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Abstract

Despite considerable research, it remains controversial as to whether viral-infections are
associated with Meniere’s Disease (MD), a clinically heterogeneous set of chronic inner-ear
disorders strongly associated with endolymphatic hydrops. Here, we investigated whether
viral-infections are associated with MD through a systematic review and meta-analysis of
observational clinical studies using molecular-diagnostics. Eligible for inclusion were case-
controlled studies which ascertained molecular-determinants of past or present viral-infec-
tion through either viral nucleic acids or host serological marker in MD cases and non-MD
controls. Across online databases and grey literature, we identified 210 potentially relevant
articles in the English language, from which a total of 14 articles fully satisfied our eligibility
criteria such that meta-groups of 611 MD-cases and 373 controls resulted. The aggregate
quality of the modest-sized (14 studies) body of evidence was limited and varied consider-
ably with regards to participant selection, matching, and ascertainment(s) and determinant
(s) of viral-infection. Most data identified concerned the human cytomegalovirus (CMV), and
meta-analysis of eligible studies revealed that evidence of CMV-infection was associated
approximately three-fold with MD compared to controls, however the timing of the infections
was indeterminate as the pooled analyses combined antiviral serological markers with viral
nucleic acid markers. No association was found for any of HSV-1, -2, VZV, or EBV. Associa-
tive analyses of any viral species not aforementioned were precluded by limited data, and
thus potential associations between other viral species and MD, especially other than Her-
pesviridae, are yet to be characterised. Overall, we have found a small association between
CMV-infection and MD, however it is to be determined for what sub-groups of MD this find-
ing may be relevant, and ideally the reported association remains would be reproduced by a
greater volume of higher quality evidence.
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Introduction

Meniere’s Disease (MD) is a relatively rare, considerably heterogeneous collection of chronic
inner-ear disorders involving a characteristic triad of symptoms: recurrent sporadic vertigo,
tinnitus, and fluctuating sensorineuronal hearing loss (SNHL) of low-medium frequencies [1-
8]. MD presents with an inner-ear histopathology termed endolymphatic hydrops (EH), itself
a distension of the fluid-filled membranous component of the labyrinth, however EH alone
does not necessarily entail a clinical diagnosis of MD [9]. Because EH is present in conditions
other than MD, MD is itself a particular variety of a more general phenomenon of hydropic
ear disease [10, 11]. Emerging etiological accounts of MD are multifactorial, with a range of
clinical subgroups now described [2-8]. While most of the incidence of MD is considered spo-
radic, about a third of those with MD exhibit evidence of pro-inflammatory cytokine mediated
immune dysfunction [3, 5, 12]. About 5% of cases of MD show evidence of heritability, and in
such cases NF-xB mediated inflammation appears influential [13]. Overall, several lines of epi-
demiological evidence suggest that between various MD clinical sub-groups, inflammatory sig-
natures and immunotype changes in the inner-ear are common [12, 13].

Given that immunopathology of the inner-ear is of a considerable prevalence in MD, it is
important to determine relevant etiological factors. As early as the 1960s, it was hypothesized
that infectious agents such as viruses might contribute to the development and/or severity of
various pathophysiological processes in MD [14-17]. However, whether viral-infections are in
fact relevant to MD is controversial. In a 2009 review of non-randomized quantitative descrip-
tive studies, Gacek concluded that MD probably simply is the manifestation of virally induced
vestibular neuropathy [18]. And as of 2012, Greco and colleagues stated that antiviral pharma-
cotherapy had “virtually eliminated” the use of surgical management for MD [12]. From that
perspective, it appears that viral-infections are undoubtedly relevant to MD. By contrast, as of
2008, drawing from an evidence base virtually the same as above, Oliviera and colleagues dis-
puted there being any reliable evidence of a viral etiopathology in MD [19]. And more
recently, Mirza and Gokhale judged that antiviral pharmacotherapy has had “no role in the
treatment of MD” [20]. So, on the other hand it appears that there is a lack of evidence for any
association between viral-infection and MD. Based on such discrepancies, there appears to be
alack of a clear relationship between viral-infection and clinically diagnosed cases of MD. Fur-
ther, despite this lack of consensus, to the best of our knowledge, whether viral-infections are
associated with MD has not been explored in a published systematic review and meta-analysis.

Exploring whether viral-infections are associated with MD involves, at the single study
level, that at minimum it be shown that viral-infections are of significant prevalence in those
with MD. Of course, investigations of associations between infectious pathogens and diseases
in observational clinical studies must take into account that certain species of virus familiar to
neurotology such as the Herpesviridae are particularly seroprevalent in humans, and thus it is
preferable that case-controlled studies are used for such etiological investigations [21]. A prev-
alence of viral-infection can be ascertained through various methods, including classical viro-
logic techniques such as transmission-electron microscopy (TEM) and viral cultures, or to
make a somewhat arbitrary distinction, a range of methods that afford higher sensitivity, speci-
ficity and throughput, broadly referred to as ‘molecular-diagnostics’ [22, 23]. Here, we took
molecular-markers as the ‘gold-standard’ not only for technical reasons, but also due to the fol-
lowing methodological considerations. A potential relationship between viral-infection and
MD has in the past been investigated in clinical settings using methods neither specific nor
especially sensitive, which may in part underlie inconsistent reports as to whether or not viri-
ons are more often isolatable from those with MD than controls. In particular, analyses of the
presence of virions in the MD inner-ear have largely relied on TEM. Of those, in [24-26],
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Gacek describes virions and associated viral reproductive machinery in post-mortem inner-
ear sections of MD vestibular ganglia. By comparison, Palva and colleagues’ discrepant obser-
vations when using effectively the same TEM methodology augmented by viral culture [27].
Further, and perhaps most importantly, Wackym and colleagues’ also found a lack of virion
involvement in MD using TEM, while also noting the presence of particles that “morphologi-
cally mimic[ked] viruses” but were much more likely to be non-pathological, regularly occur-
ring cellular components [28]. Clearly, a systematic synthesis would be necessary to resolve
such discrepancies, but the nature of the aforementioned TEM data does not provide much in
the way of intercomparable quantifications. Overall, while TEM virologic studies of MD have
been useful in defining exploratory hypotheses, the nature of such studies is sub-optimal for
quantitative epidemiological syntheses, and with regards to the actual body of evidence con-
sisting in those studies, there are several concerns as to both between-study qualitative differ-
ences and the classical virologic methods themselves. Overall, case-controlled clinical
observational studies employing molecular diagnostics via either serological or nucleic acid
biomarkers are probably the best available source for investigating whether or not particular
viruses, or indeed other infectious agents, are associated with MD.

Exploring whether viral-infection is associated with at least some cases of MD is important
not only in further understanding the etiology of MD, but it may also provide comment on the
use of antiviral pharmacotherapeutics in MD, which thus far have seen little success in clinical tri-
als [29]. Indeed, viral-hypotheses of MD have been implicitly used in studies of anti-viral pharma-
cotherapy. While a number of studies have investigated antiviral pharmacotherapy for MD, only
two have been identified as randomized-controlled trials, and in those, sub-optimal reporting has
precluded a meta-analytic estimation of overall effects, though neither individual study identified
any substantial therapeutic efficacy [29]. With regards to the respective results, Guyot and col-
leagues found that intratympanic ganciclovir afforded no improvement over an intratympanic
delivery of sodium-chloride solution with regards to delaying surgical intervention, while Dereb-
ery and colleagues found that oral famciclovir may have reduced hearing fluctuation, but not ver-
tigo or dizziness [30, 31]. More recently, Gacek reported hearing improvements in 38% of
31-patient MD cohort, with a further reported complete control of vertigo in those 12 of the
patients with improved hearing, however this work is limited by a lack of placebo, randomization
or other control measure [18]. Overall, few published studies have examined the efficacy of antivi-
ral pharmacotherapeutics for MD, and no strong indication for their use has been identified.
Despite unpromising results, it should be recognised that a lack of evidence for pharmacothera-
peutic efficacy does not constitute suitable grounds by which to dismiss narrower, well-targeted
viral-hypotheses of MD and therefore any future studies of antiviral pharmacotherapy in MD
would probably be well-informed by a systematic review of viral-infection in MD.

While viral-infections could be relevant to some cases of MD, findings between studies are
discrepant and thus far that hypothesis remains controversial. Thus, we asked whether MD is
associated with evidence of past or current viral-infection. We answered this through a system-
atic review and meta-analysis of clinical observational studies which had employed molecular
ascertainments of viral-infection on a case-controlled basis.

Methods

Two reviewers (ND and AC) independently undertook (i) a transparent study inclusion/exclu-
sion procedure (search, selection, and data extraction), and (ii) a structured appraisal of study

quality involving an identification of study design with a subsequent appraisal of methodology.
All reviewers contributed to the study design and other components together. The review pro-
tocol was not pre-registered with PROSPERO. In accord with our aims to perform a systematic
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review, we followed PRISMA-P guidelines (see S1 for a completed PRISMA checklist (2009
version)) [32]. In accord with our aims to perform a meta-analysis of observational epidemio-
logical data, also followed MOOSE guidelines, and these guidelines were our transparent
reporting items (see S2 for the completed checklist) [33].

Search strategy

We conducted primary and secondary searches to identify any potentially relevant peer-reviewed
published evidence. We did not consider evidence that had not been published, nor abstracts
without a full-text. The primary (systematic) search was of the following online databases: MED-
LINE (OvidSP; 1946-2019), EMBASE (OvidSP; 1947-2019), Web of Science (Clarivate Analytics;
1900-2019), and SCOPUS (Elsevier; 1788-2019). Our search terms were applied to subject head-
ings (MeSH), keywords, titles, abstracts, and topics and were as follows: [(meniere* OR endolym-
phatic hydrops) AND (*virus* OR *viral* OR *virol*). The (*)s refer to ‘unlimited wild-card
modifiers’ utilized to account for between text terminological variations including the use of plu-
rals, hyphenated terms, terms in different arrangements and spelling variations. We did not apply
date limits to our searches. At the level of the respective databases, we filtered for articles written
in the English language, and filtered out any and all reviews, case-reports (without control
groups), case-series (without control groups). The filtered results were exported from each data-
base and collated in reference management software where any duplicates were deleted. We
enacted forward tracking (auto-updates) of the online database searches for the entirety of the
time in which the manuscript was being written. The secondary search consisted in hand searches
of reference lists of studies obtained from the primary search and Google Scholar search con-
ducted in August 2019. Within Google Scholar, the default search settings were used and the
search terms were: ((viral OR virus) AND (meniere’s disease OR endolymphatic hydrops).

Definitions

Diagnostic criteria for MD have undergone several revisions throughout the time period from
which included studies were selected from [34-36]. To minimize bias based upon a preference
for any particular diagnostic criteria, we simply required that potentially eligible studies cited a
recognized diagnostic criteria (and was not seen to be then clearly contradicted in the study),
or else it was explicitly stated how the diagnosis/classification of MD was ascertained and this
was deemed by all four authors of this paper to be in sufficient overlap with criteria from [34-
36]. Our use of the Newcastle-Ottawa-Scale (NOS) (described in the section ‘Systematic rating
of studies’) for critical appraisal of study methodologies included an appraisal of a given stud-
ies” disease definition.

With regards to the verification of evidence of viral-infection in MD and control subjects,
molecular ascertainments were distinguished a priori between those that aimed to (i) detect
the presence of specific viral species via their nucleic acids (during either active or latent infec-
tion) as opposed to (ii) detect evidence of infection at an indeterminate time through immuno-
globulin antiviral antibodies. The former measurements are herein referred to as ‘direct’ and
the latter as ‘indirect’. This arbitrary distinction between ‘direct’ (nucleic acid determinant)
and ‘indirect’ (serological determinant) ascertainment was important as we hypothesized that
this factor may introduce a significant degree of heterogeneity between the included studies,
and any such associations would not be valid.

Study eligibility requirements

We initially screened articles for inclusion or exclusion at the level of their title and abstract. If
it was unclear whether an article should be included based on its title and/or abstract, the
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article was kept for full-text review. ND and AC aimed to include or exclude studies based
only on the criteria detailed in Table 1. There were four criteria, and these were loosely based
on a ‘PICO’ inclusion/exclusion template.

Data extraction

For all eligible full-text studies, data was extracted into (duplicate) semi-structured spread-
sheets by two independent reviewers (ND and AC). We did not attempt to contact respective
authors if data was not fully reported in published articles. The data was coded as follows:
author(s), year of publication, country of study, number of participants in each group and in
total, MD group definition, control group definition, power-analyses, method of ascertain-
ment of viral-infection and the determinant used, viral species investigated, average age of MD
participants. The separate data-extractions were merged into a single spreadsheet. For each
study, we developed 2-by-2 case-control contingency tables indicating proportion in each
respective group who were positive and negative for a given determinant.

Critical appraisal of included studies

We systematically performed critical appraisals of the included studies in order to assess the
risk-of-bias of included studies alongside the ‘quality’ of a given studies’ methodological
design. Many tools are available for critically appraising study methodologies and assessing the
risk of bias of studies included in systematic reviews. With specific regards to systematic
reviews of observational studies of etiology, as of yet there are no tools recognized as obviously
preferential (for reviews on this matter, see [38, 39]). Thus, we used the Newcastle-Ottawa
Scale (NOS) for a systematic appraisal of the ‘quality’ of each included studies’ methodology, a
tool which is simple to both apply and interpret [40]. We defined high-quality evidence as that
which corresponded to a low ‘risk of bias’, and vice versa. Each studies’ classification in
NHMRC evidence hierarchy (inherent to the study design) was also indicated [41]. With
regards to the adaptation of the NOS for the present work, the ‘selection’, ‘control’, and ‘expo-
sure’ assessment structure of NOS was not altered and so studies would score up to four, two,
and three stars in each domain of NOS. The content of the exposure assessment was adapted
to the context of the research question that exposure was defined as “molecular evidence of
past and/or present (and either active or latent) viral-infection”. Specifically, for item E1 con-
cerning the “ascertainment of exposure”, the use of a “structured interview where blinded to
case/control status” was exchanged for the use of a “methodologically sound, recognized

Table 1. Eligibility criteria.

Factor Requirements

Study-design Case-controlled (corresponding to at least NHMRC level III-3) observational studies that
ascertained a history of viral-infection (indeterminate time-scale) with molecular
verifications (refer to the ‘critical appraisal of included studies’ section).

Participants A pre-established (clinical) diagnosis of MD or else indication of a systematic, consistent
inclusion/exclusion process MD group participants (see ‘definitions’ above).

Ascertainment(s) of Direct ascertainments: nucleic acid amplification (PCR and optimization variants) or in-
infection situ hybridization. Indirect ascertainments: immunoassays. For up-to-date reviews of
specific molecular methods for diagnostic virology, see [22, 23].

Determinant(s) of Direct determinants: viral nucleic acid(s) (DNA or RNA). Indirect determinants:
infection immunoglobulin antiviral antibodies. Articles assessing infection by any viral pathogen
known to the authors were eligible for inclusion, and otherwise The National Centre for
Bioinformatic Information (NCBI) viral genome database would be checked in the case
of any very uncommon species [37].

https://doi.org/10.1371/journal.pone.0225650.t001
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molecular diagnostic approach”, and the ascertainment of exposure via a “secure record (e.g.
surgical records)” was omitted from the scoring. Finally, we noted (i) whether studies indi-
cated a priori power analyses, and (ii) whether studies with <20 participants in any group
used equal sample sizes for each group or else provided a justification for group sizing.

Data synthesis and meta-analysis

Data and meta-analysis were conducted using R (v3.6.0). For the purposes of meta-analysis,
we also used the “metafor” and “metaviz” extensions for R (see [42] for “metafor”; see [43] for
“metaviz”). It was determined a priori that all pooled analyses would be segregated at the level
of viral species, but not particular strains thereof (see [37] for details on this taxonomy).

For a particular viral species, where infection of the host was assessed in more than one
study, we attempted to extract contingency tables. Where contingency tables were extractable
in full, we calculated unadjusted odds ratios (ORs) for MD given evidence of viral-infection at
the 95% confidence interval (C.I.) level. The unadjusted ORs underwent logarithmic transfor-
mation (‘logOR’) for displaying the pooled and summary effects. Where contingency tables
involved null-data, we applied the Anscombe-Haldane continuity correction (linear transfor-
mation of +0.5) as per the Cochrane handbook [44, 45]. Where a study assessed the evidence
for viral-infection through more than one ascertainment/determinant pairing such that there
were multiple contingency tables from the same study for the same viral species, ORs were cal-
culated separately for each ascertainment/determinant pairing so as to ensure that any subse-
quent pooled analyses would not count any participants more than once. Thus, for a study
with multiple measures of viral-infection, each ascertainment-determinant pairing was
reported separately and no pairing was used in combination for pooled effect size calculations.
Due to the variability of study contexts, pooled effect sizes (pooled ORs) were determined
under random-effects (RE) assumptions, i.e. using inverse-variance (7%) estimators, which
themselves minimize the variance of the weighted average [42]. For each viral species, overall
effects were first determined using the Der-Simonian Laird (DL) 7* estimator, a model of RE
which is usually less sensitive to variance [42]. If the 95% C.Ls calculated under the DL model
did not overlap with chance, overall effects would then be recalculated under the usually more
conservative restricted maximum likelihood 7% estimator (REML) [42].

Heterogeneity for the overall effects was determined through the chi-squared statistic
(Cochran’s Q; 95% probability cut-off), which determines a statistical significance of between-
study differences. This was used in conjunction with Higgin’s I?, which determines the per-
centage of the variance of the pooled effect that can be attributed to heterogeneity. We defined
‘significant’ heterogeneity as (p-value) as p<0.05 (Cochran’s Q) and ‘substantial’ heterogeneity
as I">25% (Higgin’s I’), and either/or would be investigated. For those overall effects where
significant heterogeneity was present, the mode of ascertainment (direct or indirect) was then
used as a moderator variable in a mixed effects sub-group analysis. The result of such an analy-
sis provides an indication of how much of the variance between studies can be attributed to
differences in measuring signatures of viruses themselves at the time of study as opposed to
measuring host antiviral antibodies specific for viruses which may no longer inhabit the host.

Where overall effects did not overlap with chance under both DL and REML estimators, we
conducted leave-one-out sensitivity analyses to try to identify low-quality (NOS) studies or
else outliers which might have biased the overall effect. Further for those overall effects signifi-
cant under both DL and REML estimators, we gauged potential power/sample size effects
(small-study publication biases) through funnel plots, as plots of variability against effect size
are usually skewed or else asymmetrical in the presence of publication and related biases, and
such biases are more likely in smaller studies [46]. Our funnel plot analyses involved four
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contour-enhanced funnel plots of both standard error and sampling variance metrics, along
with their inverses, in order to potentially gauge any clustering of lower and/or higher-pow-
ered studies [46]. The data for the funnel plots underwent Duval and Tweedie’s trim-and-fill
adjustment [47]. Next, Egger’s meta-regression test for funnel plot asymmetry was computed
for both DL and REML models, whereby standard error is used as a predictor for detecting
funnel-lot asymmetry. Finally, the authors observed the funnel plots in order to note any biases
that may have gone undetected by statistical testing.

Results
Study selection

A total of 14 publications met the criteria for our review [48-61]. Our searches of MEDLINE,
EMBASE, Web of Science, and SCOPUS yielded 207 non-duplicate articles, and our supple-
mentary search yielded an additional 3 non-duplicate articles, with the searches together con-
stituting a total of 210 unique articles. After the screening of those 210 articles at the level of
title and abstract, 183 records were excluded for irrelevance. After the full-text screening of 27
remaining articles, a further 13 were excluded for reasons detailed in Fig 1. Thus, after screen-
ing, 14 full-text studies satisfied our eligibility requirements and were included for data extrac-
tion, critical appraisal and data synthesis.

Characteristics of studies

The characteristics of the included studies are summarised below in Table 2. Across all 14 stud-
ies, a total of 611 cases of MD (x = 44) were matched to 373 controls (x = 27), corresponding
to an average of eight cases of MD for every five controls. Due to reasons including methodo-
logical variance, not all studies reported the average age of their participants. The average age

(n = 207) Non-duplicate articles (n = 3) Non-duplicate articles identified
identified through the primary search through the secondary search in March
in March 2019. 2019.

}

(n=210) Title and abstract screening of (non-
duplicate) articles from multiple sources.

> (n = 185) Irrelevant articles excluded.

v (n = 11) Ineligible articles excluded: n=8: lack
of either direct or indirect molecular

> ascertainment; n=2: case-study with a lack of
either direct or indirect molecular
ascertainment; n=1: no control group

(n = 25) Fulltext eligibility assessment of
articles.

A 4

(n = 14) Eligible full-text articles underwent
data-extraction and appraisal.

A 4

(n = 14) Meta-analysis.

Fig 1. PRISMA flow-diagram of the search strategy and study selection process.

https://doi.org/10.1371/journal.pone.0225650.9001
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Table 2. Summary characteristics of the included studies.

Study Ascertainment Determinant Viral Species
1 2 3 4 5 6 7 8 9 Other
(s)
Arnold and Niedermeyer, ELISA antiviral IgG (serum, perilymph) HSV- | CMV EBV MV -
1997 [49] 1
Bergstrom et al., 1992 [50] ELISA antiviral IgG (serum) HSV- | CMV | HSV- | VZV MV -
1 2
Calenoff et al., 1995 [51] RAST antiviral IgE (serum) HSV- | CMV | HSV- EBV -
1 2
Pyykko et al., 2008 [53] ELISA antiviral IgG (serum) HSV- | CMV | HSV- | VZV | EBV | AV I-A | I-B Yes
1 2
Selmani et al., 2004 [54] ELISA antiviral IgG (serum) HSV- | CMV | HSV- | VZV | EBV | AV I-A | I-B -
1 2
Selmani et al., 2005 [55] ELISA antiviral IgG (serum) HSV- | CMV | HSV- | VZV AV -
1 2
Williams et al., 1987 [60] ELISA antiviral IgG (serum) HSV- | CMV VZV Yes
1
Takahashi et al., 2001 [56] IFA antiviral IgG (serum) HSV- | CMV | HSV- | VZV -
PCR viral DNA in peripheral blood mononuclear 1 2
cells (in-vivo)
Arenberg et al., 1997 [48] N-PCR viral DNA in ES (biopsy) CMV -
Gartner et al., 2008 [52] N-PCR viral DNA in SG (biopsy) HSV- HSV- | VZV -
1 2
Vrabec, 2003 [57] RT-PCR viral DNA in SG (archives and biopsy) HSV- HSV- -
1 2
Welling et al., 1994 [58] PCR viral DNA in ES (biopsy) HSV- | CMV | HSV- | VZV -
1 2
Welling et al., 1997 [59] PCR viral DNA in ES (biopsy) HSV- | CMV | HSV- | VZV -
1 2
Yazawa et al., 2003 [61] ISH viral DNA in ES (biopsy) HSV- | CMV | HSV- | VZV | EBV -
1 2
Relative Frequency of Ascertainment Across All Studies (%) 93% | 86% | 79% | 71% | 36% | 21% | 14% | 14% | 14% | 14%

AV, adenovirus; CMV, human cytomegalovirus; ELISA, enzyme-linked immunosorbent assay; ES, endolymphatic sac; EBV, Epstein-Barr virus; HSV-1/2, herpes
simplex virus 1/2; I-A/B, influenza A/B; IFA, indirect fluorescent antibody test; ISH, in-situ hybridisation; MV, Measles virus; N-PCR, nested polymerase chain reaction;
PCR, polymerase chain reaction; RAST, radioallergosorbent test; RT-PCR, real time fluorescence polymerase chain reaction; SG, Scarpa’s Ganglion.

https://doi.org/10.1371/journal.pone.0225650.t002

of MD participants from studies who did report such data was 52.6 years, however it should be
noted that not all of the included studies were age-matched (see Table 3.) [49, 50, 54, 55, 56,
60, 61]. A range of methodological characteristics were identified in the studies. Seven studies
directly ascertained viral-infection through nucleic acids: six of those through PCR-variants
and one utilized in-situ hybridization. Eight studies indirectly ascertained viral-infection
through host antiviral immunoglobulin antibodies: six of those studies measured these anti-
bodies through ELISA, one through RAST, and one through IFA. Only Takahashi and col-
leagues utilized both direct and indirect ascertainments of viral-infection, although this was
only the case for HSV-1 and VZV and not HSV-2 or HCMYV [56]. The included studies were
published over a period of 21 years between 1987 and 2008.

The included studies investigated infection by a range of viral species. At least one member
of the Herpesviridae genus was assessed in each study, and in particular, the species HSV-1,
CMYV, HSV-2, and VZV were assessed in the majority of included studies (93%, 86%, 79%,
71%), while EBV, AV, MV, I-A, I-B, and other mostly non-Herpesviridae species were each
assessed in less than 50% of the included studies (36%, 21%, 14%, 14%, 14%, and 14%
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Table 3. Summary appraisal of the included full-text studies.

Study Country | Design | Sample MD Group Definition
Sizes (MD,
1Y)
Arenberg et al., USA CC 9,9 AAO-HNS (1985).
1997 [48]
Arnold and Germany CcC 7,9* No serviceable hearing, disabling vertigo,
Niedermeyer, tinnitus.
1997 [49]
Bergstrom et al., Sweden CcC 21,21 Fluctuating hearing loss, vertigo, tinnitus, aural
1992 [50] fullness.
Calenoff et al., USA CcC 10, 10 Unilateral fluctuating SNHL, vertigo, tinnitus,
1995 [51] coincident aural fullness of the affected ear;
symptoms for at least 3 years.
Gartner et al, 2008 | Switzerland | CC 7, 56** AAO-HNS (1995).
(52]
Pyykko et al., 2008 | Finland CC | 158,43"** | NS.
(53]
Selmani et al., Finland CC 159,26 | AAO-HNS (1995).
2004 [54]
Selmani et al., Finland CC 109,26 | AAO-HNS (1995).
2005 [55]
Takahashi et al., Japan CC | 28,100"*** | Audiometrically documented fluctuating
2001 [56] SNHL, intermittent "whirling" vertigo, tinnitus.
Vrabec, 2003 [57] USA CcC 35,19 AAO-HNS (1995).
Welling et al., USA CC 22,11 Audiometrically documented fluctuating
1994 [58] SNHL, tinnitus, intermittent "true" vertigo.
Welling et al., USA CcC 11, 11 Fluctuating SNHL, intermittent vertigo lasting
1997 [59] 20minutes-24hours, tinnitus, unilateral
coincident aural fullness.
Williams et al., USA CC 25,25 Audiometrically documented fluctuating
1987 [60] SNHL, intermittent vertigo, tinnitus for at least
four years.
Yazawa et al., 2003 Japan CcC 10,7 SNHL, intermittent vertigo, tinnitus and

[61] "positive glycerol test and/or dominant negative
summating potential upon the

electrocochleography"”.

Control Group Definition

Vestibular schwannoma patients.

Otosclerosis (n = 7) and
pediatric cochlear implant

(n = 2) patients.

Healthy individuals with no
history of ear disease, vertigo, or
tinnitus.

Individuals with significant
allergic rhinitis with RAST-
verified sensitivities to common
allergens.

Individuals with no history of
facial weakness or MD.

Vestibular schwannoma
(n = 22), tinnitus (n = 10) and
otosclerosis (n = 11).

Vestibular schwannoma patients.
Vestibular schwannoma patients.

Healthy individuals (n = 50) and
pregnant women (n = 50).

Body donors with ‘unknown’
otological history.

Vestibular schwannoma patients.

Vestibular schwannoma patients.

Individuals who were not acutely
ill nor experiencing any
symptoms of inner-ear disease.

Autopsy specimens without a
history of premortem ear disease
(n = 6) and vestibular
schwannoma (n = 1).

Newcastle-Ottawa Scale
(S/C/0)

Yok reve/Yede Sk

Yok vl Yeve/Sedkeke

Sk ke e/ ek

Sk ek /S Hhokk

Yok ek /veve ek v

St/ dede/dedote

Sk e/t I skede e
Sk el fedeskede e
2.0, 0. 600 70 o &A1
SeA et ek de
Sk et/ fedeskede e

Yok reve/veve/ ek ve

N WLy

Yok ek /v e vedke

AAO-HNS, American Academy of Otolaryngology-Head and Neck Surgery; C, control; CC, case-controlled; DL, Der-Simonian Laird MD, Meniere’s Disease; NHMRC,
National Health and Medical Research Council (Australia); S/C/O, selection/comparability/outcome assessment; SNHL, sensori-neuronal hearing loss.

*Composition = 7+2.
**composition = 22 (Scarpa’s Ganglion) + 34 (geniculate ganglion)
*** composition = 22 (vestibular schwannoma) + 11 (otosclerosis) + 10 (tinnitus)

#ok ko

composition = 50 (healthy) + 50 (pregnant women).

https://doi.org/10.1371/journal.pone.0225650.t003

respectively). The nature of the determinants of viral-infection varied between the included
studies. Of the seven studies that ascertained infection through viral nucleic acids, four tar-
geted the endolymphatic sac (ES) [48, 58-61], two targeted Scarpa’s Ganglion (SG) [52, 57],
and one targeted the periphery (serum leukocytes) [56]. For studies that made indirect ascer-
tainments of viral infection, six of eight studies measured serum IgG only [47, 50-53], one
measured both serum and perilymphatic IgG [49], and a single study measured serum IgE

[51].
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Critical appraisals of included studies

The results of our systematic appraisal of studies using the NOS are presented below in

Table 3. All studies attained at least two out of three stars with in rating their assessment of
exposure, while almost all studies performed poorer with regards to both participant selection
and control matching. The mean attainments for each respective selection/control/outcome
component of the NOS were as follows: 2/4, 1/2, and 2/3. The mean overall ascertainment was
5/9. Reported MD selection criteria showed qualitative variation across studies, with 50% of
studies stating adherence to a particular recognized diagnostic guideline. While all studies
reported that MD was excluded in the control groups, only four studies either used near
enough or obviously healthy participants. Two of these studies stated that their participants
were both healthy beyond merely being free of a history of inner-ear disease [50, 56]. In one
study, it was stated that the control group was not ‘acutely’ ill nor experiencing symptoms of
inner-ear disease, but it was not made explicit whether controls were known to have any
chronic diseases [60]. Another study stated that there was no history of MD or facial weakness
in its control group but did not mention whether participants were known to have any other
conditions whether acute or chronic [52]. The most commonly reported health issue in the
control groups was vestibular schwannoma (50% of all control groups). Other conditions iden-
tified in the control groups were otosclerosis (2/14), allergic rhinitis (1/14), tinnitus (1/14) [.
One study reported that its control group had an unknown otological history [57].

With regards to the a priori statistical design of the studies, six studies used at least 1:1
matching, while in the remaining eight studies it was either not made explicit or else still
unclear as to the justification for the number of participants and controls respectively. None of
the included studies reported a priori power analyses. Finally, in eight of the fourteen studies,
at least the case or control group had <20 participants, and in six of those eight studies, the
control groups were not of equal size. All study designs were level III-3 on the NHMRC level
of evidence scale, with an absence of nested case-controlled studies (Ievel IT). On the basis of
study design alone, the body of evidence of the included studies was satisfactory or good but
not excellent based on the NHMRC criteria [41].

Data synthesis and meta-analysis

After the extraction of data and generation of contingency tables, we determined the odds
ratios corresponding to each contingency table. Data synthesis yielded sufficient data to con-
duct pooled-analyses of HHV1-5. The results of meta-analysis, along with corresponding mea-
sures of heterogeneity, are presented below in Table 4.

Cytomegalovirus (CMV). CMV was associated with MD on a narrower logOR interval
(DL) of 1.33-8.68 and a wider logOR interval of 1.27-10.46 and neither association displayed
any clear sensitivity to high risk of bias studies, nor any between-study heterogeneity beyond
that expected by chance. A determinant of CMV-infection was specified within the methodol-
ogy in 12 of 14 studies, and nine of those reported data that was suitable for inclusion in the
meta-analysis. From those 12 studies, under the DL estimator, a significant overall effect size
of 3.39 was determined (1.33, 8.65; p<0.05). Thus, the overall effect size was calculated again
but under the REML estimator, yielding another significant overall effect size of 3.65 (1.27,
10.46; p<0.05). Heterogeneity was not substantial (Higgin’s I?) under either DL (9.1%) or
REML (22.1%) estimators, nor was heterogeneity significant (Cochran’s Q) in either case. Fig
2 displays the results of the meta-analysis of CMV, and thus presents logOR values for each of
the nine individual studies and both overall summary measures (DL and REML).

Herpes Simplex Virus-1 (HSV-1). No association was found between HSV-1 and MD,
and there was no heterogeneity between the pooled studies beyond that expected by chance. A
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Table 4. Overall effect sizes organized by viral species.

Viral Study | Determinant | Cases | Controls | logOR® | 95% CI (LB, Pooled logOR (95%CI) (p-value) I Cochran’s Q (p-value)
Species " _ + _ UB)
HSV1 [49] | IgG Abs 7 o |8 |1 26471 |0.0931, (L): 1.70 (0.81-3.55) (p = 0.1908); (H): | (L): 7.20%; (H): | (L): 9.6985 (p = 0.4053); (H):
(HHV1) 75.2901 1.93 (0.91-4.08) (p = 0.1262) 13.13% 10.6907 (p = 0.3221)
[50] | IgG Abs 20 |1 18 |3 3.3333 | 0.3176,
34.9901
[51] IgE Abs 7 3 2 8 9.3333 | 1.1934,
72.9934
[52] | Viral DNA 0 7 5 17 | 0.2121 |0.0104,
4.3416
[54] IgG Abs 49 | 110 |9 17 |0.8414 | 0.3506,
2.0190
[56]* | Viral DNA 1 27 |0 100 | 10.9636 | 0.4344,
276.6976
[56]* IgG Abs 28 |0 47 |3 4.2000 | 0.2092,
84.3096
[57] Viral DNA 25 |0 30 |7 12.5410 | 0.6827,
230.3673
[58] Viral DNA 2 20 |0 11 | 2.8049 | 0.1237,
63.5905
[59] | Viral DNA 0 1 |0 11 | 1.0000 |0.0182,
54.8340
[61] Viral DNA 0 10 |0 7 0.7143 | 0.0127,
40.2042
HSV2 [50] | IgG Abs 4 17 |4 17 | 1.0000 | 0.2143, 1.44 (0.47-4.47) (p = 0.5545) 45.40% 14.68 (p = 0.0662)
(HHV2) 4.6663
[51] IgE Abs 7 3 2 8 9.3333 | 1.1934,
72.9934
[52] | Viral DNA 0 7 0 22 | 3.0000 | 0.0546,
164.8072
[54] IgG Abs 21 |1381|9 17 |0.2874 | 0.1135,
0.7280
[56]° | Viral DNA 0 28 |0 100 | 3.5263 | 0.0684,
181.68
[57] Viral DNA 25 10 30 |7 12.5410 | 0.6827,
230.3673
[58] Viral DNA 0 22 |0 11 | 0.5111 | 0.0095,
27.4591
[59] Viral DNA 0 11 |0 11 | 1.0000 | 0.0182,
54.8340
[61] Viral DNA 0 10 |0 7 0.7143 | 0.0127,
40.2043
vzv [50] | IgG Abs 20 |1 |21 [0 |03178 |0.0122, L:2.03 (0.32-12.81) (p = 0.4548); H: | L:60.50%; H: | L:12.67 (p<0.05); H: 13.04
(HHV3) 8.2574 3.29 (0.54-20.06) (p = 0.1972) 61.70% (p<0.05)
[52] Viral DNA 0 7 4 18 |0.2741 | 0.0131,
5.7439
[54] IgG Abs 10356 |0 26 |97.0885 | 5.8067,
1623.3222
[56]* | Viral DNA 2 26 |0 100 | 18.9623 | 0.8834,
407.0301
[56]* IgG Abs 28 |0 50 |0 0.5644 | 0.0109,
29.2165
[58] Viral DNA 0 22 |0 11 | 0.5111 | 0.0095,
27.4591
[59] Viral DNA 0 11 |0 11 | 1.0000 | 0.0182,
54.8340
[61] | Viral DNA 7 3 1 6 14.0000 | 1.1352,
172.6502
(Continued)
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Table 4. (Continued)

Viral Study | Determinant

Species
EBV [51]
(HHV4)
[54]
[61]
CMV [48]
(HHV5)
[49]
[50]
[51]
[54]
(561"
[58]
[60]
[61]

IgE Abs
IgG Abs
Viral DNA
Viral DNA
IgG Abs
IgG Abs
IgE Abs
IgG Abs
Viral DNA
Viral DNA
Viral DNA

Viral DNA

Controls | logOR® | 95% CI (LB, Pooled logOR (95%CI) (p-value) P Cochran’s Q (p-value)
- UB)
7 135000 |0.5492, 1.70 (0.50-5.81) (p = 0.3949) 0.00% 1.0603 (p = 0.5885)
22.3045
26 | 1.1853 | 0.0595,
23.6108
4 0.8889 | 0.1252,
6.3105
9 57.0000 | 2.3614, DL: 3.40 (1.33, 8.68) (p<0.05); REML: DL: 9.20%; DL/REML: 8.82 (p = 0.3675);
1375.8509 3.65 (1.27, 10.46) (p<0.05) REML: 22.10%
1 2.6471 | 0.0931,
75.2901
7 1.2500 | 0.3368,
4.6389
8 16.0000 | 1.7883,
143.1561
26 | 82274 |0.4833,
140.0512
100 | 3.5263 | 0.0684,
181.6825
11 | 0.5111 | 0.0095,
27.4591
11 | 1.0000 | 0.0182,
54.8340
7 2.3684 | 0.0839,
66.8874

Abs, antibodies, AV, adenovirus; CMV, human cytomegalovirus; ELISA, enzyme linked immunosorbent assay; DL, Der-Simonian Laird (DL) 72 estimator; ES,

endolymphatic sac; EBV, Epstein-Barr virus; HSV-1/2, herpes simplex virus 1/2; I-A/B, influenza A/B; MV, Measles virus; ns, not-significant; PCR, polymerase chain

reaction; RAST, radioallergosorbent test; REML, restricted maximum likelihood 72 estimator, SG, Scarpa’s Ganglion.

a: [56] did not report enough individual participant data to compare indirect and direct measures of viral-infection, so separate estimates were made for each method of

ascertainment, one corresponding to a lower bound (L) and the other to a higher bound (H). As described in the methods, this was to ensure that individual participant

data did not contribute to pooling/overall-effects calculations more than once.

b: In the case of VZV and CMV, [56] ascertained infection using viral nucleic acids as the only determinant and did not report on host antiviral antibodies.

c: In calculating individual and pooled logORs, a Haldane-Anscombe correction (+0.5) was applied to any data tables where contingency tables had zero-counts across

cells from both groups.

https://doi.org/10.1371/journal.pone.0225650.1004

determinant of HSV-1-infection was specified within the methodology of 13 of 14 studies, and
11 of those reported data that was suitable for inclusion in the meta-analysis. From those 11
studies, two overall effect sizes were obtained under the DL estimator as [56] reported both
direct and indirect ascertainments of viral-infection, with effect sizes (logOR (95% C.1.)) of
1.70 (0.81-3.55) and 1.93 (0.91-4.08) according to the inclusion of the indirect and direct
ascertainments respectively, thus neither result was significant. Higgin’s I* was not substantial
under both the high and low DL estimates (7.2% and 15.81%), and Cochran’s Q was not-signif-
icant in both cases.

Herpes Simplex Virus-2 (HSV-2). No association was found between HSV-2 and MD,
and there was substantial heterogeneity beyond chance effect which was unable to be
accounted for by the methodological category of ascertainment (direct as opposed to indirect).
A determinant of HSV-2-infection was specified within the methodology of 11 of 14 studies,
and nine of those presented data that was adequate for pooling, contributing to a non-signifi-
cant overall effect size under the DL estimator (IogOR (95% C.1.)) of 1.44 (0.47-4.47). Higgin’s
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MD Control
Author(s) and Year + - + - Odds Ratio [95% CI]
Williams et al., 1987 0 11 0 11 <—-—> 1.00 [0.02, 55.04]
Welling et al., 1994 0 22 0 11 <—l—-—> 0.50[0.01, 26.92]
Takahashi et al., 2001 0 28 0 100 : = 357[007, 184.05]
Arnold and Niedermeyer, 1997 7 0 8 1 ' T 2.65[0.09, 75.29]
Yazawa et al., 2003 I 9 0 7 : . s> 237[008, 66.588]
Arenberg et al. , 1997 7 2 0 9 L e 57.00[236,1375.77)
Selmani et al. , 2004 21 138 0 26 r—-—» 8.23 [0.48, 140.04]
Calenoff et al. , 1995 8 2 2 8 — 16.00 [1.79, 143.15]
Bergstrom et al. , 1992 15 6 14 7 l—-—I—> 1.25[0.34, 4.64]
DL Model for All Studies (Q =8.82,df =8,p=0.37; > =9.2%) ———mm— 340 [1.33, 8.68]
REML Model for All Studies (Q = 8.82,df =8, p =0.37; > =22.1%) ———— 3.65 [1.27, 10.46]

I I I |
0.05 0.25 1 4

Odds Ratio

Fig 2. Odds of MD given evidence of CMV infection. The 95% C.I. for the OR obtained in each study down the page is represented by the confidence interval across
the page, and the exact values corresponding to the interval are presented on the RHS. The +0.5 values reflect the Anscombe-Haldane corrected data. The overall effects
obtained by pooled REML and DL inverse-variance estimators respectively are indicated by the solid black diamonds at the bottommost part of the figure, with the
respective Cochran’s Q and Higgin’s I* heterogeneity statistics presented alongside.

https://doi.org/10.1371/journal.pone.0225650.9002

I” was substantial (45.40%) leading to sub-group analysis, while Cochran’s Q was not signifi-
cant. Using the nature of ascertainment (serological or direct) as a moderator in mixed-effects
analysis, 10.77% of the overall heterogeneity was accounted for, however no significant overall
effect was identified in either subgroup.

Varicella Zoster Virus (VZV). No association was found between VZV and MD, and
there was substantial heterogeneity beyond chance effect which was unable to be accounted
for by the methodological category of ascertainment (direct as opposed to indirect). A deter-
minant of VZV-infection was specified within the methodology of 10 of 14 studies, and 10 of
those presented data that was adequate for pooling. Under the DL estimator (logOR (95% C.
L)), the overall effect size was, as determined by viral nucleic acids, 2.03 (0.32-12.81) (ns), and
as determined by host antiviral antibodies, 3.29 (0.54-20.06) (ns). Higgin’s I? was substantial
(51.90%) and Cochran’s Q was significant (14.55, p<0.05), and as such sub-group analysis was
performed. Using the nature of ascertainment (serological or direct) as a moderator in mixed-
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Fig 3. Sensitivity of the relationship between MD and CMV-infection to leave-one-out analyses. The overall effect
size(s) obtained by omitting any particular study is indicated in a descending (non-cumulative) manner, with the study
omitted indicated on the y-axis by (), and the respective effect sizes (log(OR)) presented along with 95% C.I. on the
RHS. The overall effect obtained prior to the omission of any study is indicated by the bottommost light grey diamond.
A: Sensitivity analysis (DL). B: Sensitivity analysis (REML).

https://doi.org/10.1371/journal.pone.0225650.9003

effects analysis, none of the overall heterogeneity was accounted and thus no significant overall
effect was identified in either subgroup.

Epstein-Barr Virus (EBV). No association was found between EBV and MD, and there
was no heterogeneity between the pooled studies beyond that expected by chance. A determi-
nant of EBV-infection was specified within the methodology of five of fourteen studies, and
three of those presented data that was adequate for pooling. Under the DL 7> estimator (logOR
(95% C.L)), the overall effect size was 1.70 (0.50-5.81), and thus not significant. Higgin’s s
was not substantial (0.00%), nor was Cochran’s Q significant.

Other viral species. Besides those viral species mentioned above, a determinant of infec-
tion by AV was specified in three studies while determinants of infection by MV, I-A/-B and
any other viral species were each assessed in two studies. However, the reporting of data was
not adequate for determination of ORs.

Sensitivity analyses

To assess the sensitivity of any reported associations to particular studies, leave-one-out analy-
ses were performed and are presented in Fig 3. Leave-one-out analyses did not reveal any clear
sensitivity of the association between CMV and MD to studies that could pose a high risk of
bias, however certain studies were required for the significance of the pooled effect. Under the
DL estimator, when Calenoff (1995; NOS rating of 3/4-2/2-3/3) was excluded, the overall effect
(logOR (95% C.1.)) was not significant 2.33 (0.93, 5.87). The omission of any other study
retained the significance of the DL estimated overall effect size. Under the REML estimator,
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! logOR [95% CI
—Arenberg et al., 1997 | 6.06 [1.98, 18.54]
-Arnold and Niedermeyer, 1997 = : 2.33[0.93, 5.87]
~Bergstrom et al., 1992 | 3.21[1.12, 9.23]
~Calenoff et al., 1995 - 1 2.491[1.03, 6.03]
~Selmani et al., 2004 4 1 3.75[1.28, 11.03]
-Takahashi et al., 2001 ! 3.72[1.26, 10.94]
~Welling et al., 1994 - : 3.61[1.25, 10.46]
-Williams et al., 1987 4 | 3.86 [1.44, 10.33]
-Yazawa et al., 2003 - | 3.84 [1.37,10.82]
1
Summary - : | ——— R — 3.40[1.33, 8.68]
'; 2.7‘18 7.3‘89 20.68
logOR

| logOR [95% CI
-Arenberg et al., 1997 ! 6.06 [1.98, 18.54]
~Arnold and Niedermeyer, 1997 = : 2.54[0.91, 7.10]
~Bergstrom et al., 1992 - | 3.34 [1.06, 10.58]
~Calenoff et al., 1995 T 2.68[0.99, 7.26]
—Selmani et al., 2004 1 3.88 [1.23, 12.24]
~Takahashi et al., 2001 4 | 3.83[1.21, 12.11]
~Welling et al., 1994 : 3.71[1.20, 11.41]
~Williams et al., 1987 | 4.21[1.39, 12.78]
-Yazawa et al., 2003 4 | 4.03[1.32, 12.35]
]
Summary : —— R — 3.65[1.27, 10.46]
1‘ 2,7‘18 7.3‘89 20.68
logOR

Fig 4. Distribution of studies by power around the measured and null relationship between MD and CMV-infection. In each
plot, the white, orange, red, and grey-striped regions represent p>0.1, 0.05<p<0.1, 0.01<p<0.05 and p<0.01 respectively. The y-
axes correspond to the standard error, variance, or the inverse of either, while the x-axes correspond to the logarithmically
transformed effect size, in this case measured as an OR. The vertical black reference lines are centered on zero for the standard
error and variance funnel plots, while they are centered on the estimate effect size for the inverse funnel-plots. The left-hand
column pane presents the plots for the DL estimator, while the right-hand column pane presents the plots for the REML estimator.

https://doi.org/10.1371/journal.pone.0225650.9004

the exclusion of either Calenoff et al. (1995; NOS rating of 3/4-2/2-3/3) or Arenberg et al.
(1997; NOS rating of 2/4-0/2-3/3) yielded non-significant overall effect sizes (logOR (95% C.
L)) of 2.54 (0.91, 7.10) and 2.68 (0.99, 7.25) respectively. The omission of any other study
retained significance of the REML estimated overall effect size.

Assessment of publication bias with regards to the CMV-MD association

In attempting to gauge any outstanding publication bias, studies which ascertained evidence of
CMV-infection were subject to funnel-plot analyses, themselves summarised in Fig 4. The fun-
nel-plot analyses did not indicate any small-study biases through quantitative assessment,
while visual inspection suggested that studies were clustered towards lower power in a non-lin-
ear fashion, but overall the power of the funnel-plot analyses was severely limited by the small
number of studies (<10). Duval and Tweedie’s trim and fill analysis for data imputation of
missing samples was not significant in either the DL (SE = 1.9045) or REML (SE = 1.8356) esti-
mators for the pooled OR of MD given CMV-infection. Egger’s regression test for funnel plot
asymmetry was not significant under either DL (z = 0.3476, p>0.05) or REML (z = 0.1467,
p>0.05) estimators for CMV overall effects. Moreover, there were no remarkable qualitative
findings of left-right asymmetry upon manual inspection of the funnel plots, nor were there
obvious differences between the DL and REML plots. The inverse standard error plots revealed
a (qualitatively discernible) coalescence of studies towards a lower power.
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Discussion
Overall findings

We identified 14 case-controlled studies of past or present viral-infection in MD and from
these we found a small association between CMV and MD, found no association between
other Herpesviridae and MD, and encountered insufficient data to quantify relationships
between any non-Herpesviridae species and MD.

The characteristics of the included studies were diverse. Data availability was comparably
higher for CMV than most other viral species. With regards to study quality, the overall
mean NOS ascertainment was 5/9, with our a priori selection criteria ensured all studies
employed molecularly-verified, case-controlled diagnostics. All of our included studies were
level ITT in the NHMRC evidence hierarchy. On the other hand, none of the included studies
conducted a priori power analyses nor justification for non-1:1 sampling in small (n<20)
studies. Furthermore, selection definitions of both MD and controls varied between studies,
and justifications thereof were not always clear. In particular, there was a less than ideal qual-
ity of reporting with regards to the health status of control group participants. The average
age of the participants (52.6 years) was determined from a sub-set of the included studies
due to reporting discrepancies, however this value reflects other epidemiological accounts of
MD. Thus, overall, we judge that the studies consisted in a moderate-, but not high-quality
evidence base.

Despite including determinants of viral-infection that were not specific to any particular
time-scale or state of infection (active or latent), no heterogeneity between pooled studies
beyond chance was present for CMV, HSV-1, or EBV, lowering the likelihood that the asso-
ciation found between CMV and MD is an artefact of pooling. Significant heterogeneity as
indicated by Higgin’s I for HSV-2 and both Higgin’s I* and Cochran’s Q for VZV warranted
sub-group analyses, for which we had hypothesized a priori that ‘direct’ as opposed to ‘indi-
rect’ ascertainments would account for some of that variance. In the case of HSV-2, the cate-
gory of ascertainment accounted for some heterogeneity but this reduction in variance was
not significant, as was the case for VZV, and thus residual variance for the pooling of these
viruses was unable to be explained merely by the collation of both kinds of ascertainment
data.

With regards to the association found between evidence of CMV-infection and MD,
nine studies were pooled together in determining the overall effect size. For those studies,
neither Higgin’s I nor Cochran’s Q were substantial or significant, indicating that variance
in the pooled-effect size was unlikely to be attributable to heterogeneity (alpha = 0.05).
Sensitivity analyses revealed that [51] was necessary for significance under both variance
estimators, while [48] was necessary for significance under REML, with those studies
respective NOS scores of 8/9 and 5/9 (and level IIT in the NHMRC hierarchy) suggesting
that the reported association was unlikely to be greatly affected by studies introducing a
high risk of bias.

In analyses for small-study and other potential publication biases through funnel plots,
there were no grounds for data imputation, nor was their evidence for significant funnel-plot
asymmetry, although visual inspection of the funnel plots indicated a non-linear clustering of
lower powered studies. However, given that only nine studies contributed to the pooled effect
sizes determined for the association between CMV and MD, it is unlikely that the funnel-plots
presented in this work are powerful indicators of publication biases [62]. Overall, based upon a
RE meta-analysis of currently available evidence, CMV shows a modest association with MD,
while none of HSV-1,-2, VZV, or EBV are associated, while the question of associations
between other viral species and MD is precluded by a lack of data.
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Strengths and limitations

To the best of our knowledge this is the first systematic review and meta-analysis of viral-infec-
tion in relation to MD, and beyond characterizing and appraising the literature, we found a
modest association between MD and evidence of past or present CMV-infection. We used a
broad search strategy in combination with an a priori semi-structured methodology. To mini-
mize study selection bias, we searched four online databases, supplemented with a hand search
of the reference lists of studies retrieved from those databases in an attempt to identify any
studies not indexed online, from which we found three studies. The methodological quality of
the included studies was systematically appraised by use of the NOS, which in conjunction
with the NHMRC guidelines, led us to conclude that the modest association found between
CMYV and MD is probably underpinned by a limited albeit moderate quality evidence base.
We included studies from a range of global regions, and this allowed us to address geographi-
cal and ethnic bias to some extent. Through our a priori study design, we tried to ensure that
eligible studies were those that were comparable at the outset by requiring the use of direct or
indirect molecular-determinants in their ascertainment of viral-infection. In fitting a model to
our RE meta-analysis, we used inverse-variance estimators of differing sensitivities in order to
further gauge the robustness of any overall effects. Further, we performed leave-one-out sensi-
tivity analyses and funnel-plot analyses so as to gauge how our results may have been affected
by studies that posed a greater risk of bias, a lack of data or publication bias.

Future studies might improve upon our methods in several regards. One of our main chal-
lenges was the clearly limited amount of eligible data, limiting the reliability of the association
we have found-this may be rectified in light of further primary data acquired in future studies.
Moreover, because the quality of studies from which our data was extracted was not optimal,
this limits the reliability of the presently described association. The nature of the described
association remains to be uncovered in future works, and it cannot be deduced from this work
alone for which subgroup(s) of those with MD this association may or may not be relevant.
We did not attempt to investigate the time-course of infections as our primary aim was to
assess whether there was an association between evidence of host viral-infection at the time of
study or any time previous, and eliciting how the temporality of viral-infection may impact a
relation to MD is an important question. Although our study identification was designed to be
as broad as possible, we only included articles written in the English language. We selected in
only case-controlled studies, which may have placed further constraints on an already limited
availability of molecularly verified investigations of viral-infection in MD. Inherent in the lim-
its of a case-control study is that the directionality of any association cannot be concluded
from the study data alone, and although methodologies can be optimized to control for con-
founding factors, the non-randomization of case-control studies was here an unavoidable limi-
tation. Given the range of years, locations, and aims involved in the included studies, we used
a RE analysis, but the limited availability of data rendered it difficult to determine precisely to
what degree our combining of direct and indirect ascertainments influenced the overall results.
Although the quantitative measures of heterogeneity did not indicate substantial or significant
heterogeneity with respect to the described association, studies differed qualitatively in several
important regards. The included studies appealed to a variety of inclusion criteria, i.e., that did
not entirely overlap. The included studies also investigated a range of viruses as a whole, but
only a few of these viruses were investigated across most of the studies. Ideally, future meta-
analyses would have enough data to measure each overall effect with respect to a more fine-
grained constraint on the methodology. Most of the included studies used control groups that
had comorbidities, for example, vestibular schwannoma, as opposed to more healthy controls.
Finally, despite the use of a semi-structured a priori methodology, our review was not pre-
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registered with PROSPERO, which is emerging as a preferred method for the undertaking of
systematic reviews [63].

Implications

The idea that viruses, especially those of the Herpesviridae family, might contribute to the path-
ogenesis of MD has remain disputed for some time. The 2008 review of Oliviera and colleagues
concluded it to be unlikely that MD had any demonstrable viral etiopathology [15]. On the
other hand, contemporaneous work by Gacek concluded that overall, MD simply is the mani-
festation of viral-infection of the inner-ear [18]. In the context of various experimental models
of MD thus far, viral pathogens have acted as powerful mediators of EH, itself arguably a cru-
cial component of the MD puzzle [8, 11, 12]. Yet whether such experimental virulence could
be of relevance to the clinical setting has remained unclear. Though we did not make an a pri-
ori prediction, under our analyses, we found a history of CMV-infection (past or present) is
associated with MD. CMYV infection, especially in congenital contexts, has been identified as
among the most prevalent of the infective etiopathologies of SNHL, with deleterious conse-
quences almost invariably for hearing and often too the vestibular system [64-66]. Moreover,
CMV has been suggested to lead to hydropic ear disease, and so too has EH been linked to
immune-mediated inner-ear disease [67, 68]. So CMV is probably influential for a variety of
pathophysiological processes of the vestibular and cochlear labyrinths that are themselves asso-
ciated strongly with MD, and thus too in MD CMV-infection may be a factor in facilitating
dysregulation of the inner-ear labyrinths, a hypothesis suggested by Arenberg and colleagues
[48]. Finally, since CMV is a known pathogen for a variety of immune-mediated etiopatholo-
gies of the inner-ear, it is plausible that CMV influences MD via pro-inflammatory states, a
hypothesis which integrates with pre-established etiological frameworks suggesting a potential
role for infectious pathogens in MD.

Until more is known about the potential influence of CMV on MD, in particular whether
this association holds in more rigorous clinical studies with, for one, clinically sub-grouped
participants, and for another, viral nucleic acid determinants in each setting, the presently
described association is not yet relevant to clinical practice. Trials of antiviral pharmacother-
apy have not demonstrated any convincing or reliable efficacy thus far [29]. The diversity of
viral involvements described here in terms of both species and natural history (severity and
time-course) implies that future trials of antiviral pharmacotherapy for MD should carefully
consider the goal of such therapy in relation to the pathophysiology of MD. For one, if only a
small proportion of those with MD suffer from a virally-mediated form of the disease, this
would need to be taken account in power-analyses or selection measures of future studies. If,
on the other hand, viral-infection is merely an exacerbating factor for MD, then this would
need to be taken into account in terms of the design of study outcomes. If, else, viral-infection
is associated with MD but does not mediate the disease, this might imply a redundancy of anti-
viral pharmacotherapy. Overall, with regards to the prospects of future trials of antivirals in
MD, in making any sort of judgement of whom with MD antiviral pharmacotherapy might be
indicated, it seems that an initial point of order is to try and better understand any potential
epidemiological relationships between viral infection and MD.

Thus, while we have described an association between CMV-infection and MD, the evi-
dence underpinning this association needs to be improved upon in several regards if the asso-
ciation is to be not only elicited but also demonstrated rigorously enough so as to inform
clinical practice. On the one hand, further observational studies in the clinical setting, particu-
larly those which employ molecular verification, would probably aid in coming to a more reli-
able and perhaps more accurate understanding of the epidemiological aspect of this viral
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association. In particular, any future clinical studies should seek to more rigorously define
selection criteria for the case and control groups, improve the clarity and consistency of
reporting of the qualitative characteristics of both types of groups, and provide more thorough
justifications of whether or not individual participants could be considered to be ‘healthy’, or
at least not suffering from any condition that may have confounded the association found in
the present study. Beyond the clinical setting, experimental investigations would be of chief
importance for understanding how CMV and other viral pathogens might influence or else
relate to the pathophysiology of MD. With regards to experimental investigations of viral-
infection in MD-models, the beginnings of such investigations have been conducted, although
such investigations are particularly difficult given the lack of understanding of MD in general
[69-72]. In the last decade or so, models of particular components of MD pathophysiology
have become more accessible due to increased efficiency and cost-effectiveness afforded by
simple genetic models such as that of the Phex mouse for modelling EH [73]. The increased
availability of such models affords the potential for an increased range of analyses of the poten-
tial consequences of viral-infection of the inner-ear in the context of MD.

Conclusion

Here, we systematically reviewed evidence of past or present viral-infection in MD from case-
controlled observational molecular studies; we did not restrict our analyses to particular sub-
groups of MD or particular viral species. We identified a 14-study body of evidence, from
which we found a modest association whereby the odds of MD were greater given evidence
CMV-infection. However, the amount of data used to calculate this association was limited
and this finding would in future need to be supported by more evidence, preferably too of a
higher quality. Other viruses such as influenza-A, -B, and adenovirus have been investigated in
relation to MD, but such data was too limited for meta-analysis.

Supporting information

S1 Table. PRISMA checklist. From: Moher D, Liberati A, Tetzlaff J, Altman DG, The
PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses:
The PRISMA Statement. PLoS Med 6(7): €1000097. doi:10.1371/journal.pmed1000097.
(DOC)

$2 Table. MOOSE checklist. From: Stroup DF, Berlin JA, Morton SC, et al, for the Meta-anal-
ysis Of Observational Studies in Epidemiology (MOOSE) Group. Meta-analysis of Observa-
tional Studies in Epidemiology. A Proposal for Reporting. JAMA. 2000;283(15):2008-2012.
doi: 10.1001/jama.283.15.2008.

(DOC)

Author Contributions

Conceptualization: Nicholas John Dean, Christopher Pastras, Daniel Brown, Aaron Camp.
Investigation: Nicholas John Dean.

Methodology: Nicholas John Dean, Aaron Camp.

Writing - original draft: Nicholas John Dean, Aaron Camp.

Writing - review & editing: Christopher Pastras, Daniel Brown, Aaron Camp.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225650 November 22, 2019 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225650.s001
https://doi.org/10.1371/journal.pmed1000097
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225650.s002
https://doi.org/10.1001/jama.283.15.2008
https://doi.org/10.1371/journal.pone.0225650

@ PLOS|ONE

Viral-infection and the etiology of Méniére’s Disease

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Baloh RW. Prosper Méniére and his disease. Arch Neurol. 2001; 58(7): 1151—1156. https://doi.org/10.
1001/archneur.58.7.1151 PMID: 11448308

Nakashima T, Pyykkd |, Arroll MA, Casselbrant ML, Foster CA, Manzoor NF, et al. Meniere’s disease.
Nat Rev Dis Primers. 2016; 2. https://doi.org/10.1038/nrdp.2016.28 PMID: 27170253

Lopez-Escamez JA, Batuecas-Caltrio A, Bisdorff A. Towards personalized medicine in Méniére’s dis-
ease. F1000. 2018; 7: 1295. https://doi.org/10.12688/f1000research.14417.1 PMID: 30430003

Vassiliou A, Vlastarakos PV, Maragoudakis P, Candiloros D, Nikolopoulos TP. Meniere’s disease: still a
mystery disease with a difficult differential diagnosis. Ann Indian Acad Neurol. 2011; 14(1): 12-18.
https://doi.org/10.4103/0972-2327.78043 PMID: 21633608

Gazquez |, Requena T, Espinosa JM, Batuecas A, Lopez-Escamez JA. Genetic and clinical heteroge-
neity in Meniere’s disease. Autoimmun Rev. 2012; 11(12): 925-926. https://doi.org/10.1016/j.autrev.
2012.02.020 PMID: 22415020

Frejo L, Soto-Varela A, Santos-Perez S, Aran |, Batuecas-Caletrio A, Perez-Guillen V, et al. Clinical
Subgroups in Bilateral Meniere Disease. Front Neurol. 2016; 7. https://doi.org/10.3389/fneur.2016.
00182 PMID: 27822199

Vrabec JT. Genetic Investigations of Meniere’s disease. Otolaryngol Clin North Am. 2010; 43(5):
1121-1132. https://doi.org/10.1016/j.0tc.2010.05.010 PMID: 20713249

Derebery MJ, Berliner K. Allergy and Its Relation to Meniere’s Disease. Otolaryngol Clin North Am.
2010; 43(5): 1047—1058. https://doi.org/10.1016/j.0tc.2010.05.004 PMID: 20713244

Salt AN, Plontke SK. Endolymphatic Hydrops: Pathophysiology and Experimental Models. Otolaryngol
Clin. 2010; 43(5): 971-983

Gurkov R. (2017). "Meniere and Friends: Imaging and Classification of Hydropic Ear Disease." Otol
Neurotol 38(10): €539-e544. https://doi.org/10.1097/MAO.0000000000001479 PMID: 29135874

Gurkov R., Jerin C., Flatz W. and Maxwell R. (2019). "Clinical manifestations of hydropic ear disease
(Meniere’s)." Eur Arch Otorhinolaryngol 276(1): 27—40. https://doi.org/10.1007/s00405-018-5157-3
PMID: 30306317

Greco A, Gallo A, Fusconi M, Marinelli C, Macri GF, de Vincentiis M. Meniere’s disease might be an
autoimmune condition? Autoimmun Rev. 2012; 11(10): 731-738. https://doi.org/10.1016/j.autrev.
2012.01.004 PMID: 22306860

Flook M, Escamez JAL. Meniere’s Disease: Genetics and the Immune System. Current Otorhinolaryn-
gology Reports. 2018; 6(1): 24-31.

Davis LE, Johnsson LG. Viral infections of the inner ear: clinical, virologic, and pathologic studies in
humans and animals. Am J Otolaryngol. 1983; 4(5): 347-362. https://doi.org/10.1016/s0196-0709(83)
80022-2 PMID: 6314834

Oliveira CA, Sampaio AL, Bahmad FM Jr., Aratjo MFS. Viral Etiology for Inner Ear Diseases: Proven,
Unproven, Unlikely. ORL. 2008; 70: 42-51. https://doi.org/10.1159/000111047 PMID: 18235205

Adour KK, Byl FM, Hilsinger RL Jr, Wilcox RD. Méniére’s disease as a form of cranial polyganglionitis.
Laryngoscope. 1980; 90(3): 392—-398. https://doi.org/10.1002/lary.5540900304 PMID: 7359961

Schuknecht HF, Benitez JT, Beekhuis J. LXXXIII Further Observations on the Pathology of Meniére’s
Disease. Ann Otol Rhinol. 1962; 71(4): 1039-1053.

Gacek RR. Méniére’s Disease Is a Viral Neuropathy. ORL. 2009; 71: 78-86. https://doi.org/10.1159/
000189783 PMID: 19142031

Oliveira CA, Sampaio AL, Bahmad FM Jr., Aratjo MFS. Viral Etiology for Inner Ear Diseases: Proven,
Unproven, Unlikely. ORL. 2008; 70: 42—51. https://doi.org/10.1159/000111047 PMID: 18235205

Mirza S, Gokhale S. Pathophysiology of Meniere’s Disease. In: Bahmad F Jr. editor. Up to Date on
Meniere’s Disease. IntechOpen; 2017. https://doi.org/10.5772/66388 Available from: https://www.
intechopen.com/books/up-to-date-on-meniere-s-disease/pathophysiology-of-meniere-s-disease.

Xu F, Schillinger JA, Sternberg MR, Johnson RE, Lee FK, Nahmias AJ, et al. Seroprevalence and coin-
fection with herpes simplex virus type 1 and type 2 in the United States, 1988—1994. J Infect Dis. 2002;
185(8): 1019-1024. https://doi.org/10.1086/340041 PMID: 11930310

Souf S. Recent advances in diagnostic testing for viral infections. Biosci Horizons. 2016; 9. https://doi.
org/10.1093/biohorizons/hzw010

Struelens MJ, Brisse S. From molecular to genomic epidemiology: transforming surveillance and control
of infectious diseases. Euro Surveill. 2013; 18(4): 20386. https://doi.org/10.2807/ese.18.04.20386-en
PMID: 23369387

PLOS ONE | https://doi.org/10.1371/journal.pone.0225650 November 22, 2019 20/23


https://doi.org/10.1001/archneur.58.7.1151
https://doi.org/10.1001/archneur.58.7.1151
http://www.ncbi.nlm.nih.gov/pubmed/11448308
https://doi.org/10.1038/nrdp.2016.28
http://www.ncbi.nlm.nih.gov/pubmed/27170253
https://doi.org/10.12688/f1000research.14417.1
http://www.ncbi.nlm.nih.gov/pubmed/30430003
https://doi.org/10.4103/0972-2327.78043
http://www.ncbi.nlm.nih.gov/pubmed/21633608
https://doi.org/10.1016/j.autrev.2012.02.020
https://doi.org/10.1016/j.autrev.2012.02.020
http://www.ncbi.nlm.nih.gov/pubmed/22415020
https://doi.org/10.3389/fneur.2016.00182
https://doi.org/10.3389/fneur.2016.00182
http://www.ncbi.nlm.nih.gov/pubmed/27822199
https://doi.org/10.1016/j.otc.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20713249
https://doi.org/10.1016/j.otc.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20713244
https://doi.org/10.1097/MAO.0000000000001479
http://www.ncbi.nlm.nih.gov/pubmed/29135874
https://doi.org/10.1007/s00405-018-5157-3
http://www.ncbi.nlm.nih.gov/pubmed/30306317
https://doi.org/10.1016/j.autrev.2012.01.004
https://doi.org/10.1016/j.autrev.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22306860
https://doi.org/10.1016/s0196-0709(83)80022-2
https://doi.org/10.1016/s0196-0709(83)80022-2
http://www.ncbi.nlm.nih.gov/pubmed/6314834
https://doi.org/10.1159/000111047
http://www.ncbi.nlm.nih.gov/pubmed/18235205
https://doi.org/10.1002/lary.5540900304
http://www.ncbi.nlm.nih.gov/pubmed/7359961
https://doi.org/10.1159/000189783
https://doi.org/10.1159/000189783
http://www.ncbi.nlm.nih.gov/pubmed/19142031
https://doi.org/10.1159/000111047
http://www.ncbi.nlm.nih.gov/pubmed/18235205
https://doi.org/10.5772/66388
https://www.intechopen.com/books/up-to-date-on-meniere-s-disease/pathophysiology-of-meniere-s-disease
https://www.intechopen.com/books/up-to-date-on-meniere-s-disease/pathophysiology-of-meniere-s-disease
https://doi.org/10.1086/340041
http://www.ncbi.nlm.nih.gov/pubmed/11930310
https://doi.org/10.1093/biohorizons/hzw010
https://doi.org/10.1093/biohorizons/hzw010
https://doi.org/10.2807/ese.18.04.20386-en
http://www.ncbi.nlm.nih.gov/pubmed/23369387
https://doi.org/10.1371/journal.pone.0225650

@ PLOS|ONE

Viral-infection and the etiology of Méniére’s Disease

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Gacek RR. The pathology of facial and vestibular neuronitis. Am J Otolaryngol. 1999; 20: 202—210.
https://doi.org/10.1016/s0196-0709(99)90001-7 PMID: 10442771

Gacek RR. Evidence for viral neuropathy in recurrent vertigo. ORL. 2008; 70: 6—15. https://doi.org/10.
1159/000111042 PMID: 18235200

Gacek RR, Gacek MR. Meniére’s disease as a manifestation of vestibular ganglionitis. Am J Otolaryn-
gol. 2001; 22(4): 241-250. https://doi.org/10.1053/ajot.2001.24822 PMID: 11464320

Palva T, Hortling L, Ylikoski J, Collan Y. Viral culture and electron microscopy of ganglion cells in
Meniere’s disease and Bell’s palsy. Acta Otolaryngol. 1978; 86(3—4): 269-275. https://doi.org/10.3109/
00016487809124746 PMID: 212928

Wackym PA, Storper IS, Fu YS, House WF, Ward PH. Differential diagnosis of virus-like particles in the
human inner ear. Am J Otol. 1992; 13(5): 431-437. PMID: 1443078

Dimitriadis PA, Zis P. Nocebo Effect in Meniére’s Disease: A Meta-analysis of Placebo-controlled Ran-
domized Controlled Trials. Otol Neurotol. 2017; 38: 1370-1375. https://doi.org/10.1097/MAO.
0000000000001555 PMID: 28832394

Guyot JP, Maire R, Delaspre O. Intratympanic application of an antiviral agent for the treatment of
Méniére’s disease. ORL. 2008; 70(1): 21-26. https://doi.org/10.1159/000111044 PMID: 18235202

Derebery MJ, Fisher LM, Igbal Z. Randomized double-blinded, placebo-controlled trial of famciclovir for
reduction of Méniére’s disease symptoms. Otolaryngol Head Neck Surg. 2004; 131(6): 877—-884.
https://doi.org/10.1016/j.otohns.2004.08.012 PMID: 15577784

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev. 2015; 4(1).
https://doi.org/10.1186/2046-4053-4-1 PMID: 25554246

Stroup DF, Berlin JA, Morton SC, Olkin |, Williamson GD, Rennie D et al. Meta-analysis of observational
studies in epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in Epidemiol-
ogy (MOOSE) group. JAMA. 2000; 283(15): 2008—2012. https://doi.org/10.1001/jama.283.15.2008
PMID: 10789670

Committee on Hearing and Equilibrium. Committee on Hearing and Equilibrium guidelines for the diag-
nosis and evaluation of therapy in Meniére’s disease. American Academy of Otolaryngology-Head and
Neck Foundation, Inc. Otolaryngol Head Neck Surg. 1995; 113(3): 181—185. https://doi.org/10.1016/
S0194-5998(95)70102-8 PMID: 7675476

Goebel JA. 2015 Equilibrium Committee Amendment to the 1995 AAO-HNS Guidelines for the Defini-
tion of Méniére’s Disease. Otolaryngol Head Neck Surg. 2016; 154(3): 403—404.

Lopez-Escamez JA, Carey J, Chung WH, Goebel JA, Magnusson M, Mandala M et al. Diagnostic crite-
ria for Meniere’s disease. J Vestib Res; 25(1): 1-7. https://doi.org/10.3233/VES-150549 PMID:
25882471

Brister JR, Ako-Adjei D, Bao Y, Blinkova O. NCBI viral genomes resource. Nucleic Acids Res. 2015; 43
(Database issue): D571-577. https://doi.org/10.1093/nar/gku1207 PMID: 25428358

Dekkers OM, Vandenbroucke JP, Cevallos M, Renehan AG, Altman DG, Egger M. COSMOS-E: Guid-
ance on conducting systematic reviews and meta-analyses of observational studies of etiology. PLOS
Medicine. 2019. https://doi.org/10.1371/journal.pmed.1002742 PMID: 30789892

Bero L, Chartres N, Diong J, Fabbri A, Ghersi D, Lam J et al. The risk of bias in observational studies of
exposures (ROBINS-E) tool: concerns arising from application to observational studies of exposures.
Syst Rev. 2018; 7. https://doi.org/10.1186/s13643-018-0915-2 PMID: 30577874

Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, et al. The Newcastle-Ottawa Scale
(NOS) for assessing the quality of nonrandomised studies in meta-analyses. Available from: http://
www.ohri.ca/programs/clinical_epidemiology/oxford.asp.

NHMRC. NHMRC additional levels of evidence and grades for recommendations for developers of
guidelines. Australian Government, 2009. Available from: https://www.mja.com.au/sites/default/files/
NHMRC.levels.of.evidence.2008-09.pdf.

Viechtbauer W. Conducting Meta-Analyses in R with the metafor Package. J Stat Soft. 2010; 36(3).
https://doi.org/10.18637/jss.v036.i103

Schild AH, Voracek M. Finding your way out of the forest without a trail of breadcrumbs: development
and evaluation of two novel displays of forest plots. Res Synth Methods. 2015; 6(1): 74—86. https://doi.
org/10.1002/jrsm.1125 PMID: 26035471

Higgins JPT, Green S. Studies with zero-cell counts. In: The Cochrane Handbook for Systematic
Reviews of Interventions [updated March 2011]. Available from: https://handbook-5-1.cochrane.org/
chapter_16/16_9_2_studies_with_zero_cell_counts.htm

Ruxton GD, Neuhauser M. Review of alternative approaches for the odds ratio calculation of a 2x2 con-
tingency table. Methods Ecol Evol. 2013; 4: 9-13.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225650 November 22, 2019 21/23


https://doi.org/10.1016/s0196-0709(99)90001-7
http://www.ncbi.nlm.nih.gov/pubmed/10442771
https://doi.org/10.1159/000111042
https://doi.org/10.1159/000111042
http://www.ncbi.nlm.nih.gov/pubmed/18235200
https://doi.org/10.1053/ajot.2001.24822
http://www.ncbi.nlm.nih.gov/pubmed/11464320
https://doi.org/10.3109/00016487809124746
https://doi.org/10.3109/00016487809124746
http://www.ncbi.nlm.nih.gov/pubmed/212928
http://www.ncbi.nlm.nih.gov/pubmed/1443078
https://doi.org/10.1097/MAO.0000000000001555
https://doi.org/10.1097/MAO.0000000000001555
http://www.ncbi.nlm.nih.gov/pubmed/28832394
https://doi.org/10.1159/000111044
http://www.ncbi.nlm.nih.gov/pubmed/18235202
https://doi.org/10.1016/j.otohns.2004.08.012
http://www.ncbi.nlm.nih.gov/pubmed/15577784
https://doi.org/10.1186/2046-4053-4-1
http://www.ncbi.nlm.nih.gov/pubmed/25554246
https://doi.org/10.1001/jama.283.15.2008
http://www.ncbi.nlm.nih.gov/pubmed/10789670
https://doi.org/10.1016/S0194-5998(95)70102-8
https://doi.org/10.1016/S0194-5998(95)70102-8
http://www.ncbi.nlm.nih.gov/pubmed/7675476
https://doi.org/10.3233/VES-150549
http://www.ncbi.nlm.nih.gov/pubmed/25882471
https://doi.org/10.1093/nar/gku1207
http://www.ncbi.nlm.nih.gov/pubmed/25428358
https://doi.org/10.1371/journal.pmed.1002742
http://www.ncbi.nlm.nih.gov/pubmed/30789892
https://doi.org/10.1186/s13643-018-0915-2
http://www.ncbi.nlm.nih.gov/pubmed/30577874
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://www.mja.com.au/sites/default/files/NHMRC.levels.of.evidence.2008-09.pdf
https://www.mja.com.au/sites/default/files/NHMRC.levels.of.evidence.2008-09.pdf
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1002/jrsm.1125
https://doi.org/10.1002/jrsm.1125
http://www.ncbi.nlm.nih.gov/pubmed/26035471
https://handbook-5-1.cochrane.org/chapter_16/16_9_2_studies_with_zero_cell_counts.htm
https://handbook-5-1.cochrane.org/chapter_16/16_9_2_studies_with_zero_cell_counts.htm
https://doi.org/10.1371/journal.pone.0225650

@ PLOS|ONE

Viral-infection and the etiology of Méniére’s Disease

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sterne JA, Egger M. Funnel plots for detecting bias in meta-analysis: guidelines on choice of axis. J Clin
Epidemiol. 2001; 54(10): 1046—1055. https://doi.org/10.1016/s0895-4356(01)00377-8 PMID:
11576817

Duval S, Tweedie R. Trim and fill: A simple funnel-plot-based method of testing and adjusting for publi-
cation bias in meta-analysis. Biometrics. 2000; 56(2): 455—463. https://doi.org/10.1111/j.0006-341x.
2000.00455.x PMID: 10877304

Arenberg IK, Cabriac G, Marks S, Arenberg JG, Pfeiffer PR, Murray RS. Cytomegalovirus antibodies in
endolymphatic sac biopsies of patients with endolymphatic hydrops and Méniére’s disease. AnnN 'Y
Acad Sci. 1997; 830: 314—318. https://doi.org/10.1111/j.1749-6632.1997.tb51902.x PMID: 9616690

Arnold W, Niedermeyer HP. Herpes simplex virus in the perilymph of patients with Meniére disease.
Arch Otolaryngol Head Neck Surg. 1997; 123(1): 53-56. https://doi.org/10.1001/archotol.1997.
01900010061008 PMID: 9006503

Bergstrom T, Edstrom S, Tjellstrdom A, Vahine A. Méniere’s disease and antibody reactivity to herpes
simplex virus type 1 polypeptides. Am J Otolaryngol. 1992; 13(5): 295-300. https://doi.org/10.1016/
0196-0709(92)90051-t PMID: 1337422

Calenoff E, Zhao JC, Derlacki EL, Harrison WH, Selmeczi K, Dutra K et al. Patients with Meniére’s dis-
ease possess IgE reacting with herpes family viruses. Arch Otolaryngol Head Neck Surg. 1995; 121(8):
861-864. https://doi.org/10.1001/archotol.1995.01890080029005 PMID: 7619410

Gartner M, Bossart W, Linder T. Herpes virus and Méniére’s disease. ORL. 2008; 70(1): 28-31. https:/
doi.org/10.1159/000111045 PMID: 18235203

Pyykké I, Zou J. Do viruses cause inner ear disturbances? ORL. 2008; 70(1): 32—40. https://doi.org/10.
1159/000111046 PMID: 18235204

Selmani Z, Ishizaki H, Seppala |, Pyykkd I. IS MENIERE’S DISEASE A CONSEQUENCE OF A PATH-
OLOGICAL IMMUNE RESPONSE TRIGGERED BY VIRAL INFECTION? AJO. 2004; 7(2): 77-82.

Selmani Z, Marttila T, Pyykk® I. Incidence of virus infection as a cause of Meniere’s disease or endolym-
phatic hydrops assessed by electrocochleography. Eur Arch Otorhinolaryngol. 2005; 262: 331-334.
https://doi.org/10.1007/s00405-004-0816-y PMID: 15235799

Takahashi K, Aono T, Shichinohe M, Tamura M, Iwata Y, Yamanishi K et al. Herpesvirus DNA in Periph-
eral Blood Mononuclear Cells of Some Patients with Meniere’s Disease. Microbiol Immunol. 2001; 45
(9): 635-638. https://doi.org/10.1111/j.1348-0421.2001.tb01296.x PMID: 11694075

Vrabec JT. Herpes Simplex Virus and Meniere’s Disease. Laryngoscope. 2003; 113: 1431-1438.
https://doi.org/10.1097/00005537-200309000-00002 PMID: 12972911

Welling DB, Daniels RL, Brainard J, Western LM, Prior TW. Detection of viral DNA in endolymphatic
sac tissue from Meniere’s disease patients. Am J Otol. 1994; 15(5): 639-643. PMID: 8572065

Welling DB, Miles BA, Western L, Prior TW. Detection of viral DNA in vestibular ganglia tissue from
patients with Meniére’s disease. Am J Otol. 1997; 18(6): 734—737. PMID: 9391669

Williams MD, Lowery HW, Shannon BT. Evidence of Persistent Viral Infection in Meniere’s Disease.
Arch Otolaryngol Head Neck Surg. 1987; 113: 397—400. https://doi.org/10.1001/archotol.1987.
01860040059017 PMID: 3814390

Yazawa Y, Suzuki M, Hanamitsu M, Kimura H, Tooyama |. Detection of Viral DNA in the Endolymphatic
Sac in Méniére’s Disease by in situ hybridization. ORL. 2003; 65: 162—168. https://doi.org/10.1159/
000072254 PMID: 12925817

Lau J, loannidis JPA, Terrin N, Schmid CH, Olkin I. The case of the misleading funnel plot. BMJ. 2006;
333(7568): 597—600. https://doi.org/10.1136/bm|.333.7568.597 PMID: 16974018

Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015: elaboration and explanation. BMJ.
2015; 349: g7647.

Goderis J, De LeenHeer E, Smets K, Van Hoecke H, Keymeulen A, Dhooge I. Hearing loss and congen-
ital CMV infection: a systematic review. Pediatrics. 2014; 134(5): 972-982. https://doi.org/10.1542/
peds.2014-1173 PMID: 25349318

Zagolski O. Vestibular-evoked myogenic potentials and caloric stimulation in infants with congenital
cytomegalovirus infection. J Laryngol Otol. 2008; 122(6): 575-579.

Strauss M. Human cytomegalovirus labyrinthitis. Am J Otolaryngol. 1990; 11(5): 292—-298. https://doi.
org/10.1016/0196-0709(90)90057-3 PMID: 2176062

Kamei T. Delayed Endolymphatic Hydrops as a Clinical Entity. Int Tinnitus J. 2004; 10(2): 137—143.
PMID: 15732511

Lobo D, Tufion M, Villarreal |, Brea B, Garcia-Berrocal JR. Intratympanic gadolinium magnetic reso-
nance imaging supports the role of endolymphatic hydrops in the pathogenesis of immune-mediated

PLOS ONE | https://doi.org/10.1371/journal.pone.0225650 November 22, 2019 22/23


https://doi.org/10.1016/s0895-4356(01)00377-8
http://www.ncbi.nlm.nih.gov/pubmed/11576817
https://doi.org/10.1111/j.0006-341x.2000.00455.x
https://doi.org/10.1111/j.0006-341x.2000.00455.x
http://www.ncbi.nlm.nih.gov/pubmed/10877304
https://doi.org/10.1111/j.1749-6632.1997.tb51902.x
http://www.ncbi.nlm.nih.gov/pubmed/9616690
https://doi.org/10.1001/archotol.1997.01900010061008
https://doi.org/10.1001/archotol.1997.01900010061008
http://www.ncbi.nlm.nih.gov/pubmed/9006503
https://doi.org/10.1016/0196-0709(92)90051-t
https://doi.org/10.1016/0196-0709(92)90051-t
http://www.ncbi.nlm.nih.gov/pubmed/1337422
https://doi.org/10.1001/archotol.1995.01890080029005
http://www.ncbi.nlm.nih.gov/pubmed/7619410
https://doi.org/10.1159/000111045
https://doi.org/10.1159/000111045
http://www.ncbi.nlm.nih.gov/pubmed/18235203
https://doi.org/10.1159/000111046
https://doi.org/10.1159/000111046
http://www.ncbi.nlm.nih.gov/pubmed/18235204
https://doi.org/10.1007/s00405-004-0816-y
http://www.ncbi.nlm.nih.gov/pubmed/15235799
https://doi.org/10.1111/j.1348-0421.2001.tb01296.x
http://www.ncbi.nlm.nih.gov/pubmed/11694075
https://doi.org/10.1097/00005537-200309000-00002
http://www.ncbi.nlm.nih.gov/pubmed/12972911
http://www.ncbi.nlm.nih.gov/pubmed/8572065
http://www.ncbi.nlm.nih.gov/pubmed/9391669
https://doi.org/10.1001/archotol.1987.01860040059017
https://doi.org/10.1001/archotol.1987.01860040059017
http://www.ncbi.nlm.nih.gov/pubmed/3814390
https://doi.org/10.1159/000072254
https://doi.org/10.1159/000072254
http://www.ncbi.nlm.nih.gov/pubmed/12925817
https://doi.org/10.1136/bmj.333.7568.597
http://www.ncbi.nlm.nih.gov/pubmed/16974018
https://doi.org/10.1542/peds.2014-1173
https://doi.org/10.1542/peds.2014-1173
http://www.ncbi.nlm.nih.gov/pubmed/25349318
https://doi.org/10.1016/0196-0709(90)90057-3
https://doi.org/10.1016/0196-0709(90)90057-3
http://www.ncbi.nlm.nih.gov/pubmed/2176062
http://www.ncbi.nlm.nih.gov/pubmed/15732511
https://doi.org/10.1371/journal.pone.0225650

@ PLOS|ONE

Viral-infection and the etiology of Méniére’s Disease

69.

70.

71.

72.

73.

inner-ear disease. J Laryngol Otol. 2018; 132(6): 554—-559. https://doi.org/10.1017/
S0022215118000749 PMID: 29888688

Himmelein S, Lindemann A, Sinicina I, Horn AKE, Brandt T, Strupp M et al. Differential Involvement dur-
ing Latent Herpes Simplex Virus 1 Infection of the Superior and Inferior Divisions of the Vestibular Gan-
glia: Implications for Vestibular Neuritis. J Virol. 2017; 91(14): e003310-e003317.

Fukuda S, Keithley EM, Harris JP. The development of endolymphatic hydrops following CMV inocula-
tion of the endolymphatic sac. Laryngoscope. 1988; 94(4): 439-443.

Fukuda S, Keithley EM, Harris JP. Experimental cytomegalovirus infection: Viremic spread to the inner
ear. Am J Otolaryngol. 1988; 9(3): 135-141. https://doi.org/10.1016/s0196-0709(88)80019-x PMID:
2845828

Keithley EM, Woolf NK, Harris JP. Development of morphological and physiological changes in the
cochlea induced by cytomegalovirus. Laryngoscope. 1989; 99(4): 409—414. https://doi.org/10.1288/
00005537-198904000-00010 PMID: 2538687

Wick CC, Semaan MT, Zheng QY, Megerian CA. A Genetic Murine Model of Endolymphatic Hydrops:
The Phex Mouse. Curr Otorhinolaryngol Rep. 2014; 2(3): 144—151. https://doi.org/10.1007/s40136-
014-0048-7 PMID: 25309828

PLOS ONE | https://doi.org/10.1371/journal.pone.0225650 November 22, 2019 23/23


https://doi.org/10.1017/S0022215118000749
https://doi.org/10.1017/S0022215118000749
http://www.ncbi.nlm.nih.gov/pubmed/29888688
https://doi.org/10.1016/s0196-0709(88)80019-x
http://www.ncbi.nlm.nih.gov/pubmed/2845828
https://doi.org/10.1288/00005537-198904000-00010
https://doi.org/10.1288/00005537-198904000-00010
http://www.ncbi.nlm.nih.gov/pubmed/2538687
https://doi.org/10.1007/s40136-014-0048-7
https://doi.org/10.1007/s40136-014-0048-7
http://www.ncbi.nlm.nih.gov/pubmed/25309828
https://doi.org/10.1371/journal.pone.0225650

