin G (AQP4-IgG) and anti-myelin oligodendrocyte glycoprotein 

immunoglobulin G (MOG-IgG).3-5 Patients with MOG-IgG-associated disease and those with AQP4-IgG-positive NMOSD 

both typically present with recurrent neurological episodes represented by optic neuritis (ON) and acute myelitis.4, 6 

Although these two conditions are likely to present similar clinical manifestations in the acute phase of attacks, the resulting 

neurological sequelae are generally thought to be worse in AQP4-IgG-positive NMOSD,7-10 suggesting that these two 

disorders should be considered as independent disease entities with different approaches for relapse prevention.11-13 Based 

on the suggested differences in the clinical spectrum and eventual neurological prognoses between patients with MOG-IgG 

and those with AQP4-IgG, neurological conditions related to MOG-IgG have been considered separately from other 

conditions of NMOSD, and regarded as an independent disease entity called the MOG-IgG-associated disease 

(MOGAD).14-17 Thereafter, the clinical need and rationale to discriminate these two conditions have been vigorously 

discussed.18, 19  Differences in properties of B-cell trafficking and antibody production site between these diseases is 

among the topics that are still controversial. In this study, to evaluate the prevalence and clinical impact of intrathecal 

production of these disease-specific antibodies, we measured the titers of these antibodies in time-matched paired serum and 

CSF samples obtained in the acute phase of attacks. 
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Methods 

Patients and Disease Groups based on Specific Antibody 

We initially recruited patients in our facility with acute neurological episodes in whom time-matched paired serum and CSF 

MOG-IgG and AQP4-IgG titers were simultaneously evaluated during the acute phase of the neurological episodes. The 

enrollment period for the patients treated in our facility (Tohoku University) was between 2006 and 2020. To increase the 

sample size, data of the patients treated in other facilities in Japan between 2019 and 2020 were additionally collected. 

Based on the results of the MOG-IgG and AQP4-IgG titrations for their serum and CSF samples, patients were divided into 

the following four disease groups: MOG-IgG-associated disease, AQP4-IgG-positive NMOSD, MS without these antibodies, 

and other conditions (e.g., acute disseminated encephalomyelitis, neuro-Behçet's disease, neuro-Sweet disease, cerebral 

infarction, idiopathic ON, and tumors). Patients with MOG-IgG in either serum or CSF were categorized as 

MOG-IgG-associated disease, and those with AQP4-IgG in either serum or CSF were categorized as AQP4-IgG-positive 

NMOSD. Patients in the first three disease groups were enrolled in this study. Patients for whom time-matched paired serum 

and CSF samples were unavailable were not recruited in this study. 

 

Variables from Time-Matched Paired Serum and CSF Samples 

In each of the three enrolled disease groups, CSF cell count (mononuclear/polymorphonuclear), CSF protein level, presence 

of CSF-restricted oligoclonal bands (OCB), and further CSF derivatives from time-matched paired serum and CSF samples 

were collected as follows: albumin quotient (�	
�; CSF/serum albumin ratio) and IgG quotient (��������
; CSF/serum total 

IgG ratio), IgG index (i.e., a calculated value to estimate intrathecal total-IgG synthesis), and antibody index (AI) for each 

specific antibody. 
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Titration of each specific antibody (IgG-spec: MOG-IgG or AQP4-IgG) was performed using a live cell-based 

assay (CBA) as described in our previous reports.20, 21 Screening of the serum samples to estimate seropositivity was 

performed at dilutions of 1:16 for AQP4-IgG, and 1:128 for MOG-IgG; then, the antibody titers were calculated 

semi-quantitatively using consecutive two-fold end-point dilutions. Screening for CSF samples was performed without 

diluting the samples, and positive samples were further studied for antibody titers using the aforementioned 

semi-quantitative serial dilution method. If MOG-IgG was positive only in the CSF, we additionally tested the serum of the 

patients at a dilution of 1:16 to exclude the presence of serum MOG-IgG with low titers between 1:16 and 1:64. 

Using the time-matched paired serum and CSF samples in the acute phase, the following derivatives were 

comprehensively calculated based on the equations described below: �	
�, ��������
, ��������, IgG index, �
��(���), 

AI, and corrected AI. 

 

�	
�  =   !"#$%& !'('! %& )*+ [$�/.!]
 !"#$%& !'('! %& 0'1#$ [$�/.!] 

��������
  =  ��� !'('! %& )*+ [$�/.!]
��� !'('! %& 0'1#$ [$�/.!] 

�������� =  2%0'30' 04'5%6%5 ��� 7%7'1 %& )*+ [8]
2%0'30' 04'5%6%5 ��� 7%7'1 %& 0'1#$ [8] 

��� %&.'9 =  ���
�	
�

 

 

The upper reference limit of �	
� is age-dependent, which is usually calculated using the following equation22 : 

 

�	
� (:���; 
����) =  4 + (3�' 15⁄ )
10B  

 

The values of �	
� above this upper reference limit indicate blood-CSF barrier compromise. 
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A two-dimensional scatter plot with �	
�  and ���  is called a Reibergram, which is useful for visually 

estimating the presence of intrathecal IgG synthesis and barrier dysfunction in the central nervous system.23 The range 

between the upper (�
��) and lower hyperbolic discrimination line on the Reibergram includes 99% (± 3 standard deviation) 

of previously investigated patients with miscellaneous conditions without intrathecal IgG synthesis.23, 24 The upper line 

(�
��) is defined by the following equation for each value of �	
�. 

 

�
��(���) =  0.93F�	
�G + 6 ∙ 10�J − 1.7 ∙ 10�B 

 

A value above this line on the Reibergram indicates the presence of intrathecal IgG synthesis.25, 26 This is useful for 

estimating the intrathecal synthesis for the total IgG level. After estimating the intrathecal synthesis for each specific 

antibody, the value of the AI calculated by the following equation can be referenced. 

 

 � =  ��������
��������


 

 

The normal range of the AI is 0.6–1.3. Values of the AI ≥ 1.5 indicate intrathecal disease-specific IgG (i.e., MOG-IgG, 

AQP4-IgG) synthesis.27 As the above equation shows, the value of the AI is comprised of four independent parameters (i.e., 

IgG-spec level in the CSF, serum IgG-spec level, total IgG level in the CSF, and total serum IgG level); thus, the value of 

the AI is relative and it can increase after immunosuppressive treatments.27 The sensitivity of intrathecally synthesized 

specific antibodies can be increased by applying the concept of the corrected AI, which discriminates two cases as follows: 

 

)M11'57'.  � =  ��������
��������


   (6M1 ��������
  <  �
��)  
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In this study, corrected AI was used as the AI-values for MOG-IgG and AQP4-IgG. If antibody titers instead of antibody 

concentration are used to calculate AI, as in the present study, the cut-off AI value of 4 is recommended for judging the 

presence of intrathecal antibody synthesis.23, 28 Thus, the prevalence of patients with each specific antibody with AI > 4 was 

also evaluated. 

 

Statistical Analysis 

Distributions of quantitative variables were described as median (interquartile range; i.e., 25–75 percentiles). Categorical 

variables were described as number and the prevalence [%] in each disease group. Comparisons of quantitative variables 

between the two disease groups (i.e., MOG-IgG-positive and AQP4-IgG-positive groups) were performed using the 

Student’s t-test for variables with normal distributions and Mann-Whitney U test for variables with non-normal distributions. 

Comparisons of categorical variables between two groups were performed using the Fisher’s exact test. Correlations 

between two quantitative variables were evaluated using Spearman’s rank correlation coefficient (rho). Correlations 

between binary variables and continuous variables were evaluated using point-biserial correlation coefficients (1��). Test of 

no correlation was performed on the correlation coefficients (rho, 1��) to judge the significance of correlations. For each 

statistical comparison, effect size with either of the following values was reported: Phi (φ, calculated as PQG R⁄ ) or r 

(calculated as S √R⁄ ). To calculate the odds ratio (OR) with its 95% confidence interval (CI) for the prevalence of 

intrathecal synthesis among MOG-IgG-positive cases, patients with AQP4-IgG were used as the reference group. 

Statistical testing in this study was done at a two-tailed α level of 0.05, and significance threshold correction 

based on the Bonferroni method was adopted as appropriate to adjust the statistical significance in multiple statistical 
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comparisons. For the main outcomes (i.e., quotient of each specific antibody and AI for each specific antibody), a two-tailed 

α level of 0.05 was used as the threshold of statistical significance, whereas a two-tailed α level of 0.005 was adopted in 

other comparisons. Statistical analyses were performed using IBM SPSS Statistics 22.0 (IBM Corp., Armonk, New York, 

USA). 

 

Standard Protocol Approvals, Registrations, and Patient Consents 

This study was approved by the Institutional Review Board of Tohoku University Graduate School of Medicine. Written 

informed consent was obtained from all enrolled patients. 

 

Data availability 

All relevant data underlying the findings described in this study have been deposited to Dryad 

(https://doi.org/10.5061/dryad.wm37pvmmn). 

 

 

Results 

Patients 

A total of 241 patients with acute neurological episodes based on objective evidence of CNS lesions, for whom 

time-matched paired serum and CSF samples were available, were initially recruited in this study. Patients whose serum and 

CSF samples were obtained at different times with a time interval of 1 d or more (37 patients with MOG-IgG, 44 patients 

with AQP4-IgG, and 31 patients with MS) were not included. 

Based on the results of the titration tests for MOG-IgG and AQP4-IgG with the time-matched paired samples, the 
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initially recruited 241 patients were further divided into the following four disease groups: 38 patients with 

MOG-IgG-associated disease, 36 patients with AQP4-IgG-positive NMOSD, 83 patients with MS, and 84 patients with 

other conditions. Patients in the first three disease groups were enrolled in this study. Eleven of the 38 MOG-IgG-positive 

patients (28.9%) were seronegative with only CSF-restricted MOG-IgG. In these 11 patients with CSF-restricted MOG-IgG, 

four were with isolated ON, two were with acute myelitis, three were with cerebral lesions, and the remaining two were 

with mixed distributions (i.e., ON, myelitis, and cerebral lesions). The remaining 27 patients were MOG-IgG seropositive 

with (n=24) or without (n=3) MOG-IgG in the CSF. All the 36 AQP4-IgG-positive patients were seropositive with (n=32) or 

without (n=4) AQP4-IgG in the CSF. 

 The paired serum and CSF samples in the acute phase of attacks before starting acute treatments were available 

for all patients with MOG-IgG, but four of the 38 patients (two with CSF-restricted MOG-IgG, two with serum MOG-IgG) 

had already undergone relapse prevention treatment (low-dose oral prednisolone) before sample collection. Furthermore, the 

paired samples in the acute phase of attacks were available for all patients with AQP4-IgG, but one of the 36 patients was 

enrolled just after the initiation of high-dose intravenous steroid therapy as acute treatment. Four of the 36 patients with 

AQP4-IgG had already undergone relapse prevention treatment (three with low-dose oral prednisolone and one with oral 

prednisolone and methotrexate) before sample collection. Twenty-eight of the 38 MOG-IgG-positive patients were analyzed 

at onset, whereas the remaining 10 were analyzed during relapses. Twenty-five of the 36 AQP4-IgG-positive patients were 

analyzed at onset, whereas the other 11 during relapses. 

 

Demographics and Laboratory Data 

The demographics and measured laboratory data in each disease group are listed in the upper third part of Table 1. Female 

rate was 74.7% in MS group, 60.5% in MOG-IgG-associated disease group, and 91.7% in AQP4-IgG-positive NMOSD 
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group. The age distribution was significantly higher in AQP4-IgG-positive NMOSD group than those in the other two 

disease groups. Among 21 of the 38 MOG-IgG-positive patients (55.3%) and 16 of the 36 AQP4-IgG-positive patients 

(44.4%), ��������
 were obtained at the same time as the titration for each specific antibody, enabling the calculation of 

AI. Further, the �	
� was obtained for 20 of the 38 MOG-IgG-positive patients and 16 of the 36 AQP4-IgG-positive 

patients. The IgG index was obtained for 23 of the 38 MOG-IgG-positive patients and 28 of the 36 AQP4-IgG-positive 

patients. The level of CSF cell counts was slightly higher in cases with MOG-IgG or AQP4-IgG than that in patients with 

MS. Pleocytosis with CSF white blood cell count > 5 /µL was observed in 22/35 (62.9%) patients with MOG-IgG and in 

21/35 (60.0%) patients with AQP4-IgG. The protein level in the CSF was also higher in cases with MOG-IgG (Cohen’s d = 

0.776, Student’s t-test, p = 0.0004) or AQP4-IgG (Cohen’s d = 1.121, p < 0.0001) than that in cases with MS. The blood- 

and CSF-derived quotients are listed in the middle part of Table 1. Both �	
� and ��������
 were lowest in patients with 

MS, while the derived IgG index was highest in these patients. The distribution of �������� in cases with MOG-IgG 

(�UV����) was significantly higher than that in cases with AQP4-IgG (�	WXY���). To visually confirm this difference, a 

scatter plot with simultaneous serum and CSF titers for each specific IgG (i.e., MOG-IgG and AQP4-IgG) is shown in 

Figure 1. Eleven of the 38 patients with MOG-IgG showed positive results for the antibody in the CSF alone and negative 

results for that in the serum. None of the patients with serum AQP4-IgG showed positive results for the antibody in the CSF 

alone. The prevalence of OCB was not different between patients with CSF-restricted MOG-IgG and other MOG-IgG 

seropositive patients (4/9 [44.4%] vs. 8/18 [44.4%], φ = 0.000, Fisher’s exact test, p = 1.000). The number of cases with 

respective clinical phenotypes of MOGAD in OCB-positive and -negative groups were as follows: 4 with ON, 2 with acute 

myelitis and 6 with brain involvement in 12 OCB-positive cases, and 7 with ON, 3 with acute myelitis and 5 with brain 

involvement in 15 OCB-negative ones. 
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Intrathecal IgG Synthesis and Barrier Dysfunction by Disease Group 

Next, �	
� and ��������
 for each patient were plotted on the Reibergram for all the disease groups, as shown in Figure 

2A. Most patients with MOG-IgG or AQP4-IgG were distributed below the hyperbolic curve of �
��(���), which was 

different from the distribution of the patients with MS. Raised �	
� value above the age-specific reference range (i.e., 

suggestive of blood-CSF barrier compromise) was confirmed in 15 of 20 MOG-IgG-positive patients, whereas raised �	
� 

was confirmed in seven of the 16 AQP4-IgG-positive patients (75.0% vs. 43.8%, φ = 0.319, Fisher’s exact test, p=0.0874). 

The prevalence of raised �	
� in patients with MOG-IgG was significantly higher than that of 19.1% in patients with MS 

(φ = 0.503, p < 0.0001), whereas the difference between AQP4-IgG-positive patients and patients with MS narrowly failed 

to reach the statistical significance (φ = 0.227, p = 0.0517). If we use the cut off value of 0.60 as the upper reference limit of 

IgG index, nine of the 23 MOG-IgG-positive patients and 15 of 28 AQP4-IgG-positive patients showed elevated IgG index 

(39.1% vs. 53.6%, φ = 0.144, p = 0.4004). The prevalence of increased IgG index in patients with MOG-IgG was 

significantly lower than that in 54/78 (69.2%) patients with MS (φ = 0.261, p = 0.0136), but not in those with AQP4-IgG (φ 

= 0.145, chi-square test, p = 0.1359). 

Meanwhile, as shown in the previous section, �������� for MOG-IgG and AQP4-IgG showed a completely 

different distribution. Based on this, scatter plots with �	
� and �������� by disease group (i.e., MOG-IgG-associated, 

AQP4-IgG-positive) were also plotted on the Reibergram, as shown in Figure 2B. 

 

Intrathecal Synthesis of MOG-IgG and AQP4-IgG 

With the achieved values of ��������
 and ��������, the AI was calculated for each of the MOG-IgG-positive and 

AQP4-IgG-positive groups. Although the distribution of �	
� and ��������
 in the patients with MOG-IgG did not 

surpass the �
�� line (suggesting the absence of intrathecal IgG synthesis), the quotient of the specific MOG-IgG showed 
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totally different results. Grouped scatter plots for the IgG index, ��������, and the AI in each disease group are shown in 

Figure 3. Both the AI values (effect size r = 0.659, Mann-Whitney U test, p < 0.0001) and the rate of cases with an AI ≥ 1.5 

(φ = 0.728, Fisher’s exact test, p < 0.0001) were significantly higher in the MOG-IgG-positive patients than those in the 

AQP4-IgG-positive patients. The calculated unadjusted OR on taking AI value ≥ 1.5 among MOG-IgG-positive patients, 

compared to AQP4-IgG-positive patients as reference, was 42.00 (95% CI: 6.15–286.68). The AI value was still significant 

even after excluding the five cases with CSF-restricted MOG-IgG (effect size r = 0.603, p = 0.0006). When an AI value > 4 

was adopted for judging the presence of intrathecal synthesis, the prevalence of cases with AI > 4 was still significantly 

higher in MOG-IgG-positive patients (57.1% vs. 6.3%, φ = 0.528, p = 0.0016) with the calculated OR of 20.00 (95% CI: 

2.21–180.69). 

 

Association between AI for MOG-IgG and Clinical Manifestation 

To identify the background factor leading to the production of an elevated AI in patients with MOG-IgG, we checked the 

relationship between the corrected AI values (i.e., level of intrathecal synthesis for each specific antibody) and other 

variables (e.g., clinical manifestation and laboratory data). The Spearman’s correlation coefficient (rho) for each pair of the 

variables in each disease group is listed in Table 2. CSF level of MOG-IgG significantly correlated with the CSF cell count 

(rho = +0.519, p = 0.0014). Meanwhile, the correlation between CSF level of AQP4-IgG and the CSF cell count was weaker 

(rho = +0.311, p = 0.0691). The clinical manifestation of encephalitis was not associated with an elevated AI for MOG-IgG 

(1�� = +0.047, p = 0.7813). In detail, the median (IQR) of the AI for MOG-IgG among those with encephalitis was 4.6 

(IQR: 2.7–≥ 100; n = 9) and that among those without encephalitis was 4.3 (IQR: 3.2–39.2; n = 12), suggesting the same 

level of intrathecal MOG-IgG synthesis irrespective of the clinical manifestation of encephalitis. The median and IQR of the 

AI for MOG-IgG among those with ON was 73.2 (IQR: 4.3–≥ 100; n = 7), which was slightly higher than the 3.9 (IQR: 
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2.7–25.0; n = 14) among those without ON, but did not reach statistical significance (effect size r = 0.361, Mann-Whitney U 

test, p = 0.0985). 

 

After excluding cases with relapse prevention and with CSF-restricted MOG-IgG 

Lastly, because the evaluated cohort included some patients with relapse prevention treatment at the CSF study, comparison 

of AI values between MOG-IgG-positive and AQP4-IgG-positive cases was additionally performed after excluding those 

treated with relapse prevention or with acute treatments at the lumbar punctures. Furthermore, to exclude the bias from the 

heterogeneity of the cohort with MOG-IgG seropositive cases and others with CSF-restricted MOG-IgG, we further 

excluded the MOG-IgG seronegative cases with CSF-restricted MOG-IgG. Consequently, AI-values from 15 MOG-IgG 

seropositive cases and those from 12 AQP4-IgG seropositive cases were eligible for further analyses. Scatter plots of 

��������
 and �������� among these serologically homogeneous cohorts are shown in Figure 4. The serum titers of 

each disease-specific antibody were 1:128 or higher in all patients except for AQP4-IgG in one patient (serum AQP4-IgG 

titer: 1:64, CSF AQP4-IgG: negative). The distribution of AI value was still significantly higher in MOG-IgG seropositive 

cases than in AQP4-IgG seropositive cases (effect size r = 0.653, Mann-Whitney U test, p = 0.0007). The rate of AI > 4 was 

also still significantly higher in MOG-IgG seropositive cases than in AQP4-IgG seropositive cases (6/15 vs. 0/12, φ = 0.478, 

Fisher’s exact test, p = 0.0200). 

 

 

Discussion 

In the present study, we evaluated simultaneously acquired serum and CSF samples to compare the concurrent 

serum and CSF titers for each specific antibody (i.e., MOG-IgG and AQP4-IgG). Thereafter, we evaluated the correlations 
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between the levels of intrathecal production in these disease-specific antibodies and patient demographics or clinical data. 

The observed general CSF parameters in the present cohorts with MOG-IgG or AQP4-IgG (e.g., CSF white blood cell count, 

CSF protein) were similar to those reported in previous studies from other countries.29 As an exception, the prevalence of 

CSF-restricted OCB in MOG-IgG-positive patients in the present cohort (44.4%) was higher than that previously reported 

(5-20%).29-31 This may be partly attributed to the relatively high rate of MOG-IgG-positive patients with cerebral of 

brainstem lesions in the present cohort.30 In our cohort, there were 77 other patients with MOGAD who were excluded from 

this study due to unavailability of paired serum and CSF samples in the acute phase of attacks. Among them, 57 had ON, 9 

had acute myelitis, and 20 had brain involvement, which is different from the proportion of the clinical phenotypes of the 

patients with MOGAD enrolled in the present study. This may have contributed to a relatively high OCB-positive rate in the 

patients with MOGAD included in this study. The calculated value of the IgG index, a marker of intrathecal total-IgG 

synthesis that is elevated in most patients with MS,32, 33 was not elevated in either of the patients with MOG-IgG or 

AQP4-IgG. Meanwhile, the prevalence of raised �	
�, suggesting disrupted blood-CSF barrier function, was significantly 

higher in MOG-IgG-positive patients than that in patients with MS. These facts clearly imply that patients with MOG-IgG 

and those with AQP4-IgG have distinct properties in blood-brain/blood-CSF barrier permeability and intrathecal total-IgG 

production from patients with MS, compatible with the general conception that the clinical manifestations in 

MOG-IgG-associated disease largely overlap with those in AQP4-IgG-positive NMOSD rather than with those in MS.2, 3 

Meanwhile, the results of the present study demonstrated that the levels of intrathecal production for each disease-specific 

antibody were largely different between MOG-IgG and AQP4-IgG. Both calculated ��������  (i.e., �UV���� , 

�	WXY���) and the AI suggested that most of the MOG-IgG in the CSF is intrathecally produced by the CSF plasmablasts 

migrated from the peripheral blood, whereas most of AQP4-IgG in the CSF is extrathecally produced and passively 

transferred from the blood into the CSF. 
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The pathogenicity of disease-specific antibodies (MOG-IgG, AQP4-IgG) in the CNS has been generally thought 

to be exerted after they are passively transferred from the peripheral blood into the CNS or CSF through an open 

blood-brain barrier or blood-CSF barrier.34 One of the reasons for this general conception is the absence of an elevated IgG 

index and the reduced prevalence of OCB in patients with MOG-IgG or with AQP4-IgG, compared to those in patients with 

MS.35, 36 Although AQP4-IgG in the CSF has been shown to be largely derived from tissue-resident (for example, bone 

marrow) or circulating peripheral AQP4-IgG-producing plasmablasts,28 some of these peripheral AQP4-IgG-producing 

plasmablasts migrates into the CNS or the intrathecal space and are involved in intrathecal AQP4-IgG production.34, 37 In 

fact, AQP4-specific CSF plasmablast was cloned from the CSF lymphocytes of the AQP4-IgG-positive patients.38 

Meanwhile, intrathecal MOG-IgG production is still controversial. An elevated rate of intrathecal MOG-IgG production was 

reported to be present in some of the patients diagnosed with MS based on the titers measured using the ELISA method.39 

Later, Jarius et al. reported that most of the MOG-IgG-positive patients do not show intrathecal MOG-IgG production based 

on the titers measured using CBA, indicating a predominant peripheral origin of CSF MOG-IgG.40 More recently, several 

case series with acute neurological episodes accompanied by CSF-restricted MOG-IgG have been reported.41, 42 Thereafter, 

whether the patients with CSF-restricted MOG-IgG should be managed separately from other MOG-IgG seropositive 

patients has been a recent topic of discussion. In this study, the measured CSF MOG-IgG titer was about ten- to 

hundred-times higher than that estimated when assuming that all MOG-IgG in the CSF are passively transferred from the 

blood without intrathecal synthesis. Furthermore, the CSF titer and calculated AI for MOG-IgG significantly correlated with 

the CSF white blood cell count, supporting the hypothesis that these CSF white blood cells intrathecally produce MOG-IgG 

that comprises most of the CSF MOG-IgG. Notably, five of the nine patients with CSF-restricted MOG-IgG who were 

studied for OCB were negative for the presence of OCB. This fact implies that the intrathecal synthesis of MOG-IgG cannot 

always be detectable by the elevated IgG index or OCB positivity. Such intrathecal MOG-IgG synthesis can be safely 
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evaluated only by calculating �UV���� and the AI in each patient. A possible explanation for the observed difference in 

the origin sites of MOG-IgG and AQP4-IgG in the CSF may be the different distributions of molecular expression between 

MOG and AQP4 proteins. The molecular expression of MOG is generally limited to the nervous system,43, 44 whereas that 

of AQP4 ranges broadly across the human body, not limited to the nervous system.45, 46 The expression of MOG protein 

limited to the nervous system would result in the antigen-specific B-cell differentiation and maturation into 

MOG-IgG-producing plasmablasts within the CNS or CSF. This theory is further supported by the observed correlation 

between the calculated MOG-AI and CSF white blood cell count. To be noted, this study does not deny the presence and 

role of intrathecal AQP4-IgG production. As described above, AQP4-IgG-producing plasmablasts in the CSF have been 

already identified and cloned in a few previous studies.34, 37, 38 Another previous study demonstrated correlations between 

the CSF AQP4-IgG titer and CSF levels of some pro-inflammatory cytokines such as interleukin (IL)-1β and IL-6.47 

Furthermore, this study is not enough to conclude the clinical impact of intrathecal disease-specific IgG production because 

the subsequent clinical course and neurological disturbance level in the chronic phase after acute treatments were evaluated 

in less than half of the enrolled patients. As seen in Table 2, neither MOG-AI nor AQP4-AI showed a positive correlation 

with the concurrent neurological disability level in the CSF study, a finding that was compatible with a previous study that 

reported that the estimated intrathecal MOG-IgG production level did not correlate with clinical disability or radiographic 

outcome measures.39 Further studies are warranted to evaluate the clinical impact of intrathecal MOG-IgG and AQP4-IgG 

production on the clinical severity or prognosis of patients with these antibodies. 

 This study has several limitations. First, all enrolled patients were of Asian ethnicity, and these results are not 

generalized due to the study being restricted to Asians. Second, the titers for MOG-IgG and AQP4-IgG were measured 

semi-quantitatively with two-fold end-point dilutions. Consequently, the measured titers may have some extent of errors 

with two-fold at most, and the calculated �������� may have errors with four-fold at most. However, because this 
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possible bias is applied to all measured cases, the conclusions are not significantly affected by such errors derived from the 

measurement system. Moreover, we applied the AI cut-off value at 4, not 1.5, in this study that used titers, not antibody 

concentrations. Third, possible influence of the antigen sink effect by MOG and AQP4 proteins on cellular membrane to the 

measured titers for each disease-specific antibody was not considered in this study. It has been known that therapeutic 

monoclonal antibodies can be deprived and eliminated faster in low dose by unbound targets on the cellular surface, 

especially when the target antigens are internalizing receptors.48, 49 While the CSF AQP4-IgG titer may have decreased due 

to this sink model, the model was unlikely to have resulted in the elevated MOG-AI level. Consequently, the overall results 

of this study were not significantly biased by the possible antigen sink effect; however, the exact decrement in CSF 

AQP4-IgG titer by the effect remains unknown. Another limitation could be the small sample size, as is evident from the 

wide CI for all unadjusted OR. Lastly, the sample from most of the evaluated patients were collected at the first clinical 

episode. The observed findings might be different if we measure the same data among the patients with relapses at the 

second or later clinical episodes. 

 In conclusion, among patients with NMOSD with either AQP4-IgG or MOG-IgG, a larger proportion of 

MOG-IgG than AQP4-IgG is intrathecally produced in the CSF. Such differences in proportions of intrathecal origin 

between the antibodies in the CSF may reflect the different properties of B-cell trafficking and antibody production between 

MOG-IgG-associated disease and AQP4-IgG-positive NMOSD. 
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Table 1. Demographics and laboratory data for different disease groups 

 MS MOG-IgG (+) AQP4-IgG (+) Effect size p-value 

n 83 38 36 - - 

Women, n (%) 63 (75.9%) 23 (60.5%) 33 (91.7%) 0.363 (φ) 0.0024 

Age at CSF study * 30 (25 – 39) years 23 (8 – 44) years 52 (46 – 63) years 0.552 (r) < 0.0001 

Optic neuritis at CSF study, n (%) 13/68 (19.1%) 15/38 (39.5%) 10/33 (30.3%) 0.096 (φ) 0.420 

Acute myelitis at CSF study, n 

(%) 

43/68 (63.2%) 9/38 (23.7%) 22/33 (66.7%) 0.432 (φ) 0.0003 

Brain lesions at CSF study, n (%) 43/68 (63.2%) 17/38 (44.7%) 5/33 (15.2%) 0.319 (φ) 0.0099 

Times of previous neurological 

episodes before CSF study † 

0 (0–0) 0 (0–0) 0 (0–1) 0.083 (r) 0.475 

CSF study results 

CSF cell count [/µL]  * 3 (1–7) 15 (4–39) 8 (3–40) 0.029 (r) 0.810 

Mononuclear cells [/µL]  * 3 (1–7) 14 (4–36) 7 (3–32) 0.049 (r) 0.683 

PMNs [/µL]  * 0 (0–0) 0 (0–2) 1 (0–2) 0.092 (r) 0.447 

CSF protein [mg/dL] * 29 (23–37) 43 (29–53) 48 (33–68) 0.179 (r) 0.138 

�	
� [× 10�B] * 4.5 (3.5–5.7) 5.8 (4.1–7.9) 6.2 (3.9–9.7) 0.016 (r) 0.924 

�	
� higher than age-specific 

reference range, n (%) 

13/68 (19.1%) 15/20 (75.0%) 7/16 (43.8%) 0.319 (φ) 0.087 

��������
[× 10�B] * 3.2 (2.3–4.3) 3.9 (2.4–4.6) 4.3 (2.0–6.9) 0.030 (r) 0.854 

IgG index * 0.70 (0.57–0.89) 0.58 (0.51–0.63) 0.60 (0.50–0.71) 0.030 (r) 0.854 
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CSF-OCB, n (%) 59/80 (73.8%) 12/27 (44.4%) 3/13 (23.1%) 0.207 (φ) 0.298 

Serum IgG-spec titer [1:X] * - 128 (0–1,024) 8,192 (1,024–

32,768) 

0.581(r) < 0.0001 

CSF IgG-spec titer [1:X] * - 8 (4–16) 16 (4–32) 0.124 (r) 0.286 

��������  * - 0.063 (0.010–≥1) 0.0020 (0.0010–

0.0039) 

0.663 (r) < 0.0001 

Intrathecal MOG-IgG and AQP4-IgG syntheses 

AI  * - 4.6 (2.7–73.2) 0.65 (0.15–1.03) 0.659 (r) < 0.0001 

Corrected AI * - 4.6 (3.2–56.3) 0.65 (0.21–1.03) 0.659 (r) < 0.0001 

AI ≥ 1.5, n (%) - 18/21 (85.7%) 2/16 (12.5%) 0.728 (φ) < 0.0001 

Corrected AI ≥ 1.5, n (%) - 18/21 (85.7%) 2/16 (12.5%) 0.728 (φ) < 0.0001 

AI > 4, n (%) - 12/21 (57.1%) 1/16 (6.3%) 0.528 (φ) 0.0016 

Corrected AI > 4, n (%) - 12/21 (57.1%) 1/16 (6.3%) 0.528 (φ) 0.0016 

The shown effect sizes and p-values are for the comparisons between MOG-IgG-positive and AQP4-IgG-positive cases. 

Data from patients with MS were listed only for reference, and not included in the statistical comparisons. Effect sizes were 

described with Phi (φ) for Fisher’s exact test or r (=S √R⁄ ) for Mann-Whitney U test. 

Abbreviations: AI, antibody index; AQP4-IgG, anti-aquaporin-4 antibodies; CSF, cerebrospinal fluid; IgG, immunoglobulin 

G; IgG-spec, each specific antibody (i.e., MOG-IgG or AQP4-IgG); MS, multiple sclerosis; MOG-IgG, anti-myelin 

oligodendrocyte glycoprotein antibody; OCB, oligoclonal bands; PMNs, polymorphonuclear leukocytes; �	
�, CSF/serum 

albumin quotient; ��������
, CSF/serum IgG quotient; ��������, CSF/serum quotient of the titers for each specific 

antibody. 
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* median and interquartile range (25–75 percentile), followed by Mann-Whitney U test; other comparisons of the 

prevalence are performed by Fisher’s exact test. 
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Table 2. Correlation coefficients between the AI and other variables 

 MOG-IgG (+) AQP4-IgG (+) 

CSF MOG-IgG titer (n 

= 38) 

Corrected MOG-AI 

(n = 21) 

CSF AQP4-IgG titer 

(n = 36) 

Corrected AQP4-AI (n 

= 16) 

Men * +0.079 (p = 0.64) -0.045 (p = 0.85) -0.061 (p = 0.73) -0.123 (p = 0.65) 

Age at CSF study † -0.081 (p = 0.63) -0.060 (p = 0.80) +0.109 (p = 0.53) -0.041 (p = 0.88) 

Disease duration at CSF 

study [years] † 

-0.202 (p = 0.22) +0.249 (p = 0.28) -0.373 (p = 0.033) +0.413 (p = 0.13) 

Number of attacks 

before CSF study † 

+0.018 (p =0.92) +0.341 (p = 0.13) -0.289 (p = 0.088) +0.424 (p = 0.10) 

Moderate-to-severe 

cases *‡ 

-0.209 (p = 0.27) +0.008 (p = 0.98) +0.251 (p = 0.23) -0.320 (p = 0.27) 

Type of clinical manifestation at CSF study * 

Brain involvement +0.047 (p = 0.78) +0.222 (p = 0.33) -0.147 (p = 0.414) -0.151 (p = 0.61)- 

Optic neuritis +0.008 (p = 0.96) +0.351 (p = 0.12) +0.169 (p = 0.35) +0.525 (p = 0.054) 

Acute myelitis -0.040 (p = 0.81) -0.029 (p = 0.90) +0.179 (p = 0.32) +0.190 (p = 0.51) 

Laboratory data † 

White blood cell count +0.216 (p = 0.30) +0.194 (p = 0.46) +0.430 (p = 0.041) -0.051 (p = 0.86) 

CSF cell count (total) +0.519 (p = 0.001) +0.472 (p = 0.036) +0.311 (p = 0.069) -0.499 (p = 0.049) 

(mononuclear cells) +0.489 (p = 0.003) +0.474 (p = 0.035) +0.316 (p = 0.069) -0.502 (p = 0.047) 

(PMNs) +0.490 (p = 0.003) +0.341 (p = 0.14) +0.282 (p = 0.11) -0.271 (p = 0.31) 
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Serum total protein level -0.001 (p = 1.00) +0.157 (p = 0.56) -0.193 (p = 0.44) +0.603 (p = 0.050) 

CSF protein level +0.183 (p = 0.30) -0.114 (p = 0.63) +0.401 (p = 0.017) -0.429 (p = 0.097) 

The shown p-values aside from each correlation coefficient are the results of the test of no correlation. P-values less than 0.005 

were regarded to be statistically significant by adopting the Bonferroni correction for multiple statistical comparisons. 

Abbreviations: AI, antibody index; AQP4-IgG, anti-aquaporin-4 antibodies; CSF, cerebrospinal fluid; MOG-IgG, anti-myelin 

oligodendrocyte glycoprotein antibody; PMNs, polymorphonuclear leukocytes. 

* The shown correlation coefficients are point-biserial correlation coefficients (1��); † the shown correlation coefficients are 

Spearman’s rank correlation coefficients (rho), ‡ moderate-to-severe clinical severity was judged by the expanded disability status 

scale score (cut off: > 3.0) at CSF study in 30 MOG-IgG-positive patients and 25 AQP4-IgG-positive patients. 
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Figure legends 

 

Figure 1. Simultaneous titers of specific antibodies (MOG-IgG, AQP4-IgG) in the serum and in the CSF 

MOG-IgG showed higher quotients (i.e., ratio of CSF/serum levels) than AQP4-IgG irrespective of the serum titer levels. 

This shows that a larger proportion of specific antibody in the CSF originates intrathecally in MOG-IgG than that in 

AQP4-IgG. 

Abbreviations: AQP4-IgG, anti-aquaporin-4 antibodies; CSF, cerebrospinal fluid; MOG-IgG, anti-myelin oligodendrocyte 

glycoprotein antibody 
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Figure 2. Scatter plots for each patient on the Reibergram according to disease type 

(A) Scatter plots with �	
� and ��������
 on the Reibergram. Plots in patients with MOG-IgG or AQP4-IgG distribute 

below and along the �[�� line, whereas many of them were with raised �	
�. (B) Scatter plots with �	
� and �������� 

on the Reibergram. Plots in patients with MOG-IgG distribute above the �[�� line and not along the line. 

Abbreviations: AQP4-IgG, anti-aquaporin-4 antibodies; IgG, immunoglobulin G; MS, multiple sclerosis; MOG-IgG, 

anti-myelin oligodendrocyte glycoprotein antibody; �	
�, albumin quotient; ��������
, IgG quotient; ��������, quotient 

for each specific antibody (i.e., �UV����, �	WXY���); �
��(���), upper line of the distribution of patients without 

intrathecal IgG synthesis on the Reibergram. 
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Figure 3. Distributions of IgG index, �����\]^_, and antibody index by disease type 

Grouped scatter plots by disease groups for IgG index (A), �������� (B), and antibody index (C) are shown. IgG index 

reflects the intrathecal total-IgG production, whereas �������� and antibody index represent the intrathecal production of 

each specific antibody. 

Abbreviations: AQP4-IgG, anti-aquaporin-4 antibodies; CSF, cerebrospinal fluid; IgG, immunoglobulin G; MS, multiple 

sclerosis; MOG-IgG, anti-myelin oligodendrocyte glycoprotein antibody; ��������, quotient for each specific antibody 

(i.e., �UV����, �	WXY���) 
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Figure 4. Distributions of AI among untreated seropositive patients 

Scatter plots of AI after excluding patients with relapse prevention therapy or with CSF-restricted MOG-IgG are shown. 

Both the distribution of AI value and the prevalence of AI-value ≥ 1.5 or > 4 were still significantly higher in the MOG-IgG 

seropositive patients than those in the AQP4-IgG seropositive patients. The diagonal solid lines represent the AI values of 

1.5 and 4.0. 

Abbreviations: AI, antibody index; AQP4-IgG, anti-aquaporin-4 antibodies; IgG, immunoglobulin G; MOG-IgG, 

anti-myelin oligodendrocyte glycoprotein antibody; �������� , quotient for each specific antibody (i.e., �UV���� , 

�	WXY���); �
��, upper line of the distribution of patients without intrathecal IgG synthesis on the Reibergram. 
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