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Editorial on the Research Topic

Hydropic Ear Disease: Imaging and functional evaluation

Recent developments and advances in the objective methods of evaluating endolymphatic hydrops and its related inner ear diseases have led to a better understanding of inner ear disease. Twenty-one valuable articles have been published in this issue of the research topic “Hydropic Ear Disease: Imaging and functional evaluation” on the advances in diagnostic imaging and techniques for measuring the function of the six sensory organs present in the inner ear. As of the beginning of April 2022, it has already recorded more than 47,500 views, which means that readers are very interested in this project. Fifteen out of the 21 papers report on magnetic resonance imaging (MRI) of the patients.MRI depiction of endolymphatic hydrops in the patients with Meniere’s disease was firstly achieved in 2007 with 3D-fluid attenuated inversion recovery (FLAIR) obtained 24 h after intratympanic gadolinium contrast administration (1). A clinically feasible method using a heavily T2-weighted 3D-FLAIR after 4 hours of intravenous injection of a standard dose of gadolinium contrast agent was achieved in 2010 (2). After these developments, many technical improvements have been reported including the development of HYDROPS (HYbriD of Reversed image Of Positive endolymph signal and native image of positive perilymph Signal) technique, which utilized the subtraction of two kinds of images (3). After these developments, many institutions began to acquire the MR imaging of endolymphatic hydrops. Subsequently, an update of endolymphatic hydrops assessment using MR imaging has been proposed for the management of inner ear disease (4–7).A number of attempts have been made to perform the assessment of endolymphatic hydrops by MRI without the use of gadolinium contrast media (8–12). However, these are unfortunately unreliable because they do not adequately distinguish between artifact and imaging findings (13–15). Recognition of the endolymphatic space on non-contrast MRI is still possible only in very exceptional cases. These exceptional cases include hemorrhage into the ampulla (16), reflux of proteinous fluid in the enlarged endolymphatic duct and sac syndrome (17), and the compositional change of perilymph due to vestibular schwannomas (18). In general, contrast-enhanced MRI evaluation of endolymphatic hydrops is the most reliable method of examination at this time.In this research topic, Fukushima et al. have reported on the use of MRI of endolymphatic hydrops to observe the effect of positive pressure therapy in a Meniere's disease patient (https://www.frontiersin.org/articles/10.3389/fsurg.2021.606100/full). Although this is a case report, this is a new and interesting proposal for the valuable and practical use of the MR imaging of endolymphatic hydrops.In a review article of this research topic, that is co-authored by Topic editors, the authors tried to discuss and present a consensus on patient selection, imaging techniques, and evaluation methods at the occasion of 15 years after the invention of the MR imaging of the endolymphatic hydrops (https://www.frontiersin.org/articles/10.3389/fsurg.2022.874971/abstract).It is expected that this issue of research topic will stimulate more interest in this field of research, encourage more researchers to enter the field, and ultimately help bring good news to patients suffering from the hydropics ear disease.
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Background: Vestibular Meniere's disease (American Academy of Ophthalmology and Otolaryngology, 1972) also known as possible Meniere's disease (American Academy of Otolaryngology Head and Neck Surgery, 1995) or vestibular type of atypical Meniere's disease (V-AMD) (Japan Society for Equilibrium Research, 2017) is characterized by an episodic vertigo without hearing loss. Though named as Meniere's disease (MD), this entity may not be caused solely by endolymphatic hydrops (EH).

Objective: To estimate the role of EH in vestibular Meniere's disease in comparison with definite Meniere's disease.

Methods: Thirty patients with unilateral definite MD and 16 patients with vestibular Meniere's disease were included. Those who met the criteria for definite or probable vestibular migraine were excluded. All patients underwent vestibular assessments including inner ear MRI 4 h after intravenous gadolinium injection, bithermal caloric testing, directional preponderance of vestibulo-ocular reflex in rotatory chair test, cervical- and ocular-vestibular evoked myogenic potential, stepping test, dizziness handicap inventory (DHI), and hospital anxiety and depression scale (HADS). All above tests and frequency/duration of vertigo spells were compared between vestibular Meniere's disease and MD.

Results: Even in unilateral MD, cochlear and vestibular endolymphatic hydrops (c-, v-EH) were demonstrated not only in the affected side but also in the healthy side in more than half of patients. Positive rate of v-EH in vestibular Meniere's disease (68.8%) was as high as that of MD (80%). In vestibular Meniere's disease, the number of bilateral EH was higher in the vestibule (56.3%) than that in the cochlea (25.0%). There were no differences in vestibular tests and DHI between vestibular Meniere's disease and MD; however, the frequency of vertigo spells was lower in vestibular Meniere's disease (p = 0.001). The total HADS score in the MD group was significantly higher than that in the vestibular Meniere's disease group.

Conclusions: MD is a systemic disease with bilateral involvement of inner ears. V-EH is a major pathophysiology of vestibular Meniere's disease, which would precede c-EH in the development of vestibular Meniere's disease, a milder subtype of MD. MRI is useful for differentiating MD from other vertigo attacks caused by different pathologies in bringing EH into evidence.

Keywords: Meniere's disease, endolymphatic hydrops (EH), episodic vertigo, magnetic resonance imaging, diagnosis


INTRODUCTION

Meniere's disease is characterized by episodic vertigo, fluctuating progressive sensorineural hearing loss, and other cochlear symptoms such as tinnitus and aural fullness. The American Academy of Ophthalmology and Otolaryngology (AAOO) defined vestibular Meniere's disease as showing only episodic vertigo without hearing loss in 1972 (1). Paparella and Mancini reported two subgroups of vestibular Meniere's disease that had distinctive clinical profiles. In one subgroup, patients subsequently develop hearing loss and typical Meniere's disease with aural pressure, whereas those in the other subgroup do not (2). This suggests that subvarieties that include not only endolymphatic hydrops (EH) but also other pathophysiologies may be involved in vestibular Meniere's disease. Twenty-three years later, the term “vestibular Meniere's disease” was withdrawn from the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) definitions of Meniere's disease (3), probably because “vestibular Meniere's disease” had been thought to be not solely caused by endolymphatic hydrops. As a result, the formerly known vestibular Meniere's disease (1, 2) was placed into a category of “possible Meniere's disease” on the AAO-HNS 1995 criteria. Later definitions of Meniere's disease that were proposed by the Barany Society 2015 (4) and AAO-HNS 2000 (5) did not include the subvarieties of Meniere's disease, such as vestibular and cochlear Meniere's disease, whereas the definition by the Japan Society for Equilibrium Research (JSER) in 2017 included the vestibular type of atypical Meniere's disease (6), which is basically the same concept as that of vestibular Meniere's disease (1, 2).

Until 2007 when Nakashima et al. published the first report on visualization of endolymphatic hydrops in Meniere's patients (7), EH could only be evidenced by postmortem histology. To examine whether vestibular Meniere's disease is associated with EH, we conducted a comparative study to differentiate vestibular Meniere's disease from definite Meniere's disease by inner ear magnetic resonance imaging (MRI) studies as well as several assessments including demographic and clinical characteristics and vestibular function tests.



MATERIALS AND METHODS

The studies involving human participants were reviewed and approved by the Institutional Review Board of Niigata University Hospital (No. 2015-2440).

Thirty patients with unilateral definite Meniere's disease (Barany Society definition) (4) and 16 patients with vestibular Meniere's disease (AAOO-1972, Paparella and Mancini) (1, 2), diagnosed between 2015 and 2019, were included in this study. The side affected by definite Meniere's disease, that is, the side with a higher hearing threshold, was decided on the basis of an audiogram. In cases of vestibular Meniere's disease, we did not discuss the affected side but only concentrated whether the EH was identified unilaterally or bilaterally. All 16 patients with vestibular Meniere's disease did not meet the diagnostic criteria for both definite and probable vestibular migraine (VM) (8).

Demographic and clinical data, including age, sex, period from disease onset to consultation, frequency of vertigo spells, and duration of vertigo attack, were obtained from the patients' medical records.

All the patients underwent inner ear imaging studies using a 3-T MR unit after receiving intravenous contrast injections as described by Naganawa et al. (9). Briefly, MRI measurements were performed 4 h after intravenous administration of a single dose (0.2 ml/kg or 0.1 mmol/kg of body weight) of gadolinium-diethylenetriaminepentaacetic acid dimethylamide (Gadovist, Bayer Healthcare, Leverkusen, Germany) using a 3-T MR unit (MAGNETOM Prisma; Siemens, Erlangen, Germany) with a 64-channel array head coil. Heavily T2-weighted MR cisternography was obtained as the anatomical reference of the total lymph fluid, and heavily T2-weighted(hT2W)-3D-FLAIR with inversion time (TI) of 2,250 ms (PPI) and hT2W-3D-inversion recovery with TI of 2,050 ms (PEI) were obtained as the methods proposed by Naganawa et al. (9). Two head and neck radiologists with 30 and 22 years of experience who were blinded to the clinical data independently assessed the cochlear and vestibular endolymphatic hydropses (c-EH and v-EH) as none, mild, or significant, using a grading system proposed by Nakashima et al. (10) (Figure 1). Mild or significant hydrops was defined as positive hydrops. Discrepant interpretations were resolved by discussion between the radiologists.


[image: Figure 1]
FIGURE 1. The grading system of endolymphatic hydrops [Nakashima et al. (10)]. In the vestibule, the grading was determined by the ratio of the area of endolymphatic space to the vestibular fluid space (sum of the endolymphatic and perilymphatic spaces). Patients with no hydrops have a ratio of one-third or less, those with mild hydrops have between one-third and a half, and those with significant hydrops have a ratio of more than 50%. In the cochlea, patients classified as having no hydrops show no displacement of Reissner's membrane; those with mild hydrops show displacement of Reissner's membrane, but the area of the endolymphatic space does not exceed the area of the scala vestibuli; and in those with significant hydrops, the area of the endolymphatic space exceeds the area of the scala vestibuli. *Ratio of the area of the endolymphatic space to that of the fluid space (sum of the endolymphatic and perilymphatic spaces) in the vestibule measured on image tracings.


The patients also underwent vestibular assessments, including bithermal caloric testing, cervical and ocular-vestibular-evoked myogenic potentials (VEMP), stepping test, and rotatory chair test. The validated Japanese versions of the Dizziness Handicap Inventory and Hospital Anxiety and Depression Scale were used for the evaluation of subjective symptoms and psychological state.


Caloric Test

An alternate bithermal (26 and 45°C) air caloric test was performed. The maximum slow phase velocity of the nystagmus was measured on electronystagmography, and the canal paresis % (CP%) was calculated using the formula of Jongkees (11). A CP of >20% was considered to indicate a significant unilateral caloric weakness.



VEMP

To quantify otolithic function, cervical VEMP (cVEMP) and ocular VEMP (oVEMP) were recorded using the Neuropack system (Nihon Koden, Japan). During the recording for cVEMP, the subjects were asked to lie in the supine position with their heads raised. The click (0.1-ms rarefactive square waves of 105-dB nHL) was used to induce cVEMP. For the recording of oVEMP, a hand-held electromechanical vibrator (Minishaker, Bruel & Kjaer, Denmark) fitted with a short bolt terminating in a plastic cap was used. The vibrator delivered a 500-Hz tone burst (4-ms plateau and 1-ms rise and fall) on the subject's skull at the Fz (midline of the hairline). The subjects were in the supine position during the measurement and asked to stare 30° upward and fix their gaze on a specific mark in front of them. The interaural asymmetry ratios (IAARs) of cVEMP and oVEMP were obtained using the following formula:

[image: image]

Ar: normalized amplitude (p13-n23 or n10-p15) on the right side

Al: normalized amplitude (p13-n23 or n10-p15) on the left side

A |AR| of >33.3% was defined as a unilateral saccular (cVEMP) or utricular (oVEMP) dysfunction.



Stepping Test

The subject was asked to stand upright with the feet close together in the centers of circles with radii of 0.5 and 1 m that were drawn on the floor. The subject was then blindfolded and instructed to stretch both arms straight forward and to step in place at a normal walking speed (~110 steps/min) for a total of 100 steps. The abnormality threshold was set as a rotational deviation >45°.



Rotatory Chair Test

The rotatory chair test was performed using Nistamo21 IRN 2 (Morita, Japan). The patients sat in a rotatory chair to which a pendulum-like rotation was applied so that the maximum head angular velocity was 50°/s at a stimulation frequency of 0.1 Hz. The angular velocity of eye movements was monitored and analyzed. The vestibulo-ocular reflex directional preponderance (VOR-DP) was calculated, and a VOR-DP of >12% was considered a significant DP.



Dizziness Handicap Inventory

The Dizziness Handicap Inventory (DHI) is a standard questionnaire that quantitatively evaluates the degree of handicap in the daily life of patients with vestibular disorders; it consists of 25 questions (12, 13). The total score ranges from 0 (no disability) to 100 (severe disability).



Hospital Anxiety and Depression Scale

The Hospital Anxiety and Depression Scale (HADS) is a 14-item questionnaire that is comprised of two subscales for assessing non-somatic symptoms of anxiety (HADS-A) and depression (HADS-D). Each item of the questionnaire is rated from 0 to 3. The scores in the two subscales range from 0 (no sign of anxiety or depression) to 21 (maximum level of anxiety or depression). A score of ≥11 is indicative of probable anxiety or depression (14).

Statistical analyses were conducted using the SPSS version 21 package software. Described statistics are summarized in number, percentage, median and range, or mean and standard deviation. Intergroup comparisons were performed using the Mann–Whitney U-test. Intergroup comparisons of the qualitative variables were performed using the Fisher exact test. A threshold of p < 0.05 was set to evaluate statistical significance.




RESULTS

Table 1 shows the demographic and clinical characteristics and vestibular assessments of the patients with Meniere's disease and vestibular Meniere's disease. Vestibular Meniere's disease was female-dominant (p = 0.014) as compared with Meniere's disease. The period from the onset of the first vertigo attack to consultation in vestibular Meniere's disease (median: 72 months, range: 2–552 months) was significantly longer than that in Meniere's disease (median: 33 months, range: 2–408 months; p = 0.008). Vertigo spells usually occur once or twice a month in Meniere's disease but are significantly less frequent in vestibular Meniere's disease (p = 0.001). The total HADS score in the Meniere's disease group (15.2 ± 5.2) was significantly higher than that in the vestibular Meniere's disease group (10.1 ± 5.9). No significant differences in age, duration of vertigo attack, and DHI score were found.


Table 1. Demographic and clinical characteristics and vestibular assessments of the patients with Meniere's disease (MD) and vestibular Meniere's disease (VMD).
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The vestibular function test revealed no significant differences in CP%, c-VEMPs, o-VEMPs, VOR-DP in the rotatory chair test, and stepping test score between the Meniere's disease and vestibular Meniere's disease groups.

Figure 2 shows the statuses of (A) the cochlear EH (c-EH) and (B) vestibular EH (v-EH) of the affected and healthy sides of the patients in the Meniere's disease group. Even on the healthy side, c-EH and v-EH (significant + mild) were demonstrated in 66.7% (13.3 + 53.4%; Figure 2A, healthy side) and 50% (13.3 + 36.7%; Figure 2B, healthy side) of the patients in the Meniere's disease group, respectively. The proportion of significant EH was higher on the affected side of the cochlea (Figure 2A; p = 0.028) and vestibule (Figure 2B; p = 0.021) than on the healthy side in the Meniere's disease group.
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FIGURE 2. Endolymphatic hydrops in the affected and healthy side of Meniere's disease. (A) Cochlea endolymphatic hydrops (c-EH) and (B) vestibular endolymphatic hydrops (v-EH). Even on the healthy side, c-EH and v-EH (significant + mild) were demonstrated in 66.7% (13.3 + 53.4%; A, healthy side) and 50% (13.3 + 36.7%) of the patients in the Meniere's disease group (B, healthy side), respectively. The proportion of significant EH was higher on the affected side of the cochlea (A; p = 0.028) and vestibule (B; p = 0.021) than on the healthy side in the Meniere's disease group. c-EH, cochlea endolymphatic hydrops; v-EH, vestibular endolymphatic hydrops.


Figure 3 shows the status of EH (bilateral, unilateral, or none) in the (A) Meniere's disease and (B) vestibular Meniere's disease groups. The number of bilateral v-EH cases in the v-EH-positive vestibular Meniere's disease group was higher than that of bilateral c-EH in the c-EH-positive vestibular Meniere's disease group (p < 0.05; Figure 3B). By contrast, the number proportion of bilateral v-EH was not different from that of bilateral c-EH in the Meniere's disease group (Figure 3A).
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FIGURE 3. Cochlear and vestibular endolymphatic hydrops in (A) Meniere's disease (MD) and (B) vestibular Meniere's disease (VMD). (A) The number of bilateral v-EH was not different from bilateral c-EH in Meniere's disease. (B) The number of bilateral v-EH in v-EH-positive VMD patients was higher than that of bilateral c-EH in c-EH-positive VMD patients (p < 0.05). v-EH, vestibular endolymphatic hydrops; c-EH, cochlea endolymphatic hydrops.


c-EH and/or v-EH was found in 93.3% of the patients with Meniere's disease and 87.5% of the patients with vestibular Meniere's disease (Table 2). While the positivity rate of c-EH in vestibular Meniere's disease (62.5%) was significantly lower than that in Meniere's disease (90%), the positivity rate of v-EH in vestibular Meniere's disease (68.8%) was as high as that in Meniere's disease (80%; Table 2).


Table 2. Endolymphatic hydrops in Meniere's disease (MD) and vestibular Meniere's disease (VMD).
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DISCUSSION


EH in Meniere's Disease

In general, Meniere's disease affects one side of the ears. Several studies reported that the incidence of bilateral Meniere's disease was 2–47%, depending on the length of follow-up and strictness of adherence to the criteria for diagnosis (15, 16). Recently, inner ear MRI scans have demonstrated the existence of EH in the unaffected ear in patients with Meniere's disease. Yoshida et al. reported that the incidence rates of EH in the cochlea and vestibule on the healthy side of patients with Meniere's disease were 46.9 and 53.2%, respectively (17). In our study, even on the healthy side, c-EH (Figure 2A, healthy side) and v-EH (Figure 2B, healthy side) were demonstrated in 66.7 and 50% of the patients with Meniere's disease, respectively. Taken together, these findings could imply that Meniere's disease is a systemic disorder or that an abnormal process affecting one ear can affect the other ear after time. As EH on the affected side was more severe than that on the healthy side (Figure 2A for c-EH and Figure 2B for v-EH), Meniere's disease may not have bilateral EH from the early stage but could progress from a unilateral disease to a bilateral disease.



EH in Vestibular Meniere's Disease

As shown in Table 2, inner ear MRI studies demonstrated that v-EH was present in most patients (68.8%) with vestibular Meniere's disease. Kato et al. also reported that the positivity rate of v-EH in patients with vestibular Meniere's disease was 83% (18). Although healthy controls were not enrolled in this study, a previous report demonstrated that v-EH is rarely found (7%) in controls without audiovestibular diseases (17), suggesting that most patients with vestibular Meniere's disease are actually associated with v-EH. c-EH was also demonstrated in 62.5% of the patients with vestibular Meniere's disease, resulting in an EH-positivity rate of 87.5% in the vestibule and/or cochlea in patients with vestibular Meniere's disease. This rate was as high as that of definite Meniere's disease (93.3%; Table 2), which suggests that vestibular Meniere's disease is a vestibular type of primary hydropic ear disease (19). Attyé et al. also reported that half of the patients with repeated peripheral vertigo that lasted 20 min without hearing loss, which seems to have the same symptoms as vestibular Meniere's disease, showed v-EH and/or c-EH on MRI, which suggests an association of v-EH with vestibular Meniere's disease (20).

Not only v-EH but also c-EH was found in 62.5% of the patients with vestibular Meniere's disease (Table 2), which suggests that vestibular Meniere's disease could potentially develop to Meniere's disease. As shown in Figure 3B, the number of bilateral v-EH cases was higher than that of bilateral c-EH cases in patients with vestibular Meniere's disease, which suggests that v-EH precedes c-EH in the development of vestibular Meniere's disease. When c-EH starts to exert cochlear symptoms, vestibular Meniere's disease would develop into definite Meniere's disease.



Differential Diagnosis of Vestibular Meniere's Disease

As a differential diagnosis of vestibular Meniere's disease, vestibular migraine (VM), which also shows episodic vertigo plus migraine, is most challenging to diagnose in clinical settings. Although we excluded patients with VM from the study by carefully interviewing patients regarding headache and migraine, patients with similar but not exactly the same pathophysiology as VM might be included in the study group. Our female-dominant study population (Table 1) would be partly consistent with the demographic characteristics of VM (21). This would account for the v-EH-negative populations of patients with vestibular Meniere's disease, which accounted for 31.2% of the patients with vestibular Meniere's disease (Table 2). According to a previous report that focused on the inner ear MRI of patients with VM, the positivity rate of EH in patients with VM was significantly lower than that in vestibular Meniere's disease (22). Taken together, the v-EH on inner ear MRI could be a useful sign for the discrimination of EH-associated vestibular Meniere's disease from VM.

Vestibular Meniere's disease might have two variants: one that subsequently develops into definite Meniere's disease and another that does not (2). The former group would be associated with EH, whereas the latter group may have a VM-related pathophysiology. Comparative studies to examine clinical courses such as future development into Meniere's disease or VM should be conducted in EH-positive and EH-negative episodic vertigo patients without hearing loss. Because treatment strategy is totally different between the two variants (i.e., the same treatment as the definite Meniere's disease for EH-positive variants and calcium blockers for the VM-related pathologies, inner ear MRI is quite important not only to diagnose vestibular Meniere's disease but also to select the appropriate treatment).



Clinical Characteristics and Vestibular Function of Patients With Vestibular Meniere's Disease

In this study, we conducted a comparative study to differentiate vestibular Meniere's disease from definite Meniere's disease by assessing several factors, including not only EH imaging studies but also demographic and clinical characteristics and vestibular tests. Among these distinguishing features, a longer period from onset to consultation, lower frequency of vertigo spells, and lower total HADS score were found in the vestibular Meniere's disease group as compared with the definite Meniere's disease group (Table 1). These results suggest that the overall symptoms of vestibular Meniere's disease are mild as compared with those of definite Meniere's disease. In parallel with these symptom scales, the positivity rate of c-EH was lower in the vestibular Meniere's disease group (62.5%) than in the definite Meniere's disease group (90%; Table 2). All these findings suggest that vestibular Meniere's disease may be a milder subtype of Meniere's disease.



Limitations and Conclusions

One limitation of the study was that no control participants were enrolled. For instance, the positivity rate of v-EH in vestibular Meniere's disease should have been compared with that in control patients. However, at present, contrast-enhanced MRI is difficult to perform in healthy volunteers. Instead, we performed a comparative study with definite Meniere's disease to show the similarity of inner ear status between vestibular and of definite Meniere's disease. Nonetheless, according to the previous reports using the same inner ear MRI methods as the present study, the positivity rate of EH in healthy groups was 38.1% for c-EH and 7.1% for v-EH (16). Therefore, the positivity rates of c-EH (62.5%) and v-EH (68.8%) in our patients with vestibular Meniere's disease seem sufficiently higher than those in healthy controls.

In conclusion, V-EH is a major pathophysiology of vestibular Meniere's disease, which would precede c-EH in the development of vestibular Meniere's disease, a milder subtype of Meniere's disease in terms of clinical symptoms and hydrops. Inner ear MRI is useful for the differential diagnosis of episodic vertigo without hearing loss.
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Hypothesis: Recently, several lines of evidence have suggested that the inner ear is under hormonal control. It is likely that steroids have some influence on the inner ear.

Background: Many clinicians have been empirically using steroids for the treatment of diseases associated with endolymphatic hydrops. The theoretical grounds for this are not clear, and there have been a number of debates on the effectiveness of steroid treatment. Furthermore, there are few reports on histological observations of the influences of steroids on the cochlea.

Method: Fifteen guinea pigs (30 ears) were divided into three groups. In the control group, physiological saline solution was administered intra-peritoneally for 3 days. In two steroid groups, 40 mg/kg/day of hydrocortisone or 4 mg/kg/day of dexamethasone was administered intra-peritoneally for 3 days. Extension of Reissner's membrane and volume change of the scala media were checked 6 h after the last administration. The degree of Reissner's membrane extension and volumetric change of the scala media were quantitatively measured with the use of a video-digitizer.

Results: We did not identify any distinct changes in the cochlea of the control group. In contrast, the extension of Reissner's membrane and endolymphatic hydrops were observed in the animals in the steroid groups. Statistical analysis revealed that Reissner's membrane extended significantly in the steroid groups, and that the volume of the scala media also increased significantly.

Conclusion: This is the first report to investigate the effects of systemic administration of glucocorticoids on guineapig cochlea. The extension of Reissner's membrane and dilated endolymphatic space were evident in the steroid groups. However, the underlying mechanism of histological changes was not clear, marked care needs to be taken when administering steroids to patients with Meniere's disease whose histological feature is endolymphatic hydrops.

Keywords: hydrocortisone, dexamehtasone, endolymphatic hydrops (EH), sudden deafness, Meniere's disease, steroid therapy


INTRODUCTION

An allergic reaction had been suspected to be one of the contributing factors to Meniere's disease. Based on the allergy theory, Hauser (1) treated two cases of Meniere's disease with corticosteroids in 1959 and obtained favorable results. However, steroid therapy received little attention, and its use did not progress markedly in the treatment of Meniere's disease (2). Also, serologic test results did not support the allergy theory (3). In 1986, Beck (4) concluded that corticosteroid therapy, which is very effective for allergic diseases, had no marked effect against Meniere's disease. Based on this result, he did not support the allergy theory of Meniere's disease. Additionally, Stahle (2) also disagreed with the allergy theory. Since that time, there have been few advances and discussions regarding steroid therapy based on allergy.

Since McCabe (5) proposed the new concept of “autoimmune sensorineural hearing loss,” it has been highlighted that some cases of Meniere's disease might be caused by autoimmune factors. This concept encouraged the use of steroids in the treatment of Meniere's disease. Shea (6) reported that about 10% of patients with typical Meniere's disease showed improved hearing and decreased dizziness following dexamethasone treatment. Further, Shea Jr. (7) achieved better results by administering dexamethasone by perfusion via the round window plus intravenously. In contrast, Silverstein (8) obtained different results from a double-blind, crossover trial of dexamethasone inner ear perfusion. Intratympanic administration of dexamethasone to patients with Meniere's disease led to no benefit over a placebo for the treatment of hearing loss and tinnitus.

As evident in the literature, corticosteroids have often been used for the treatment of Meniere's disease. However, many clinical trials failed to show the conclusive efficacy of steroid therapy regardless of whether steroid was administered systemically or intratympanically (9–12). Further, the rationality for this use is still controversial. In fact, there is no experimental evidence that this treatment is beneficial. In the present study, we administered hydrocortisone and dexamethasone serially to normal guinea pigs and investigated the histological changes in the inner ear.



MATERIALS AND METHODS

Fifteen Hartley guinea pigs with a positive Preyer's reflex, weighing between 300 g and 400 g, were used.

Experimental animals: Fifteen guinea pigs were divided into three groups (Table 1): Control group: five animals (10 ears) were administered physiological saline aqueous solution (0.2 ml) intra-peritoneally twice a day for 3 days. Steroid group: this group was composed of two groups, hydrocortisone and dexamethasone groups. The hydrocortisone group (5 animals, 10 ears) were administered 20 mg/kg of hydrocortisone intra-peritoneally. Hydrocortisone was also given twice a day for 3 days. Twenty mg/kg of hydrocortisone was reported to be an effective dose (ED50) for anti-inflammatory activity in rats (13). The dexamethasone group (5 animals, 10 ears) was intra-peritoneally administered 2 mg/kg of dexamethasone twice a day for 3 days. The effective dose (ED50) for anti-anaphylaxis activity in rats was reported to be 1.8 mg/kg (14). All animals were sacrificed 6 h after the last administration to observe histological changes in Reissner's membrane.


Table 1. Extension ratios of Reissner's membrane (ER-R) (%) and increase ratios of the cross-sectional area of the scala media (IR-S) (%) of control and steroid groups.
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Preparation procedure: We obtained both sides of the temporal bones immediately following fixation with perfusion of 10% formalin solution under deep anesthesia with intra-peritoneal injections of pentobarbital. We kept the temporal bones in 10% formalin solution for 10 days or more. They were decalcified with 5% trichloroacetic acid and dehydrated with alcohol in increasing concentrations, and were then embedded in paraffin and celloidin. The prepared blocks were cut into 6 μm horizontal sections. The sections were stained with hematoxylin and eosin and studied under a light microscope.

Measurement procedure: The extension of Reissner's membrane and increase of the endolymphatic space were quantitatively analyzed in addition to conventional observations of the morphological changes in the cochlea and endolymphatic sac. For this analysis, the following four parameters were measured (Figure 1) from the mid-modiolar sections of the cochlea: (1) the length of the extended Reissner's membrane (L), (2) the cross-sectional area of the bulged scala media (dotted area, S), (3) the reference length of Reissner's membrane (Lo), and (4) the cross-sectional area of the reference space of the scala media (So). The measurement system was composed of a video camera, a computer, and a digitizer (Video Micro Meter VM-30, Olympus Co., Tokyo, Japan). The second author measured those parameters without any notice about which specimen is which group.


[image: Figure 1]
FIGURE 1. Four parameters for assessment of the extension of Reissner's membrane and dilation of the scala media. The length of the extended Reissner's membrane (L), the cross-sectional area of the bulging scala media (dotted area, S), the reference length of Reissner's membrane (Lo); the length between the points of attachment of the stria vascularis and of attachment of the basilar membrane, and the cross-sectional area of the reference scala media (So), enclosed by the reference Reissner's membrane. Extension ratios of Reissner's membrane and increase ratios of the scala media were calculated from these data.


From these parameters measured at all turns, the extension ratios (%) of Reissner's membrane and increase ratios (%) of the cross-sectional area of the scala media were calculated according to the formula described below:

Extension ratio of Reissner's membrane (ER-R) (%) = 100 × (ΣL–ΣL0)/ΣL0

Increase ratio of the cross-sectional area of the scala media (IR-S) (%) = 100 × (ΣS–ΣS0)/ΣS0

Σ means the summation of the values of four turns.

This study was approved by the Kochi Medical School Animal Care and Use Committee (Approval No. B-00094) and conformed to the Animal Welfare Act and the guiding principles for animal care produced by the Ministry of Education, Culture, Sports, Science and Technology, Japan.



RESULTS

Reissner's membranes were extended and slight endolymphatic hydrops was found in 17 (85.0 %) of 20 ears following the administration of hydrocortisone. Figure 2 shows representative histological findings from normal and steroid groups. The extension of Reissner's membrane and dilated endolymphatic space were evident in the steroid groups.


[image: Figure 2]
FIGURE 2. (A) Representative histological findings in the normal and steroid groups. Slight but distinct endolymphatic hydrops was observed in the steroid groups. (A) Control group. (B) Hydrocortisone group. (C) Dexamethasone group.


Extension ratios of Reissner's membrane (ER-R) (%) and increase ratios of the cross-sectional area of the scala media (IR-S) (%) of the 3 groups (Mean ± S.D.) are shown in Table 1. These three sample data were considered to come from a population with a normal distribution, hence the null hypothesis of normality assumption was rejected by the Kolmogorov-Smirnov normality test (p > 0.05). Thus, the t-test was applied for the statistical analysis of these data. ER-R and IR-S of the hydrocortisone group were significantly higher than those of the control group (P < 0.001, t-test), and ER-R and IR-S of the glucocorticoid group were also significantly higher than those of the control group (P < 0.001, t-test). Statistical analysis was performed with the use of the commercially available software StatMate V (ATMS Co. Tokyo, Japan).

Steroid administration led to no marked histological change other than the volumetric changes of the scala media. Neither vacuolization nor atrophic change was noted in the stria vascularis or vestibular sensory epithelium. The endolymphatic sac also had a normal appearance light-microscopically. No abnormal infiltration was observed in the lumen of the endolymphatic sac.



DISCUSSION

This is the first report to investigate the effects of systemic administration of glucocorticoids on guineapig cochlea. The extension of Reissner's membrane and dilated endolymphatic space were evident in the steroid groups. Recently, receptors of gluco- and mineralocolcicoid hormones were detected in the inner ear by different techniques (15, 16). A more detailed investigation by an Enzyme Linked Immuno-Sorbent Assay (ELISA) revealed that glucocorticoid receptors were distributed not only in the spiral ligament but also in the stria vascularis, although at lower levels (17). The localization of glucocorticoid receptors was also confirmed by in situ hybridization histochemical studies (18). Furthermore, the expression of mineralocorticoid type I receptor mRNA was also demonstrated in marginal cells of the stria vascularis by in situ hybridization histochemistry (19). These facts support the suggestion that adrenocorticoids play a biological role in the inner ear function.

It is worthy of attention that adrenal steroid receptors are present in the stria vascularis, which is considered to participate in ion and fluid homeostasis in the inner ear. Although we have little information available on the mechanism of action of these steroid hormones in the inner ear, it is likely that the excess of adrenal steroids might have some influence on ion and fluid homeostasis in the inner ear. In support of this, it has been reported that endolymphatic hydrops was induced with aldosterone (20).

In the present study, serial administration of the synthetic glucocorticoid hydrocortisone also resulted in the extension of Reissner's membrane and slight endolymphatic hydrops. The stria vascularis and spiral ligament are well-known to contain varying levels of Na, K-ATPase, which is considered to be an important enzyme involved in ion and fluid transport (21–23). Elevated serum levels of glucocorticoid have been reported to be correlated with significant increases in Na, K-ATPase α-subunit levels, both in the stria vascularis and spiral ligament (24). This increase in the activity of Na, K-ATPase is likely to be one of the possible factors contributing to the steroid-induced hydrops formation observed in the present study. Another possible factor is steroid-induced upregulation of aquaporin 3 (25, 26). Aquaporins are known to play roles in the homeostatic mechanism regulating water and ionic balance in the inner ear fluids (27, 28). Therefore, the present hydrops formation may have resulted from the acceleration of endolymphatic water homeostasis via glucocorticoid-enhanced AQP3 in the inner ear.

Although no morphologic changes except extension of Reissner's membrane were observed in the present study under a light microscope, there is some evidence that changes in levels of circulating adrenal steroids influence the inner ear ultra-structurally as well as functionally (29–32). An increase in the intercellular space and a decrease in basolateral infoldings in the stria vascularis and dark cells of the vestibular epithelium were observed in adrenalectomized animals (29, 30). Furthermore, the restoration of circulating adrenocorticosteroids levels resulted in recovery of the cellular architecture of the stria vascularis and dark cells of the vestibular epithelium in adrenalectomized animals (31, 32). These findings provide indirect evidence that adrenal steroids are involved in the cellular regulations of inner ear tissues concerned with fluid and ionic microhomeostasis.

As mentioned above, it has been reported that under an abnormal state of adrenal steroids, ultrastructural changes in sensory and non-sensory cells of the cochlea and vestibular organs, although small, have been detected (33). It is unknown whether these changes are pathologic. Regarding functional aspects of the inner ear, however, glucocorticoid intake was reported to induce an elevated threshold of human auditory evoked responses (34, 35).

Glucocorticoids with a strong anti-inflammatory action have been prescribed empirically for Meniere's disease (1, 6–12). It is unknown how many dosages in a human correspond to the 20 mg/kg of hydrocortisone and 2 mg/kg of dexamethasone used in the present study. The dosage is the effective dose (ED50) for anti-inflammatory action or anti-anaphylaxis action in rats, and is not excessive in rodent. However, the development of endolymphatic hydrops induced by the serial administration of hydrocortisone or dexamethasone with such dosage provides a puzzling problem in the treatment of Meniere's. Of course, the present results do not clarify the effects of steroids on pathological conditions, such as Meniere's disease, but do not support the concept that endolymphatic hydrops can be reduced by glucocorticoid intake. The present results are compatible with those of Silverstein's clinical trial (7).

The limitation of this study is as follows. Samples were only taken at one time-point, 6 h after the last injection. So, it is not clear if the mild hydrops is an acute response or a more chronic imbalance. To investigate the hydrops, we selected light microscopy. So, we couldn't investigate the cellular damage in the inner ear. Recently, intratympanic administration of steroid therapy is performed to treat an acute sensorineural hearing loss. To conclude the efficacy of steroid therapy, we should compare the results between intratympanically and systemically administered steroids. Further studies are needed to conclude that glucocorticoid therapy affects inner ear fluid homeostasis negatively.
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Purpose: The presence of endolymphatic hydrops (EH) in patients with intralabyrinthine schwannomas (ILSs) is poorly understood. This study aims to determine whether there is a correlation between endolymphatic hydrops and clinical presentations of ILS.

Methods: Data from nine patients with ILSs were retrospectively reviewed between 2007 and 2020. Temporal bone MRI with intratympanic or intravenous injection of gadolinium was applied to detect ILSs and EH.

Results: 3D real inversion recovery (IR) sequence MRI of the temporal bone confirmed ipsilateral EH in four patients (4/6). All four patients with EH on MRI presented with vertigo similar to Meniere's disease. Among these patients with EH, one patient with EH in the cochlea showed moderate sensorineural hearing loss, while three patients with EH in both the vestibule and cochlea showed profound hearing loss. MRI demonstrated a transmacular tumor (TMA) in one patient, intravestibular (IV) in four patients, and vestibulocochlear (VC) in four patients. Two IV cases showed moderated hearing loss, while the TMA and VC cases showed profound hearing loss. Transotic resection of the tumor was applied in five patients; translabyrinthine resection was applied in one patient; two patients were under observation; and one patient was given intratympanic injection of gentamicin (ITG). During follow-up, all of the treated patients reported relief of vertigo, and postoperative MRI was performed in two patients, which showed no tumor recurrence. The two patients under observation showed no deterioration of hearing loss or vertigo. One patient was lost to follow-up.

Conclusion: EH concurrent with ILSs has been underestimated previously. With the extensive application of temporal bone MRI paradigms, such as 3D-real IR sequence MRI, more cases of potential EH in patients with ILS will be identified. The severity of hearing loss may be associated with the location of the tumor and the degree of EH.

Keywords: intralabyrinthine schwannomas, endolymphatic hydrops, vertigo, hearing loss, MRI


INTRODUCTION

Intralabyrinthine schwannomas (ILSs) are rare benign tumors within the membranous labyrinth that are reported to arise from the distal branches of the cochlear, superior vestibular, or inferior vestibular nerves (1, 2). Mayer described the first ILS case in 1917 (3). ILSs have been historically underdiagnosed, and most of them were unexpectedly identified during labyrinthectomy or cadaver autopsy (4, 5). With the application of magnetic resonance imaging (MRI), an increasing number of ILSs have been identified at the early stage.

Unilateral progressive hearing loss and recurrent vertigo are the most common symptoms in patients with ILSs (6, 7). These symptoms may mimic patients suffering from other inner ear disorders, such as Meniere's disease, and result in similar findings in acoustic and vestibular function tests, which further lead to the misdiagnosis of ILS at the early stage.

Endolymphatic hydrops (EH) is considered a pathological hallmark of Meniere's disease. However, EH can also be detected in other inner ear diseases, such as delayed endolymphatic hydrops, endolymphatic sac tumors, extralabyrinthine and intralabyrinthine schwannomas (8–10). Shinji Naganawa et al. demonstrated EH in some patients with vestibular schwannomas and concluded that there was no significant correlation between vertigo and vestibular hydrops. However, their cases mainly consisted of extralabyrinthine schwannomas. Anatomically, intralabyrinthine tumors are more likely to result in EH because of the possible mechanical blockade of the endolymph fluid (11). Only a few studies have reported EH in intralabyrinthine schwannomas (12–14), and the correlation between clinical symptoms and EH in ILS is still unclear. In addition, the underlying mechanism of ILS-associated EH remains unknown.

In this study, we retrospectively reviewed the medical records of nine patients with ILS and aimed to (1) demonstrate the occurrence of EH in ILSs; (2) reveal the correlation between clinical symptoms and imaging features of endolymphatic hydrops; and (3) discuss the diagnostic pitfalls of ILS.



METHODS AND PATIENTS


Patients

The clinical data of nine patients with ILS who were treated at the Otology & Skull Base Surgery Department, Fudan University, between 2007 and 2020, were retrospectively reviewed. We retrieved data on age, symptoms, pure tone test, imaging, and management.

The diagnosis in six patients with ILS was confirmed by pathological examination postoperatively, while the other three patients who chose a wait-and-see strategy were diagnosed based on imaging. Six patients underwent both enhanced temporal bone MRI and temporal bone MRI with intratympanic or intravenous injection of gadolinium to detect EH. Patients 1, 2, and 3 only underwent enhanced temporal bone MRI, since MRI with intratympanic or intravenous injection of gadolinium was unavailable at that time in our hospital. According to the anatomic classification developed by Salzman et al. (7), ILSs in the present study are divided into six types, including intracochlear, transmodiolar, intravestibular, transmacular, vestibulocochlear, and transotic types. The tumor size was measured at its largest dimension on MRI.



MRI Acquisition

For the intratympanic injection (IT) method, the patients received bilateral intratympanic injections of gadolinium diluted in saline (v/v 1:7) using a 22-gauge spinal needle and a 1-ml syringe. Gadopentetate dimeglumine was chosen in this research as the gadolinium contrast agent. Following the injections, the patients maintained an upright seated position for 30 min without speaking or swallowing. After 24 h, MRI scans were performed using a 3 T MR unit (Verio, Siemens Healthcare, Erlangen, Germany) with a 32-channel phased-array receive-only head coil. T2-space, 3D-real IR, and 3D-FLAIR sequence MRI images were collected. Briefly, the parameters for the 3D-real IR sequence were as follows: voxel size of 0.4 × 0.4 × 0.8 mm, scan time of 14 min, repetition time (TR) of 9,000 ms, echo time (TE) of 181 ms, inversion time (TI) of 1,730 ms, slice thickness of 0.80 mm, field of view (FOV) of 160 × 160 mm, and matrix size of 3,300 × 918. The parameters for the 3D-FLAIR sequence were as follows: voxel size of 0.7 × 0.7 × 0.6 mm, scan time of 6 min, TR of 6,000 ms, TE of 387 ms, TI of 2,100 ms, slice thickness of 0.60 mm, echo train length of 173, FOV of 220 × 220 mm, and matrix size of 1,701 × 810.

For the intravenous (IV) method, the patients received an intravenous injection of a double dose (0.4 ml/kg body weight) of Gd-HP-DO3A; 4 h later, MRI was performed. All scans were performed on a 3 T MRI scanner (Verio; Siemens Healthcare, Erlangen, Germany) using a 32-channel phased array receive-only coil. T2-space and 3D real-IR sequence MRI scans were applied to collect images. The parameters for the 3D real-IR sequence were as follows: voxel size of 0.17 × 0.17 × 0.6 mm, scan time of 15 min and 20 s, repetition time of 6,000 ms, echo time of 181 ms, inversion time of 1,850 ms, slice thickness of 0.6 mm, field of view of 160 × 160 mm, and matrix size of 768 × 768.




RESULTS


Clinical Characteristics

The clinical characteristics of the study cohort are summarized in Table 1. The age of patients at presentation ranged from 35 to 69 years old (50.9 years old on average), and the sex ratio was 2:7 (male to female). Ipsilateral sensorineural hearing loss was observed in all patients. Seven patients presented with profound hearing loss, one patient showed moderate progressive hearing loss, and one patient demonstrated moderate sudden hearing loss. All patients experienced recurrent vertigo attacks with various characteristics (Table 2). All patients underwent caloric test, which showed ipsilateral weakness consistent with the tumor side.


Table 1. Clinical features of the study population.
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Table 2. Correlation between vertigo attacks and magnetic resonance imaging (MRI) presentation.
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Magnetic Resonance Imaging of Intralabyrinthine Schwannomas

Temporal bone MRI with enhancement was performed in nine patients, which revealed a hypointense filling defect within the labyrinthine on T2-weighted images, and enhanced T1-weighted images revealed a homogeneously enhanced mass within the labyrinthine in these patients (Figure 1). Intraoperative findings confirmed the final diagnosis (Figure 2).


[image: Figure 1]
FIGURE 1. Axial magnetic resonance imaging of patient 6. (A) T2-weighted magnetic resonance imaging reveals a hypointense mass within the vestibule (arrowhead). (B) T2-weighted MRI reveals a hypointense mass within the basal turn of the cochlea (arrowhead). (C) Enhanced T1-weighted MRI reveals signal enhancement of the mass (arrowhead).



[image: Figure 2]
FIGURE 2. Intraoperative images showing an intralabyrinthine schwannoma in the right vestibule (A, B) and cochlea (C) of patient 5 (asterisk).


In the present study, MRI demonstrated a transmacular tumor in one patient, intravestibular tumors in four patients, and vestibulocochlear tumors in four patients (Figure 3). The mean tumor size in our study was 3.8 mm (Table 2).


[image: Figure 3]
FIGURE 3. (A) T2-3D-space MRI of patient 1 with a transmacular tumor shows a hypointense mass in the vestibule (arrowhead) and a larger defect in the fundus of the internal auditory canal (arrow). (B) T2-3D-space MRI of patient 4 with an intravestibular tumor shows an isolated mass in the right vestibule (arrowhead). (C) Patient 7 with a vestibulocochlear tumor shows filling defects in both the vestibule (arrowhead) and cochlea (arrow) on T2-weighted MRI.




Endolymphatic Hydrops Concurrent With Intralabyrinthine Schwannomas

3D real inversion recovery (IR) sequence MRI of the temporal bone was applied in six patients to demonstrate endolymphatic hydrops, with the IV method applied in four patients and the IT method used in two patients. Four patients showed an intralabyrinthine hypointense mass concurrent with endolymphatic hydrops. Three patients presented with endolymphatic hydrops in both the cochlea and vestibule (Figures 4A,B), and one patient presented with endolymphatic hydrops in the cochlea (Figure 4C). All four patients with EH on MRI presented with vertigo similar to Meniere's disease.


[image: Figure 4]
FIGURE 4. Magnetic resonance image of endolymphatic hydrops. (A) 3D real IR MRI of patient 6 shows endolymphatic hydrops in the vestibule (arrowhead) concurrent with an intravestibular tumor (asterisk). (B) 3D-real IR MR image of patient 6 with an intravestibular tumor (asterisk), presenting with endolymphatic hydrops in the cochlea (arrowhead). (C) 3D-real IR MRI of patient 4 with intravestibular tumor (asterisk) showing endolymphatic hydrops in the basal turn of the cochlea.




Surgical Outcomes

Five patients (patients 1, 3, 6, 7, and 8) with profound hearing loss underwent translabyrinthine resection of the tumor. Patient 2 with moderate hearing loss underwent surgery due to intractable vertigo. Patients 4 and 5 with serviceable hearing and tolerable vertigo chose conservative management. Intratympanic injection of low-dose gentamicin was used in patient 9 to relieve vertigo. No postoperative facial paresis, cerebrospinal fluid leakage, or other severe complications were encountered, except patient 7 who had delayed facial paresis 1 week after surgery and recovered completely in 1 month.



Follow-Up

Eight patients were followed up. One patient was lost to follow-up. The mean follow-up time was 48.6 months (range, 7–106 months). During follow-up, five patients who underwent surgery reported no vertigo attacks, and two out of these five underwent MRI surveillance and did not show tumor recurrence (Figure 5). Two patients who were under observation and the patient who received ITG did not present with deterioration of hearing loss or vertigo.


[image: Figure 5]
FIGURE 5. Axial magnetic resonance imaging of patient 4 before and after surgery. (A) T2-3D-space MRI reveals a hypointense filling defect within the left vestibule (arrow). (B) Enhanced T1-weighted MRI demonstrates a mass (arrow) within the vestibular cavity before surgery. (C) Enhanced T1-weighted MRI reveals no enhanced mass within the vestibule (arrowhead) of the tumor at 6 months postoperatively.





DISCUSSION


Prevalence

ILSs are rare disorders, but they may have been underestimated before. Van Abel et al. reported that the average delay between symptom onset and diagnosis of ILS was 7.0 ± 8.0 years (15). Currently, with the application of high-resolution MRI scans with or without contrast, more ILSs can be diagnosed at an early stage. It is estimated that the incidence of ILSs exceeds 1 per 100,000 person-years with modern diagnostic imaging (16). The rising incidence of ILSs in recent years most likely reflects an improved capacity for disease detection rather than a true increase in tumor development. According to the meta-analysis by Gosselin et al., no significant difference was found in the sex ratio of patients with ILS (17). Although the sex ratio was 2:7 (male to female) in the present study, no female predilection for this lesion could be drawn because of the limited sample size.



Clinical Characteristics and Misdiagnosis of Intralabyrinthine Schwannomas

ILS is also known as primary inner ear schwannoma, since this term differentiates ILS from extralabyrinthine schwannomas that involve the labyrinthine, thus more precisely describing this lesion (15). Kennedy et al. proposed a new classification of ILSs in 2004 (18). On the basis of the Kennedy classification, Salzman et al. excluded the tympanolabyrinthine class because there were no observed cases fitting the description, and there was redundancy with the transotic subtype (7). Furthermore, Van Abel et al. proposed renaming intralabyrinthine schwannoma as primary inner ear schwannoma (PIES) to permit clear subsite categorization and modified the Kennedy classification, which excludes the transotic subtype and adds the translabyrinthine subtype (15). We applied the Salzman classification in this study because no translabyrinthine subtype cases were included. There is no consensus on the method of tumor size measurement, and previous studies have recorded the size of ILS based on MRI; however, a detailed description of the measurement was absent (2, 19). The sizes of ILSs measured in this study may be biased due to the natural growth pattern of ILSs. To determine the exact sizes of ILSs, a prospective study of 3D reconstruction and volumetric quantification of ILS needs to be performed in the future.

Sensorineural hearing loss is one of the most common symptoms of ILSs (20). It can occur as sudden or progressive non-recovering hearing loss. In the present study, moderate to profound sensorineural hearing loss was present in all cases, and the severity of hearing loss seemed to be related to the location of the tumor. Two intravestibular tumor cases showed moderated hearing loss, while all the transmacular and vestibulocochlear tumor cases showed profound hearing loss. Regarding the mechanism of hearing loss, Santos et al. performed a histopathologic study and demonstrated that, in addition to mechanical obstruction, the degeneration of hair cells, spiral ganglion neurons, and stria vascularis may also underlie the various SNHL in ILSs (21). Furthermore, hearing loss may also develop as a result of cochlear aperture obstruction and intralabyrinthine protein accumulation due to the tumor (22). All of our patients complained of tinnitus, which is consistent with a previous study (17).

Recurrent vertigo attacks, which mimic Meniere's disease, is another common symptom of ILSs, and combined with hearing loss and tinnitus, patients with ILS are prone to be misdiagnosed with MD at the early stage. Unfortunately, we still do not know if there are any typical differences in symptoms between patients with MD and patients with ILS, especially at the early stage. Though a differentiating clinical parameter between these two entities might be the extent of hearing loss. In ILS, frequently, total deafness occurs, whereas most MD cases end up with severe sensorineural hearing loss but not total deafness. A cohort study over a long period of time or a meta-analysis between the two groups could be meaningful to reveal the difference.



Correlation Between Magnetic Resonance Imaging Characteristics and Vertigo in Patients With Intralabyrinthine Schwannomas

Jerin et al. reported two cases of ILS presenting with clinical symptoms that were similar to patients suffering from delayed endolymphatic hydrops, but no EH was demonstrated on temporal bone MRI in the two cases. A few studies have reported recurrent vertigo attacks in patients with ILS, mimicking Meniere's disease or delayed endolymphatic hydrops. However, few studies have shown that EH can be identified in patients with ILSs (12–14). Homann et al. first reported the coincidence of EH and intralabyrinthine tumors. However, due to the limited cases (two cases), it is unavailable to provide more information on the correlation of EH and the symptoms of ILS.

In the present study, the intralabyrinthine mass coexisting with EH was identified in four out of six patients using 3D real IR sequence MRI with injection of gadolinium. All four patients with EH on MRI presented with vertigo similar to Meniere's disease, so we assumed that EH is one typical imaging characteristic of ILSs, even in the early stage. It is hard to say whether EH or the intralabyrinthine mass is the first thing that can be detected on the MRI. Regarding the mechanism of EH in ILS, we speculated that the tumor may block the longitudinal flow of the endolymph, prevent the flow of the endolymph to the endolymphatic sac, or cause inflammation of the endolymph (23, 24).

In patient 1 with positional vertigo, temporal bone MRI with intratympanic injection of gadolinium revealed that the tumor was located in the vestibular cavity and the fundus of the internal acoustic meatus, and no EH was detected, which is consistent with the presentation. Slattery et al. reported a high proportion of patients displaying positional vertigo and assumed that it may be attributed to the direct effect of the tumor exerted on the cochlear and vestibular end organs (19).

In addition, the severity of hearing loss in the hydropic ears seems to be related to the site of hydrops, as hearing loss in patients with mild endolymphatic hydrops was moderate and profound in patients with both vestibular and cochlear hydrops. Further studies are needed to confirm the association between the symptoms and synchronous EH in ILSs.

Inner ear tumors are easily missed due to their occult location and small size, especially on conventional MRI. From our experience, it is not difficult to identify tumors and EH in the labyrinth of patients with ILS after careful review of high-resolution MRI using the IT or IV method. According to a previous study, there is no difference in the detection rate of EH by the IT or IV method (25). The strength of the IT method is the better contrast and resolution of the obtained pictures, but it is more invasive and could be affected by the external or middle ear condition. However, the IV method is less invasive and allows simultaneous monitoring of both ears (26). Thus, the IV method is now preferred in our hospital. High-resolution T2 MRI sequences are also recommended during follow-up but are sometimes refused by patients in whom vertigo does not recur.



Management

Since vertigo is considered a risk factor for the growth of vestibular schwannomas (27), for patients with intractable vertigo or unserviceable hearing, resection of the tumor via the labyrinth or intratympanic injection of gentamicin is preferred (28). For patients with serviceable hearing or tolerable symptoms, a wait-and-see strategy is recommended. In recent years, endoscopic ear surgery has been widely used for its advantages, such as shortening the operation time, reducing the need for mastoidectomy, and reducing postoperative complications (29, 30). Studies have reported that endoscopic ear surgery can also be applied in treating ILS. Pan et al. reported the first documented case of endoscope-assisted resection of an intravestibular schwannoma and demonstrated that an endoscopic approach for tumor resection in the vestibule offered improved visualization of the vestibule compared to that in an operating microscope (31). Marchioni et al. reported a series of six cases affected by ILSs of the intracochlear type who underwent surgery with an endoscopic transcanal transpromontorial approach and demonstrated that the endoscopic approach should be preferred to other more invasive surgical techniques in patients with intracochlear ILSs (32). Ma et al. reported partial cochlectomy via a transcanal endoscopic approach, and simultaneous cochlear implantation was performed in an intracochlear schwannoma case, which resulted in good audiologic outcomes (33). Taken together, in addition to cholesteatoma removal and tympanoplasty, endoscopic ear surgery is also suitable for patients with ILS, owing to its direct access to hidden recesses, such as vestibules, small incisions, and lower risk of postoperative complications.

The limitation of this study is that the number of cases is small; thus, statistical analysis between symptoms and imaging presentations cannot be performed.




CONCLUSION

EH concurrent with ILSs has been historically underestimated. With the extensive application of clinical MRI paradigms, such as 3D real IR sequence MRI, more potential cases of EH presenting in patients with ILS will be identified. The severity of hearing loss may be related to the location of the tumor and the degree of EH.
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Positive pressure therapy (PPT) is applied for medically-intractable vertigo in Ménière's disease (MD); however, it remains unknown whether PPT affects in vivo endolymphatic hydrops (EH). In this case report, we describe a 5-year course of MD in a patient in which EH was repeatedly observed. As the patient experienced recurrent vertigo attacks after endolymphatic sac surgery, he began to use the PPT device additionally and vertiginous episodes decreased in accordance with a decrease in the EH volume. The mechanism of PPT is suggested that the pressure increase in the middle ear inhibits EH development. PPT, if added after surgery, might be more effective to reduce EH volume compared with surgery alone. A larger study group size is required to test these preliminary data concerning EH changes.
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INTRODUCTION

Ménière's disease (MD) is a common inner ear disease that is characterized by episodic vertigo, fluctuating sensorineural hearing loss, and tinnitus. Twenty percent of patients with MD are refractory to medical therapy (1) and suffer frequent vertigo attacks with progressive profound hearing loss (2). For medically-intractable MD patients, available options other than function-ablative procedures are positive pressure therapy (PPT) or endolymphatic sac surgery (3), although review articles concluded insufficient evidence to support the benefit of both PPT and surgery (4, 5). MD is pathologically defined as idiopathic endolymphatic hydrops (EH) in the inner ear (6, 7), and reducing EH is an hypothesized pathway in these two therapies; however, this has not been directly demonstrated for PPT.

EH is currently easily visualized using 3-Tesla magnetic resonance imaging (MRI) after intravenous administration of gadolinium (Gd) (8). Using this imaging method, we routinely characterize EH enlargement in patients with MD and measure EH volume semi-quantitatively (9). In this short preliminary report, we describe a 5-year course of MD in a patient in which EH volume was repeatedly measured, and demonstrated in vivo EH reduction using a PPT device. The significance of these findings is discussed with specific reference to known EH pathophysiology.

Informed consent was obtained from the described patient.



CASE REPORT

A 68-year-old man, a piano instructor, complained of repeated vertigo for a few hours with nausea once per month for 15 years despite taking medications, namely diuretics and difenidol. He suffered from persistent tinnitus in the right ear, and pure-tone audiometry indicated sensorineural hearing loss of 48.8/37.5 dB involving the whole frequency spectrum [right/left ears, four-tone average according to the AAO-HNS criteria (10)]. He underwent Gd-enhanced MRI of the inner ear and neuro-otological testing. The first MRI scan revealed significant EH in the right vestibule and cochlea (Figure 1A); the volume ratio of EH relative to total inner ear volume (EH%) was 28.8%. The bithermal water-irrigation caloric test was used to measure the maximum slow phase velocity, and results showed no response in the right ear. We diagnosed right definite MD (stage 3) (10), educated the patient regarding diet and lifestyle modifications, and prescribed betahistine and diuretics. After 4 months of the additional treatments, the frequency of the vertigo attacks remained constant, and hearing in his right ear worsened to 56.3 dB. We performed endolymphatic sac drainage with steroid instillation (11) on July 2015. We followed the patient to evaluate vertigo and hearing at least once per month and requested that he record the date, severity, and duration of vertigo attacks in a self-check diary (12); the course of the vertigo from the month prior to the first examination is shown in Figure 1J. In May 2016, he reported no vertigo, and the second MRI revealed decreased EH (Figure 1B, EH% = 24). However, he suffered frequent vertigo attacks beginning in October 2016, hearing in his right ear worsened to 66.3 dB, and the third MRI revealed increased EH (Figure 1C, EH% = 34.2). He began to use the PPT device (EFET01, Daiichi Medical Co., Ltd., Japan) for the first time at home three times daily from February 2017 to June 2017. Vertiginous episodes resolved, hearing in his right ear improved to 55 dB, and the fourth MRI revealed decreased EH (Figure 1D, EH% = 23). However, vertiginous episodes recurred in November 2017, hearing in his right ear worsened to 65 dB, and the fifth MRI revealed increased EH (Figure 1E, EH% = 28.5). The second series of using the PPT device at home was performed from December 2017 to April 2018. Vertiginous episodes decreased, hearing in his right ear improved to 46.3 dB, and the sixth MRI revealed decreased EH equal to normal volume (Figure 1F, EH% = 8.8). For 2 years beginning in December 2017, he reported no vertigo, and the subsequent MRI revealed overall low EH values (Figures 1G–I: EH% = 11.8, 7.7, and 14, respectively). The latest hearing level was 47.5/42.5 dB, and he showed no caloric response in his right ear. All nine MRI scans detected no EH in the left inner ear throughout the 5-year observational course.


[image: Figure 1]
FIGURE 1. Course of endolymphatic hydrops (EH) and progression of vertigo attacks in a 68-year-old man. The patient's course was semi-quantitatively assessed by gadolinium-enhanced inner ear magnetic resonance images, which are shown in (A–I) (axial T2-weighted fluid-attenuated inversion recovery). The y axis on the left indicates the volume ratio of EH to the total inner ear volume in the right ear. (J) is a progress chart of the patient's vertigo attacks as frequency per month on the y axis (right-hand side). (A) Significant EH in the right vestibule and cochlea. No EH in the left vestibule and cochlea. May 2015. (B) Mild EH in the right vestibule and cochlea. July 2016. (C) Significant EH in the right vestibule and mild EH in the right cochlea. February 2017. (D) Mild EH in the right vestibule and cochlea. June 2017. (E) Significant EH in the right vestibule and mild EH in the right cochlea. December 2017. (F) No EH in the right vestibule and mild EH in the right cochlea. April 2018. (G) October 2018. (H) April 2019. (I) November 2019. No EH in the right vestibule and mild EH in the right cochlea. The yellow arrowheads indicate EH, and the black areas represent EH in the labyrinth. (J) The red inverted triangle in the chart indicates the day of surgery. The vertical stripes indicate the durations of the positive pressure therapy.




DISCUSSION

PPT and endolymphatic sac surgery is recommended as a second-line therapy for intractable MD when various medications fail (3). Several reports using MRI described EH volume decrease after sac surgery (13–15); however, to the best of our knowledge, no previous reports have demonstrated the effects of PPT for in vivo EH volume change in MD patients. In this patient, the frequency of the vertigo attacks was fully correlated with increases and decreases in EH volume (Figure 1J). There is a close association between the vector of the EH volume and MD symptoms, and the decreased EH% values were greater than twice the values after adding PPT (from 34.2 to 23 and from 28.5 to 8.8, respectively) than with surgery only (from 28.8 to 24). As shown in Figure 2 and Table 1, EH volume in the right ear of this case showed almost parallel changes, both when evaluated by total volume and by each region. The frequency of the monthly vertigo attacks increased from 1 to 10 after surgery, but decreased from 10 to 0 after adding PPT; the decrease in vestibular EH might have reflected vestibular symptoms in this case. PPT, which was added 18 months after surgery, might be more effective to reduce the frequency of vertigo and the EH volume compared with surgery alone.


[image: Figure 2]
FIGURE 2. Volume analysis of endolymphatic hydrops (EH) divided into cochlea and vestibule regions. The y axis indicates the volume ratio of EH to the involved part of the inner ear volume in the right ear. In this chart, the bold line indicates the volume ratio of EH relative to total inner ear volume (total EH%), the fine line indicates the volume ratio of EH relative to cochlear volume (c-EH%), and the dotted line indicates the volume ratio of EH relative to vestibular volume (v-EH%).



Table 1. Sequential values of the volume ratio of endolymphatic hydrops (EH) in the right ear according to region.

[image: Table 1]

A meta-analysis of PPT reported a reduction in vestibular symptoms in patients with MD (16, 17), but the clinical efficacy of PPT for MD remains controversial (4). Animal studies showed that positive middle ear pressure instantly transferred to inner ear pressure (18), and electrocochleography recordings demonstrated that the summating potential significantly decreased in the PPT group (19). The suggested mechanism of PPT is that the pressure increase in the middle ear improves endolymphatic drainage and inhibits EH development (20), and this hypothesis was proven for the first time, in this study. The PPT device used in our study, unlike the Meniett device, provides intermittent positive pressure without ventilation tube insertion, and vertigo control for MD patients was demonstrated to be as effective as with the Meniett device (21). With these considerations, this remarkable case suggests that local pressure pulse application without oxygenation can affect labyrinthine physiology and induce in vivo EH reduction. Regarding our patient's hearing level in the affected ear, the difference between the first and the latest audiometry of 1.3 decibels was considered no change. Although the hearing level in the affected ear is reported to correlate with EH volume (22), the decrease in cochlear EH might not have improved the hearing level in this case. In MD, hearing levels worsen, and EH volume develops over time (23). The EH-reducing effect of a PPT device might have stopped the hearing deterioration, in our patient. Additionally, image data before or after PPT are useful to accurately determine the results of treatment.

In summary, we successfully treated a patient with intractable MD using a PPT device combined with endolymphatic sac surgery. Positive pressure could remedy vertiginous symptoms of MD through EH volume reduction. As this is a single case, and the data are preliminary, a larger study group size is required to evaluate the effect of PPT for in vivo EH. We plan to address this limitation in a future study.
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Introduction: On video head impulse testing (vHIT) of semicircular canal function, some patients reliably show enhanced eye velocity and so VOR gains >1.0. Modeling and imaging indicate this could be due to endolymphatic hydrops. Oral glycerol reduces membranous labyrinth volume and reduces cochlear symptoms of hydrops, so we tested whether oral glycerol reduced the enhanced vHIT eye velocity.

Study Design: Prospective clinical study and retrospective analysis of patient data.

Methods: Patients with enhanced eye velocity during horizontal vHIT were enrolled (n = 9, 17 ears) and given orally 86% glycerol, 1.5 mL/kg of body weight, dissolved 1:1 in physiological saline. Horizontal vHIT testing was performed before glycerol intake (time 0), then at intervals of 1, 2, and 3 h after the oral glycerol intake. Control patients with enhanced eye velocity (n = 4, 6 ears) received water and were tested at the same intervals. To provide an objective index of enhanced eye velocity we used a measure of VOR gain which captures the enhanced eye velocity which is so clear on inspecting the eye velocity records. We call this measure the initial VOR gain and it is defined as: (the ratio of peak eye velocity to the value of head velocity at the time of peak eye velocity). The responses of other patients who showed enhanced eye velocity during routine clinical testing were analyzed to try to identify how the enhancement occurred.

Results: We found that oral glycerol caused, on average, a significant reduction in the enhanced eye velocity response, whereas water caused no systematic change. The enhanced eye velocity during the head impulses is due in some patients to a compensatory saccade-like response during the increasing head velocity.

Conclusion: The significant reduction in enhanced eye velocity during head impulse testing following oral glycerol is consistent with the hypothesis that the enhanced eye velocity in vHIT may be caused by endolymphatic hydrops.

Keywords: endolymphatic hydrops, Menière's Disease, vHIT, semicircular canal testing, VOR, vestibular


INTRODUCTION

An enhanced eye velocity response to stimulation of the semicircular canals by angular acceleration has been reported in patients with Menière's Disease (MD) (1–3). Evidence for enhanced eye velocity in the video head impulse test (vHIT) of horizontal semicircular canal function (vHIT) with very high angular accelerations (up to 5,000 deg/s2) has also been reported (4–7). The prevalence of this increased enhanced eye velocity has now been documented by a large study (7) showing a prevalence for enhanced eye velocity in vHIT testing of patients with MD. In these patients the result was not due to poor calibration or artifacts in testing, such as goggle slip (8, 9) since the testers were very experienced clinicians who carefully checked for calibration errors or goggle slip. It was not due to testing with a very close viewing distance—which acts to increase VOR gain (10, 11). Repeated vHIT tests show that enhanced eye velocity is a characteristic response pattern for individual patients, and the consistency of such a response can be seen in the repeated test results of one patient on different occasions (4). In these patients during a head impulse, the eye velocity exceeds the head velocity, resulting in a VOR gain >1.0, where the area VOR gain is defined as (the area under the eye velocity record divided by the area under the head velocity record). It appears that enhanced eye velocity in vHIT testing is rarely found in testing healthy subjects (7).

The focus of the present study was on the possible cause of such enhanced eye velocity. Our hypothesis is that it may be due to endolymphatic hydrops (ELH). Imaging of the labyrinth of two patients with enhanced eye velocity has shown ELH (4). The hypothesis is that ELH alters the hydrodynamic load on the cupula during an angular acceleration and so results in an increased eye velocity (4, 5, 12). That hypothesis is supported by fluid dynamical modeling of the effect of ELH on vHIT responses showing that ELH resulted in enhanced eye velocity responses similar to the enhanced responses actually obtained from patients with MRI-confirmed ELH (4, 5, 12). To further test this hypothesis, we sought in patients showing enhanced eye velocity to modify labyrinth volume experimentally by using oral glycerol and testing what effect that modification had on their enhanced eye velocity response.

There is anatomical evidence from guinea pig studies that glycerol acts to reduce membranous labyrinth volume (13, 14). In patients the glycerol dehydration test has been used to indicate ELH in auditory testing by measuring auditory thresholds before and after oral intake of glycerol. The reduction of thresholds for low frequencies is an indicator of probable ELH (15, 16). Objective measures show that oral glycerol caused changes of the cochlear electrophysiological indicator of ELH (the SP/AP ratio of the ECochG during glycerol) (17). There are vestibular parallels to these auditory changes after glycerol—VEMP amplitude increases (18–22). So, we reasoned that the glycerol test could be used to test whether enhanced eye velocity during vHIT testing is due to ELH, by selecting patients who showed enhanced eye velocity to horizontal head impulses and measuring their eye velocity before and at hourly intervals after oral intake of glycerol. We predicted that the glycerol should act to decrease the ELH and so to decrease the enhanced eye velocity. As a control we tested patients with enhanced eye velocity at hourly intervals before and after oral intake of comparable volumes of water.



MATERIALS AND METHODS


Study Design and Participants

Patients were enrolled if they showed enhanced eye velocity on vHIT testing. The criterion level for enrolment was set as an initial VOR gain >1.29. That cutoff level was established by measuring the initial VOR gain in a group of healthy subjects where the mean value of initial VOR gain in 16 healthy asymptomatic subjects (32 ears) was 1.05 ± 0.118 (SD) (see Table 1 for demographic data on patients and healthy subjects). Thus, an initial VOR gain >1.29 is larger than 95% of the population [mean +2 standard deviations (25)], and so patients in whom the vHIT records for an impulse to one side showed an initial VOR gain >1.29 were enrolled in this study. We enrolled nine test patients (17 ears met criterion) and four control patients (6 ears met criterion). We stress that the inclusion criterion in this study was not based on diagnosis, but on this objective measure of enhanced eye velocity on vHIT testing. Table 1 shows the demographics of the patients and shows that the usual diagnosis was definite Menière's Disease based on Bárány Society guidelines (23). The diagnosis of Definite Menière's Disease according to the Bárány Society criteria requires (i) at least two episodes of spontaneous vertigo lasting between 20 min and 12 h, (ii) the presence of a low-frequency sensorineural hearing loss in the affected ear (at least 30 dB nHL in two neighboring frequencies <2 kHz) in the pure-tone audiogram before, during or after an attack, (iii) fluctuating auditory symptoms like fullness or tinnitus in the affected ear. In case the patient reports fluctuating hearing loss in the affected ear, but criterion (ii) is not fulfilled, the symptoms are classified as “probable Menière's Disease.” Glycerol test patients are G1–G9 and control patients are W1–W4. Two patients who met the inclusion criterion of an initial gain above 1.29 were diagnosed as having Vestibular Migraine according to the diagnostic criteria of the Bárány Society (24). A summary of the demographics of the group of 16 healthy subjects is also shown (Table 2).


Table 1. It shows the demographics of the patients and shows that the usual diagnosis was definite Menière's Disease based on Bárány Society guidelines (23).

[image: Table 1]


Table 2. It shows a summary of the demographics of the group of 16 healthy subjects.
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The patients were tested before and at hourly intervals after oral glycerol intake (test patients) or water intake (control patients). All the test patients were given orally 86% glycerol at a dosage of 1.5 mL/kg of body weight, dissolved 1:1 in physiological saline. The control patients received only water. Because vHIT testing is so fast and is not burdensome to patients, it was possible to test these patients at 4 successive epochs: before oral glycerol (or water) intake (time 0) and 1, 2, and 3 h after the intake. All patients were tested at quiescence.



Ethics

All patients were informed about the procedure and the vestibular tests which were part of their clinical evaluation. The glycerol testing was carried out at the MSA ENT Academy Center in Cassino, and all procedures were performed in accordance with the Helsinki declaration, and were approved by the MSA ENT Academy Institutional Review Board, and all subjects and patients gave informed consent to the investigation and were free to terminate their participation at any time.

The glycerol experiment reported here yielded some results which were puzzling, so we reviewed earlier data from clinical vHIT testing of other patients tested during their routine clinical evaluation at Cassino or Donostia seeking examples of enhanced eye velocity in the responses of these patients. In each case the vHIT testing had been conducted with the patient's approval as part of the standard clinical assessment of their vestibular function. Since no novel or exceptional interventions were performed, simply the routine vHIT testing, only the approval of the local ethical committee for the corresponding institutions was required for the researchers.



vHIT Testing

The function of the horizontal semicircular canals was measured using the horizontal video head impulse test (vHIT) (26) (OtosuiteV®, GN Otometrics, Denmark). Subjects were instructed to fixate an earth-fixed dot on the wall at 1 m distance in front of them. Room lighting conditions were adjusted to ensure that the pupil was small, and the pupil image was not affected by reflections at any point in the range of the head movement. At each testing epoch the clinician (LM) applied about 20 brief, rapid, horizontal head turns (head impulses) to each side, always starting from center, with unpredictable timing and direction with minimal bounce-back or overshoot at the end of the head impulse: that is each head impulse was “turn and stop.” The amplitude of the head rotation was about 10–15 deg, and the peak head velocity of the impulse was about 140–250 deg/s, with angular accelerations of between about 3,000 deg/s2 and 5,000 deg/s2. The sampling frequency was 250 frames/s. Video images were analyzed online to calculate eye position using a pupil detection method based on a center-of-gravity algorithm written in LabVIEW (National Instruments, Austin). Eye velocity and head velocity were recorded for each head turn. Eye velocity was obtained from a two-point differentiator and low-pass filtered (0- to 30-Hz bandwidth). Head accelerations were obtained using a Savitzky-Golay quadratic polynomial filter with a filter length of three points (corresponding to 12 ms) to smooth and differentiate the head-velocity data. The same process was used to obtain eye accelerations from the eye velocities. Because covert saccades rarely occur on the ascending phase of head velocity and because the initial VOR gain was based on a velocity point and not the usual area under the eye velocity curve, desaccading was not needed for the calculation of the initial VOR gain. At each testing epoch, the examiner sought to give head impulses with similar peak head velocities.

Three methods of calculating VOR gain from the slow phase eye velocity were used. (1) Area VOR gain: the area under the desaccaded eye velocity curve (27) divided by the area under the head velocity curve. This is the standard area VOR gain as used in the Otometrics Impulse system.

(2) The initial VOR gain defined as the peak eye velocity divided by the value of head velocity at the time of peak eye velocity. The onset of the head impulse was defined as 60 ms before the time of peak head acceleration. (3) the peak eye velocity divided by the head velocity at peak head acceleration, since this index may better reflect the effect of hydrops on cupula deflection.

In order to detect enhanced eye velocity, it is necessary to examine the time series records for individual trials–it can be concealed if only area VOR gain is examined because the eye velocity during the deceleration phase of the head impulse may cancel the enhanced eye velocity during the acceleration phase of the head impulse (see Figure 1). The enhanced eye velocity shown in individual trials occurs in the first part of the head impulse—from the onset to the peak head velocity (see Figure 1). To set an objective measure of what constitutes enhanced eye velocity we calculated the ratio of the peak eye velocity to the value of head velocity measured at the time of peak eye velocity. For this calculation, the peak eye velocity was defined as the highest eye velocity occurring in the time interval starting 40 ms before the time of peak head velocity, and ending 40 ms after the time of peak head velocity. We refer to this ratio of peak eye velocity to simultaneous head velocity as the initial VOR gain, and this was the objective measure of enhanced eye velocity used in this study.


[image: Figure 1]
FIGURE 1. Superimposed eye velocity and head velocity records for head impulses to the left (A) and right (B) sides of a patient with enhanced eye velocity. In this example the usual indicator of VOR gain (area VOR gain) is 1.04 for the left side and 1.05 for the right side, which does not indicate the enhanced eye velocity which is so clear in the eye velocity time series on the left. Whilst the area VOR gains are similar for both L and R, the time series of eye velocities during the head impulses are completely different. In R the eye velocity tracks head velocity almost exactly, whereas in L there is an early enhanced eye velocity during the head acceleration followed by a steep decrease in eye velocity during impulse deceleration. To quantify the enhanced eye velocity on the left we calculated a parameter called initial VOR gain, which consists of the peak eye velocity divided by the value of head velocity at the time of peak eye velocity and the initial VOR gains here are 1.75 and 1.20.


As Figure 1 shows, area VOR gain does not faithfully reflect the enhanced eye velocity response of these patients, which is clear on inspection of the time series eye velocity records. For example Figure 1A shows a patient's vHIT responses on L where the actual trajectory of eye velocity during the head impulse is unlike the usual close match to head velocity of healthy subjects, and this patient recorded an area VOR gain of 1.04 but an initial VOR gain of 1.75, justifying our use of initial VOR gain as an objective indicator of enhanced eye velocity.



Statistical Analysis

For each patient the initial VOR gain was calculated for every impulse, averaged across impulses at each testing epoch, and the averaged initial VOR gains across patients were analyzed with a one-way ANOVA with repeated measures using SPSS Version 26 (28). The data for the glycerol patients and water patients were analyzed separately. Shapiro-Wilk tests of normality (25) showed that the assumption of normality of distribution of the raw data was accepted in all conditions for both glycerol and water. Mauchly's test of sphericity (W) was not significant for both groups. The level of statistical significance was set at p < 0.05.




RESULTS


Reduced Initial VOR Gain After Glycerol Intake

The responses of testing 17 sides (ears) of the nine patients whose data exceeded the criterion of initial VOR gain >1.29 were analyzed. Figure 2 shows examples of the raw data for three patients: the superimposed eye velocity and head velocity plots during standard head impulses of these patients before glycerol intake (upper two rows (A and B)) show enhanced eye velocity. Each separate image (which we term a thumbnail) shows the responses before and at hourly intervals after oral glycerol. For each set of impulses the mean initial VOR gain together with the standard error is shown beneath the impulses. The mean area VOR gain is shown to the right of the superimposed records. An example of the response of a control patient who received oral water instead of glycerol is shown in Figure 2C.


[image: Figure 2]
FIGURE 2. Three examples of the successive vHIT test results (plots which we term thumbnails) of two patients (A,B) with enhanced eye velocity before and at hourly intervals after oral glycerol intake (upper two rows) and for another patient (C) before and after water intake. Each thumbnail shows the superimposed records of eye velocity (dark blue) and head velocity (light orange) during the head impulse for many trials. There appear to be inflection points in the eye velocity records during the deceleration (explained below). Before glycerol (leftmost column) the three patients all have large initial VOR gains (values shown beneath the thumbnails), reflecting the enhanced eye velocity. The decrease in enhanced eye velocity in the glycerol patients after glycerol intake is clear, whereas there is no systematic decrease in the eye velocity or the initial VOR gain in the patient receiving water.


Figure 3 shows the average initial VOR gains at each testing epoch for patients receiving glycerol and those receiving water together with the means across the patients in the two groups (and two tailed 95% confidence intervals – gray bands). The ANOVA on the 17 glycerol ears was significant: F = 4.72, p = 0.006 with the contrast for linear trend showing that for the glycerol data there was a significant linear decrease in initial VOR gain across the testing intervals F = 8.04, p = 0.012. A total of 13/17 ears tested showed a decrease in VOR 1 h after glycerol. The ANOVA for the water control was not significant: F = 0.454, p = 0.718). Only 17 ears of nine patients were measured since the last ear did not meet the inclusion criterion of an initial VOR gain above 1.29.


[image: Figure 3]
FIGURE 3. Initial VOR gain for all patients together with mean initial VOR gain across all patients tested at each testing epoch the gray bands show two tailed 95% confidence intervals for the means. Left panel—glycerol; right panel–water. The average decrease from before to 1 h after glycerol intake is significant and there is a significant linear decrease across the test epochs. There is no significant change in initial VOR gain for patients receiving water.


Using the VOR gain specified by peak eye velocity divided by the head velocity at time of peak head acceleration also showed that glycerol caused a significant decrease in VOR gain.



Absence of Corrective Saccades After the Enhanced Eye Velocity

If eye velocity closely matches head velocity during a head impulse, then at the end of the impulse the eye will be on target, so there will be no gaze error and so no corrective saccade will be necessary. The Otometrics system (ICS Impulse) shows area gain, which is the ratio of the change in eye position to the change in head position. The change in head position is the integral of head velocity during the head impulse—i.e., the area under the head velocity curve. The change in head position is matched and corrected for by the change in eye position, so at the end of the impulse the eye is on the target and no saccade is necessary. However, the area gain for the entire head impulses may be close to 1, although there may be a clearly enhanced eye velocity at the start of the impulse, then in the second half of the impulse the eye velocity is regularly less than the decreasing head velocity (see Figure 4), thus acting to cancel out the position error caused by the enhanced eye velocity on the acceleration phase. The result is that the area between eye velocity and head velocity (arrow a in Figure 4) is about the same as the (opposite) area between eye velocity and head velocity in the decelerating phase (arrow b), so these two areas effectively cancel and the eye position at the end of the head impulse will be on target, so no corrective saccade will be necessary even though the trajectory of the eye velocity during the head impulse is so different from the usual response (see also Figure 1A). While the graphical records may show this, the area gain value may not. These examples show why we derived and used this gain measure—initial VOR gain—which reflects the enhanced eye velocity during the initial part of the head impulse.


[image: Figure 4]
FIGURE 4. Enhanced eye velocity (a) during acceleration may be canceled by decreased eye velocity during deceleration (b) leading to a final eye position which stays close to the target.




Saccade-Like Responses

In some patients the enhancement of eye velocity during the head impulse stimulus is fairly uniform at all head velocities (see Figure 4). However, the records from other patients show what appears to be a saccade-like response which is added to the eye velocity during the initial head acceleration. It is a compensatory saccade and not an anticompensatory quick phase since the saccade direction is opposite to the direction of head turn. (A quick phase of nystagmus is a rapid eye movement in the same direction as head turn and so is anticompensatory). This response appears to be a very early covert saccade. Such a saccade-like response is very difficult to detect during the increasing head velocity at the start of the head impulse because the saccadic velocity is very close to the high eye velocity at the start of the head impulse. However, an inflection at the end of the saccadic-like responses (arrows in Figure 5) is a tell-tale sign of the addition of this saccade-like response during the head impulse. These two response modes suggest there may be two mechanisms operating to produce VOR gain enhancement. The first being the enhancement shown by fluid dynamic modeling (5), the second being a mechanism which generates this saccade-like response. We sought to try to clarify further this saccade-like mechanism and consider what may cause it.


[image: Figure 5]
FIGURE 5. Overlaid traces of eye velocity (blue) and head velocity (orange) and the difference between eye and head velocity (black) for head-impulse data for two patients with high VOR gain (B,C) and for a healthy subject (A). Responses for the patients shows a pronounced peak in the difference between eye and head velocity (black traces) and we term this the “saccade-like response.” In healthy subjects this difference stays close to zero or is even negative. Both sets of enhanced eye velocity for the patients show an inflection point in the eye velocity time series (shown by arrows) which would suggest the end of a saccade-like response whose point of initiation is hidden in the very rapidly increasing eye velocity during head acceleration.


By plotting the time series of the difference between eye velocity and head velocity during the whole head impulse (Figure 5, second and fourth columns) for a healthy subject (A) and patients (B and C), this saccade-like response is clearly shown in the patient records (B and C). The difference between eye velocity and head velocity effectively cancels the slow compensatory eye velocity response and leaves the saccade-like response exposed. For horizontal head turns for healthy subjects (top row), the typical records have the eye velocity matching head velocity quite closely, so the difference (E–H) curves are flat or even concave (probably because of the small effect of latency of the eye velocity response). These early saccade-like responses occur rarely in healthy subjects (Figure 5A) but are found and are highly repeatable in patients (e.g., arrows in Figure 5 above).

Figure 6 shows several examples of the raw data and the corresponding plot of the difference between eye velocity and head velocity for four patients and four healthy subjects to establish the consistency of the response patterns and the usefulness of this mode of plotting the responses of head impulse testing.


[image: Figure 6]
FIGURE 6. To show the value of plotting the difference between eye velocity and head velocity for patients (A) and healthy subjects (B). Each row shows the E-H plot for one patient and one healthy subject. The very different E-H plots between the groups is clear.





DISCUSSION

These results show that there is an enhanced eye velocity during head impulse testing and that oral glycerol on average results in a significant decrease in this enhanced eye velocity. Consuming a comparable volume of water does not result in a significant decrease of enhanced eye velocity. Other evidence shows that glycerol acts to reduce ELH, so our result implies that enhanced eye velocity on vHIT testing may be an indicator of endolymphatic hydrops. In the following we consider major questions about these results—the evidence that enhanced eye velocity occurs, whether it is artifactual, the variability of patient responses, what could trigger the enhancement.


Patient Groups

The enhanced eye velocity is not restricted to patients with MD but occurs in other patient groups: some patients diagnosed as having vestibular migraine show enhanced eye velocity. This is in accord with the hydrops model put forward above because ELH occurs not only in MD but can also occur in other conditions (29, 30). The group which is poorly represented in our testing is healthy subjects because enhanced eye velocity was so rarely found in their results, as has been reported in a large study (7).

Why are there such different patterns of enhanced eye velocity responses during head impulses not seen by all clinics? We consider that patient selection is an important factor. Some clinics only see patients who are well-advanced in the disease (31, 32). Other clinics test patients who are at the very earliest stage of inner ear disease (33), and it may be that the enhanced eye velocity is more salient early in the disease. Up to now VOR gains >1 tend to have been discounted as measurement error in VHIT records but see Figure 4 of Carey et al. (6) which shows enhanced eye velocity recorded with scleral search coils so there was no goggle slippage.



Artifacts

Artifacts can occur during head impulse testing (8, 34), for example calibration errors or goggle slippage. The enhanced eye velocity we report here is not due to calibration errors or goggle slippage. There are two main reasons: the operator was very well-trained in carrying out the head impulse test and checked calibration and the tightness of the goggles whenever enhanced eye velocity occurred. Can loose straps cause a similar enhanced eye velocity? No. We have systematically loosened and tightened goggle straps without being able to duplicate the highly reliable enhanced eye velocity response pattern we have shown above.

The patient responses themselves show the enhancement is not artifactual because these responses differentially occurred in patients and not in healthy subjects. Furthermore, if it occurred in a patient it was highly likely to reappear when that patient was retested [see also Rey-Martinez et al. (4)]. Furthermore, if it were simply artifactual then it is not clear why the enhancement should systematically decrease after oral glycerol intake but not water intake.



Variability

In some patients with enhanced eye velocity there are only minimal changes in eye velocity after oral glycerol in this vestibular version of the glycerol dehydration test, just as some patients only show minimal changes in the auditory version of the glycerol dehydration test for ELH (35). The variability of these results is not surprising given the variability of the hydrops of the membranous labyrinth now being revealed by MRI scans (36). As is becoming clear from imaging of labyrinths with ELH, the hydrops can vary greatly in the location of greatest swelling from one individual to another—in some patients the hydrops is mainly around the utricle, in others it may be mainly around the cochlea (36).

Clearly differential enlargement of the membranous labyrinth will have very different effects on the way in which the enlarged fluid volume can affect the canal response. So we would expect that some patients with enlarged utricular volume would show large effects of glycerol on the enhanced eye velocity, whereas others with predominantly cochlear hydrops would show little effect. We do not yet have sufficiently precise estimates of the exact location of the enlarged membranous labyrinth volume to make predictions relating the hydrops to enhanced eye velocity, but this is a prediction for future research. Also, the exact effect of glycerol on the likely non-uniformly enlarged membranous labyrinth is unknown—glycerol may differentially affect different structures. The auditory glycerol dehydration test uses threshold measurement, and it has been suggested that some of the variability in that test is due to patient expectancy effects (35). Glycerol affects the objective physiological index of ELH, the ECochG, but there is still considerable variability between patients (17).



The Saccade-Like Response During Head Acceleration

In routine vHIT testing compensatory covert saccades may occur after the end of the impulse (overt saccades) or during the decreasing eye velocity of a head impulse (covert saccades).

In both cases saccades are error correcting eye movements to return the patient's gaze position to the target. Compensatory covert saccades are relatively easy to identify visually (and computationally) because the saccade direction and velocity is opposite in direction to the decreasing slow phase eye velocity in the “deceleration” phase of the head impulse, so the inflection at the start of the covert saccade is apparent (37). However, a compensatory covert saccade during the increasing eye velocity on the acceleration phase of the head impulse is difficult to detect since the saccade velocity is in the same direction as the compensatory (“slow phase”) eye velocity. In that case a covert saccade is just an increment on the increasing eye velocity and so difficult to detect, although our technique of plotting the difference between eye velocity and head velocity shows this saccade-like response clearly.

The important questions are what could trigger such a consistent response pattern? These are not just anticipatory saccades since they are invariably in the correct compensatory direction, even though the direction of successive head impulses was randomized. What could trigger this response since their latency is so short? The angular jerk at the onset of the head impulse could act as a trigger. If canal receptors have enhanced sensitivity, e.g., are jerk sensitive, they could trigger such an early rapid saccade.

In our data the patients had enhanced eye velocity during the initial part of the head impulse, and one possibility is that this is due to the fact that the transient semicircular canal receptor and afferent system (38) is sensitized. The evidence for this is shown by the comparison of initial VOR gain in normals vs. initial VOR gain in patients. So, one hypothesis is that the earliest part of the response in vHIT is due to the transient canal system—the irregular afferents synapsing on type I receptors at the crest of the crista (39–41). So, loss of these receptors—for example after systemic gentamicin which preferentially attacks type I receptors (42–44)—should lead to a poor initial response. That has been shown in patients who have received gentamicin either systemically (45) or intratympanically (6). Conversely, if those receptors were to be sensitized there should be a larger initial gain. Is there evidence for such sensitization? There is indirect evidence that these transient receptors/afferents may be sensitized in MD patients (46) who showed enhanced eye velocity response to abrupt onset galvanic stimulation (47, 48).

Another stimulus which could act as a trigger for enhanced eye velocity and the saccade-like response is tangential linear acceleration (or tangential jerk) acting on otolithic receptors.

Tangential linear acceleration during an angular rotation is defined as the product of the angular acceleration x the radius (from the axis of the rotation to the otolithic receptors), and in usual turntable testing this is insignificant because R is so small (3.76 cm) (49) and the angular acceleration is also small (perhaps 100 deg/s2). However, with head impulse testing, the tangential linear acceleration is large because the angular acceleration is of the order of 3,000 deg/s2. The onset of that linear acceleration or linear jerk could serve as a trigger. Tangential linear acceleration is not usually considered in animal physiological studies recording otolithic responses because the radius of animal heads is even smaller than for human heads and large angular accelerations are not usually given.




CONCLUSION

Some patients show consistent enhanced eye velocity responses on vHIT testing, and this study indicates that such enhanced eye velocity may be an indicator of endolymphatic hydrops. Oral intake of glycerol which acts to constrict the membranous labyrinth enlargement also reduces the enhanced eye velocity. The reduction of the enhanced eye velocity by glycerol serves to confirm the indication of hydrops. We have presented a measure of enhanced eye velocity—initial VOR gain–and a new technique for identifying saccade-like responses in the individual trials.
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Background: The etiology of Meniere's disease (MD) and endolymphatic hydrops believed to underlie its symptoms remain unknown. One reason may be the exceptional complexity of the human inner ear, its vulnerability, and surrounding hard bone. The vestibular organ contains an endolymphatic duct system (EDS) bridging the different fluid reservoirs. It may be essential for monitoring hydraulic equilibrium, and a dysregulation may result in distension of the fluid spaces or endolymphatic hydrops.

Material and Methods: We studied the EDS using high-resolution synchrotron phase contrast non-invasive imaging (SR-PCI), and micro-computed tomography (micro-CT). Ten fresh human temporal bones underwent SR-PCI. One bone underwent micro-CT after fixation and staining with Lugol's iodine solution (I2KI) to increase tissue resolution. Data were processed using volume-rendering software to create 3D reconstructions allowing orthogonal sectioning, cropping, and tissue segmentation.

Results: Combined imaging techniques with segmentation and tissue modeling demonstrated the 3D anatomy of the human saccule, utricle, endolymphatic duct, and sac together with connecting pathways. The utricular duct (UD) and utriculo-endolymphatic valve (UEV or Bast's valve) were demonstrated three-dimensionally for the first time. The reunion duct was displayed with micro-CT. It may serve as a safety valve to maintain cochlear endolymph homeostasis under certain conditions.

Discussion: The thin reunion duct seems to play a minor role in the exchange of endolymph between the cochlea and vestibule under normal conditions. The saccule wall appears highly flexible, which may explain occult hydrops occasionally preceding symptoms in MD on magnetic resonance imaging (MRI). The design of the UEV and connecting ducts suggests that there is a reciprocal exchange of fluid among the utricle, semicircular canals, and the EDS. Based on the anatomic framework and previous experimental data, we speculate that precipitous vestibular symptoms in MD arise from a sudden increase in endolymph pressure caused by an uncontrolled endolymphatic sac secretion. A rapid rise in UD pressure, mediated along the fairly wide UEV, may underlie the acute vertigo attack, refuting the rupture/K+-intoxication theory.

Keywords: human, synchrotron radiation phase-contrast imaging, reunion duct, Bast's valve, Meniere's disease


INTRODUCTION

The etiology of Meniere's disease (MD) remains indefinite and continues to foil the afflicted and the medical profession. One reason may be the exceptional complexity of the human labyrinth, its fragile fluid system surrounded by rock-hard bone. There is also a general lack of knowledge about how organs regulate hydrostatic pressure, volume and ion homeostasis (1). The vestibular organ contains separate compartments filled with endolymph fluid. The utricle, semicircular canals, endolymphatic duct (ED), and endolymphatic sac (ES) form a phylogenetically older “pars superior,” while the cochlea and saccule form the “pars inferior” (2). They are interconnected by narrow channels forming an endolymphatic duct system (EDS). The cochlea is linked to the vestibular system via the reunion duct (RD) (3, 4), the saccule to the ED via the saccular duct (SD), and the utricle to the ED via the utricular duct (UD). Consequently, the EDS may allow the exchange of fluid and solutes among the compartments and mediate pressure, thereby regulating fluid homeostasis around the sensory receptors to optimize function.

It is still uncertain if endolymph “circulates” among the partitions, and where it is produced and absorbed, which was initially thought to be confined to each partition. Seymour (2) believed that endolymph was formed in the ES and flowed through the ED to the rest of the labyrinth to insure complete filling of the phylogenetically older utricle and semicircular canals. Yet, experimental investigations suggested a reversed situation, namely, that the lateral cochlear wall secretes endolymph, and a “longitudinal flow” of endolymph exists from the cochlea to the saccule and from there to the ED and ES for reabsorption (5–8). Tracer studies rarely identified a flow toward the utricle (5), supporting Kimura's (9) findings that endolymph is secreted locally in the vestibular labyrinth (9). Endolymph may escape the utricle through the utriculo-endolymphatic valve (UEV) into the UD, ED, and ES (5). A longitudinal flow was later questioned under normal conditions (10, 11), and it was found that endolymph may instead be produced locally and absorbed in the cochlea and utricle (12). Recent molecular analyses show that the ES is essential for the normal development of endolymph volume and absorption, where pendrin, an anion exchange protein encoded by the SLC26A4 gene, plays an important role during a critical period (13, 14).

The EDS can potentially be disrupted, leading to endolymphatic hydrops (EH), which is believed to underlie the symptoms in MD. Blockage of the RD has been described as a causative factor (15, 16) by some but denied by others (17). Experimental obstruction of the RD results in cochlear hydrops and collapse of the saccule, suggesting that both regions depend on a patent RD (8). Tracer studies indicated that endolymph may circulate from the cochlea through the RD to the ED and ES (5, 18). Collapse of the saccule and maintained utricle filling after RD blockage suggests a lack of endolymph production in the saccule consistent with the absence of an epithelial “dark cell” region or epithelia believed to secrete endolymph (19). Furthermore, experimental blockage of the ES results in EH in guinea pigs, and bony obstruction of the vestibular aqueduct (VA) has been associated with Meniere's disease (7, 17, 20). This suggests that the ES plays an important role in endolymph circulation and reabsorption.

Our knowledge of the anatomy of the human vestibular organ and EDS rests primarily on two-dimensional (2D) histologic sectioning. Reproduction of the three-dimensional (3D) anatomy may enhance our understanding of its function and clarify the pathophysiology of EH and MD. We used high-resolution synchrotron phase contrast imaging (SR-PCI) and micro-computed tomography (micro-CT) to investigate EDS in human temporal bone cadavers. Data were processed using volume-rendering software to create 3D reconstructions allowing orthogonal sectioning, cropping, and tissue segmentation. It revealed for the first time the 3D anatomy of the human UEV and its suspension to the VA. These results may shed new light on the role of the EDS in the etiology and pathophysiology of EH and MD.



MATERIALS AND METHODS


Ethical Statements


Human Temporal Bones

Ten fixed adult human cadaveric cochleae were used in this study. Specimens were obtained with permission from the body bequeathal program at Western University, London, Ontario, Canada in accordance with the Anatomy Act of Ontario and Western's Committee for Cadaveric Use in Research (approval No. 06092020). No staining, sectioning, or decalcification was performed on the specimens. Ethics approval for the micro-CT project was obtained from the University of Western Australia (UWA, RA/4/1/5210), and the human temporal bones were provided by the Department of Anatomy at UWA.



SR-PCI and Imaging Technique

The SR-PCI technique used in the present investigation was recently described by Elfarnawany et al. (21) and Koch et al. (22). Each sample was scanned using SR-PCI combined with computed tomography (CT) at the Bio-Medical Imaging and Therapy (BMIT) 05ID-2 beamline at the Canadian Light Source, Inc. (CLSI) in Saskatoon, Canada. The imaging field of view was set to 4,000 × 950 pixels corresponding to 36.0 × 8.6 mm, and 3,000 projections over a 180° rotation were acquired per CT scan. CT reconstruction was performed, and the 3D image volume had an isotropic voxel size of 9 μm. The acquisition time to capture all projections per view was ~30 min. For 3D reconstructions of the cochlear anatomy, structures were traced and color-labeled manually on each SR-PCI CT slice (~1,400 slices per sample). The open source medical imaging software, 3D Slicer version 4.10 (www.slicer.org) (23), was used to create detailed 3D representations of the basilar membrane (BM), spiral ganglion and connective dendrites between these structures, which allowed for accurate delineation when compared to traditional 2D slices.



Micro-CT

Micro-CT was used to analyze the 3D anatomy of the nerves in the internal acoustic meatus. We used a diffusible iodine-based technique to enhance contrast of soft tissues for diffusible iodine-based contrast-enhanced computed tomography (diceCT). Increased time penetration of Lugol's iodine (aqueous I2KI, 1% I2, 2% KI) provided possibilities to visualize between and within soft tissue structures (24). The temporal bone was fixed in a modified Karnovsky's fixative solution of 2.5% glutaraldehyde, 1% paraformaldehyde, 4% sucrose, and 1% dimethyl sulfoxide in 0.13 M of Sorensen's phosphate buffer. Soft tissue contrast was achieved by staining the sample for 14 days, as described by Culling et al. (25). The X-ray micro-CT was conducted using Versa 520 XRM (Zeiss, Pleasanton, CA, USA) running Scout and Scan software (v11.1.5707.17179). Scans were conducted at a voltage of 80 kV and 87 μA, using the LE4 filter under 0.4x optical magnification and a camera binning of 2. Source and detector positions were adjusted to deliver an isotropic voxel size of 23 μm. A total of 2,501 projections were collected over 360°, each with an exposure time of 1 s. Raw projection data were reconstructed using XM Reconstructor software (v10.7.3679.13921; Zeiss) following a standard center shift and beam hardening (0.1) correction. The standard 0.7 kernel size recon filter setting was also used. Images were imported into the 3D Slicer program (Slicer 4.6; www.slicer.org), an open-source software platform for medical image informatics, image processing, and 3D visualization. Images were resized at a scale of 4:1, and opacity and gray scale values were adjusted during volume rendering. The technique allowed reconstruction in three dimensions, and bones were made transparent and cropped.





RESULTS

Non-invasive, high-resolution SR-PCI and micro-CT reproduced both soft and bony tissues of the human cochlea and vestibular organ. Imaging and computer processing provided unique insights into the 3D anatomy of the human vestibular organ with the utricle, saccule, maculae, semicircular canals, and ES (Figure 1). Slicer 3D segmentations and modeling even demonstrated the orientations of the interconnecting ducts of the EDS. Positive and negative contrast enhancement improved micro-CT visualization of soft tissues, while 3D SR-PCI reproduced anatomical details without additional contrast.


[image: Figure 1]
FIGURE 1. (A) SR-PCI of a left human ear with modeling of anatomical details. Maculae and nerve structures are stained yellow. The position of the saccule and utricle and their relationship to the vestibular aqueduct (blue) are shown. (B) Medial view shows the position of the UEV relative to the internal aperture of the vestibular aqueduct. (C) Posterolateral view.


The saccule was bowl-shaped and reached superiorly to the floor of the utricle to which it partially adhered. The saccule macula was placed in a pit in the medial bony wall margined posteriorly by a lip of the spherical recess. The saccular wall was thicker near the macula and had a thinner triangular-shaped part facing the middle ear (Figures 2, 3).


[image: Figure 2]
FIGURE 2. SR-PCI of a left human ear with 3D reconstructions of saccule (red) and utricle (green) (lateral view). The entrance gate to the internal opening of the VA (broken arrow) and the UEV (*) can be seen. The saccule wall contains a reinforced semilunar portion that additionally thickens (blue) against the thinner part. The thinner part and the saccular duct are difficult to discern. BM, basilar membrane. RD, reunion duct.



[image: Figure 3]
FIGURE 3. SR-PCI of the saccule (left ear, lateral view). The wall consists of a thick (red) and thin (yellow) part separated by bands of reinforcement (blue). The thin wall appears flaccid. The SD exits near the band and runs against the ED and the UEV (*). The utricle wall is supported by several pillars attached to the internal surface of the surrounding bony wall.


The thicker part contained a fibrous stratum between the mesothelial and epithelial layers. It also thickened into marginal bands where the thick portion transitioned into the thinner portion. These bands reinforced the junction between the saccule and utricle. The saccule narrowed basally into a flat funnel-shaped opening to the RD. The SD exited posteriorly at the spherical recess and ran along the bony wall to the ED and the VA. Its direction was perpendicular to the RD. The thin-walled SD was sometimes difficult to visualize in 3D, but could occasionally be segmented from individual sections. The utricle lay horizontal with the macula slanting from vertical to horizontal at the nerve entry.

The rather wide UD separated from the ED soon after its entry into the labyrinth and reached the inferior part of the posteromedial wall of the utricle (Figure 4). The UD and UEV are viewed in Figures 5–9.


[image: Figure 4]
FIGURE 4. SR-PCI showing the position of the UEV relative to the internal opening of the VA in a left bone. (A) Medial view shows the entrance of the VA into the vestibule. A vascular plexus surrounds the VA that drains into the vein of the VA. (B) Anterior cropping shows the VA and the position of the UEV (red fiducial). (C) Bony algorithm shows the internal opening of the VA relative to the UEV (red fiducial). (D) Adjusting opacity gradient reveals both the UEV and the UD (red fiducial). (E) Lateral view shows the position of the utricle macula and the UEV (red fiducial). (F) Superior view and modification of gradient opacity shows the UD (white arrows) and the UEV (red fiducial). The BM and the rows of hair cells are seen. CC, common crus; UEV, utriculo-endolymphatic valve; VA, vestibular aqueduct; PSSC, posterior semicircular canal; UD, utricular duct; BM, basilar membrane.



[image: Figure 5]
FIGURE 5. SR-PCI of the UD (blue) at the internal aperture of the VA. (A) UEV lip (Bast's valve) is located near the floor of the utricle. The broken red line delineates parts of the vestibular labyrinth. (B) Lateral view shows the UD and the ED at the opening of the VA (small arrows). Fiducials (red) mark (1) the position of the mid-portion of the UEV, (2) where the UD reaches the base of the lip, and (3) at the division of the UD and ED. (C) Image shows the lateral disc running from the vertical crest of the VA to the UEV. The broken white lines depict the lumen of the UD. LSSC; lateral semicircular canal.


The UD lumen changed from round to ovoid and slit-like (Figures 5, 6). The round portion had a diameter of 0.26 × 0.24 mm in specimen 1637L, where it was best viewed. It flattened and narrowed against the UEV. The division between the UD and ED was located 0.2–0.4 mm from the internal aperture of the VA. The UEV was identified at ~0.7 mm from the vertical crest of the VA (Figure 4). This distance varied, and in one specimen, the distance was 1.6 mm (2R). The valve was crescent-shaped with a superior, thicker lip attached to the inner utricle wall (Figures 8, 9). The lip was suspended by a thickened reinforcement in the utricle wall (Figures 1, 4, 5, 9). This support extended as a ligament-like suspension to the medial bony wall together with fibrous pillars. A suspensory disc stretched from the vertical crest of the VA to the lip of the valve. It was also associated with the lateral wall of the UD (Figures 5C, 9C). Additional fibrous pillars connected the utricle wall with the surface of the bony wall. The mean width of the UEV was 0.69 mm (0.68, 0.65, and 0.74 mm in three measurable specimens). Several blood vessels followed the medial wall of the intra-labyrinthine ED against the VA (Figure 6C).


[image: Figure 6]
FIGURE 6. (A–C) SR-PCI of the UD and ED at the internal aperture of the VA. The UEV is closed and connected with a membranous strand against the bony wall. (D–F) Lateral view shows serial sections of the UD running against the UEV. Its lumen narrows against the valve. The diameter of the UD in (D) is 0.32 mm.



[image: Figure 7]
FIGURE 7. (A) SR-PCI of the left cochlea and vestibule sectioned and viewed laterally. (B) The saccule wall consist of a thicker part (small black arrows) and a thinner part (*). The UEV is located in the posterior-inferior part of the utricle (arrow). (C) The semilunar-shaped opening of the UEV is shown in higher magnification and is marked with a red fiducial. VA, vestibular aqueduct.



[image: Figure 8]
FIGURE 8. (A) SR-PCI and higher magnification of the UEV and the slit-like opening in the utricle. (B) The outer utricle wall is thin but can be seen reaching the inner lip of the valve. (C) Coronary section shows the internal opening of the vestibular aqueduct (circle, broken lines). A membrane disc connects the vertical crest with the UEV. The epithelial wall of the UD is not visualized. The endolymphatic duct is surrounded by several blood vessels. Sinus: sinus portion of the endolymphatic duct.



[image: Figure 9]
FIGURE 9. SR-PCI 3D reconstruction and model of the posterior part of the vestibule in a left ear (superior view). (A) The endolymphatic duct (ED) and utricular duct (UD) can be seen. A laminar disc (*) extends from the vertical crest of the internal opening of the vestibular aqueduct (VA) to the utricle. It also covers the UD. (B) Lateral view of the modeled UEV is viewed through a partly transparent utricle. (C) Modeled UEV is viewed from inferior. (D) UEV is shown from inside the utricle (red fiducial). The UD wall is reinforced by the laminar disc. (E) Horizontal section shows the UD and UEV. The laminar disc (small arrows) runs from the vertical crest to the UEV. It keeps the UD closely associated with the UEV. Note that the UD passes on the UEV allowing increased pressure in the UD to be transmitted and may push the valve to open.


The RD was narrow and generally difficult to follow. The RD exited the caudal region of the saccule. It was best viewed with micro-CT and ran from the basal funnel of the saccule against the cochlea along the bony wall. Its smallest diameter was < 0.1 mm (Figures 10–12). It was positioned on a shallow increase of connective tissue on the spiral lamina wall and was best visualized with micro-CT since air had entered the vestibule, thus enhancing contrast. A vestibular overview show an hourglass-shaped fold (Figure 12G). Figures 12A–F shows serial micro-CT sections of the RD from the saccule to the scala media. At some points, the RD seemed collapsed. In Figures 12G,H, the cross-sectional diameter ranged from 0.037 to 0.074 mm. The distance between the saccule and cochlea was around 1 mm. The relation between the RD and SD is shown with micro-CT in Figures 13A,B. The RD runs almost perpendicular against the saccular duct. Figure 13C shows a horizontal section and the UEV. The saccule and cochlear endolymphatic space at the cecum vestibulare are shown in Figure 13D.


[image: Figure 10]
FIGURE 10. Micro-CT and 3D modeling of a right human temporal bone (Stenver's view). The membrane labyrinth is shown in different colors after the bony capsule is made semi-transparent. The vestibular neuro-epithelium and nerves are yellow. The basilar membrane is colored red. The inset shows RD (1).



[image: Figure 11]
FIGURE 11. Posterior view of the modeled inner ear shown in Figure 10. The position of the saccular and utricular ducts are visualized. The internal auditory canal is shown with cranial nerves and arterial blood vessels supplying the inner ear.



[image: Figure 12]
FIGURE 12. (A–F) Micro-CT and serial sections show the reunion duct (RD) from the saccule to the cochlear duct. (G) Surface view of the RD. Its mid-portion is cropped and shown in (H) The RD diameter is less than a 10th of a millimeter. The inset in H shows the angle formed between the RD and the vestibular end of the cochlear duct.



[image: Figure 13]
FIGURE 13. (A) Superior close-up view of micro-CT shown in Figure 11. The internal aperture of the vestibular aqueduct (lilac) is seen near the common crus (CC) and the SSCC. (B) The saccular and reunion ducts are visible after making the bony capsule transparent. The RD runs almost perpendicular against the saccular duct. (C) Horizontal section of the UEV. (D) The saccule and cochlear endolymphatic space at the cecum vestibulare are shown. SSCC, superior semicircular canal; SD, saccular duct; RD, reunion duct; ES, endolymphatic sac.




DISCUSSION


Saccule

The saccule resembled a vertically placed coffee bean with the convex side lying against the spherical recess and the contralateral side facing the vestibule. The superior wall was flattened, lay against the floor of the utricle, and formed an imprint. This suggests that expansion of the saccule may compress the utricle near its macula and vice versa. Basally, the inferior margin of the macula faced the entrance of the RD, where the distance between the otolith membrane and RD was in the region of 0.2–0.3 mm. Here, dislodged otoconia could easily reach the RD by gravity. The saccule wall consisted of a thick and thin region where the thick part lay near the spherical recess. In lower mammals, amphibians, and fish, the saccule contains only the thin part, portentous that the macula may respond to both acoustic and static pressure (26). The orientation of the human saccular macula, the spherical recess and the re-enforced membranes were thought to shield the macula from acoustic oscillations such as stapedius-induced vibrations at large sound levels, in contrast to lower forms. The thin wall appears more flaccid and is probably more prone to dilate and collapse in MD. Ruptures may occur at the junction between the regions by increased pressure due to the resilience. The thin wall of the SD was difficult to image in 3D as it emerged near the band-like reinforcement ~0.9 mm from the utricle floor.



Utricle and UEV

The utricle is a horizontal cylinder with several extremities. In this study, for the first time, the UEV was viewed three-dimensionally and it appeared as a fantail with a slit-like opening. Its semi-lunar shape differed somewhat from the descriptions by Bast (27) and Anson and Wilson (28). It was located near the floor of the posteromedial wall of the utricle at the internal opening of the VA, as described in humans by Bast (27, 29) and in other mammals by Hoffman and Bast (30). Wilson and Anson (31) described the valve in a 2-year-old child, and they defined it in an adult and named it the “utricular fold.” We used the nomenclature of Perlman and Lindsay (32) for the UD, SD, and ED. They are alleged to form a Y-shaped type I junction in 83% of the cases, with a wide angle between the UD and ED (27). In type II (15%), the UD is short with a broad angle to the SD. In type III (2.8%), there is almost no UD at the right angle to both the SD and ED. We identified a short fan-like UD reaching the UEV with a valve facing the sinus portion of the ED.

There are several theories as to the function of the UEV. Bast (27, 29) suggested that the valve closes the pars superior to regulate endolymph volume. Bast (29) described this as follows (p. 64):

“Its position would indicate that the flow of endolymph is from the endolymphatic duct to the utricle, but this is not a necessary conclusion. If the flow is in the other direction, the slow movement of the endolymph may not affect this valve. On the other hand, in case of sudden pressure disturbance, this valve may prevent the outflow of endolymph from the utricle, thus maintaining a more constant pressure within the utricle and semicircular canals.”

Bast went on to claim that fluid pressure on the valve in the utricle should force it against the opposing duct wall. This was also supported experimentally in the guinea pig, after reducing perilymph and endolymph pressure in the cochlea (33). The valve remained closed, and the utricle and semicircular canals distended even after the collapse of the saccule and cochlear duct. Bast (34) also showed cases of rupture and collapsed saccules, where the utricle was intact. The UD was firmly closed by the UEV. Despite the rupture of the saccule and collapse of the saccule and cochlear duct, the utricle did not collapse. This suggests that endolymph pressure in the utricle can be maintained independently of the pressure in the saccule and cochlear duct. It also proposes that the resolutely closed UEV is responsible for maintaining utricle pressure and therefore acts as a valve. The findings also indicate that fluid is produced in the utricle/semicircular ducts (9). Several regions within the vestibular labyrinth, such as the cupula, have the potential to secrete endolymph similar to the lateral cochlear wall (35, 36). Guild's (5) opinion was that endolymph flows from the utricle and semicircular duct to the ES.

Bast (29) found that in the fetus, the valve is lined by columnar epithelium and at the base with a highly cellular connective tissue that continued into “paralymphatic” tissue around the endolymph system between the utricle and ED. The loose tissue may permit movement of the stiffer valve in case of increased pressure in the utricle. He could not characterize the connective cells but did not exclude the possibility that smooth muscle fibers are present, but there were no indications of nerve fibers. The tissue was independent of the bone surrounding the aperture of the VA. According to Anson and Wilson (28), the fold contains areolar tissue and a fibrous web with a spear-shaped projection of periosteum projecting from the osseous wall but not into the fold proper. This was denied by Bast (27). Anson and Wilson thought that the stiffer valve or lip may not move by pressure changes, while the outer wall could close the orifice and cause movement of fluid in the UD. Schuknecht and Belal (37) studied the valve in humans and found it ideal to protect the pars superior from collapse after dehydration of the rest of the labyrinth. Bachor and Karmody (38) speculated similarly that reduced pressure in the endolymph system, secondary to collapse of the RD, may close the UEV and prevent loss of endolymph from the utricle. Our study showed fibrous connections or pillars between the utricle and the inner surface of the bony labyrinth wall that may stabilize the utricle and also deter it from collapse in cases of reduced endolymph pressure.

Hofman (39) presented 3D imaging of the UEV in laboratory animals using orthogonal-plane fluorescence optical sectioning microscopy and Lim using scanning electron microscopy (40). The valve was flat and funnel-like at the utricle and ran into a narrow and short duct leading to the sinus portion of the ED. Hofman (39) described the valve as fairly rigid. The opposing utricle membrane was thin and appeared to be compliant. They speculated that the outer wall may play a greater role in the opening and closure of the valve.

SR-PCI showed the semi-lunar lip lying against its inner surface with a somewhat different shape, as shown by Bast (27) (Figure 6). We identified reinforcements around the lip after cropping and adjusting the opacity gradient, suggesting that it is fairly rigid (Figure 7). Consequently, increased pressure within the utricle would seem to open the valve through forces acting on the more flaccid part of the opposite membrane. A lowered pressure within the utricle could perhaps close it. External reduction of pressure in the SD and ED could maintain closure to avoid collapse. Conversely, an increased external pressure could force the valve to open by compressing either the flaccid membrane of the utricle or the lip. The UD was found to be partly situated on the loose basal part of the valve, suggesting a mechanism to externally open the lip (Figure 14). A fibrous wall from the VA was also connected to the UD and the valve to hold it in place.


[image: Figure 14]
FIGURE 14. (A) Principal drawing of the human utriculo-endolymphatic valve (Bast's valve) based on SR-PCI. The valve is structurally associated with the opening of the vestibular aqueduct through a laminar disc (interrupted line) emerging from the vertical crest of the vestibular aqueduct to the lip of the valve. The outer wall of the utricular duct faces the disc and forms the utricular fold. Between the inner and outer wall at the base of the lip, there is loose tissue allowing the valve to open (small arrows). (B) Hypothetical representation of the role of Bast's valve and UD in generating acute endolymphatic hypertension and hydrops in patients with MD. Increased endolymph pressure is caused by reduced reabsorption or hypersecretion in the ES, leading to a “backflow” of endolymph. It compresses the wall of the utricular duct and pushes the valve to open (inset), leading to acute EH and vertigo. Experimentally, secretion in the ES may be provoked within a short timeframe (41, 42).




The RD

The RD was first described by Viktor Hensen in 1863 (4). The Swedish anatomist Gustaf Retzius defined the RD in a newborn in 1884 as a fairly wide channel connecting the cecum vestibulare of the cochlea with the saccule (3). It contrasts with the miniscule channel described histologically by several authors. Its patency has been confirmed at serial sectioning, and both physiological and tracer studies suggest an endolymph flow or communication (5, 18, 41, 43, 44).

Earlier micro-CT did not define the human RD after manual segmentation and contrast enhancement (45). The present micro-CT imaging was able to reproduce it when air entered the vestibule. The small dimension may refute the idea of an ongoing flow under normal conditions. However, size variations may exist, and dilation can be seen after obliteration of the ED (46). Bachor and Karmody described the human RD as small, collapsed, or wide in pediatric temporal bones (38). In half of the bones, the RD was collapsed and seemed closed. They speculated that it may open when pressure increases and permanent closure may lead to hydrops. Since the RD epithelium is stratified and rests on connective tissue enhancement, it is reasonable to believe that the RD can dilate under conditions of increased endolymph pressure and generate a flow. The thin connection may protect the cochlea from leakage of electricity to maintain cell currents at high frequencies. The endolymphatic potential has been found to be low in the vestibule except near the receptors (47, 48).



EDS in Meniere's Disease

Despite the large number of histopathological studies in MD, only a fraction seem to adhere to the AAO-HNS 1995 criteria. Hallpike and Cairns (49) described two cases where EH was prominent with excessive dilation of the saccule and scala media. There were also changes in the pars superior but no signs of blockage of the communication pathways connecting the utricle, saccule, and ED. The UEV was in its normal position, and the opening of the saccule into the ED contained a dense reddish-staining coagulum in the second case. The absence of loose connective tissue around the ES was a prominent feature. Kyoshiro Yamakawa (50) described similar findings, but there was no mention of the ES. There were edema and calculi in the stria vascularis, the RD seemed open, and the VA was large with colloid-like substance in the duct. He believed that MD symptoms were caused by an augmented pressure in the endolymph which was caused by an increased secretion from the stria vascularis.

EH is a consistent histopathological trait in patients with MD, but its role in the progress of symptoms is unclear. Blockage of the EDS, including the UEV, RD, and SD, is not overrepresented in MD. Dilation of the RD was observed in patients with EH, possibly as a result of increased cochlear hydrostatic pressure (51, 52). Lindsay (53) demonstrated a wide RD in an MD case, but its dimension was not given. According to Shimizu et al. (17) the ED was blocked in 23% in MD, while the UD was blocked in 76% in MD and 52% in normal ears. The SD was blocked in 28% in MD and 76% in normal ears. It suggests that obstruction of the UD and SD may not be the cause of EH in MD. A theory based on CT suggested that displaced saccular otoconia may block the RD, explaining symptoms in MD (54). It is conceivable that a few or even a single displaced otoconia could mechanically obstruct the RD in humans (55). According to Bachor and Karmody (38), there is no correlation between the collapse of RD and cochlear hydrops. Both wide-open and blocked RDs were demonstrated. In patients with MD, the RD was found to have a diameter around 0.1 mm (56). Shimizu (17) showed that the RD in a patient with MD was in the range of 0.05 mm. Kitamura et al. (57) investigated five cases with EH limited to the cochlea with no verified MD. Various obliterations of the saccule and/or RD supported a longitudinal flow of the endolymph. EH depended on the location of the blockage from the RD to the ES. The present study suggests that RD may play a minor role in the exchange of endolymph between the cochlea and vestibule, but under certain conditions, it can dilate and open to maintain cochlear homeostasis.

Schuknecht and Ruther (58) showed that in 42 out of 46 ears, there was either a blockage of longitudinal flow or internal shunts causing fistulae. The UD was blocked in 12, ED in 8, endolymphatic sinus in 9, SD in 7, and RD in 27 bones. They considered that obstructions stopped longitudinal flow from both the pars superior and inferior in 21 cases, only the pars superior in 3 cases, and only the pars inferior in 16 cases. Schuknecht and Belal (37) studied the UEV in 29 human temporal bones with MD and found deposits in the lip and enlargement of the saccule compressing and closing the UD. The 3D reconstructions indicated that the endolymph volume may increase up to three times in MD (59). The relative increase was most prominent in the saccule. A possible explanation is the thin part that may expand even before pressure is built up in the utricle and maintained by the UEV. This could explain MRI findings showing occult or prominent EH preceding symptoms in some patients and in the contralateral asymptomatic ears (60–64).

The role of the ED and ES in MD is still unclear. A diminished absorption in the ED and ES could be due to mechanical obstruction or molecular or fibrotic changes (17) or disturbed vascular drainage (65). Yuen and Schuknecht (66) found no obstruction of the VA in MD and no difference in caliber compared with normal ears. The ED was smaller probably as a result of MD rather than the cause of it. A reduced radiographic visualization of the VA was described by Wilbrand (67) in MD, conceivably explained by its smaller size (68, 69). Results by Monsanto et al. (70) suggested that the UEV and SD may open as a result of retrograde pressure caused by failure of the ES to absorb endolymph. A wide-open valve could disrupt the crista function, resulting in vertigo since it would not protect against pressure fluctuations potentially harmful to the sensory epithelia. An increased pressure in the ED and ES could lead to a reversed flow of endolymph into the utricle and cause selective vestibular disturbance in MD (71).



Can Acute Endolymph “Backflow” Explain the Meniere Attack?

Experiments have shown that induced alterations in cochlear endolymph volume result in pronounced changes in the ES with bidirectional responses (41, 72). Acute manipulation of the systemic fluid or chronic malfunctions, such as in cochleo-saccular degeneration, modify ES activity (42, 73–76). This suggests that the endolymph moves in either direction between the cochlea and ES and is reabsorbed by the ES under conditions of excess volume and secreted by conditions of volume deficiency. Thus, volume may be regulated in the entire labyrinth by the ES. Potentially, a dysfunction in the ES could lead to a volatile elevation of endolymph pressure and acute cochleo-vestibular symptoms, such as in MD. Nonetheless, there are noticeable differences in the anatomy of laboratory animals. Physiologic adaptation and human upright position may modify fluid exchange and dynamics amid the ear and cranium, with conceivable changes also in the structure of the EDS.

Imaging data suggest that the ED, VA, and UEV form a functional unit for the pars superior. This unit includes a stabilizing fibrous disc projecting from the vertical crest of the internal aperture of the VA to the UD and UEV (Figures 5C, 9C). The UD is directed against and physically associated with the flexible part of the lip of the valve, indicating that the duct may force the valve to open and transmit increased endolymph/pressure into the pars superior (Figure 14). This framework could be particularly prone to mediating sudden escalations of ES pressure into the utricle through the relatively wide UD and UEV. The ES is an expandable bellow-like structure with an extra-osseous part comprising more than two-thirds of the total ES volume. It could mount considerable osmotic pressure gradients against the vestibular labyrinth, despite its 16 times less volume (1.85/30.4 mm3) (69, 77, 78). A secretion–degradation system of osmotically active complexes was revealed in the ES acting within a short time frame. Secretion may be triggered by altered volume/pressure conditions in the labyrinth (73), linked to its ability to monitor endolymph (41, 42). A merocrine secretion was already observed in the human ES in an ultrastructural investigation (79). Super-resolution immunohistochemistry recently confirmed a dual absorptive–secretory capacity of the human ES (80). In a temporal bone study in MD, an unproportioned large volume of the ES contained secreted material in an otherwise smaller sac (69).

Therefore, a diminished resorption or hypersecretion of endolymph in the ES could result in a retrograde flow/pressure that underlies the acute attack of vertigo in MD. We speculate, based on the present morphological findings and earlier experimental studies, that acute vestibular symptoms in MD arise through a sudden fluid pressure increase and dilatation caused by a “backflow” of an overcompensated ES secreting into the utricle and semicircular canals. ES endolymph has a unique ionic composition (81), which is potentially noxious to the vestibular receptors. Dilation could lead eventually to membrane ruptures (82) additionally extending the ES response. Pressure may impact saccular and ultimately cochlear functions via the SD and RD with corresponding symptoms. Our results support Seymour's (2) notions that the ES has a supporting secretory role necessary to compensate if volume is reduced to insure complete filling of the phylogenetically older utricle and semicircular canals. Microinjections suggest that elevated hydrostatic pressure in the pars inferior or directly into the utricle result in utricle/vestibular receptor dysfunction (83). These changes were believed to be similar to sudden fluctuating changes in MD suggesting that EH is the cause of the typical symptoms (84).

Our concept could have several clinical consequences. The dysfunction of the ES may arise through hormonal disturbances, stria alterations, immune factors, etc. (85). One proposed way to relieve this dysfunction is through surgical destruction of the ES (86). Nonetheless, more studies of the UEV, EDS, and ES function in MD are necessary and could lead to novel treatment modalities against this troublesome disease. There is also a need for more studies on how these small compartments control fluid pressure and ion homeostasis.
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Background: Endolymphatic hydrops (EH) is the histopathological hallmark of Ménière's disease (MD) and has been found by in vivo magnetic resonance imaging (MRI) in patients with several inner ear syndromes without definite MD criteria. The incidence and relevance of this finding is under debate.

Purpose: The purpose of the study is to evaluate the prevalence and characteristics of EH and audiovestibular test results in groups of patients with fluctuating audiovestibular symptoms not fulfilling the actual criteria for definite MD and compare them with a similar group of patients with definite MD and a group of patients with recent idiopathic sudden neurosensory hearing loss (ISSNHL).

Material and Methods: 170 patients were included, 83 with definite MD, 38 with fluctuating sensorineural hearing loss, 34 with recurrent vertigo, and 15 with ISSNHL. The clinical variables, audiovestibular tests, and EH were evaluated and compared. Logistic proportional hazard models were used to obtain the odds ratio for hydrops development, including a multivariable adjusted model for potential confounders.

Results: No statistical differences between groups were found regarding disease duration, episodes, Tumarkin spells, migraine, vascular risk factors, or vestibular tests; only hearing loss showed differences. Regarding EH, we found significant differences between groups, with odds ratio (OR) for EH presence in definite MD group vs. all other patients of 11.43 (4.5–29.02; p < 0.001). If the ISSNHL group was used as reference, OR was 55.2 (11.9–253.9; p < 0.001) for the definite MD group, 9.9 (2.1–38.9; p = 0.003) for the recurrent vertigo group, and 5.1 (1.2–21.7; p = 0.03) for the group with fluctuating sensorineural hearing loss.

Conclusion: The percentage of patients with EH varies between groups. It is minimal in the ISSNHL group and increases in groups with increasing fluctuating audiovestibular symptoms, with a rate of severe EH similar to the known rate of progression to definite MD in those groups, suggesting that presence of EH by MRI could be related to the risk of progression to definite MD. Thus, EH imaging in these patients is recommended.

Keywords: Ménière's disease, endolymphatic hydrops, MRI, fluctuating hearing loss, recurrent vertigo, vestibular tests


INTRODUCTION

In recent years, the diagnostic approach to patients with Ménière's disease (MD) has undergone a major challenge. Two almost simultaneous facts explain this situation. First, the unconditional acceptance of new guidelines and criteria for the clinical diagnosis of this disease and, second, the appearance of methods for the in vivo visualization of endolymphatic hydrops (EH). Each aims to improve the management of patients with recurrent non-positional vertigo, but the former ignores the contribution of the latter, which, in turn, critically demands a framework of diagnosis defining a clinical perspective on the new findings in magnetic resonance imaging (MRI) of the inner ear.

The main differences between the published diagnostic criteria of MD have been critically reviewed by previous authors and show that some are extremely restrictive to a complex symptom presentation or, on the contrary, permit partial manifestations that resemble the main fluctuating nature of symptoms in the disease (1). As MD is part of a wider scenario of fluctuating hearing loss or recurrent vertigo, most of the guidelines do not consider some forms of staging or of status, both of which influence vestibular function (2) and auditory tests results (3). Another generalized deficiency in the guidelines is the absence of complete oto-neurological examinations to further categorize the level of vestibular deficit. The need for a complete otoneurologic evaluation of patients with suspected MD, at their first presentation or during follow-up, is the main conclusion of several studies that addressed particular clinical characteristics. A detailed scrutiny of symptoms has shown the existence of different subtypes or clinical variants in the unilateral (4) and bilateral (5) presentations of definite MD. This has also occurred in the case of bedside vestibular examination (6), auditory (7), and vestibular testing (8, 9).

MRI detection of EH is the result of high tech combined with complex sequence parametrization to allow the identification of the minute sensory and supporting structures of the inner ear within very hard dense bone. The imaging basis of EH relies on the fact that gadolinium-based MR contrast diffuses to the perilymph but not to the endolymph, altering the perilymph signal and allowing later discrimination between both components in MR imaging (10). At present, two sequences: “Fluid attenuated inversion recovery” (FLAIR) and “Inversion Recovery with REAL reconstruction” (REAL-IR), and two methods of contrast administration (intravenous or intratympanic) have been consolidated. This creates a source of variability that may influence the results obtained, but the technique is now widely accepted. Excellent reviews of the available techniques have also been published (11, 12). The scarce, but otherwise illustrative, number of otopathology reports on patients with any inner ear disorder representative of, or clinically ascribed to, MD is a magnificent platform for comparing results (13). It has demonstrated the importance of EH in the natural history of MD (14).

In this work, we address the EH MRI findings of patients with fluctuating auditory and vestibular symptoms, both in isolation and in combination. This is, first, a descriptive work that aims to clarify the rationale for a more in-depth evaluation of patients with fluctuating inner ear symptoms. The second purpose for this study comes from the well-known association between recurrent vestibulopathy (RV) and MD (15), as well as between fluctuating sensorineural hearing loss (FSNHL) and MD (16). In both cases, MD is expected to develop in 4% and 10–37% of the cases followed, respectively. This is the percentage of patients with EH we expect to find with MRI evaluation.



MATERIALS AND METHODS


Patients

The patients included in this work were seen at two different venues by experienced otologists–neurotologists (RMH, NPF), and all the tests included were performed for their routine care and evaluation. All data shown were retrospectively obtained from their digital medical history at both institutions. All research has been conducted in accordance with the World Medical Association's Declaration of Helsinki and in accordance with institutional and national guidelines. Patients gave written authorization for the use of their medical data for research purposes. No identifiable human data are shown.

For this study the following patients were included (Table 1):

1) Patients with unilateral “definite” MD according to the guidelines defined by the American Academy of Otolaryngology Head and Neck Surgery in 1995 (17), who also fulfilled the criteria of “definite” MD according to Barany 2015 (18).

2) Patients with so-called “atypical” MD. We have used a previously defined categorization that is based on the main fluctuating symptom and provides five additional groups (19). In the case of fluctuating sensorineural hearing loss (FSNHL), this can occur with a single attack of vertigo alone, with concurrent unsteadiness or without any vestibular symptoms. In the case of recurrent vertigo (RV), it may occur with fixed sensorineural hearing loss or without hearing loss (19).

3) Patients with unilateral idiopathic sudden sensorineural hearing loss (ISSNHL) without vertigo or dizziness (20).


Table 1. Definitions for inclusion in this study.
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Exclusion criteria were middle ear disease, previous surgical or intratympanic treatment and tumors, or vascular compression in the vestibular nerve.



Procedures


Clinical Data and Audiovestibular Tests

After clinical evaluation and bedside vestibular examination, tests of the vestibulo-ocular reflex (video head-impulse test or vHIT, and ocular vestibular-evoked myogenic potential or oVEMP), of the vestibulo-spinal reflex (cervical vestibular-evoked myogenic potential, or cVEMP), of nystagmus (caloric test), and of hearing (pure tone audiometry) were performed. After signing the informed consent, the MRI study was performed.


Clinical Evaluation and Bedside Testing

Data recorded for all patients included “disease duration” defined as time in years since the first typical episode of vertigo or hearing fluctuation or, in the case of ISSNHL, in days since it began as described by the patient. For fluctuating symptoms, its severity was evaluated according to the number of episodes (vertigo or hearing fluctuation) in the previous 6 months for inclusion in the study and its activity by the time (days) since the last vertigo crisis or hearing fluctuation. Additionally, the existence of drop attacks of the Tumarkin type was also considered in the case of patients with recurrent vertigo. All patients were evaluated for the existence of migraine and vascular risk factors.

Patients underwent a complete neurotological examination, and particular attention was paid to the appearance of spontaneous nystagmus behind Frenzel goggles. In addition, horizontal post head-shaking nystagmus or vibration-induced nystagmus and positional nystagmus were considered.



Audiometric Test

Audiometric findings are reported in terms of the 0.25- to 6-kHz pure-tone thresholds expressed in decibel hearing level (dB HL). In order to better analyze the results, the audiometry was divided into (a) low-frequency range threshold (0.25 kHz), (b) mean pure-tone average (PTA) for the 0.5, 1, 2, and 3 kHz, and (c) high-frequency range mean threshold (4 and 6 kHz). The affected and non-affected ears are then analyzed. For each range of frequencies, we analyze the number of patients who display a threshold lower than 50 dB HL vs. those equal or higher than 50 dB HL (21).



Vestibular Function Tests

The results of the video head impulse test (vHIT: GN Otometrics, Denmark) will be given as the gain of the vestibulo-ocular reflex and the appearance of refixation saccades obtained for head impulses in the plane of each of the three semicircular canals (SCC) of the affected and unaffected ear. The mean gain is considered normal for each of the canals in each patient evaluated when above the lower limit for the patient's age as given in the system used. In the case where the gain is found to be lower than expected, it will be considered abnormal if there are refixation saccades (overt or covert). A test is considered normal when all three SCCs are normal and abnormal when at least one of the SCCs is abnormal.

The caloric test will be considered abnormal if canal paresis (in accordance with Jongkees' formula) is above 22%.

For vestibular-evoked myogenic potential (VEMP) testing, both cervical (cVEMP) and ocular (oVEMP) tests, the normal vestibular function is defined as the presence of vestibular-evoked myogenic potentials in both ears. It is analyzed by the inter-aural asymmetry ratio [IAAR (%)] for air-conducted stimulation at 0.5 kHz. The intensity of the acoustic stimulus used is 97 dB normalized HL. A Blackman envelope was configured (rise/fall time 2 ms, plateau time 0 ms). One hundred averages were presented at a rate of 5.1/s. The cVEMP is recorded with the patients seated in an upright position. The signals obtained were rectified by the contraction value of the ECM muscle. The oVEMP is recorded with the patient sitting upright, having been instructed to look at a fixed point on the wall with an upward inclination of 35°.

Abnormal vestibular function is defined as either a unilaterally or bilaterally absent function. An absent oVEMP response is defined as EMG recordings lacking definable n10 waves, and an absent cVEMP response is defined as EMG recordings lacking definable p13 waves. The number of recordings made per subject is based on the reproducibility of the observed response. In cases in which the response is considered absent, the mean amplitude will be null (0 μV). To calculate the IAAR, the mean null values were artificially set at 1 μV, as was described in the work of Jerin et al. (22). In the case of recognized waves after stimulation of both ears, the upper limit of normal IAAR, 30%, was the criteria to define a normal or abnormal test in our locale (23).




Magnetic Resonance Imaging Endolymphatic Hydrops Evaluation

In all patients, exclusion of contraindications for MR imaging and/or intravenous contrast administration was checked prior to contrast administration. MR studies were performed in two 3T MR machines, either a Siemens Magnetom Vida (Siemens Healthineers, Erlangen, Germany) with a dedicated Siemens 20-channel head-coil, or a Siemens Magnetom Skyra with a dedicated Siemens 32-channel head coil. For this study, a REAL-IR sequence based on the previous publication by Naganawa et al. was performed (24). This was done on all patients, 4–5 h after the intravenous administration of a single dose of paramagnetic contrast material (0.1 ml/kg of Gadovist 1M, Bayer AG, Berlin, Germany) via an antecubital vein. Heavily T2-weighted cisternography images were also obtained in all patients for anatomical assessment.

MRI studies were evaluated by one of two different neuroradiologists, both with years of experience in EH imaging evaluation. Dubious cases were resolved in consensus. Only one patient was excluded due to insufficient quality of imaging.

Cochlear EH was visually evaluated with a three-grade visual scale (none, mild, or severe) in accordance with previous work (25). Briefly, cochlear EH is evaluated at the axial slice closer to the modiolus and better depicting all cochlear turns (midmodiolar plane). In grade 0 (none), Reissner's membrane is not displaced, in grade 1 (mild), Reissner's membrane is displaced, but the scala media (cochlear duct) occupies less than half the scala vestibuli, and in grade 2 (severe), it occupies half or more of the scala vestibuli (Figure 1).
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FIGURE 1. Magnetic resonance imaging (MRI) endolymphatic hydrops (EH) visual scale examples. First column is inversion recovery with real reconstruction (REAL-IR) images for EH evaluation, second column is corresponding anatomical images with superimposed schematic colored EH as reference. (A) Grade 0 (normal, no EH) cochlear and vestibular EH (only normal saccule, straight arrow, and utricle, curved arrow, are seen). (B) Grade 1 cochlear (mild EH, arrow heads) and grade 1 vestibular EH (mild EH, with dilated saccule larger than utricle but not fused, arrow) is seen. (C) Grade 2 vestibular EH (moderate EH, with saccule and utricle dilated and fused, arrow); note also grade 1 cochlear EH (arrow heads). (D) Grade 2 cochlear (severe EH, arrow heads) and grade 3 vestibular EH (severe EH, saccule and utricle occupying almost all the vestibule, straight arrow); note also herniation toward the non-ampullary end of the horizontal semicircular canal (curved arrow).


Vestibular EH was also visually evaluated but with a four-grade scale as previously published (12, 26). Briefly, vestibular EH is evaluated at the axial slice better depicting the horizontal semicircular canal (HSC). Grade 0 (none) corresponds to normal saccule and utricle, grade 1 (mild) corresponds to saccule dilatation but without fusion with the utricle, grade 2 (moderate) corresponds to dilated and fused saccule and utricle but with a clear rim of peripheric perilymph, and in grade 3 (severe), almost all the vestibules are occupied by endolymph (Figure 1).

The presence or absence of vestibular EH herniation toward the non-ampullar end of the HSC (27) and presence or absence of asymmetric perilymph hyperintensity were also recorded (28, 29).




Statistics

Quantitative variables are presented as mean values and standard deviation (SD), and categorical variables are presented as percentages (%).

For the comparison of baseline characteristics of the patients, the four groups according to Kimura's classification were used (FSNHL, RV, MD definite, and ISSNHL). The same distribution of patients was used for the comparison of audiometric thresholds below or above 50 dB HL, and for the findings in the vestibular examination. Parametric and non-parametric tests were used for comparison, as appropriate.

Logistic proportional hazard models were used to obtain the odds ratios (OR) for hydrops presence between groups. For this analysis, we first grouped participants into two categories: “definite MD” vs. “atypical MD + ISSNHL” (all other patients), considering the “atypical MD + ISSNHL” as the reference category. Afterward, we repeated the analysis using the ISSNHL group as the reference category and compared it with the other three groups: definite MD, FSNHL (merging its three diagnostic subcategories; no vestibular symptoms, unsteadiness, and vertigo), and RV (merging its two subcategories). We fitted an age- and sex-adjusted model and a multivariable adjusted model for potential confounders. The adjusted model included as covariates age, sex, vascular risk factors, hypertension, dyslipidemia, and diabetes.

A p-value below 0.05 was considered statistically significant. Analyses were performed with STATA version 13.0.




RESULTS

We have included 170 patients of which 90 were female (52.9%) and 80 were male (47.1%). At diagnosis, the mean age was 54 ± 14 years. The right ear was affected in 78 patients, while the left was affected in 92. According to the classification used, the main patient characteristics in each group are shown in Table 2. Of the 170 patients included, 83 had definite MD, 38 had FSNHL (15 without vestibular symptoms, 15 with unsteadiness, and eight with vertigo), 34 had RV (nine without SNHL and 25 with fixed SNHL), and 15 had ISSNHL. As seen from the data, the groups were homogeneous in almost all the characteristics evaluated. No statistically significant differences regarding disease duration, episodes, Tumarkin spells, migraine, or vascular risk factors are depicted. As shown in the table, for the variable “disease duration,” the ISSNHL group was not included in the analysis as it was measured in days, while all others were measured in years, nor was this group included in the analysis for two other non-applicable variables: number of episodes and Tumarkin crises.


Table 2. Baseline characteristics of the patients.
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Hearing loss in each group is shown in Figure 2 for each category of diagnosis: the results are shown for the affected and non-affected ear for each subgroup in the affected and non-affected ear, and for three categories: low frequency (0.25 kHz), mean pure tone average (PTA) for the 0.5, 1, 2, and 3 kHz and mean high frequency (4 and 6 kHz).


[image: Figure 2]
FIGURE 2. Mean audiometric thresholds for (A) low frequency (0.25 kHz), (B) mean pure tone average (PTA) for the 0.5, 1, 2, and 3 kHz, and (C) mean high frequency (4 and 6 kHz). The median is the middle line of the box plot, the bottom line represents the 25th percentile, and the top line of the diagram represents the 75th percentile. The points are outlier values that indicate that the value is more than 1.5 times the interquartile range above the 75th percentile.


According to findings shown in Table 3, there are statistically significant differences between groups in all three frequency groups in the case of the affected ear, when comparing the percentage of patients with hearing loss lower or higher than 50 dB in each group. There are no statistically significant differences for the non-affected ear.


Table 3. Distribution of patients in each category of diagnosis for audiometric threshold below or higher or equal to 50 dB hearing loss.
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The results of vestibular examination are summarized in Table 4. As expected, there is high variability depending on the group. The rate of abnormal caloric testing is higher among RV without HL (80%) and definite MD (68.8%), but 25% of patients with FSNHL with no vestibular symptoms and 33.3% of ISSNHL showed abnormal results. The rate of abnormal vHIT in ISSNHL was also 40%. For the remaining groups, the rate of abnormal vHIT was 26.3% in the MD definite group, 25% for FSNHL plus unsteadiness, 22.2% for the FSNHL, 39.1% for the RV with HL, and 12.5% for the RV without HL group, and no abnormal vHIT for the group FSNHL with vertigo. The abnormal vHIT response for the horizontal semicircular canal of the affected ear was not specifically evaluated, but nevertheless, the discrepancies between the caloric test and vHIT (with an abnormal caloric test and a completely normal vHIT) is noteworthy in several groups. In the MD definite group, 68.8% of patients had an abnormal caloric test, but only 26.3% showed any kind of abnormality in vHIT. The rate of asymmetry in both oVEMPS and cVEMPS is higher in group FSNHL with vertigo and definite MD (33.9 and 31.6%: FSNHL with vertigo, 38.2 and 35.2%: definite MD, respectively).


Table 4. Summary of findings in the vestibular examination.
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Magnetic Resonance Imaging Detection of Endolymphatic Hydrops

In the clinically affected ear, cochlear hydrops was detected in 103 of 170 patients (60.6%); it was mild in 50 (29.4%) and severe in 53 (31.2%) ears. Vestibular hydrops was detected in 114 patients (67.1%), and was mild in 28 (16.5%), moderate in 52 (30.5%), and severe in 34 (20%). The distribution of findings is shown in Table 5 and Figure 3. Both cochlear and vestibular hydrops were detected in 94 (55%) patients in the affected ear. In Figure 4, the contribution (percentage) of each group to the patients without EH vs. the patients with EH is shown, and major differences are observed between groups. No EH either at the cochlea or at the vestibule was detected in 18 (47%) of the patients with FSNHL and in 11 (32%) of the patients with RV in the affected ear. In those two groups, seven (20%) and six (16%) patients, respectively, were found to have severe cochlear and/or severe vestibular EH.


Table 5. Distribution of the degree of hydrops in the affected and unaffected ear by diagnosis in number of patients.
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FIGURE 3. Distribution of MRI hydrops according to category of disease in the affected ear. In the cochlea, only none, mild, and severe results are given; in the vestibule, the four (none, mild, moderate, and severe) are given. C, cochlear hydrops; V, vestibular hydrops.
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FIGURE 4. Cochlear or vestibular hydrops in the affected ear according to category of the disease.


Perilymphatic enhancement was observed only in the affected ear. It was detected only in the cochlea of 30 (17.6%) patients, only in the vestibule in 11 (6.5%), and in both cochlea and vestibule in 16 (9.4%). Perilymphatic enhancement was found in 13 of 46 (28.2%) ears without either cochlear or vestibular EH. Of these, three were definite MD, three were FSNHL plus unsteadiness, two were FSNHL with one vertigo spell, two were FSNHL without vestibular symptoms, two were recurrent vertigo with hearing loss, and one was ISSNHL.

In the non-affected ear, cochlear hydrops was detected in 21 (12.4%) patients; it was mild in 20 and severe in one case. Vestibular hydrops was detected in 32 (18.8%) patients and was mild in 23 (13.5%), moderate in eight (4.7%), and severe in one case (0.6%). Only in four ears were both cochlear and vestibular hydrops detected.

We observed an association between the group of patients with definite diagnosis of MD and hydrops development risk compared with patients with diagnosis of atypical MD or the ISSNHL group. Patients with definite diagnosis of MD have a significant increase in risk of hydrops in MRI compared with the atypical MD + ISSNHL group [OR 11.43 (4.5–29.02); p < 0.001]. After adjusting for traditional cardiovascular risk factors, we found similar results (Table 6). Once the reference category was changed, taking the ISSNHL group as the reference, we observed that the group with definite diagnosis of MD had a statistically significant increase in risk of hydrops [OR 55.2 (11.9–253.9); p < 0.001]. To a lesser extent, we also observed a significant increase in risk for the RV group [OR 9.9 (2.1–38.9); p = 0.003] and for the FSNHL group [OR 5.1 (1.2–21.7); p = 0.03], both compared with the reference group. After adjusting for traditional cardiovascular risk factors, we found similar results in all groups (Table 7).


Table 6. Odds ratio and 95% confidence intervals of hydrops according to Ménière's disease.
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Table 7. Odds ratio and 95% confidence intervals of hydrops according to ISSNHL as the reference group.
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DISCUSSION

The pathological hallmark of MD is underlying EH, which was reported for the first time in 1938 (30, 31). As stated in the Introduction section, recent developments of high-resolution MR imaging of the inner ear have now enabled us to visualize in vivo EH in patients with clinical MD (32). The existing knowledge in this field supports the idea that not only is EH responsible for MD but also for other clinical malaises not fulfilling definite MD criteria (33). Previous authors (34) have also shown that, while clinical symptoms fluctuate in definite MD patients, EH is quite stable and tends to progress in the long term. We have shown in this paper that EH, as detected by MRI, is a major finding in patients with any type of inner ear disorder in which auditory or vestibular symptoms fluctuate, and its presence could, hence, imply an increased risk of evolution to definite MD in those patients.

For patients who met the criteria of definite MD (both in the AAOHNS 1995 and Barany 2015 classifications), the rate of EH is 96% in our group. These results agree with previous studies (11). The risk of EH compared with the other groups is high, especially when taking as a reference ISSNHL [OR 55.2 (11.9–253.9); p < 0.001]. These patients could well be screened before in particular with electrophysiological methods (frequency tuning of the VEMP), which has shown very good correlation to EH detection (21, 35).

In the case of “probable,” “possible,” and “atypical” MD, the norm is misunderstood. We have shown here (1) that the risk of EH among patients with definite MD is higher than in atypical MD or ISSNHL [OR 11.43 (4.5–29.2); p < 0.001], suggesting that the more the inner ear is clinically affected, the higher the risk an underlying EH is present and (2) that the risk of EH in the “atypical” group is lower than in the definite MD group but remains significant, taking the ISSNHL as reference. Given these findings, we believe there is an argument to promote a more detailed classification under the MD spectrum or “hydropic inner ear disease” (1). This is also based on the detailed analysis of the findings as we observe that the MRI-detected EH is more severe in cases in which the clinical presentation includes vertigo and hearing loss as shown in Figure 3. The presence of “severe EH” is only depicted in cases of FSNHL with vertigo (25% cochlear and 12.5% vestibular), in RV with SNHL (28% cochlear and 12% vestibular), and in definite MD (51% cochlear and 32.5% vestibular).

Over the last few years, the presence of EH in inner ear disease entities not fulfilling the clinical criteria for definite MD appears to have increased. In patients with FSNHL, previous authors demonstrated a prevalence of EH of 82.5%, being more prevalent in the vestibule than in the cochlea (36). We found cochlear EH in 39% of patients with FSNHL and vestibular EH in 47.3%. In those with RV, the number of patients with cochlear EH was 50% and with vestibular hydrops 58.8%, a very similar number to that mentioned by previous authors (37). These are patients in whom EH detection by MRI could be relevant for treatment and follow-up. From previous work, we know that the prognosis in those patients is very good (15) as the symptoms disappear, or the vertigo is resolved in 66% over a 12- to 62-month time period (38). In that work, neither age, sex, disease duration, frequency of attacks, nor time since first attack showed significant differences between the group that became inactive in the long term and those who were still active or did develop MD. The only significant difference was that, in the latter, the caloric test was much more frequently abnormal than in the former. It will be interesting to see how these patients evolve in future work.

All these data support the idea of maintaining the cochlear and vestibular categories as subtypes of MD or, at least, of introducing the location and quantity of hydrops in those cases. The utriculo-endolymphatic valve may play a role in maintaining the independence of the superior part (utricle and canals) from the inferior part (saccule and cochlear duct) (39) and be responsible of the cochlear and vestibular subtypes of MD.

Consequently, EH identification in patients with fluctuant hearing loss and recurrent vertigo cannot be dismissed in their diagnostic process. We agree that this technique should not be considered the gold standard for the diagnosis of definite MD (40) as now considered. In particular, this is observed in some cases where, after detailed medical evaluation, there is no identification of EH in the MRI as shown in our work and by others who mention that up to 10–33% of patients who fulfill the criteria for definite MD do not have MRI-demonstrable changes of hydrops (41, 42). This clinical radiologic discrepancy still reflects an incomplete understanding of the disease process and the need for additional imaging biomarkers of disease activity in MD beyond EH. It could be due to differences in phenotypes that have been defined in unilateral (4) and bilateral (5) definite MD. Additionally, taking “perilymphatic enhancement” into consideration as a marker for MD could provide a more robust diagnostic criterion (29); in our work, 13 out of 43 symptomatic ears without EH in the “atypical MD group” showed perilymphatic enhancement as the only MRI finding and, thus, could indicate added diagnostic value.

In ISSNHL, mild EH was observed in 20% of the cases. To the best of our knowledge, the evidence of EH within this clinical entity is absent (43) or very low (44). In the latter case, it was described in 2/8 of patients (one cochlear EH and the other cochlear and vestibular EH), in both cases being considered as a secondary EH. In our study, the mean time since sudden hearing loss to MRI study is always under 30 days; therefore, we cannot explain such findings as a secondary EH. Also, the rate of EH is higher in our study. This finding may be explained by two facts. First, EH is found in both affected and unaffected ears. A recent study shows how the relation of endolymphatic volume to total fluid space in the inner ear is significantly different between normal controls and of patients with ISSNHL when the cochlea of both the affected and unaffected ears were analyzed (45). Second, the imaging technique used may favor this finding. Some degree of hydrops in normal subjects is expected as slight apical cochlear EH has been described in 15% of normal subjects at the oto-pathological record (46). In our work, we used the REAL-IR MRI technique, which allows direct discrimination of bone (gray signal), perilymph (white signal), and endolymph (black signal), with robust and easy EH evaluation. Because of this, the REAL-IR sequence seems to be superior to FLAIR (in which both endolymph and bone appear black), improving slight EH detection in the cochlea where the separation between the endolymph of the scala media and the bone is minimal (47). A similar finding of slight EH has not been mentioned in normal people for the vestibule; nevertheless, should the three-grade scale for vestibular EH have been used instead of the four-grade scale, those cases with mild vestibular EH would have been considered normal. This suggests that the four-grade scale for vestibular EH could be more sensitive but less specific than the three-grade scale. We may, thus, conclude that significant EH presence in ISSNHL is still anecdotic. The continuum for sudden hearing loss has been well-evaluated in a recent nationwide survey in Japan (48) revealing that the incidence of ISSNHL was 60.9 per 100,000 population. A follow-up and in-depth study of this population may shed some light on how this malaise may evolve, including EH. As a corollary of the previous findings, we stress our interest in not incorporating normal subjects into this study as the qualitative measurement we use probably could not be able to discriminate mild cochlear EH as do quantitative newer methods (49).

That EH MRI may play a role in the diagnosis of inner ear disease is a real concept only limited by technological accessibility, in particular, when trying to anticipate irreversible cochlear and vestibular findings, is of interest in cases of hearing loss and vertigo that may evolve into a definite MD. Our findings indicate that the expected number of patients who probably will have “definite” MD after follow-up coincides with those in whom we found both severe cochlear and severe vestibular EH. This was two (5.2%) in the case of FSNHL and three (8.8%) in the case of RV. Those patients began close follow-up and are currently being treated with diuretics. In a similar way, it has been recently shown that, in patients with ISSNHL, an increase in the endolymphatic space could render them prone to developing FSNHL (45). Also, there is a substantial number of patients with cochlear MD who will proceed to definite MD, and previous work has shown that this may occur in almost 80% of cases (50).

At this point, there may be some confusion regarding the different ways of classifying the severity of EH in MRI, and there is urgent need for agreement on a common methodology. Regarding imaging, in the case of cochlear EH, a two-grade (absent or present) or a three-grade (absent, mild, or severe) classification system is generally used. In the case of vestibular EH, a three-grade (absent, mild, or severe) classification system has been proposed by some authors (25, 42) while a four-grade scale (absent, mild, moderate, or severe) has also been used (26, 29, 51). Unfortunately, it is still not possible to evaluate EH of the semicircular canals due to its very small size and lack of spatial resolution. Occasionally, increased asymmetric hyperintensity of the perilymph is additionally found both in cochlear and vestibular compartments. This finding is interpreted as an increased diffusion of contrast material to the perilymph due to altered permeability of the blood–labyrinth barrier, presumably secondary to active inflammation (28, 29). In addition, herniation of vestibular EH toward the non-ampullar end of the horizontal semicircular canal (HSC) has been described both in histopathology and EH MRI (27). The relevance of all these MRI findings, both in themselves and in combination, requires standardization.

Regarding the vestibular tests, a discrepancy between the caloric test and vHIT was noteworthy in some groups, especially MD, as previously published (26, 52). Analysis of this dissociated response (with an altered caloric test but normal vHIT results for the HSC of the affected ear despite analyzing the function of the same vestibular organ) was not the primary goal of this study, and specific alteration of the horizontal semicircular canal was not recorded for comparison with a caloric test (only global results of normal or abnormal vHIT), and so it was not further analyzed. Nevertheless, the discrepancy between the caloric test result and vHIT has even been proposed as a marker of MD. With the results of this work, we must now consider that it may be much more common than expected also in other groups and probably be a closer relationship to hydrops than to MD itself. Also, alternative analysis of audiovestibular tests as the total number of involved vestibular end organs as done recently (9) is a promising means for evaluation of the severity of MD, and possible correlation with EH in MD and other groups should be explored in a prospective way.

As a limitation of the study, we must mention that EH was evaluated according to semiquantitative visual scales. Although volumetric evaluation of EH has been reported (53), it is not normally used in routine clinical practice, mainly because there is no dedicated software that has been developed. However, recent advances in the use of artificial intelligence with deep learning (still to be circulated) represent a major step forward for the purpose of providing an objective measure (54). Nonetheless, the correlation obtained between semiquantitative scales and volumetry is very good (55).

In this study, clinical features such as age, sex, side, disease duration, migraine, and vascular risk factors have a similar distribution among different clinical entities. Thus, patients included are homogeneous, minimizing the risk of bias in the interpretation of results so we do not consider this to be a relevant limitation.

Another limitation is that the categories were taken from an old reference, and a proper “vestibular migraine” category was not included. Of those in the group “Atypical MD Vestibular,” five of 34 could have been classified as definite vestibular migraine, after reviewing the records. Only two, one in each of the categories here used, showed vestibular hydrops, which in both cases was “moderate” (56).

The transversal nature of the study also limits its conclusions, asking for longitudinal prospective studies evaluating the clinical and radiological evolution of these patients and the possible association of MRI EH in non-definite MD patients and posterior transformation to definite MD.

Also, potential correlations between audiovestibular tests and the localization of EH or with the presence of EH herniation in the semicircular canals were not analyzed and could be evaluated in future works.



CONCLUSION

MRI EH is found in a percentage of patients with fluctuating audiovestibular symptoms not fulfilling the actual diagnostic criteria for definite MD. This percentage is variable depending on the audiovestibular symptoms, from a low percentage of only slight (and even questionable) EH in ISSNHL to a moderate percentage in patients with FSNHL with one vertigo crisis or recurrent vertigo with fixed SNHL. The percentages of severe cochleovestibular EH are similar to the current reported percentages of progression to definite MD in those groups, suggesting that presence of EH by MRI could be related to the risk of progression to definite MD, and advising longitudinal follow-up studies already under way. MR EH imaging in these patients is, thus, recommended.
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Background: Currently, 3 Tesla-MRI following intratympanic gadolinium injection has made it possible to assess the existence and the severity of hydrops in each compartment of the endolymphatic spaces in vivo. However, the relationship between vestibular endolymphatic hydrops (EH) visualized by MRI and vestibular functional tests, especially the correlation between caloric test, video-head impulse test, and semicircular canal hydrops, has not been well-investigated.

Objective: The purpose of this study is to investigate the relationship between the severity of EH in each compartment of otoliths and semicircular canal and the results of vestibular functional tests.

Methods: In this retrospective study, we performed three-dimensional fluid-attenuated inversion recovery (3D-FLAIR) sequences following intratympanic gadolinium injection in 69 unilateral patients with definite Menière's disease. Vestibular and lateral semicircular canal hydrops was graded on MRI using a four grade criterion. All patients underwent pure-tone audiometry, cervical vestibular evoked myogenic potential (cVEMP), ocular vestibular evoked myogenic potential (oVEMP), caloric test and video head impulse test (vHIT). The latency, amplitude and asymmetry ratio of VEMP, canal paresis (CP) and vestibulo-ocular reflex (VOR) gain of lateral semicircular canal of vHIT were collected. The correlation analysis were performed between the parameters of function test and EH.

Results: Vestibular EH showed correlations with the duration of disease (r = 0.360) and pure tone average (r = 0.326). AR of cVEMP showed correlations with Vestibular EH (r = 0.407). CP (r = 0.367) and VOR gain of lateral semicircular canal at 60 ms (r = 0.311) showed correlations with lateral semicircular canal hydrops.

Conclusion: EH in different compartments is readily visualized by using 3D-FLAIR MRI techniques. The degree of vestibular EH correlated with AR of cVEMP and EH in the semicircular canal ampullar affects the caloric and vHIT response in patients with unilateral Meniere‘s disease.

Keywords: Meniere's disease, vestibular function, MRI, endolymphatic hydrops, VEMP, vHIT, caloric test


INTRODUCTION

Ménière's disease (MD) is an idiopathic inner ear, which is characterized by recurrent attacks of vertigo, fluctuating hearing loss, tinnitus, and ear fullness. The Etiology of the disease is unclear and the pathological feature is endolymphatic hydrops (EH) (1). At present, a clinical diagnosis of MD is mainly based on the combination of medical history and auditory-vestibular function examination. With the combined application of different vestibular function examinations, clinicians can evaluate the function of saccule, the utricle, the low frequency of semicircular canal and the high frequency of semicircular canal separately by cervical vestibular-evoked myogenic potentials (cVEMP), ocular vestibular-evoked myogenic potentials (oVEMP), Caloric test, and video-head impulse test (vHIT) (2–4). Since 2007, the morphological assessment of EH in MD patients on magnetic resonance imaging (MRI) has been realized by the application of 3-dimensional fluid-attenuated inversion recovery (3D-FLAIR) sequence following the intratympanic injection of gadolinium (Gd) by Nakashima et al. (5). With the development of imaging technology, various structures of the inner ear have been observed by intratympanic or intravenous injection of contrast media.

In previous studies, many authors have reported the correlation between the degree of vestibular hydrops and vestibular function examination results in MD patients. But the conclusion is inconsistent. Guo et al. (6) reported that the asymmetry ratio (AR) of oVEMP showed correlation with the severity of vestibular EH. Katayama et al. (7) confirmed that EH was significantly associated with the disappearance of cVEMP. On the contrary, Kahn et al. (8) concluded that no significant correlation between the presence of EH and vestibular function was found in the research. The correlation between the caloric test and EH is also inconclusive. Kato et al. (9) presented that there was no significant correlation between the caloric test results and the degree of EH in the vestibule, or the lateral semicircular canal ampulla. While, Sluydts et al. (10) and Guo et al. (6) reported that the abnormal caloric tests was correlated with the severity of vestibular. Moreover, few studies have focused on the relationships between semicircular canal hydrops and vestibular-ocular reflex (VOR) recorded by video head impulse test (vHIT) (11, 12).

The purpose of this study is to elucidate the relationships between the results from cVEMP, oVEMP, the caloric test, vHIT, and EH visualized by Gd-enhanced MRI in patients with unilateral MD.



MATERIALS AND METHODS


Patients

This study was approved by the Ethics Committee of Xinhua Hospital, Shanghai Jiaotong University School of Medicine. Written informed consent was obtained from each participant. We retrospectively reviewed the medical records of 69 patients diagnosed with definite unilateral MD who were admitted to Department of Otolaryngology-Head and Neck Surgery, Xinhua Hospital, Shanghai Jiaotong University School of Medicine from March, 2018 to December, 2020. The diagnostic criteria was based on the 2015 consensus of the Barany Society (13). The inclusion criteria were as follows: (1) unilateral MD patients without complains, such as tinnitus, ear fullness, or hearing loss in the contralateral ears; (2) complete medical history record with auditory-vestibular function examinations and MRI. The exclusion criteria were as follows: (1) chronic otitis media or other middle or inner ear disease history; (2) history of middle or inner ear surgery; (3) receipt of intratympanic gentamicin or dexamethasone treatment; (4) use of vasodilators or diuretics in the previous 2 weeks; (5) patients with claustrophobia, pregnancy, or Gd allergy.



Intratympanic Gd Injection and MRI

As our previous studies described, the Gd contrast medium (Omniscan, Xudonghaipu Pharmaceutical Co. Ltd, Shanghai, China) was diluted 8-fold with saline (v/v, 1: 7). Approximately 0.4–0.6 ml of the diluted Gd was injected intratympanically. The injection was performed under a microscope. The patient then was placed in the supine position for 60 min (14).

Twenty-four hours after the Gd injection, MRI scans were performed with a 3.0 Tesla MR scanner (UMR 770, united-imaging, Shanghai, China), using a 24-channel head coil. 3D-FLAIR imaging was subsequently performed. The scan parameters for the 3D-FLAIR sequence were as follows: time of repetition = 6,500 ms, time of echo = 286.1 ms, time of inversion = 1,950 ms, flip angle = 67°, slice thickness = 0.6 mm, echo train length = 160, field of view = 200 * 200 mm, and matrix size = 256 * 256, voxel size = 0.78 * 0.78 * 1.1 mm. The scan time was 6 min 11 s. Three dimensional heavily T2-weighted spectral attenuated inversion recovery (3D-T2-SPAIR) sequence was also performed with the following parameters: voxel size = 0.65 * 0.52 * 0.76 mm, scan time = 4 min 30 s, TR = 1,300 ms, TE = 254.7 ms, flip angle = 110°, slice thickness = 0.4 mm, field of view = 200 * 200 mm, and matrix size = 384 * 384 (15).



Image Analysis

The images were evaluated by an experienced neuroradiologist who was blinded to the patient's information. The vestibule and semicircular canal were separately evaluated. The vestibular part was evaluated using the semi-quantification four-grade system proposed by Bernaerts et al. (16). In brief, a normal vestibule is described as when the saccule and utricle are visibly separately and take less than half of the surface of the vestibule. When the saccule become equal or larger than the utricle, but is not yet confluent with the utricle, vestibular hydrops grade I is defined. When there is a confluence of the saccule and utricle with still a peripheral rim enhancement of the perilymphatic space, vestibular hydrops grade II is defined. When the perilymphatic enhancement is invisible, vestibular hydrops grade III is defined. The lateral semicircular canal was evaluated by the four-grade system proposed by our team in the previous study (15). We defined Grade 0 as no hydrops when a small visible herniation which was 1/3 less than the semicircular canal with perilymph surrounding, a larger herniation (>1/3) with hydrops as Grade I and the total invisibility of crura, which often accompany the stenosis of canals as Grade II. If all semicircular canals were invisible, we defined as Grade III. Images of each grade of vestibular and lateral semicircular canal were demonstrated in Figure 1.


[image: Figure 1]
FIGURE 1. Four grades of the vestibular EH and lateral semicircular canal EH. In this figure, 3D-FLAIR pictures (a–h) are shown adjacent to 3D-T2-SPAIR pictures (a′-h′) for each grade. For vestibule, grade 0 = No hydrops (a). The saccule and utricle are visibly separately and take less than half of the surface of the vestibule. Grade 1 = Mild hydrops (b). When the saccule become equal or larger than the utricle, but is not yet confluent with the utricle. Grade 2 = Moderate hydrops (c). There is a confluence of the saccule and utricle with still a peripheral rim enhancement of the perilymphatic space. Grade 3 = Severe hydrops (d). The perilymphatic enhancement is invisible. For lateral semicircular canal, grade 0 = No hydrops (e). A small visible herniation which is 1/3 less than the semicircular canal with perilymph surrounding can be observed. Grade 1 = Mild hydrops (f). A dark area occupying over 1/3 of the ampulla is observed. Grade 2 = Moderate hydrops (g). The crura become dark and some of the canals become invisible with hydrops, which often accompany the stenosis of canals. Grade 3 = Severe hydrops (h). All semicircular canals were invisible.




Audio-Vestibular Functional Tests
 
Audiometry

Pure-tone audiometry was performed in a soundproof room with the use of an audiometer (Type Madsen, Astera, Denmark). The pure-tone average (PTA) is the average of the 0.5, 1, and 2 kHz air conduction thresholds. The calculation is based on the MD guideline of China published in 2017 (17).



VEMP

VEMP tests were performed with a Bio-logic Navigator PRO auditory brainstem response diagnosis system. For cVEMP, electrodes were placed on the middle of each sternocleidomastoid muscle. The reference electrode was placed on the middle of clavicular joint and the ground electrode was placed on the nasion. The resistance between the electrodes was controlled at <5 kΩ. Tone bursts (95 dB normal hearing level [nHL], 500 Hz, rise/fall time1 ms, plateau time 2 ms, stimulation frequency 5 Hz, superposition 50 times) were delivered through headphones. Patients are instructed to raise their head from the pillow and supine head 30° after hearing a single stimulus to maintain sternocleidomastoid muscle in tension until the stimulus stops. A well-repeated wave form with p13 and n23 was defined as “Elicited.” Absence of a meaningful wave form with p13 and n23 was defined as no response. The P13 potential was identified as the first positive peak in the waveform, N23 was identified as the first negative peak in the waveform, and the peak-to-peak amplitude was the P13–N23 amplitude. The latency of P13 and N23, the amplitude of P13 and N23, and the amplitude of the first positive–negative peak (P13–N23) was recorded. The percent VEMP asymmetry ratio (AR) was calculated with the following formula using the amplitude of p13–n23 on the affected side (Aa) and that on the unaffected side (Au): VEMP asymmetry (%) = 100 (Au – Aa)/(Au + Aa) %. When only one side of the oVEMP was absent, the AR was calculated as 100%. A value of AR > 40% was considered abnormal (4).

For oVEMP, the setting parameters are the same as above. The electrode was placed 1 cm below the center of the opposite eyelid. The reference electrode was placed in the lower jaw and the ground electrode was placed on the nasion. Ask the patient to gaze upward after hearing a single stimulus. Keep the eye in 25–30° angle and blink as little as possible to maintain the tension of the inferior oblique muscle until the stimulus stops. A value of AR > 40 was considered abnormal (11).



vHIT

vHIT was performed with a video-oculography device (Interacoustics, EyeSeeCam, Denmark). The subject was instructed to maintain the fixation on an earth-fixed target, which is usually straight ahead. Experienced otologists An experienced laboratory technician delivered at least 20 brief, abrupt, and unpredictable head impulses per side (10–20° angle, duration 150–200 ms, peak velocity of >150°/s). The VOR gain was defined as the ratio of the eye velocity (°/s) over the head velocity (°/s). Individual VOR gains were automatically calculated using the device software. vHIT testing was considered to be abnormal for horizontal canal if VOR gain at 60 ms was <0.8 (18).



Caloric Test

The patients were placed in supine position by raising their head 30° to keep the horizontal canal in a vertical position. The external auditory canal was irrigated with 24°C cold air for cold testing and 50°C hot air for hot testing. The induced nystagmus was recorded using electronystagmography in a dark, open-eye situation. The percentage of canal paresis (CP%) was calculated using Jongkees' formula (19). A CP% of >25% was defined as caloric weakness.




Data Analysis

All data were analyzed with SPSS v. 25 statistical software (IBM Corp., NY, US). Continuous data are presented as mean with standard deviation. The Wilcoxon rank sum test was used for non-normal data. The chi-square test was applied to compare dichotomous variables among the groups. The Spearman correlation analysis was used for categorical data to explore the correlation between the severity of hydrops on MRI and audiovestibular tests. P-values < 0.05 were considered significant.




RESULTS


Demographics

The study population consisted of 34 men and 35 women (40 right-sided, 29 left-sided), with ages ranging from 28 to 75 years (mean age 52.62 ± 12.11 years). The mean duration of disease was 3.43 ± 2.86 years. The mean PTA was 55.92 ± 20.56. Based on the level of hearing loss, 5 (7.2%) patients met the criteria for Stage I. Nine (13.0%) patients could be classified as stage II, whereas Stage III and Stage IV comprised 41 (57.9%) and 14 (20.3%) of the patients, respectively. The baseline characteristics of the patient population are summarized in Table 1.


Table 1. Characteristics of the study population.
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MRI Data

Four patients were excluded in the final data analysis because the contrast medium could not even be observed in the any part of membrane labyrinth. Poor permeability of the round window membrane is the most probable reason. Variable degrees of vestibular hydrops were observed in 57 of 65 (87.7%) patients in the affected ear (Table 2). According to the vestibular hydrops grade system, 8 (12.3%) were in grade 0, 14 (21.5%) were in grade 1, 22 (33.8%) were in grade 2, and 21 (32.3%) were in grade 3. For the ampulla hydrops of lateral semicircular canal part, 29 (44.6%) were in grade 0, 23 (35.4%) were in grade 1, 8 (12.3%) were in grade 2, and 5 (7.7%) were in grade 3. A total of three patients had normal vestibule and semicircular canal on MRI. The severity of vestibular hydrops showed correlations with the duration of disease (r = 0.360, p = 0.003) (Figure 2A) and PTA (r = 0.326, p = 0.008) (Figure 2B). Vestibular hydrops is not correlated with age of patients (p = 0.634). No correlations were observed between lateral semicircular canal hydrops and duration of disease (p = 0.582), PTA (p = 0.348), and age of patients (p = 0.768) (Table 3).


Table 2. EH grade in vestibule and lateral semicircular canal.
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FIGURE 2. (A) Correlation between grade of vestibular EH (x-axis) and disease duration (y-axis). The positive correlation is significant (r = 0.360, p = 0.003). (B) Correlation between grade of vestibular EH (x-axis) and PTA (y-axis). The positive correlation is significant (r = 0.326, p = 0.008).



Table 3. Results of vHIT and Caloric test in patients.
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Correlation Between Vestibular Function Tests and MRI
 
VEMP

A total of 6 patients showed bilateral absence of cVEMP were excluded in the correlation analysis with hydrops on MRI. cVEMP was elicited in 48 of 65 (73.8%) patients. The P13–N23 amplitude of the affected side was significantly smaller than the contralateral side (p < 0.05). The mean AR of cVEMP was 0.42 ± 0.32. The Spearman correlation analysis revealed no correlations between vestibular hydrops and the latency of P13 (p = 0.390), the latency of N23 (p = 0.056), or the amplitude of P13–N23 (p = 0.109). Vestibular hydrops is significantly correlated with AR of cVEMP (r = 0.407, p = 0.001) (Figure 3).


[image: Figure 3]
FIGURE 3. Correlation between grade of vestibular EH (x-axis) and AR of cVEMP (y-axis). The positive correlation is significant (r = 0.407, p = 0.001).


For oVEMP, a total of 28 patients showed bilateral absence of oVEMP were excluded in the correlation analysis with hydrops on MRI. oVEMP was elicited in 26 of 65 (40.0%) patients. The P13–N23 amplitude of the affected side was significantly smaller than the contralateral side (p < 0.05). The mean AR of oVEMP was 0.49 ± 0.43. Vestibular hydrops showed no significance in correlation with AR of oVEMP (p = 0.098) (Figure 4). Also, there were no significant correlations between vestibular hydrops and the latency of P13 (p = 0.976), the latency of N23 (p = 0.590), the amplitude of P13–N23 (p = 0.090).


[image: Figure 4]
FIGURE 4. Correlation between grade of vestibular EH (x-axis) and AR of oVEMP (y-axis). The positive correlation is insignificant (p = 0.098).




Caloric Test and vHIT

CP was observed in 38 of 65 (58.5%) patients. CP was significantly correlated with lateral semicircular canal hydrops (r = 0.367, p < 0.003) (Figure 5). No correlation was observed between CP and vestibular hydrops (p = 0.365).


[image: Figure 5]
FIGURE 5. Correlation between grade of lateral semicircular canal EH (x-axis) and CP (y-axis). The positive correlation is significant (r = 0.367, p = 0.003).


Abnormal VOR gain was observed in 14 of 65 (21.5%) patients. The mean VOR gain on the affected side was 0.95 ± 0.19 and 1.11 ± 0.15 on the contralateral side. The VOR gain of affected side is significantly lower than the contralateral side (p < 0.05). VOR gain was significantly correlated with lateral semicircular canal hydrops (r = 0.311, p = 0.012) (Figure 6). There was no significant correlations between vestibular hydrops and VOR gains (p = 0.243).


[image: Figure 6]
FIGURE 6. Correlation between grade of lateral semicircular EH (x-axis) and VOR gain of affected side (y-axis). The negative correlation is significant (r = −0.311, p = 0.012).






DISCUSSION

The pathological change of MD is characterized by EH. Clinical diagnosis of MD is mainly based on the combination of medical history and auditory-vestibular function examination. With the development of Gd-contrasted inner ear MRI, clinicians are now able to observe this most important pathologic feature of MD by in vivo MRI. According to the previous studies, the accuracy for clinical diagnosed MD is 56–73% for electrocochleogram, VEMP, and caloric test (20–22). On the other hand, Gd MRI demonstrated EH in 90% of the patients with MD in a multicenter clinical study (23). The in vivo visualization of EH has become a powerful tool for the investigation of MD. Furthermore, the significance of EH and vestibular function tests in patients with MD has not been fully characterized yet. The recent research published by our team modified the grading system of vestibular and semicircular canal hydrops (15). The “volume-referencing” grading system showed a better correlation with the MD clinical features and had more diagnostic value than previously published methods. But the correlation between this grading system and vestibular function tests requires further research.

In this study, four patients (4/69, 14.5%) were excluded in the final data analysis because no signs of any contrast medium could be observed in any part of the endolymph. We considered the possible cause of this phenomenon is that the permeability of the round window membrane is poor and the concentration of the contrast agent into the inner ear is insufficient. Yoshioka et al. (24) evaluated the permeability of the round window membrane in 42 MD patients and 13 non-hydrop inner ear disease patients by 3D-FLAIR MRI after intratympanic Gd injection. The results showed that 13% of the patients had poor permeability of the round window membrane, and nearly half of them had calcified plaques n the tympanic membrane or inflammation in the mastoid. This proportion is similar to that of our study. The permeability of the round window membrane is an unpredictable reason for the failure of inner ear MRI after intratympanic Gd injection.

The relationship between the degree of EH and clinical features, such as duration of the disease and hearing loss was previously reported by researchers. In this study, we confirmed that vestibular EH was correlated with duration of disease and PTA. Gurkov et al. (25) reported that Patients with a longer disease duration had a higher degree of EH. A significant positive correlation between hearing loss and cochlear EH was also confirmed. But the correlation between vestibular hydrops and hearing loss or duration of disease was not mentioned. Wu et al. (26) revealed that there was a significant correlation between the duration and vestibular EH. PTA thresholds at low and middle frequencies were significantly correlated with the extent of EH in cochlea. No significant correlation was detected with the vestibular hydrops and PTA. Yang et al. (27) demonstrated both vestibular and cochlear EH were significantly correlated with PTA. But they concluded that duration of disease was not correlated with vestibular EH or cochlear EH. Fiorino et al. (28) concluded that the severity of vestibular EH is positively correlated with the course of disease, especially in patients with more than 5 years of disease duration. The results are consistent with the pathological findings of the temporal bone (29). The above results suggest that the EH in patients with MD is progressive aggravation, However, the mechanism of this phenomenon in MD remains to be further studied. The ideal method to study the correlation between the duration of disease and EH should be the large scale longitudinal study in different course of disease in the same patient. But its feasibility is limited due to the economics and ethics considerations.

VEMP has been gradually widely applied in the clinical diagnosis and research in various kinds of peripheral vestibular diseases. cVEMP can reflect the function of saccule and the integrity of its pathway. The pathway is from the saccule, inferior vestibular nerve, vestibular nucleus, accessory nucleus, accessory nerve to sternocleidomastoid muscle. oVEMP can reflect the function of utricle and the integrity of its pathway. The pathway is from the utricle, superior vestibular nerve, vestibular nucleus, contralateral medial longitudinal fasciculus, contralateral oculomotor nucleus to contralateral inferior oblique muscle (2). The elicited response rate of cVEMP and oVEMP was 73.8 and 40.0% in this study. The response rate of oVEMP was lower than the data previously reported (30, 31). The possible reason is that 78.2% (55 of 69) patients included in this study were in stage III and stage IV. The response rate and abnormal rate of cVEMP and oVEMP in MD increased with the progression of the disease and the severity of hearing loss (32). The latency both in cVEMP and oVEMP showed no correlations with vestibular EH in our study. Researches have revealed that the latency of VEMP is prolonged due to the damage of the vestibular nerve pathway in the retrolabyrinthine (33). However, different conclusions have been made in the researches of MD patients. Johnson et al. (34) revealed that the latency of P13 was prolonged in the affected side of MD patients when compared to the contralateral side and the healthy controls. On the other hand, Murofushi et al. (35) patients with MD or vestibular neuritis hardly showed any latency prolongation in cVEMP. Whether the vestibular nerve pathway in the retrolabyrinthine of MD patients is damaged still need to be clarified in the future study. Since the amplitude of VEMP can be affected by muscle tension and subcutaneous thickness, Young et al. (36) put forward the concept of AR, and considered that AR is a more accurate method to evaluate the vestibular function of both sides, which can reflect the symmetry of vestibular function in MD patients. The present study demonstrated that AR of cVEMP was correlated with vestibular EH while AR of oVEMP was not. Gurkov et al. (25) drew a similar conclusion with our study, which indicated that patients with a more severe degree of vestibular EH also had a worse sacculus function. Guo et al. (6) have also reported that cVEMP AR was higher in MD patients with severe vestibular hydrops than in patients without vestibular hydrops. The phenomenon matches the theory that severe vestibular EH would lead to permanent morphological changes of the sensory organs, including the loss of saccular macula associated with the collapse of the saccular wall onto the otolithic membrane, which is consistent with reduced cVEMP (29). Quantitative analyses of the relationship with oVEMP values and EH degrees in vestibule in MD patients are rare. Jerin et al. (37) concluded that the 500/1,000 Hz amplitude ratio was neither correlated with the degree of endolymphatic hydrops nor with the duration of disease. The correlation between oVEMP and EH need to be further studied.

In the present study, CP was observed in 38 of 65 (58.5%) patients while abnormal VOR gain was only observed in 14 of 65 (21.5%) patients. The function of semicircular canal has frequency specificity. The caloric test was a function test at low frequency, while the VHT was a test of the high frequency. They are complementary. The abnormal rate of caloric test in patients with MD is higher than that of vHIT. The probable explanation is that the low frequency function of the semicircular canal decreased firstly, and then the high frequency function impairment occurred later in MD patients, because the caloric test examines the response of the semicircular canal at a low frequency and non-physiological stimulation, which the daily activities can not compensate for its functional decline. While the vHIT examines the high frequency function of the semicircular canal, and the frequency of head position movement stimulation in daily activities is relatively consistent with the high frequency. Vestibular compensation plays a vital role in the high frequency function impairment in patients with MD. Thus, high frequency function impairment occurs later in the duration of the disease and maintains a relative balance between the two sides (38). There were few reports of the semicircular function related to EH detected with MRI. In previous studies, Kahn et al. (8) reported no significant correlation between ampullar hydrops and vHIT by a simple two-grade canal hydrops evaluation. Gurkov et al. (25) demonstrated no significant correlation between the severity of vestibular EH and CP. Fukushima et al. (39) revealed that vestibular EH was not correlated with VOR gains, but correlated with CP. However, both CP and VOR gains of lateral semicircular canal showed significant correlations with hydrops according to the modified canal hydrops grading system proposed by our team. Although a single vHIT or caloric test has limited sensitivity to MD, especially in the early stage of the disease. But as the disease progressing, changes of CP and VOR gains of lateral semicircular canal were able to represent the degree of lateral semicircular canal hydrops to a certain extent.

These limitations should be taken into consideration is this study. First, the results of vestibular function test were short of normal healthy population in local area as reference. Adapting the standard values reported by the previous literature in the study would lead to result error. Second, the reliability of the statistical analyses would profit from a greater number of patients. Third, in this study, 78.2% of the patients were in stage III and stage IV, and most of them had significant vestibular hydrops. In some cases, it was difficult to evaluate the degree of EH in the lateral semicircular canal because of the close anatomic connection between the utricle and the ampulla of the lateral semicircular canal. The number of patients with no or mild EH was relatively small. Thus, for more precise study between canal hydrops and caloric test and vHIT, a study including more patients of stage I and stage II is necessary.
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Objectives/hypothesis: To compare findings obtained using both magnetic resonance imaging plus intratympanic gadolinium and audiovestibular testing for Menière's disease.

Study design: Retrospective cohort study.

Methods: Patients with definite unilateral Menière's disease (n = 35) diagnosed according to 2015 Barany Criteria were included. Three-dimensional real inversion recovery (3D-real-IR) MRI was executed 24 h after intratympanic gadolinium injection to assess the presence and degree of endolymphatic hydrops. Pure tone audiometry, bithermal caloric test, head impulse test, ocular, and cervical VEMPs using air-conducted sound were performed to evaluate the level of hearing and vestibular loss. The results were compared to verify precision of the method in providing correct diagnoses.

Results: Different degrees of endolymphatic hydrops were observed in the MRI of the cochlea and vestibule in the affected ears of Menière's disease patients, even though it was impossible to radiologically distinguish the two otolithic structures separately. The correlation between the degree of linked alterations between instrumental and MRI testing was statistically significant. In particular, an 83% correspondence with audiometry, a 63% correspondence for cVEMPs and 60% correspondence for cVEMPs were seen. While for HIT the accordance was 70 and 80% for caloric bithermal test.

Conclusions: MRI using intratympanic gadolinium as a contrast medium has proved to be a reliable and harmless method, even though there is an objective difficulty in disclosing macular structures. The study revealed that there is no complete agreement between instrumental values and MRI due to the definition of the image and fluctuation of symptoms. The present work highlights the greater (but not absolute) sensitivity of otoneurological tests while MRI, although not yet essential for diagnosis, is certainly important for understanding the disease and its pathogenic mechanisms.

Keywords: magnetic resonance imaging, intratympanic gadolinium, vestibular evoked myogenic potential, head impulse test, pure tone audiometry, caloric bithermal test, posturography, Menière's disease


INTRODUCTION

Menière's disease (MD) also called “idiopathic syndrome of endolymphatic hydrops” (EH) (1) and named after Prosper Menière (2) is a chronic inner ear disease whose symptoms are vertigo with hearing loss, tinnitus and aural pressure. Its official diagnosis is based on guideline symptoms (3) and on pure tone audiogram. Recent vestibular tests can assess dysfunctions of the cochlea, otolith organs and semicircular canals. In 2007 Nakashima (4, 5) using MRI imaging with intratympanic gadolinium demonstrated endolymphatic hydrops (6) in Menière's ears. Since then, this technique has been used to evaluate hydrops, the size and shape of endolymphatic spaces, and the severity and evolution of MD (7). Not only is endolymphatic hydrops on MRI an indicator of MD, but also of other disorders (8–10). Variability of diagnosis is reflected in epidemiological studies (11, 12) including patients in which the full range of symptoms is not present (13). A comparison between audiovestibular symptoms and tests and MRI inner ear imaging might improve MD diagnosis. In the present study the results obtained through MRI inner ear imaging were compared with audiological findings in patients with a clinical diagnosis of MD according to the 2015 Barany Criteria (3).



MATERIALS AND METHODS

This retrospective clinical study was conducted in collaboration with Biomedics Advanced Technologies Institute and Ear Nose and Throat Department of Chieti-Pescara University Hospital. The patients had a definite unilateral MD and were subjected to MRI 3T and intratympanic injection of gadolinium (Gd) (1 mmol/ml) diluted 1:7 in saline in the affected ear. The study protocol was approved by the local ethics committee. All patients signed informed consent and the study was conducted in accordance with the Declaration of Helsinki of 1975 revised in 2013.

Thirty-five (14) volunteer adult patients (19 females and 16 males) aged between 38 and 72 years (mean age 52.83) who arrived at the Hospital as out-patients for unilateral definite MD according to the 2015 Barany Criteria (3) were included in the study. Patients with bilateral MD, patients previously subjected to ear surgery, patients subjected to intratympanic treatment with gentamicin, patients with vestibular migraine, patients suffering from intracranial neoplasms, and patients in whom MRI was contraindicated were excluded from the study. No patients included in the study had acute phase MD. Three-dimensional real inversion recovery (3D-real-IR) MRI was executed 24 h after intratympanic gadolinium injection to assess the presence and degree of endolymphatic hydrops (EH). Fisher T-test was used for statistical evaluation.

Magnetic Resonance Imaging (MRI) was performed and the contrast medium (0.4/0.5 ml) was injected intratympanically using a 1 ml syringe with a 23G needle and a dilution of 1 cc of Gd in 7cc of saline with a 1:7 ratio. After the injection, the patient remained supine and with the head turned 45° toward the affected side, for about 30 min. Three dimensional real inversion recovery (3D-real-IR) MRI was conducted 24 h after the intratympanic gadolinium injection to assess the presence and degree of endolymphatic hydrops (EH). All tests were evaluated according to Nakashima grading (15) which is based on hydrops volume ratios in FLAIR/T2 (G) from 0 to 1 and expressed in 3 degrees of severity (Table 1). Since the normal ratio range of the endolymphatic area over the vestibular fluid space (sum of the endolymphatic and perilymphatic areas) was 33%, any ratio increases over 33 % were considered positive.


Table 1. Hydrops visualization grading, represented by the ratio between the volumes of the contrast agent in the Flair 3D and TSE and T2 sequences.
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Pure tone audiometry (PA) was bone and air conducted using Amplaid audiometer. The difference between air and bone hearing thresholds (cochlear reserve) was evaluated using 250-500-1,000 frequencies, and the results were considered as indicative of MD in patients with cochlear reserve >10 Db on at least one of these frequencies.

Bithermal caloric test (BCT) was performed using the Fitzgerald Hallpike method with water at 30 and 44°C. The angular velocity of the slow phase was calculated using the Jongkees formula. Patients with a labyrinthine preponderance >20% were considered positive for labyrinth damage.

Digital Video head impulse test (vHIT) was performed on the lateral canal using only ICS Impulse vHIT GN Otometrics, (Denmark) and the VOR gains were measured taking into account mean eye velocity divided by mean head velocity during a 40 ms window centered at the time of peak head acceleration. Abnormal VOR gain was considered in the presence of corrective saccades after the head movement. The decreased gain for the horizontal canal was calculated outside the mean 2 SDs compared to normal controls (<0.70 or> 0.999) (13).

Ocular (oVEMP) and Cervical VEMPs (cVEMP) were tested using air-conducted sound and altered VEMP was considered when the amplitude of the affected side was lower or absent as compared to the opposite. Two consecutive runs were averaged to provide a final response. A Stabilometry test was performed to evaluate the level of hearing and vestibular loss.

Posturography (PG) was carried out on a baropodometric platform (Phisionorm NBP Computerized Posturographic System) a few hours before and about 20–24 h after the intratympanic injection of the contrast medium. The test was conducted with both opened and closed eyes using a foam cushion between the feet and the platform, which could alter somatosensory and proprioceptive information, and respecting an interval of 30 s between one measurement and the next.



RESULTS

In all 35 patients no hearing loss, vestibular complications or ear drum perforations after gadolinium injection could be evidenced. In four patients who had all reported to have suffered from otitis in childhood, the contrast medium could not reach the labyrinth due to lack of diffusion through the round window. One of the patients (3%) refused to perform the second MRI. These five patients were excluded from the study. In the remaining 30 patients in the study group, distension of the endolymphatic spaces was observed in 22 (73%) while the labyrinth showed no signs of hydrops in the remaining eight (27%). No patients had their cochlear aqueduct lightened by gadolinium, while in all 30 patients in which the intratympanic infiltration lightened the labyrinth, gadolinium in the internal auditory canal (Figure 1) could be seen after 24 h.


[image: Figure 1]
FIGURE 1. Posturography: Path length of Menièr's patients before (pre) and 24 h- after (post) the intratympanic injection. OE, Open Eyes; CS, Closed Eyes; PC, Foam cushion under feet. Data we presented as boxes and whiskers (Tukey method).


The PA showed the presence of a constant transmission component on the 250-500-1000 frequencies that was inversely proportional to the severity of the sensorineural hearing loss (Table 2), with an average cochlear reserve of 22.3 dB at 250 Hz, of 12.3 Db at 500 Hz, and 5.2 Hz at 1,000 Hz. When comparing the results obtained with MRI and audiometric testing (Table 3) a significant correlation could be evidenced in 25 out of 30 patients (83.3%) (p = 0.002).


Table 2. Cochlear reserve in decibels on the frequencies 250-500-1000 Hz of each patient and calculations of the average cochlear reserve.
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Table 3. Ratio between positive and negative patients on MRI and patients with cochlear reserve >10 dB on the frequencies 250-500-1000 Hz (p = 0.002) sensibility 86%.

[image: Table 3]

Vestibular evoked potentials were tested using air-conducted sounds and showed radiological-electrophysiological concordance in 63% of the patients (19/30) with either absent or reduced saccular (cVEMPs) bioelectric signals and in 60% of the patients with utricular (VEMPs) bioelectric signals (Table 4), these data being not statistically significant (0.3–0.5). On the contrary, the MRI method used was not able to distinguish the saccule from the utricle separately.


Table 4. Ratio between positive and negative patients on MRI and patients with and subjects with absent or reduced evocability of VEMPs (pCVEMPs = 0.3, pOVEMPs = 0.5).

[image: Table 4]

Video HIT based solely on the horizontal canal showed the presence of a significant (p = 000.3) correspondence in 70% of the MD patients (21/30 patients) (Table 5).


Table 5. Ratio between positive and negative patients on MRI and patients with corrective saccades after the head movement and decreased gain for the horizontal canal (p = 0.003).

[image: Table 5]

The bithermal caloric test showed a significant correlation between damage and radiological labyrinthine hydrops positivity of 80% (24/30) (p = 0004), while in 20% of the patients (6/30 patients) labyrinthine hydrops could not be demonstrated radiologically, even with a positive caloric test (Table 6).


Table 6. Bithermal Caloric Test: Ratio between positive and negative patients on MRI and patients with a preponderance >20% (p = 0.004).
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In the computerized static posturography thes, the most important differences among path lengths (PL) were seen with closed eyes plus foam cushion under feet, and a significant improvement was observed 24 h after gadolinium injection (Figure 1) (p = 0.011, Cohen's d = 0.876, BF10 = 5.328) (data already reported elsewhere) (16).

Gadolinium MRI 3 Tesla did not cause any local or systemic adverse reactions. Thirty (17) of the 35 patients (86%) had a positive Gd response with contrast medium diffusion into the perilymph. Five (4) non-responders were excluded from the study. One radiologist graded the hydrops in different parts of the vestibule (Table 7). Contrast medium was observed in the internal auditory canal (Figure 2), demonstrating a communication between CSF and cochlear perilymph as described by Naganawa (18) and Kawai (19).


Table 7. Distribution of gadolinium in the perilymphatic spaces expressed in number of patients and percentage.
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[image: Figure 2]
FIGURE 2. MRI 3 Tesla: (A) MRI in T2 without contrast means: labyrinthine fluids including peri and endolymphatic spaces are observed (a) cochlea, (b) vestibular spaces and CSL and internal auditory canal (c). (B) 24 h after infiltration with the Flair technique, the contrast shows absence of gadolinium in the apical gyrus of the cochlea and vestibule (white arrows). Gd illuminates part of the cochlea (a) and the internal auditory canal (c) which seems to be the main way of diffusion of gadolinium toward the liquor spaces.




DISCUSSION

MD is the prototype of chronic recurrent diseases of the inner ear. Certain Meniere's disease diagnoses may be difficult despite the 2015 Barany Criteria, since they can be mimicked by other vestibular disorders. The caloric test has been the only available objective test and it has been based on the horizontal canal, and 3D-FLAIR MRI inner ear imaging and audiovestibular tests have allowed more precise diagnoses. More recently, the demonstration of inner ear hydrops by Naganawa and Nakashima (4) has granted to use MRI in MD and to disclose hydrops in migraine, trauma, sudden deafness, vestibular schwannoma, and semicircular canal dehiscence (20–22). However, doubts remain concerning the correlation between radiological and audio-vestibular findings. Pyykko et al. (9) have found a 53% sudden hearing loss in patients with EH and Katayama et al. (23) and Seoa et al. (24) have reported conflicting results as to whether cVEMPs and oVEMPs are concealed by hydrops; for caloric tests controversial findings have also been reported in literature (17, 25, 26).

Some authors have reported MD patients having a normal vHIT in the presence of a canal paresis on bithermal caloric testing. It has been hypothesized that hydropic distension allows endolymph recirculation with dissipation of its hydrostatic force and reduction of cupula displacement and nystagmus (27), and this hypothesis could have been confirmed by a direct observation of the vestibules in these patients. In the present study none of the methods, including MRI, achieved absolute diagnostic capacity. In particular, the bithermal caloric test showed a significant concordance between labyrinthine disease and radiological hydrops in 80% of the patients. The data in the present study are in line with the literature, and we and Dumas (28) have suggested that the discrepancy could be the result of either hydrops fluctuation that improves cochlear and vestibular function between attacks or of a mistaken diagnosis. The data of the present study are therefore in line with what emerges from literature, and indicate that caloric testing was able to evidence labyrinthine damage but not hydrops, as it was negative in 20–30% of the patients. Probably the reason for such discrepancy lies in the fluctuation of the hydrops in the patients in the present study during inter-critical periods, as in those by Dumas (28), which reduces the endolymphatic pressure thus improving both cochlear and vestibular function.

Evaluation of the horizontal canal using both caloric test and vHIT resulted in a reduction of agreement with MRI from 80 to 70%. The two methods stimulated the labyrinth with two different modalities, by 0.03 Hz frequencies in the caloric test, and by angular accelerations that could even reach 2,000–4,000°/s2 in the HIT (14) and this data confirm that in MD the horizontal semicircular canal maintains the ability to be stimulated on the low frequencies better than on the high ones. The most prominent feature of VOR was indeed adaptation (29). The labyrinth is able to change and improve against harmful events that might arise either slowly such as in aging, or rapidly such as in the case of lesions of the peripheral vestibular organ. In all cases, however, the labyrinthine asymmetry was reduced, but the response of the VOR to low frequencies and to low speed head movements recovered within a few weeks, while the responses to high frequency stimuli (such as HIT) were rarely complete and therefore an asymmetry to rapid head rotations persisted (30), which generated the saccadic movement toward the injured side, typical of the HIT (31).

In the present study, patients were subjected to audiometric tests, and the focus was on the evaluation of low frequencies (250-500-1000), neglecting sensorineural loss resulting from MD and hearing fluctuations as they have already been widely described in the literature and represent an essential part of commonly used diagnostic criteria. Instead, the focus was on the presence or absence of cochlear reserve, which is mainly determined by the pressure of the endolymph on the platen of the stirrup and which therefore was indicative of hydrops rather than just of hearing loss. The present data show that the cochlear reserve corresponded to the MRI endolymphatic hydrops in a significant percentage of patients (83%) and therefore the cochlear reserve represents the simplest and most immediate finding that indicated hydrops regardless of sensorineural hearing loss, with a sensitivity of 86%. The spinal vestibule reflex was also evaluated using VEMPs, which did not prove to be comparable with MRI in quantifying the damage. This seems to be a consequence of the wide variability of both cervical and ocular responses in VEMPs (32), which changed according to the stage of the disease, so that in the acute phase oVEMPs increased while the cVEMPs decreased in amplitude (17) and to the vestibular nervous branch involved. Indeed, it has been observed that damage to the superior vestibular nerve results in a normal response of the cervical VEMPs and in a reduced or absent response to the ocular VEMPs while the opposite occurs with damaged inferior vestibular nerve (33–35). Both these phenomena occur because in MD the ocular VEMPs have a lower response compared to the cervical VEMPs, and it has been hypothesized that the utricle is more associated with the auditory function at low frequencies as compared to the saccule. In the present work, the posturographic evaluations showed that vestibular function not only does not worsen, but it even improves (16) after intratympanic injection, and vestibular function was certainly not linked to the Gd administration. Instead, as for audiometry, vestibular function could be linked to the pressure changes in the middle ear, which are induced by the mass of injected fluid, exerting a micro-pressure on the oval window and so modifying the dynamics inside the labyrinth as already described in Therapy with Meniett by Odqvist (36) and Gates (37).

A final observation that emerged from the imaging analysis, concerns the diffusion of the contrast medium in the internal auditory canal (IAC) (Figure 2). The IAC is lined with dura mater and arachnoid and it is perforated at the bottom by the vascular-nervous bundle which includes the VII and VIII cranial nerves. In IAC therefore, a natural communication exists between the cerebrospinal fluid (CSF) and perilymph (38). The MRI representations of this fluid exchange confirmed how CSF pressure changes can be transmitted to the perilymph, and therefore to the cochlea. This contiguity determines CSF pressure increases, as in gusher syndrome during stapedotomy, and in CSF pressure reductions, as in patients undergoing peritoneal ventricular shunt. Such shunts result in a low perilymphatic pressure with relative endolymphatic hydrops (39) and in variations in otoemission due to a “vacuum” in the inner ear (40, 41). These data seem to show that the relation between CSF and perilymph could be another etiopathogenetic mechanism of MD.

In the present work, intratympanic injection of Gd and subsequent 3T RM was certainly the most revolutionary way of using contrast medium in the vestibology field, as it was able to visualize endolymphatic hydrops and to ascertain not only cochlear hydrops but also a hydropic extension to the remaining parts of the posterior vestibule. However, intratympanic MRI assessment of hydrops is time-consuming, expensive and fails in about 20% of patients. The use of intravenous contrast medium could be a valid alternative to intratympanic injection as it could avoid the contrast medium diffusion problems encountered in this study. It is therefore necessary to associate imaging with electrophysiological tests, which are cheaper and easier to perform.

In this study, MRI showed results that are similar to those that have been seen for a long time with caloric tests and audiometry, which have a greater sensitivity than more recent tests such as HIT, which however showed reduced but significantly similar findings to MRI. VEMPs, on the contrary, even though retaining all their validity, due to their wide variability could be correlated with the imaging testing which should therefore be seen as the best choice. Beyond method comparisons, it is indubitable that MRI allowed vision of the hydrops, and its added value was that it stimulated research and gave the opportunity to observe a “secret” compartment without producing cochlear damage or instability. This fact, impossible in the past opened new diagnostic, pathophysiological and therapeutic horizons. In past as well as in the present work, MRI allowed disclosure of new data, such as the possible role played by the perilymph and cerebrospinal fluid in the etiopathogenesis of MD, and MRI combined with instrumental and electrophysiological data guarantee MD monitoring over time and the effectiveness of the therapy.
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Objective: Describe the clinical characteristics of patients with isolated cochlear endolymphatic hydrops (EH).

Study design: Clinical case series.

Setting: Tertiary Neurotology referral clinic.

Patients: All subjects presenting to a University Neurotology clinic during a 1-year period from July 2015 until August 2016 who had isolated cochlear EH on MRI. Patients with a history of temporal bone surgery prior to the MRI were excluded.

Intervention: High-resolution delayed-intravenous contrast MRI.

Main outcome measures: Audiometric and vestibular testing, clinical history analysis.

Results: 10 subjects demonstrated isolated, unilateral cochlear hydrops on MRI. None of these patients met the criteria for Meniere's disease. Mean age of the group was 66.4 years and most were males (70%). Unilateral aural fullness (70%), tinnitus (80%), and hearing loss (90%) were frequently observed. Only one patient presented with unsteadiness (10%) and one patient had a single isolated spell of positional vertigo 1 month prior to the MRI (10%) but no further vertigo spells in the 4 years following the MRI. The mean PTA was 37.8 dB which was significantly decreased from the non-affected ear with PTA of 17.9 (p < 0.001). One patient developed vertiginous spells and unsteadiness 4 years after initial presentation and a repeat MRI revealed progression to utricular, saccular and cochlear hydrops. Vestibular testing was obtained in five patients with one patient presenting with 50% caloric paresis and all others normal. The most common treatment tried was acetazolamide in seven patients with 86% reporting subjective clinical improvement. Two out of the 10 patients had a history of migraine (20%).

Conclusions: Patients with MRI exhibiting isolated cochlear EH present with predominantly auditory symptoms: mild to moderate low-frequency hearing loss, aural fullness, tinnitus without significant vertigo. Isolated cochlear hydrops is more common in males, average age in mid-60's and there is a low comorbidity of migraine headaches. This contrasts significantly with patients with isolated saccular hydrops on MRI from our prior studies. We believe that isolated cochlear EH with hearing loss but no vertigo is distinct from Meniere's disease or its variant delayed endolymphatic hydrops. We propose that cochlear Meniere's disease represents a distinct clinical entity that could be a variant of Meniere's disease.

Keywords: endolymphatic hydrops, cochlear Meniere's disease without vertigo, high-resolution MRI, cochlear hydrops, low-frequency hearing loss


INTRODUCTION

Meniere's disease is an inner ear disorder characterized with episodic spontaneous rotational vertigo, fluctuating hearing loss, tinnitus, and aural fullness. The diagnosis of Meniere's disease predominantly relies on clinical criteria as described by the 1995 American Academy of Otolaryngology—Head & Neck Surgery (AAO-HNS) and the 2015 Barany Society guidelines (1). Human temporal bone (HTB) studies have implicated dilation of the endolymphatic space—endolymphatic hydrops (EH)—as the nearly universal histopathological finding in Meniere's disease (2).

Cochlear hydrops or cochlear Meniere's disease was once classified as a distinct diagnostic entity, considered to be a variant of Meniere's disease without the vertigo. This group of patients previously diagnosed with cochlear Meniere's presented with a history of fluctuating auditory symptoms of aural fullness, tinnitus, and hearing loss without vertigo or vestibular symptoms (3). Despite the seemingly distinct clinical presentation of cochlear Meniere's, this entity was excluded by the Committee on Hearing and Equilibrium of the AAO-HNS in 1985 (4, 5). The histopathology of archival HTB studies of patients with a history of Meniere's disease, demonstrate that the pars inferior, the cochlea and saccule frequently display evidence of EH (6). However, it is important to evaluate for the presence and localization of EH during life in order to correlate with the clinical presentation. The question remains as to whether there is a specific histopathological correlate with isolated cochlear Meniere's.

High-resolution delayed contrast magnetic resonance imaging (MRI) has served to evaluate for endolymphatic hydrops in vivo to diagnose Meniere's disease and variants (7–9). High-resolution MRI imaging identification of EH involving the cochlea and vestibule is now achievable. In a study of eight patients with fluctuating hearing loss without vertigo, MRI evidence of cochlear and vestibular hydrops was identified in 100% of cases (10). A published case series of patients presenting with fluctuating aural pressure, tinnitus reported a response to medical therapy of diuretics and salt restriction in 80%, and evidence for hydrops using transtympanic electrocochleography (11). However, there has not been imaging evidence of the presence of isolated cochlear hydrops as a distinct clinical entity.

We report on a cohort of patients who display a unique set of clinical manifestations and demonstrate isolated cochlear hydrops. Importantly, little is clinically known about this entity. Herein, we aim to describe the clinical presentation of patients with isolated cochlear EH on MRI. We hypothesize that this entity is a clinically separate presentation of Meniere's disease, and we describe its clinical, audiometric, and MRI image features.



MATERIALS AND METHODS


Patient Selection

The 1995 AAO-HNS clinical guidelines were used to assign a diagnosis for definite Meniere's disease (5). A retrospective inquiry of consecutive patients who presented with audiovestibular symptoms between July 2015 and August 2016 were included. Of these, those with MRI imaging demonstrating EH of the cochlea alone were included. Patients with a past history of temporal bone surgery were excluded. With Institutional Review Board approval, a waiver of Health Insurance Portability and Accountability Act authorization, and a waiver of informed consent, a database of patients imaged with delayed intravenous contrast-enhanced 3D-FLAIR MRI was reviewed (IRB 13-000089, GI).



Data

Clinical histories, audiovestibular testing, and imaging from each patient were reviewed and recorded. Audiovestibular tests dated most closely with time of MRI were used for interpretation. The average follow-up was 16.5 months.

The pure tone average (PTA) was computed from frequencies 500, 1,000, 2,000 Hz as reported on the audiogram. Speech reception threshold (SRT) and word recognition scores (WRS) were also recorded.

Electronystagmography (ENG) testing was performed in five out of the 10 patients. Jonkee's formula was used to compute a unilateral canal paresis. A value >25% represented an abnormal response. Cervical vestibular-evoked myogenic potential (cVEMP) testing was performed in those undergoing ENG.



MRI Technique

Images were acquired as previously described (9, 12–15). In brief, a 3-Tesla Skyra unit (Siemens, Erlangen, Germany) using a 16-channel head and neck coil paired with two 4-channel surface coils positioned over bilateral ears was used following a 4-hour delay of an intravenous injection of 0.2 mmol/kg of either gadobutrol (Gadavist), or gadobenate. Cisternographic heavily T2-weighted 3-D turbo spin echo sequence (sampling perfection with application-optimized contrasts by using different flip angle evolutions: T2 SPACE) and heavily T2-weighted 3-D FLAIR sequence (hT2w-FLAIR), and a 3-D FLAIR sequence with an inversion time of 2,050 ms, creating bright endolymph and dark perilymph were performed. A subtracted image was obtained with bright perilymph, dark endolymph, and intermediate-signal bone (9, 12, 13).



Statistical Analysis

Data were tabulated into Microsoft Excel and analyzed using Stata 15.0 (College Station, TX). Audiometric data of the affected ear were compared to the contralateral, unaffected ear. A two-tailed paired student's t-test was performed to assess for differences in PTA, SRT, and WRS. In all instances, p-values < 0.05 were deemed significant.




RESULTS


Demographic and Clinical Presentation

Ten patients with MRI evidence of isolated cochlear hydrops were identified and included in the study. These are cases of hydrops of the cochlear duct, but no hydrops of the saccule or the utricle. The mean age is 66.4 years with a range of 50–85 years. There were seven males (70%) and three females (30%). There was involvement of five left (50%) and five right (50%) inner ears. The mean follow-up was 16.5 months (range 1–48 months) and PTA for each patient is seen in Table 1.


Table 1. Pure tone average (PTA) of the affected ear and follow-up for each patient.
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Auditory Symptoms

Auditory symptoms were the predominant clinical features. Ninety percent reported hearing loss, 70% endorsed ipsilateral aural fullness, and 80% complained of ipsilateral tinnitus often described it as a “hissing” or “whooshing” sound (Table 2). Of nine patients who reported hearing loss, only one characterized the hearing loss as fluctuating, and occurring suddenly the following day after taking a higher-than-normal dose of tadalafil (Cialis) (15). This patient with SSNHL did not clinically improve despite oral prednisone, and a subsequent MRI identified isolated cochlear hydrops. Of note, this patient had a history of migraines however the SSNHL did not occur in the setting of a migraine. The remaining patients characterized their hearing loss as gradually worsening or stable. Audiometric data commonly showed a low-frequency SNHL pattern.


Table 2. Demographics and symptomatology; *utricular, saccular EH was identified on repeat MRI 4 years following initial presentation with isolated cochlear hydrops.
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Vestibular Symptoms

Vestibular symptoms were rare in these patients with isolated cochlear hydrops. No patient presented with prolonged spells of spontaneous rotational vertigo characteristic of Meniere's disease. One patient had a one-time occurrence of positional vertigo 1 month prior to the MRI imaging, and no further spells of vertigo in the ensuing subsequent 4 years of follow-up. One patient endorsed a sense of unsteadiness triggered by head positions, with a duration of several minutes and no further spells noted during follow-up.



Cochlear Hydrops on MRI Testing

All patients displaying evidence of cochlear hydrops with contrast-enhanced MRI of the internal auditory canal in the time span covering July 2015 until August 2016 were included. There were no temporal bone, internal auditory canal, or cerebellopontine angle lesions. Isolated cochlear hydrops as depicted by hT2w-FLAIR sequence is seen in Figure 1. Of note, one patient who demonstrated isolated cochlear hydrops in the first MRI developed utricular, saccule, and cochlear hydrops on repeat imaging 4 years after their initial presentation along with recurrent spells of vertigo and worsening hearing loss. The progression from isolated cochlear hydrops to utricular, saccular and cochlear hydrops on imaging 4 years later is seen in Figure 2.


[image: Figure 1]
FIGURE 1. Isolated cochlear endolymphatic hydrops on 3T MRI: Right column: Cochlear hydrops and Left column: contralateral normal ear. (A) (Top right panel: Cochlear hydrops), delayed postcontrast T2-FLAIR images through the cochlea demonstrate a prominent scala media signal void consistent with a dilated cochlear duct (arrow) in the left ear (Top left panel: normal contralateral side), a normal appearing cochlea in the right ear (arrow). Posterior semicircular canal (PSC) and vestibule (VTB) are labeled for reference. (B) (Middle right panel: cochlear hydrops), corresponding subtracted images more clearly isolate the cochlear duct (arrow) delineated against a nullified background (Middle left panel: normal contralateral side), a normal appearing cochlea in the right ear (arrow). (C) Bottom right panel: Cochlear hydrops and Bottom left panel: normal contralateral side): both sides on corresponding cisternographic T2-weighted images (T2 SPACE), provided for anatomic reference, demonstrate normal fluid signal within the vestibule and cochlea on the disease side and the normal contralateral side, indicating isolated cochlear hydrops.



[image: Figure 2]
FIGURE 2. Interval progression of cochlear endolymphatic hydrops in 2015 to cochlear and vestibular endolymphatic hydrops in 2019 on 3T MRI: Right column: Endolymphatic hydrops and Left column: contralateral normal ear. (A) (Right panel: Cochlear hydrops in 2015 MRI), delayed postcontrast T2-FLAIR images through the cochlea demonstrate a prominent scala media signal void consistent with a dilated cochlear duct (arrow) in the right ear (Left panel: normal contralateral side), a normal appearing cochlea in the left ear. Posterior semicircular canal (PSC) and vestibule (VTB) are labeled for reference. (B) (Right panel: Cochlear hydrops in 2015 MRI), corresponding subtracted images more clearly isolate the cochlear duct delineated against a nullified background (Left panel: normal contralateral side), a normal appearing cochlea in the left ear. (C) (Right panel: Cochlear and Vestibular hydrops in 2019 MRI), delayed postcontrast T2-FLAIR images demonstrate a prominent cochlear duct and vestibule signal void consistent with cochlear (arrow) and vestibular (dashed arrow) hydrops in the right ear (Left panel: normal contralateral side), normal appearance of the cochlea and vestibule. (D) (Right panel: Cochlear and Vestibular hydrops in 2019 MRI), corresponding subtracted images more clearly isolate the cochlear duct (arrow) and vestibule (dashed arrow) against a nullified background in the right ear (Left panel: normal contralateral side), normal subtracted images of the cochlea and vestibule in the left ear.




Comorbidity of Migraine

There were 2 (20%) patients with a comorbidity of migraine headaches as defined the International Headache Society criteria. No patients met the criteria for vestibular migraines. Both patients with a history of migraine were male. The patient who complained of non-specific unsteadiness had a history of migraine headaches, but there was no association of the migraine headaches with either the auditory or unsteadiness symptoms.



Progression to Meniere's Disease in One Patient

One patient out of the 10 with unilateral cochlear hydrops exhibited progression to Meniere's disease 4 years later. At the time of the first MRI, he complained of long-standing unilateral aural fullness, tinnitus, and hearing loss. Approximately 4 years later, he developed worsening unilateral auditory symptoms and recurrent spells of vertigo and MRI revealed progression to utricular, saccular, and cochlear hydrops (Figure 2). There were no drop attacks in our cohort.



Audiometry

All patients had audiometric testing for review and are presented per the standardized hearing outcomes format as previously described in Gurgel et al. (14). One hundred percent of patients exhibited sensorineural patterns of hearing loss (Figure 3). Of these, 70% (seven of 10 patients) showed low-frequency, up-sloping SNHL, and 20% (two of 10 patients) showed a flat SNHL pattern and one patient (10%) had a down-sloping SNHL. The average PTA in the affected ear is 37.8 ± 13.0 dB (range 23–58.3 dB). Mean SRT was 36.0 ± 22.5 dB (range 10–80). Mean WRS in the affected ear were excellent at 80% (range 16–100%) and the median was 96%. The PTA in the affected ear (37.8 ± 13.0) was significantly worse than in the unaffected ear (17.9 ± 7.1) (p < 0.001). The SRT in the affected ear (36.0 ± 22.5) was significantly worse than in the unaffected ear (23.0 ± 16.9) (p = 0.001). The WRS in the affected ear (80.0 ± 27.5) was also significantly worse than in the unaffected ear (93.2 ± 15.3) (p = 0.02) (Table 3).


[image: Figure 3]
FIGURE 3. Standardized audiometric scattergram of 10 patients.



Table 3. Statistical analysis of audiometric data between affected and non-affected ear.
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Vestibular Testing

Five of 10 patients underwent ENG testing. Caloric testing revealed one patient with 50% paresis on the ipsilateral side. This patient had one time episode of positional vertigo 1 month prior to the MRI but no subsequent vertigo. All other patients had normal caloric testing results. Vestibular-evoked myogenic potential responses were normal in all subjects.




DISCUSSION

Isolated cochlear hydrops on MRI has an apparent distinct clinical entity. All patients in the present study with isolated cochlear endolymphatic hydrops with no vestibular hydrops exhibited symptomatology of unilateral stable hearing loss, aural fullness, and tinnitus. The PTA ranged from mild to moderate low-frequency hearing loss (average 42 dB), with only one patient in the profound category. This contrasts to patients with sudden SNHL, which PTA may range between 58.9 and 86.4 dB and typically affected in multiple consecutive frequencies (15–17). In addition, patients with sudden SNHL typically have less recovery of hearing if higher frequencies are involved compared with sudden SNHL in the low frequencies. This may reflect a predominance of hydrops as causative of low frequency sudden SNHL, which may be more likely to fluctuate. The most common pattern of hearing loss in the cochlear hydrops cohort was a low frequency SNHL in eight out of 10 patients (80%), with one patient having a flat SNHL and one patient having a downsloping SNHL. Of note, the patient with a flat SNHL pattern had a low frequency hearing loss in an audiogram documented 2 years prior to the MRI at the onset of the auditory symptoms. In the cochlear hydrops cohort, low-frequency SNHL was common pattern with 85.7% clinically responding to acetazolamide with improvement in subjective tinnitus and hearing. However, in those who underwent repeat audiogram, the hearing loss remained stable.

Of interest, one of the 10 patients characterized the hearing loss as sudden in onset, with improvement using acetazolamide. While one of the patients had sudden hearing loss, this group of patients is distinct from the patients with the idiopathic sudden hearing loss which presents generally with an abrupt hearing loss without fluctuation. The temporal bones from patients with a history of sudden SNHL demonstrate findings of severe atrophy of the organ of Corti and tectorial membrane without endolymphatic hydrops (18). A recent study using high-resolution delayed contrast MRI imaging demonstrated that patients with sudden SNHL do not have endolymphatic hydrops (19).

Only one of the 10 patients reported vertigo in our study at the time of isolated cochlear hydrops on MRI. By description, this may have been a bout of benign paroxysmal positional vertigo. Another patient had a sense of unsteadiness predominantly with head movements. One other patient developed spells of vertigo 4 years later, and MRI revealed a progression to vestibular and cochlear hydrops. This patient is indicative of the potential for cochlear hydrops to present as a specific entity but may in some cases be early Meniere's disease.

The present study cohort have similar clinical presentations to a report by Nozawa et al. which identified prominent unilateral aural fullness, tinnitus, hearing loss in 50 patients with unilateral low-frequency SNHL. In their study, 33% described dizziness or unsteady sensation that was not fluctuating (20). Another separate retrospective study of 137 patients endorsed prominent unilateral auditory symptoms with approximately one-third unsteadiness or dizzy sensation immediately after rising (21). Both studies report a female predominance which differs from the present study of isolated cochlear hydrops which was 70% male. The clinical profile of symptoms is distinct from those of Meniere's disease characterized by spells of vertigo accompanied by reduced hearing, tinnitus, and aural fullness.

The management of the symptoms of isolated cochlear hydrops in this cohort was similar to that used for Meniere's disease. Notably, six out of 7 patients (85.7%) who were treated with acetazolamide reported significant improvement or resolution of symptoms. Of note, improvement in tinnitus and hearing was more commonly observed whereas aural fullness appeared to persist and respond poorly to medical management. One patient who clinically presented with tadalafil-related sudden SNHL with MRI evidence of isolated cochlear hydrops failed a course of prednisone, and subsequently had symptom improvement with acetazolamide (22). The rationale for using acetazolamide is based on an animal model where guinea pigs were administered oral acetazolamide and demonstrated reduced endolymphatic hydrops compared to those without treatment (23). Furthermore, patient's with Meniere's disease who respond to acetazolamide demonstrated reversal of endolymphatic hydrops with treatment based on MRI imaging (13).

There was one patient who presented with unilateral hearing loss, fullness, and tinnitus without vertigo had an MRI showing isolated cochlear hydrops, and would be diagnosed with cochlear Meniere's. Four years later, this patient had full spectrum Meniere's disease with recurrent spells of vertigo and unsteadiness and worsening auditory symptoms. The MRI progressed, consistent with ipsilateral cochlear, saccular, and utricular hydrops (Figure 2). This presentation has some overlapping features of delayed endolymphatic hydrops (DEH) which was first described by Nadol et al. (24). In DEH, episodic spells of vertigo occur 1–68 years following a preceding instance of sudden profound deafness (25). HTB studies have similarly identified EH on histopathologic analysis in DEH (25). However, this patient's initial hearing loss was mild at 26 dB. We speculate this patient progressed from cochlear EH to Meniere's disease, and that a subset of the isolated cochlear hydrops patients may represent an early form of Meniere's disease. Similarly, in our study of isolated saccular hydrops, one patient presented first with only sudden SNHL and then 3 years later developed full spectrum Meniere's disease with recurrent spells of room-spinning vertigo and the MRI demonstrated cochlear, saccular, and utricular hydrops (26).

It is particularly instructive to compare the present study cohort of patients with MRI demonstrating isolated cochlear hydrops to patients presenting with isolated saccular hydrops from our prior study. In the case of isolated saccular hydrops, the clinical presentation is the full spectrum of Meniere's disease with 12 out of 18 patients meeting criteria for Meniere's disease and four out of 18 meeting criteria for delayed endolymphatic hydrops (26). Thus, the presence of endolymphatic hydrops in the saccule in the case of sudden SNHL may be predictive of the development of Meniere's disease. Also, 22% of those with isolated saccular hydrops had a history of Tumarkin falls. This contrasts with the present study cohort of patients with isolated cochlear hydrops. There were no cases in the cochlear hydrops cohort meeting the criteria for Meniere's disease or delayed endolymphatic hydrops, and no cases of Tumarkin falls. In one patient, the isolated cochlear hydrops progressed to cochlear and vestibular hydrops with recurrent vertigo spells. Further studies may identify factors involved in progression of the endolymphatic hydrops.

In the present study of all patients with isolated cochlear hydrops, audiovestibular testing demonstrates a low-frequency hearing loss pattern in 80%, similar to saccular hydrops (83%) with a similar degree of hearing impairment with isolated saccular hydrops mean PTA 54 dB vs. isolated cochlear hydrops 37.8 dB and WRS 59 vs. 80%. In both isolated saccular hydrops and isolated cochlear hydrops, there is a history of unilateral tinnitus, aural fullness and subjective response to diuretic therapy. Furthermore, there is a distinction in the incidence of migraine headaches which was significantly lower in our cohort compared to saccular hydrops patients (22 vs. 61%). Demographically, it appears cochlear hydrops more often affects men (mean age 67.6 years, 78% male). However, females were the majority in isolated saccular hydrops (mean age 60.8 years, 61% female) (26). Larger studies are indicated to evaluate these demographic differences between patients with isolated cochlear hydrops and those with isolated saccular hydrops.

VEMP testing identified normal responses in the present study of isolated cochlear hydrops. It is possible that endolymphatic hydrops localizing only to the cochlea is associated with preservation of VEMP responses. A multivariable analysis of the VEMP responses noted that that EH of the vestibule had a greater effect on the decrement of VEMP responses than EH of the cochlea (27). Of the five patients in the cohort of cochlear hydrops who had vestibular testing, one patient had 50% ipsilateral caloric paresis presenting with one single spell of positional vertigo. In Gurkov et al., the degree of audiovestibular hydrops correlated with a progressive loss of auditory function, and a trend toward decrement of amplitude of VEMP (27). The presence of isolated saccular hydrops was indicative of Meniere's disease, and correspondingly 53% of those tested had a significant caloric paresis and 29% had reduced or absent VEMP responses (26).

In fifty-percent of our patients, an increased FLAIR signal in the perilymphatic space was noted in the inner ear with cochlear EH. In a previous study, our group attributed this radiographic finding to an increased blood-labyrinthine barrier permeability (28). Furthermore, extensive endothelial cell damage and the presence of oxidative stress markers were identified in a histopathologic analysis of human utricular macula from patients who underwent surgery for intractable Meniere's disease or delayed EH. These findings could represent a pathophysiologic mechanism or contribute to an increased permeability of the blood-labyrinthine barrier, and the subsequent development of EH (28, 29).

Migraine as a comorbidity was seen in only two of nine patients, and both were male with one patient endorsing non-specific dizziness or unsteadiness in addition to ipsilateral fluctuating mild hearing loss. Previous case studies reported a possible pathophysiologic link between migraine and sudden SNHL in a subset of idiopathic sudden hearing loss (30). There is one case report of MRI evidence of bilateral EH involving the vestibule and cochlea has been demonstrated in a patient with bilateral fluctuating hearing loss, tinnitus, without vertigo who may represent early bilateral Meniere's disease (31). Our cohort further contrasts with patients with Meniere's disease with migraine who frequently have bilateral subjective fluctuating hearing loss with a return to baseline normal hearing, and have an earlier age of symptom onset (32, 33). In the majority of cases of isolated cochlear hydrops, the symptoms were responsive to acetazolamide. The 20% comorbidity of migraines in the present study of isolated cochlear hydrops is not greater than the incidence in the general population. Additionally, in the two cases of comorbidity of migraines and cochlear hydrops, the migraines were not temporally associated with the inner ear symptoms. In contrast, Gurkov et al. study of 249 patients with MRI confirmed Meniere's disease, about 20% had migraine visual aura (phosphenes) simultaneous with the vertigo spells and more than half of the patients reported that headaches occurred in association with their vertigo (34).

There are limitations inherent to the current study. An element of selection bias exists as our cohort consists of patients who present to a tertiary university Neurotology clinic with hearing loss and or audiovestibular symptoms, and thus there is a high pre-test probability for endolymphatic hydrops. Further studies would be to conduct more extended follow-up to enable symptom tracking, treatment response, and the possibility to monitor for the evolution of symptoms and MRI findings.
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Objective: The aim of this study is to evaluate the possible value of endolymphatic hydrops (EH) in patients with unilateral idiopathic sudden sensorineural hearing loss (UISSNHL) with four types according to audiometry.

Methods: Seventy-two patients (40 men and 32 women; age range, 28–78 years; mean age: 50.0 ± 12.9 years) with UISSNHL were admitted retrospectively into this study. Based on the pure tone audiometry before treatment, the hearing loss of all these patients were categorized into four types: low-frequency group (LF-G), high-frequency group (HF-G), flat group (F-G), and total deafness group (TD-G). The average time from symptom onset to the first examination was 6.9 ± 4.4 days (1–20 days). 3D-FLAIR MRI was performed 24 h after intratympanic injection of gadolinium (Gd) within 1 week after the UISSNHL onset. The incidence of EH in the affected ears based on four types of hearing loss were analyzed using the Chi-square test, and the possible relationship with vertigo and prognosis were also assessed.

Results: Eleven of 21 patients (52.4%) in LF-G had the highest EH-positive rate, followed by 18.2% in HF-G, 11.8% in F-G, and 17.4% in TD-G. The significant difference was found in the four groups (P = 0.018). The EH rate of LF-G was statistically significantly higher than that of F-G and TD-G (P = 0.009, P =0.014), respectively. After being valued by the volume-referencing grading system (VR scores), the EH level was represented by the sum scores of EH. In LF-G, no statistically significant difference was found in the prognosis of ISSNHL patients between with the EH group and the no EH group (P = 0.586). The symptom “vertigo” did not correlate with EH and prognosis.

Conclusions: EH was observed in UISSNHL patients by 3D-FLAIR MRI. EH may be responsible for the pathology of LF-G but not related to prognosis. It might be meaningless to assess EH in other hearing loss types, which might be more related to the blood-labyrinth dysfunction.
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INTRODUCTION

Sudden sensorineural hearing loss (SSNHL) is defined as a subset of disorder in which hearing loss is sensorineural and occurs within 72 h, affecting ~5–27 per 100,000 people annually (1). Furthermore, SSNHL is one of the most frequently recognized otolaryngological emergencies (2). About 90% of patients with SSNHL have no identifiable cause for the hearing loss (1). Rather than the possible tumor, trauma, or other causes identifiable according to patients' history (2), the exact etiology and pathological mechanism of idiopathic sudden sensorineural hearing loss (ISSNHL) have not been clarified (3). Hypothesis causes of ISSNHL mainly focused on micro-circulation disorders, viral infection, or autoimmune diseases (3). However, the possible relationship between EH and hearing loss was also mentioned early in 2002 (4); however, few articles published to support due to the limited imaging techniques.

The study of the correlation of EH with ISSNHL started prospering not only because the imaging of EH was successfully settled by the three-dimensional fluid-attenuated inversion recovery (3D-FLAIR) magnetic resonance imaging (MRI) by Nagawama et al. (5) and Nakashima et al. (6) but also due to the progressive understanding of EH in Ménière's disease (MD). Foster and Breeze (7) concluded EH as a cofactor of MD with other possible stimuli like ischemia. Venous drainage had an influence on both ISSNHL and MD reported in 2008, also suggesting the possible relationship between EH and ISSNHL (8). Chen et al. (9) reported that EH was observed in four of seven ISSNHL patients with vertigo. Okazaki et al. (10) found that cochlear EH and vestibular EH were observed in 66 and 41% of the affected ears with ISSNHL, respectively. Zheng et al. (11) claimed that the presence of EH may be a secondary reaction following the impairment of the inner ears with pantonal ISSNHL (a German classification in which the hearing level at all frequencies decreases to the approximate degree between 35 and 120 dB) because no correlation between vertigo and prognosis was found.

In the present study, 3D-FLAIR MRI of membranous labyrinth after intratympanic gadolinium (Gd) injection was performed and EH was assessed according to the volume-referencing grading system (VR scores) proposed in our previous study (12). The EH was analyzed in four types of unilateral ISSNHL (UISSNHL) according to a Chinese guideline published in 2015 (13), which is adjusted from the classification standard proposed by Sheehy (14) and mentioned in a Chinese multicenter study (15). The purpose of this study is to find the EH distribution in four types of UISSNHL and to preliminarily explore the possible value of EH among different types.



MATERIALS AND METHODS


Subjects

In this retrospective study, 72 patients (40 men and 32 women; age range, 28–78 years; mean age: 50.0 ± 12.9 years) were enrolled from March 2017 to June 2020 in the Department of Otolaryngology-Head and Neck Surgery, Xinhua Hospital, Shanghai Jiaotong University School of Medicine. All patients met the following inclusion criteria; the first three criteria were from the 2015 Chinese guideline (Table 1) (13): (1) patients had experienced a UISSNHL and had an audiometry within 72 h; (2) the cause of hearing loss was unclear after detailed history collection; (3) the extent of hearing loss was at least 20 dB HL in at least two contiguous frequencies with no air-bone conduction gap [compared to the 2019 AAO-HNS criteria (1): hearing loss consists of a decrease in hearing of 30 dB HL affecting at least three consecutive frequencies]; and (4) 3D-FLAIR MRI was done within 1 week of the onset of hearing loss. Exclusion criteria included were the following: (1) a history of (fluctuating or acute) sensorineural hearing loss; (2) patients with vertigo caused by benign paroxysmal positional vertigo, MD, and vestibular schwannoma; (3) a history of previous otologic surgery, middle ear disease, cranial disease, or head trauma; (4) otalgia in bilateral ears; and (5) an allergy to Gd. Before detailed history collection, MRI examination, and treatment, the informed consent was obtained from each participant. The information included age, sex, affected side were collected.


Table 1. Criteria for diagnosis of ISSNHL.
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Pure-Tone Audiometry

Pure-tone audiometry was performed in a soundproof room with the use of an audiometer (Type Madsen, Astera, München, Denmark). According to the 2015 Chinese guideline (13), the diagnosis of UISSNHL was established and divided into four groups: (1) low-frequency group (LF-G): hearing loss at frequencies under 1 k Hz with the least reduction by 20 dB HL at 250 and 500 Hz; (2) high-frequency group (HF-G): hearing loss at frequencies of 2 k Hz or above with the least reduction by 20 dB HL at 4 and 8 k Hz; (3) flat group (F-G): hearing loss at all frequencies (250–8 k Hz) and the average hearing threshold was ≤ 80 dB HL; and (4) total deafness group (TD-G): hearing loss at all frequencies (250–8 k Hz) with the mean threshold ≥81 dB HL. The examples of audiograms in four types are shown in Figure 1. The audiometry was collected both before and 1 month after the treatment. The pure tone average (PTA) was calculated as the average threshold of those damaged frequencies: 250–1 k Hz in LF-G; 2–8 k Hz in HF-G; and 250–8 k Hz in F-G and TD-G.


[image: Figure 1]
FIGURE 1. The examples of audiograms in four types of UISSNHL. (A) Shows an audiogram of a patient in LF-G in which hearing loss was over 20 dB HL in 250–1 k-Hz frequencies; (B) shows an audiogram of a patient in HF-G in which hearing loss was over 20 dB HL in 2–8 k-Hz frequencies; (C) exhibits an audiogram of a patient in F-G in which hearing loss was at all frequencies and the average hearing threshold was ≤80 dB HL; (D) shows an audiogram belonging to a patient in TD-G in which hearing loss at all frequencies was ≥81 dB HL.




Intratympanic Gd Injection and MRI Analysis

Gd was diluted eight-fold with saline (v/v = 1:7) and injected intra-tympanically (0.5 ml) through the inferior–posterior quadrant of the tympanic membrane bilaterally using a 23-G needle and a 1-ml syringe under an oto-endoscope. The patient was then placed in the supine position for 60 min.

3D-FLAIR MRI was performed on a 3-Tesla scanner (uMR 770, United Imaging, Shanghai, China) 24 h after intratympanic Gd injection with a 24-channel head coil. Three-dimensional heavily T2-weighted spectral attenuated inversion recovery (3D-T2-SPAIR, T2) and 3D-FLAIR imaging were subsequently performed. The main scan parameters for the 3D-FLAIR sequence were as follows: time of repetition (TR) = 6,500 ms, time of echo (TE) = 286.1 ms, time of inversion = 1,950 ms, scan time = 6 min and 11 s. The main scan parameters for 3D-T2-SPAIR sequence were as follows: TR = 1,300 ms, TE = 254.7 ms, scan time = 4 min and 30 s (12). The degree of EH of each part of the inner ear (include vestibule, cochlea, and semicircular canals) was assessed separately into four grades (Table 2), while VR scores were assigned and the EH were presented as the sum scores of each part according to our previous study (12) (Figure 2). The EH were estimated double-blinded by two experienced radiologists by which if there was any discrepancy, it would be double-checked by one senior otologist.


Table 2. Four gradings of the EH in the cochlea, vestibule, and semicircular canals.
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FIGURE 2. An example of the EH in an UISSNHL patient. This patient belonged to LF-G. 3D-FLAIR images on the left were compared with T2 images on the right. The evaluation was as follows: cochlea-grade I (three points). The cochlea in (A), especially the apical part of each turn, was smaller than the highlighted line, which was the outline of cochlea in T2 sequence in (A′). Vestibule-grade I (four points) and semicircular canals-grade I (five points): because the black area in (B) is over one-third of the whole ampulla, shown in (B′). Therefore, the sum EH level of this patient was 12 points.




Treatment

Different treatment protocols were administered variously for four hearing loss types according to the 2015 Chinese guideline (13). The main regimen for patients was intravenous dexamethasone. To achieve a better prognosis, hyperbaric oxygenation (16) and intratympanic dexamethasone injection (17) were used as the auxiliary therapies for patient. The treatment duration lasted for 10 days.



Outcome Assessment

The therapeutic effect of UISSNHL is graded as follows (13): (1) Complete recovery: the follow-up audiometry returns to normal or reaches the healthy ear level or the level before the disease; (2) remarkable effect: the affected frequencies increase by more than 30 dB HL on average; (3) effective: the average hearing loss frequency rises by 15–30 dB HL; and (4) invalid: the mean improvement of affected frequencies is <15 dB HL. In this study, in order to facilitate statistical analysis, complete recovery or remarkable effect was collected as effective.



Statistical Analysis

Descriptive statistics were done for age, sex, affected side, the incidence of vertigo, and PTA in UISSNHL patients. The nonparametric analysis and paired t-test were done for the two-group analysis while one-way ANOVA was used for four-group analysis. The logistic analysis was used to exclude the possible confounding factors. The possible relationships among EH, vertigo, and prognosis were compared by the Chi-square test and Fisher's exact test for categorical variables. P < 0.05 was statistically significant. Statistical analyses were conducted by using SPSS 22.0 for Windows software (IBM, Chicago, IL, USA).




RESULTS


Clinical Characteristics of UISSNHL Patients

The clinical characteristics of the enrolled 72 patients and the distribution of the four hearing-loss groups are listed in Table 3. Among 72 UISSNHL ears, TD-G (31.9%) was the most common hearing loss type, LF-G (29.2%) and F-G (23.6%) were less common while HF-G (15.3%) consisted of the least of all. Vertigo manifested as a single rotational vertigo, swaying vertigo, which occurred 1 day before the hearing decline or after hearing decline and lasted from several hours to several days. The onset was not related to the head position, and the attack did not recur after recovery. The age of the four groups had no significant difference (P > 0.05). The patients with UISSNHL were divided into three groups according to their ages: <40 years old, 40–60 years old, and > 60years old. At the same time, EH of three groups were statistically analyzed by the Chi-square test, and no significant correlation was found (p > 0.05). Gender and affected sides were evenly distributed in each group (P > 0.05). Some patients reported a concomitant symptom of vertigo in each group in which TD-G had the highest rate. The average time from symptom onset to the first examination was 6.9 ± 4.4 days (1–20 days). The results of PTA before treatment and after treatment were described. The patients in LF-G had the lightest hearing loss level, while patients in TD-G had the most severe hearing loss. However, the highest effectiveness was in patients of LF-G (85.7%).


Table 3. Characteristics of UISSNHL patients.
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An analysis of the relationship between vertigo and hearing loss in four types is shown in Table 4, and there was no difference between vertigo and hearing loss types (P = 0.56).


Table 4. An analysis of the relationship between vertigo and hearing loss types.
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EH Evaluation and MRI Association With Clinical Characteristics

No side effects such as tympanic membrane perforation, infection, and other complications after the intratympanic injection of Gd-DTPA were observed. The Gd-DTPA demonstration rate was 100% (72/72) in both the affected ears and the normal ears. The incidence of EH is shown in Table 1, and LF-G had the highest EH-positive rate by 52.4%. The EH rate of LF-G was higher than that of F-G and TD-G, and the difference was statistically significant (P = 0.009, P=0.014), respectively. Then, EH were estimated and the distribution of EH grading according to VR scores is exhibited in Figure 2. The total EH level was estimated by the sum score of three parts of the inner ear, namely, cochlea, vestibule, and semicircular canal. Of all EH-positive patients with UISSNHL, gradings of EH were mild or moderate hydrops (Figure 2) with the maximum score of EH as 37 points (12). No significant difference was found among HF-G, F-G, and TD-G in EH sum scores (P > 0.05). Cochlear EH and vestibular EH were more detectable than EH in semicircular canals in most patients (Figure 3).


[image: Figure 3]
FIGURE 3. EH grading in three parts of the inner ear and the sum of VR scores. EH in cochlea were scored 0, 3, 6, and 9 for four grades while those in vestibule were scored 0, 4, 8, and 12 and those in the semicircular canals as 0, 5, 10, and 16 according to the volume-referencing scores (12). The sum score of three parts represented EH in the entire inner ear. The scatter plot showed the scores in each part of each patient, while the histogram presented for TD-G and LF-G represented mean and SD. In this study, most UISSNHL patients had mild or moderate EH as the maximum score of EH was 37 points.


There was no statistically significant relationship between EH with gender (P = 0.402) and age (P = 0.116) using logistic regression analysis. After judging the grading of each part in the inner ear and added into sum to represent the total EH level of each patient, no significant difference of the sum EH score was found in EH patients with four types (P = 0.081). Therefore, we separated patients into no EH group and EH-positive group for analysis. Since LF-G had the largest positive rate of EH, the related analyses were mainly done in this group.

The possible influence of the vertigo symptom on EH was analyzed (Table 5). The EH rate was higher in the vertigo group (67%) than that in the no vertigo group (50%). However, the no correlation between vertigo and EH in LF-G was found.


Table 5. An analysis of the relationship between vertigo and EH in LF-G.
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The Prognosis Analysis

Analysis of the relationship between EH and prognosis of all groups and LF-G is shown in Table 6. The effectiveness rate of all groups with positive EH (63%) was higher than that of all groups without EH (49%). Furthermore, the effectiveness rate of LF-G with positive EH (82%) was lower than that of LF-G without EH (90%). However, there was no significant difference between EH-positive rate in the effective group and the invalid group both in all UISSNHL patients and in LF-G patients (P = 0.291, P = 0.414).


Table 6. An analysis of the relationship between EH and prognosis of all group and LF-G.
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The possible relationship of vertigo and prognosis was also analyzed. The effectiveness rate of LF-G with vertigo (60%) was lower than that of LF-G without vertigo (93%). However, no significant difference was found in the effectiveness rate between the vertigo group and the patients with no vertigo in LF-G (P = 0.128; Table 7).


Table 7. An analysis of the relationship between vertigo and prognosis in LF-G.
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DISCUSSION

Our study confirmed that EH does appear in UISSNHL patients and had the closest correlation to the low-frequency hearing loss. Among the possible pathological mechanisms discussed in the guideline referencing the German guideline (18), the low-frequency hearing loss is supposed to be most likely correlated with cochlear or vestibular EH (11). Indeed, early in 1990, the possible relationship between SSNHL and EH was firstly studied on human temporal bone by Yoon et al. (19). They observed 4 of 11 temporal bones from eight patients with SSNHL, and the EH-positive rate for ISSNHL accordingly was 28.6%. Filipo et al. (20) reported greater SP/AP ratios in electrocochleography of ISSNHL patients with low frequency and flat audiometric profiles, suggesting a close relationship of EH and ISSNHL. The exploration of ISSNHL with EH almost stagnated until the visualization of EH with 3D-FLAIR was established (6). Duan et al. (21, 22) firstly demonstrated that MRI can clearly visualize inner ear imaging in animal studies. Subsequently, Nagawama et al. (5) were the first to mention the 3D-FLAIR sequences and firstly attempt EH imaging in ISSNHL patients (23). The low availability (faint enhancement) of EH imaging in ISSNHL patients 4 h after intravenous Gd reported by Nakashima's research group (23) might limit other researchers' interest until in 2017 they broke their own point of view (10). Given that few studies were done to explore the EH relationship with SSNHL, Horri et al. (24) reported that two of eight ISSNHL patients (excluding low-frequency SNHL) had EH in 2011 and Chen et al. (9) reported that EH exists in four of seven ISSNHL patients with vertigo in 2012. These researchers used intratympanic Gd which was claimed by Yamasaka et al. (25) by which intratympanic Gd provided stronger signals and had no remarkable side effect. The latest study about EH and ISSNHL was published in 2019 by Zheng et al. (11) who reported a difference of EH in affected ears and unaffected ears and considered EH in pantonal ISSNHL (analog to F-G and TD-G in this study) to be the secondary EH.

In the present study, the EH rate of total UISSNHL was 26.4% and only patients in LF-G had a higher rate of EH (52.4%). However, Okazaki et al. (10) observed EH positivity in 66% cochlea and 41% vestibule in ISSNHL (low-frequency SNHL patients were excluded). Their results varied a lot from low onset of EH in ISSNHL in three types (HF-G, F-G, and TD-G) in the present study. The high positive rate might be due to the scanning method they used, hydrops after 4 h intravenous Gd, which exhibited the EH images according to the reversed endolymph and perilymph signals (26). Acute labyrinth inflammation with protein exudate, or blood-labyrinth barrier (BLB) causing Gd diffusion in both endolymph and perilymph (27), could explain the low detection rate of EH in ISSNHL in three types in the present study using the endolymph imaging 3D-FLAIR sequence (28). Indeed, 3D-FLAIR scans were studied in the bleeding of ISSNHL 10 min after intravenous Gd injection in many studies (29–35), which might reflect the possible inflammation and BLB in the inner ear as firstly mentioned by Sugira et al. (29). Zhu et al. (33) did not recommend 4 h after intravenous Gd injection as a time point to image the inner ear in ISSNHL patients since there were no significant signal intensity changes between the images 10 min and 4 h after Gd injection using the 1.5-T MRI, in which EH were not discussed. Kim et al. (36) also showed no significant difference in signal intensity in the affected ears. However, Byun et al. (37) and Min et al. (38) suggested that the higher signal intensity observed in ISSNHL patients 4 h after Gd indicated a poor prognosis. Byun et al. (37) claimed that a higher signal intensity was shown in 4-h Gd-injection imaging than that in 10-min imaging. The increased signal intensity caused by increased permeability (due to BLB) suggested an increase in inner ear damage. The signal intensity in the inner ear after 24 h intratympanic Gd was never discussed because there might be a difference in round-window permeability (39). Therefore, 3D-FLAIR after intratympanic Gd may have limitations in observing the difference of signal intensity to predict the permeability of BLB and the prognosis of ISSNHL. Relatively, 3D-FLAIR after 4 h intravenous Gd might be more suitable for ISSNHL without LF-G.

Interestingly, the recent Japanese researchers excluded the low-frequency hearing loss while analyzing ISSNHL, as mentioned above (10, 24). A nationwide epidemiological survey in Japan published in 2017 claimed that ISSNHL and acute low-tone sensorineural hearing loss (ALHL) belong to different inner ear diseases (40). ALHL is characterized by acute-onset low tone hearing loss often associated with tinnitus, ear fullness, and/or autophony, without vertigo, and its cause remains unknown (40). According to the 2019 AAO-HNS guideline and 2015 Chinese guideline, we considered there to be an intersection between ISSNHL and ALHL (Figure 4). ISSNHL patients with low-frequency hearing loss without vertigo were also ALHL and ALHL patients corresponding to the onset time and hearing loss definition which could be called ISSNHL. The LF-G in the present study might be divided into ISSNHL with vertigo and ALHL.


[image: Figure 4]
FIGURE 4. Subtype sets of the sudden hearing loss (SHL).


This figure shows the relationship among different acronyms related to sudden hearing loss. Among them, the definitions of SHL, SNHL, SSNHL, and ISSNHL were clearly explained in the 2019 AAO-HNS guideline (41) and the 2015 Chinese guideline (13). Sudden hearing loss (SHL) is defined as a rapid-onset subjective sensation of hearing impairment in one or both ears, while sensorineural hearing loss (SNHL) only means hearing loss without a conductive hearing loss (41). Furthermore, sudden SNHL (SSNHL) is a subset of SNHL developed within 72 h, which is the same in the 2019 AAO-HNS guideline (41) and the 2015 Chinese guideline (13). However, hearing loss definition varied in two guidelines. HF-G, LF-G, F-G, and TD-G were the abbreviations of four groups defined by the 2015 Chinese guideline (13). ALHL was defined according to the 2017 epidemiological survey in Japan. Although ALHL is separated from ISSHNL in the Japanese definition, there should be an overlap according to their definition.

Cochlear hydrops begins at the apical turn of the cochlea and extends to the vestibule, causing the low-frequency hearing loss ahead of vertigo (42). Shimono et al. (43) also reported that EH was observed in the cochlea and vestibule in ALHL. Furthermore, EH is a definite pathological feature and might be a cofactor of MD according to the comprehensive review from 1938 to 2012 (7). Ma et al. (44) conducted a comparison between ALHL and ISSNHL (low-frequency hearing loss excluded) and discovered that ALHL patients had higher IgE with an enhanced SP/AP ratio of electrocochleography, which was an index relating to EH in MD (12, 44). However, follow-up for ALHL patients was recommended because patients who presented with ALHL and concomitant tinnitus or had recurrent episodes of ALHL were more likely to develop MD than other ALHL patients (45). Junicho et al. (46) considered the ALHL as a subtype of ISSNHL. They reported that only 8.5% of 177 ALHL patients developed MD and concluded that not all low-tone ISSNHL patients suffered from EH even if they had vertigo attack at the onset. In summary, ALHL or ISSNHL patients with low frequency hearing loss might have EH in some patient and even develop MD with recurrent vertigo; however, the correlation was not definite. In our study, the 72 patients of ISSNHL ranged in age from 28 to 78. As the prevalence of MD is mostly between 40 and 60 years of age (47), the younger age group is less prone to be affected by MD. In order to reduce the bias, the patients with ISSNHL were divided into three groups (<40 years old, 40–60 years old, and >60 years old), and at the same time, EH of three groups were statistically analyzed by the Chi-square test, but no significant correlation was found (p > 0.05).

We concluded a similar result as the vertigo seemed to have no relationship for the EH-positive rate and the effectiveness in LF-G. Zheng et al. (11) had the same conclusion in 2009 and supposed that EH might be a secondary reaction of inner ear impairment. However, Yu et al. (48) made a META analysis in 2008 and found that ISSNHL patients with vertigo had a lower recovery rate of hearing than the ones without vertigo, while in the subgroup of these researches in which the patients were under the intratympanic corticosteroids injection, vertigo had no correlation with recovery rate of hearing. The intratympanic corticosteroids used as a treatment method might eliminate the prognostic difference. Also, the steroid–diuretic combination therapy was more effective than the steroid or diuretic treatments alone reported by Morita et al. (49), which also suggests a close correlation with EH and ALHL.

Consequently, 3D-FLAIR after 24 h intratympanic Gd showed 52.4% EH positivity in LF-G patients, and we recommended this scanning strategy for LF-G patients of ISSNHL. However, for the other three groups of patients, EH imaging was not recommended due to the low detection rate and no difference in effectiveness. Alternatively, 3D-FLAIR 10 min or 4 h after intravenous injection with the signal intensity assessment was recommended due to the possible BLB hypothesis.

This study has some limitations that should be highlighted. First, our ISSNHL patient sample size was considerably small after being divided into four groups. Second, the contrast MRI was not performed after treatment, which might show the EH changes and be helpful for understanding the possible etiology and pathogenesis of ISSNHL. Third, time delays between disease onset and MRI evaluation may be a confounder of the percentages of EH. At last, during our treatment and up to 1–2 months of follow-up of the patients, no patient ended having MD, but long-term follow-up results were not reported in this study.
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Background: Pathologically, Meniere's disease symptoms are considered to be associated with endolymphatic hydrops. Examinations revealing endolymphatic hydrops can be useful for accurate Meniere's disease diagnosis. We previously reported a quantitative method for evaluating endolymphatic hydrops, i.e., by measuring the volume of the endolymphatic space using three-dimensional magnetic resonance imaging (MRI) of the inner ear. This study aimed to confirm the usefulness of our methods for diagnosing Meniere's disease. Here, we extracted new explanatory factors for diagnosing Meniere's disease by comparing the volume of the endolymphatic space between healthy volunteers and patients with Meniere's disease. Additionally, we validated our method by comparing its diagnostic accuracy with that of the conventional method.

Methods and Findings: This is a prospective diagnostic accuracy study performed at vertigo/dizziness centre of our university hospital, a tertiary hospital. Eighty-six patients with definite unilateral Meniere's disease and 47 healthy volunteers (25 and 33 males, and 22 and 53 females in the control and patient groups, respectively) were enrolled. All participants underwent 3-Tesla MRI 4 h after intravenous injection of gadolinium to reveal the endolymphatic space. The volume of the endolymphatic space was measured and a model for Meniere's disease diagnosis was constructed and compared with models using conventional criteria to confirm the effectiveness of the methods used. The area under the receiver operating characteristic curve of the method proposed in this study was excellent (0.924), and significantly higher than that derived using the conventional criteria (0.877). The four indices, sensitivity, specificity, positive predictive value, and negative predictive value, were given at the threshold; all of these indices achieved higher scores for the 3D model compared to the 2D model. Cross-validation of the models revealed that the improvement was due to the incorporation of the semi-circular canals.

Conclusions: Our method showed high diagnostic accuracy for Meniere's disease. Additionally, we revealed the importance of observing the semi-circular canals for Meniere's disease diagnosis. The proposed method can contribute toward providing effective symptomatic relief in Meniere's disease.

Keywords: Meniere's disease, magnetic resonance imaging, endolymphatic hydrops, diagnostic strategy, ROC analysis


INTRODUCTION

Meniere's disease (MD) is a common disease characterized by recurrent vertigo/dizziness and cochlear symptoms (hearing loss, tinnitus, and aural fullness). Since a well-constructed clinical guideline for MD has already been reported (1) patients with MD can receive appropriate treatment once the correct diagnosis has been reached. In 2015, new criteria for MD diagnosis were established by a collaborative working group led by the Barany Society (2). In the Barany criteria, MD diagnosis is mainly based on patients' subjective symptoms. Therefore, for accurate diagnosis and appropriate treatment, obtaining an accurate medical history and clarification of patients' complaints are essential. However, this can be challenging, since patient complains are often vague. In fact, 40–80% of patients are not definitively diagnosed in the long term, thus leading to inadequate treatment, (3) administration of unnecessary medicine, and increases in medical costs, which are significant problems worldwide. Thus, examinations that help reach an accurate diagnosis with minimal requirements for specialist training are desirable.

In 1938, Yamakawa (4) and Hallpike and Cairns (5) independently reported the finding of endolymphatic hydrops in the temporal bones of patients with MD; hence, objective examinations that can reveal endolymphatic hydrops are considered to be useful for diagnosing MD, and many investigators have attempted to establish them. Electrocochleography and glycerol and furosemide testing are used for diagnosing endolymphatic hydrops, but the positivity rate of these tests among patients with MD is ~50% (6–12). Because of the low ratios, these tests cannot be components of the diagnostic criteria of MD, and it is considered difficult to clinically detect endolymphatic hydrops in patients with MD by morphological examinations.

In 2006, the Nagoya University group succeeded in visualizing the endolymphatic space using 3-Tesla MRI after intravenous gadolinium injection (13) (inner ear MRI [ieMRI]). Subsequently, a convenient method of grading endolymphatic hydrops on ieMRI was proposed (14). Using this grading, the positive ratio of endolymphatic hydrops on ieMRI was found to be 70–100% (15–17) suggesting that it could be a diagnostic criterion of MD. Although this grading has the advantage of being convenient, it has the limitation of being a qualitative evaluation, using only one slice of ieMRI, with the plane for image analysis varying depending on the head position and anatomical differences in the skull, and restricted to a particular part of the inner ear, neglecting the semi-circular canals (SCCs). To allow ieMRI to be a component of the diagnostic criteria of MD, it is required to establish a quantitative method to measure endolymphatic hydrops in the whole inner ear and identify the explanatory factors for their grading; hence, we started to measure the volumes of inner ears and endolymphatic space in 2016 (18–20). In these previous studies, to quantitatively observe endolymphatic hydrops in the whole inner ear, we reported a method of constructing high-quality three-dimensional images of ieMRI (ie3DMRI) and the volume of the endolymphatic space.

In the present study, we compared the volume of the endolymphatic space between patients with MD and healthy controls using the ie3DMRI method, thereby extracting new and reliable explanatory factors for diagnosing MD. These factors can help clinicians to diagnose MD with accuracy.



METHODS

The Medical Ethics Committee of our university approved this study (certificate number: 0889). Written informed consent was obtained from each participant, including healthy volunteers.


Patients and Controls

We enrolled 86 patients diagnosed with unilateral Meniere's disease (uMD), according to the Barany criteria (2) and American Academy of Otolaryngology-Head and Neck Surgery (21) at the vertigo/dizziness center of our university hospital between July 2014 and December 2018. As controls, 47 healthy volunteers participated in the present study, and data related to both ears (n = 94) of each volunteer were included in the statistical analysis. Control volunteers had no history of hearing loss, vertigo, middle or inner ear diseases, cranial disease, head trauma, renal disease, or heart disease. The controls were not using any medications at the time. Both patients and controls had no history of allergy to gadolinium.



MRI Observation

MRI measurements were acquired 4 h after intravenous administration of a single dose (0.1 mmol/kg body weight) of gadolinium-diethylenetriaminepentaacetic acid dimethylamide (Magnescope; Guerbet, Tokyo, Japan) (15). A 3-Tesla MRI unit (MAGNETOM Verio; Siemens, Erlangen, Germany) with a 32-channel array head coil was used. The sequences, proposed by Naganawa et al. (22) specific to endolymphatic and perilymphatic fluids were adopted. A radiologist (with 14 years of experience) and two otolaryngologists (with 12 and 29 years of experience), who were blinded to the clinical progress of the patients, evaluated the MRI findings independently. If their evaluations differed, a third otolaryngologist (with 31 years of experience) made the final decision.



Conventional Two-Dimensional Evaluation of Endolymphatic Hydrops

The criteria proposed by Nakashima et al. (14) and Kahn et al. (23) were adopted. According to the criteria by Naganawa et al. we classified the endolymphatic hydrops in the cochleae and vestibules as none, mild, or significant. In the present study, both mild and significant were defined as positive: the existence of endolymphatic hydrops. Additionally, we evaluated the endolymphatic hydrops using the criteria by Kahn et al. and classified them as none, grade I, or grade II; grade I, or grade II was defined as positive in the present study.



Volumetric Measurement of Total Fluid Space and Endolymphatic Space

Volumetric measurement of the total fluid space and endolymphatic space was performed in accordance with our previously published methods (18–20) on our workstation (Virtual Place; AZE, Ltd., Tokyo, Japan). In this protocol, the endolymphatic space voxels have negative signal values and the perilymph space voxels have positive signal values. The volume of the total fluid space was acquired using a software to count voxels automatically. Then, the ratio of the volume of the endolymphatic space to that of the total fluid space was calculated (“ELS ratio”). We performed these measurements three times, and the average was used for calculation. In the present study, we evaluated the SCCs in addition to the cochlea and vestibule, which is the conventional method used.



Statistical Methods

All P-values were two sided, and P-values of 0·05 or lower were considered statistically significant. All statistical analyses were performed using R, Version 3.5.2 (24). The minimum number of subjects was determined from the number of explanatory variables in logistic regression analysis; n = 70 for patients with uMD and n = 35 for controls. We examined sex and age differences between patients and controls using Fisher's exact test and the Mann–Whitney U test, respectively. The ELS ratio between controls and patients with uMD was compared using the Mann–Whitney U test. The association between patient background and the morbidity of uMD was investigated using multivariate logistic regression analysis. A model to diagnose uMD was developed on the basis of the receiver operating characteristic (ROC) curve using multivariate logistic regression analyses, and the difference in the areas under the curve (AUCs) was statistically compared using Delong's test. Moreover, we evaluated the index of net reclassification improvement (NRI) (25) and performed cross-validation among models.




RESULTS


Patient Background

There were 25 and 33 men and 22 and 53 women in the control and patient groups, respectively. The mean age of controls and patients with uMD was 58.4 ± 16.3 and 56.9 ± 14.7 years, respectively. There were no significant differences between the controls and patients with uMD (sex; p = 0.11, Fisher's exact test, age; p = 0.47, Mann–Whitney U test).



ELS Ratio of Controls and Patients With uMD

The Box and bee swarm plots in Figures 1A–C show the ELS ratio of controls and patients with uMD. In the cochleae, the ELS ratio of controls was 8.15 [4.93–14.45]% (median [interquartile range]) and that of patients with uMD was 22.50 [12.20–31.12]% (Figure 1A). In the vestibules, the ELS ratio of controls was 16.25 [9.70–23.65]% and that of patients with uMD was 32.85 [15.75–52.20]% (Figure 1B). In the SCCs, the ELS ratio of controls was 11.65 [6.45–19.25]% and that of patients with uMD was 19.50 [11.90–27.15]% (Figure 1C). Among all parts of the inner ears, there were significant differences between controls and patients with uMD (p < 0.001, Mann–Whitney U test).


[image: Figure 1]
FIGURE 1. Distribution of the ELS ratio. (A): cochlea; (B): vestibule; (C): SCCs. In the cochleae, the ELS ratios of controls and patients with uMD were 8.15% (median) and 22.50%, respectively (A). In the vestibules, the ELS ratios of controls and patients with uMD were 16.25 and 32.85%, respectively (B). In the SCCs, the ELS ratios of controls and patients with uMD were 11.65 and 19.50%, respectively (C). The ELS ratios of patients with uMD were significantly higher than those of controls in the cochleae, vestibules, and SCCs. **p < 0.001, Mann–Whitney U test.




Relationship Between the ELS Ratio and the Interval From Onset of MD to MRI Observation

Figure 2 shows the correlation between the interval from the onset of uMD to MRI observation and the ELS ratio in the cochleae/vestibules/SCCs. Using an interval of days on a linear scale, the logarithmic day (x) was scaled as x = log10(1 + interval). The ELS ratios (y) showed a slightly increasing trend with time, but there were no significant changes (p = 0.83 in the cochleae, p = 0.11 in the vestibules, and p = 0.38 in the SCCs).


[image: Figure 2]
FIGURE 2. Correlation between the interval from the onset of uMD to MRI observation. Using an interval of days on a linear scale, the logarithmic day (x) is scaled as x = log10(1 + interval). The simple linear regression analyses summarize the data as follows: the ELS ratios (y) showed a slightly increasing trend with time, but there were no significant changes; y = 22.673 + 0.744x with P = 0.83 for the cochleae, y = 24·607 + 7·413x with p = 0.11 for the vestibules, and y = 17.068 + 2.589x with p = 0.38 for the SCCs. Diamond: cochlea, square: vestibule, dot: SCCs.




Contribution of the Background Factors

Multivariate logistic regression analyses were performed with uMD as an objective variable and sex, age, and the volumes of endolymphatic hydrops in the cochleae/vestibules/SCCs as explanatory variables (Supplementary Table 1). The odds ratio of being female was significantly higher in patients with uMD; sex was a confounding factor for a causality pathway toward MD and should be included as an adjustment factor in model building for diagnosing uMD. The ELS ratio in SCCs was not a significant factor in this analysis.



Model Building for MD Diagnosis

Logistic regression models were built for diagnosing MD. We introduced an abridged notation to describe logistic regression equations, abbreviating the regression coefficients and expressing the first-order interaction between predictors A1 and A2 as A1:A2. Consider Y~A1 + A2 + A1:A2 as an example; this notation denotes logit{P/(1-P)} = β0 + β1A1 + β2A2 + βcA1·A2. Here, the objective and dichotomous variable Y is predicted by the probability P at which Y gains 1 and β represents a regression coefficient. Each regression coefficient for each predictor is determined using the maximum likelihood estimation based on a set of predictors for given observational data.

The results obtained from the conventional evaluation of endolymphatic hydrops on ieMRI (15) were applied to a logistic regression model to diagnose MD. An objective and dichotomous variable is MD, determined according to the Barany criteria (2). Predictors were Sex, EHV, and EHC, where EHV and EHC were the morbidity indicators of endolymphatic hydrops in the vestibule and cochlea, respectively. Values of these variables were given as 0, 0.5, or 1 for no, mild, or significant endolymphatic hydrops, respectively, according to the conventional grading (14). The objective variable MD was predicted with Equation (1) [2D model], where the interaction term EHV:EHC was omitted because trial calculations showed that it was not correlated with the objective variable MD:
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We built a logistic regression model from a set of volumes of vestibules, cochleae, or SCCs and their ELS, evaluated using the ie3DMRI technique. Seven independent predictors were used: Sex (Sex), Vv (vestibular volume), Cv (cochlear volume), Sv (SCC volume), Vh (ELS volume in the vestibule), Ch (ELS volume in the cochlea), and Sh (ELS volume in the SCC). Each of other predictors was defined as a function of the seven independent predictors and selected from the standpoint of medicine: Vi = 1/Vv, Vr = Vh·Vi, Vr2 = Vr2, Ci = 1/Cv, Cr = Ch·Ci, Cr2 = Cr2, Si = 1/Sv, Sr = Sh·Si, Sr2 = Sr2, VCi = 1/(Vv + Cv), VCr = (Vh + Ch)·VCi, VCr2 = VCr2, Ii = 1/(Vv + Cv + Sv), Ir = (Vh + Ch + Sh)·Ii, Ir2 = Ir2.

To improve the MD diagnostic accuracy, we selected predictors in the logistic regression model to maximize the AUC of the ROC curve and to minimize Akaike's information criterion (25) (AIC) using the data from 94 ears of controls and 86 ears of patients with uMD. The model validity was confirmed using a cross-validation method of “leave-one-out calculation.” The result is presented using Equation (2) [3D model] (Supplementary Table 2).
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Comparison of uMD Diagnostic Accuracy of Models

We conducted MD diagnosis on 86 ears of patients with uMD and 94 ears of controls and compared the diagnostic accuracy between the two models. Figure 3 shows ROC curves and thresholds for MD diagnosis, with a solid line plotted according to the logistic regression model, based on Equation (2) [3D model], and a dotted line according to the conventional method, (21) based on Equation (1) [2D model] for reference.


[image: Figure 3]
FIGURE 3. ROC curve comparison for MD diagnostic accuracy between the models. The AIC values were 161.3 and 155.7 with the 2D and 3D models, respectively. The AUC values were 0.877 and 0.924 with the 2D and 3D models, respectively. For the 3D model, both AIC and AUC values were improved compared with those for the 2D model. 2D Model: MD~Sex + EHV + EHC. 3D Model: MD~Sex + Vv + Cv + Sv + Vi + Si + VCi + Vh + Vr + Cr + VCr + Ir + Vr2 + Cr2 + Vr:Cr + Sr:VCr + VCr:Ir. Dotted line: 2D model, continuous line: 3D model.


The MD diagnostic accuracies of the two models were tabulated and compared (Table 1). Each threshold value was determined as the closest top-left point on the ROC curve. The four indices, i.e., sensitivity, specificity, positive predictive value, and negative predictive value, were given at the threshold; all of these indices achieved higher scores for the 3D model. The AIC value improved from 161.3 to 155.7 (2D−3D model), and the AUC value improved from 0.877 to 0.924 (2D−3D model); however, Delong's test showed that the AUC difference was not significant.


Table 1. Comparison of MD diagnostic accuracy between the models.
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Figure 4 is a reclassification plot showing the diagnostic improvement with the 3D model compared with the 2D model. Based on the evaluation, the following continuous NRI test was carried out, and the improvement in diagnostic accuracy was statistically confirmed (p < 0.001).


[image: Figure 4]
FIGURE 4. Reclassification plot, a basis for the NRI test. The diagnostic accuracy was significantly improved by the 3D model compared with the 2D model (p < 0.001, continuous NRI test).


A cross-validation procedure (26) was conducted (Supplementary Table 3), in which the AICs, AUCs, and mean square errors were calculated for the models' varying explanatory terms. The mean square error was evaluated using the leave-one-out method as the mean square of the difference between the estimated MD probability and the definite diagnosis for the remaining subjects. The selected 3D model minimized the AIC and mean square error, implying that improvement in MD diagnostic accuracy of the selected 3D model from the 2D model was achieved by the incorporation of terms related to SCCs and the interaction between the cochleae, vestibules, and SCCs.



Sensitivity and Specificity of the Selected 3D Model and the 2D Model

The sensitivity of the selected 3D model and the 2D model was 0.83 (71/86) and 0.74 (64/86), respectively. The specificity of the selected 3D model and the 2D model was 0.94 (88/94) and 0.93 (87/94), respectively.




DISCUSSION

In the present study, we confirmed that our method using ie3DMRI strongly supported the diagnosis of MD with a high level of accuracy. Additionally, when we optimized the MD diagnostic formulae, incorporating the ELS ratio of the SCCs and the interaction among the whole inner ear, cochleae, vestibules, and SCCs, the ROC curves significantly improved. Cross-validation of the models showed that the improvement was due to the incorporation of both SCCs and the interaction between the cochleae and vestibules, although the ELS ratio in the SCCs was not a significant factor for MD. This implies that the ELS ratio in the SCCs and its interaction with the cochleae and vestibules are associated with morbidity in MD. Moreover, we succeeded in incorporating the interaction between the ELS ratio of the cochleae, vestibules, and SCCs in the MD diagnosis, whereas the conventional grading could evaluate endolymphatic hydrops only in the cochlea and vestibule. In fact, some patients with intractable MD had endolymphatic hydrops in the SCCs; in our previous study, symptomatic relief was associated with the disappearance of endolymphatic hydrops in the SCCs after endolymphatic sac drainage (20). Sugimoto et al. also reported that some patients showed endolymphatic hydrops herniation into the SCCs (27). Taken together, we should not neglect the endolymphatic space in SCCs while diagnosing MD and elucidating the causes of MD symptoms.

Wu et al. and Gürkov et al. reported that endolymphatic hydrops showed progressive deterioration during the disease duration from the data of 41 (28) and 54 patients, (29) respectively. In the present study (n = 86), although the ELS ratio tended to increase with time, no significant changes were noted. Based on the results in the present study, our method has the potential to distinguish individuals with MD from those without, even in the early stages of disease progression.

One of the limitations of this study was that symptoms were not included in our analysis. The Barany criteria, which are presently the most reliable criteria, emphasize the importance of interpreting the characteristics of vertigo/dizziness in diagnosing MD (2). Inclusion of data related to the characteristics of vertigo/dizziness in the statistical analysis may have led to more accurate results. In the present study, however, we decided to exclude these factors to evaluate the usefulness of ie3DMRI per se. A high rate of accurate diagnosis can be reached when combining the method in the present study with the conventional strategy for MD diagnosis. Misdiagnoses of vertigo/dizziness especially by non-specialists are major concerns, resulting in increased medical costs (3, 30). The method in the present study could also provide valuable feedback to non-specialists and residents who wish to polish their vertigo diagnostic skills. Another limitation was that not all patients with MD had endolymphatic hydrops and not all patients with endolymphatic hydrops had MD. The results indicated a factor other than endolymphatic hydrops caused the MD symptoms in some cases. The relationship between MD symptoms and endolymphatic hydrops remains unclear. When the causes of MD symptoms are revealed, they should be included to the factors entered in MD diagnostic models, which can lead to improved MD diagnosis accuracy and symptom relief for a larger number of patients.

For a long time, researchers studying MD have attempted to elucidate the mechanisms of endolymphatic hydrops formation and the relationship between symptoms and changes in the condition of endolymphatic hydrops. Volumetric measurement of ELS, which is objective, and quantitative observation of endolymphatic hydrops in patients has the potential to elucidate these issues in the future.
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Background: Menière's disease (MD) is an inner ear disorder characterized by recurrent episodes of spontaneous vertigo, unilateral low-frequency sensorineural hearing loss, tinnitus, and aural fullness. Current diagnosis still often has to rely on subjective and audiometric criteria only, although endolymphatic hydrops is recognized as the pathophysiological substrate of the disease, having been demonstrated in anatomical pathological studies and by magnetic resonance (MRI). The modiolus has a close functional and anatomical relationship with the cochlear nerve and membranous labyrinth and can be evaluated with MRI but no data exist on the modiolar size in MD.

Purpose: Our purpose is to examine the following hypothesis. Is cochlear modiolus smaller in symptomatic ears in MD?

Methods: We used a retrospective 3 Tesla MR study (heavily T2-weighted 3D fast asymmetric spin-echo images and 0.5 mm slice thickness) comparing the mean modiolar area (MMA) in the index and best ears of eight patients with definite MD based on audiometric data. The obtained MMA values were compared against the audiometric data and the presence of vestibular endolymphatic hydrops.

Results: No differences were seen in MMA between best and worst ears. Ears with a pure tone average (PTA) ≥25 dB and more pronounced endolymphatic hydrops showed lower MMA (not statistically significant). Two patients with extreme endolymphatic hydrops showed a noteworthy ipsilateral decrease in the cochlear modiolus area.

Conclusion: No differences were seen in MMA between best and worst ears in definite MD. Worse hearing function (PTA ≥ 25dB) and more pronounced endolymphatic hydrops seem to be associated with lower MMA. This might be related to bone remodeling as a consequence of endolymphatic hydrops. Further research is needed to corroborate and explore these findings.

Keywords: Menière's disease, endolymphatic hydrops, cochlear modiolus, magnetic resonance inner ear, membranous labyrinth


INTRODUCTION

MD is a chronic disease with a prevalence of 200–500 per 100,000 individuals (1), characterized by a recurrent clinical syndrome of audiovestibular symptoms, namely spontaneous vertigo, unilateral hearing loss, aural fullness, and tinnitus (2).

Prosper Ménière, in 1861, was the first to recognize the inner ear at the origin of the symptoms (3), with endolymphatic hydrops only later, in 1937, being described by British (4) and Japanese (5) researchers.

Nowadays its cause remains undetermined, but the pathophysiological substrate seems to be the increase in the endolymphatic space of the membranous labyrinth, partially occupying the usual space of the perilymph. The molecular mechanism of the endolymphatic hydrops is still unknown, although genetic and inflammatory factors have been referred (6). ELH has been known to be the pathological basis of various pathophysiological changes of inner ear function (7).

Nowadays, endolymphatic hydrops can be demonstrated with MR (8), but current diagnostic criteria still remain symptom based and do not consider vestibular evaluation nor demonstration of endolymphatic hydrops (9), although this has been debated controversially (2).

Given the audiometric deterioration in the disease and the close relation of the modiolus with the endolymphatic space, a change in the structure of cochlear modiolus might be expected at least in symptomatic ears of patients with MD.

Some theories refer to an inflammatory mediated process in endolymphatic structures with micro ruptures of the membranous labyrinth, causing a sudden mixture between the perilymph and endolymph, resulting in physical and chemical changes in the cochlear and vestibular system (10, 11). This chronic process could result in a reactive bone process of hyperostosis and an increase of cochlear modiolus size. On the other side, a decrease of cochlear modiolus size could be explained by bone remodeling as a result of chronic increased pressure caused by enlarged endolymphatic space, at least in long-term disease or in cases with more pronounced endolymphatic hydrops.

Because we could not find sufficient data in relation to this question in the literature and clarify these controversial hypotheses, we decided to investigate the size of cochlear modiolus in 16 ears of eight patients with clinical definite MD.



MATERIALS AND METHODS

All studies were performed in a 3 Tesla MRI scanner (Philips Achieva–Philips Medical Systems, Best, Netherlands), using an 8-channel head coil. Thin-section heavily T2-weighted 3D fast spin-echo, TR 1500/TE 200, echo train length 61, field of view 150, slice thickness 0.5 mm, axial slab matrix 256, voxel size 0.5 AP/0.7 RL/0.5 FH and scan time 4.34 min.

Thin section MR images of 16 ears of eight patients with definite MD were obtained. Patients were all recruited from the outpatient otoneurological department of Hospital Santa Maria (Lisbon). They were clinically evaluated by one senior (LL) and one junior (TE) otoneurologist who classified the patients with definite MD according to the clinical Barany Society criteria (8) and defined the “symptomatic” (or “index”) and “asymptomatic” (“best”) ears according to clinical/audiometric evaluation. In each patient, the “index ear” was considered the one with a higher pure tone average (at 500 dB, 1,000 dB, 2,000 dB, and 4,000 dB), similar to the recently published concept of the “index ear” for MD (12).

In our study, we used a volumetric T2 acquisition with 0.5 mm thickness. Two neuroradiologists, blinded to the clinical diagnosis, independently evaluated the area of the cochlear modiolus on the MR console, using multiplanar reformatting. This area was measured in the axial slice in which the cochlear modiolus was visualized at its maximum size from the thin section T2-weighted images (midmodiolar level). A region of interest was manually drawn and measured by each radiologist twice: the measured area outlined the low signal trapezoidal or triangular shape at the axis of the basal turn of the cochlea, or the middle and basal turn, excluding the thin free part of the osseous spiral lamina and interscalar septum (13, 14). The average of the two measurements was obtained for each radiologist and the final value was obtained by averaging the values obtained by each radiologist.

Additionally, the vestibular endolymphatic space was evaluated, based on MR images obtained with HYDROPS protocol 4 h after intravenous injection of a single dose of gadolinium, as previously described (15).

The area of vestibular endolymphatic space and the area of the total membranous labyrinth was manually traced by a radiologist, using multiplanar reformatting, according to the plane of the lateral semicircular canal (including the ampulla in the measurement), using volumetric acquisitions (the volumetric HYDROPS and T2, respectively). The final value was obtained as the percentage of endolymphatic area to total labyrinth area. We couldn't quantify cochlear endolymphatic space because of image quality limitations. All image evaluation procedures were performed by researchers blinded to the clinical data of the patients.

The two groups were compared using the Mann-Whitney U test. A p-value of 0.05 was considered statistically significant. Interrater reliability was also assessed using the intraclass correlation coefficient (ICC).



RESULTS

Cochlear modiolus area, PTA, and vestibular endolymphatic space were registered in Table 1 for “index” and “best” ears. We tried to avoid the terms symptomatic and asymptomatic because some “asymptomatic” ears are not truly healthy and some show elevated PTA (higher than 25dB) (patients two, six, seven, and eight). This is explained by the tendency of bilateral affection in the disease (16, 17).


Table 1. PTA, mean modiolus area, vestibular endolymphatic hydrops, and disease duration of worst and best ears of eight patients with clinical criteria of definite MD.
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Three MD patients were male and five were female. Ages ranged from 47 to 52 in MD group (mean age of 48). Disease duration ranged from 2 to 24 years (mean duration of 7 years). All patients had spontaneous vertigo attacks lasting from 20 min to 12 h and fluctuating symptoms; number of vertigo attacks ranged from 2 to 10 episodes/year; and postural instability between attacks was described by two patients (Table 1). Pure tone average audiometry (PTA) ranged from 15 to 55 dB (mean PTA of 44dB).

The MMA in this MD population was 3.52 mm2 (3.03 to 3.94 mm2). Interrater reliability was good: ICC = 0.90, with a 95% confidence interval (0.59–0.97). We did not find differences of MMA between “index ears” (3.51 mm2) and “best ears” groups (3.52 mm2) (Figure 1), but ears with PTA higher than 25dB had smaller modiolus areas, although this is not a statistically significant finding (p = 0.3320).


[image: Figure 1]
FIGURE 1. Box plot graphics. Left: Mean modiolar area in best and index ears (based on PTA): no differences were found. Right: Mean modiolar area in ears with normal PTA (<25dB) and with hearing loss (≥25dB): ears with PTA≥25 have smaller modiolus areas, but differences were not statistically significant.


Vestibular endolymphatic hydrops was present in 88% of patients with definite MD (7/8 patients). Vestibular endolymphatic hydrops was found in 11/16 ears (69%) according to Barath's criteria (18) (cut-off of 50%) and 13/16 ears (81%) according to Nakashima's criteria (19) (cut-off of 33%).

Mean vestibular endolymphatic space was 56% in symptomatic ears and 52% in asymptomatic ears. We got slightly smaller modiolus in “index” endolymphatic hydrops ears, although this is not a statistically significant finding (Figure 2).


[image: Figure 2]
FIGURE 2. Box plot graphic. Modiolus area and endolymphatic hydrops–slightly smaller modiolus in ears with more pronounced vestibular hydrops.


When we analyzed PTA, modiolus area, and endolymphatic space for each individual patient, we found a consistently decreased modiolar area in the index ears in only three patients (patients one, two, and seven), but this was more evident in patients one and two, which interestingly had more extreme endolymphatic hydrops and a higher number of acute episodes and a relatively recent diagnosis of the disease (Figures 3, 4, Table 1). Patient seven had a longer disease duration and described persistent postural instability (Table 1).


[image: Figure 3]
FIGURE 3. MRI of patient 2. HYDROPS (a) and T2 3D TSE (b) axial images according to lateral semicircular canal plane, showing endolymphatic (black arrows) and total vestibular labyrinth (white arrow) respectively. Extreme right vestibular endolymphatic hydrops with herniation of endolymph into de ampullary (black arrow) and non-ampullary (black arrowhead) endings of the lateral semicircular canal in right ear (index ear). Axial T2 image according to the greater axis of cochlear modiolus (c), showing marked asymmetric modiolar areas, smaller on the right side (solid gray arrow) compared to the left asymptomatic side (dashed gray arrow).
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FIGURE 4. MRI of patient 1. HYDROPS (a) and T2 (b) axial images showing endolymphatic (black arrow) and total membranous labyrinth (white arrow) respectively; bilateral vestibular endolymphatic hydrops, more pronounced on the left side (a. black arrow) with herniation of the utricle into the non-ampullary limb of the lateral semicircular canal (black arrowhead). Axial T2 image according to the greater axis of cochlear modiolus (c), showing marked asymmetric modiolar areas, smaller on the left side (index ear) (solid gray arrow) compared to the left asymptomatic side (dashed gray arrow).




DISCUSSION

According to previous histological studies (11), the cochlear modiolus has a base of 4 mm and a height of 3, which gives an area of 6 mm2 if we assume it has a triangular shape, which is not always true. Naganawa et al. first measured cochlear modiolus with MRI in 1999 in asymptomatic healthy volunteers (13); they used a 1.5 Tesla scanner, surface coils, matrix of 512, and 0.8 mm slice thickness, and their measurements showed areas ranging from 4.1 to 5.8 mm2 in healthy subjects, which is slightly smaller than previously documented. These values are in discrepancy with those previously obtained with CT (14) but they can be explained by limitations inherent to the CT technique. With CT one can only measure the calcified portion of modiolus, which can explain lower modiolar areas in some ears.

To our knowledge, no data exist regarding cochlear modiolar size in MD, although it has been studied in patients with large endolymphatic duct and sac (13). Naganawa et al. (13) found a decrease in the size of the modiolus in 8 of 12 patients with large endolymphatic sac and duct and modiolus >4 mm2 in 4 of 12 ears; all the 10 ears of healthy volunteers showed modiolus areas >4 mm2. These data suggested that hearing loss in patients with large endolymphatic duct and sac might be caused by microscopic changes that are not visible on MRI and do not support the theory that hearing loss was caused by hydrostatic subarachnoid pressure into the labyrinth through a deficient modiolus.

In our study we used a 3-tesla MR scanner and a thinner slice thickness (0.5 mm) (instead of 0.8 mm used by Naganawa) in order to decrease the partial volume effect. Naganawa et al. (13), however, used surface coils, a smaller field of view, and larger matrix size. The same method of measuring the maximum cross-sectional area of the cochlear modiolus was applied (13), excluding the osseous spiral lamina and interscalar septum. Similarly, two observers manually measured the areas twice and the mean value of all measurements was used for analysis. Although there is a substantial subjectivity inherent to human judgment in defining the region of interest, especially in defining the base of the triangle on MR, our interobserver agreement was good with this method.

A volumetric measurement should be more precise, but we would need higher-quality images. As this was a retrospective study, we did not have data from a group of healthy volunteers (it would be difficult to reproduce the same conditions in the new available MR scanner). For this reason, we can only compare our MD data with healthy volunteers data from previous histological (11, 20) and MR (14) data. Our data showed mean areas of 3.52 mm2 (3.03–3.94 mm2), which seems to be lower than in the healthy population. However, we cannot make definite conclusions regarding this and future prospective controlled studies can confirm this finding with greater confidence: we will expect a global decrease in modiolus size in index and non-index ears in MD compared to the healthy asymptomatic control group.

In this study, we did not find significant statistical differences in MMA between “asymptomatic” and index ears in MD. Maybe this can be related to the fact that the “asymptomatic” or “best” ear is not truly healthy in some patients as we can see from the PTA records. This explains why a slight decrease in MMA is seen in ears with PTA higher than 25 dB or in ears with larger endolymphatic spaces. This aspect was more evident in two particular patients (patients one and two) even in relatively short-term disease (3 and 1 years, respectively). Our endolymphatic space areas refer to the vestibular component only because of image quality limitations in cochlear endolymphatic space.

Increased hydrostatic pressure can explain these findings, based on increased endolymph fluid and decreased microvascular supply (stria vascularis), causing bone remodeling and demineralization, respectively. This aspect has been demonstrated in previous histological studies (11, 20) and should also be corroborated in future MR investigations with a larger sample of patients with MD, or even better, with a larger sample of patients with hydropic ear disease. We think a study that aims to compare MMA between ears with and without endolymphatic hydrops (not only MD) can show significant differences, as the presumed underlying mechanism of modiolar decrease is present (bone remodeling), independently of the (subjective) clinical diagnosis. However, this might be observed mainly in more pronounced endolymphatic hydrops cases or in long-standing ones. We emphasize that the time and duration of the disease were determined based on the time of the disease from the definitive diagnosis. In both cases, the patients presented with audiovestibular symptoms 6 and 5 years before the definitive diagnosis (although the diagnosis of definite MD is relatively recent).

In fact, it seems MD is an entity whose clinical criteria have some inherent diagnostic subjectivity based on symptoms only, and MD seems to include a wide range of distinct etiologies, being difficult to unify in a single entity. Endolymphatic hydrops seems to be present in most patients with a clinical diagnosis but also in other patients with an incomplete clinical picture of MD or secondary to other etiologies (congenital, tumors, trauma, among others), which has lead to the concept of Hydropic Ear Disease, encompassing all typical and atypical variants of MD in one logical framework (21–23). For these reasons, in further studies, it should be interesting to study this particular subject of cochlear modiolus size in a population with documented hydropic ear (21–23), as suggested by our two cases of extreme hydrops and decreased modiolar size.



CONCLUSIONS

In the last years, a lot has been published regarding imaging in MD, mainly related to endolymphatic hydrops, which is the pathophysiological correlate of the disease. Endolymphatic hydrops is present in the greater majority of MD patients but can be also be found in other entities. Recently other additional imaging signs have been shown to increase the specificity of endolymphatic hydrops in MD (besides the diagnosis remains clinical only), such as the increased intensity of the perilymphatic space after gadolinium injection in the index ear (24), which represents an increase in the permeability of the hemato-perilymphatic barrier. In this study, we focused on another still unexplored finding: cochlear modiolus size and its relationship with endolymphatic hydrops.

The modiolus area is not significantly different between the index and best ears in MD, which can be explained by the tendency of bilateral affection of the disease and might reflect its systemic nature. However, the modiolus area seems to be smaller in ears with extreme endolymphatic hydrops, causing worse hearing function in patients with clinical criteria for definite MD, which can be justified by increased hydrostatic pressure resulting in bone remodeling of cochlear modiolus and cochlear nerve endings damage. MR imaging of the cochlear modiolus deserves more investigation, however, especially in patients with endolymphatic hydrops, with or without fulfillment of traditional clinical criteria for MD (termed “hydropic disease”) (21, 22). Assessment of the modiolus area may be a useful evaluation finding, easy to assess, with a high inter-observer agreement, which favors its applicability in clinical practice. Although this study has limitations inherent to its retrospective design, such as a reduced number of patients and the absence of a healthy control group, it raises new clues regarding imaging in MD/ hydropic disease that have been previously unreported. Further controlled and prospective studies, with a larger number of patients, are needed to corroborate and explore these findings.
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The diagnosis of “definite” Méniére's disease (MD) relies upon its clinical manifestations. MD has been related with Endolymphatic Hydrops (EH), an enlargement of the endolymphatic spaces (ES) (cochlear duct, posterior labyrinth, or both). Recent advances in Magnetic Resonance (MR) imaging justify its increasing role in the diagnostic workup: EH can be consistently recognized in living human subjects by means of 3-dimensional Fluid-Attenuated Inversion-Recovery sequences (3D-FLAIR) acquired 4 h post-injection of intra-venous (i.v.) Gadolinium-based contrast medium, or 24 h after an intratympanic (i.t.) injection. Different criteria to assess EH include: the comparison of the area of the vestibular ES with the whole vestibule on an axial section; the saccule-to-utricle ratio (“SURI”); and the bulging of the vestibular organs toward the inferior 1/3 of the vestibule, in contact with the stapedial platina (“VESCO”). An absolute link between MD and EH has been questioned, since not all patients with hydrops manifest MD symptoms. In this literature review, we report the technical refinements of the imaging methods proposed with either i.t. or i.v. delivery routes, and we browse the outcomes of MR imaging of the ES in both MD and non-MD patients. Finally, we summarize the following imaging findings observed by different researchers: blood-labyrinthine-barrier (BLB) breakdown, the extent and grading of EH, its correlation with clinical symptoms, otoneurological tests, and stage and progression of the disease.

Keywords: magnetic resonance imaging, hydrops, membranous labyrinth, ear, vestibule


INTRODUCTION

Ménière's disease (MD) is thought to be an unbalance of inner ear fluids, manifesting as fluctuating sensorineural hearing loss (SNHL), recurrent vertigo spells, tinnitus, and ear fullness (1). It affects between 200 and 500 persons every 100,000 inhabitants in Western countries (2). Endolymphatic Hydrops (EH), a swelling of the endolymphatic space (ES) that occupies part of the perilymphatic space (PS) constitutes the pathological landmark of the disease (3). It encompasses the cochlear duct and the saccule, sometimes extending to the semicircular canals (SCC) and utricle.

In 1995, the American Academy of Otolaryngology—Head and Neck Surgery (AAO-HNS) re-established the guidelines for the assessment of MD (4). In 2015 (5), a new consensus was reached on 2 main forms of MD “definite” and “probable” MD. Diagnosis of definite MD is obtained upon two or more vertigo spells limited to a period between 20 min and 12 h, associated with unilateral low-frequencies SNHL, tinnitus and intermittent ear fullness. Probable MD is defined by more than 2 vertigo spells lasting between 20 min and 1 day and ipsilateral intermittent ear fullness. To evaluate the presence of EH, electrocochleography (ECochG) is able to identify, through an acoustic stimulation, the increase of the endolymphatic pressure with bulging of the Reissner's membrane in case of EH. Other electrophysiological tests, such as the vestibular evoked myogenic potentials (VEMPs) and video head impulse test (vHIT) might be useful, but their role is still controversial.

Recent reports confirm that the otoneurological responses correlate well with the magnetic resonance imaging (MRI) showing that the EH starts from the saccule and then progresses to the SCC (6).

In the past, imaging studies were still obtained to exclude retrocochlear disorders, such as vestibular nerve schwannomas. New developments of MRI techniques (7) have enabled visualization of EH in humans by means of 3 Tesla (3T) scanners and Gadolinium (Gd) administered either intravenously (i.v.) (8) or intratympanically (i.t.) (9, 10). However, the diagnostic accuracy of EH by MRI is disputed, mainly owing to the disparities in the inclusion and diagnostic criteria.

The clinical consequences of a correct assessment of EH would represent a significant leap forward, by providing a more reliable tool to differentiate between MD and non-MD diseases of the inner ear (11, 12) to follow-up the untreated clinical evolution of the disease (13) or to test different pharmacological or surgical protocols (14, 15). The purpose of this review of the literature is to understand the reliability of MRI in detecting EH in the population of suspected MD patients with insights of the contemporary technological advances and to compare the imaging findings with the natural history of the disease and the outcome of treatments. Furthermore, we discuss the newest MR protocols to assess EH and the commonest MRI findings in different vestibular disorders.


Literature Search Strategy

According to the PRISMA guidelines (16), the scientific literature of the last decade was browsed with the aim of identifying studies describing the MR findings in “definite” MD patients (see the PRISMA flowchart in the additional digital content).

The following search queries were used in Medline, Cochrane database, Scopus and EMBASE (from 2010 to Present): “Ménière” OR “endolymphatic hydrops” AND “magnetic resonance” OR “MR.” The search was restricted to articles that provided at least an abstract in English. References of the selected publications were also examined to extract any further relevant article. The retrieved articles were considered eligible if they provided results of MR in patients with “definite” MD (4) or to the 2015 Consensus Statement (5). Two of the co-Authors (FDB and GL) separately reviewed all articles and excluded those with unclear clinical diagnostic criteria. Other exclusion criteria were studies on animals, case reports, personal (expert) opinions, metanalysis, different diagnostic criteria, studies where diagnosis of “definite” MD was lacking; studies not assessing hydrops by accepted MRI techniques; and studies not reporting the status of the contralateral (unaffected) ear.

The following information were outsourced from the selected studies: first author, year of publication, total number of subjects enrolled, MRI techniques and peculiar MRI findings related with the presence of hydrops in the affected vs. unaffected ears.



Literature Search Results

The initial search yielded a total of 219 articles: 97 articles in PubMed, 91 in EMBASE, 27 in Scopus and none in the Cochrane Library. After excluding duplicates and those not respecting the inclusion criteria, 77 articles were left; among these, 47 were included by relevance. These 47 papers were carefully analyzed for the purposes of this study. Six of them were review studies and were only considered for the general overview of the topic.

The main features of each of the 41 remaining articles are reported in Table 1: 8 out of 41 studies performed an i.t. administration of Gd, 27 only an i.v. delivery and 3 studies performed both simultaneously; 3 studies dealt with post-acquisition processing of images.


Table 1. Summary of literature review (last decade) on MRI in Meniere's disease (MD).
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The MR images were acquired 4 h after the i.v administration in 26 out of 27 studies, and 24 h after the i.t. injection in 8 out of 11 trials (8 i.t. only and 3 i.t. + i.v).

A 3T machine was used in 40 out of 41 studies. The most common MRI technique to identify EH was the 3D FLAIR (n = 38/41 original studies).

The selected method to assess the degree of EH was the VES/vestibule ratio > 30% in 28 studies, > 50% in 3 studies, the SURI in 4 studies, the VESCO only in 1 study.

The sensitivity, specificity, PPV and NPV of the techniques in correctly identifying EH were reported in 37 out of 41 studies.

Side effects of Gd administration were reported in 3 of 1,578 patients (sum of all articles), all of them with the i.t. routes.




DISCUSSION

The published papers on MRI of the inner ear have almost doubled during the last 10 years, confirming the interest in the subject and the potentiality of the innovative methods. However, the role of MRI in differentiating between different inner ear diseases remains to be established. Based on general opinion in the field, we considered reasonable to report on the volumetric detection of EH rather than generic imaging of MD.

The MRI identification of the fluid compartments of the inner ear can be achieved by either intratympanic or intravenous administration of Gd (8).


The Intra-Tympanic Gadolinium Injection

It has been the first method proposed in the literature to study the inner ear spaces (9, 54). The i.t.-Gd delivery method utilizes an i.t. injection of 0.4–0.7 ml of an 8-fold dilution of the Gd solution into the tympanic cavity. The contrast medium diffuses into the perilymph through the round window membrane (RWM), but not in the endolymph, producing the so-called perilymph positive image (PPI). Considering the diffusion dynamics, the MRI scans are obtained 1 day after the i.t. injection. The method of choice is based on T2-weighted scans with the 3D Fluid-Attenuated-Inversion-Recovery (3D-FLAIR) algorithm, which lowers the endolymph signal in respect to the adjacent perilymph. Variations to the flip angle can be applied. If the inversion time of the 3D-FLAIR is shortened, the perilymph signal is suppressed and that of the endolymph is enhanced, obtaining a positive endolymphatic image (PEI). Another technique, namely 3D-inversion-recovery turbo spin-echo (TSE) with real reconstruction (3D-real IR) (55) creates a sharp contrast between the inner ear fluids (the positive perilymph vs. the negative endolymph) and the neighboring bone that results as null.

Given the known entry routes and kinetics of drugs from the middle to the inner ear, the most suitable and reliable method to investigate the vestibular EH (vEH) and the cochlear EH (cEH) is that described by Nakashima et al. (9). In contrast, Carfrae et al. (54) and Shi et al. (55) denied an additional value of Gd delivered directly to the middle ear during surgery: vEH and cEH were detected only in 25 and 16% of patients, respectively, possibly owing to the dilution of the contrast medium. In many countries, the i.t. delivery of Gd is still off-label; moreover, some patients are reluctant to undergo bilateral injections of their tympanic membranes. Thus, the puncture is limited to the affected ear, leaving the contralateral uninvestigated.

Wu et al. (29) administered a bilateral i.t. injection of Gd: the presence of vEH was detected in two thirds of the ears with clinical symptoms of MD, while cEH in 8%. A few studies tested the simultaneous delivery of Gd through the i.t. and the i.v. routes: Iida et al. (56) demonstrated the presence of both vEH and cEH in 67% of the contralateral asymptomatic ears. Naganawa et al. (22) used 3D-real IR images for the i.t.-Gd side and the so-called HYDROPS sequences (“Hybrid of the reversed image of the positive endolymph signal and native image of positive perilymph signal”) for i.v perfusion. Only HYDROPS images were able to demonstrate vEH in 89% and cEH in 67% of all symptomatic ears, respectively. The i.t. administration is able to show the presence of EH in other audiological disorders (26, 57), even if at a very low rate.

To improve the acquisition and analysis of the images, Bykowski et al. (27) applied 8-channel surface coils to acquire 3D-FLAIR images after an i.t. injections in six patients with definite MD. By varying the inversion times, they were able to judge the fluid-suppression ability of each sequence, in all the six patients tested.



The Intra-Venous Gadolinium Perfusion

Although the i.t.- Gd technique has the great benefit of enhancing the visualization of the perilymph (35), the i.v.-Gd delivery route has several advantages: lesser invasiveness (although major complications can still occur); reduced operating times (4 h for a comprehensive MRI study); bilateral examination in a single test session. It consists in the intravenous perfusion of a fixed (per weight) dose of Gd (between 0.1 and 0.2 ml/Kg) that rather quickly diffuses in the perilymph without spreading to the endolymph, depending on the permeability of the blood-labyrinth barrier (BLB) (58), thus creating a PPI. The 2 most popular scanning sequences, 3D-real IR and 3D-FLAIR are substantially equivalent, although the latter is more sensitive to less concentrated dilutions of Gd (12).

Noteworthy, a correct visualization of the inner ear compartments relies upon the inversion time. After the normal MR standards are established in healthy controls, MR images can be immediately analyzed after acquisition or they can be scrutinized after processing. Post-processing includes subtraction of the PEI (a 3D FLAIR sequence) from the PPI. HYDROPS and HYDROPS2 (22) are then reconstructed and can be juxtaposed to the corresponding MR cisternography images to obtain the HYDROPS-Mi2 and HYDROPS2-Mi2 images, respectively, which show increased contrast compared to background noise (42). The combination of “maximum intensity projection” (MIP) and 3D-FLAIR further adds robustness to the assessment of EH.

The main concern about either technique of MRI of EH is the correct identification of the vestibular organs, which requires a thorough knowledge of the radiological anatomy. During the last decade, a number of different methods to detect hydrops have been proposed, raising also a vivid debate among research groups.

Nakashima et al. (59) initially described the vestibular endolymphatic space (VES) by calculating the ratio between the endolymphatic organs and the whole vestibule in an axial projection. They defined the vEH as “absent” when the ratio was <33%, “mild” when 34-50% and “significant” if >50%. In addition, they evaluated the cochlear ES (cES) by measuring the displacement of the Reissner's membrane. They defined the cEH as “mild” if the displacement did not exceed the scala vestibuli (SV), or “significant” when the cES exceeded the SV.

In clinical studies, the first problem encountered with the VES/vestibule ratio was that mild vEH was not only reported in the greatest majority of symptomatic ears of MD patients, but also in more than half of the asymptomatic contralateral ears (19, 34, 58, 60). Moreover, EH has been detected also in healthy individuals (11, 61, 62), and this challenges its correlation with MD (63).

A few studies also raise the issue of specificity: mild vEH was identified even in symptomatic ears of patients with otological diseases other than MD (19), such as recurrent peripheral vestibulopathy and unilateral labyrinthine deficit (28, 40).

Nevertheless, the sensitivity of i.v. Gd-enhanced MR with 4 h delayed acquisitions is very high (>95%); thus, a significant VES/vestibule ratio might represent a potential indicator of MD even before a clear clinical diagnosis has been established. In fact, severe vEH was always excluded the ears of clinically silent MD patients (30) and mild vEH was in the very low range (below 20%) in healthy volunteers. Considering a VES/vestibule ratio > 50% (instead of 30%) may reduce its sensitivity but can represent a more reliable rule-in criteria for MD, allowing to differentiate MD from unaffected ears and from other auricular diseases.

Although Nakashima's criteria are universally accepted, other cut-off values for vEH have been suggested: Sepahdari et al. (25) used a VES/vestibule ratio of 45% (2 SD above the mean) in a group of patients with sudden SNHL and found vEH in 6/12 (50%), concluding that it was inconsistent for the assessment of MD in sudden SNHL. Another study (34) claimed that even a lower ratio of 41.9% yielded an absolute specificity of 100% in differentiating hydropic from normal ears, still retaining a high sensitivity (88.5%). They also studied the asymptomatic ears and ascertained cEH in 46% of MD patients and 33% of healthy subjects.

Other research groups graded the EH with a criterium based on the morphology of the saccule (11, 28, 40). Using a ratio between the area of the saccule and that of the utricle (SURI) >50%, they were able to differentiate the ears of 30 patients with MD from normal controls, with a sensitivity of 50% and specificity of 100. The reliability of post-contrast imaging in detecting EH was very high in Eliezer et al. study (64) by means of 3D-FLAIR and 4 h delayed acquisition, with much greater efficiency than the 3D FIESTA sequences.

Conte et al. (12) compared the imaging outcomes in 49 subjects, half of which had suffered a sudden SNHL, and the remaining were afflicted by definite MD. Using the 4-h delayed 3D-FLAIR protocol, 2 independent examiners observed that in MD patients the saccule was swollen and protruded in the lower part of the vestibule, arriving in contact with the footplate of the stapes. They named this finding “VESCO” an acronym of “vestibular endolymphatic space contacting the oval window.” The VESCO showed an optimal specificity but a low sensitivity (81%) in differentiating MD ears from other inner ear diseases. Figure 1 details the regular membranous labyrinth anatomy in a 3T Gd-FLAIR axial scan in one of our healthy adult volunteers and depicts the VESCO in one of our symptomatic MD patients.


[image: Figure 1]
FIGURE 1. (A) MR imaging oblique sagittal reconstruction parallel to the superior semicircular canal of a healthy ear shows superiorly the vestibular endolymphatic space and inferiorly the perilymph filling the inferior third of the vestibule with preservation of the perilymph signal medial to the oval window (arrow). (B) MR imaging axial reconstruction parallel to the lateral semicircular canal at the inferior third of the vestibule in a healthy subject, showing the vestibule filled by the perilymph (arrow). (C) MR imaging oblique sagittal reconstruction parallel to the superior semicircular canal in a patient with Menière disease shows enlargement of the vestibular endolymphatic space bulging into the inferior third of the vestibule and contacting the oval window (arrow), with the consequent absence of the normal perilymph signal. (D) MR imaging axial reconstruction parallel to the lateral semicircular canal at the inferior third of the vestibule shows the vestibular endolymphatic space contacting the oval window, “VESCO” (arrow).




Recent Advances

A number of technical innovations have been recently added to the MR armamentarium to improve the identification of EH, such as the Variable and Constant Flip Angle-Delayed 3D-FLAIR Sequences (44) or the i.t.-Gd “medium inversion time inversion recovery imaging with magnitude reconstruction” (MIIRMR) (65).

In order to eliminate the subjective (examiner's) bias, new automated images segmentation processing algorithms have been introduced (43, 66), also associated with deep-learning models based on Artificial Intelligence (45). By adding the quantification of perilymphatic enhancement to the grading of EH, van Steekelenburg et al. (46) recently reported to improve the positive predictive value of Gd-enhanced MRI from 0.92 to 0.97 in the confirmation of definite MD.

The majority of ongoing studies is currently aimed at targeting the correlation between the morphologic findings and the symptomatology (“the whole symptoms triad”) and, especially, with the results of the functional audio-vestibular testing and with the outcomes of treatment (37, 41, 48, 51, 52, 62, 63, 67). In general, the literature agrees that the presence of EH at MRI, independently from the cut-off values for definition of vEH, strongly correlates with the side of the disease in MD patients (47, 50), but it lacks specificity in differentiating MD from other inner ear disturbances, in the absence of clinical/instrumental confirmation (64). It seems that the MRI demonstration of EH is a necessary but not sufficient condition to assess a diagnosis of MD. Nevertheless, it is highly improbable that EH is only casually associated with MD, because the causative relationship is too stringent (2).

The present review has some limitations: the reported populations are rather heterogenous in diagnostic criteria and definition of MD; some studies include very small patients' samples, thus a metanalysis was not feasible. In contrast, the review offers an insight of the latest technological developments.

In conclusion, current MR imaging methods allow to clearly depict the ES vs. the PS, in both the cochlear and vestibular compartments with multiple dedicated protocols. MRI of the ES can be comfortably obtained by means of i.v. administration of Gd and late (4 h) acquisitions. Thus, the more invasive and off-label i.t. injection of Gd, is considered by most Authors a 2nd-line investigative tool.

Although the role of EH in MD has been questioned by recent research, and its presence may not always be considered pathological, current MR imaging yields a very high sensitivity in detecting it. As quantitative indexes alone are probably insufficient to establish an MRI diagnosis of MD, more accurate criteria based on the morphology of the endolymphatic organs are required. A 3 Tesla MR scanner is essential for the purpose of identifying the subtle morphological variations of the ES in MD and to correlate the findings with the clinical history and audio-vestibular testing. The newest techniques proposed in the last years appear to be promising tools and deserve to be further investigated, especially focusing on the features, prevalence and role of EH in different inner ear disorders and on the relevance of other findings (BLB breakdown, methemoglobin, and inflammatory deposits) in the ES.
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Background: Loudness recruitment is commonly experienced by patients with putative endolymphatic hydrops. Loudness recruitment is abnormal loudness growth with high-level sounds being perceived as having normal loudness even though hearing thresholds are elevated. The traditional interpretation of recruitment is that cochlear amplification has been reduced. Since the cochlear amplifier acts primarily at low sound levels, an ear with elevated thresholds from reduced cochlear amplification can have normal processing at high sound levels. In humans, recruitment can be studied using perceptual loudness but in animals physiological measurements are used. Recruitment in animal auditory-nerve responses has never been unequivocally demonstrated because the animals used had damage to sensory and neural cells, not solely a reduction of cochlear amplification. Investigators have thus looked for, and found, evidence of recruitment in the auditory central nervous system (CNS). While studies on CNS recruitment are informative, they cannot rule out the traditional interpretation of recruitment originating in the cochlea.

Design: We used techniques that could assess hearing function throughout entire frequency- and dynamic-range of hearing. Measurements were made from two animal models: guinea-pig ears with endolymphatic-sac-ablation surgery to produce endolymphatic hydrops, and naïve guinea-pig ears with cochlear perfusions of 13 mM 2-Hydroxypropyl-Beta-Cyclodextrin (HPBCD) in artificial perilymph. Endolymphatic sac ablation caused low-frequency loss. Animals treated with HPBCD had hearing loss at all frequencies. None of these animals had loss of hair cells or synapses on auditory nerve fibers.

Results: In ears with endolymphatic hydrops and those perfused with HPBCD, auditory-nerve based measurements at low frequencies showed recruitment compared to controls. Recruitment was not found at high frequencies (> 4 kHz) where hearing thresholds were normal in ears with endolymphatic hydrops and elevated in ears treated with HPBCD.

Conclusions: We found compelling evidence of recruitment in auditory-nerve data. Such clear evidence has never been shown before. Our findings suggest that, in patients suspected of having endolymphatic hydrops, loudness recruitment may be a good indication that the associated low-frequency hearing loss originates from a reduction of cochlear amplification, and that measurements of recruitment could be used in differential diagnosis and treatment monitoring of Ménière's disease.

Keywords: endolymphatic hydrops, low-frequency hearing, loudness recruitment, auditory nerve overlapped waveform, 2-hydroxypropyl-beta-cyclodextrin


INTRODUCTION

Dynamic range alterations accompany disorders of many sensory systems including the auditory system. The dynamic range of hearing is altered when trauma or disease elevates the thresholds of low-level sounds, but the loudness of high-level sounds is within normal limits. An elevated threshold with an abnormally fast growth of loudness that achieves normal loudness at high levels is called “recruitment” [e.g., (1–3)]. Recruitment demonstrates that audiometric sensorineural hearing loss is more complex than a simple linear reduction of sound, such as from disorders of the middle ear or the use of hearing-protective devices (e.g., ear muffs or earplugs). In animal models, recruitment is typically studied with measurements of physiologic responses (e.g., auditory nerve compound action potentials -CAPs), not by perceptual loudness. Here we use the term “response recruitment” to distinguish recruitment measured by a physiologic response from “loudness recruitment” which is recruitment measured by a subjective or psychophysical method.

The traditional proposed pathophysiologic mechanism of recruitment is that cochlear amplification has been reduced. Cochlear amplification is a process that increases basilar-membrane (BM) vibrations by mechanisms that saturate at high levels. Cochlear amplification improves sensitivity to low-level sounds, but does not appear to play an important role in responses to high-level sounds. Cochlear amplification requires outer-hair-cell (OHC) electromotility, and functional impairment or loss of OHCs produces hearing threshold elevation (i.e., hearing loss) that can be many tens of dB. In contrast to low-level responses, most auditory responses to high-level sounds are unaffected by reductions of cochlear amplification. Thus, a reduction of cochlear amplification results in hearing threshold elevation but normal responses to high-level sounds with a resulting higher rate of response growth (i.e., in recruitment).

The traditional interpretation of recruitment originated from measurements of BM motion. Reductions in cochlear amplification, such as from damage or stimulation of olivocochlear efferents, change the growth of BM motion with sound level, with vibration threshold being elevated but the motion remaining within normal limits for high-level sounds [e.g., (4, 5)]. Following reductions of cochlear amplification, measurements of both loudness and BM motion show increased thresholds, increased growth with sound level and normal amplitudes at high levels. The striking similarity between these is the main source of the traditional interpretation that recruitment has a cochlear origin [e.g., (6, 7)].

There have been no published data showing clear response recruitment in measurements from the auditory nerve of damaged or diseased ears in which the damage was restricted to a reduction of cochlear amplification (8, 9). The lack of auditory-nerve data showing recruitment may be a consequence of the lack of animal models with reduced cochlear amplification but preserved synaptic activity between inner hair cells (IHCs) and auditory nerve fibers. For example, cochleae that have been treated with salicylate or acoustic overexposure can have reduced cochlear amplification, but can also have impairment of IHCs and the IHC synapses with auditory nerve fibers [e.g., (10, 11)]. The lack of data showing unequivocal recruitment in auditory nerve measurements has led investigators to reject the traditional interpretation that loudness recruitment originates in the cochlea and to consider alternative origins such as that loudness recruitment originates in the auditory central nervous system (CNS) [e.g., (8)].

We hypothesized that a pure reduction of cochlear amplification, without damage to IHCs, auditory nerve fibers, or endocochlear potential, would show recruitment that arises in the cochlea and is manifested in auditory-nerve responses. Here we show recruitment in auditory-nerve measurements from two guinea pig models: (1) guinea-pig ears that underwent surgery to ablate the endolymphatic sac, a procedure that induces endolymphatic hydrops that can be seen histologically at 30 postoperative days and that causes low-frequency hearing threshold elevation soon after the ablation (12–14), and (2) naïve (i.e., never operated on) animals that underwent cochlear perfusions of 13 mM 2-Hydroxypropyl-Beta-Cyclodextrin (HPBCD) in artificial perilymph. HPBCD can be used to treat Niemann-Pick type C disease, Alzheimer's disease, and atherosclerosis, but causes hearing loss [(15) p. 1,017]. Ears with endolymphatic hydrops and animals that underwent acute cochlear perfusion with low-dose HPBCD did not have loss of cochlear hair cells or afferent auditory nerve synapses, and the hearing loss appears to arise from a reduction of cochlear amplification (14, 16). Ears with endolymphatic hydrops as well as those treated acutely with HPBCD are thus well suited to address the question of whether the traditional interpretation of recruitment is correct. Moreover, if the degree of response recruitment correlates with the severity of endolymphatic hydrops, it is possible that clinical measurements of loudness recruitment can be used as a functional assessment of the presence of endolymphatic hydrops in patients with Ménière's disease.



METHODS


Overview

The right ears of NIH-strain pigmented guinea pigs of either sex weighing at least 400 g were used. Animals were assigned to one of two groups: an endolymphatic-sac-surgery group or an HPBCD group. We provided the full details of the endolymphatic sac surgery in a video-based publication (14). The key steps are to visualize the extra-osseous portion of the endolymphatic sac, to use fine picks to destroy the intraosseous portion of the endolymphatic sac, and to fully disarticulate it from the extra-osseous portion. Middle ear structure was not disrupted during the endolymphatic sac ablation surgery. The endolymphatic sac group had 43 guinea pigs, with two animals used here for the first time and 38 used previously in Lee et al. (12) or Valenzuela et al. (13, 14). The eight control animals for the endolymphatic sac group (four sham surgery and four naïve) were also used in Lee et al. (12) and Valenzuela et al. (13, 14). The sham surgery involved visualizing the endolymphatic duct though not ablating it. Results from sham-surgery and naïve animals were found to be similar (12). Operated animals underwent a second surgery to make cochlear function measurements at pre-defined postoperative time points: 1, 2, 4, or 30 days (Figure 1). The number of animals used in each figure is provided in its legend.
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FIGURE 1. A time line of the experimental manipulations (below the line) and results (above the line) associated with endolymphatic sac ablation. Acute apical perfusion of HPBCD in otherwise naïve ears are not shown because all of the experimental manipulations and testing were done on the same day.


Three guinea pigs received cochlear perfusions of HPBCD. The surgery for the HPBCD animals was nearly identical to the surgery to make cochlear function measurements in the endolymphatic sac animals, with one additional step to directly administer HPBCD in artificial endolymph using the apex-to-base cochlear perfusion technique that is routinely used in our lab (16–21). Control measurements for the HPBCD group were made from each ear before perfusion.

Cochlear histology was done on the animals with endolymphatyic sac ablation (both ears), ears with HPBCD perfusions, and selected ears from control animals. The histological procedure is fully described in Lee et al. (12) where it was used to assess endolymphatic hydrops and in Lichtenhan et al. (16) where it was used to assess structural integrity following HPBCD. The histological assessment did not reveal any sensory cell loss and the immunohistoflurescence-based confocal microscopy did not show any cochlear synapse loss following endolymphatic sac ablation. At present, we do not know the origin of the low-frequency hearing loss associated with endolymphatic hydrops in guinea pigs, although we speculate that it is due to endolymphatic hydrops that does not show up in histology (12). This animal model is consistent with findings from human temporal bone studies of patients with Ménière's disease (22).



Sound Calibration

During the experiments, a hollow ear bar (5, 0.322 cm i.d.) was attached to the bony portion of the right ear canal using a stereotaxic device. One end of the bar was wrapped in a portion of the cut ear canal soft tissue to form a sound delivery port with no acoustic leaks. Stimuli were presented via an ER-10X (Etymotic Research) probe connected to the other end of the hollow ear bar. Prior to the experiments, the sound delivery system was calibrated using a 1/8” GRAS type 40P reference microphone and custom-made coupling device. To calibrate system output, the hollow ear bar was coupled to one end of a cavity having dimensions and volume similar to the bony portion of the ear canal, and the reference microphone was coupled to the opposite end. Stimuli were played through the ER-10X probe loudspeakers into the ear bar and measured by the reference microphone. A transfer function for the sound source to sound pressure at the plane of the tympanic membrane was obtained and applied to all stimuli used in this experiment.

The ER-10X probe microphone was used for recording otoacoustic emissions, not for setting stimulus levels. The ER-10X probe microphone was calibrated using a copper tube (1.83 m; 0.635 cm i.d.) that was closed at one end and had a sound source placed in the opposite end. The ER-10X probe and a reference microphone (1/8” GRAS type 40P) were sealed in small holes located ~2.5 cm from the sound source. The probe and reference microphones were located opposite to each other and perpendicular to the long axis of the tube. The microphone inlet (probe) and diaphragm (reference) were flush with the wall of the tube. A train of click stimuli was played through the sound source, and the incident wave was measured simultaneously by the probe and reference microphones. Clicks were spaced in time to allow internal reflections in the tube to decay into the noise floor before the next click in the train was presented. Measurements were averaged and temporally windowed to include the incident wave only. A transfer function of the ER-10X probe microphone relative to the reference microphone was created and used to achieve a flat probe microphone response from 0.1 to 34 kHz.



Physiologic Measurements

Animals were sedated with an intraperitoneal injection of 100 mg/kg Inactin hydrate (i.e., thiobutabarbital sodium), after which the head and neck areas were shaved. A tracheotomy was done to artificially ventilate and sustain anesthesia with ~1.2% of isoflurane in oxygen gas. Ventelation volume was adjusted to maintain 5% end-tidal CO2. A pulse oximeter (Capno True Amp, Bluepoint Medical) was used to monitor O2 saturation, expired CO2 level, and heart rate. A DC-powered heating blanket and rectal thermometer system (Homeothermic Blanket with Flexible Probe from Harvard Apparatus) monitored and maintained body temperature at 38°C. The double-walled sound attenuated room where physiologic measurements were made was heated so that the area immediately around the animal was ~25°C. The guinea pig's head was secured with a bite bar, snout clamp, a hollow ear bar on the right side, and solid ear bar on the left side. When in the supine position, a canula was inserted into the left jugular vein and Lactated Ringer solution (0.5 mL/h) was administered to maintain hydration. The right bulla was accessed ventrally by removing soft tissue and the jaw.

Cochlear function measurements were made using Auditory Research Lab audio software (ARLas, https://github.com/myKungFu). A computer running custom MATLAB software (The MathWorks, Inc., Natick, MA) and the software utility Playrec (23) was used. Stimuli were generated in MATLAB, digitized at 96 kHz, presented to a 24-bit sound card (RME Fireface 802) and routed to an acoustic probe system (ER-10X) that was coupled to the hollow ear bar. Otoacoustic emission (OAE) measurements were made using the acoustic probe system connected to the sound card. Once the ear bars were in place and the head secured, the bulla was opened slightly and OAE measurements were made. The round-window-niche electrode was positioned. Vecuronium bromide (0.1 mg / kg) was administered through the jugular-vein cannula to prevent middle ear muscle contractions. Auditory Nerve Overlapped Waveform (ANOW) and auditory nerve compound action potentials (CAP) measurements were made (details below). These round-window-electrode voltage measurements were band pass filtered at 0.1–3 kHz and amplified 10,000 times (GRAS CP511, Astro-Med, Inc.).



Otoacoustic Emission Measurements

Distortion product otoacoustic emissions (DPOAEs) at 2f1-f2 were measured with paired primary tones that had durations of 1 s, frequencies f2/f1 = 1.22 and levels L1 & L2 of 60 and 50 dB SPL, respectively. f2 frequencies ranged from 1 to 30 kHz in 2 kHz steps, with 12 repetitions presented at each step. Noise floor measurements were made using the standard error of the DPOAE amplitude converted to dB SPL.

Stimulus frequency otoacoustic emission (SFOAEs) were evoked with probe tones having 250 ms duration, 10 ms rise/fall, and 40 dB SPL sound level. The double-evoked extraction method was used, with a suppressor tone presented 50 Hz above the SFOAE frequency at a level of 60 dB SPL (24–26). The double-evoked method eliminates the stimulus along with system distortion, leaving the otoacoustic emission. Probe tones ranged from 1 to 30 kHz in 2 kHz steps and were presented with 24 repetitions. Noise floor measures were estimated using the standard error of the mean of the SFOAE measurements converted to dB SPL.



Measurements of Auditory-Nerve Responses

Measurements of auditory-nerve responses were made with an Ag/AgCl ball electrode placed in the round-window niche (non-inverting) and platinum needle electrodes placed in the exposed musculature of the right jaw (inverting) and neck (ground).



ANOW Measurements and Calculations

ANOW measurements were made with tone bursts (33.3 ms duration) presented in alternating polarity (92 repetitions) at 300, 480, 720, and 1,020 Hz. In this report, these frequencies will be referred to as 300, 500, 700, and 1,000 Hz, respectively. The cochlear microphonic follows the sinusoidal stimuli, but neural excitation occurs mostly during one phase of the tone, for low-frequency tones of low- to moderate-levels. Averaging the response of alternating tone bursts cancels the cochlear microphonic and overlaps the phase-locked neural firing. The ANOW measurements used only the second harmonic of the overlapped response, which selects the auditory-nerve response (27). Recorded ANOW waveforms were bandpass filtered using an FIR filter (600–1,600 Hz passband). Filtered waveforms were corrected for filter group delay and checked for high-amplitude artifacts using a quartile-based detection method (28). The temporal locations of artifacts were recorded, but the artifacts were not removed. Weighted least-squares fits were used to determine the coefficients associated with sinusoids of twice the probe frequency in cosine and (minus) sine phase. The weights on each waveform sample were set to 1 (no artifact) or 0 (artifact present). This method removed the effects of short, infrequent artifacts while preserving the rest of the information in the waveforms, as well as avoiding splatter from edge discontinuities. ANOW waveforms were fit individually, and the resulting coefficients were stored as vectors in complex rectangular form (in a manner similar to complex Fourier coefficients, but at a single frequency). The mean of the stored coefficients was taken as the signal, and the standard error of the mean was taken as the noise floor. ANOW magnitude and phase were computed in the usual way as the square root of the sum of the squares of the real and imaginary parts, and as the four-quadrant arctangent of the ratio of imaginary and real parts.



CAP Measurements and Calculations

CAP measurements were made in response to tone bursts with 13.9 ms durations (1.0 ms rise/fall) presented with 128 repetitions of alternating polarity. Tone burst presentations were interleaved with periods of silence (13.9 ms duration), so that each alternating-polarity pair was presented at a repetition rate of 14.38/s. The sound level of the tone bursts were varied from 10 to 80 dB SPL in 5 dB steps.

Recorded CAP waveforms were bandpass filtered using an FIR filter (150–1,500 Hz passband). Filtered waveforms were corrected for filter group delay and checked for high-amplitude artifacts using a quartile-based detection method. Waveforms containing artifacts were removed from subsequent analysis. An automated peak-picking algorithm identified the amplitudes and latencies of N1 and P1 for each waveform. Results from the automated algorithm accurately reflected the investigators visual assessments of the amplitudes and latencies.



Curve Fitting to Response-Amplitude-vs.-Sound-Level Functions

CAP recordings were obtained in 5 dB steps from 10 to 80 dB SPL. For each test frequency, this resulted in 14 peak-to-peak amplitude and peak-delay values. In order to characterize the growth of these values as a function of stimulus level, amplitude and delay were fit (separately) with weighted smoothing splines. The smoothing coefficient (0.005) was determined empirically by examining many data sets and choosing a single value that, across animals, yielded an appropriate amount of smoothing while still retaining essential features of the level series. The weighting values were the signal-to-noise ratio at each stimulus level. The weighting values were set to zero for responses with signal-to-noise ratios of < 6 dB. The spline fit was interpolated to yield values with 1-dB spacing, and these densely-spaced spline curves were differentiated to give growth rates. A similar process was used to find the growth rates of ANOW responses, except that the RMS magnitude (in dB) of the response was used instead of peak-to-peak amplitude, and the phase delay of the response was used instead of the peak delays of the CAP waveform. Our slope measure of “response recruitment” was calculated as the median of the derivative values at sound levels at and above threshold for each frequency of each ear.




RESULTS


Recruitment in Ears With Endolymphatic Hydrops

Cochlear function measurements from animals 30 days after endolymphatic sac ablation that induced endolymphatic hydrops are shown in Figure 2. Auditory neural threshold measurements were made with ANOWs for low frequencies (≤ 1 kHz) and with CAPs for mid (2–4 kHz) and high frequencies (8–20 kHz; Figure 2A). Thresholds were elevated relative to control for low- and mid-frequencies and were within normal limits for high-frequencies (Figure 2A). This configuration is similar to that found in human patients with Ménière's disease (22). OAE measurements were made only at frequencies ≥ 1 kHz, due to poor signal-to-noise ratios at lower frequencies. DPOAE amplitudes were decreased relative to controls for mid-frequencies (1–4 kHz), and were within normal limits for other frequencies (Figure 2B). SFOAE amplitudes did not differ significantly from controls (Figure 2C). These OAE results are similar to those we have reported previously (12, 14). Overall, ablation of the endolymphatic sac and the resulting endolymphatic hydrops were associated with low- and mid-frequency hearing dysfunction.
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FIGURE 2. Cochlear function measurements from experimental (red) and control (gray) animals. Data from the right ears of 18 guinea pigs 30 days after ablation of the endolymphatic sac, and from 8 control animals, 4 of which had undergone sham surgery. Error bars are one standard error of the mean. Operated animals had hearing dysfunction at low (≤ 1) and mid (2–4 kHz) frequencies, but not high frequencies. See elevated hearing thresholds (A), decreased DPOAEs (B) and decreased SFOAEs (C).


Auditory-nerve responses (ANOW at low frequencies, and CAPs at mid and high frequencies) from ears with endolymphatic sac ablation and from control animals, were measured over a wide range of sound levels (Figure 3). This enabled the assessment of cochlear neural response recruitment throughout the frequency range of hearing. Ears with endolymphatic sac ablation showed response recruitment at low and mid frequencies in that thresholds were elevated, response amplitude grew faster than normal with level, and supra-threshold responses were within the normal range. At high sound levels, response amplitudes for low and mid frequencies in ears with endolymphatic sac ablation were occasionally hyper-responsive compared to control (i.e., 0.3, 0.5, and 1 kHz in Figure 3). At high frequencies, CAP amplitudes from ears with endolymphatic sac ablation were essentially indistinguishable from control ears, except that responses at 20 kHz were reduced compared to controls at the highest stimulus levels.
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FIGURE 3. Auditory-nerve response amplitudes from ears with endolymphatic sac ablation (red) and control ears (gray) as functions of sound level for many frequencies. Measurements at low-frequencies (≤ 1 kHz) were made with ANOW and at mid- and high-frequencies (2–4 and ≥ 8 kHz) were made with CAPs. Only measurements that were at, and above, threshold are plotted. Control animals were naïve or underwent a sham-surgery. Points are averages from 18 (low frequencies) or 15 (mid and high frequencies) ears with endolymphatic sac ablation, and eight control ears. Error bars are one standard error of the mean. Response recruitment was seen at low and mid frequencies in that thresholds were elevated but responses converged to near normal at high-levels.


To measure response-growth (slopes), the auditory-nerve response-amplitude vs. sound-level functions of individual ears were fit with smoothing splines, and the spline slopes were calculated. Although the slopes varied with sound level, compact estimates of the overall growth rates were obtained by taking the median slope of each function. This slope metric allowed comparison of rates of growth across multiple frequencies and animals. For each frequency, Figure 4 shows the median across ears of the median slopes. The median slope values for ears with endolymphatic sac ablation (red in Figure 4) were higher than controls (gray) for low (≤ 1 kHz) and mid (2–4 kHz) frequencies, and were little different than control ears for high (≥ 8 kHz) frequencies (Figure 4). The steeper slopes in the ears with endolymphatic sac ablation are consistent with these ears having response recruitment at low and mid frequencies. In contrast, the lower slopes of the control ears are consistent with the more compressive growth produced by cochlear amplification.
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FIGURE 4. Neural response recruitment quantified by the median slopes of response-amplitude vs. sound-level functions, vs. frequency. Points are medians. Error bars are one standard error of the mean. Data from ears with endolymphatic sac ablation are red, and from control ears are gray. Data are from the same measurements as Figure 3.


Comparing the data in Figures 2, 4 shows that frequencies with hearing loss (i.e., low and mid frequencies) are associated with high-slope response vs. sound-level functions, i.e. with response recruitment. In Figure 5 we explore this further. Figures 5A,B show example plots (at 0.5 and 12 kHz), of the slope metric for recruitment for each ear that had endolymphatic sac ablation, as a function of its hearing threshold at that frequency. At these two frequencies, ears with higher thresholds had higher slopes of their response growths, as would be necessary for the responses of all ears reach the same high amplitude at high sound levels. For all tested frequencies, linear-regression lines were fit to similar plots, and from each plot (one plot for each frequency and condition) we calculated linear regression coefficients. The results, in Figure 5C, show that the dependence on hearing threshold of the slope metric of response recruitment was greater at low and mid frequencies (where hearing thresholds were elevated) compared to high frequencies (where hearing thresholds were on average within normal limits). Linear-regression slope coefficients from the operated ears differed significantly (at the 0.05 level) from zero, at five of the seven low and mid frequencies (i.e., for frequencies of 0.3, 0.5, 0.7, 1, 2, 3, and 4 kHz, with the probabilities that the slopes differed from zero being respectively: 0.014, 0.0016, 0.174, 0.193, 0.00031, 0.000028, and 0.024). In contrast, for high-frequencies in the operated ears, no regression slope differed from zero at the 0.05 level. In the control ears, except at the highest frequency tested, no regression slope differed from zero at the 0.05 level. Interestingly, at the lowest frequencies, the control-ear data have negative regression slopes, a pattern opposite that of the operated ears, although these negative averages were not statistically significantly different from zero. Overall, these results suggest that clinical measurements of recruitment in patients suspected of having endolymphatic hydrops should be focused on those frequencies associated with hearing threshold elevation.
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FIGURE 5. The dependence on hearing threshold of the slope metric of response recruitment. (A,B) show the slope metric for response recruitment vs. the threshold of that ear at the test frequency, for two example frequencies with one point for each ear operated on to remove the endolymphatic sac. Dotted lines are linear regressions to the points; regression line coefficients and the R2 value for the regression are shown at the panel lower right. (C) shows the regression-line slope coefficients averaged across ears for each frequency, for operated (red) and control (gray) ears. Error bars are 95% confidence intervals. Response recruitment varied with hearing threshold at low and mid frequencies where hearing thresholds were elevated, but not at high frequencies where hearing thresholds were within normal limits.




Histology in Ears With the Endolymphatic Sac Removed

Both functional and histological assessments were completed on eight ears that had the endolymphatic sac removed and on seven control ears. For each ear, we measured: (1) the average of the threshold shifts at low frequencies (≤ 1 kHz) to assess hearing loss, (2) the median at low frequencies of the slope metrics for response recruitment, and (3) the average of scala media cross sectional area in mid-modiolar sections (Figure 6) of the apical cochlear half (i.e., cochlear turns 2.5–4), to assess endolymphatic hydrops in the part of the (cochlea that has low characteristic-frequencies (20, 29).
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FIGURE 6. Images of mid-modiolar sections from a guinea pig that survived 30 days after a surgery to ablate the endolymphatic sac on the right side. The scala media of the right cochlea (right column) was enlarged (red) compared to that in the normal left side (left column) scala media (blue). The scala-media areas are shown in color at top and, from the same cochleae, uncolored at bottom.


The degree of low-frequency response recruitment varied with the severity of apical endolymphatic hydrops (Figure 7A), consistent with the hypothesis that loudness recruitment varies with the severity of endolymphatic hydrops. While the correlation for operated ears hinges on two ears that had scala-media areas that were similar to unoperated ears, it was still statistically significant (p = 0.026). If all ears are considered, the correlation becomes highly statistically significant (p = 0.0014).
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FIGURE 7. Functional and histological assessments compared. For the y-axis of (A,B), the median slopes of the response growths were averaged across low frequencies (≤ 1 kHz). For the x-axis of (A), the scala media area was averaged across turns in the apical cochlear half. For the x-axis of (B,C), the threshold shift is the average threshold at low frequencies relative to the low-frequency average of the control ears. Data from operated ears are red and from control ears are gray. The red lines show the linear regressions to the data of the same color, while the gray dashed lines show the regressions to all the data from both control and operated ears. The linear regression parameters and the square of the Pearson's correlation coefficient are shown in each panel.


The degree of response recruitment varied with the extent of low-frequency hearing loss (Figure 7B), which was shown in a different way in Figure 5. Scala media area varied with low-frequency hearing threshold (Figure 7C), as was shown in Lee et al. (12), now with two additional animals (filled red symbols). Adding the two animals changed the regression very little: the regression results with the two animals removed were y = 0.014x + 0.4376; R2= 0.5731, similar to the values in Figure 7C. Overall, the Figure 7 results suggest that both the degree of response recruitment and the low-frequency hearing loss may provide non-invasive assessments of the severity of endolymphatic hydrops.



Recruitment in Ears Treated With HPBCD

To further explore whether auditory-nerve response recruitment originates from attenuation of cochlear amplification, we perfused HPBCD through three otherwise naïve cochleae, and measured cochlear function before and after the perfusions. HPBCD in low-doses (13 mM) has been shown to reduce OHC function while producing little or no change in IHC function or endocochlear potential (16). Auditory-nerve responses were used to quantify hearing threshold using ANOWs for low frequencies (≤ 1 kHz) and CAPs for mid (2–4 kHz) and high frequencies (8–20 kHz). Thresholds were elevated relative to control for all frequencies tested (Figure 8A), consistent with our previous HPBCD data (16). DPOAEs and SFOAEs at frequencies ≥ 1 kHz were decreased at all tested frequencies (Figures 8B,C), again consistent with our previous HPBCD data (16). Overall, the effects of acute cochlear perfusions of low-dose HPBCD were consistent with the changes being due to a reduction of cochlear amplification (30).
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FIGURE 8. Cochlear function measurements from before (gray) and after (blue) cochlear perfusion with HPBCD in artificial perilymph. Data are averages from three animals. Error bars are one standard error of the mean. HPBCD elevated hearing thresholds (A), decreased DPOAEs (B) and decreased SFOAEs (C). OAE noise floors (dotted lines in B,C) for pre-HPBCD measurements were higher than post-HPBCD treatment because a paralytic was administered after the pre-HPBCD measurements.


Auditory-nerve response amplitudes were assessed over a wide range of sound levels in the three ears perfused with HPBCD. While HPBCD elevated neural thresholds throughout the frequency range of guinea pig hearing, response recruitment was seen only at low frequencies (≤ 1 kHz). Post-perfusion thresholds were elevated but post-perfusion response amplitudes were similar to pre-perfusion amplitudes at high sound levels (Figures 9A–D). In contrast, post-perfusion measurements at mid- and high-frequencies had elevated thresholds and high-level amplitudes that were far below the range of pre-perfusion amplitudes (Figures 9E–H). Pre-perfusion responses were sometimes non-monotonic with sound level, but post-perfusion measurements were generally monotonic (Figure 9). The elevated neural thresholds and decreases in moderate-sound-level neural amplitudes in ears perfused with HPBCD are similar to our previous results (16); this is the first report of auditory-nerve responses evoked by high sound levels before and after HPBCD perfusion. In contrast to ears that had the endolymphatic sac removed (Figure 2), post-HPBCD-perfusion high-level response amplitudes were not hyper-responsive compared to control for any frequency tested (Figure 9).
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FIGURE 9. Auditory-nerve responses over a wide range of frequencies and sound level before (gray) and after (blue) cochlear perfusion with 13 mM HPBCD. ANOW was used at low frequencies 300 Hz (A), 500 Hz (B), 700 Hz (C), 1,000 Hz (D), CAPs were used for mid and high frequencies 2,000 Hz (E), 3,000 Hz (F), and 4,000 Hz (G). Only one exemplar high frequency plot is shown (10 kHz, H) because plots from all high frequencies were similar. Data are averages from three ears. Error bars are one standard error of the mean. Response recruitment was seen only at low frequencies.




Recruitment in Operated Ears a Few Days After Endolymphatic Sac Ablation

In some animals, response recruitment was assessed a few days (i.e., 1, 2, or 4) following surgery to ablate the endolymphatic sac. Endolymphatic sac ablation produces endolymphatic hydrops that can be seen in histology at 30 postoperative days but not at a few postoperative days (12). In Lee et al. (12), we reported finding elevated hearing thresholds at low- and mid-frequencies in the first few postoperative days, and concluded that low- and mid-frequency hearing loss preceded histologically-verifiable endolymphatic hydrops. Here we address the question of whether response recruitment also precedes the development of histologically-verifiable hydrops.

In ears assessed a few days following surgery, response recruitment at low frequencies was generally present at all postoperative days (Figure 10). In operated ears, CAP responses to high-level, low- and mid-frequency sounds were occasionally hyper-responsive compared to controls (e.g., Figure 10 at 500 Hz). In contrast, at high-frequencies response recruitment was not robustly present during the first few postoperative days. Overall these results show that endolymphatic sac ablation that causes low-frequency hearing loss and endolymphatic hydrops at 30 postoperative days, also produced response recruitment at low and mid frequencies during the first few postoperative days, even though endolymphatic hydrops cannot be seen in histology at this time.
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FIGURE 10. Auditory-nerve response amplitudes vs. sound-level during the first few days following endolymphatic sac surgery. Low-frequency measurements were made with ANOWs at 300 Hz (A), 500 Hz (B), 700 Hz (C), 1,000 Hz (D), mid- and high- frequency measurements were made with CAPs at 2,000 Hz (E), 3,000 Hz (F), 4,000 Hz (G), and 10,000 Hz (H). Data from eight control animals that were either naïve or underwent a sham surgery. Error bars are one standard error of the mean. The number of ears used for ANOW measurements at 30, 4, 2, and 1 postoperative days are, respectively, 17, 10, 6, and 10. The number of ears used for CAP measurements at 30, 4, 2, and 1 postoperative days are respectively 14, 10, 6, and 10. Response recruitment can be seen at low frequencies during the earliest (1–4) postoperative days before endolymphatic hydrops has been detected, indicating that response recruitment can precede the development of histologically detectable endolymphatic hydrops.





DISCUSSION


Response Recruitment Can Originate in the Cochlea

Our results show that response recruitment can have a cochlear origin and that perceptual loudness recruitment can result from attenuation of cochlear amplification. Before the results presented here, recruitment had not been convincingly shown in physiologic measurements from the auditory nerve (8, 9). Activation the medial olivocochlear efferent reflex produces recruitment in auditory-nerve CAP measurements [e.g., (31)]. However, in normal hearing, activation of medial olivocochlear efferents involves the auditory CNS, and efferent effects have not been considered as a demonstration of a cochlear origin of recruitment. The conclusion that the low-frequency response recruitment in Figures 3, 9 originated from reduced cochlear amplification rests critically on there being no dysfunction in the IHCs or their synapses with afferent auditory nerve fibers. Other reports have found hair cell and synaptic loss in ears 4–6 months after endolymphatic sac ablation (32, 33). In contrast, we have previously shown that endolymphatic hydrops does not affect IHCs, OHCs or counts of afferent synapses during the first 30 postoperative days (12, 14), which is consistent with results from human temporal bone studies of patients with Ménière's disease (22).

We assessed whether cochlear perfusions of low-dose HPBCD caused alterations of cochlear responses that are consistent with the toxicity being confined to the OHCs. Low-dose treatments of HPBCD are known to cause OHC dysfunction (16). While HPBCD elevated hearing thresholds throughout the frequency range of hearing, response recruitment occurred only at low frequencies with characteristic-frequency places in the apical half of the cochlea. It appears that acute low-dose HPBCD cochlear perfusions cause OHC-only dysfunction only in the apical cochlear half. A research question to be addressed is: do clinical patients with hearing loss from treatment with HPBCD, who had normal ears before treatment, have loudness recruitment for low-frequency sounds.

From an assessment of CAP waveforms, we found suggestive evidence that HPBCD may affect IHC function in the high-frequency basal cochlear half (16). This suggestive evidence of IHC dysfunction resulted from a 27 mM HPBCD concentration that was far higher than the 13 mM concentration used here (16). In some species, under some conditions, IHC loss has been reported following treatments with higher concentrations of HPBCD (e.g., 2,000 mg/kg delivered subcutaneously), but not with low HPBCD concentrations (34–36). In these other reports, functionally meaningful IHC loss following high-dose HPBCD administration occurred in the high-frequency basal cochlear half, not the low-frequency apical cochlear half where we found response recruitment. Another study showed that the effects of HPBCD on IHC loss were not instantaneous, but were delayed by up to 8 weeks (36). These studies also found species differences with HPBCD treatment, although they did not assess low-frequency hearing (34–36). At present, there are no reports showing that acute low-dose HPBCD affects IHC structure or function in the low-frequency apical cochlear half. Overall, the low-frequency response recruitment we found in ears acutely treated with HPBCD is adequately explained by HPBCD affecting OHC function only.



Response Recruitment in the Auditory CNS

Following cochlear damage, measurements of CNS responses have shown that compensatory mechanism(s) in the CNS increase central-auditory gain such that responses to high-level sound can be restored to a near-normal loudness. The combination of hearing threshold elevation and central-gain increase can produce response recruitment [e.g., (37, 38)]. This response recruitment in the CNS has been interpreted as an origin perceptual loudness recruitment that is an alternative to, or in addition to, a cochlear origin (39). Measurements from the cochlear nucleus following acoustic trauma showed that, at high sound levels, neurons with “chopper” excitation properties had firing rates that were within, or sometimes greater than, normal values, which suggests that the cochlear nucleus is the most caudal origin of CNS-based changes that give rise to recruitment (40). Following destruction of IHCs or auditory nerve fibers by neurotoxic drugs, inferior colliculus field potentials were reduced less than those from the auditory nerve, which points to at least a partial recruitment mechanism between the periphery and midbrain (41–43). After almost complete ototoxic destruction of IHCs or auditory nerve fibers, measurements from the auditory cortex can be within normal limits, or even hyper-responsive, which shows adaptive restoration of responses in the auditory CNS (41, 42, 44). Together, these results suggest that the neuronal signal from a damaged cochlea is progressively amplified as it is relayed up through the CNS to the auditory cortex. The experimental manipulations used by investigators when measuring auditory-CNS responses, such as acoustic trauma and ototoxic drugs, have also been shown to be associated with or cause behavioral manifestations of loudness recruitment or hyperacusis (38, 45–47). In summary, an increase in central gain may be a source of loudness recruitment. We do not dispute the interpretation that recruitment can originate in the CNS. However, studies showing CNS recruitment do not rule out that recruitment can also have a cochlear origin.



Larger-Than-Normal Responses and Hyperacusis

In ears with endolymphatic hydrops stimulated at low-frequencies and at high sound levels, we occasionally found that gross neural responses were larger than control responses (e.g., Figure 3, 500 Hz and 1 kHz, and Figure 10, 300 Hz and 500 Hz). Responses to loud sounds that are larger than normal have been interpreted as showing hyperacusis, i.e., uncomfortably loud or painful responses [e.g., (38, 41, 48)]. Compared to control responses, it is unclear exactly how much higher a response must be before accurate identification of hyperacusis is achieved. The relationship between physiologic response measurements and the perception of loudness is not completely understood, nor is the relationship between behavioral measurements and hyperacusis [e.g., (49)]. Perhaps response measurements throughout the entire auditory system need to be considered to fully assess the physiology of perceptual loudness. Measurements from the auditory efferents could also be considered in such an assessment, as they play a role in the perception of loudness, recruitment, hyperacusis, and hyper-responsiveness related to tinnitus (50, 51).




CLINICAL IMPLICATIONS

Clinical measurement that objectively quantify loudness recruitment could be helpful to differentially diagnose endolymphatic hydrops, and to track the progression of the condition as it worsens or improves from treatment. Our data provide some guidance for how to use loudness measurements. First, ear-specific (not binaural) loudness measurements should be made, since most patients with endolymphatic hydrops are unilaterally affected, and binaural-based assessment would involve the better ear. Second, for the assessment of endolymphatic hydrops, physiologic measurements of cochlear recruitment may be more useful than measurements of behavioral recruitment, considering that the auditory central auditory nervous system can be a source recruitment and this could obscure cochlear recruitment [e.g., (37, 40, 41)]. It is not known how recruitment in the cochlea vs. in the CNS influences overall recruitment. Third, loudness recruitment measurements should be done only at those frequencies that have hearing threshold elevation. At frequencies not associated with elevated hearing threshold, the slope of our response amplitude-by-sound-level functions did not differ from control (Figures 3, 4). This indicates that clinicians should not test everyone with the same, or standard, frequencies because a patient might not have hearing loss (and thus not cochlear loudness recruitment) at that frequency. Forth, to identify a condition that affects the perception of loudness by attenuating cochlear amplification, OAEs alone are probably not helpful. While it has been shown that the “disparate OAE profile” (DPOAE amplitudes are reduced while SFOAE amplitudes are normal) may identify ears with endolymphatic hydrops and Ménière's disease cf. (12, 14, 52), it is not understood how OAEs from diseased ears can be used to objectively assess the perception of loudness. Fifth, cochlear microphonic measurements do not entirely originate from OHC physiologic responses (18, 53), which reduces their value for determining response recruitment. In summary, our results indicate that the combination of low-frequency hearing loss and loudness recruitment should be helpful to early identify endolymphatic hydrops and assess its severity once it develops.

Measurements of loudness recruitment should be useful in patients with Ménière's disease, considering that Ménière's patients often experience the effects of loudness recruitment. It is widely known that fitting hearing aids to patients with Ménière's disease is challenging because of their reduced dynamic range [e.g., (54, 55)]. Approaches to quantify loudness need to be developed that can be used consistently across laboratories and clinics (56). These approaches should take into account the factors outlined in the previous paragraph and the results shown in our figures.
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Objective: To illustrate the merit of hydrops imaging during clinical workup of dizziness and balance disorders.

Background: Ever since the first description of in-vivo endolymphatic hydrops imaging in 2007, this diagnostic tool has been implemented in an increasing number of centers. The more experience in its clinical application is gathered, the more it is possible to critically assess its potential value for the diagnostic workup. This article intends to provide information about the experience of handling and utilization of endolymphatic hydrops imaging in one of the first centers in Austria.

Methods: Retrospective analysis and review of clinical cases.

Results: Based on our experience of endolymphatic hydrops imaging (EHI), which was established in cooperation between our departments of radiology and otorhinolaryngology in 2017, we have exclusively used intratympanic application of a contrast agent prior to magnetic resonance imaging, as this approach provides high quality imaging results. In 42.6% of cases, EHI could lead to the diagnosis of MD or HED. Since precise vestibular examination is still necessary, EHI is not a tool to replace the clinical examination but rather to add significantly to the interpretation of the results.

Conclusion: Endolymphatic hydrops imaging represents a valuable, safe and well-applicable tool for evaluating cases with inconclusive clinical results. However, its potential additional diagnostic benefits rely on a correct indication based on prior thorough vestibular investigations.

Keywords: hydrops, imaging, dizziness, vertigo, Menière, magnetic resonance imaging, intratympanic


INTRODUCTION

The diagnostic work-up of recurrent vestibular disorders still represents a challenging task, due to their variable clinical presentation or inconsistent diacritic results. Symptomatic and historically based classification systems may be helpful tools, especially in Menière's disease (MD) with its classical triad of rotatory vertigo, low-frequency hearing loss as well as tinnitus or aural fullness. However, in several cases symptoms do not present themselves in a way such that a satisfactory conclusion is possible. Vestibular and cochlear manifestations may occur completely independent from each other but also monosymptomatic forms of the disease seem to be existent.

Endolymphatic hydrops represents the anatomical correlate of a multifaceted clinical picture and provides a common ground for different perspectives on the actual cause and pathophysiology in the context of MD and diseases of the human labyrinth.

Ever since the first description of the visualization of endolymphatic hydrops in 2005 by Zou et al. (1), the scientific interest and the number of publications in this field have been constantly growing.

Contrast-enhanced, high-resolution magnetic resonance imaging (MRI) is capable of visualizing the endolymphatic hydrops (ELH) in-vivo, which reveals the pathophysiological basis of the clinical syndrome originally described by Prosper Menière (2–4). Based not only on symptomatic but also on imaging characteristics, a new terminology was proposed (5, 6) to sum up this spectrum of disorders as “Hydropic Ear Disease” (HED).

In our clinic, we began performing specific MRI (named “hydrops MRI”) in patients with suspected ELH in 2017. Before this time, we generally referred to typical symptoms of MD and occasionally used electrocochleography for the diagnostic work-up. The introduction of hydrops MRI has enabled us to improve the diagnostic accuracy and subsequent care for patients with recurrent vestibular symptoms.

The purpose of this article is to illustrate the establishment and application of hydrops imaging at a tertiary neurotology referral center and critically evaluate its potential benefits for diagnostics.



MATERIALS AND METHODS


Course of Action and Decision-Making Prior to Hydrops Imaging

The selection of patients for hydrops imaging at our center is based on the following criteria and preconditions:

Potential candidates are adult patients, presenting with typical symptoms, suspicious for HED, according to the 1995 AAO-HNS Guidelines and the Equilibrium Committee Amendment (7, 8). Clinical presentation is supposed to include recurrent episodes of rotatory vertigo, lasting for minutes to hours and/or aural symptoms like fullness, tinnitus and sensorineural hearing loss (SNHL), ideally audiometrically documented. However, as it is well-known that symptoms may occur completely independent from each other and to a variable in extend, a simultaneous presence cannot be expected in every patient. Therefore, the diagnostic evaluation may not be straight-forward.

Patients chosen for hydrops imaging are those with symptoms, suspicious of ELH, indecisive diagnostic results and first referral at our center. However, patients with distinct clinical symptoms for years, clearly fulfilling diagnostic criteria for MD, and comprehensive diagnostic results do not qualify for hydrops imaging, since additional diagnostic value for the individual is not expected.

The first diagnostic step for this group of patients remains history taking and distinct vestibular examination. Other causes of vestibular dysfunction or vestibular disease, as well as diseases of the central nervous system initially need to be excluded. We therefore rely on the execution of the HINTS exam, followed by subsequent otoscopy, audiometric and vestibular investigations, such as videonystagmography (VNG), video-head-impulse-test (vHIT) and vestibular evoked myogenic potentials (VEMPs) testing. Moreover, neurological and, if necessary, psychological investigations are performed by the appropriate departments.



Pre-interventional Arrangements

At our center, the application of the contrast medium for displaying the perilymphatic space during the MRI is administered exclusively intratympanically. Therefore, the definition of an “index ear” is mandatory. This definition is based on previous clinical and diagnostic findings, which consist of laterality of low-frequency hearing loss, tinnitus or aural fullness, missing caloric response during VNG and/or decreased VEMPs. In case of bilateral symptoms, the side more severely affected is selected.

Clinical circumstances representing a contraindication for intratympanic administration of any agent, such as acute otitis media or recent trauma or surgery, need to be excluded prior to application.

Informed consent is obtained, including specifically, the information about an “off-label use” of the contrast agent being applied intratympanically.



Intratympanic Application of the Contrast Agent

Gadoteric acid with a concentration of 279.3 mg/ml is diluted 1:10 with a sodium chloride 0.9% isotonic solution. Around 20 min prior to intratympanic administration, a solution of 10% lidocaine is applied to the tympanic membrane and the auditory canal, providing fully coverage (e.g., by pump spray or directly poured). Lidocaine will be completely removed by suction, subsequently. A volume of 0.4–0.5 ml of the diluted gadoteric acid is then administered through the anterior/superior quadrant of the tympanic membrane into the middle ear. Patients remain lying with their head turned to the contralateral side for 30 min after application and are advised not to speak to reduce an efflux of contrast fluid through the Eustachian tube. The MRI is performed the following day, but within 24 h after application of the contrast agent.

An audiometric control to exclude potential harm on inner ear function through the contrast agent or noise-exposure through MRI is performed routinely within 7 days of examination.



MRI Technique and Evaluation Process

Radiological evaluation is performed with a 3 Tesla MR machine (Achieva, Philips Medical Systems™). Interpretation of all imaging results have been carried out by the same radiologist—author A.S. The acquired sequences are a coronal fluid attenuated inversion recovery (FLAIR, slice thickness 4 mm), an axial T1 (2.0 mm) and diffusion weighted imaging (DWI, slice thickness 4 mm, b:0, b:1000, ADC maps) over the whole neurocranium for general diagnostic purposes (i.e., to exclude stroke or other cerebral pathologies). An isometric post contrast axial T1 black blood sequence (voxel size 0.8 mm) is performed for general diagnostic purposes (i.e., to exclude vestibular schwannoma) and for the inner ear an isometric axial T2 (1.0 mm voxel size). Our diagnostic “Menière” sequence is an isometric inversion recovery sequence (T1 weighted, voxel size 0.8 mm, TE: 354 ms, TR: 7,600 ms), which shows contrast enhancement of the perilymphatic structures of the vestibular system and the cochlea after intratympanic contrast agent administration. ELH is displayed indirectly as peripherally displaced or missing enhancement of the structures (Figure 1). The radiologist reports on the likeliness of ELH and if presumed positive, the anatomical sites affected. In order to provide comprehensible data, imaging results were reviewed and in case of ELH, the grading system of Baráth et al. (9) was applied to the results (Table 1).


[image: Figure 1]
FIGURE 1. MRI (inversed recovery) of a right inner ear, axial plane. (A) Evidence of cochlear (arrow) and vestibular hydrops (dotted arrow). Endolymphatic space is clearly visible by its hypointense (dark) signal, compared to the hyperintense (bright) signal of the contrast-enhanced perilymphatic space. (B) Evidence of cochlear (arrow) and vestibular hydrops; saccule (dashed arrow) and utricle (dotted arrow). (C) Regular contrast enhanced perilymphatic space of vestibule and cochlea; no enlargement of endolymphatic space.



Table 1. Patient's individual symptoms and diagnostic results; grading according to Baráth et al.
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RESULTS

Since 2017 we performed endolymphatic hydrops imaging (EHI) in 13 patients (6 female, 7 male), aged between 34 and 76 (mean 54.7 years) at the time of examination. Median duration of symptoms was 12 months. Mean pure-tone average for frequencies 500, 1,000, 2,000 and 4,000 Hz on the index ear was 43.5 dB HL. ELH was detected in six patients (46.2%). In seven patients (53.8%), no sign of ELH was apparent. In one case, analysis could not be performed appropriately due to technical problems. In this specific case the “black-blood sequence” was analyzed but showed no sign of ELH. Intratympanic application of contrast agent has been well-tolerated by all patients. Except slight, self-limiting vertigo during or shortly after its application in some patients, no side effects have been reported. Audiometric follow-up, around 7 days after intervention, showed no worsening of hearing thresholds. In all confirmed cases, ELH was located in both, the cochlea and the vestibule.

Referring to the proposed classification from Gürkov et al. (5, 6) for HED, we assigned the six patients with confirmed ELH to a group based on their individual anamnesis and symptoms. Consequently, five patients were classified as certain primary endolymphatic hydrops (PHED) of the cochleo-vestibular type and one patient as the cochlear type. In the group without confirmed ELH, six patients showed symptoms appropriate to the cochleo-vestibular type and one patient to the cochlear type. Table 1 shows a summary of the patients' individual symptoms and clinical data.



DISCUSSION

We consider the right selection of patients for endolymphatic hydrops imaging (EHI) as crucial for meaningful results. Until now, we performed EHI in selected patients with unclear, recurring vestibular and/or cochlear symptoms, where allocation of symptoms to a specific disease was not possible on a sole clinical basis. In accordance with recent literature (6) we try to avoid nomenclature like “atypical” MD, by focusing on the potential pathophysiological background with the help of EHI.

We did not define a specific period of symptom duration before undertaking EHI, yet. To date, we are performing EHI only for initial diagnosis and do not use it for follow-up examinations. Moreover, in patients with typical symptoms of MD, who already had a cerebellopontine angle MRI, we do not repeat specific EHI. If MRI results are not present thus far (and in general every patient with “idiopathic” vestibular or cochlear symptoms should get an MRI at least once), EHI can be added with the patient's approval.

The established methods for contrast agent administration are the intravenous or intratympanic application. We prefer the intratympanic application due to its better uptake into the perilymphatic space and therefore, improved radiological assessment (10). Moreover, potential gastro-intestinal adverse effects or failure of renal function reported after systemic, intravenous application can be precluded through local, intratympanic administration. Disadvantages of this method compared to the intravenous application are the additional time and effort needed, the inconvenience for the patient and that this procedure is classified as an off-label use. Moreover, if both ears are to be examined, bilateral intratympanic application of the contrast agent is necessary. Even though this procedure can be useful to detect an asymptomatic ELH on the contralateral side or to evaluate a patient with symptoms in both ears, we follow the approach emphasized by a recent study of Gürkov et al. (11) and strictly perform EHI unilaterally, namely on the more affected side, the so called “index ear.” Despite the off-label use of intratympanic application of gadoteric acid, we have not found any reports in literature, nor did we experience any severe side effects in our patients thus far (12, 13).

A multicenter evaluation of Pyykkö et al. demonstrated ELH in 90% of patients with typical symptoms of MD and even 75% of patients with unilateral symptoms showed bilateral ELH in EHI. In monosymptomatic patients ELH was detected in 55–90% (10). In our group, about half of the patients did not show ELH in the MRI. The difference in numbers might originate from the time point when EHI was performed. Our patients were asymptomatic at the time the MRI was performed and the moment to detect ELH may have passed. In a report by Shi et al. (14), EHI was consistently performed 1 week after the patient suffered from acute symptoms like a vertigo attack or hearing loss. The authors report of a detection rate for ELH of 100% in the affected ear in 198 patients. Therefore, it may be ideal to perform EHI directly after onset of symptoms, but in the clinical routine fast availability of MRI for “elective indication” is not always possible. This may be a potential explanation for the reduced number of detected ELH in our patient group.

One of our patients with suspected MD and a known allergy to gadoteric acid did not receive EHI in consideration of the risk-benefit-ratio and concerning the fact that the procedure is classified as an off-label-use, although it seems unlikely that the local application of a small amount of contrast agent into the middle ear would cause a systemic allergic reaction compared to an intravenous application.

The quality of the evaluation of the images highly depends on the radiologist's skills and experience. A possible source of error which influences the quality can be an insufficient application of the contrast agent, like insufficient filling of the middle ear. Other mitigating factors are swallowing, speaking, or moving the head, which leads to a faster elimination of contrast agent from the middle ear cavity. A difference in the patient's individual permeability of the round window (e.g., after infections, surgery etc.) may also account for diverging results. Currently, a duration of 24 h after intratympanic application of gadoteric acid seems to be the optimal scan time for EHI (15). Previous studies have shown a significant correlation between low-frequency hearing thresholds and the grade of ELH, otherwise no correlation have been found between ELH and the severity of vestibular symptoms (e.g., frequency of vertigo attacks) (9, 14). In our group, two of six patients with verified ELH had low-frequency hearing loss, while in the remaining four all frequencies were decreased. However, all patients without confirmed ELH showed at least low-frequency hearing loss on the index ear. In case of negative EHI, a control MRI could be considered subsequently, e.g., if progression of symptoms occurs. To date, we do not have a clear recommendation regarding this situation.


Personal View on the Topic

In our opinion EHI is a very beneficial procedure, which improves the diagnostic workup of various inner ear dysfunctions in patients with suspected ELH. Proof of ELH by EHI helps to remove uncertainties and visualize the cause of the disease, therefore, making it more comprehensible for patients and healthcare providers alike. Subsequently, patients are better equipped to understand and accept their disease. The psychological strain of patients, who suffer from an unknown or suspected disease, can be reduced by making a clear diagnosis, which can prevent repeated consultations and examinations (“doctor shopping”). With a diagnosis and the visualization of its cause, it is easier to convey therapeutic measures to the patient, especially in case of destructive methods (e.g., gentamicin). For the previous 3 years, we have performed EHI only with intratympanic application of gadoteric acid and considering the lack of side effects, as well as the improved radiological assessment, we do not see a clear benefit for implementing the intravenous method.

Our current number of cases is small, but we are highly motivated to expand the usage of this diagnostic procedure. Due to its recent and ongoing development we think that in the future the value of this imaging technique will increase, not only for patients with MD like symptoms, but also for other clinical entities, which are associated with the endolymphatic system (e.g., enlarged vestibular aqueduct). Finally, we want to emphasize our clear belief in the scientific value of this method, potentially contributing to the clarification of unanswered questions within the field.




CONCLUSION

Endolymphatic hydrops imaging is a valuable method for the diagnostic workup in patients with recurring vestibular and auditory symptoms as described in MD, but inconclusive clinical examination results. In these cases diagnosis of MD or HED, respectively, can be based on the additional presence of ELH in EHI. As an early diagnosis of MD or HED can lead to more specific treatment and less costs for further diagnostics in the long run, we think that EHI should be performed more frequently during primary assessment than has previously been the norm. However, the indication to perform EHI and its final evaluation of results rely on initially thorough vestibular diagnostics. Open questions, like an optimum point in time for EHI, the potential value of repeatedly performed investigations for follow-up examinations or treatment evaluation, as well as the interpretation of missing hydrops in cases of distinct clinical findings need to be addressed in the future.
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Research Objective: To investigate the correlation between clinical features and MRI-confirmed endolymphatic hydrops (EH) and blood-labyrinth barrier (BLB) impairment.

Study Design: Retrospective cross-sectional study.

Setting: Vertigo referral center (Haga Teaching Hospital, The Hague, the Netherlands).

Methods: We retrospectively analyzed all patients that underwent 4 h-delayed Gd-enhanced 3D FLAIR MRI at our institution from February 2017 to March 2019. Perilymphatic enhancement and the degree of cochlear and vestibular hydrops were assessed. The signal intensity ratio (SIR) was calculated by region of interest analysis. Correlations between MRI findings and clinical features were evaluated.

Results: Two hundred and fifteen patients with MRI-proven endolymphatic hydrops (EH) were included (179 unilateral, 36 bilateral) with a mean age of 55.9 yrs and median disease duration of 4.3 yrs. Hydrops grade is significantly correlated with disease duration (P < 0.001), the severity of low- and high-frequency hearing loss (both P < 0.001), and the incidence of drop attacks (P = 0.001). Visually increased perilymphatic enhancement was present in 157 (87.7%) subjects with unilateral EH. SIR increases in correlation with hydrops grade (P < 0.001), but is not significantly correlated with the low or high Fletcher index (P = 0.344 and P = 0.178 respectively). No significant differences were found between the degree of EH or BLB impairment and vertigo, tinnitus or aural fullness.

Conclusion: The degree of EH positively correlates with disease duration, hearing loss and the incidence of drop attacks. The BLB is impaired in association with EH grade, but without clear contribution to the severity of audiovestibular symptoms.

Keywords: endolymphatic hydrops, blood-labyrinth barrier, magnetic resonance imaging, clinical features, audiovestibular function


INTRODUCTION

Menière's disease (MD) is a refractory otologic disorder that predominantly manifests in adults between 40 and 60 years of age (1, 2). Its typical features are recurrent vertigo spells associated with fluctuating cochlear symptoms in the affected ear (3–6). The disease may affect one ear, albeit bilaterality has been reported in 2–73% of cases (7). MD is strongly associated with endolymphatic hydrops (EH): a distention of the endolymphatic space of the inner ear due to accumulation of endolymph fluid (8). Although a certain diagnosis of EH is reserved for post-mortem temporal bone histology, the Equilibrium committee of the AAO-HNS has provided clinical guidelines to aid the diagnosis of MD in living patients (5, 9).

The most striking features of MD are rotatory vertigo and hearing loss, which show great variability among patients with respect to onset, duration and severity (10, 11). Vertigo attacks can last from several minutes to hours, and are often incapacitating due to their unpredictability and impact on quality of life (12). In initial stages of the disease, hearing loss is typically reversible after each vertigo attack, but profound and permanent hearing loss ultimately develops (13). Additionally, patients may experience a myriad of symptoms consisting of (but not limited to) tinnitus, aural fullness, or a sudden fall without loss of consciousness known as drop attacks (14–16). Migraine and autoimmune diseases are common comorbidities, reported in up to 16 and 11% of patients respectively (17–21).

Despite their strong association, the relationship between EH and MD remains unclear. In the last decade, the application of delayed gadolinium (Gd)-enhanced MRI has provided novel insights in the clinical effect of EH (22–30). The degree of EH is reported to correspond with disease duration and the degree of sensorineural hearing loss in MD patients (27, 28, 31, 32). Contrarily, no correlation has emerged between EH and tinnitus, aural fullness, or the frequency and duration of vertigo attacks (23, 30). The absence of a clear correlation has led to the belief that other mechanisms beyond EH must play a role in the production of audiovestibular symptoms.

Recent literature has introduced novel MRI parameters that may help clarify the clinical-MRI inconsistency. Increased perilymph signal intensity (SI) at 4 h-delayed Gd-enhanced 3-dimensional fluid-attenuated inversion recovery (3D FLAIR) MRI is a frequent concomitant finding in patients with EH (32–36). The underlying pathophysiological process is assumed to be impairment of the blood-labyrinth barrier (BLB), leading to increased permeability and leakage of Gd from capillaries into the perilymphatic spaces (32, 37). The increased perilymphatic enhancement is well-visualized on 3D FLAIR, due to its high sensitivity to changes in T1-shortening induced by gadolinium-based contrast media (38). Previous studies investigating this FLAIR hyperintensity have reported that the concurrent finding of EH and BLB impairment slightly increases specificity for MD compared with EH alone (34, 35). The importance of this MRI parameter is further emphasized by the notion that BLB impairment may be the sole MRI correlate in a small percentage of MD patients without EH (35, 36). Furthermore, normalization of the FLAIR hyperintensity has been observed in coincidence with improved vestibulocochlear function in several inflammatory inner ear conditions (39–41). The above-mentioned findings suggest that BLB impairment may provide additional clinical information about HED and may potentially bring new insights to the individual severity of audiovestibular symptoms.

Extensive literature from the past two decades has demonstrated that virtually all patients with clinically overt MD show EH on MRI, for which different subjective EH grading systems have been used (34, 35, 42–44). However, probably the most important gain from hydrops MRI is the demonstration of EH in clinically atypical or non-classifiable cases according to the current AAO-HNS criteria (34, 45). These findings highlight the diagnostic relevance of MR imaging, particularly in the clinical setting where the current AAO-HNS criteria appear to be insufficient—e.g., subjects with isolated cochlear or vestibular symptoms. This concept has sparked aspirations to abandon the symptom-based classification and to adapt a diagnostic system that incorporates the MRI-objectivation of EH. In 2018, Gürkov et al. proposed the classification of Hydropic Ear Disease (HED): an imaging-based classification system that is based upon the demonstration of EH and that acknowledges the wide spectrum of audiovestibular symptoms associated with this pathological substrate (8, 46). However, the clinical utility of this system relies on the value of imaging-derived parameters in this clinical spectrum.

The objective of this study was therefore to investigate the correlation between clinical features and labyrinthine abnormalities in patients with MRI-proven hydropic ear disease, with emphasis on EH and BLB-impairment.



MATERIALS AND METHODS


Patients

We retrospectively identified all patients who underwent 4 h-delayed Gd-enhanced 3D FLAIR MRI at our institution from February 2017 to March 2019. The commonest clinical indication for inner ear MRI was recurrent vertigo with fluctuating aural symptoms suspected of MD. Three-hundred eighty-nine patients were eligible for inclusion. Exclusion criteria were <18 years old (N = 1), previous middle or inner ear surgery (N = 17), prior ablative treatment of the ear with gentamicin injections (N = 10) or a technically inadequate MRI examination (N = 11). We also excluded patients with coexisting conditions that may cause fluctuating audiovestibular symptoms, such as otosclerosis (N = 2) and vestibular schwannoma (N = 2).



MRI Protocol

Imaging examinations were carried out on a 3T MRI scanner (Magnetom Skyra; Siemens, Erlangen, Germany) with a 20-channel array head coil, 4 h after intravenous gadolinium administration (30 mL gadoterate meglumine, Dotarem; Guerbet, Aulnay-sous-Bois, France) (34). Patients were evaluated in the supine position with additional fixation between the patient's head and receiver coil to reduce motion artifacts. We acquired a 3D FLAIR sequence to differentiate endolymph from perilymph with the following parameters: FOV = 190 mm, section thickness 0.8 mm, TR = 6,000 ms, TE = 177 ms, number of excitations 1, TI 2,000 ms, flip angle 180°, matrix 384 × 384, bandwidth 213 Hz/pixel, turbo factor 28, voxel size 0.5 × 0.5 × 0.8 mm, resulting in an acquisition time of 14 min. High-resolution T2 sampling perfection with application-optimized contrasts by using different flip angle evolution (SPACE sequence; Siemens) images of the inner ear were obtained for anatomic reference of the entire labyrinthine fluid space. The scan parameters for the T2 SPACE sequence were as follows: FOV 160 mm, section thickness 0.5 mm, TR 1,400 ms, TE 155 ms, number of excitations 1, flip angle 120°, matrix 320 x 320, bandwidth 289 Hz/pixel, turbo factor 96, voxel size 0.5 × 0.5 × 0.5, and acquisition time 5 min.



MRI Evaluation
 
Visual Assessment

Images were independently evaluated by two observers: one head and neck radiologist (SH) and one PhD student (LP) with, respectively, 4.5 and 3 years of experience in hydrops MRI, who were blinded to the clinical data. The presence of endolymphatic hydrops was graded on a 4-point scale for vestibular hydrops and a 3-point scale for cochlear hydrops, respectively (Table 1). The summative EH score was calculated as the sum of cochlear and vestibular EH grades per patient to reflect global EH severity, which could range from 0 to 5.


Table 1. Grading of endolymphatic hydrops on 4 h-delayed Gd-enhanced 3D FLAIR MRI.
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Post-contrast signal intensity of the perilymph was visually scored as normal (symmetrical) or increased (asymmetrical). Any discrepancy was resolved by consensus reading.



Quantitative Analysis

Quantitative measurements of the perilymph signal intensity were performed by one observer (LP) blinded to the clinical data. A freehand region of interest (ROI) was drawn on an axial section in the basal cochlear turn of both ears. In this region, quantification of perilymph enhancement was considered most reliable as the scala tympani is less affected by the morphological distortion from EH compared with other perilymphatic structures and this structure remains visible regardless of the degree of EH. In addition, the scala tympani visually appears the largest in the basal turn of the cochlea and is therefore easiest to contour in this region. An additional circular ROI of 0.6 mm2 was placed in the left middle cerebellar peduncle (Figure 1). The signal intensity ratio (SIR) of the basal cochlear turn to that of the middle cerebellar peduncle was calculated.


[image: Figure 1]
FIGURE 1. Signal intensity measurements at 4 h-delayed contrast-enhanced 3D FLAIR MRI. Symmetrical regions of interest (ROI) were drawn in the basal cochlear turn of each ear and a circular ROI was placed in the left middle cerebellar peduncle. The measurements were used to calculate the signal intensity ratio (SIR).





Clinical Symptoms and Pure-Tone Audiometry

Clinical diagnoses were independently evaluated by 2 otorhinolaryngologists (HB and CB), who were blinded to the MRI results, according to the latest AAO-HNS criteria (5). Patients who did not fulfill the clinical criteria for probable or definite MD were assigned the clinical diagnosis other disease, which was considered an umbrella term for non-classifiable cases and patients with other vertigo-associated diseases (e.g., vestibular neuritis, vestibular migraine). Any discrepancy was resolved by consensus reading.

Information on the presence of audiovestibular symptoms and results from pure-tone audiometry (PTA) was collected from medical records. Age was defined as age at time of MRI. Unless otherwise specified, we calculated disease duration as the time elapsed from the first appearance of vertigo or hearing loss until MRI at our hospital. The frequency of vertigo attacks was calculated as the number of attacks per month. The duration of vertigo was divided into the following five categories: (1) <20 min; (2) 20 min to 12 h; (3) 12–24 h; (4) more than 24 h; and (5) variable duration. For hearing loss analysis, we selected the most recent PTA before or after MRI with a maximum time interval of 1 year. We documented hearing function in the form of low and high Fletcher indexes (the average hearing loss at the frequencies 0.5–1.0–2.0 kHz and 1.0–2.0–4.0 kHz, respectively).



Statistical Analysis

Statistical analyses were performed using SPSS Statistics (version 24, IBM, Chicago, Illinois, USA). The level of significance was set at P < 0.05. Inter-observer agreement on the presence and grading of EH (3-point scale for the cochlea and 4-point scale for the vestibule) was estimated using Cohen's kappa (κ) coefficient. We considered a κ value >0.80 as excellent agreement. The Kolmogorov-Smirnov test was used to test the data for normal distribution. Data are presented as median [min-max] or mean ± standard deviation. Means and medians were compared between two independent groups by a Student t test and Mann-Whitney U test, respectively. The chi-square test was used to compare gender distribution and the prevalence of symptoms and comorbidities among groups with different hydrops grades. A Kruskall-Wallis H test was used to compare median EH scores and SIR across groups with different duration of vertigo attacks. The Wilcoxon rank-test was used to compare SIR and Fletcher indexes between both ears from unilateral EH patients. Correlation between (normally and not-normally distributed) continuous variables were assessed using the Pearson and Spearman correlation coefficients. Correlation between continuous and ordinal variables were assessed using the Jonckheere-Terpstra test of trend, which is a rank-based test that can be used to assess the significance of a trend in the data (e.g., as EH deteriorates, does hearing loss also deteriorate). Unless otherwise specified, correlation tests between MRI findings and clinical features were performed solely in patients with unilateral EH.




RESULTS


Subject Characteristics

EH was observed in 215 patients (62.1%). Patient characteristics are listed in Table 2. The remaining 131 patients (37.9%) had no apparent EH and were excluded from further analysis. A summary of the clinical diagnoses of the included and excluded patients is provided in Table 3. Interobserver agreement for the clinical diagnosis was substantial (κ = 0.78).


Table 2. Clinical characteristics of patients with HED (n = 215).
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Table 3. Clinical diagnosis of the included and excluded patients according to the 2015 AAO-HNS criteria.
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MRI Findings


Inter-observer Reliability

Interobserver reliability was excellent: κ = 0.88 for cochlear EH, κ = 0.95 for vestibular EH, κ = 0.83 for visual assessment of perilymph enhancement.



Endolymphatic Hydrops

All 215 patients demonstrated EH in their clinically affected ear, including 179 patients (83.3%) with unilateral EH (101 right, 78 left) and 36 patients with bilateral EH (16.7%). Concurrent vestibular and cochlear EH was most prevalent (144 patients, 67%). Isolated vestibular or cochlear hydrops was present in 53 (24.7%) and 18 (8.4%) patients, respectively. The degree of cochlear hydrops is strongly associated with the degree of vestibular hydrops, as revealed by the Spearman correlation coefficient (rs = 0.553; P < 0.001).

Among the 36 patients with bilateral EH, 21 (58.3%) had symptoms in the contralateral hydropic ear and 15 (41.7%) were clinically silent on the contralateral side. Asymptomatic EH appeared more frequently in the vestibule (80%) than in the cochlea (26.7%).



Post-contrast Perilymph Signal Intensity

Visually increased perilymphatic enhancement (PE) was present in 157 patients (87.7%) with unilateral EH (Figure 2). Quantitative BLB measurements confirmed a significant higher median SIR in affected ears of unilateral EH patients compared with their contralateral non-hydropic ears (P < 0.001; Table 4). In addition, there was a statistically significant trend of higher median SIR among increasing summative EH score (Tjt = 7.896,000; z = 4,104; P < 0.001; Figure 3). This trend was stronger for vestibular EH (Tjt = 5.640,000; z = 2,945; P = 0.003) than cochlear EH (Tjt = 1.943,000; z = 1,896; P = 0.058). Among the 22 patients with unilateral EH that did not demonstrate visually increased PE in their affected ear, 14 patients (63.6%) had isolated vestibular or isolated cochlear EH.


[image: Figure 2]
FIGURE 2. Axial 4 h-delayed Gd-enhanced 3D FLAIR MRI (a) and axial heavily T2 weighted sequence (b) in a patient with recurrent vertigo attacks and left-sided sensorineural hearing loss. The affected left ear demonstrates dilation of the scala media with complete obliteration of the scala vestibuli compatible with grade 2 cochlear hydrops (arrow head). The saccule and utricle in the left ear are confluent indicative of grade 2 vestibular hydrops (thick arrow). A thin rim of surrounding perilymph remains visible. Compare with a normal saccule (dashed arrow) and utricle (thin arrow) in the right ear. Also note the increased perilymphatic enhancement in the cochlea of the left ear, suggestive of BLB impairment.



Table 4. Median SIR in hydropic and non-hydropic ears from 179 patients with unilateral HED.
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FIGURE 3. Correlation between signal intensity ratio (SIR) and summative endolymphatic hydrops (EH) score in unilateral hydropic ear disease (HED). A Jonckheere-Terpstra rank-test revealed a significant trend toward a higher median SIR among increasing EH score (P < 0.001).


Among the 15 bilateral EH patients with unilateral symptoms, the symptomatic ears demonstrated a mean SIR of 1.6 ± 0.8 compared with a mean SIR of 1.2 ± 0.5 in their symptomatic ear, which was statistically significant (P < 0.005). In addition, symptomatology in these patients was also correlated with a higher summative EH score [median EH score 1 (1–4) vs. 3 (1–5), P < 0.05].




Correlation Between MRI Findings and Clinical Characteristics


Clinical Symptoms

Most patients reported concomitant vestibular and cochlear symptoms (212 patients, 98.6%). Three patients (1.4%) had isolated cochlear symptoms.

The clinical features from patients with unilateral EH are summarized in Table 5. There were no significant differences in the prevalence of hearing loss, tinnitus, or aural fullness in groups with different EH grades (P = 0.780; P = 0.900; P = 0.200). The median SIR also did not differ between hydropic ears with and without tinnitus or aural fullness (P = 0.947 and P = 0.185). Information on the frequency or duration of vertigo attacks was available in 102 (57.0%) and 166 (92.7%) patients with unilateral EH, respectively. No significant correlation was found between the degree of EH or SIR and the frequency of vertigo attacks (P = 0.188 and P = 0.165, respectively). Regarding the duration of vertigo, the majority of cases (84.9%) had vertigo episodes lasting between 20 min and 12 h. No significant differences were noted in summative EH score or median SIR across groups with different duration of vertigo attacks (P = 0.431 and P = 0.380, respectively).


Table 5. Clinical features in unilateral HED stratified by the summative EH score.
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A comparison of clinical features between unilateral and bilateral EH patients is summarized in Table 6. No differences were found in the presence of aural symptoms (hearing loss, tinnitus, aural fullness) between patients with unilateral or bilateral EH. Additionally, no significant differences were noted in duration or frequency of vertigo attacks (P = 0.831 and P = 0.100, respectively).


Table 6. Clinical differences between unilateral and bilateral HED patients.
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Drop Attacks

Among patients with unilateral EH, drop attacks (DA) were reported by 12 subjects (Table 7). There were no statistically significant differences in sex or age between patients with and without DA (P= 0.236; P = 0.780). However, the DA group had a longer disease duration than patients without DA (P = 0.007). In all 12 patients with DA, MRI revealed concurrent cochlear and vestibular EH, which was both graded as either moderate or significant. The cochlear and vestibular EH grades, as well as the summative EH scores, were significantly higher in the DA group. Notably, DA was only reported in patients with a summative EH score of 3 or more. Additionally, patients with DA showed significantly greater hearing loss in the low and medium frequencies (low Fletcher 60 vs. 47, P = 0.027). No significant differences were noted at high frequencies between patients with and without DA (High Fletcher 58 vs. 48, P = 0.191).


Table 7. Characteristics of unilateral HED patients with and without drop attacks.
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Comorbidities

Hypertension was the most frequent cardiovascular risk factor and present in 37 (17.2%) unilateral EH patients (18 men; 19 women), followed by dyslipidemia (9%) and smoking (7%). Twenty-four patients (11.2%) had a history of migraine. No significant differences in the prevalence of co-morbidities were noted between patients with unilateral or bilateral EH (data not shown).



Disease Duration

Information on disease duration was available in 142 unilateral HED patients (90.4%) and 27 bilateral HED patients (75%). In patients with unilateral EH, the Jonckheere-Terpstra test for trend revealed that the degree of EH increases significantly with longer disease duration (Table 5, P < 0.001 for the summative EH score; P < 0.001 for vestibular EH; P = 0.041 for cochlear EH). Among patients with a summative EH score of 5, the median disease duration was lower than would be expected. We performed an intra-cluster analysis of patients with a summative EH score of 5 with the aim of identifying factors associated with rapid EH progression. However, no correlation was found between disease duration and gender (P = 0.218), age (P = 0.137), vertigo attack frequency (P = 0.161), drop attacks (P = 0.705), SIR (P = 0.939), tinnitus (P = 0.081), aural fullness (P = 0.891), or sensorineural hearing loss (P = 0.823 for low Fletcher index, P = 0.886 for high Fletcher index).

Patients with bilateral EH did not demonstrate a statistically significant longer disease duration than patients with unilateral EH (6.1 yrs vs. 4.0 yrs; P = 0.241).



Pure Tone Audiometry

In 161 patients (89.9%) with unilateral EH and 36 patients with bilateral EH (100%), PTA was performed within 1 year of the MRI examination with a median time interval of 36 days (0–340 days). Of note, most patients (116/161, 72%) had undergone PTA within 2 months of the MRI examination.

In 161 unilateral EH patients, the average low Fletcher index was 48 dB [2; 120] in the hydropic ears and 13 dB [0–98] in the contralateral non-hydropic ears (P < 0.001). The high Fletcher index was 50 dB [2–120] in the hydropic ears and 17 dB [0–120] in the contralateral non-hydropic ears (P < 0.001). The Jonckheere-Terpstra test for trend showed that the low and high Fletcher indexes were significantly correlated with increasing summative EH score (P < 0.001 and P < 0.001; Table 8). A partial correlation was run to determine the relationship between SIR and hearing loss whilst controlling for EH. First, we performed a square root (sqrt) transformation of the low and high Fletcher indexes to reduce the skewness of our original data. The partial correlation revealed no statistically significant correlation between SIR and low Fletcher (P = 0.344) or high Fletcher (P = 0.178), respectively. We therefore did not demonstrate an additive effect of SIR on the extent of sensorineural hearing loss in HED patients.


Table 8. Hearing loss in unilateral HED stratified by the summative EH score.

[image: Table 8]

The worst ear from bilateral EH patients demonstrated a median low Fletcher index of 53.5 dB [5–120] and median high Fletcher index of 51 dB [5–120]. These hearing thresholds were not significantly different from the low and high Fletcher indexes from the hydropic ears of unilateral EH patients (P = 0.190 and P = 0.167, respectively).





DISCUSSION

In the present study, we explored the relationship between cochleovestibular symptoms and intralabyrinthine abnormalities in a large cohort of patients with HED. We demonstrated the association between EH grade and hearing loss, as well as their progressive deterioration with respect to disease duration. Similar correlations have been shown by a couple of radiological studies (23, 27, 28, 30, 33) and a histological study on temporal bones from MD patients (47). Contrarily, previous radiological studies by Xie et al. (N = 117) and Fiorino et al. (N = 18) revealed no significant correlation between the severity of sensorineural hearing loss and EH grade, as revealed by MRI after intratympanic Gd-administration in definite MD patients (48, 49). Although the precise reason for this discrepancy is unknown, possible explanations may be different patient selection and sample sizes, or the use of a different MRI protocol and/or visual grading method for EH. Interestingly, our study revealed that there are cases with severe EH and hearing loss despite having a short disease duration and vice versa. These findings indicate that in some patients the hydropic process and hearing loss deteriorate rapidly, while others have a slow and gradual progression. Similar findings have previously been shown (50). Therefore, we hypothesize that factors other than duration are associated with the progression of EH. However, we did not identify factors associated with rapid EH progression. Further study is needed to explore these temporal patterns, which could have important implications in understanding the pathophysiology of HED.

Tinnitus and aural fullness have received less attention in literature, as emphasis is often placed on more prominent symptoms such as hearing loss and vertigo. However, it was previously reported that 19% of MD patients rank tinnitus as their most severe symptom and 38% considers aural fullness as a severe problem (51, 52). The identification of an in vivo correlate would provide important insights in the individually perceived severity of clinical disease. However, in contrast to hearing loss, our data did not demonstrate a correlation between EH grade and the presence of tinnitus or aural fullness. Notably, our study design did not cover qualitative measures of tinnitus or aural fullness, such as the perceived loudness or intensity.

The etiology of vertigo spells in HED also remains elusive. A myriad of theories have previously been proposed, including mechanical pressure or chemical imbalance/intoxication within the inner ear (53–56). Herein, we did not demonstrate a significant correlation between the extent of EH and the frequency or duration of vertigo attacks. It can therefore be concluded that merely the presence of EH does not elicit vertigo, which agrees with previous studies (23, 30). Schuknecht suggested that ruptures of the membranous labyrinth are the cause of vertigo spells, which would theoretically decrease the endolymph volume (57). However, a previous case report has revealed no large changes in EH on consecutive MRIs despite ongoing vertigo attacks (58). Of note, it was previously suggested that the fluctuations in EH may potentially be too small to be detected by MRI (23). Regarding the time course of vertigo attacks, our data contradicts previous suppositions that the number of attacks diminish over time (59). We did not observe a relationship between disease duration and the frequency or duration of vertigo attacks, which supports previous findings by Havia et al. and Jerin et al. (30, 60). It is worth noting that, although data on the presence of symptoms was well-documented in electronic patient files, we were unable to retrieve information on the duration of vestibular or cochlear symptoms in 21% of patients. Also, in hindsight, the categories we used to classify the duration of vertigo attacks were rather wide. The majority of patients fell within the 2nd category (vertigo attacks lasting 20 min to 12 h) and we did not account for further subanalysis.

In literature, there are conflicting views regarding the origin and evolution of EH. A previous meta-analysis of temporal bone reports from 184 MD patients demonstrated a cochleocentric distribution, where EH begins in the cochlear apex and from there progresses to involve the saccule, utricle and semicircular canals (61). The typical occurrence of low-frequency hearing loss in early stages of MD might be explained by these histopathological findings (57). On the contrary, in most of the radiologic literature, EH predominates in the vestibule (10, 62, 63). In our study, isolated cochlear EH was a scarce finding and less prevalent than isolated vestibular EH, which supports the hypothesis that EH originates in the vestibule. It was recently reported that a 3D real IR sequence is superior to 3D FLAIR in the assessment of cochlear EH due to its ability to distinguish endolymph from surrounding bone (64). Therefore, we cannot exclude that the lower prevalence of cochlear EH in our study cohort may be due to lower sensitivity of 3D FLAIR to cochlear EH. In addition, a golden standard for the assessment and quantification of EH is currently lacking. Although 3- and 4-point visual grading systems are often utilized to assess EH, and are subject to ongoing refinement, further developments are desired to enable objective volumetric quantification of EH.

Previous studies have addressed the development of bilateral EH in MD patients and reported variable prevalence rates ranging from 21 to 75%, which is thought to increase with disease duration (10, 23). In our study, bilateral EH was present in 36 (16.7%) of patients. We did not reveal significant differences in disease duration or age between patients with unilateral or bilateral EH and we were therefore unable to confirm the hypothesis. Nevertheless, the occurrence of bilaterality has led to the supposition that EH is a systemic disease and associations with genetic factors and several comorbidities have been reported in literature, particularly migraine and autoimmune diseases (21). In our study, migraine and autoimmune diseases were present in 11.2 and 6.5% of cases, respectively. Among the cardiovascular risk factors, hypertension was the most common comorbidity and reported in 17.2% of patients (17.8% in men; 16.7% in women). In comparison, the prevalence of arterial hypertension in the general Dutch population was estimated at 29.9% in men and 15.6% in women (65). Additionally, the prevalence of migraine in Europe and a broad group of autoimmune diseases in Denmark were estimated at 37.6 and 7.6–9.4%, respectively (66, 67). Therefore, an association between EH and autoimmune diseases, migraine or hypertension cannot be substantiated from our data.

The association between EH and BLB impairment at 4 h-delayed Gd-enhanced MRI has previously been demonstrated (32–36). In the present study, visually increased perilymphatic enhancement was present in 157 (87.7%) of unilateral HED patients. Furthermore, the degree of BLB impairment was significantly associated with EH grade. The BLB is indicated as the essential structure for the maintenance of inner ear fluid homeostasis by selectively regulating the passage of ions between the vasculature and inner ear (68). Based on this knowledge, it has been postulated that destruction of the labyrinthine barriers causes the formation of EH (33). However, previous studies have demonstrated that increased BLB permeability may also be present in non-hydropic ears from patients with sudden sensorineural hearing loss (SSNHL) or vestibular neuritis (36, 69). Therefore, it can also be deduced that BLB impairment does not necessarily lead to the formation of EH. Regardless of their actual pathophysiological processes, both EH and BLB impairment are likely markers of disordered labyrinthine homeostasis. Interestingly, it has been demonstrated on MRI that patients with SSNHL may show improvement of symptoms in parallel with resolution of the FLAIR hyperintensity (40). This close correspondence between MRI findings and clinical features in SSNHL patients raises the question whether this might also apply to patients with EH, though the underlying pathophysiological mechanisms are likely different. However, we evaluated the isolated effect of SIR on the degree of sensorineural hearing loss and did not demonstrate a significant correlation between SIR and low or high Fletcher indexes. Thus, a putative association between SIR and hearing loss in HED patients cannot be supported from this data. Our results are in agreement with Suzuki et al., who used the SIR of the basal cochlear turn against the cerebellar hemisphere as marker of BLB permeability and found no significant correlation with hearing thresholds (70). On the contrary, Kahn et al. did report a significant correlation between BLB impairment and worse hearing levels (71). In their study, however, they performed a visual assessment of BLB integrity and did not control for the potential confounding effect of EH. In addition to hearing loss, we also did not find a significant correlation between SIR and tinnitus, aural fullness, or the frequency and duration of vertigo attacks. It is worth noting that our retrospective study design inherently did not acknowledge certain clinical factors that could have potentially influenced the MRI results, such as the time elapsed between the MRI examination and the last vertigo attack or intratympanic corticosteroid injections. Longitudinal radiological and clinical assessment could offer a better characterization of the dynamic alteration of MRI parameters in relation to treatment strategies and symptomatology.

Drop attacks are known to occur in a subset of MD patients, although the reported incidence is variable with rates ranging from 13.5 to 72%, depending on the definition used (16, 24, 72). In our study, drop attacks were present in 7.4% of unilateral HED patients. We found that drop attacks were associated with a longer disease course and higher grades of EH compared to patients without DA's. The DA group also demonstrated greater hearing loss than non-DA patients, which may be attributed to the longer disease duration and greater degree of EH. Similar observations were previously made by Wu et al. (16). Contrarily, the median SIR was not significantly different between patients with and without DA. Although the pathophysiological mechanisms of drop attacks are unknown, mechanical stimulation of the otolithic organs (saccule and/or utricle) by endolymphatic pressure gradients is currently the most widely accepted etiology (73, 74). The finding that DA occurs in patients with a greater degree of EH seems to support this theory.

The rationale behind MR imaging of EH is based on a desire to seek improved diagnostic precision and better understand how labyrinthine abnormalities affect the function of the inner ear. In addition, the possibility that imaging-derived data could serve as a surrogate marker of disease progression and therapeutic efficacy has become attractive. A critical aspect when considering the use of an MRI as a surrogate parameter is validation: the degree of EH and/or BLB impairment must show a correlation with the presence and severity of audiovestibular symptoms. Investigating the clinical picture from a morphologic point of view (i.e., Hydropic Ear Disease) allows assessment of this pathologic stage across the entire clinical spectrum. Although some correlations have been found, the degree of EH and BLB impairment incompletely characterize the whole phenotype of HED, especially regarding the incidence and severity of vertigo attacks. If a more explicit radiologic-clinical correlation can be established, then this information could potentially be used to better predict disease progression, monitor treatment response, and aid the development of novel treatment strategies.



CONCLUSION

In this retrospective study, we have investigated the clinical picture of patients with MRI-evidence of hydropic ear disease with or without BLB impairment. In our study population, the degree of EH correlates with disease duration, the severity of sensorineural hearing loss and the incidence of drop attacks. BLB is impaired in association with EH grade, but without clear contribution to the severity of audiovestibular symptoms.
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Reduced eye velocity and overt or covert compensatory saccades during horizontal head impulse testing are the signs of reduced vestibular function. However, here we report the unusual case of a patient who had enhanced eye velocity during horizontal head impulses followed by a corrective saccade. We term this saccade a “backup saccade” because it acts to compensate for the gaze position error caused by the enhanced velocity (and enhanced VOR gain) and acts to return gaze directly to the fixation target as shown by eye position records. We distinguish backup saccades from overt or covert compensatory saccades or the anticompensatory quick eye movement (ACQEM) of Heuberger et al. (1) ACQEMs are anticompensatory in that they are in the same direction as head velocity and so, act to take gaze off the target and thus require later compensatory (overt) saccades to return gaze to the target. Neither of these responses were found in this patient. The patient here was diagnosed with unilateral definite Meniere's disease (MD) on the right and had enhanced VOR (gain of 1.17) for rightward head impulses followed by backup saccades. For leftwards head impulses eye velocity and VOR gain were in the normal range (VOR gain of 0.89). As further confirmation, testing with 1.84 Hz horizontal sinusoidal head movements in the visual-vestibular (VVOR) paradigm also showed these backup saccades for rightwards head turns but normal slow phase eye velocity responses without backup saccades for leftwards had turns. This evidence shows that backup saccades can be observed in some MD patients who show enhanced eye velocity responses during vHIT and that these backup saccades act to correct for gaze position error caused by the enhanced eye velocity during the head impulse and so have a compensatory effect on gaze stabilization.

Keywords: Meniere's disease, backup saccades, enhanced eye velocity, endolymphatic hydrops, vHIT, case report, VOR (vestibulo-ocular reflex)


INTRODUCTION

Video head impulse testing of healthy subjects usually results in the eye velocity matching the head velocity, so vestibulo-ocular response (VOR) gain is about 1.0 and gaze remains on the earth fixed target. Vestibular hypofunction causes reduced eye velocity during the impulse, with corrective (compensatory) saccades—either overt or covert—to correct the gaze error and return gaze to the earth fixed target. Recently there have been reports of enhanced eye velocity (and so enhanced VOR gain) during head impulse testing of some patients with Menière's Disease (MD) (2–4). Such enhanced eye velocity could be caused by peripheral vestibular disease, such as endolymphatic hydrops related diseases or central vestibular dysfunction, such as cerebellar disease (5). Or the enhancement could be due to a recording artifact (6).

In usual vHIT testing of patients with vestibular hypofunction and reduced eye velocity during the head impulse, the corrective saccade is called compensatory since it returns the gaze to the target by canceling out the gaze position error caused by the inadequate eye velocity. In the case of enhanced eye velocity, a corrective saccade is also necessary to return gaze to the fixation target. Therefore, this corrective saccade is also compensatory in the sense that it cancels the gaze position error caused by the enhanced eye velocity. Although this saccade is compensatory, it is in the opposite direction to the common compensatory saccade recorded in patients with vestibular hypofunction. To avoid confusion we have used the term “backup saccade” to refer to this corrective saccade after enhanced eye velocity. Until now, when enhanced vestibular slow phase eye velocity during head impulses have been observed on vHIT testing, no corrective backup saccades have been described (3). In this case report we describe, for what we think is the first time, a patient with definite MD with enhanced eye velocity (and so enhanced VOR gain) during head impulse testing, who showed compensatory saccades (“backup saccades”). These backup saccades were observed on clinical HIT tests, recorded on head impulse testing using vHIT and further confirmed by their occurrence during visual-vestibular reflex (VVOR) testing.



CASE REPORT

A 74-year-old woman, with left eye amblyopia and no other medical history of interest, was diagnosed with unilateral definite Menière's disease (MD) of the right ear in 2016 according to the following Bárány Society diagnostic criteria for MD7: (1) Two or more spontaneous episodes of vertigo, each lasting 20 min to 12 h, (2) Low-medium frequency sensorineural hearing loss in one ear, defining the affected ear, on at least one occasion prior, (3) Fluctuating aural symptoms (hearing, tinnitus, or fullness) in the affected ear, (4) Not better accounted for by another vestibular diagnosis (7).

During the last 5 years she reported unilateral right fluctuating low and had mid-frequency hearing loss (Figure 1) with mild sensorineural hearing loss of the right ear (PTA 40 dB-HL). She had normal hearing of the left ear [pure tone average (PTA), 20 dB-HL according to BIAP 2017 (www.biap.org)]. During this 5-year period, the fluctuating hearing loss on the right was accompanied by recurrent vertigo attacks lasting 30–60 min with tinnitus and fullness in the right ear. These attacks occurred monthly before medical treatment. Good control of vertigo attacks was achieved with Betahistine (16 mg every 8 h) and four doses of intratympanic corticoid of Dexamethasone (1.5 ml with a dilution of 15 mg/ml) to the right ear on two occasions (2017 and 2019). In the most recent consultation, she reported occasional vertigo attacks with mild instability, which did not interfere with her daily life. The cerebral and posterior fossa magnetic resonance images showed no alterations; also, no other general or neurological symptoms were presented during the 5-year period.


[image: Figure 1]
FIGURE 1. Right and left pure tone air-conduction audiograms from the last 3 years. Unilateral right fluctuating low and mid-frequencies hearing loss with a PTA 40 dB-HL is present at testing in 2019, 2020, and 2021 while normal hearing was obtained in left ear on these occasions with a PTA of 20 dB-HL. Hearing loss levels and PTA calculation methods according to BIAP 2017 (www.biap.org).


On physical examination, bilateral otoscopy was normal and her smooth pursuit appeared normal at bedside testing. On horizontal head impulse testing with the instruction to fixate an earth fixed target, she showed corrective saccades when her head was turned to the affected (right) side (Supplementary Video 1), but no corrective saccades for leftwards head impulses. vHIT testing using ICS Impulse system showed exactly what was happening. During rightwards head impulses the patient had enhanced slow phase eye velocity (i.e., with eye velocity greater than head velocity, so VOR gains for the right were >1) (Figure 2, Supplementary Video 2). VOR gain was calculated using the area under the desaccaded eye velocity record divided by the area under the head velocity curve for VOR gain measurement as is standard for the ICS Impulse system. Figure 1 shows that at the end of each rightward head impulse there was a corrective saccade which acted to eliminate the gaze position error caused by the enhanced eye velocity and so this saccade is compensatory. As is clear from Figure 1, saccades rarely occurred during the rightward head turn, so desaccading was not required for VOR gain calculation. The measured VOR gain for rightward impulses was 1.17, and for leftward impulses was 0.89. As discussed above, we termed this unusual saccade a “backup saccade” to distinguish it from the usual overt or covert saccades, which act to correct for gaze position error when there is reduced slow phase eye velocity in patients with vestibular hypofunction. The backup saccade acts to correct gaze position error, with the key point being that here the gaze position error is due to vestibular hyperfunction rather than vestibular hypofunction. That result is very clearly shown by the eye position records (Figure 4).


[image: Figure 2]
FIGURE 2. Rightward video head impulse test responses performed during the patient's most recent test (2021). The eye velocity (orange) is enhanced compared to head velocity (blue). This will result in the eye being off target and in order to correct that gaze position error (Figure 4) the eye makes a compensatory backup saccade. (A) All the right-side impulses are plotted with backup saccades present on all impulses. (B) A single rightward head impulse to show the onset of the backup saccade exactly.


This patient also showed backup saccades during rightward head movements in low frequency visual vestibular (VVOR) testing (Figure 3) at a frequency of 1.84 Hz. The measured VOR gain on the right side was 1.07 and 0.91 on the left (using the gain calculation method published by Rey-Martinez et al. and Soriano-Reixach et al. (2, 8).


[image: Figure 3]
FIGURE 3. Time series of head and eye velocity during the visual vestibular-ocular (VVOR) interaction test at 1.84 Hz. There is evidence of enhanced eye velocity for rightward head turns and backup saccades are present in each rightward head turn. Normal eye velocity responses occur for leftward head rotations. In this VVOR figure, negative velocity values are assigned to right direction movement velocity. The VOR gain for the right and left sides were 1.07 and 0.91, respectively.


The backup saccade we report here is distinctly different from the anticompensatory quick eye movements (ACQEM) reported by Heuberger et al. (1) during head impulse testing of some patients with Meniere's Disease for the following reasons;

ACQEMs occur during the head impulse and take the gaze off the target, in the direction of the head velocity and so are anticompensatory in the sense that the ACQEM will take gaze off the fixation target and so require a corrective saccade at the end of the head impulse to return gaze to the earth fixed target. These corrective saccades after ACQEMs are clearly shown in Heuberger Figure 1. In contrast, backup saccades occur at the end of the head impulse and return gaze to the target directly and so are compensatory. They act to correct the gaze position error entailed by enhanced eye velocity during the head impulse (Figures 2, 4).

The latency for the ACQEM is consistently around 96 ms from the onset of the head impulse by Heuberger et al. (1), whereas the backup saccade has a longer variable latency of around 150–200 ms (see Figure 1).


[image: Figure 4]
FIGURE 4. Time series plots of eye velocity and corresponding eye position during a single rightward head impulse to show how the backup saccade corrects for the gaze position error. In (A), the enhanced eye velocity (red shadow brush) is followed at the end of the head impulses by a backup saccade (black shadow brush). In (B), head and eye position during the impulse are plotted. The dashed line shows eye position without backup saccade.


We also note that the backup saccade is distinctly different from the very early compensatory “saccade-like” response reported by Curthoys et al., in some MD patients with enhanced eye velocity (3). The latency of these “saccade-like” responses is very short and much shorter than ACQEMs and backup saccades, as well as being in the opposite direction to ACQEMs. In the Curthoys et al. study, it was suggested that the enhanced eye velocity might be due to hydrops, in accord with the effect of glycerol and modeling and imaging data (9). However, another possibility is that cerebellar dysfunction could result in enhanced VOR gain (5). Alternatively the enhanced eye velocity may be due to a calibration error (6). That is unlikely because it would affect both leftward and rightward eye velocity responses, whereas backup saccades were only found on rightward head impulses.

In the clinical series published by Vargas et al. it was reported that of 56 patients with MD, 39.6% of them had enhanced VOR responses on vHIT testing, but in most of these cases with enhanced VOR gain none presented backup saccades as reported here. Only two cases in that clinical series (one of them being the case presented here), had evident backup saccades (i.e., only 8.6% of the MD patients with enhanced VOR gain on vHIT). Why are backup saccades not more commonly seen in patients with enhanced eye velocity? It has been suggested that this could be due to the very different eye velocity trajectories during the increasing head velocity and decreasing head velocity phases of the head impulse [Curthoys et al. (3); Figure 1]. It may be that the eye position error during the acceleration phase may be partially corrected by the eye position error during the deceleration phase, resulting in such a small final eye position error that it is not necessary for any correction.

The main limitation of this case report is the possible effect of left eye amblyopia on right eye recorded vHIT responses. At this moment, we did not find any bibliographic reference about the possible effect of contralateral amblyopia on vHIT testing, but this and many of the previous discussed questions should be investigated on further research as other possible cause associated with the reversed backup saccades.

A recent report confirming the presence of very early saccade responses during active head impulses has highlighted the future need for detailed examination of these various saccades or saccade-like responses during head impulse testing, including consideration of a factor which has been shown to affect saccades—the patient's age (10, 11).



CONCLUSION

Backup saccades can be observed in some MD patients with enhanced eye vHIT responses. These backup saccades are compensatory but are in the opposite direction to the usual compensatory saccades recorded in patients with reduced vestibular function.
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Supplementary Video 1. Examples of backup saccades during rightward head impulses.

Supplementary Video 2. External video of vHIT testing. Backup saccades are evident in the absence of observable recording artifacts such as google slippage.
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Objective: Endolymphatic sac surgery is effective in treating intractable Meniere's disease (MD), but the underlying mechanism is still unknown. Our study investigated the mechanism by which endolymphatic sac-mastoid shunt (EMS) surgery is effective in treating MD by means of imaging.

Methods: The experiment included 19 patients with intractable MD who underwent 3D-fluid-attenuated inversion recovery (FLAIR) MRI with a 3-Tesla unit 6 h after intravenous administration of gadolinium, before EMS, and 2 years after the surgery. The enhanced perilymphatic space in the bilateral cochlea, vestibule, and canals was visualized and compared with that in the endolymphatic space by quantitatively scoring the scala vestibuli of the cochlea and by measuring the developing area of the vestibules quantitatively.

Results: Gadolinium was present in the perilymph of the inner ear in the cochlea, vestibules, and canals of all patients. At the 2-year follow-up, 14 (73.68%) patients had vertigo control. Both before and 2 years after surgery, significant differences were observed in the scala vestibuli scores and the area of vestibular perilymph between the affected and healthy sides. The scala vestibuli scores and the area of vestibular perilymph, however, did not differ when comparing them before and after surgery.

Conclusions: According to our results, endolymphatic hydrops was not significantly reduced by surgery. The mechanism by which EMS controls vertigo might be unrelated to the improvement in hydrops.

Keywords: imaging, analysis, Meniere's disease, endolymphatic sac-mastoid shunt, surgery


INTRODUCTION

Endolymphatic hydrops was definitively diagnosed only by histopathological examination after death until Gadolinium (Gd)-enhanced inner ear MRI was introduced. Following intratympanic Gd injection, a 3-T MRI scan showed the first distinct images of endolymphatic hydrops in a patient with Meniere's disease (MD) in 2007 (1). Later, Nakashima (2) proposed a three-stage grading system for hydrops by evaluating the vestibular space and cochlea via dilated endolymphatic spaces and detected a percentage of endolymphatic hydrops that ranged from 47% (3) to ~90% (4–6) on the symptomatic side, and an elevated percentage also in the asymptomatic ear. Fukuoka also used 3D-fluid-attenuated inversion recovery (FLAIR) MRI following bilateral intratympanic Gd to semi-quantitatively evaluate endolymphatic hydrops in patients with MD (7). None of the patients who underwent this imaging method experienced any changes in hearing level or new-onset tinnitus, suggesting that this technique is a safe and powerful tool for the diagnosis of MD.

Endolymphatic sac surgery, first described by Portmann in 1927 (8), has been used to treat patients with medically refractory MD (9). Technical details of sac surgery can vary and include decompression of the sac alone, placement of a shunt between the endolymphatic sac and cerebrospinal fluid (CSF) space, and placement of a shunt between the endolymphatic sac and the mastoid air cells (endolymphatic sac-mastoid shunt; EMS). Endolymphatic sac shunt procedures became popular in the 1960s, following the success of the House's subarachnoid shunting procedure. However, the mechanism of EMS for this disease remains unclear. By comparing the imaging results before and after EMS surgery, we aimed to investigate the mechanism by which it is effective in vertigo control. Although some scholars have studied the mechanism of sac surgery by imaging, the results varied and the mechanism remained unclear.



MATERIALS AND METHODS


Clinical Data

According to the diagnostic criteria formulated by the Classification Committee of the Bárány Society, 19 patients clinically diagnosed with unilateral Meniere's disease and admitted to the Department of Otolaryngology-Head and Neck Surgery of Shandong Provincial ENT Hospital between January 2017 and January 2018 were enrolled in our study. The selection criteria were as follows: (1) All patients had a diagnosis of unilateral definite Meniere's disease; (2) brainstem audiometry and brain magnetic resonance scans were used to rule out cerebellopontine angle tumor or other intracranial diseases; (3) middle ear disease was ruled out. The exclusion criteria were as follows: (1) Patients who had a history of allergy of Gd or pregnancy were prohibited from parting in this study; (2) Patients were excluded if they had undergone previous surgical treatment for the inner disease. The average age of the group was 47.21 ± 5.39, with nine men and 10 women. The number of vertigo spells and the hearing levels of each case is listed in Table 1. All patients had received standard medical treatment for at least 1 year but continued to experience recurrent vertigo. They agreed to undergo EMS surgery and to participate in this study, by providing written informed consent. Before the surgery and 2 years after it, all patients received intravenous Gd injection, followed by 3D-FLAIR MRI.


Table 1. Patient demographics, PTA (before and after surgery), and vertigo class.
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EMS

After complete mastoidectomy under general anesthesia, the sigmoid sinus and posterior fossa dura were skeletonized. The horizontal and posterior semi-circular canals were identified. The endolymphatic sac was identified as a thickened portion of the dura, usually deep and inferior to the posterior semicircular canal, anterior to the sigmoid sinus, and superior to the jugular bulb. The lateral aspect of the sac was incised, and a silver clip was placed into the sac, extending into the mastoid cavity.



Imaging Method

A total of 19 patients underwent intravenous injection of Gd (0.4 ml/kg). We obtained 3D-FLAIR MRI scans 6 h after injection using a GE Discovery 750w 3T MRI scanner with an eight-channel phased-array coil. The parameters for 3D-FLAIR included: repetition time (TR) = 9,000 ms, echo time (TE) = 82.3 ms, inversion time (TI) = 2,500 ms, echo train length (ETL) = 140, BW = 35.7 kHz, matrix size = 256 × 256, number of excitation (NEX) = 2, slice thickness = 1.6 mm, field of view (FOV) = 20.5 cm × 17.4 cm, and a scan time of 5 min 46 s. The parameters for 3D-T2 weighted scan included: TR = 2,500 ms, TE = 102 ms, ETL = 120, BW = 41.7 kHz, matrix size = 256 × 256, NEX = 2, slice thickness = 1 mm, FOV = 20.5 cm × 17.4 cm and a scan time of 2 min 41 s. Two experienced radiologists blinded to the patient diagnosis independently reviewed the 3D-FLAIR axial findings of the bilateral inner ears of all patients. Scores for the cochlea were as follows: (1) a score of 2 indicated that the scala tympani/scala vestibuli had developed well; (2) a score of 1 indicated that the scala tympani/scala vestibuli had developed uneven or thinner; (3) a score of 0 indicated that the scala tympani/scala vestibuli was unclear or could not be visualized. Briefly, the scope of imaging was the perilymphatic area of the largest imaging section of the bilateral vestibules. Areas for the vestibule perilymph were calculated as the mean of three measurements (area of perilymph = the entire area of the vestibule – area of endolymphatic) (Figure 1). In a preliminary study, 32 patients with unilateral MD were intratympanically injected with Gd, followed by 3D-FLAIR MRI, which showed significant differences in scala vestibuli scores but not scala tympani scores, and area of vestibular perilymph on the affected and healthy sides (10). Therefore, this study measured scala vestibuli scores and area of vestibular perilymph for the purpose of grading. We reconstructed the images of 3D-FLAIR by using Volume View processing technology.


[image: Figure 1]
FIGURE 1. The 3D-fluid-attenuated inversion recovery (FLAIR) MRI views of a 50-year-old woman with Meniere's disease (MD) on the right side before and after surgery. The long-term control of vertigo 2 years after the operation was class A. (A) MRI before the operation, the red line indicated the entire vestibular area, while the blue line indicated the endolymphatic area. The low density of the vestibular on the right was larger than the left, showing vestibular hydrops on the right side. (B) MRI after the operation, the low density of the vestibular on the right was still larger than the left, but did not vary after surgery. This result indicated the vestibular hydrops was not alleviated before and after surgery.





Statistical Analysis

All statistical analyses were performed using SPSS 17 statistical software. Scala vestibuli scores were compared using the Wilcoxon signed-rank sum tests, and the area of vestibular perilymph was compared using paired sample t-tests. Before and after surgery, scala vestibuli scores were compared using the Mann-Whitney U test, and area of vestibular perilymph using paired sample t-tests. Measured values are expressed as mean ± SD. All statistical analyses were performed with a P-value < 0.05, which was considered statistically significant.




RESULTS

Gadolinium (Gd) was observed in almost all parts of the perilymph in the cochlea, vestibule, and canals of 19 patients. Our measuring method was based on the earlier method proposed by Nakashima in 2009 but was not identical. Before surgery, the scala vestibuli score on the affected side was 0.57 ± 0.52, and 1.66 ± 0.5 on the healthy side. On the affected side, the area of vestibular perilymph was 5.73 ± 2.99 mm2, while it was 8.89 ± 2.52 mm2 on the healthy side. The differences in scala vestibuli scores (Z = 3.426, P < 0.05) and area of vestibular perilymph (t = 2.65, P < 0.05) on the affected and healthy sides were statistically significant.

Two years after EMS, the scala vestibuli score on the affected side was 0.64 ± 0.67, and 1.64 ± 0.67 on the healthy sides. At this time, the area of vestibular perilymph on the affected side was 5.7 ± 2.89 mm2, while it was 8.52 ± 2.54 mm2 on the healthy side. The differences in scala vestibuli scores (Z = 2.869, P < 0.05) and area of vestibular perilymph (t = 2.39, P < 0.05) on the affected and healthy sides were also statistically significant. The differences in scala vestibuli scores before and after surgery on both the affected (Z =0.447, P > 0.05) and healthy (Z = 0.000, P > 0.05) sides, however, did not differ significantly. Similarly, the area of vestibular perilymph before and after surgery on both the affected (t = 0.74, P > 0.05) and healthy (t = 0.66, P > 0.05) sides did not differ significantly. The detailed data of scala vestibuli scores and area of vestibular perilymph of 19 patients before and after surgery were shown in Tables 2, 3. Among the 19 patients, nine patients (47.37%) achieved class A control, and five patients (26.32%) achieved class B control.


Table 2. Preoperative and postoperative 3D-FLAIR MRI comparison of the affected and healthy sides of 19 patients with Meniere's disease (x ± s).
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Table 3. Detailed data of 19 patients.
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DISCUSSION

Meniere's disease (MD) is a complicated inner ear disease, and endolymphatic hydrops is thought to be the pathological basis for this condition. As we could not visually observe hydrops in vivo, imaging methods have been applied to detect the condition of endolymph, perilymph, and endolymphatic sac hydrops. Both 3D-FLAIR and 3D-real IR (inversion recovery) MRI can differentiate the endolymphatic space from the perilymphatic space, but the latter is not as sensitive as the former to the low density of Gd, so we used 3D-FLAIR MRI as the preferred imaging method (11, 12). However, some authors have questioned this imaging method because inversion time can affect the area of the endolymphatic space (13, 14), so different inversion times could result in differences in imaging results and accordingly affect the assessment of hydrops. Liu applied 2,350 ms as the inversion time to detect the condition of hydrops in patients with endolymphatic shunt surgery, and in this study, they found that patients who underwent shunt surgery continued to have endolymphatic hydrops (15).

The mechanism of sac surgery for vertigo control remains unclear. Gibson reported that an abnormal fluid in the inner ear caused the endolymphatic sac to secrete glycoproteins, causing drainage of the endolymph toward the sac by which vertigo is caused (16). Scholars have questioned that if hydrops can be alleviated, symptoms such as vertigo, ear fullness, or tinnitus can be controlled. However, a post-mortem histopathological study of the temporal bone of 15 patients who had undergone EMS found endolymphatic hydrops in all patients (17). Interestingly, although the endolymphatic sac was not exposed in five of these patients, four experienced postoperative control of vertigo. In the other eight patients, the endolymphatic sac was exposed, but the drainage tube was not embedded in the endolymphatic sac cavity; of these eight patients, four showed postoperative control of vertigo. In only two patients, the endolymphatic sac was exposed, and the drainage tube was embedded in the cavity of the endolymphatic sac, but neither of them showed postoperative vertigo control. Therefore, the control of vertigo was not related to the condition of the endolymphatic sac. This procedure may only reinforce the vertigo threshold. In 1977, Torok suggested that the placebo effect might be a factor in vertigo control (18). Thus, in conclusion, endolymphatic sac surgery was found to not control vertigo by relieving hydrops.

Following the changes in imaging parameters before and after EMS surgery, we found that the mechanism of vertigo control was not due to the improvement in hydrops. In 2013, Uno et al. reported changes in endolymphatic hydrops after endolymph sac surgery, which were observed with 3D-FLAIR MRI after intratympanic injection of Gd. Although only 28.6% of patients had negative hydrops after sac surgery, all patients had vertigo suppression. However, in 2014, Liu (19) found that endolymphatic hydrops in the cochlea and vestibule improved 3 months after endolymphatic sac decompression, which is contrary to our results. This result might have been due to the different surgical approaches and observation times. Pender performed a meta-analysis of MD to demonstrate that endolymphatic hydrops began in the cochlea, followed by the saccule, utricle, ampullae, and finally affected the semi-circular canals (20). This finding might have affected our results because we chose the timepoints as before surgery and 2 years after surgery for comparison. Moreover, the extent of hydrops was reported to be unrelated to the surgical approach or the condition of sac exposure, confirming that endolymphatic sac surgery could not relieve hydrops but could control vertigo (18).

In conclusion, our findings indicate that the mechanism of EMS surgery does not involve the improvement of hydrops. In the future, the further examination must be conducted in clinics to confirm the relationship between endolymphatic hydrops and vertigo control, and to provide new theories for the mechanism of MD. As for the potential of surgery to affect hydrops, a large number of cases with or without surgery should be accumulated, and further comparisons should be made.
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Improved radiological examinations with newly developed 3D models may increase understanding of Meniere's disease (MD). The morphology and course of the vestibular aqueduct (VA) in the temporal bone might be related to the severity of MD. The presented study explored, if the VA of MD and non-MD patients can be grouped relative to its angle to the semicircular canals (SCC) and length using a 3D model. Scans of temporal bone specimens (TBS) were performed using micro-CT and micro flat panel volume computed tomography (mfpVCT). Furthermore, scans were carried out in patients and TBS by computed tomography (CT). The angle between the VA and the three SCC, as well as the length of the VA were measured. From these data, a 3D model was constructed to develop the vestibular aqueduct score (VAS). Using different imaging modalities it was demonstrated that angle measurements of the VA are reliable and can be effectively used for detailed diagnostic investigation. To test the clinical relevance, the VAS was applied on MD and on non-MD patients. Length and angle values from MD patients differed from non-MD patients. In MD patients, significantly higher numbers of VAs could be assigned to a distinct group of the VAS. In addition, it was tested, whether the outcome of a treatment option for MD can be correlated to the VAS.

Keywords: vestibular aqueduct (VA), 3D analysis, temporal bone, saccotomy, computed tomography, Meniere's disease


INTRODUCTION

Meniere's disease (MD) typically presents as attacks of vertigo lasting from minutes to hours, fluctuating hearing, tinnitus and aural pressure. Variations in these symptoms can make the diagnosis difficult in some cases (1). There are different theories on the pathogenesis of MD based on the endolymphatic hydrops (EH) theory. EH describes an increase of the endolymph inducing an expansion of the cochlear endolymphatic space, resulting in a protrusion of Reissner's membrane into the scala vestibuli.

One hypothesis is, that the EH is triggered by a disturbed absorption of endolymph in the endolymphatic sac (ES). This might happen in patients with a reduced sac lumen, a constricted ductal lumen or a scarred sac.

Another theory states, that the increase of endolymph can also be caused by a disturbance of the active ion transport, which is essential for the composition of the endolymph, resulting in a calcium-rich endolymph and a disturbed electrochemical potential (2). This theory is underlined by the fact, that in patients suffering from MD, the stria vascularis, which regulates the ion concentration, has shown an altered blood supply (3).

In addition, there are different theories attempting to explain how an MD attack develops. An acute attack might occur, when endolymph and perilymph mix due to a permeability disturbance of the inner ear barriers or a rupture of the Reissner's membrane (4). An additional theory postulates, that an MD attack can also occur as a result of blockage of the endolymphatic duct, causing the endolymph to flow in the utricle through the valve of Bast, resulting in vertigo (5).

For diagnosis of MD the AAO-HNS criteria from 1995 (6), later revised in 2015 by the Barany society (7), are commonly used. Based on the duration of vertigo, documented low- to mid-frequency hearing loss and fluctuating aural symptoms like tinnitus or hearing, the patient is categorized in definite or probable MD. Alternatively the Gibson score, which is a 10-point scale of the classical MD symptoms (vertigo, aural fulness, tinnitus and hearing loss) can be used (8).

In addition to the above mentioned clinical symptoms electrocochleography (EcochG) can help in the diagnosis of MD. EcochG refers to the recording of the acoustic evoked cochlear potentials generated by the outer hair cells as well as the auditory nerve action potential. In MD the presence of EH can be evaluated using this technique (9).

3-Tesla-MRI has also proved to be of value in detecting the presence of EH. By local or intravenous application of Gadolinium (Gd), the endolymph can be distracted from the perilymph, since the endolymph has different characteristics of Gd uptake, resulting in an endolymph notch in the Gd rich perilymph (10–12).

Studies have also shown a genetic link to the development of MD. This type of MD, the familial MD, can be linked to different mutated genes or alleles (13).

For MD there are several treatment options, depending on the extent and severity of the symptoms. The current guidelines initially suggest drug therapy. Betahistine in combination with antiemetics and antinauseants for the acute seizure showed good results (14). In case of persistent symptoms, the next step can be a function preserving operation, like the saccotomy, in which the ES is decompressed or opened. This therapy has been reported to be satisfactory, if the ES is not fibrous (15). Another option is transtympanic Gentamycin application, which selectively affects the sensory epithelium of the vestibular organ (16). This mode of therapy results in good vertigo control, with only low risk of consecutively hearing loss (14). When all treatment modalities fail, a neurectomy of the vestibular nerve, or if the patient has already lost hearing, a complete extraction of the membranous labyrinth can be done (17).

The vestibular auquaeduct (VA) is a bony channel that runs from the vestibulum of the inner ear, to the posterior surface of the petrous bone. The VA has an average length of about 6.95–11.86 mm (18, 19) and is divided into proximal short and longer distal parts, which are both positioned at an angle of 90–135° to each other (20). The VA contains the endolymphatic duct (ED), which is filled with endolymph and ends blind as the endolymphatic sac (ES) in a dura duplication. The ES is divided into a proximal, middle (pars rugosa) and distal part. The pars rugosa represents the active part, with a multi-layered secretory epithelium (21). As reported by Eckhard et al. (22), the epithelium of the ES is important for maintaining Na+ concentration of the endolymph and volume balance. In addition, this study was the first to describe that the VA in MD patients can be classified into 2 groups; developmentally hypoplastic and degenerative, depending on the angle of the entry and the exit. Particularly noticeable were VA of the hypoplastic type, as these were exclusively found in MD patients with an angle of >140° (20, 22). The authors proposed that due to the reduced area of the epithelium, EH can occur. Similar findings have been previously published describing that the size of the VA influences the extent of the ES (23) and is reduced in MD patients, specifically in volume and length (18, 19). The epithelial layers of the ES in MD have also been described to be pathologically altered. Ikeda and Sando (23) found fibrotic changes with much higher rates in the VA of MD patients.

Based on these studies, the aim of the present paper was to investigate VA morphology using different imaging modalities. For reference, micro-CT was applied and compared to two different clinically available imaging modalities; micro flat panel volume computed tomography (mfpVCT) and multi-slice computed tomography (CT). From these data a clinically suitable model for grouping the VA morphology according to a newly developed “vestibular aqueduct score” (VAS) was developed by application of a virtual 3D model based on the angle relative to the semicircular canals (SCC). Furthermore, it was evaluated, as a first test of the VAS whether the score might be used to group the outcome of patients who were treated by saccotomy, with respect to their success in reduction of symptoms.



METHODS


Temporal Bone Specimens

Temporal bone specimens (TBS) were used for the development of this specialized methodology. Ten TBS were scanned in an experimental micro-CT with a slice thickness of 18 μm, which served as a reference. In addition, 37 specimens were examined by CT with a slice thickness of 600 μm, plus an additional mfpVCT scan with 197 μm slices. There were 35 specimens from the right side, and two from the left side.



Patient Selection

For control measurements, 42 CT temporal bone scans were used from selected patients with normal hearing and vestibular function. All patients received radiological imaging prior to middle cranial fossa operations for vestibular neurinoma surgery of the contralateral ear. In addition, 52 patients, who had a confirmed MD diagnosis according to the AAO-HNS classification (24), Gibson Score (25) or positive Ecohgh results for MD, were selected for the study group. All 52 patients were treated by saccotomy (26) and were examined by CT and cranial magnet resonance imaging for exclusion of a retrocochlear lesion. Anamnestic data were used and stored anonymously. The study was conducted in concordance with local guidelines and principles of the Declaration of Helsinki and Good Clinical Practice and was approved by the local ethics committee at the University of Würzburg (20191127/02).



Imaging

Micro-CT measurements were performed using a MetRIC setup with the following parameters: Tube voltage = 120 kV; power = 4 W; exposure time = 200 ms; 15 averaged images; 2 mm aluminum and 0.38 mm silicon filters; slice thickness = 18 μm (27). CT scans were recorded by the multi-slice scanner SOMATOM Definition AS+ (Siemens Healthcare AG) with the following parameters: Tube voltage = 120 kV; tube current = 38 mA; pitch = 0.55; collimation = 0.6 mm; slice thickness = 600 μm. mfpVCT scans were performed on an Axiom Artis (Siemens Healthcare AG) using the following parameters: 20s DynaCT head protocol; tube voltage = 109 kV; tube current = 42 mA; pulse length = 3.5 ms; rotation angle = 200°; frame angle step = 0.4°/frame; slice thickness = 197 μm.



Imaging Processing

The images were saved as DICOM files and imported into the Horos® Medical Viewer (version 3.3.5) and 3D Slicer® (version 4.10.2) for processing. The 3D Curved MPR (multiplanar reconstruction) function in Horos® was used to determine the length of the VA from the entrance at the vestibule up to the exit at the ES. The axial plane was always selected as the display plane (Figure 1). Each point was placed in the middle of the lumen.


[image: Figure 1]
FIGURE 1. Comparison of the imaging techniques of the same TBS. (A–C) Images of different image quality [(A) = CT 600 μm; (B) = mfpVCT 197 μm 600 μm; (C) = micro-CT 18 μm]. VA seen in its full length in the axial plane. (E–G) 3D model created with the 3D slicer software using the segment editor tool. [(D) = CT; (E) = mfpVCT; (F) = micro-CT]. (G) Presentation of the angle measurement technique.


The freely available software 3D Slicer® was used to create a 3D model of the inner ear. As described in the work of Dhanasingh, Dietz (28), the Segment Editor Tool was used as the basis for creating a 3D model of the SCC and the VA. First, the region of the SCC and the VA was selected via the function “Crop Volume” and “Create New Annotation ROI” and cropped to this region with the settings Isotropic Spacing, Spacing Scale 0.5, Interpolator Linear and Interpolated Cropping. In the Segment Editor, the threshold function can then be used to adjust the gray value so that the SCC and VA are marked as accurately as possible. The marked threshold range was saved as a mask (“Use for masking”) and manually traced. This process was always done in the axial plane first and then in the other planes. With the existing 3D model (Figure 1), the extension “Angle Planes” made it possible to define 2 planes, and to measure an angle between these planes using the Python Interactor (Text Code Angle 3D Slicer) (29). With respect to the planes, both the cutting plane of the VA and one of the SCC were used, and then the angle in between was then measured (see Supplementary Video 1).



Saccotomy

The standard procedure of saccotomy includes an antrotomy followed by a mastoidectomy with thinning out the bone over the dura of the posterior fossa and exposing the sigmoid sinus. For identification of the ES, the lateral SCC is thinned out until the endost and the so called “blue line” is visible. Then the posterior semicircular canal and its endost are identified. Afterwards the posterior SCC is hypothetically bisected by a line, drawn in the same direction as the blue line of the lateral SCC. The ES can be than be identified dorsally to the caudal half of the posterior SCC and medially to sigmoid sinus as a duplicate of the dura. Finally, the ES is slit to open, and a silicone triangle inserted, which results in permanent drainage of perilymph from the ES into the mastoid.



Statistical Analysis

Descriptive data analysis (mean value, 95% confidence interval (CI) and standard deviation) was performed with Microsoft Excel. The paired T-test and the two-sample T-test were employed to test for statistical significance. Null hypothesis was rejected if p was determined smaller than 0.05. In addition, the intraclass correlation (ICC) and Cronbach alpha were evaluated using SPSS (IBM). According to Koo and Li (30), a correlation of >0.9 for the ICC was considered to be adequate. As a test model, two-fold mixed with absolute agreement and a confidence interval of 95% was used. For the Cronbach Alpha, values of α > 0.9 were considered to be highly reliable. When three or more groups were compared the one-way ANOVA was used. The 3D diagrams were created with Excel using a template (31), and for other diagrams Graphpad Prism 8.3® was used.




RESULTS


Comparison of Angle and Length of the VA Between Micro-CT and mfpVCT in TBS

To establish the method, angle measurements of the VA in relation to all the SCC were performed in 10 TBS scanned by micro-CT images (18 μm). In addition, mfpVCT (197 μm) was performed which is the imaging modality with the highest possible resolution in humans. Data are presented in Table 1.


Table 1. Anamnestic data of saccotomy patients before and after surgery.

[image: Table 1]

All measurements were performed twice to check reliability. Evaluation of the T-test with dependent samples of the 1st and 2nd test series from both recordings consistently showed no statistically significant differences (micro-CT: p = 0.46, ICC = 0.99, α = 0.99; mfpVCT: p = 0.15, ICC = 0.99, α = 0.99) and a difference of 0.3° for micro-CT and mfpVCT, so the null hypothesis was accepted.

When comparing the results of angle measurements of the micro-CT and mfpVCT images, there were no significant differences (lat SCC: difference = 0.07°, p = 0.94; post SCC: difference = 1.7°, p = 0.11; ant SCC: difference = 0.3°, p = 0.43). Thus, the mfpVCT images can be used as a reference. The intraclass correlation and the Cronbach alpha were also evaluated and showed a correlation coefficient of greater than 0.9 (ICC = 0.98–0.99) and α > 0.9 (α = 0.97–0.99) when comparing the series of measurements and comparing micro-CT to mfpVCT, which complies with a very reliable result (Figure 2A).


[image: Figure 2]
FIGURE 2. Results of angle and length measurements of the TB specimen in comparison with the different image techniques. (A) mfpVCT and micro-CT (n = 10), (B) mfpVCT and CT (n = 37), and (C) Correlation of length and angle of the lateral SCC and the VA. *p < 0.05.


The comparison of the VA length determination of micro-CT and mfpVCT showed no significant differences (difference = 0.5 mm, p = 0.1, ICC = 0.93, α = 0.92). The values of the micro-CT were slightly longer than those of the mfpVCT since the exact entry into the vestibule is shown only in the micro-CT (Figure 1D). Nevertheless, the mfpVCT is sufficiently accurate (Figure 2A).



Comparison of Angle and Length Between mfpVCT and CT in TBS

Normally, only lower-resolution images of patients are clinically available, so it was necessary to check whether the results of the high-resolution TBS images were consistent even with thicker layers. To investigate this, 37 TBS (including the 10 TBS scanned by micro-CT) were scanned by mfpVCT and CT. All data are presented in Table 1.

The angle measurements were performed twice with the result that both series were nearly identical (CT: difference = 0.3°, p = 0.2, ICC = 0.98, α = 0.99). The measurements of the angle in CT showed no significant differences compared to mfpVCT (lat SCC: difference = 0.1°, p = 0.87; post SCC: difference = 1.1°, p = 0.15; ant SCC: difference = 0.8°, p = 0.2; α = 0.94–0.97, ICC = 0.94–0.97). The comparison of the length determination of mfpVCT and CT showed significantly shorter values in CT (difference = 0.5 mm, p = 0.03, ICC = 0.88, α = 0.87) (Figure 2B).

A correlation analysis was performed between the length of the VA and the respective angle. Only for the lateral SCC there was a clear tendency (r2 = 0.32, p = 0.0003), showing that with a higher angle, the VAVA were relatively smaller. For the other SCC, there was no correlation (r2 = 0.17, p = 0.03) (Figure 2C).



Angle and Length Measurements in Patients

Measurements in patients were performed in CT scans. The VA length in non-MD patients was 9.3 mm (range: 5–16.1 mm, SD: 2.4 mm, 95% CI: 8.8–10.4 mm), and the angle to the lateral SCC was 55° (range: 35.6–92.6° mm, SD: 13°, 95% CI: 52.5–60.8°), the posterior 93.9° (range: 79.6–147.1°, SD: 14°, 95% CI: 92.6–102.1°) and the anterior 43.7° (range: 30.3–59.2°, SD: 7°, 95% CI: 41–45.6°).

The VA length in MD patients was 7.9 mm (range: 3.6–13.0 mm, SD: 2.4 mm, 95% CI: 7.3–8.6 mm). The angle to the lateral SCC was 71.4° (range: 29.5°–125°, SD: 19.4°, CI: 67.1°–77.5°), the posterior 102.7° (range: 57.5°–157.8°, SD: 20.8°, CI: 97.9°–109.6°), and the anterior 37.8° (range: 4.4°–75°, SD: 15.2°, CI: 33.2°–41.7°).

In comparison with the non-MD patients, there is a significant difference between the results of the lateral SCC (difference: 16.4°, p = 0.0001), the anterior SCC (difference: 5.9°, p = 0.03) and length (difference: 1.4 mm, p = 0.03). For the posterior SCC (difference: 8.8°, p = 0.1) no significant difference was found (Figure 3).


[image: Figure 3]
FIGURE 3. Results of angle and length measurements of MD and non-MD patients in comparison. Width of the bars show the distribution. Differences between the measurements were significant for the lateral and anterior SCC and the length between MD and non-MD patients. *p < 0.05; **p < 0.01; ****p < 0.0001.




Development of the VAS

To facilitate the comparison of the angle measurement results of the VA, a score was developed using the mean value and twice the standard deviation of the angle measurements to form a 3D diagram, and then dividing this into 8 cubes which represents the various VAS groups. Therefore, all SCC angle results could be represented in one value and results were categorized. Each axis of the 3D diagram was divided into lower and higher than the mean value to obtain 8 groups (Figure 4). The averaged mean value of all non-MD VA and TBS was used, which included 79 datasets. These were 51.13° ± 20.4° (2x SD) (range: 35.6–92.6°, SD: 10.2°, 95% CI: 49.7–54.3°) (lateral SCC), 92.63° ± 24.6° (2x SD) (range: 75–147.1°, SD: 12.3°, 95% CI: 89.6–95.1°) (posterior SCC) and 43.77° ±14° (2x SD) (range: 23.6–59.2°, SD: 7°, 95% CI: 42.1–45.3°) (anterior SCC).


[image: Figure 4]
FIGURE 4. VA score scheme as 3D diagram. Points mark the different VAS groups.




Assignment of the VA to the VAS

The VA of the 10 TBS, measured by micro-CT, were assigned to the respective groups 1–8 of the VAS: 1 (10%), 2 (10%), 4 (10%), 5 (20%), 6 (20%), 7 (10%), 8 (20%) (Figure 5A). The VA of the 37 TBS, measured by mfpVCT, could be matched to the respective groups 1 (5%), 2 (16%), 3 (2%), 5 (14%), 6 (5%), 7 (32%) 8 (26%) (Figure 5B). The non-MD VA could be matched to the VAS: 1 (29%), 2 (19%), 3 (5%), 4 (5%), 5 (7%), 6 (2%), 7 (14%), 8 (19%) (Figure 5C) and the VA of MD patients to the VAS: 1 (17%), 2 (44%), 3 (6%), 4 (17%), 7 (8%), 8 (8%) (Figure 5D). Analysis by heat map displayed an even distribution in TBS and non-MD patients, whereas VAS of MD patients grouped mainly in VAS 2.


[image: Figure 5]
FIGURE 5. Results of the angle measurements visualized in a 3D diagram. Colors represent the VAS group. (A) TBS micro-CT (n = 10), (B) TBS mfpVCT (n = 37), (C) non-MD patients (n = 42), (D) MD patients (n = 52), and (E) Distribution of each group according to the VAS. MD patients are concentrated in group 2, as compared to non-MD patients and TBS, where the distribution is more balanced.




Anamnestic Data MD Patients

The medical history of each patient was evaluated both preoperatively and postoperatively according to the scheme of the Gibson score and AAO-HNS criteria. Patients received an EcochG for diagnosis. This showed definite EH in 81.6%, marginal evidence in 12.2%, and no evidence of EH was found in 6.2% of the cases. The hearing level was also examined. The pure tone audiogram was evaluated at 500, 1,000, 2,000 and 4,000 Hz at initial evaluation, just before and after surgery. PTA4 hearing threshold (AC) of 46 dB HL was calculated at initial presentation and a PTA4 bone conduction threshold of 44 dB HL. This deteriorated until before surgery (time period 126 weeks) to 67 dB HL (AC) and 60 dB HL BC. Analysis of the data with ANOVA, showed a significant difference in the progression of hearing loss from initial hearing test to after surgery (p = 0.01).



Correlation VAS and Outcome Saccotomy

To apply the VAS in a clinical setting, MD patients who were operated by saccotomy were chosen. In every operation, it was possible to expose the ES. Results of the saccotomy were categorized as successful and not successful. The success criteria were defined as follows; patients who reported being completely free of vertigo or just mild persistent vertigo were considered successful. Patients who continued to suffer from dizziness (same or worse than before surgery) were considered unsuccessful.

Post-surgical evaluation timeframes were divided in to up to 6 weeks and more than 6 weeks after surgery. The success rate of the saccotomy in the observation period <6 weeks was 72% and more than 6 weeks, 64% (Table 1). In 8 patients, it was stated that the petrous bone was very compact, 11 patients had a fibrous sac.

To correlate the outcome of the saccotomy with the VAS, the success rate of each VAS group was calculated. The lowest success rate in the observation period <6 weeks was in VAS 8 with 50% and 2 with 70% (Figure 6A). After the period of 6 weeks, VAS 4 showed a success rate of only 33%. The other groups did not differ much (Figure 6B).


[image: Figure 6]
FIGURE 6. Outcome of the saccotomy compared to each VAS divided into 6 weeks before and after surgery. Successful outcome means that patients have not vertigo or better tan before operation. VAS 4 had the most patients with unsuccessful treatment.





DISCUSSION

In the present study, it was shown that it is possible to measure the angle of the VA relative to the three SCC in CT scans as a feasible and comparable method to other imaging modalities with higher resolution. The values were significantly different in MD patients compared to non-MD patients, which resulted in a different distribution of the VA according to a newly developed VAS score (Figure 5E). These results, and especially the improved method of grouping the VA with respect to their position to the SCC in the VAS offers a novel approach for more differentiated diagnostics of MD. It might also be of further clinical relevance since the newest theory of the cause of an MD attack is based on anatomical changes of the endolymphatic duct, in particular a reduction of the lumen, which results in overfilling of the endolymphatic sinus and a potential discharge of endolymph through the valve of Blast into to utricle (5). Consequently, the morphological changes might be more prominent in specific groups of the VAS, resulting in a higher rate of MD or an altered susceptibility to treatment options.

Many studies have already attempted to more accurately identify the pathophysiology of MD. Bachinger et al. (20) showed that the VA in MD patients can have a different position, and in other studies (22, 32, 33) it was recently shown that narrow bony VA favors EH, and thus the morphology of the VA plays a role in the expression of MD. These works were facilitated by new and improved imaging technologies such as high-resolution CT data.

A possible limitation of all radiologically based studies in the field of MD is the slice thickness of the images. Particularly when the slice thickness increases, the VA, with its very narrow lumen, is often not easily or no longer recognizable (Figure 1). In the study by Stahle and Wilbrand (19), only 65% of the VAs of the ears affected by MD were visible, whereas 81% of the VAs of the ear not affected by MD were clearly detectable. They stated that a better imaging technique is necessary to perform a reliable delineation of VAs. To further address this problem, different imaging modalities were investigated. It was shown that the angle of the VA to the SCCs can be detected without significant differences in CT, but the length differed significantly between mfpVCT and MSCT because of the reduced resolution. For this reason, the length of the VA was not used for the development of the VAS score.

To our knowledge, the measurement of the angles of VA to the 3 SCCs has not yet been published before. All SCCs were used as markers because they are at a constant angle to the axes of the body. As early as 1974, Wilbrand measured the angle between anterior SCC and VA (34). Thirty-five unselected temporal bones were examined, in which an average angle of 45° between the VA and anterior SCC was found. This corresponds very well with the results presented here (Table 1) and is a further confirmation that VA angle measurements provide reliable results. Another observation reported by his group was that longer aqueducts showed a smaller angle between the entrance and exit path of the VA compared to shorter aqueducts. The results showed that there was also a tendency toward a correspondence between angle size and length. Similar to the present study, a correlation between the angles of the lateral SCC and the length of the VA could be determined (Figure 2C), which shows that these two values are probably the two most important for identification of different anatomical variations of the VA.

Based on the results from the TBS, it was revealed that CT images with a higher slice thickness (600 μm), which are normally performed in the clinical setting, can be used to perform angle measurements and to create a 3D model. Both the results of the mfpVCT and the MSCT corresponded to the reference of the micro-CT.

For the 3D model, the mean plus two SD of angle measurements performed in non-MD patients and TB specimens (n = 79) was chosen since they represent VA not affected by MD. It cannot be ruled out that an MD patient could have potentially been included in the anonymously used TBS, but none of the angles were different from the group of non-MD patients, which represent a group of the contralateral side of vestibular schwannoma patients not suffering from MD. Consequently, the angle measurements of the 79 VA can thus be used as a control. The mean plus two SD was chosen since in normally distributed data, which the angle measurements are, this range represents 94.45% of the data. Following these statistical considerations, the VAS should be able to group the angle values of the VA in relation to the SCC in an appropriate mode. Indeed, this was shown by the fact that the VAS scores of the TBS and non-MD patients had a broad and even distribution, whereas 90% of MD patients were assigned to the groups 1, 2 and 8 (Figure 5E).

The results of the angle measurements showed significant differences between non-MD and MD VA with higher angle values to the lateral and posterior SCC and lower values to the anterior SCC in MD VA. Moreover, the standard deviation was higher in MD patients, because of a much larger range of the results.

Interestingly, there were 10 aqueducts within the MD group which were particularly noticeable with a very short length (<5.5 mm), and a flat angle to the lateral (<74°) and posterior SCC (<110°). They were assigned to group 2 and 4 of the VA score. They resemble the “hypoplastic” type described by Bachinger et al. (20). In their study, they divided the VA into hypoplastic and degenerative with respect to their angle between the entrance and exit of the VA. This allowed the two different types of disease pathologies to be distinguished. In this method of classification, only the group of hypoplastic VA can be clearly assigned to MD, since the form of the degenerative type corresponds to that of normal adults.

The present investigation was performed using a new measurement technique known as the “3D Curved MPR” (35). It is the first time that the VA length has been analyzed using this technique, but the results are (Table 1) similar to those reported in the literature (18, 19).

One obstacle to the presented method is that it still cannot be used in everyday clinical practice. As the 3D Slicer software is at present only suitable for scientific purposes, this method cannot yet be used as a clinical diagnostic tool in its current form since calculations must still be done manually. Therefore, a system will be required which automatically marks the SCC and VA and can display them in 3D, thus facilitating use in clinical practice.

MD patients treated with saccotomy were included because these patients had a full set of diagnosis prior to surgery. To include as much data as possible for this work, all existing anamnestic parameters were noted and based on these data, the Gibson score and AAO-HNS was calculated. However, problems with these diagnostic guidelines are the interpretation of the scores and their dependence on patient‘s information, since not all parameters can be measured clinically. This is why an additional score with radiological features might help to distinguish patients more clearly and help with the diagnosis of MD, as the Hydrops MRI, which has been shown to be applicable (36).

By using the data of the success of saccotomy a first test was performed for the application of the VAS. As shown in Figure 6, patients in VAS score 4 are the group of patients with the lowest success rate (33%). In contrary, patients grouped patients grouped to VAS score 1 to 3 are those with the best success rates. However, it has to be mentioned that due to uncertainty surrounding whether saccotomy is a valid treatment for MD (37), and the relative small number of patients, these data have to be interpreted with caution. In the future, further studies correlating the VAS with other findings, such as effectiveness of different therapies, but also with the variant symptoms of MD, should be performed on larger series of patients to determine whether the VAS is a valid tool to stage MD patients.



CONCLUSION

By the application of different imaging modalities, it could be shown that angle measurements of the VA are reliable and can be used to enhance the diagnosis of patients with MD. Length and angle results from these patients differed from non-MD patients. From the angle measurements of the temporal bone specimen and the non-MD patients, a 3D model was constructed, and the VAS score developed. This score offers a new method for grouping MD patients with respect to the morphology of their VA, making it possible to group MD patients, for example, with regard to the success of a specific MD treatment.
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Endolymphatic hydrops (EH) is considered the histological hallmark of Meniere's disease. Visualization of EH has been achieved by special sequences of inner ear magnetic resonance imaging (MRI) with a gadolinium-based contrast agent via intravenous or intratympanic administration. Although it has been applied for more than 10 years since 2007, a unified view on this technique has not yet been achieved. This paper presents an expert consensus on MRI of endolymphatic hydrops in the following aspects: indications and contra-indications for patient selection, methods of contrast-agent administration (intravenous or intratympanic), MRI sequence selection, the specific scanning parameter settings, and standard image evaluation methods and their advantages and disadvantages. For each part of this consensus, a comment is attached to elucidate the reasons for the recommendation.

Keywords: Meniere's disease, magnetic resonance imaging, endolymphatic hydrops, consensus, gadolinium


INTRODUCTION

Meniere's disease (MD) is a disease complex of multifactorial etiology. As no objective methods exist for diagnosis, the Committee on Hearing and Equilibrium of the American Academy of Otolaryngology-Head & Neck Surgery (AAO-HNS) suggests the use of symptom-based guidelines for the diagnosis of MD (1) which has been supported by the Barany Society (2). MD is believed to originate in the inner ear, and endolymphatic hydrops (EH) can be demonstrated in histological preparations or with MRI, though the etiology of the disease is unknown (3) and most likely multifactorial. EH is considered the histological hallmark of MD. In the early days, histopathological post-mortem studies were considered the only way to confirm the diagnosis of MD (4). In the past decades, direct visualization of EH in living subjects was achieved by special sequences of inner ear magnetic resonance imaging (MRI) with a gadolinium-based contrast agent (GBCA) via intravenous, intratympanic, or their combined administration with 3 Tesla magnetic resonance imaging (3T MRI) (5). Clinicians have used different MRI algorithms and visualization methods to confirm and classify EH in MD patients (6). In the clinical guideline proposed by the Japan Society for Equilibrium Research in 2020, EH on MRI was regarded as an objective sign for “certain” MD in the diagnostic criteria of MD (7). As a result of the accumulated experience with EH imaging in patients with symptoms of inner ear disorders, the concept of hydropic ear disease (HED) was developed, unifying the various clinical manifestations in patients with EH as well as the primary and secondary etiologies of EH into one comprehensive taxonomy (8–10).

The endolymphatic space forms a closed liquid circulation system, which is separated from the perilymph. After intratympanic injection or intravenous administration, GBCA is absorbed through the round and oval windows, or the blood labyrinth barrier, respectively, and distributed in the perilymph fluid after entering the inner ear. By changing the water proton relaxation rate of local tissues, GBCA can enhance the image contrast ratio between gadolinium-containing tissues and the gadolinium-free tissues to reflect the morphological changes of the surrounding structures (11). Since GBCA primarily enters the perilymphatic space and not the endolymphatic space, the image of the perilymph fluid can be distinguished from the endolymph fluid by looking at the presence (perilymphatic space) and absence (endolymphatic space) of GBCA in the inner ear (12). Currently, 3-dimensional fluid-attenuated inversion recovery (3D-FLAIR) and 3-dimensional real inversion recovery (3D-real IR) sequences are most widely used with various scan parameters. Regarding grading of EH, different grading scales for evaluating the degree of EH have been proposed. Prior to the upcoming 8th International Symposium on Meniere's Disease and Inner Ear Disorders, shifted to occur in April 2023, an international consensus group of experts in inner ear imaging has come together to work out recommendations for the use of endolymphatic hydrops imaging. This consensus includes the following aspects: contrast agent selection, application of contrast agent, indications and contraindications, MR sequence(s), scan parameters, and image evaluation.



CONSENSUS OF THE COMMITTEE


Indications/Contra-Indications

Patients who fulfill the 1995 AAO-HNS criteria of “possible,” “probable,” or “definite” MD or patients who fulfill the Barany Society criteria of “probable” or “definite” MD can be included. Patients with fluctuating symptoms of inner ear dysfunction without a definite diagnosis despite specialized neurotological function testing and conventional cranial MRI may be candidates for EH imaging, depending on the therapeutic consequences of a potentially confirmed diagnosis of HED. Both patients suffering from an acute attack of vertigo and patients in a stable stage are eligible for MRI examination (13). Patients enrolled in clinical trials concerned with the therapeutic efficacy of interventions in HED should receive EH imaging as one of the trial outcome parameters. Furthermore, EH imaging is recommended before invasive and/or destructive treatments such as intratympanic gentamicin injections, endolymphatic sac surgery, semicircular canal occlusion, labyrinthectomy, and vestibular neurectomy (14, 15). However, patients who meet MRI contraindications due to mental or drug incompliances should not undergo MRI examination. The incidence of adverse reactions to GBCA is low, occurring in approximately one in 10,000–40,000 injections. Severe, life-threatening anaphylactoid reactions to GBCA are rare. Intravenous application of GBCA should be forbidden in patients with severe gadolinium allergy, severe chronic kidney disease, and acute renal injury (16). Intratympanic application of GBCA should be used cautiously in these patients as well but those with kidney problems could tolerate the very low amount of intratympanic GBCA. We recommend patients with a history of chronic otitis media, otitis media with effusion or tympanic membrane perforation, or with a history of middle ear surgery for intravenous application of GBCA before MRI examination. Patients who are severely overweight or suffer from claustrophobia may hinder imaging with 3T MRI scanners. The clinician should weigh the importance of an MRI-confirmed diagnosis of EH against the potential risks in each individual patient.


Comments

The symptoms of MD are diverse. Some patients have symptoms of vertigo and/or types of hearing loss different from those in the currently recommended clinical MD criteria (AAO-HNS 1995 and Barany Society), and they do not strictly meet the current diagnostic criteria. The reason for variability in complaints is not well-understood though it is reasonable to assume that the variability may be associated with different genotypes, comorbidities, and primary vs. secondary etiologies (8). For these patients, inner ear imaging technology can help clinicians to identify whether it is a disease related to EH, to provide a reference for an informed choice of treatment options.




Type and Application of Contrast Agents

Commonly used MRI contrast agents include gadoterate megluminate, gadobutrol, gadobenate dimeglumine, gadopentetic acid dimeglumine, and gadodiamide. All of the contrast agents mentioned above, except gadoterate megluminate, were reported to be safe for intratympanic and intravenous injection (17–24). There are still insufficient data about the effect of contrast agent type on the quality of MRI images aimed at detecting EH. From clinical experience, not many differences in image quality seem to be present among contrast agents. We therefore recommend that currently, clinicians do not need to pay special attention to the type of gadolinium contrast agents. However, further research is needed on this topic.

Generally, both intratympanic and intravenous injection of GBCA can be used. Based on the existing clinical experience and clinical safety studies, we recommend that the contrast medium should be diluted eightfold in saline solution before intratympanic injection (25). However, it has not been established yet whether higher concentrations of GBCA intratympanically applied may cause ototoxicity in the clinical application. The tympanic cavity should be filled with the contrast agent for better absorption through the oval window and round window. Before injection of the GBCA, an anterior-superior puncture of the tympanic membrane should be performed, creating an “overpressure valve” for the middle ear gas during the injection of the GBCA and avoiding excessive middle ear pressure build-up which may cause pain and transient vertigo in the patient. For the injection, an ultra-thin cannula with a diameter of 0.4 mm is recommended in order to avoid a potentially persisting perforation of the ear drum (26). Clinicians should ask patients to remain in a supine position with the head turned by 45 degrees toward the contralateral side for 30 min after injection. Speaking and swallowing should be avoided as much as possible during this period. MRI is recommended to be performed 24 h after the intratympanic administration (27, 28).

Intravenous GBCA administration is also a suitable route of delivery. A single intravenous dose of GBCA (0.1 mmol/kg body weight) should be administered intravenously. Intravenous administration of double-dose GBCA might be considered when the pulse sequence optimization is not mature enough to visualize EH with single-dose GBCA. However, taking into account the gadolinium deposition issue in the brain, a single dose of macrocyclic-type agents is recommended (29), especially in patients undergoing multiple EH imaging evaluations such as participants in clinical trials. Furthermore, the use of a double dose of GBCA is not approved in some countries. MRI is recommended to be performed 4 h after intravenous application of GBCA (30, 31).


Comments

Currently, there is a shortage of high-quality studies to compare the visualization of the inner ear between intratympanic and intravenous dosing of GBCA, though general opinion suggests better imaging with the intratympanic approach (32, 33). However, the intratympanic method has some restrictions as GBCA is not registered for intratympanic use by national pharmaceutical agencies. An appropriate approach should be chosen with consideration of the clinical characteristics of each patient. Some patients would not accept intratympanic injection when they have access to the intravenous method as an alternative. Due to the difference of the permeability of the round and oval windows, the signal intensity of the perilymph after intratympanic injection may have larger inter-individual differences than that after intravenous injection (34). Also, a single intratympanic injection to the affected side would not enable bilateral observation of both ears. Duan et al. first reported in 2004 that using round window application of GBCA showed no affection in auditory brainstem response thresholds in animal study, indicating that gadolinium is non-toxic to the guinea pig cochlea (24). Intratympanic administration of GBCA has also been reported to be well-tolerated in humans (35–37). The application of intratympanic injection is limited in patients with some diseases such as external ear malformation, acute otitis media, and tympanic membrane perforations.




MRI Sequence and Scanning Parameters

We recommend the 3D-FLAIR sequence and 3D-real IR sequence (38) as a basic imaging sequence that can characterize the signal differences between the contrast-enhanced perilymph and non-contrast-enhanced endolymph. Subtraction of two kinds of images with slightly different inversion time is frequently employed to produce 3D-real IR images (39). One is 3D-FLAIR, which provides a positive perilymph signal. The other employs a shorter inversion time to produce a positive endolymph image (40). The subtraction of these two kinds of images is called a HYDROPS (HYbriD of Reversed image Of Positive endolymph signal and native image of positive perilymph Signal) image. Many reports with hydrops images can be found using single-dose intravenous GBCA (41, 42). The advantage of the 3D-real IR sequence is that clinicians are able to identify the signals from the endolymph space, perilymph space, and surrounding bone tissues on one single unprocessed 3D-real IR image. The endolymph space and surrounding bone tissues cannot be separated using the 3D-FLAIR sequence. However, the 3D-FLAIR sequence is superior to the 3D-real IR sequence in cases where GBCA was insufficiently distributed into the perilymphatic space after an intratympanic injection (32). 3D-real IR imaging now can be performed even with single-dose intravenous GBCA (43).

Repetition time (TR), echo time (TE), inversion time (TI), readout flip angle (FA), field of view (FOV), slice thickness, and matrix size are the main scan parameters in the MRI of EH. Different parameters were previously proposed by clinicians from different medical centers in the world. For intratympanic GBCA administration, when the GBCA concentration in the labyrinth is high, the adjustments of pulse sequence parameters are not so strict. However, for single-dose intravenous administration, parameters should be strictly defined. Otherwise, meaningful results cannot be expected. Slight changes of the parameters might ruin the entire study. Successful parameters can be found in a previous review paper (32).


Comments

Clinicians, radiologists, and MRI technicians could adjust the parameters depending on the actual situation in the MR examination to acquire acceptable EH images, however, a test scan and verification are necessary before the clinical study if the newly adjusted protocol is applied.




How to Evaluate Images

Several grading systems were proposed to visually evaluate and compare the relative areas of the non-enhanced endolymphatic space vs. the contrast-enhanced perilymph space. The classic three-grade scale proposed by Nakashima is most commonly used in current literature. In this grading system, the vestibule and cochlea are analyzed separately (44). Regarding the cochlea, no hydrops is present when the Reissner's membrane remains in situ between the endolymph-containing scala media and perilymph-containing scala vestibuli. A mild hydrops is defined by a slight displacement of Reissner's membrane without exceeding the area of the scala vestibule. A significant endolymphatic hydrops is present when the area of the scala media is larger than that of the scala vestibuli. It is recommended to evaluate the axial plane of the cochlea in MRI so as to maximize the visualization of the three turns of the cochlea. Concerning the vestibule, no hydrops is present when the ratio of the endolymphatic area over the sum of the endolymphatic and perilymphatic areas is <1/3. A mild hydrops is present when the ratio of the endolymphatic area over the whole vestibular fluid space ranges between 1/3 and 1/2. A significant hydrops is present when the ratio of the endolymphatic area exceeds 1/2 (44). This classification method is based on the temporal bone specimen study where the area ratio of endolymphatic space to the vestibular fluid ranged from 26.5 to 39.4% (mean 33.2%). This proportion is also confirmed by endolymphatic space imaging in healthy volunteers (29). Based on this three-stage grading, a modified four-stage grading of cochlear hydrops has then been proposed by Gürkov et al. (45, 46): grade 0 = the endolymph is not/hardly visible, grade 1 = the endolymph is clearly visible as round hypointense regions, grade 2 = the perilymph is further displaced by the endolymph but the perilymph still has a crescent appearance, grade 3 = a perilymph with a flat appearance.

Extension of EH into the semicircular canals (SCC) was first observed by Gürkov et al. (47, 48) and linked to caloric hypofunction to the SCC, but the pathophysiological significance of this EH feature is still not entirely resolved.

Another semi-quantitative grading system called “SURI” (saccule to utricle ratio inversion) is proposed as a marker of EH. In this grading system, grade 0 is defined when no saccular abnormality is observed (SURI <1). Grade 1 is defined when SURI≥1. Grade 2 is defined when the saccule is not visible (49). The three-grade scale of cochlea hydrops and four-grade scale of vestibular hydrops proposed by Bernaerts et al. might be considered as a combination of Nakashima's system and the “SURI” system (18). In the evaluation of cochlea hydrops, each grade is defined based on the location of Reissner's membrane. A normal vestibule is defined when the saccule and utricle are visibly separately and take up less than half of the surface of the vestibule. Vestibular hydrops grade I is defined when the saccule becomes equal or larger than the utricle. Vestibular hydrops grade II is defined when there is a confluence of the saccule and utricle, with still a peripheral rim enhancement of the perilymphatic space. Vestibular hydrops grade III is defined when perilymphatic enhancement is no longer visible. This grading system could provide an accurate description of the severity of EH in different parts of the otolith organs.

Based on this vestibular EH grading, a four-stage grading for EH using two axial images/slices has been proposed for use in EH imaging with a 1.5 Tesla scanner and intratympanic GBCA administration. This grading takes into account the more inferior location of the sacculus with respect to the utriculus and the general predilection for vestibular EH to affect the sacculus in the earliest stage of disease evolution: grade 0 = the sacculus in the inferior vestibulum is not/hardly visible; grade 1 = the sacculus in the inferior vestibulum appears with a round shape; grade 2 = endolymph in the inferior vestibulum has completely displaced the perilymph, but the superior vestibulum still has a clear perilymph signal; grade 3 = the perilymph signal is virtually lost on both slices (50).

Inui et al. (51–53) proposed a quantitatively 3D measurement to evaluate the volume of the inner ear endolymphatic space (ELS) in a more accurate way. Positive perilymph images (PPI) and positive endolymph images (PEI) were transferred, and PEI images were subtracted from the PPI images and the images were reconstructed using a specialized workstation. Accurate measurement of EH is helpful in the further study of the relationship between EH and the clinical manifestation and functional results of MD.


Comments

Currently, quantification of the degree of cochlear hydrops is still difficult because the cochlear endolymphatic space is divided into different cochlear turns, and each space is quite small. The existing imaging technology is not enough to fully distinguish the cochlear endolymphatic space of all the cochlear turns, especially the apical turns. The semi-quantitative classification system based on the location of Reissner's membrane, which was first proposed by Nakashima, is still considered to be the most convenient method for the evaluation of cochlear hydrops. This classification allows for the visualization of EH in subjects without MD maybe indicating that the endolymphatic space in living organisms is not as tightly regulated as suggested (as also pressure of the eyes) (6). However, evaluation of the vestibule with a high sensitivity for EH specific for MD can be achieved with this method. The Gürkov classification seems suitable for rapid clinical assessment, being based on typical morphological features of different degrees of EH severity. The “SURI” grading system and Bernaerts system have their advantages in vestibular hydrops evaluation. However, these EH grading methods evaluate EH in the cochlea and vestibule separately without considering the extent of the endolymph space distension throughout the entire inner ear. Also, evaluation of semicircular canal EH is not included. Recently, He et al. (54) established a 2D volume-referencing EH grading system in which the volume ratio and the semicircular canals are taken into consideration to better represent the total EH of inner ears. Clinicians can combine the results of MRI and audio-vestibular function tests (electrocochleogram (ECochG), cervical vestibular evoked myogenic potentials (cVEMP), and ocular vestibular evoked myogenic potentials (oVEMP) to evaluate the severity of the disease comprehensively. Also, as indicated above, focusing on quantitative saccule hydrops and utricle hydrops changes for individual patients in a longitudinal imaging study design would provide valuable information for further understanding of the pathophysiological changes in MD patients. A histopathologic study revealed that hydrops initially involves the cochlear duct and the saccule. With the progression of pathology, the utricle and semicircular canals will be involved subsequently (55).
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None 2 27 9
P 0291 0.414

The comparison was done between the “positive” group and “none” groups. There was
no difference when comparing the “positive” group and the ‘none” group. P-value was
derived from the Chi-square test.
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Main symptoms
Sudden onset
Sensorineural hearing loss
Unknown etiology

For reference

Hearing loss > 20 dB HL in at least two adjacent frequencies occurred
suddenly within 72 h

Mostly unilateral hearing loss, few bilateral onset occurred
simultaneously or successively

May be accompanied by tinnitus, stuffy feeling of ear, abnormal feeling
of skin around the ear

May be accompanied by vertigo, nausea, and vomiting
No cranial nerve symptoms other than from cranial nerve VIll
Definite diagnosis: all of the above main symptoms are present

These criteria were assessed by the Society of Otorhinolaryngology Head and Neck
Surgery Chinese Medical Association of China in 2015.
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None ‘The scala media (dark area in the cochlea) could not be viewed.
Grade|  The scala media expand but still shapes as a triangle.

Grade !l The scala media expands into circle.

Grade Il No signal could be viewed in the scala media.

*The grading algorithm is summarized from VR scores in previous He's work (12).

Vestibule

The saccule and utricle (two dark areas in
the vestioule) are separate;

Saccule is smaller than the utricle.

The saccule becomes larger than utricle;
The saccule not confluent with utricle.

A confluence appears;
Surrounding perilymph is stil visible.

No signal could be viewed in the vestibule.

Semicircular canals (SCC)

The SCC is clearly visible;

A narrow dark area (<1/3 of the ampulla)
is visible.

The SCC is clearly visible;

The dark area occupies over one-third of
the ampulla.

The ampulla becomes dark;

Some of the SCC narrow or

become invisible.

No signal could be viewed in the SCC.
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Pretreatment 45852 51769 616+84 989+90
Post-treatment 21294 340£98 495+ 150 863 16.7
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EHof <40yearsold[n (%) 1(008)  1(9.1) o 0
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Total EH [n (%)) 11(624) 2(18.2) 2(11.8) 4(17.4)
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The comparison was done between the “vertigo” group and the ‘no vertigo” group. There
was no difference when comparing the “vertigo” group and the “no vertigo” group. The

P-value was derived from the Chi-square test.
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Characteristics N =69

Age (years) 52,62 + 12.11
Sex

Male 34 (49.3%)
Female 35 (50.7%)
Affected side

Left 29 (44.6%)
Right 40 (65.4%)
Duration of disease (years) 3.43+2.86
Mean PTA (dB) 55.92 + 2056
stage

| 5(7.2%)

[ 9(13.0%)

i 41(57.9%)
v 14 (20.3%)

Data are presented as mean + standard deviation or number (%).
Staging was based on the pure-tone average at 0.5, 1, and 2 kHz.
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ISSNHL MD definite P FSNHL

N 15 83 38
Adjusted for age and sex 1 (reference) 55.2(11.9-253.9) <0001 5.1(1.2-21.7)
Multivariable adjusted model* 1 (reference) 97.7 (15.6-611.4) <0001 69(1.2-39.2)

“Multivariable adjusted: adjusted for age, sex, and vascular risk factors (hypertension, diabetes, and dyslipidemia).

0.03
0.03

RV

34
99 (2.1-38.9)
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0.003
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Grading Ratio Results

0 0-0.33 No hydrops
1 0.33-0.66 Middle gravity hydrops
2 0.66-1 Severe hydrops
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cP(+) cP(9 Total

VOR gian (+) 13 1 14
VOR gain () 2 26 51
Total 38 27 65

Chi-square test, correction for continuity. Statistically significant. %2 =
CP canal paresis; VOR gain, vestibulo-ocular reflex gain.

.981, p = 0.005.
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Subjects:uMD  Threshold  Sensitivity  Speci Positive Negative  AUC p-value p-value AiC

+control predi predictive by NRI
value value

2D model 0346 0.744 0915 0.889 0.796 0877 1613

3D model 0.483 0.837 0.936 0.923 0.863 0.924 p =007 p < 0.001 1586.7

Each threshold value was determined as the closest top-leit point on the ROC curve. The four indices of sensitiity, specificity, positive predictive value, and negative predictive value
were given at the threshold; all of these indices achieved higher scores for the 3D model. The AIC value improved from 161.3 to 155.7 (2D~3D model), and the AUC value improved
from 0.877 to 0.924 (2D~3D mode)).
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MRI method

3T 3D-FLAIR after i.t. Gd

3D IR-TSE

3T 3D-FLAR after i.t. Gd

3T 3D-FLAIR after i.v.Gd
— HYDROPS2

3T 3D-FLAIR after i.v.Gd
4 h delayed acquisition

HYDROPS-Mi2 after i.v. Gd

3T 3D-FLAIR 24 h after
IT.Gd

it. Gd Real-IR +i.v. 3D
FLAR

iv. Gd 3T 4h 3D-real IR

3T 3D-FLAIR after IT Gd
iv. Gd 3D-FLAIR + MIP

3T 3d-FLAIR 24h after i.t.
Gd + 4h afteriv. Gd

3T 3d-real IR 24 h after i.t.
Gd

3T 2d-FIESTA + T1SE 24h
afterit. Gd

3T 3d-FLAIR 4 after i.v.
Gd

3T 3D-FLAIR vs. 3D-real IR
afterit. Gd

3T 3d-FLAIR 4 h after
Gd + T2 SPACE

3D FIESTA + 2D SPACE

3T 3D-FLAIR MRC after
iv.Gd and HYDROPS-Mi2
3T 3d-FLAIR 4 h after i.v.
Gd

3T CISS + 2d-FLAR 4h
afteriv. Gd

3T 3d-FLAIR 4 h after iv.
Gd

3T 3D-FLAIR 4h after i.v.
Gd

3T 3D-FLAIR-SPAIR 24 h
afterit. Gd
MRC+VISTA-IR+
HYDROPS 4h after i.v. Gd
3T 3D-FLAIR 4h after i.v.
Gd

3T 3D-FLAIR 4h after i.v.
Gd

3T 3D-FLAIR 4h after i.v.
Gd

3T 3D-FLAIR + MRC 4h
after i.v. Gd

3T 3D-FLAIR + SSFP 4h
after iv. Gd

3T T2-SPACE and Real-IR
4h after iv. Gd

HYDROPS-Mi2 + 3D-real
IR images

3T 3D-FLAIR + CISS 4h
afterit. Gd

3T 3D-FLAR 4hafter i.
Gd Variable Fiip Angle-

INHEARIT on archived
datasets

3T 3D-FLAIR + SPACE 4h
after i.v. Gd

3T 3D-FLAIR 4 h after i.v.
Gd

3T 3D-FLAIR and
HYDROPS-Mi2 4 h after i.v.
Gd

3T 3D-FLAIR 4h after i.v.
Gd

1.5T 3D-FLAIR Hydrops
24hafterit. Gd

3T 3D-FLAR 4hafter i.
ad

3T 3D-FLAR 4hafter iv.
Gd

3T 3D-FLAR 4h after i.
ad

MR findings

Degree of EH in cochlea and the semicircular
canals directly proportional to MD duration
Correlation of EH (Likert scale) with duration
of MD, degree of SNHL, saccular
dysfunction

Correlation between TT-ECoG and EH
grading on MRI

Subtraction of MR cisternography from PPI
facilitated recognition of the ES

Increased Gd enhancement in symptomatic
ears,

Multiplied MR onto HYDROPS — better
visualization of ES and PS on a single
Volumetric image in EH+ pts

EH in the cochlea (81%) and saccule (69%).
Correlation with auditory and vestibular
testing

Superiority of combined administration vs.
i.v. Gd alone

EH in 90% on the ciiically affected and in
22% on the dlinically silent side

EH also in 23.3% of asymptomatic ears
MIP superior to 2D images for EH
assessment

EH reduction at 1 yr correlates with
symptoms recovery

High correlation between ECochG (tone
bursts) and EH at MRI

Using a 8-inch surface coll preserves high
resolution within a clinically acceptable
acquisition time

Similar pathophysiological mechanism in
RPV and MD

Low-tone hearing thresholds correlates with
severity of EH in the cochlea.

Increased BLB permeabilty in MD

Conventional MRI without Gd allows
detection of EH

Degree of EH in MD vs. VN patients

SURI: most specific criterion for imaging of
EH

70% EH + low correlation with VEMPS and
VNG

Prevalence of vestibular EH significantly
higher in MD.

New criterion of EH assessment: VESCO

MRI more accurate than caloric test, VHIT,
and cVEMP.

EH gradient along the cochlea

Comparison with audio-vestibular tests:
ECochG and DPOAEs correlated with EH

Degree of vEH correlates with vestibular
deficit

4 degrees of EH. Combined with
perilymphatic enhancement: Sensitivity
79.5% Specificty 93.6%

Reduction of EH 2 ys after endolymphatic
sac drainage and local steroids

In acute vestibular deficits

Degree of EH correlates with audiometry
and VEMPs

Measurement of endolymphatic volume

VOLT: new algorithm for automatic
segmentation of MR images

Reliable in evaluating BLB breakdown and
ES

Feasibility of automated EH ratio
measurements

EH in 91.9% of MD vs. 7% in other vertigo.

Correlation of EH finding at MR with
diseased ear

Progression of vestibular EH over 2-3 years

EH: Cochlear 88%, saccular 91%, utricular
50%, ampullar 8.6%. No correlation with
VEMPsAHIT. Severity of EH correlated with
SNHL

Reliability of 1.5T fast identification and
grading of EH

3D-FLAIR MRI + PT- ECochG more
sensitive than ECochG alone for EH
Degree of EH correlates with hearing
threshold

Only severe cochlear and vestibular EH are
associated with cochleovestibular
dysfunction

Notes

ECochG, VEMPs,
VNG

Scan time 40% <
than HYDROPS

Better resolution after
4h

CNR ratio increase
200 fold

Audiometry, VEMPs,
ECochG

vs. 45 other
pathologies

EH in RPV/MD

EH progressed over
time.

vs. 11 pts with
sudden SNHL

Correlation with
caloric tests

vs. 30 healthy ear

vs. healthy ears
vs. normal ears.

MR scan for hydrops
after24h

ECochG,
shift-DPOAE,
CVEMPs

VHIT, VEMPs,
audiometry

pre- and
post-surgery MR

vs. healthy ears

OVEMP and PTA
correlates with
cochlear EH

Comparison of 2
techniques

Al pts with acute
vertigo (incl. MD)

Automatic
segmentation +
calculation of EH

Combination of PPI
and EH in MD

MR repeated annually

vs. 26 healthy ears

PT- ECochG
Extratympanic

Audiometry, caloric
tests, VEMPs, vHIT

BLB, blood-labyrinth barrer; CISS, continuous Interference Steady-State; CNR, contrast-to-noise ratio; ECochG or TT-ECochG, trans-tympanic. electro-cocleography; EH,
endolymphatic hydrops; ES, endolymphatic space; FLAIR, Fiuid Attenuated Inversion Recovery; hT2w-VISTA-IR, heavily T2-weighted volume isotropic turbo spin echo acquisition
inversion recovery; HYDROPS, Hybrid of the reversed image of the positive endolymph signal and native image of positive periymph signal; HYDROPS-Mi2, multipiication of HYDROPS
with MRC; INEARHIT, Inner Ear Hydrops Estimation via Artificial Inteligence; MIRMR, meium inversion time inversion recovery imaging with magnitude reconstruction; MIR, meximurm
intensity projections; IR-TSE, Inversion Recovery Turbo Spin-Echo; MRC, magnetic resonance cistemography; PEI, positive endolymph image; PP, positive periymph image; PS,
perilympahtic space; PT- ECochG, peri-tympanic electro-cocleography; RPV, Recurrent peripheral vestibulopathy; SNHL, sensorineural hearing loss; SPACE, sampling perfection with
application-optimized contrasts by using different fii angle evolutions; SPAIR, Spectral Attenuated Inversion Recovery; SSFF, steady-state free precession sequences; SUR, Inversion of
the saccule to utricle area ratio; 3D-REAL-IR, 3D-inversion-recovery turbo spin-echo with real reconstruction; VEMPs, vestibular-evoked myogenic potentials (oVEMPs: ocular; CVEMPS:
cervical); VESCO, vestibular endolymphatic space contacting the oval window; VHIT, video Head Impulse Test; VNG, video-nystagmography; VN, vestibular neurits.
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Eargroup  PTA(dB) Mean Vestibular ~ Disease Numberof  Durationof  Fluctuating  Instability
modiolus endolymphatic duration vertigo vertigo symptoms  between
area(mm?)  hydrops (%) (years) attacks attacks attacks

(nr/year)
Patient 1 Index 55 3.10 82 3 6 20min-12h  Hypoacusa  No
Tinnitus
Best 15 358 66
Patient2  Index 69 369 86 1 10 20min-12h  Hypoacusa  No
Aural fullness
Tinnitus
Best 28 3.93 50
Patient 3 Index 55 3.94 63 6 3 20min-12h  Hypoacusa  No
Aural fullness
Tinnitus
Best 7 376 61
Patient4  Index 41 3.82 47 5 5 20 min—12h Tinnitus Yes
Aural fullness
Best 13 376 57
Patient5  Index a 359 21 2 3 20min-12h  Hypoacusa  No
Aural ullness
Tinnitus
Best 13 346 29
Patient 6 Index 50 3.46 70 2 2 20min-12h  Hypoacusia  No
Aural fullness
Tinnitus.
Best 53 334 58
Patient 7 Index 61 321 50 24 5 20min-12h  Hypoacusa  Yes
Aural fullness
Tinnitus
Best 30 3.36 35
Patient8  Index 39 3.03 28 13 3 20 min—12h Tinnitus No
Aural fullness
Best 28 328 57
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Patient ~ Age  Duration (years)  Tumor side Symptoms

1 44-46 20 R Profound pSNHL, V,T

2 35-37 4 L Moderate pSNHL, V, T

3 58-60 10 R Profound pSNHL, V, T

4 34-36 2 R Moderate sudden SNHL, EF, V, T
5 68-70 1 R Profound pSNHL, V, T

6 36-38 12 R Profound pSNHL, V, T

7 58-60 30 L Profound pSNHL, V, T

8 61-63 10 R Profound pSNHL, V, T

9 55-67 5 R Profound pSNHL, V

PSNHL, progressive sensorineural hearing loss; V, vertigo; T, tinnitus; EF, ear fullness.

Caloric tests
weaker side
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D DD
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Control Hydrocortisone Dexamethasone

(n=10) (n=10) (n=10)
ER-R (%) 24+15 76+26 50+ 15
P<0.001 ’
P<0.01
RS %) 55+17 169+ 13 123+25
’ P<0.001
P<0.001

Both ER-Rand IR-S of the steroid groups were significantly higher than those of the control
group using Student’s t-test.
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Grade 1

Pure-tone audiometry N=35
Median low Fletcher index 28,0 [2-120]
Median high Fletcher index 265 [2-120]
Missing 1

HED, Hydropic Ear Disease; EH, endolymphatic hydrops.

Grade 2
N=18

38[20-75)

42.0 (20-65)

3

Grade 3
N=39

45 [12-120]

51.0 7-120]

6

Grade 4
N=26

58(5-75)
60.0 [13-75)
4

Grade 5
N=43

60 [22-85]
60.0 [30-95)
4

P-value for trend

<0.001
<0.001
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Drop attacks
N=12
Male/female, n (%) 8/4 (67/39)
Mean age, y 55042
Median disease duration,y 9.5 [3.2-23.2)
Median summative EH score 5.0 (3-5]
Median Cochiear EH score 20[1-2)
Median Vestibular EH score 3.0[2-3)
Median SIR 1.6 (0.83-3.66)
Median Low Fletcher 60 [45-72)
Median High Fletcher 58(27-68)

No drop attacks.
N =167

78/89 (47/59)
560409
3.8(0.04-33.0]
30(1-5)
1.0(0-2)
2.0(0-9)
1.4[0.68-5.52)
47 2-120)
48 [2-120)

P-value

0.236
0.780
0.007
0.001
0.013
0.001
0.403
0.027
0.191

HED, Hydropic Ear Disease; SIR, signal intensity ratio; EH, endolymphatic hydrops.
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Unilateral EH

Mean age, y 559+ 123
Mean age of onset, y 4813 +1.12
Median disease duration, y  4.04(0.04-33.0)
Hearing loss Hydropic ear
Median low Fletcher 48 [2-120)
Median high Fletcher 50 (2-120]

Median nr of vertigo attacks 4.0 (0.08-70)
per month

Bilateral EH

556+ 14.2
44.02 £3.08
6.08 0.3-45.9]
Worst ear
585 [5-120]
51(5-120]
2.0(0.04-30.0)

P-value

0.870
0.145
0.241

0.190
0.167
0.100

HED, Hydropic Ear Disease; EH, endolymphatic hydrops.
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Age
Meale/female
Period from onset, median (range)
Duration of vertigo attack
<t1h
<6h
<12h
>12h
Unknown
Frequency of vertigo spells
Every day
1 or 2/week
1 or 2/month
5 or 6/year
1 or 2/year
Unknown
DHI (mean  SD)
P
E
£
HADS-total (mean + SD)
HADS-A
HADS-D
Vestibular Assessments
CP% > 20%
GVEMP asymmetry > 33.3%
OVEMP asymmetry > 33.3%
Stepping test positive
VOR-DP > 12%

* values indicates the statis

MD

46 (19-83)
15/15
33 (2-408)

41.1£19.1
108+ 6.7
14570
16.7 £8.7
162+56.2
74434
78+33

15 (50%)
9(30%)
5(16.7%)
12 (40%)
12 (40%)

VMD

45 (25-71)
2/14
72 (2-662)

o~ 00w

oo o

2

0
346+ 150
11.4+£38
10573
128+£7.2
101459
51+38
51£32

4 (25%)
3(18.8%)
1(6.25%)
9(56.3%)
5(31.3%)

ical significant. *p < 0.05 and **p < 0.01

p-value

0.972
0.014*
0.008*
0.329

0.001*

0.321
0.624
0.059
0.186
0.008"
0.062
001"

0.132
0.323
0.307
0.563
0.502
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mMD VMD p-value

o-EH positive 27 (90%) 10 (62.5%) 0.084*
v-EH positive 24 80%) 11 (68.8%) 0.308
o-EH and/or v-EH positive 28 (93.3%) 14(87.5%) 0221

c-EH, cochlear endolymphatic hydrops; v-EH, vestibular endolymphatic hyorops.
istical significant. *p < 0.05.
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Grade 1 Grade 2

Mean age, y 54622 588+80
Median disease duration, y 17 23
0.1-30.0) 02-30.0)
Subjective hearing loss, n (%) 34 (94) 21 (100)
Vertigo, n (%) 34 (94) 21 (100)
Mediian nr of attacks per month 6.0 23
0:3-28.0) 03-14.0)
Duration of vertigo attacks
<20min 1 1
20 min—12h 27 16
12-24h 1 1
>24h 1 1
Variable duration 3 1
Missing 3 1
Tinnitus, n (%) 32(89) 20(95)
Aural fullness, n (%) 26 (72) 13(62)
Drop attacks, n (%) 00 00

HED, Hydropic Ear Disease; EH, endolymphatic hydrops.

Grade 3

66.1+19
33
[0.04-24.8)
44 (98)
45 (100)
40
0.08-70.0)

2
38
o
1
1
3
42(93)
36(80)
1(0.02)

Grade 4

646 +20

98
0.25-33.0]

29(97)
29(97)
35
[1.0-28.0)

3

22

1

0

4

2
28(93)
18 (60)
4(133)

Grade 5

56.4+1.7
58
0.33-20.0)
46(98)
47 (100)
40
0.16-16.0)

~woogm

44 (94)
28(60)
7(149)

P-value/P-value for trend

0.732
<0.001

0.78
02
0.188

0.843

09
02
0.013
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Hydropic ears Contralateral ears P-value

Median SIR 1.40 [0.68-6.52] 1.05 [0.47-2.94] <0.001

SIR, signal intensity ratio; HED, Hydropic Ear Disease.
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Subjects  Subjects N (%)
with EH  without EH
(included)  (excluded)
Unilateral definite MD 174 6 180 (52.0%)
With contralateral asymptomatic ear 167 6
With contralateral symptomatic ear 7 o
Blateral definite MD 17 4 21(6.1%)
Unilateral probable MD 11 9 20(5.8%)
With contralateral symptomatic ear 10 9
With contralateral asymptomatic ear 1 0
Bilateral probable MD 0 1 1(03%)
Unilateral other disease 8 55 63 (18.2%)
Bilateral other disease 5 56 61(17.6%)
Total 215 131 346 (100%)

EH, endolymphatic hydrops; MD, Meniére's disease; other disease, other vertigo-
SeoCliinc diausses srid non-classii:ls Cants.
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Male/female, n (%)
Unilateral/bilateral EH, 1 (%)
Mean age, y

Mean age of onset, y

Vertigo, n (%)

Subjective hearing loss, n (%)

Tinnitus, n (%)

Aural fullness, n (%)

Median disease duration, y
Median duration hearing loss, y
Median duration vertigo, y

Migraine, n (%)

Autoimmune diseases, n (%)

Cardiovascular risk factors
High blood pressure, n (%)
Dyslipidernia, n (%)

Type Il diabetes, 1 (%)
History of smoking, n (%)

101/114 (47/53)
179/36 (83/17)
55909
47511
212 (98.6)
208 (96.7)
196 (91.2)
144 (67.0)
425 [0.04-45.9)
5.1(0.08-42.0]
3.9(0.04-45.9)
24(112)
14(6.5)

37(17.2)
20(9.3)
12(5.6)
15(7.0)

HED, Hydropic Ear Disease; EH, endolymphatic hydrops; N, number; Y, year.
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Grade  Vestibule
0 Normal-sized saccule and utricle

1 The sacoule is equal in size or larger
than the utricle, but not confluent

2 Gonfluence of saccule and utricle that
encompasses >50% of the vestibule
3 Total effacement of the periymphatic

space in the vestibule

n.a. indicates not applicable.

Cochlea

No displacement of
Reissner's membrane
Dilation of the scala media
with partial obliteration of
the scala vestibuli
Complete obliteration of the
scala vestibul

na.
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13

Age

76
68
64
61
48
43
42
36
34
73
66
57
a4

~3 ~==333 —

~3 33

ELH in
MRI

yes

yes

yes
none
none
yes

none
none
none
none

none

Location &
grading of ELH

coch I/vest |
coch IlAvest Il
coch I/vest |
coch IlAvest Il
coch I/vest |
None

None

coch I/vest |
None

None

None

None

None

Index ear  Vertigo

PIDCr-CIBDCCDCOCCD

spinning
spinning

none

spinning

swaying

swaying + spinning
spinning

swaying

swaying + spinning
spinning

spinning

spinning

daze feeling

Aural
fullness

none

none
L
R
none
none
R
R
None
L
R
R

Tinnitus  SNHL

none

D DD D

all
all

low

all

all

all

low

low

low

fow + high
low

low

low

VHIT

normal
L<

normal
normal
normal
normal
normal
normal
normal
normal
normal
normal

normal

Caloric
response

R<
symmetric

CcVEMPs

R<
inconclusive
L<

L<
symmetric
not done
not done
R<
symmetric
L<

L<

L<

not done

1, female; m, male; ELH, endolymphatic hycrops; MRI, magnetic resonance imaging; coch cochiea, vest vestibule, SNHL, sensorineural hearing loss; FQ, frequencies affected from

SNHL, vHIT video head impuise test, cVEMPs cervical vestibular evoked myogenic potentials; R, right; L, lef

B, bilateral, < decrease in comparison to contralateral side.
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Preoperatively Postoperatively > 6 weeks Postoperatively < 6 weeks

Vertigo 100% 2] 38% 28%
32% 36%

= 30% 36%

Tinnitus 98% 2 1% 60%
= 29% 40%

Aural fullness 82% o 7% 68%
= 23% 32%

0 symptoms; “<'

After surgery is divided into less than and greater than 6 weeks. less symptoms than before surgery; symptoms like or worse than before surgery.
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Scala vestibuli score (point) Area of vestibular perilymph (mm?)

Patient  Affected pre-op Affected post-op Healthy pre-op Healthy post-op Affected pre-op Affected post-op Healthy pre-op Healthy post-op

1 1 1 2 3 5.46 5.23 10.34 10.89
-4 0 o -] 2 3.12 3.07 9.43 9.46
3 1 1 2 2 6.01 5.9 12.63 13.21
I3 0 o 1 2 10.89 10.75 701 699
5 1 2 1 2 6.41 5.98 8.70 8.73
6 1 0 1 1 527 534 725 7.26
7 1 0 1 1 4.38 4.36 8.96 8.46
8 0 0 1 1 5.03 4.89 5.99 6.59
9 1 1 1 2 2.09 2.08 11.80 10.23
10 0 o 2 2 3.13 3.49 10.03 9.15
11 0 [ 2 0 1.79 1.78 11.84 1023
12 0 0 2 2 4.01 423 13.09 13.54
13 0 1 2 2 6.23 6.19 4.89 3.26
14 1 1 2 2 10.78 10.61 11.89 10.01
15 1 1 2 2 10.45 10.45 8.30 5.68
16 1 2 2 2 3.25 3.33 6.53 7.26
17 1 1 1 2 578 5.86 5.45 758
18 0 0 1 0 4.27 4.28 8.09 6.01
19 1 1 2 2 10.69 10.64 7.01 7.23





OPS/images/fsurg-08-673323/fsurg-08-673323-t002.jpg
Affected ear pre-op Affected ear post-op Unaffected ear pre-op Unaffected ear post-op

Scala vestibuli score 057 £0.52 0.64 £ 1.66 0.66 £ 0.50 1.64 £0.67
Area of vestibular perilymph 573 £2.99 570 £2.89 8.89 £ 252 852+254
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Vertigo  Attack PTA (dB HL)

Patientno Age Sex Pre-op Post-op Vertigo Pre-op Post-op
class

1 45 F 2 0 A 40 30
2 57 F 10 -3 B 65 60
3 46 M 15 4 B 45 50
4 50 F 5 [ A 475 45
5 43 F 3 0 A 325 25
6 39 F 10 0 A 31.26 25
g 53 M 20 0 A 80 45
8 47 F 12 1 B 75 30
9 56 M 5 0 A 55 40
10 47 F 2 [ A 65 35
" 41 F 7 o A 575 80
12 52 M 2 [ A 65 70
13 42 F 15 4 B 35 35
14 45 M 20 8 B 40 35
15 42 M 12 10 D 30 35
16 50 F 5 6 D 55 55
17 43 M 10 9 D 60 7%
18 55 M 10 1 D 45 30
19 44 M 13 15 D 45 50
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FSNHL RV MD DEFINITE ISSNHL.

No vestibular symptoms ~ Unsteadiness  Vertigo No HL Plus HL

Caloric test (%) Normal 750 333 500 200 444 313 66.7

Abnormal 250 66.7 500 80.0 556 6838 333
Spontaneous Yes 83 214 875 1.4 26.1 37.8 143
nystagmus (%) No 917 786 125 839 739 622 8.7
VHIT (%) Normal 778 75.0 100.0 875 60.9 738 60.0

Abnormal 222 250 00 125 30.1 263 400
OVEMP (mean, 267 (11.1) 240(252)  839(17.9) 198(169) 198(169)  882(269  33.25(233)
sD)
GVEMP (mean, 27.4(24.8) 273(189)  81.6(264) 16.1(145 308217  852(26.8) 13.08.8)
sD)

FSNHL, fluctuating sensorineural hearing loss; RV, recurrent vestibulopathy; MD, Méniére’s disease, ISSNHL, idiopathic sudden sensorineural hearing loss; HL, hearing loss.
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ISSNHL FSNHL RV MD

ISSNHL No vestibular Unsteadiness 1 vertigo No SNHL Fixed SNHL. Definite

AFF Cochlea

No 12 10 7 6 6 " 16
Mild 3 3 8 0 3 4 26
Severe 0 2 0 2 0 7 42
AFF Vestibule

None 12 7 8 5 5 9 10
Mid 6 8 1 1 2 12
Moderate 0 0 3 1 3 11 34
Severe 0 2 1 1 0 3 27
Non-AFF Cochlea

No " 16 12 8 7 24 72
Mild 4 0 3 0 -4 1 10
Severe 0 0 0 0 0 0 1
Non-AFF Vestibule

None 14 15 13 8 6 20 62
Mild 1 0 1 0 2 5 14
Moderate [ 0 1 0 1 [ 6
Severe 0 0 0 0 0 0 1

FSNHL, fluctuating sensorineural hearing loss; RV, recurrent vestibulopathy; MD, Méniére's disease, ISSNHL, idiopathic sudden sensorineural hearing loss; SNHL, sensorineural hearing
loss; AFF, affected ear; NON-AFF, non-affected ear.
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MD “atypical” MD definite P

and ISSNHL
N 87 83
Adjusted for age and 1 (reference) 113(4.4-288) <0001
sex
Multivariable adjusted 1 (reference) 13.6(4.9-37.9) <0001
model*

“Multivariable ecjusted: adjusted for age, sex, and vascular risk factors (hypertension,
diabetes, and dyslipidaemia).
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Term Original definition References

MD definite: « Two or more definitive spontaneous (17, 18)
episodes of vertigo lasting 20 min or

longer

Audiometrically documented hearing

loss on at least one occasion

Tinnitus or aural fullness in the:

affected ear

Other causes excluded

Atypical MD cochlear  Patients with fluctuating hearing loss (19)
(FSNHL group) * Single vertigo type: with a single
episode of vertigo

« Unsteady type: without vertigo but
with unsteadiness

« No vestibular symptom type: entirely
without vestibular symptoms

Atypical MD vestibular ~ Patients with recurrent episodic vertigo (19)
(RV group) « Hearing loss type: with complicating
fixed sensorineural hearing loss
« Normal hearing type: with

normal hearing
Idiopathic sudden * Sensorineural hearing loss >30 dB (0)
sensorineural hearing HL, in three or more consecutive
loss (ISSNHL group) frequencies, over <72 h

MD, Méniére's disease; FSNHL, fluctuating sensorineural hearing loss; RV, recurrent
vertigo; ISSNHL, idiopathic sudden sensorineural hearing loss; dB HL, decibels
hearing level.
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Group

Subgroup

N

Age, years (SD)
Sex (women) (%)
Side, right (%)
Disease duration,
years (SD)

Days since last
vertigo spell or
hearing loss (% of
the total patients in
each category)

Episodes (%)

Tumarkin, positive
(%)
Migraine (%)

Vascular risk
factors, presence
05

<30

<10
10-20
=20

No headache
Migraine
Tensional

FSNHL

No vestibular symptoms  Unsteadiness

15 15
50.0 (14.6) 54.7 (14.5)
60 60
26.7 60.0
3648 426.7)
63 63
22 156
100 8.7
0 74
o 74
7.7 0
933 933
o 67
67 0
67 333

Vertigo

8
46.3 (22.4)
75
50.0
1.4(12)

54

22
100

876
125

250

No HL

9
479(12.8)
556
556
50(9.8)

45

89
889
1.1

7.8
1.1
1.1
222

Plus HL

2
57.0(16.3)
48
60.0
52(6.7)

1.7

222
739
217
44
87

91.7
83

28.0

MD definite

83

56.1(11.9)

50.6
40.9

53(62)

55.3

48.9
793
171
37

16.7

86.6
109
24

28.1

ISSNHL

15

58.1(7.5)

48.7
46.7

135

66.6
1.1
222
87

0.30

0.35
0.18

0.02*

0.59

0.23

0.26

0.36

N, number of patients; SD, standard deviation; FSNHL, fluctuating sensorineural hearing loss; RV, recurrent vestibulopathy; MD, Méniére’s disease, ISSNHL, idiopathic sudden
sensorineural hearing loss; p, p-value; "statistically significant difference (p < 0.05); HL, hearing loss.
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FSNHL RV MD definite  ISSNHL P

No vestibular symptoms ~ Unsteadiness ~ Vertigo NoHL  PlusHL

Low frequency (0.25 kHz), <50 dB 533 53.3 50 100 52 301 583 002"
affected ear (%) >50dB 467 467 50 0 48 699 46.7

Low frequency (0.25 kHz), <50 dB 100 9.3 100 100 % 976 929 084
non-afiected ear (%) 250 dB 0 67 0 0 4 24 74

PTA, affected <50 dB 783 80 7 100 40 482 8.7 001"
ear (%) >50 dB 26.7 20 25 [ 60 51.8 13.3

PTA, non-affected <50 dB 933 93 87.5 100 9 96.4 928 09
ear (%) >50dB 6.7 6.7 125 0 4 36 7.1

High frequency (4 and <50 dB 66.7 60 625 88.9 16 244 733 000
6kHz), affected ear (%) =50 dB 333 40 375 1.1 84 759 26.7

High frequency (4 and <50 dB 933 733 625 778 72 795 85.7 06
6kHz), non-affected ear (%) >50 dB 6.7 2.7 375 222 28 205 143

PTA, mean pure tone average for 0.5, 1, 2, and 3kHz. FSNHL, fluctuating sensorineural hearing loss; RV, recurrent vestibulopathy; MD, Méniére’s disease, ISSNHL, idiopathic sudden
sensorineural hearing loss; p, p-value; "statistically significant difference (p < 0.05); HL, hearing loss.
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1 2 3 4 5 6 7 8

total EH% 288 24 342 23 285 88 1.8 7.7
c-EH% 265 171 262 20.4 21.4 10.4 13.4 10.1
v-EH% 30.3 28.8 395 24.7 332 78 10.6 6.2

Total EH%, volume ratio of EH to total inner ear volume; c-EH%, volume ratio of EH to cochlear volume; v-EH%, volume ratio of EH to vestibular volume.
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Patient  Classification  Tumor size (mm)

by Salzman
etal.

1 ™A 50
2 v 30
3 Y 15
4 v a7
5 ve 34
6 Y 38
7 ve 25
8 ve 46
9 ve 57

TMA, transmacular;

Endolymphatic hydrops

Only enhanced MRI
Only enhanced MRI
Only enhanced MRI

Cochlea (IV)

Cochlea + vestibule (1V)

Cochlea + vestibule (IT)

Cochlea + vestibule (IT)

No EH (V)
No EH (IV)

Characteristics of vertigo

Positional vertigo
Recurrent vertigo
Recurrent vertigo
Recurrent vertigo
Recurrent vertigo
Recurrent vertigo
Recurrent vertigo
Recurrent vertigo
Drop attack

Duration per attack

Seconds to minutes
Several hours
10min to several hours
10min to several hours
Several hours
Several hours
10min
Several minutes.
10min to several hours

Follow-up
(months)

Lost
79

106
31

ul
65

22

intravestibular; VC, vestibulocochlear; EH, endolymphatic hydrops; IV, intravenous injection of gadolinium; IT, intratympanic injection of gadolinium.





OPS/images/fsurg-08-606100/crossmark.jpg
©

2

i

|





OPS/images/fsurg-08-606100/fsurg-08-606100-g001.gif
il L]
. N, "

Sugey
v






OPS/images/fsurg-08-606100/fsurg-08-606100-g002.gif
&

Volume ratio (EH)

R ——

Time course (scon nombey





OPS/images/fsurg-08-662530/fsurg-08-662530-g005.gif





OPS/images/fsurg-08-662530/fsurg-08-662530-g001.gif





OPS/images/fsurg-08-662530/fsurg-08-662530-g002.gif





OPS/images/fsurg-08-662530/fsurg-08-662530-g003.gif
mermbrane
ek

Refporcement






OPS/images/fsurg-08-662530/fsurg-08-662530-g004.gif





OPS/images/fsurg-08-666390/fsurg-08-666390-g006.gif





OPS/images/fsurg-08-666390/fsurg-08-666390-t001.jpg
Patient no. Gender Age Diagnosis

Glycerol
a1
G2
a3
G4

w4

Female
Female
Female
Female
Female

Male
Female
Female
Male

Male

Female
Female
Female

68
54
42
43
49

49
70
31
35

48
65
32
44

Bllateral definite MD*
Bilateral definite MD*
Vestibular migraine
Vestibular migraine
Right definite MD" - Left
delayed endolymphatic
hydrops

Right definite MD*
Bllateral definite MD*
Right definite MD*

Left probable MD

Right definite MD*
Bilateral definite MD*
Left definite MD*
Left probable MD

PTA Ears
included!

78550 LR
55875 LR
125-10 LR
10-10 LR
735825 LR
125-10 LR
35-625 LR
36.25-10 R
15-27.5 LR
437510 L
2125225 LR
10325 LR
10-125 R

Glycerol test patients are G1-G9 and control patients are W1-Wd. Two patients who met
the inclusion criterion of an initil gain above 1.29 were diagnosed as having Vestibular
Migraine according to the diagnostic criteria of the Barény Society (24).

“Ears included” refers to which sides showed enhanced eye velocity and were included
in the statistical analysis. The asterisk * shows which patients had a diagnosis of definite
Meniére’s Disease.
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Subject no.

N1

Gender

Female
Male
Male
Male
Male
Female
Male
Female
Male
Female
Female
Male
Female
Female
Female
Female
Female

Age

48
35
54
74
35
46
72
55
28
45
51
21
61
18
26
55
43
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