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Background: Aquaporin 4-immunoglobulin G (AQP4-IgG) plays a major role in the pathogenesis of neuromyelitis optica spectrum disorder (NMOSD). Seropositive status for this antibody has become one of the required indicators for NMOSD diagnosis.

Objective: Our goal was to systematically review and perform a meta-analysis of the current works of literature evaluating the clinical relevance of serum AQP4-IgG titer in patients with NMOSD. We sought to determine whether AQP4-IgG could indicate disease activity or severity, in addition to its diagnostic value in NMOSD.

Methods: Electronic databases were searched for published literature, yielding 4,402 hits. Of the 124 full articles screened, 17 were included in the qualitative analysis and 14 in the meta-analysis.

Results: There were no significant differences in serum AQP4-IgG titers between the relapse and remission phases in patients with NMOSD [standard mean difference (SMD): 0.32, 95% CI (−0.10, 0.74), p = 0.14]. Subgroup meta-analysis of AQP4-IgG detected by cell-based assays (CBA), an AQP4-IgG testing method recommended by the 2015 international consensus diagnostic criteria for NMOSD, confirmed the aforementioned result [SMD: 0.27, 95% CI (−0.01, 0.55), p = 0.06]. Moreover, the serum AQP4-IgG titer was positively correlated with the number of involved spinal cord segments [correlation coefficient (COR): 0.70, 95% CI (0.28–0.89), p = 0.003] and the Expanded Disability Status Scale (EDSS) score [COR: 0.54, 95% CI (0.06-0.82), p = 0.03] in the attack phase in patients with NMOSD.

Conclusions: The present study systematically assessed the association between serum AQP4-IgG titer and NMOSD activity and severity. The results demonstrated that the serum AQP4-IgG titer was not associated with disease activity but indicated the disease severity in the attack phase in patients with NMOSD. A further meta-analysis with a larger number of studies that employed standardized AQP4-IgG assays and detected attack–remission paired samples from the same patients with detailed medication information will be required to confirm our findings and shed more light on optimizing clinical AQP4-IgG monitoring.

Systematic Review Registration: [www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=208209], PROSPERO, identifier [CRD42020208209].
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INTRODUCTION

Neuromyelitis optica (NMO) is a serious inflammatory demyelinating disease in the central nervous system (CNS), characterized by preferential lesions in the optic nerve and spinal cord (1–3). The term “spectrum of neuromyelitis optica” was first proposed by Wingerchuk in 2007, incorporating the condition recently known as NMO and patients with restricted lesions [e.g., longitudinal extensive transverse myelitis (LETM), isolated optic neuritis (ON), area postrema syndrome, and brainstem syndrome] (4).The diagnostic international consensus for neuromyelitis optica spectrum disorder (NMOSD) was published in 2015 (5). Both NMO and NMOSD are associated with the presence of aquaporin 4-immunoglobulin G (AQP4-IgG) (6, 7), which was initially discovered in 2004 and existed on approximately 80–90% of patients with NMO and more than half of patients with NMOSD (8, 9). Aquaporin 4-immunoglobulin G selectively targets at aquaporin 4, the predominant water channel protein abundantly expressed in astrocytes, initiates complement-dependent cytotoxicity against astrocytes, leading to axonal, and myelin impairment (10, 11). Based on these pathogenic roles in NMO/NMOSD, AQP4-IgG became one of the required indicators in the 2006 NMO diagnostic criteria and the 2015 international consensus for NMOSD (1, 5). Aquaporin 4-immunoglobulin G can be detected in both the serum and cerebrospinal fluid (CSF), while there have been reports demonstrating that detection of AQP4-IgG is less sensitive in the CSF than in the serum, especially in the remission phase of the disease (12, 13). Therefore, with the consideration that blood-derived AQP4-IgG is an easily accessible biomarker with high sensitivity, the serum is widely accepted to be an optimal and cost-effective choice for AQP4-IgG detection (13). To date, the clinical significance of monitoring serum AQP4-IgG titer in estimating relapse and assessing neurological impairment remains inconclusive. Due to the pathogenic role of AQP4-IgG in the NMO/NMOSD and since most AQP4-IgG is produced in the peripheral lymphoid tissue, clinical relapse is assumed to be associated with an increase in serum AQP4-IgG titer, and this is thought to cause more serious damage to the CNS (13, 14). These demonstrations have been supported by several clinical observations, revealing the link between serum AQP4-IgG titers and clinical episodes or parameters including clinical attack or acute exacerbation, neurological disability evaluated by the Expanded Disability Status Scale (EDSS), and long vertebral segment lesions in the spinal cord (15–21). However, there have been a number of studies indicating that serum AQP4-IgG titer could not reflect disease activity, severity, or neurological prognosis, except for its usefulness in NMO/NMOSD diagnosis (12, 22–26). Therefore, to evaluate the clinical relevance and clinical utility of serum AQP4-IgG titer monitoring, we performed a systematic review and meta-analysis to assess the association between serum AQP4-IgG titers and NMOSD activity and severity.



METHODS


Objective

We sought to determine (1) whether the serum AQP4-IgG titer of patients with NMO/NMOSD in the attack phase is significantly different from that of patients in the remission phase and (2) whether the serum AQP4-IgG titer of patients with NMO/NMOSD is correlated with the clinical parameters in the attack phase, including the EDSS score and number of involved spinal cord segments. The meta-analysis was registered on PROSPERO (ID CRD42020208209) and conducted according to the predetermined protocols involving the Meta-analysis of Observational Studies in Epidemiology Recommendations for Study Reporting and the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement.



Literature Searching

Electronic databases including PubMed, Web of Science, Cochrane Library, and Embase were searched using the following terms: “Demyelinating Autoimmune Diseases, CNS,” “Myelitis, Transverse”, “Neuromyelitis Optica,” “Optic Neuritis,” “Neuromyelitis optica spectrum disorder,” “NMOSD,” “NMO,” “Disease, Devic,” “Syndrome, Devic,” “Aquaporin 4,” “Aquaporin 4 IgG,” “AQP4 IgG,” “Aquaporin 4 antibody,” “AQP4 antibody,” “AQP4-Ab,” “Antibodies to AQP4,” “NMO-IgG,” and “AQP4”. “Neuromyelitis optica,” “Demyelinating Autoimmune Diseases, CNS,” “Myelitis, Transverse,” “Optic Neuritis,” and “Aquaporin 4” were used as the MeSH terms and keywords; other terms were searched as keywords. No publication type restrictions were imposed. Publications, which were not written in English or Chinese, were excluded. The literature search date was from January 1, 2004 to March 3, 2020. Two authors (JL and KS) independently conducted the literature search and data extraction with the same standardized method, and any inconsistencies were resolved by discussion among all authors.



Selection (Inclusion and Exclusion) Criteria

Studies were included if they were original research comparing the serum AQP4-IgG titer of patients with NMO/NMOSD between the attack phase and remission phase or evaluating the correlation between serum AQP4-IgG titer and clinical parameters including the EDSS score and number of involved spinal cord segments in the attack phase. Patients of any age were included, with no restrictions on disease duration, disability, comorbidities, or treatment. All detection methods for AQP4-IgG were also included. Diagnosis of NMO or NMOSD should be stated with reference to the published diagnostic criteria or international consensus. Studies were excluded if they were reviews, unrelated to the research topic, or basic science or animal studies. When data of the patients overlapped in several articles, only the one with the most complete information was included. Studies could also be retrospective or prospective. Detailed information on the selection criteria is provided in Supplementary Tables 1, 2.



Data Extraction

For the meta-analysis of comparing the serum AQP4-IgG titer of patients with NMO or NMOSD between the attack and remission phase, the following data were extracted: the first author, publication year, diagnosis and diagnostic criteria, methods used for serum AQP4-IgG detection, serum AQP4-IgG titer, number of patients and serum samples, and demographic characteristics including age at sampling, sex ratio, and ethnicity. Data were reported as mean and standard deviation (SD), median and range/interquartile range (IQR), or a figure (without quantitative value). If data were not provided as mean and SD, the authors were contacted to provide the value of mean and SD or the raw data of the AQP4-IgG titer. For the correlation meta-analysis, the following data were extracted: the first author, publication year, diagnosis and diagnostic criteria, methods used for serum AQP4-IgG detection, number of patients and serum samples, demographic characteristics including age at sampling and ethnicity, and the Pearson or Spearman correlation coefficient (COR) value. The authors of eight studies did not respond to our data request, and the mean and SD were estimated for five (median and range/IQR were available in these studies) of them using the methods reported by Luo et al. and Wan et al., respectively (27, 28). Finally, 14 studies were included in the meta-analysis (11 studies were included in the meta-analysis of comparing serum AQP4-IgG titer between the attack and remission phase, and seven studies were included in the correlation meta-analysis). The Newcastle–Ottawa Scale (NOS), a scoring system for quality assessment of non-randomized research, was utilized for the included studies.



Statistical Analysis

Meta-analysis was performed using R (version 3.5.1). For the continuous variables, the standard mean difference (SMD) with a 95% confidence interval (95% CI) was used. The heterogeneity among studies was tested by calculating Q statistic and inconsistency index (I2). A random-effects model was used to minimize the impact of the heterogeneity. The stability of results and the source of heterogeneity were evaluated by the sensitivity analysis and meta-regression, respectively; if necessary, further subgroup analysis was performed. The Spearman COR value was converted to the Pearson COR value before z-transformation according to the methods reported by Rupinski et al. (29). The COR values were converted by Fisher's r-to-z transformation to obtain the approximate z-values of the normal distribution to further calculate the 95% CI. Pooled CORs were transformed back to the raw scale for presentation. Publication bias was assessed using the Egger test.




RESULTS


Description of Studies

A total of 14 studies were included in this meta-analysis, among which 11 studies were included in the meta-analysis of comparing the serum AQP4-IgG titer between the attack and remission phase (224 serum samples in the attack phase and 536 serum samples in the remission phase), three studies were included in the correlation meta-analysis between the serum AQP4-IgG titer and EDSS score (92 serum samples) in the attack phase, and four studies were included in the correlation meta-analysis between the serum AQP4-IgG titer and number of involved spinal cord segments (59 serum samples) in the attack phase. All the serum samples were from patients diagnosed as NMO or NMOSD, which fulfilled the diagnostic criteria or international consensus for NMO or NMOSD published in the year 1999, 2006, 2007, or 2015 (1, 3–5). There were three kinds of methods for serum AQP4-IgG detection: cell-based assay [CBA, CBA-based indirect immunofluorescence (CBA-IFI), CBA-recombinant immunofluorescence assay (CBA-rIFA), and CBA-based fluorescence-activated cell sorting (CBA-FACS)], enzyme-linked immunosorbent assay (ELISA), and fluorescence-based immunoprecipitation assay (FIPA). In general, the AQP4-IgG positivity rate of the patients or samples included in all 11 studies of comparison of serum AQP4-IgG titer between the attack and remission phase was 100% (Supplementary Table 3). Enrolled patients were from different countries, including China, Japan, Hungary, Germany, Austria, Italy, and other unspecified countries. The flow diagram of publication identification is shown in Figure 1. The demographic and clinical characteristics of patients in the included studies are shown in Tables 1–3. The quality evaluation of the studies is presented in Table 4, and the PRISMA checklist is in Supplementary Table 4. In addition, there was no obvious publication bias across studies assessed using the Egger test (p = 0.31).


[image: Figure 1]
FIGURE 1. The Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) 2020 flow diagram of publication identification.



Table 1. Studies included in the meta-analysis for comparison of serum aquaporin 4-immunoglobulin G (AQP4-IgG) titer between the attack and remission phase.
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Table 2. Studies included in the meta-analysis for the correlation between the serum AQP4-IgG titer and the number of involved spinal cord segments.
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Table 3. Studies included in the meta-analysis for the correlation between the serum AQP4-IgG titer and the Expanded Disability Status Scale (EDSS) score.
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Table 4. Quality evaluation of the included studies for the meta-analysis.
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Comparison of Serum Aquaporin 4-Immunoglobulin G Titer Between the Attack and Remission Phase

Eleven studies, including 224 serum samples in the attack phase and 536 serum samples in the remission phase, were included in the meta-analysis of comparing the serum AQP4-IgG titer between the attack and remission phase. Heterogeneity assessed by I2 demonstrated an obvious variety among studies (I2 = 78%), and the results showed that there was no significant difference in serum AQP4-IgG titer between the attack and remission phase in patients with NMO or NMOSD [SMD: 0.32, 95% CI (−0.10, 0.74), p = 0.14] (Figure 2A).


[image: Figure 2]
FIGURE 2. Meta-analysis of the serum aquaporin 4-immunoglobulin G (AQP4-IgG) titer between the attack and remission phase for patients with neuromyelitis optica spectrum disorder (NMOSD). (A) Meta-analysis of the serum AQP4-IgG titer between the attack and remission phase for patients with NMOSD. (B) Subgroup meta-analysis of the serum AQP4-IgG titer between the attack and remission phase for patients with NMOSD according to the antibody detection methods. AQP4-IgG, aquaporin4-IgG; CBA, cell-based assay; ELISA, enzyme linked immunosorbent assay; FIPA, fluorescence-based immunoprecipitation assay; NMOSD, neuromyelitis optica spectrum disorder; SD, standard deviation; 95% CI, 95% confidence interval.


Due to the heterogeneity among studies, sensitivity analysis was conducted and confirmed the stability of the results (Supplementary Figure 1). Meta-regression analysis was conducted to evaluate the potential source of the heterogeneity (i.e., ethnicity, antibody detection method, and diagnosis). Medication at sampling was not evaluated in the meta-regression analysis, since there were only five studies in the attack phase and four studies in the remission phase that reported detailed medication information for patients. According to the meta-regression analysis results, the heterogeneity depended on the antibody detection method (p = 0.007), rather than different ethnicity (p > 0.05) or diagnosis of NMO/NMOSD (p > 0.05). Therefore, a subgroup meta-analysis according to the serum AQP4-IgG detection method was performed (Figure 2B). Among the 11 included studies, eight studies used CBA, two studies used ELISA, and one study used FIPA for serum AQP4-IgG detection. The results showed that the heterogeneity assessed by I2 was significantly decreased in the subgroup analysis ([image: image] = 20%, [image: image] = 0%) and there was also no statistically significant difference in serum AQP4-IgG titer between the attack and remission phase in the subgroup analysis of serum AQP4-IgG detected by CBA [SMD: 0.27, 95% CI (−0.01, 0.55), p = 0.06]. There was a significantly higher serum AQP4-IgG titer in the remission phase compared with that in the attack phase in the subgroup analysis of serum AQP4-IgG detected by ELISA [SMD: −0.39, 95% CI (−0.75, −0.03), p = 0.04]. Moreover, meta-analysis of comparing the serum AQP4-IgG titer between the attack and remission phase was further performed for the cases in which serum AQP4-IgG were detected by different CBA methods (four studies used CBA-IFI, one study used CBA-rIFA, and three studies used CBA-FACS for serum AQP4-IgG detection). The heterogeneity of the studies with CBA-IFI and CBA-FACS assessed by I2 demonstrated no obvious variety among them ([image: image] = 0%, [image: image] = 5%), and the results showed that there was no significant difference in serum AQP4-IgG titer between the attack and remission phase in each of the subgroup analysis above [CBA-IFI: SMD: 0.21, 95% CI (−0.07, 0.49), p = 0.15; CBA-FACS: SMD: 0.15, 95% CI (−0.41, 0.70), p = 0.60] (Figure 3).


[image: Figure 3]
FIGURE 3. Subgroup meta-analysis of serum AQP4-IgG titer tested by CBA between the attack and remission phase for patients with NMOSD. AQP4-IgG, aquaporin4-IgG; CBA, cell-based assay; FACS, fluorescence-activated cell sorting; IFI, indirect immunofluorescence; NMOSD, neuromyelitis optica spectrum disorder; SD, standard deviation; rIFA, recombinant immunofluorescence assay; 95% CI, 95% confidence interval.


Additionally, among the 11 studies, there were three studies [Jarius et al. (16), Akaishi et al. (24), and Isobe et al. (29)] that included attack–remission paired serum samples (45 samples) from the same NMOSD patient, illustrating no significant difference in serum AQP4-IgG titer between the attack and remission phase in the two [Akaishi et al. (24), Isobe et al. (29)], while one indicated significantly increased serum AQP4-IgG titer in the attack phase than in the remission phase [Jarius et al. (16); the quantitative value of AQP4-IgG titer was unavailable].



Correlation Between the Serum Aquaporin 4-Immunoglobuling Titer and the Number of Involved Spinal Cord Segments in the Attack Phase

Four studies, including 59 serum samples in the attack phase, were used in the meta-analysis for the correlation between the serum AQP4-IgG titer and the number of involved spinal cord segments. Heterogeneity, assessed by I2, demonstrated obvious variation among studies (I2 = 73%), and the random effects model was used. The results showed that the serum AQP4-IgG titer was positively correlated with the number of involved spinal cord segments in the attack phase [COR 0.70, 95% CI (0.28–0.89), p = 0.003] (Figure 4A). Sensitivity analysis confirmed the stability of this result.


[image: Figure 4]
FIGURE 4. Correlation meta-analysis between the serum AQP4-IgG titer and clinical parameters in the attack phase for patients with NMOSD. (A) Correlation meta-analysis between the serum AQP4-IgG titer and the number of involved spinal cord segments. (B) Correlation meta-analysis between the serum AQP4-IgG titer and the EDSS score. AQP4-IgG, aquaporin4-IgG; NMOSD, neuromyelitis optica spectrum disorder; COR, correlation coefficients; EDSS, expanded disability status scale; 95% CI, 95% confidence interval.




Correlation Between the Serum Aquaporin 4-Immunoglobulin G Titer and the Expanded Disability Status Scale in the Attack Phase

Three studies, including 92 serum samples in the attack phase, were included in the meta-analysis for the correlation between the serum AQP4-IgG titer and the EDSS. Heterogeneity, assessed by I2, demonstrated obvious variation among studies (I2 = 74%), and the random effects model was used. The results showed that the serum AQP4-IgG titer was positively correlated with the EDSS score in the attack phase [COR 0.54, 95% CI (0.06–0.82), p = 0.03] (Figure 4B). Sensitivity analysis confirmed the stability of this result.




DISCUSSION

The importance of AQP4-IgG as a diagnostic biomarker in NMO or NMOSD has been established for years (1, 5). However, the clinical relevance of this antibody in assessing the disease activity or severity has not yet been determined. Compared with the invasive lumbar puncture for CSF collection, serological specimens are more convenient and easily accessible, which make AQP4-IgG detection in serum an ideal approach in the clinical practice for AQP4-IgG titer monitoring (13).

In the present study, we performed a systematic review and meta-analysis of the clinical relevance of serum AQP4-IgG titer. This not only assessed whether the level of this antibody was associated with disease activity by meta-analysis of serum AQP4-IgG titer between the attack and remission phase but also evaluated whether its level was correlated with disease severity by correlation meta-analysis between the serum AQP4-IgG titer and the number of involved spinal cord segments or the EDSS score in the attack phase. The results demonstrated that there was no significant difference in serum AQP4-IgG titer between the attack and remission phase. However, due to the different serum AQP4-IgG detection methods applied in the included studies, obvious heterogeneity was observed. Therefore, we further performed a subgroup analysis according to the antibody detection methods. Among 11 included studies, serum AQP4-IgG was detected using CBA methods (CBA-IFI, CBA-rIFA, and CBA-FACS) in 8, and this method is currently the most widely used antibody detection method due to its high specificity and sensitivity. As a result, the heterogeneity of this subgroup analysis assessed by I2 (including studies in which AQP4-IgG was detected by CBA) was evidently decreased to 20%. The result of this subgroup meta-analysis was consistent with the general one including all 11 studies. These findings suggest that a standard antibody detection method would lead to more homogeneous antibody detection results among different studies, although the different demographic or clinical features in enrolled patients and somewhat different detailed experimental procedures, which calls for the attempts to standardize AQP4-IgG assays among different laboratories. There were only three studies [Jarius et al. (16), Akaishi et al. (24), and Isobe et al. (29)] that included attack–remission paired serum samples from the same patient. One of them did not provide the quantitative value of the serum AQP4-IgG titer (16); therefore, a meta-analysis comparing the antibody levels between the attack and remission phase with these paired samples was not possible in the present study. Consequently, although the definite pathogenicity of AQP4-IgG in NMOSD was established, there was no significant difference in serum AQP4-IgG titer between the relapse and remission phase in patients with NMOSD, suggesting that serum AQP4-IgG titer was not associated with disease activity in this disorder, and physicians may not be able to judge clinical attacks according to the serum AQP4-IgG titer. Therefore, further investigations to identify other novel biomarkers which can aid in the judgment of clinical episodes in NMOSD will be of great clinical significance.

In the correlation meta-analysis between the serum AQP4-IgG titer and the number of involved spinal cord segments or EDSS score in the attack phase, the results showed that the serum AQP4-IgG titer was positively correlated with both of these clinical parameters, suggesting that serum antibody titer could indicate the neurological impairment or disease severity in NMOSD during a clinical attack. These findings were also consistent with an animal experiment showing that astrocyte toxicity and axonal damage was associated with AQP4 antibody titer in mice and further confirmed the pathogenic role of AQP4-IgG in NMOSD (32). However, the significant heterogeneity, which may be due to the limited number of included studies in this correlative meta-analysis, suggests that these results should be considered with caution. Although the AQP4-IgG titer could indicate the disease severity in the attack phase, it was not associated with the disease activity in this study, which may be due to the following factors: (1) The current study showed that serum AQP4-IgG titer was positively correlated with the attack severity, indicating that patients with mild attacks had lower levels of AQP4-IgG than those with severe attacks. In the studies that compared the AQP4-IgG titer between the attack and remission phase, there were no detailed descriptions regarding the attack severity, and if a certain number of patients with mild attacks and lower levels of AQP4-IgG were included, the overall levels of AQP4-IgG would be comparatively lower, leading to no significant difference in antibody levels between the attack and remission phase. (2) Studies included in the meta-analysis of comparing the serum AQP4-IgG titer between the attack and remission phase lacked enough attack–remission paired samples from the same patient. It is known that the individual differences in serum antibody level between patients are quite obvious, and several patients can have comparatively higher levels of antibodies even in the remission phase. If the serum of these patients were included only in the remission phase but not in the attack phase, it would increase the overall antibody level in the remission phase and affect the results of this comparison to some extent.

There were some limitations in the present study. First, due to the rarity of NMOSD, the number of patients enrolled in each study included in this meta-analysis was limited. The number of studies that investigated the difference of serum AQP4-IgG titer between the attack and remission phase (especially with an attack-remission paired sample from the same patient) was also limited. Second, the AQP4-IgG detection methods were different among studies, leading to the obvious heterogeneity in results among studies, although CBA had been widely applied in recent years. Third, medication information at serum sampling was limited (available in only five studies in the attack phase and four studies in the remission phase). This is of importance, as it is known that different treatments may influence serum AQP4-IgG titer. Therefore, the conclusions of the present study are very preliminary and need to be considered with caution. A further meta-analysis with a larger number of studies that employed standardized AQP4-IgG assays and detected attack–remission paired samples from the same patients with detailed medication information will be required to confirm our findings and further optimize the clinical practice of serum AQP4-IgG monitoring.



CONCLUSIONS

The present systematic review and meta-analysis provided the first comprehensive evaluation of the clinical relevance of serum AQP4-IgG titer in patients with NMOSD, indicating that the serum AQP4-IgG titer was not associated with the disease activity but indicated the disease severity in the attack phase in NMOSD.
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