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Editorial on the Research Topic
 Imaging of the Vestibular System



The articles submitted to the Research Topic with the overarching title “Imaging of the Vestibular System” can best be structured according to the following two categories:

• imaging of the peripheral system with the inner ear and eighth nerve, and

• imaging of the central circuitry from the vestibular nuclei in the pontomedullary brainstem to cerebellar midline structures and multiple cortical areas centered around the parieto-insular-opercular region.

Historically, imaging of peripheral structures within the inner ear was dominated in the 1990s by the otolaryngologist Harold Schuknecht (Pathology of the Ear. 2nd Edition, 1993, Lea and Febinger, Philadelphia) (1), who published the first experimental data on the pathophysiology of the most frequent labyrinthine disorders and proposed new creative hypotheses, which were subject to lively and sometimes controversial discussion, for example for benign peripheral positioning vertigo, vestibular neuritis, and Menière's disease. In contrast, the structure, function, and disorders of the human central vestibular system that is represented by a largely distributed, multisensory, and sensorimotor vestibular network, in particular its cortical hubs, were increasingly disclosed by imaging over the last 25 years [e.g., (2–9)]. Around a quarter of patients who present with the key symptoms of vertigo, dizziness, and imbalance are found to have central vestibular disorders.

The recent collection of articles here—with six original research articles, two systematic reviews, and one case report—focuses, on the one hand, on normal and pathological labyrinthine characteristics which may serve as indicators and reliable follow-up parameters for various forms of inner ear diseases such as endolymphatic hydrops. Precise measurement of the endolymphatic space by in-vivo non-invasive MRI with intravenous delayed contrast medium is increasingly becoming an essential clinical diagnostic tool to distinguish various causes of vestibulocochlear syndromes associated with endolymphatic hydrops. During the last years, different methodological approaches were used to investigate the endolymphatic space, either by intratympanal application of gadolinium or by non-invasive intravenous delayed contrast agent enhanced, high-resolution MR imaging (10–13) (Boegle et al.). The latter has the advantage of simultaneous imaging of both ears which allows a comparison of the volumetric parameters of both ears and can be helpful to differentiate Menière's disease from vestibular migraine. It turned out that an endolymphatic hydrops occurred more often in Menière's disease, and showed a higher grade and an asymmetry between both ears compared to vestibular migraine or a combined condition in which the patients fulfill the definition of both diseases (Oh et al.). To improve volumetric quantification methods further a novel open-source inner ear fluid segmentation approach was developed using a deep learning model (Ahmadi et al.). This segmentation method showed high accuracy, robustness toward domain shift, and rapid prediction times, and could speed up inner ear MRI analyses in the future. Another article deals with the relationship between imaging and electrocochleography (ECG) in 50 patients with Menière's disease (He et al.). A correlation was found between the endolymph hydrops in 3D-FLAIR MRI and ECG parameters, in particular between the area ratio of the summating potential to the action potential and the cochlear hydrops. This ECG parameter appeared sensitive and reliable for diagnosing the endolymph hydrops.

Other important structures of the inner ear are the capillaries that form a semi-permeable barrier, the blood-labyrinth barrier, less permeable than capillary barriers elsewhere. Also using MRI with intravenous contrast agents, here as a marker for the barrier's integrity, a dysfunction could probably be disclosed as a mechanism for several audio-vestibular disorders. A systematic review (Song et al.) on 14 animal studies and 53 studies in humans with different diseases found constant and reliable parameters in healthy ears of animals and humans, with a maximum contrast signal at 4 h in humans. Patients with idiopathic sudden sensorineural hearing loss and otosclerosis showed increased signal intensity before and shortly after contrast medium injection, whereas patients with Menière's disease and vestibular schwannoma showed an increased signal after 4 h. However, since sample size, control groups, and blinded analysts were heterogeneous, future studies with consistent methods are needed.

Another vascular dysfunction of the inner ear is presented in a case report of a patient with acute labyrinthine ischemia who subsequently developed a posterior semicircular canal fibrosis (Castellucci et al.).

On the other hand, three contributions deal with different aspects of the central vestibular system that is examined by MRI, PET, and vestibular-evoked potentials.

Vertigo, dizziness, double vision, and hearing loss may be symptoms of an acute ischemia or hemorrhage in the brain and/or labyrinth. About 4–10% of patients presenting with vertigo and balance disorders in the emergency room suffer from stroke and therefore need urgent diagnostics and therapy. However, symptomatology can be very similar in acute peripheral and central vestibular disorders, a reason why special neuro-otological examinations like the HINTS test (head impulse, nystagmus in different gaze positions, test for skew deviation) are performed in the acute situation for differentiation. In the acute situation, the first question is: Is it an acute unilateral peripheral or a central vestibular syndrome, and, if central, which lesion site is it? An acute peripheral vestibular syndrome can be mimicked by lesions of the medullary brainstem, cerebellar peduncle, and especially midline cerebellar structures such as the uvula, nodulus, tonsil, and the flocculus (7).

In a prospective trial examining these patients in the emergency room, symptoms and lesion topography were analyzed to characterize the lesion-symptom relationship in acute vestibular and ocular motor strokes (Zwergal et al.). An acute unilateral stroke was found in 47 of 351 patients (13%) with MRI lesions located in the cerebellar hemispheres in vertigo/dizziness, whereas strokes with double vision showed lesions in the upper brainstem. In another study, changes in the cortical networks were examined in healthy individuals who perceive self-motion after exposure to passive motion, a phenomenon named mal de debarquement syndrome (MdDS) (Jeon et al.). Here 28 fishermen, 15 of whom experienced transient symptoms of MdDS, were tested with neuropsychological assessment, vestibular testing, structural MRI, resting-state functional MRI, and FDG-PET. The detailed analyses disclosed activation of prefrontal and deactivation of cerebellar networks that correlated with neuropsychological assessment. The functional neuroimaging findings showed similarities with functional dizziness and anxiety disorders suggesting a shared mechanism of enhanced self-awareness.

In a review article on vestibular-evoked cerebral potentials (EP), results are summarized and compared from studies that have used a large range of vestibular stimulation, from natural vestibular stimulation on rotating chairs or motion platforms to artificial stimulation, for example, by sounds, galvanic stimulation or acceleration (Nakul et al.). Up to now EPs remain poorly standardized in vestibular neuroscience and neurotology.

With respect to imaging of the central vestibular system, new methods come into play such as segmentation techniques, functional connectivity, and dysconnectivity which will hopefully enable us to understand the pathophysiology of several central disorders affecting the vestibular system, e.g., vestibular migraine or cerebellar disorders. Furthermore, they can help us to understand the different types of compensatory mechanisms after an acute lesion within the network or in chronic vestibular disorders in which the other sensory and sensorimotor systems may substitute for the loss of vestibular function.

I don't want to end without noting that more recent articles on this topic of imaging the peripheral and central vestibular system can be found in specialized journals of neuroimaging and neuroscience.
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Background: Mal de debarquement syndrome (MdDS) is characterized by a subjective perception of self-motion after exposure to passive motion, mostly after sea travel. A transient form of MdDS (t-MdDS) is common in healthy individuals without pathophysiological certainty. In the present cross-sectional study, the possible neuropsychiatric and functional neuroimaging changes in local fishermen with t-MdDS were evaluated.

Methods: The present study included 28 fishermen from Buan County in South Korea; 15 (15/28, 53.6%) participants experienced t-MdDS for 1–6 h, and 13 were asymptomatic (13/28, 46.4%). Vestibular function tests were performed using video-oculography, the video head impulse test, and ocular and cervical vestibular-evoked myogenic potentials. Visuospatial function was also assessed by the Corsi block test. Brain imaging comprised structural MRI, resting-state functional MRI, and [18F]FDG PET scans.

Results: The results of vestibular function tests did not differ between the fishermen with and those without t-MdDS. However, participants with t-MdDS showed better performance in visuospatial memory function than those without t-MdDS (6.40 vs. 5.31, p-value = 0.016) as determined by the Corsi block test. Structural brain MRIs were normal in both groups. [18F]FDG PET showed a relative hypermetabolism in the bilateral occipital and prefrontal cortices and hypometabolism in the vestibulocerebellum (nodulus and uvula) in participants with t-MdDS compared to those without t-MdDS. Resting-state functional connectivities were significantly decreased between the vestibular regions of the flocculus, superior temporal gyrus, and parietal operculum and the visual association areas of the middle occipital gyrus, fusiform gyrus, and cuneus in participants with t-MdDS. Analysis of functional connectivity of the significant regions in the PET scans revealed decreased connectivity between the prefrontal cortex and visual processing areas in the t-MdDS group.

Conclusion: Increased visuospatial memory, altered metabolism in the prefrontal cortex, visual cognition cortices, and the vestibulocerebellum, and decreased functional connectivity between these two functional areas might indicate reductions in the integration of vestibular input and enhancement of visuospatial attention in subjects with t-MdDS. Current functional neuroimaging similarities from transient MdDS via chronic MdDS to functional dizziness and anxiety disorders suggest a shared mechanism of enhanced self-awareness as a kind of continuum or as overlap disorders.

Keywords: Mal de Debarquement syndrome (MdDS), transient Mal de Debarquement (t-MdD), functional connectivity MRI, [18F]FDG PET, visuospatial memory, vestibular network, multisensory integration, emotional network


INTRODUCTION

Mal de Debarquement syndrome (MdDS) was recognized as a clinical entity for the first time in 1987 (1). The syndrome is characterized by a persistent rocking or swaying sensation occurring after prolonged passive movements, such as boat travel, that lasts for months or years, leading to balance problem, visuospatial and cognitive dysfunction (2). In contrast to typical MdDS, transient episodes of MdDS (t-MdDS) are fairly common even among healthy young individuals (3, 4). The post-motion-triggered rocking sensation is a common experience in healthy subjects with a prevalence of approximately 70% (4, 5) and is referred to “land-sickness.”

The underlying mechanism of MdDS and t-MdDS is not yet clear. Traditionally, MdDS has been considered a dynamic and multi-sensorimotor form of central nervous system adaptive plasticity with delayed or defective readaptation of the vestibular system after cessation of motion. According to the neural mismatch theory, this delayed readaptation leads to intersensory conflict (6). For example, passengers are exposed to a series of contradictory vestibular, visual, and proprioceptive stimuli when at sea, which may cause adaptation to specific ship motions. After landing, the newly acquired visuovestibular perception are no longer appropriate, causing Mal de Debarquement which lasts until proper readaptation is achieved (7). Recent studies indicated that readaptation of the velocity storage for VOR pathway, i.e., the adaptive processes associated with roll-while-rotating, could be a source of body oscillations in MdDS (8, 9). Treatment based on the readaptation of the VOR also has led to a substantial improvement in 70% of the subjects with MdDS (8). Memory of an internal representation of external passive movement (i.e., release of stored vestibular information from the hippocampus) may underlie a mechanism of MdDS (6). In a recent neuroimaging study of 20 MdDS patients, an association was observed between resting-state metabolic activity and functional connectivity between the entorhinal cortex and amygdala (10). Gray matter volume alterations were also found in the visual-vestibular processing areas and in a structure involving default mode, salience and central executive networks (11). Due to the similar history and overlapping clinical features, t-MdDS and MdDS may likely share underlying brain mechanisms. We hypothesized that the transient motion illusion in subjects with t-MdDS is reflected by changes in brain metabolism and functional connectivity involving areas that process spatial information, similar to persistent pathological MdDS. In the current study, neuropsychological and functional neuroimaging studies were evaluated using [18F]FDG PET and functional connectivity magnetic resonance imaging (fcMRI) to determine alterations in visual-vestibular networks in participants with t-MdDS.



SUBJECTS AND METHODS

Subjects

A total of 28 fishermen living in Buan County in Korea were enrolled in this prospective study from May to June 2018. After a thorough clinical history focusing on vestibular disorders and MdDS symptoms had been performed, the individuals were divided into two groups: participants with t-MdDS and those without t-MdDS symptoms. No participant suffered from persistent MdDS for more than a month. The criteria for t-MdDS were as follows: (1) a perception of rocking and swaying after disembarking; (2) symptoms lasting ≤ 1 month; (3) no other causes of peripheral inner ear or central nervous system disorders after evaluation with appropriate neurotological testing.

All participants underwent neurological and neurotological evaluations, including video-oculography (VOG), video head impulse test (vHIT), cervical and ocular vestibular-evoked myogenic potentials (cVEMPs and oVEMPs, respectively), [18F]FDG PET/CT, structural MRI, and resting-state fcMRI. General cognitive function was assessed using the Korean Mini-Mental State Examination (K-MMSE). The Korean Beck Depression Inventory (K-BDI) and the Korean Beck Anxiety Inventory (K-BAI) were also carried out. In addition, the visuospatial function test, as part of the Wechsler Adult Intelligence Scale (WAIS)-IV, and the Corsi block test using the iPad's Path Span application were performed. Every evaluations were performed during the fishing ban period, i.e., symptom-free period.

All participants gave informed consent and received monetary compensation for participation. The study was approved by the Institutional Review Board at Jeonbuk National University Hospital (IRB No. 2017-09-022).



Vestibular Testing


Video-Oculography (VOG) (12)

Eye movements and gaze stability were examined using three-dimensional VOG (3D-VOG, SMI, The Netherlands). Eye movements and the ability to hold a steady gaze were evaluated during attempted fixation of visual targets located centrally or eccentrically (±30° horizontally, ±20° vertically). Spontaneous and gaze-evoked nystagmus, vibration and head-shaking nystagmus, positional tests, horizontal saccades, and smooth pursuit eye movements were evaluated. Digitized data were analyzed using MATLAB® software.



Video Head Impulse Test (vHIT)

VHIT was performed using a video-oculography system (SLMED, Seoul, Korea). Participants were examined at a distance of 1 m from the target at eye level. To ensure the reliability of examination, the goggles were fastened to the head with an elastic band to minimize slippage. Participants were seated in a height-adjustable chair, which allowed the examiner to adjust the height of the subject's head for optimal examination. Participants were instructed to look at a point on the wall 1 m ahead. The examination was conducted by an experienced examiner and manually performed more than 20 times (head rotation 15–20°, duration 150–200 ms, peak velocity > 150°/s) on both sides of each plane. Normal vHIT was defined as having a gain of ≤ 2 standard deviation (SD) of the age-matched normal gain reference range and no fixation catch-up saccades.



VEMPs

To record cervical VEMPs, subjects were in the supine position and asked to hold their head up 30° above the floor and rotate it contralaterally to ensure contraction of the sternocleidomastoid muscles (11). An active surface EMG electrode placed over the belly of the ipsilateral sternocleidomastoid and a reference self-adhesive Ag/AgCl electrode on the incisura jugularis of the sternum were used for the recording.

For the recording of ocular VEMPs, the active electrode was located on the infraorbital margin 1 cm below the center of the contralateral lower eyelid and the reference electrode was placed 1 cm below the active electrode. During monaural sound stimulation, participants were asked to fix their gaze on the target located 25° above eye level. Unilateral 500 Hz, 5 ms air-conducted sound tone bursts with a calibrated 100 dB intensity were used. Amplified EMG potentials were bandpass filtered at 10–3,000 Hz and then the data were averaged from the stimulus onset to 50 ms.




Neuropsychological Tests

All participants underwent the Visual Object and Space Perception Battery (VOSP) for visuospatial perception, the Corsi block test for visuospatial memory, and K-MMSE for general cognition.


VOSP

The VOSP battery consists of object perception and space perception tests. The spatial perception function was evaluated using dot count, position discrimination, number location, cube analysis, and the block design test. In addition, visuospatial memory was assessed using the Corsi block test.

i) Dot count: Participants were asked to count how many black dots are on a white card. There were 10 cards. One point was bestowed for every correct count and maximum score is 10.

ii) Position discrimination: Subjects were presented with 20 boards with two adjacent horizontal squares with a black dot (5 mm) at the center of each. One of the two squares had a dot in the center and the other was slightly off. The subject was asked to distinguish in which square the black dot was in the exact center. The examiner recorded the number of correct answers and maximum score is 20.

iii) Number location: Subjects were presented with 10 boards with two adjacent vertical squares. The upper square had numbers arranged in a random and the lower square had only one black dot. The subject was asked to identify which number in the top square corresponded to the dot in the bottom square (maximum score: 10).

iv) Cube analysis: Subjects were presented with 10 boards with three-dimensionally arranged cubes. Subjects were asked to identify how many cubes were on each board, including the hidden one (maximum score: 10). This test evaluated three-dimensional analysis presented on a two-dimensional plane.



Corsi Block Test

The examiner tapped cubes starting with a sequence of two blocks in front of the participant. Two trials were performed per block sequence length. The participant had to tap the cube sequence in the same order immediately after the examiner had finished. The number of cubes tapped ranged from 2 to 9. The subject had two chances to tap the cubes in the correct order; the subject only proceeded to the next step if he or she provided the correct answer.




Psychometric Testing


Korean Beck Depression Inventory (K-BDI)

The Korean version of BDI-II is a 21-item self-report inventory which is designed to determine the presence and severity in depressive symptoms. Based on the severity in the last 2 weeks, each item is rated on a 4-point Likert-type scale ranging from 0 to 3.



Korean Beck Anxiety Inventory (K-BAI)

The BAI is also a self-report assessment of anxiety symptoms, which consists of 21 items rated on a 4-point Likert scale from 0 (not at all) to 3.The total score ranges from 0 to 63 in each test, with higher scores inferring more severe depressive (BDI) and anxiety (BAI) symptoms.




Imaging Data Acquisition and Analysis


FDG PET

All participants fasted for at least 6 h prior to the intravenous injection of [18F]FDG, and blood glucose levels in all patients were < 126 mg/dL. Approximately 5.5 MBq of [18F]FDG per kilogram of body weight was administered intravenously. Scanning was performed approximately 60 min after [18F]FDG administration. Brain images were obtained using a Biograph TruePoint 40 PET/CT scanner (Siemens Medical Solutions, Knoxville, TN, USA). A CT scan was first obtained using a continuous spiral technique (120 kVp, 160 mA, 0.5 s rotation time). Next, a PET scan was taken in a three-dimensional mode for 10 min. The obtained PET data were iteratively reconstructed using an ordered-subset expectation maximization algorithm (128 × 128 matrix, 3.27 mm slice thickness, subset: 21, iterations: 2). The [18F]FDG PET/CT images were reviewed at a workstation (Syngo MI applications, Flexible Display 7.0.7.7; Siemens Medical Solutions, Erlangen, Germany).



Structural MRI and fMRI

Structural and functional images were acquired on a 3T MRI system (Magnetom Verio, Siemens Healthcare, Erlangen, Germany) with a 12-channel head coil. In a single session, 195 volumes (60 contiguous, axial, 2.5 mm-thick slices each; 1-mm gap) were acquired with a gradient echo, echo-planar imaging (EPI) T2*-sensitive sequence (repetition time: 2,000 ms; echo time: 30 ms; flip angle: 90°; matrix: 64 × 64; field of view: 192 × 192 mm). To reduce head movement and consequently artificial activation patterns, a foam pad was wrapped around the headphones. Anatomical images included a T1-weighted magnetization-prepared rapid gradient echo (MP-RAGE) sequence with a 256-mm field-of-view and 1.0 × 1.0 × 1.0 mm3 isotropic spatial resolution (TE, 4.37 ms; TR, 2,100 ms; 160 slices). Subjects were instructed to minimize movement and keep their eyes closed but not fall asleep.

Resting-state fMRI data were preprocessed with AFNI software (http://afni.nimh.nih.gov/) (13). After discarding the initial five volumes from each fMRI, images were de-spiked, slice timing was applied, and head motion was corrected. In the head motion correction, all functional scans were realigned to the first image with a 6-parameter, rigid body, spatial transformation, and differentiated head realignment parameters across frames yielded a six-dimensional time course representing instantaneous head motion. The anatomical image was co-registered to the functional image using affine registration with a Local Pearson Correlation cost function. The eroded white matter mask and eroded large ventricle (LV) mask were also transformed to EPI space. All images and masks in native space were normalized to a standard MNI 152 template and resampled with an isotropic voxel size of 2 mm. The normalized fMRI data were spatially smoothed with a 6-mm full width at half maximum (FWHM) Gaussian kernel (14). The normalized and smoothed fMRI data were corrected using a regression model with the nuisance signal removed with an anatomy-based correlation correction (ANATICOR) method (15). The anatomy-based regressors were extracted before spatial smoothing to avoid mixing signals from different tissues. The regressors of the ANATICOR method were as follows: (1) 6 parameters obtained by head motion correction, (2) the signal from the eroded LV mask, and (3) the signal from the eroded WM mask in the local neighborhood (r = 15 mm) of the voxel. The censoring was performed together in the nuisance regression model. The censoring was applied to fMRI data with the Euclidian norm of the first derivative of head motion > 0.25. The regressed and censored images were temporally bandpass-filtered (0.009 < f < 0.08) to reduce physiological noise.



Defining Regions of Interests (ROIs) and Seed-Based Functional Connectivity Analysis

The predefined established seed regions of known visual and vestibular processing areas were used to generate correlation maps (p < 0.05, FWE correction). The seeds included the bilateral posterior insula, inferior insula, superior temporal gyrus, parietal operculum, inferior parietal lobule (IPL), precuneus, thalamus, cerebellar flocculus and nodulus, vermis and vestibular nuclei in the brainstem. The structural boundaries of the whole seeds were delineated instead of defining spherical seeds within each region. The location of each seed was manually modified until it was within the boundary of each seed region in every subject. In order to analyze the functional connectivity of the significant regions in the PET analysis results, MNI coordinates of increased metabolic regions as well as widespread activation of the prefrontal cortex were used as follows: bilateral superior frontal cortex (SFC, x/y/z = 28/4/58 and −30/2/58), inferior prefrontal cortex (IPFC, x/y/z = 32/24/0 and −28/24/2), lateral orbital frontal cortex (LOFC, x/y/z = ±46, 34, 0) and bilateral dorsolateral prefrontal cortex (DLPFC, x/y/z = 30/46/20 and −34/52/14). These regions of interest (ROIs) were described as a 6-mm radius sphere at the peak using a voxel mask.

A region of interest (ROI)-based approach with a priori selected regions was used for resting-state functional connectivity analyses. For each seed, a resting-state time series was extracted separately for each subject by computing the mean BOLD intensity of all voxels within the seed boundary at each MR frame (time point). A correlation map of each seed was obtained via correlation analysis between the seed reference time series and the time series of the rest of the brain in a voxel-wise manner. The correlation map for each subject was converted to a z-value using Fisher's r-to-z transformation. The Mann-Whitney U-test was performed to compare functional connectivity between the subjects with and without t-MdDS. Monte Carlo simulation was conducted to control type I errors by calculating the significance level combination of cluster size and uncorrected individual voxel p-value (16). The simulation parameters were as follows: uncorrected individual voxel p = 0.02, simulation = 10,000 times, 8 mm FWHM Gaussian filter width with a whole brain mask. The Mann-Whitney U test was corrected by Pα < 0.05 level (uncorrected individual voxel height threshold of p < 0.02 with a minimum cluster size of 306 voxels).




Data Availability Statement

All of the individual participant data that underlie the results reported in this article, after deidentification (manuscript, tables, and figures) will be shared.



Statistical Analysis

All metrics were compared between groups using the non-parametric Mann-Whitney U-test. Fisher's exact test was used for univariate comparison regarding sex and motion sickness. The Student's t-test was applied to test age and educational level as well as the Corsi block test. The Mann-Whitney U-test was used to compare the mean values of the two groups in MMSE, time at sea, and the visuospatial memory function test. A p < 0.05 was considered statistically significant. Analyses were performed using the Statistical Package for Social Sciences software (SPSS, Inc., Chicago, IL, USA).




RESULTS

Demographic and Clinical Data

Twenty-eight fishermen who resided in Buan County participated in and completed the present study. Fifteen of the participants experienced a transient sense of rocking and swaying motion immediately after landing (t-MdDS, 15/28, 53.6%) and 13 participants did not (13/28, 46.4%). The demographic and clinical characteristics of the participants with t-MdDS and those without are summarized in Table 1. No differences in age, sex, educational level, K-MMSE score, and total time spent at sea were observed between the two groups. A female predominance in MdDS has been noted in many studies varying from 75% to >95% and age of onset is typically in the 40 to 50 s. In the current study, however, t-MdDS appears to be consistent in both men and women in the 50 s. Symptoms described shortly after landing included rocking and swaying and the mean duration was 3.27 h (range, 2–6 h). No participant in the t-MdDS group became seasick while at sea and similarly, motion sickness with other transportation was experienced less in participants with t-MdDS than in those without (Table 1).


Table 1. Demographic and clinical characteristics of participants with MdDS and those without t-MdDS.

[image: Table 1]



Vestibular Testing

Spontaneous or induced nystagmus was not observed in either group during VOG recordings. vHITs were normal for all six semicircular canals on both sides in all participants. There were no abnormalities in the cVEMP and oVEMP amplitudes and latencies in both groups.



Neuropsychological and Psychometric Tests

Visuospatial perception and general cognition did not differ between groups with and without t-MdDS (Table 2). However, in the Corsi block test, a predominant method for assessing spatial memory capacity, participants with t-MdDS performed significantly better than those without symptoms (6.40 ± 0.91 vs. 5.31 ± 1.24, p = 0.016, Mann-Whitney test; Table 2).


Table 2. Results of visuospatial memory function tests in participants with and without t-MdDS.

[image: Table 2]

A comparison of the mean scores of the Korean version of BDI across two groups did not reveal significant differences between the t-MdDS group (mean = 22.69, SD = 28.9) and the group without t-MdDS (mean = 15.46, SD = 17.3, p = 0.11, Table 1). BAI also did not show differences between the two groups (mean = 7.92, SD = 3.67 vs. mean = 8.8, SD = 11.1, p = 0.39, Table 1). Correlation analysis with the BDI / BAI did not reveal any significant correlation in the brain structures with different metabolic activation or deactivation patterns.



FDG-PET Analysis

Subtraction analysis between groups with and without t-MdDS showed an increased metabolism in the left superior occipital, superior and inferior parietal lobules, and the right superior frontal gyrus including the dorsolateral prefrontal cortex (DLPFC) in subjects with t-MdDS compared to those without. In addition, hypometabolism was observed in t-MdDS participants bilaterally in the cerebellum including the right inferior semilunar lobule, nodulus, and the vermis especially the uvula (p < 0.05, uncorrected, Figure 1 and Table 3).


[image: Figure 1]
FIGURE 1. Areas of relative hyper- and hypometabolism in participants with t-MdDS compared with those without. Image is presented at z > 2.57 for better visualization; extent voxels: 0.



Table 3. Comparison of [18F]FDG PET/CT between participants with and without t-MdDS.
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Structural MRI

Volume changes in regional gray matter were not detected at a threshold of p < 0.001 uncorrected for the whole brain between groups with and without t-MdDS.



Resting-State fMRI

Different resting-state functional connectivities were observed at three ROIs (right flocculus, left posterior superior temporal gyrus, and left parietal operculum OP2) of the vestibular processing regions (Figure 2 and Table 4, Mann-Whitney U test). Compared with participants without t-MdDS, subjects with t-MdDS showed decreased functional connectivity between the right flocculus and right middle occipital gyrus (z-value: −3.757, Pα < 0.05), between the left posterior superior temporal gyrus and right inferior parietal lobule (z-value: −3.66, Pα < 0.05) and the right fusiform gyrus (z-value: −3.757, Pα < 0.05), and between the left parietal operculum and left cuneus (z-value: −4.233. Pα < 0.05) and right fusiform gyrus (z-value: −3.611, Pα < 0.05). The inferior and posterior insula, which are considered core structures of vestibular processing and integration, did not differ in the resting-state functional connectivities between both groups with and without t-MdDS.


[image: Figure 2]
FIGURE 2. Results of functional connectivity for three ROIs of the vestibular processing regions in both groups. Negative (cold color) z-value indicates that functional connectivity of subjects with t-MdDS is significantly lower than functional connectivity of subjects without symptoms (Pα < 0.05).



Table 4. Different resting-state functional connectivities between participants with and without t-MdDS.

[image: Table 4]

Sub-analysis of functional connectivity for the significant regions in the PET analysis, including widespread activation of the prefrontal cortex, revealed that the t-MdDS group showed decreased functional connectivity between the right superior frontal cortex and left cuneus, between the left inferior prefrontal cortex and right lingual and fusiform gyri, and between the right DLPFC and right cuneus compared to participants without t-MdDS (Table 4). Functional connectivity between the prefrontal cortex and the vestibular processing regions was increased between the left lateral orbital PFC and the left flocculus; it was decreased between the right vestibular nuclei and left inferior PFC and lateral orbital PFC (Figure 3).


[image: Figure 3]
FIGURE 3. Functional connectivity of the significant regions from the FDG-PET analysis. IPFC, inferior prefrontal cortex; LOPFC, lateral orbital prefrontal cortex; R, right; L, left.





DISCUSSION

Task-free resting-state fcMRI and FDG PET combined with neuropsychological tests were used in the present study to investigate the functional brain connectivity and metabolic signatures of t-MdDS in local fishermen. Visuospatial memory function was significantly higher, and changes in brain glucose metabolism and functional connectivity in the vestibular and visuospatial attention processing areas were observed in the t-MdDS group compared with the group without t-MdDS. FDG metabolism in t-MdDS participants was significantly increased in several regions, especially widespread bilaterally in the DLPFC and OFC that is involved in integration of different cognitive operations as well as in emotions. The prefrontal cortex plays a vital role in mood-regulating circuits, anxiety disorders, and fast responses to threats (17) and the OFC is involved in sensory integration and in representing the affective value and expectation (18). Metabolism increases were also seen in visual areas including the superior occipital gyrus responsive to visual orientation and to visuospatial attention. Further, an increase was found in the superior and inferior parietal lobules, which also contribute to spatial attention and reorientation (Figure 1 and Table 3). This increased metabolism in the areas associated with visuospatial attention and orientation might reflect increased visuospatial memory function determined with the Corsi block test.

In addition, glucose metabolism was significantly reduced in the vestibulocerebellum, including the nodulus and uvula, in t-MdDS participants. This could indicate an adaptive mechanism that suppresses the enhanced visual-vestibular inputs during continuous movement on a boat. Alternatively, decreased function in the vestibulocerebellum may cause inadequate suppression of enhanced visuospatial memory induced by continuous oscillation of the visual environment. In combination with the bilateral enhanced metabolism of the prefrontal cortex, the reduced cerebellar metabolism may more likely represent a reduction of automatic control, since the cerebellum is important for several aspects of sensorimotor integration such as subconscious automatic motor control (19).

We further assessed functional connectivity changes between the visual and vestibular sensory processing regions in the participants with t-MdDS compared to those without. During rest, fcMRI of the normal brain shows large-amplitude spontaneous low-frequency (<0.1 Hz) fluctuations that are temporally correlated across functionally related areas referred to as “resting-state functional connectivity” (rs-fc) (20). Connectivity between the vestibular regions and the visual association areas of the middle occipital gyrus, fusiform gyrus, and cuneus was significantly decreased in t-MdDS subjects based on rs-fc between the vestibular seed regions and whole-brain analysis (Figure 2 and Table 4). Sub-analysis for fc of the significant regions in the PET analysis results showed decreased connectivities between the prefrontal cortices and visual processing areas of the cuneus as well as lingual and fusiform gyri in the t-MdDS group (Figure 2 and Table 4). This could mean that the participants rely less on vestibular but more on visual input, i.e., they show a sensory shift from the vestibular to the visual system. Thus, the pattern of reduced connectivity between vestibular regions and visual cortex areas, reduced metabolism in the vestibulocerebellum, and increased metabolism in prefrontal and visual cortex areas reflects an enhanced conscious control of sensorimotor function under the lead of the visual system instead of an unconscious automatic control of stance and gait (Figure 4). A similar pattern was found in patients with functional dizziness, i.e., phobic postural vertigo (21), who are known to show a continuous co-contraction of antigravity muscles during normal stance that normalizes during distracting attention by dual task conditions (22). This co-contraction may be an expression of an irrational fear of imbalance which is observed also in specific phobias (23).


[image: Figure 4]
FIGURE 4. Brain metabolic and functional connectivity changes in the t-MdDS group. Schematic descriptions are superimposed on the cortical [18F]FDG-PET results.


Clinically, the fishermen tended to have t-MdDS symptoms when they were exposed to a significant amount of motion in a boat on the sea during extreme weather with high winds and unpredictable large waves rather than when they spent a longer time on a calm sea (Table 1). Boat stability depends not only on the size of the boat but also on wind and wave conditions as well as the direction of the boat. Since fishing boats are usually small, substantial roll can occur depending on the size of the waves despite the ship's roll stabilizers. Modulation of roll motion mostly depends on the integrity of the cerebellar nodulus (24–26). In animal and human experiments, the nodulus and uvula exert powerful control on the velocity storage integrator. The lateral portions of the nodulus cause discharge activity in velocity storage during visual suppression as well as loss of stored activity in velocity storage during tilt-suppression (27–30). In addition, the central parts of the nodulus generate activities responsible for orienting the axis of eye, head, and body velocity to the spatial vertical (26, 28, 30, 31), and habituation of the time constant of the VOR (32). The majority of vestibular fibers in Scarpa's ganglion project directly to the Purkinje cells in the contralateral nodulus through the inferior olives that sense active or passive movements of the head and body (33). Thus, there is a strong projection to the nodulus continuously modulating the active or passive head and body movements. Vestibular neurons sense the (roll) position of the head and body and transmit this activity to the nodulus via the inferior olives. The nodulus also receives input from the inferior olive that originates in the nucleus of the optic tract which carries optokinetic-generated activity to the vestibular nuclei and the nodulus. Recently, the existence of visually driven Purkinje cells was revealed in the anterior part of the nodulus and ventral uvula near the midline (34). Studies of neural activity in the flocculus of alert monkeys showed that the main mossy fiber input to the flocculus originates in the vestibular nuclei and a second input of unknown origin conveys visual information from retinal slip (35). Thus, part of the flocculus may also be specialized to work visual-vestibular interactions. Convergence of vestibular and visual motion information is essential for accurate spatial orientation and navigation. Therefore, prolonged exposure to vestibular and moving visual inputs, when at sea, could condition the motion-related neurons or visually driven Purkinje cells in the nodulus and flocculus, subsequently contributing to changes or even maladaptation of the velocity storage integrator or visual-vestibular interaction in the vestibulocerebellum.

Another interesting finding was that participants in the t-MdDS group did not become seasick while at sea and experienced less motion sickness with other methods of transportation than those without t-MdDS (Table 1). The mechanism of this relative tolerance of motion sickness in the t-MdDS group remains unclear, but the properties of visuovestibular interaction also could be explained. As our data showed that the t-MdDS participants depend more on the visual than the vestibular system in the setting of consistently spontaneous motion, the participants may become more tolerant of slow changes in the visual surroundings because the visual system is usually used to stabilize low-frequency postural and visual sway. Indeed, a low-frequency oscillatory motion stimulation of 0.1 to 0.4 Hz as a roll and pitch rotation was found to be a typical experimental stimulus for t-MdDS in humans, especially when it was more unpredictable and along multiple dimensions (36). These low frequencies include both the frequency of natural stimuli n the boat (37) as well as the predominant frequency of 0.2–0.3 Hz of rocking sensations and body oscillations in individuals with MdDS (8, 9). During continuous activity within the visual system on a boat, reciprocal inhibitory activity of the visual and vestibular systems (38) leads to a suppression of vestibular processing areas in order to reduce the visuovestibular functional conflict. This tolerance to motion sickness with other transportation in subjects with t-MdDS is also consistent with Dai's readaptation hypotheses, which implies that if velocity storage path of the VOR cannot adapt, subjects experience motion sickness, and if VOR does adapt, then the subject may get MdDS (8).

Perception of motion and space information in the brain is processed in a widely distributed network involving the vestibular, visual, and somatosensory cortices because the interactions among these sensory systems are important for postural and spatial perception. In contrast to other sensory modalities of visual or auditory inputs, a unimodal primary sensory cortex for vestibular inputs does not exist. Instead, a multimodal vestibular cortical network contains neurons integrating information from vestibular, visual, auditory, and somatosensory stimuli. These multimodal sensory integrating neurons have been found not only in the vestibular brainstem nuclei but also in particular in several cortical regions centered around the posterior insula, retroinsular region, parietal operculum, and adjacent posterior perisylvian regions of the parietal and temporal cortices which superimpose the vestibular cortex and contribute to perception of spatial cognition and gravity (39, 40). Perception of self-motion is processed by the multimodal nature of the vestibular information in which visual signals as well as somatosensory and auditory inputs collectively provide information (41). However, detection of movement in space may often be more dependent on visual input than vestibular and somatosensory information, since it is necessary to stabilize the eyes on targets of interest. Significantly increased glucose metabolism in the visuospatial attention regions with reduced metabolism in the vestibulocerebellum and decreased resting-state functional connectivity between these two functional regions in the participants with t-MdDS indicate reductions in the integration of vestibular input and enhancement of visuospatial attention. The wide-spread increased glucose metabolism in the prefrontal and frontal cortex bilaterally and the visual processing areas associated with decreased functional connectivity between them also raise the question of whether these changes within the vestibular and visual networks could be due to an enhanced self-awareness, self-attention, and emotional processes (Figure 4). Increased functional connectivities were also found between the vestibulocerebellum (flocculus) and the orbitofrontal cortex in t-MdDS participants, i.e., within brain networks important for adaptive and goal-directed behavior (Figure 3). Similarly altered connectivities within the prefrontal and orbitofrontal cortex have been observed in patients with mood disorders (42, 43). The enhanced connectivity of these networks combined with decreased fc between the visual, vestibular and prefrontal networks in our study might explain the features of over-generalization and anxious response to certain stimuli, a disturbed self-awareness, and an overacted compensatory mechanism for evaluating the specific stimuli in the participants with t-MdDS (21). The dorsolateral prefrontal cortex influences multiple interconnected networks with effects on mood, cognition, and visuospatial processing (44–47). As mentioned above, similar patterns of increased metabolism or connectivity in the prefrontal cortex combined with a decrease in the vestibulocerebellum were also found in patients with functional dizziness (21). The patients with functional dizziness also shift their attention from the vestibular to the visual system. Based on such similarities, an overlap in a kind of continuum from transient MdDS via chronic MdDS to functional dizziness and anxiety disorders, all with enhanced self-awareness, can be suggested. Therefore, these networks may process the data differently under normal conditions such as when t-MdDS enhanced attention to the visual system and to more conscious balance control.
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Background: Diagnosing stroke as a cause of acute vertigo, dizziness, or double vision remains a challenge, because symptom characteristics can be variable. The purpose of this study was to prospectively investigate lesion-symptom relationships in patients with acute vestibular or ocular motor stroke.

Methods: Three hundred and fifty one patients with acute and isolated vestibular or ocular motor symptoms of unclear etiology were enrolled in the EMVERT lesion trial. Symptom quality was assessed by the chief complaint (vertigo, dizziness, double vision), symptom intensity by the visual analog scale, functional impairment by EQ-5D-5L, and symptom duration by daily rating. Acute vestibular and ocular motor signs were registered by videooculography. A standardized MRI (DWI-/FLAIR-/T2-/T2*-/3D-T1-weighted sequences) was recorded within 7 days of symptom onset. MRIs with DWI lesions were further processed for voxel-based lesion-symptom mapping (VLSM).

Results: In 47 patients, MRI depicted an acute unilateral stroke (13.4%). The chief complaints were dizziness (42.5%), vertigo (40.4%) and double vision (17.0%). Lesions in patients with vertigo or dizziness showed a large overlap in the cerebellar hemisphere. VLSM indicated that strokes in the medial cerebellar layers 7b, 8, 9 were associated with vertigo, strokes in the lateral cerebellar layer 8, crus 1, 2 with dizziness, and pontomesencephalic strokes with double vision. Symptom intensity and duration varied largely between patients. Higher symptom intensity and longer duration were associated with medial cerebellar lesions. Hemispheric lesions of the cortex were rare and presented with milder symptoms of shorter duration.

Conclusions: Prospective evaluation of patients with acute vestibular or ocular motor stroke revealed that symptom quality, intensity and duration were not suited to differentiating peripheral from central etiologies. Lesions in the lateral cerebellum, thalamus, or cortex presented with unspecific, mild and transient symptoms prone to being misdiagnosed.

Keywords: vertigo, dizziness, double vision, acute vestibular syndrome, stroke


INTRODUCTION

Vertigo, dizziness or double vision may be symptoms of an acute cerebral ischemia or hemorrhage (1). Overall, 4–10% of patients in the emergency department (ED) presenting with vertigo and balance disorders suffer from stroke (2). Sixteen percentage of diplopia-related ED visits result from stroke or TIA (3). Patients with vestibular or ocular motor stroke often have no additional focal neurological deficits and therefore are at greater risk of being misdiagnosed (4, 5).

Cerebral lesions presenting with vertigo, dizziness, or double vision mostly involve vestibular and ocular motor circuits in the brainstem and cerebellum, whereas thalamo-cortical networks are affected only occasionally (6, 7). The reason for this lesion distribution can be found in the functional anatomy of the bilaterally organized central vestibular system, which converts direction-specific signals of each labyrinth into more global position-in-space signals along the ascending vestibular projections (8). Consequently, the vestibular syndromes of the lower brainstem present with severe vertigo and ipsilesional falling tendency, while lesions of the parieto-insular vestibular cortex may cause “higher vestibular symptoms” such as altered spatial perception or neglect (9). However, previous knowledge about the topography and symptoms of pure vestibular or ocular motor strokes is mostly based on retrospective analyses, which lack detail in the description of the quality, intensity, and time course of clinical symptoms.

Therefore, in the prospective EMVERT (EMergency VERTigo) lesion trial, symptoms and lesion topography were characterized in consecutive patients, who presented to the ED of a tertiary referral center with acute vertigo, dizziness or double vision due to stroke (10). This approach focuses on the clinical triage practice in the ED, which initially is based on the description of symptoms by the patient rather than on vestibular and ocular motor signs. The major question was whether symptom characteristics could be sufficient to differentiate peripheral from central disorders. A further aim was the evaluation of the distribution of lesion sites in pure vestibular and ocular motor stroke in relation to the quality, intensity, and time course of the accompanying chief complaint.



METHODS


Patient Characteristics

Eight hundred and forty consecutive patients with an acute presentation of vertigo, dizziness or double vision were prospectively screened for inclusion in the EMVERT lesion trial at the ED of the University Hospital, Ludwig-Maximilians-University, Munich. Four hundred and eighty-nine patients were excluded, because of the following reasons: definite peripheral vestibular or ocular motor disorders (like nystagmus typical for BPPV during repositioning maneuvers, recurrent attacks of definite Menière's disease, definite peripheral N III, N IV, N VI palsy without central ocular motor signs, vertigo/dizziness, or SVV deviation on the non-paretic eye) (n = 203); strokes with accompanying non-vestibular symptoms (like hemiparesis, hemihypesthesia, hemiataxia) (n = 15); decline to participate (n = 186); incapability to be included for other reasons (e.g., communications problem, psychiatric co-morbidity, cognitive deficits, critical illness, symptoms <10 min) (n = 85). Three hundred and fifty-one patients (60.1 ± 16.7 years, 46.6% female) with isolated vertigo, dizziness or double vision of unclear etiology were included (Figure 1). Two hundred and sixty patients had persistent symptoms at the time of inclusion. Fifty eight percentage of symptomatic patients had spontaneous nystagmus (SPN) at acute examination.


[image: Figure 1]
FIGURE 1. Flow diagram of the EMVERT lesion trial. Eight hundred and forty consecutive patients with an acute presentation of vertigo, dizziness, or double vision were prospectively screened for inclusion in the EMVERT lesion trial at the Emergency Department (ED) of the University Hospital, Ludwig-Maximilians-University, Munich. Four hundred and eighty nine patients were excluded, because of the following reasons: definite peripheral vestibular or ocular motor disorder (like definite BPPV, recurrent attacks of definite Menière's disease, definite peripheral N III, N IV, N VI palsy) (n = 203); stroke with accompanying non-vestibular symptoms (like hemiparesis, hemihypesthesia, hemiataxia) (n = 15); decline to participate (n = 186); incapability to be included for other reasons (e.g., communications problem, psychiatric co-morbidity, cognitive deficits, critical illness, symptoms < 10 min) (n = 85). Three hundred and fifty one patients (60.1 ± 16.7 years, 46.6% female) with isolated vertigo, dizziness or double vision of unclear etiology were included. Three hundred and forty two patients received complete acute assessment in the ED, 333 patients a follow-up MRI within 7 days after symptom onset. Forty-seven of 49 patients with a stroke on MRI were included in the voxel-based lesion-symptom mapping analysis (2 excluded because of bilateral lesions). MRI, magnetic resonance imaging; SVV, subjective visual vertical; VLSM, voxel-based lesion-symptom mapping; VOG, videooculography.




Protocol Approval and Patient Consent

The study was approved by the Ethics Committee of the University of Munich on 02/23/2015 (57-15). The study was conducted according to the Guideline for Good Clinical Practice, the Federal Data Protecting Act and the Helsinki Declaration of the World Medical Association (revision of Fortaleza, Brazil, October 2013). All subjects gave their informed, written consent to participate in the study.



Trial Flow

Adult patients with an acute onset of vertigo, dizziness, or double vision within the last 24 h and a duration of at least 10 min were screened prospectively for inclusion in this single center trial (10). A structured medical history and standardized clinical examination with an emphasis on vestibular and ocular motor function tests was performed in the ED. Patients with a clinically proven peripheral etiology (e.g., typical signs of BPPV, recurrent attacks of definite Menière's disease, peripheral N III, N IV, N VI palsy), and central etiology (e.g., signs of acute hemiparesis, hemihypesthesia, hemiataxia) were excluded. The remaining patients with unclear etiology of isolated vertigo, dizziness or double vision were defined as the subpopulation of interest for the EMVERT trial. Patients, who consented to participate, were included and received a comprehensive assessment of vestibular, ocular motor and postural signs by videooculography (VOG, EyeSeeCam®), mobile posturography, measurement of SVV, as well as scores and scales in the ED. A standardized magnetic resonance imaging (MRI) protocol was applied within 7 days after symptom onset to identify acute stroke (time to MRI: 2 ± 2.8 days, 93% of cases > 1 day) (Figure 1).



Scoring and Scaling of Chief Complaint, Symptom Duration, and Functional Impairment

At admission, the patients were asked to categorize their chief complaint as either vertigo (sensation of apparent self-motion), dizziness (unspecific sensation without self-motion), or double vision. If mixed phenotypes (e.g., vertigo/double vision) were reported, the patient had to choose the predominant one. Accompanying vegetative symptoms like nausea or vomiting were documented. The maximum intensity of the chief complaint was measured using a visual analog scale (VAS, range 0–10). Decline of symptoms intensity was estimated by repeated testing of VAS for the chief complaint. Duration of vestibular or ocular motor symptoms was categorized in <1 days, 1–4 days, and >4 days based on daily reports of the patients. The Dizziness Handicap Inventory (DHI) and European Quality of Life scale-5 dimensions-5 levels (EQ-5D-5L) were performed as additional scores for graduation of symptom severity, quality of life (QoL) and functioning at admission (11). The Modified Ranking Scale (mRS) was documented at the time of discharge from the hospital.



Assessment of Vestibular and Ocular Motor Signs

The following vestibular and ocular motor signs were documented by VOG in the ED: nystagmus in straight ahead position (slow-phase velocity with/without fixation), gaze holding (lateral/vertical gaze positions), smooth pursuit (horizontal/vertical direction), saccades (horizontal/vertical direction), horizontal vestibulo-ocular reflex (VOR) (gain threshold: 0.7, presence of compensatory saccades), horizontal VOR-suppression, skew deviation and ocular motility deficits (cover test in lateral, vertical and straight ahead gaze position). The main criterion of skew deviation (in contrast to vertical misalignment due to N III or N IV palsy) was that the amount of vertical deviation from both eyes was the same in different eye positions on alternating cover test. VOG recording was done at the non-paretic eye, if monocular motility was restricted. Binocular subjective visual vertical (SVV) was measured in general, using the bucket test. SVV was determined via the non-affected eye in case of monocular paretic eye movements. Ten repetitions were performed (5 clockwise, 5 counterclockwise) and the mean SVV deviation was calculated (normal range: 0 ± 2.5°) (12).



MRI Protocol

The standardized protocol included whole brain and brainstem fine slice (3 mm) DWI, FLAIR-, T2-, T2*-weighted images, 3D-T1-weighted sequences (FSPGR 1 mm) and time-of-flight angiography. All images were evaluated for the presence of ischemic stroke or bleeding by two specialized neuro-radiologists.



Voxel-Based Lesion-Symptom Mapping

Lesions were directly manually delineated on DWI sequences (MRI < 3 days post stroke) or T2-weighted sequences (MRI > 3 days post stroke) by an experienced imaging scientist, blinded for the clinical information, on a slice-by-slice basis using MRIcron (13). DWI or T2-images were co-registered with 3D-T1 images to enrich the normalization process. Normalization quality of lesion maps was visually checked by a second operator. Right-sided lesions were flipped to the left for the purpose of analysis. Patients presenting with bilateral lesions (n = 2) were discarded for analysis. Patients with simultaneous lesions in the medial and lateral cerebellum, in the medulla and cerebellum and in multiple unilateral locations were included in the analysis. None of the patient had critical ischemic edema. Images were normalized to Montreal Neurological Institute space (MNI) by Statistical Parametric Mapping Software (SPM 8) employing an established template. For descriptive analysis, the lesion site was assigned to the respective vascular territory/territories [posterior inferior cerebellar artery (PICA), anterior inferior cerebellar artery (AICA), superior cerebellar artery (SCA), brainstem perforators, middle cerebral artery (MCA), posterior cerebral artery (PCA)] and the affected anatomical structure(s) (cerebellar midline: nodulus, uvula, pyramis, tonsil, lingula, central lobule; cerebellar hemispheres: flocculus, biventer, inferior/superior semilunar, posterior/anterior quadrangulate lobule; brainstem: medulla, pons, midbrain; thalamus: dorsolateral, anteromedial; cortex: parieto-insular cortex, occipital cortex).

Voxel-based lesion-symptom mapping (VLSM) was performed using the statistical package Non-Parametric Mapping (NPM) implemented in MRIcron. For lesion analysis a custom-made mask was applied (Supplement 1), which included all relevant hubs of the cerebral vestibular network (e.g., brainstem, cerebellum, thalamus and insula). T-test (numerical variables) or Liebermeister-test (dichotomous variables) corrected for multiple comparison with false discovery rate (FDR) were calculated to assess whether behavioral scores differed significantly between the patients' pattern for lesioned and non-lesioned voxels (14). Since NPM toolbox interprets that a lower value in the behavioral scoring refers to a poorer performance, the different behavioral scores were computed reversed when necessary for statistical purposes. Only voxels affected in 15% of the sample were computed in each analysis to avoid inflated z-scores. Areas with significant differences in VLSM were labeled using the Automated Anatomical Labeling template (AAL-Atlas) (15).



Statistics

ANOVA with post-hoc testing was used to compare the scoring and scaling data (e.g., lesion volume, VAS) between subgroups (e.g., stroke/non-stroke, left-/right-sided lesions, vertigo/dizziness) using SPSS®24 (IBM). Pearson's correction coefficient was calculated for the correlation of lesion volume and VAS in the total group and subgroups (vertigo, dizziness, double vision).



Data Availability

Data reported in this article will be shared with any appropriately qualified investigator on request after pseudonymization.




RESULTS


Patient Characteristics

MRI indicated acute unilateral stroke in 47 patients (13.4% of enrolled patients, 5.6% of screened patients, 29 men). The mean age of stroke patients was 64.7 ± 13.0 years. The most frequent chief complaint in stroke patients was dizziness (42.5%), followed by vertigo (40.4%) and double vision (17.0%). Fifty percentage of patients with the chief complaint double vision reported accompanying vertigo or dizziness. 40.4% of stroke patients had nausea or vomiting, none had hiccups. Age did not differ significantly between the subgroups dizziness (66.7 ± 14.2 years), vertigo (63.5 ± 13.2 years), and double vision (61.9 ± 8.0 years). Forty four patients with vestibular or ocular motor stroke were symptomatic at the time of acute VOG assessment. In these patients spontaneous nystagmus (SPN) was detected in 45%. In total 74% of patients with vertigo and 30% of patients with dizziness had SPN (Table 1). In these cases, HINTS had a central pattern in 93% vs. 83% of patients (vertigo vs. dizziness). The head impulse test (HIT) was normal in 95, 85, and 63% of cases (vertigo, dizziness and double vision). Skew deviation appeared in 26% of patients with vertigo, 20% of patients with dizziness and 25% of patients with double vision. SVV was pathological in 68, 65, and 88% of patients with vertigo, dizziness, and double vision. The etiologies of double vision were internuclear ophthalmoplegia (37%), skew deviation (25%) and N III, N IV, N VI nuclear/fascicular palsy (13%, each) (Table 1).


Table 1. Vestibular and ocular motor signs in patients with stroke.
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Lesion Topography and Chief Complaint

In the total group, the most common lesion sites were in the cerebellum (PICA > SCA territory), followed by the brainstem (pontomedullary > mesencephalic tegmentum), thalamus and cortex. Lesion volume did not differ in patients with right-sided (mean: 8.0 cc, range 0.01–33.6 cc) and left-sided lesions (mean: 8.6 cc, range 0.01–102.2 cc) (p = 0.89). Patients with vertigo most frequently had lesions in the medial PICA territory (biventer lobule 58%, inferior semilunar lobule 37%, nodulus 37%, uvula 32%, tonsil 32%) and the pontomedullary brainstem (medulla 16%, pons 21%) (Figure 2A, Supplement 2). In patients with dizziness the lesions were found mostly in the lateral PICA territory (biventer lobule 25%, superior semilunar lobule 25%), SCA territory (posterior/anterior quadrangulate lobule 15%, each), the pontomesencephalic brainstem tegmentum (midbrain 25%, pons 20%) and the thalamus (dorsolateral/anteromedial 5%, each) (Figure 2B, Supplement 2). Lesions of patients with vertigo and dizziness showed a considerable overlap in the PICA territory (biventer, inferior semilunar lobule). Patients with double vision had pontomesencephalic and mesodiencephalic lesions (Figure 2C). Lesion volume was different in patients with vertigo (13.2 ± 24.3 cc), dizziness (7.4 ± 7.7 cc) and double vision (0.5 ± 0.6 cc) (p = 0.04). Patients with strokes in the medial cerebellum (PICA territory) had nausea or vomiting in 91%, in the lateral cerebellum, pontomesencephalic brainstem and thalamus in only 17%, respectively. Symptomatic stroke patients without SPN (n = 24) had lesions in the lateral PICA territory (30%), medial PICA territory (8%), SCA territory (8%), pontomesencephalic brainstem (38%), thalamus (8%), and insular cortex (8%).


[image: Figure 2]
FIGURE 2. Overlap lesion plots for chief complaints. Overlap lesion plots for the chief complaints vertigo (A), dizziness (B), and double vision (C). The number of overlapping lesions is illustrated by the color bar from dark red (n = 0) to bright yellow (maximum number). Coordinates are given in MNI space. MNI, Montreal Neurological Institute; L, left; R, right.


VLSM in vestibular networks revealed that lesions in the medial cerebellar layers 7b, 8, 9 were significantly associated with the vertigo [Liebermeister-test, p = 0.05 (FDR-corrected), Z = 1.66] (Figure 3A). For the chief complaint dizziness, a lesion core area was found in the lateral cerebellar layer 8 and Crus 1, 2 using VLSM [Liebermeister-test, p < 0.05 (uncorrected), Z = 0.65] (Figure 3B). VLSM analysis conducted in patients with double vision did not reveal a significant association to a certain brain area (data not shown).


[image: Figure 3]
FIGURE 3. Voxel-based lesion-symptom mapping (VLSM) analysis for the chief complaints vertigo and dizziness. (A) VLSM for the presence of the chief complaint vertigo showed an association with areas in the medial cerebellar hemisphere (cerebellar layers 7b, 8, 9). (B) VLSM analysis for the chief complaint dizziness indicated related voxels more laterally in the cerebellar hemisphere (cerebellar layer 8, Crus 1, 2). Presented are voxels that exceed a p < 0.05 (*FDR-corrected for vertigo; uncorrected for dizziness). The color bar from dark to light red indicates the z-scores. Coordinates are given in MNI space. MNI, Montreal Neurological Institute; L, left; R, right.




Lesion Topography and Symptom Intensity

The maximum symptom intensity (measured by VAS) was higher in the dizziness group (8.4 ± 1.8) and vertigo group (8.3 ± 2.3) and lower in the double vision group (6.2 ± 1.6) (p = 0.015 compared to the dizziness group and p = 0.04 compared to the vertigo group). Patients with nausea or vomiting had a higher VAS during the attack (9.5 ± 1.2), compared to patients without (7.0 ± 2.1) (p < 0.0001). VAS at symptom onset did not differ between patients with right-sided (7.7 ± 2.8) and left-sided lesions (8.2 ± 2.0) (p = 0.99). The mean decline of VAS per day was not significantly different between groups (dizziness group, 3.0 ± 1.7; vertigo group, 3.7 ± 1.7; double vision group, 1.9 ± 2.2). Lesions in patients with a high symptom intensity (VAS > 8) were larger and located in the cerebellar hemispheres (PICA > SCA territory) and pontomedullary brainstem (Figure 4A), while patients with a lower symptom intensity (VAS < 8) had smaller lesions in the cerebellar cortex (PICA/SCA territory), pontomesencephalic brainstem, thalamus and parieto-insular cortex (Figure 4B).


[image: Figure 4]
FIGURE 4. Overlap lesion plots and voxel-based lesion-symptom mapping (VLSM) for symptom intensity. Maximum intensity of the chief complaint was measured by the visual analog scale (VAS) (range 0–10). Overlap lesion plots for patients with higher symptom intensity (VAS > 8) (n = 34) (A) and lower symptom intensity (VAS < 8) (n = 13) (B). The degree of lesion overlap is illustrated by color bars from dark to bright yellow or blue. (C) VLSM analysis in 47 patients based on VAS indicated an area in the medial cerebellar hemisphere (cerebellar layer 8, 9) related to more severe symptoms. Presented are voxels that exceed a p < 0.05 (*FDR-corrected). The color bar from dark to light red indicates the z-scores. Coordinates are given in MNI space. MNI, Montreal Neurological Institute; L, left; R, right.


VLSM conducted with VAS at symptom onset showed significant voxels in the cerebellar layers 7b, 8, 9 in all patients with higher symptom intensity (t-test, p = 0.05 (FDR-corrected), Z = 1.75) (Figure 4C). In patients with cerebellar stroke, lesion volume was higher if symptoms were more severe (r = −0.42, p = 0.03), while in patients with cortical and thalamic lesions no correlation was found (r = −0.15, p = 0.85). Analysis of lesion volume and VAS at symptom onset by subgroups indicated no correlation for patients with vertigo (r = −0.1, p = 0.97), dizziness (r = −0.14, p = 0.63), or double vision (r = −0.14, p = 0.91).



Lesion Topography and Symptom Duration

In 6 patients symptom duration was <1 day, in 12 patients 1–4 days and in 29 patients >4 days. Duration of symptoms was not significantly different between the subgroups with vertigo, dizziness or double vision. In the total group, patients with a shorter symptom duration (<4 days) had lesions mostly in the lateral and distal cerebellar hemisphere (PICA territory), pontomesencephalic brainstem and parieto-insular cortex (Figures 5A,B), while patients with symptoms lasting >4 days had larger lesions involving the medial and lateral cerebellar hemispheres (PICA > SCA territory), the mesencephalon and thalamus (Figure 5C). Comparison of patients with a symptom duration of less and more than 4 days using VLSM showed that areas in the cerebellar layer 7b, 8, 9, and Crus 1, 2 were associated with longer symptom duration [Liebermeister-test, p = 0.05 (FDR-corrected), Z = 1.72] (Figure 5D).
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FIGURE 5. Overlap lesion plots and voxel-based lesion-symptom mapping (VLSM) for duration of symptoms. Overlap lesion plots are shown for patients with a duration of symptoms <1 day (n = 6) (A), 1–4 days (n = 12) (B) and > 4 days (n = 29) (C). The degree of lesion overlap is illustrated by color bars from dark to bright blue, green or red. (D) VLSM analysis in 47 patients based on symptom duration in days showed an area in the medial cerebellar hemisphere (cerebellar layer 7b, 8, 9, and Crus 1, 2) associated with longer duration of symptoms. Presented are voxels that exceed a p < 0.05 (*FDR-corrected). The color bar from dark to light red indicates the z-scores. Coordinates are given in MNI space. D, day; MNI, Montreal Neurological Institute; L. left; R, right.




Lesion Distribution, QoL, and Functioning Parameters

The health-related QoL measured by the EQ-5D-5L questionnaire was worse in the vertigo (12.2 ± 4.0) compared to the dizziness group (9.4 ± 3.6; p = 0.02). In the vertigo group higher scores were found in the EQ-5D-5L subtests for mobility (p = 0.047), overall activity (p = 0.042), and anxiety (p = 0.024). Similarly, DHI was higher in the vertigo (52.0 ± 22.1) compared to the dizziness group (34.4 ± 20.2, p = 0.01) and lowest in patients with double vision (42.3 ± 27.9).

VLSM in vestibular networks indicated that areas in cerebellar layers 8, 9, and Crus 2 were associated with higher EQ-5D-5L scores in the total group (t-test, p = 0.05 (FDR-corrected), Z = 1.69). VLSM for the subtest anxiety/depression showed a significant specific engagement of cerebellar layer 8 [t-test, p = 0.05 (FDR-corrected), Z = 1.79]. The analysis within patient subgroups revealed that the cerebellar layer 6 and Crus 1 correlated with worse QoL in patients with vertigo (Figure 6A), while the cerebellar layer 8 was related to higher EQ-5D-5L scores in patients reporting dizziness (Figure 6B). When VLSM was performed for DHI, areas in cerebellar layer 8 were significantly associated with higher DHI scores.
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FIGURE 6. Voxel-based lesion-symptom mapping (VLSM) analyses based on the QoL scale EQ5D-5L. (A) VLSM based on EQ5D-5L in the vertigo subgroup showed an association of voxels in the medial cerebellar hemisphere (cerebellar layers 8, 9, vermis, and crus 1, 2) with worse QoL scores. (B) VLSM analysis using EQ5D-5L in the dizziness subgroup indicated a more lateral area (cerebellar layer 6, and Crus 1) engaged in higher EQ5D-5L scores. Presented are voxels that exceed a p < 0.05 (*FDR-corrected). The color bar from dark to light red indicates the z-scores. Coordinates are given in MNI space. EQ5D-5L: European Quality of Life scale −5 dimensions −5 levels, MNI, Montreal Neurological Institute; L, left; R, right.





DISCUSSION

In the prospective EMVERT lesion trial, symptoms of patients with acute vestibular or ocular motor stroke were systematically documented and correlated to lesion topography. The major findings were the following: (1) Vertigo and dizziness were equally frequent in vestibular stroke and underlying lesions showed a large overlap in the cerebellar hemisphere. Vertigo was more likely associated with medial cerebellar lesions (biventer lobule, nodulus, uvula), while dizziness appeared more frequently in lateral and superior cerebellar lesions. (2) Symptom intensity and duration varied largely in vestibular and ocular motor stroke patients. Higher symptom intensity and longer symptom duration were associated with medial cerebellar lesions. Cortical lesions presented with milder symptoms of shorter duration. (3) QoL and functioning was worst in patients with vertigo and lesions in the medial cerebellar structures.


Symptom Characteristics and Diagnostic Classification of Vestibular Stroke

The diffuse lesion-symptom topography in vestibular and ocular motor stroke has direct practical implications for the processing of patients. The symptom quality does not allow differentiation of peripheral and central etiologies of vestibular syndromes. Therefore, the traditional approach of assessment by the symptoms vertigo, dizziness, postural instability or disequilibrium has major limitations in acute vestibular disorders (16, 17). Similar conclusions have been drawn in previous studies, where symptom quality was imprecise even in peripheral vestibular disorders (18). In the current study, symptom duration and intensity varied largely and consequently could not be taken as an indicator or criterion for exclusion of stroke. A recent study showed that functional impairment in acute central vestibulopathies is lower than in acute unilateral peripheral vestibulopathies, which may increase the risk of a false-benign diagnosis in vestibular stroke (19). Furthermore, previous studies described that suspected ischemic attacks with vestibular symptoms may present with short-lasting and transient symptoms (50% lasting <1 h) (20–22). Consequently, modern concepts of symptom-based differentiation of vestibular disorders rely more on the presence of triggers preceding vestibular symptoms and the time course of symptom onset and evolution (e.g., TiTrATE algorithm, including timing, trigger, and targeted examination) (23, 24).



Symptom Characteristics and the Risk of Misdiagnosis of Vestibular Stroke

Based on a recent meta-analysis, unspecific presentations of dizziness, short duration, and subtle intensity of symptoms may increase the risk for a misdiagnosis in patients with acute vestibular stroke (5). In these scenarios, the probability for missing stroke was about 10-fold compared to other focal neurological presentations. In total about 10% of strokes were missed at first contact in the ED (25). This problem is also reflected in a 50-fold increased risk of being readmitted to a hospital with a secondary stroke diagnosis in the first week, and a 9.3-times higher stroke risk after 30 days in patients discharged from the ED with a suspected benign diagnosis of acute vertigo or dizziness compared to matched controls (26). Lesion-symptom relationships from the current EMVERT lesion trial point out that especially patients with lesions in the lateral cerebellar hemispheres, mesencephalon and parieto-insular cortex may be at risk of being falsely processed. In these localizations patients do complain about more unspecific symptoms (such as dizziness, unsteadiness), transient symptoms (<1 day), lower symptom intensity (VAS < 8), and less vegetative symptoms (like nausea or vomiting) (Figures 2, 3, 5). Furthermore, patients with lesions in the lateral cerebellum, upper midbrain and cortex do not show clinical signs of an acute vestibular syndrome (e.g., SPN), which further complicates the diagnosis. HINTS is not applicable in the majority of these cases. In contrast, lesions in the pontomedullary tegmentum and medial cerebellar hemispheres may be more apparent, because patients report more intense and longer-lasting symptoms and show more prominent clinical signs (such as SPN, ocular tilt reaction, and HINTS central pattern) (27–29). Lesion size may be another relevant factor, because patients with smaller lesions had less intense vertigo. For lesions <10 mm, MRI has a high false-positive rate (about 50%) in the first 1–2 days after symptom onset, which questions the rationale of a purely imaging-based diagnosis of acute vestibular or ocular motor stroke (30). Patients in our study received MRI in 93% of cases later than 1 day post symptom onset to increase the sensitivity to capture small DWI lesions.



Pathophysiological Principles Behind Lesion-Symptom Relationships in Vestibular Stroke

Despite the variety of symptomatic presentations across lesion sites, some general principles seem to exist: (1) Lesions in the nodulus, uvula, and medial cerebellar hemisphere are associated with vertigo symptoms of the highest intensity and a high rate of nausea or vomiting. The most likely explanation is that these regions are directly involved in processing of vestibular and ocular motor signals. The nodulus has been implicated in integration of otolith and semicircular canals signals, tilt suppression of post-rotatory vertigo and the judgement of verticality perception (7, 31–33). Nodular lesions often present with SPN and ocular tilt reaction (34). Anatomically, the nodulus has inhibitory ipsilateral projections to the vestibular nucleus (31). Functionally, medial cerebellar lesions cause an excitation of the ipsilesional vestibular nucleus (via disinhibition) and resemble the clinical picture of a vestibular nucleus lesion on the other side. The lateral and superior cerebellar hemispheres are not specifically dedicated to vestibular processing but rather to sensorimotor and posture control. Therefore, lesions may cause less specific dizziness, as a sign of disturbed multisensory integration or balance control, and only rarely nausea or vomiting. (2) Perceived impairment of QoL and functioning follows the degree of vestibular asymmetry. Patients with vertigo had a higher EQ-5D-5L anxiety score than dizzy patients. VLSM found an association of higher EQ-5D-5L scores in the medial cerebellar hemisphere. In accordance, a recent study found that the degree of horizontal SPN is the most important factor for worse health-related quality of life in acute vestibulopathies (19). In another previous study, patients with unilateral vestibular disorders had more anxiety than patients with bilateral vestibulopathy (35). (3) Symptom duration was higher in medial compared to lateral cerebellar and thalamo-cortical lesions. This finding could be explained either by the different peak levels of initial symptoms in these subgroups or by a less effective central compensation of strategic lesions in vestibular cerebellar networks. The latter hypothesis may be substantiated by the finding that patients with medial cerebellar lesions had a prolonged course of compensation (36). Furthermore, symptoms from unilateral parieto-insular cortex lesions may be compensated by the intact cerebral hemisphere (6). (4) Symptom quality changed along the brainstem-thalamic axis from more direction-specific symptoms (i.e., vertigo) in the lower brainstem to more position-specific symptoms (i.e., dizziness) in the midbrain and thalamus. The reason for this topography may be the specific computation of vestibular signs at different brain levels. Vestibular signs at the lower brainstem level drive direction-specific ocular motor and postural responses. Along the ascending vestibular projections head direction signals from both sides are integrated to head position in space signals (37, 38). In the thalamo-cortical networks, a global percept of the environment is built by integration of multisensory information. In consequence, lesions at the midbrain level and above will rather give dizziness as a disturbed perception of the environment without the feeling of self-motion (6).




CONCLUSIONS

A simple symptom-lesion topography in acute vestibular and ocular motor stroke is an inappropriate clinical approach. Symptom quality, intensity, and duration are not suited to differentiate peripheral from central etiologies of vestibular presentations. Clinicians should be aware that rare lesion sites in the lateral cerebellum, thalamus, or cortex may present with rather unspecific, mild, and transient symptoms and therefore are at risk of being categorized as false-benign. Symptom intensity and perceived impairment are highest in lesions, which directly affect pontomedullary and medial cerebellar vestibular hubs. Lesions in ascending vestibular projections above the VOR brainstem circuit, rarely present with direction-specific vestibular symptoms (namely vertigo). Detailed neuro-ophthalmological and -ototological examinations are required in all patients with monosymptomatic vertigo, dizziness, or double vision.
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Case Report: Filling Defect in Posterior Semicircular Canal on MRI With Balanced Steady-State Gradient-Echo Sequences After Labyrinthine Ischemia in the Common Cochlear Artery Territory as an Early Sign of Fibrosis

Andrea Castellucci1*, Emanuela Pepponi1, Annalisa Bertellini2, Caterina Senesi3, Margherita Bettini4, Cecilia Botti1,5, Salvatore Martellucci6, Pasquale Malara7, Silvia Delmonte4, Francesco Maria Crocetta1, Martina Fornaciari1, Francesca Lusetti1, Giovanni Bianchin4 and Angelo Ghidini1


1ENT Unit, Department of Surgery, Azienda USL – IRCCS di Reggio Emilia, Reggio Emilia, Italy

2Department of Radiology, Azienda USL – IRCCS di Reggio Emilia, Reggio Emilia, Italy

3Department of Neurology, Azienda USL – IRCCS di Reggio Emilia, Reggio Emilia, Italy

4Audiology and Ear Surgery Unit, Azienda USL – IRCCS di Reggio Emilia, Reggio Emilia, Italy

5Clinical and Experimental Medicine, University of Modena and Reggio Emilia, Modena, Italy

6ENT Unit, Santa Maria Goretti Hospital, Azienda USL Latina, Latina, Italy

7Audiology and Vestibology Service, Centromedico Bellinzona, Bellinzona, Switzerland

Edited by:
Raymond Van De Berg, Maastricht University Medical Centre, Netherlands

Reviewed by:
Michael C. Schubert, Johns Hopkins University, United States
 Nese Celebisoy, Ege University, Turkey
 Luke Chen, Monash University, Australia

*Correspondence: Andrea Castellucci, andrea.castellucci@ausl.re.it

Specialty section: This article was submitted to Neuro-Otology, a section of the journal Frontiers in Neurology

Received: 21 September 2020
 Accepted: 02 December 2020
 Published: 13 January 2021

Citation: Castellucci A, Pepponi E, Bertellini A, Senesi C, Bettini M, Botti C, Martellucci S, Malara P, Delmonte S, Crocetta FM, Fornaciari M, Lusetti F, Bianchin G and Ghidini A (2021) Case Report: Filling Defect in Posterior Semicircular Canal on MRI With Balanced Steady-State Gradient-Echo Sequences After Labyrinthine Ischemia in the Common Cochlear Artery Territory as an Early Sign of Fibrosis. Front. Neurol. 11:608838. doi: 10.3389/fneur.2020.608838



We describe a rare case of posterior semicircular canal (PSC) fibrosis following acute labyrinthine ischemia in the territory supplied by the common cochlear artery (CCA) and review the relevant literature. A 71-year-old man with multiple vascular risk factors presented 12 days after the onset of acute vertigo and profound left-sided hearing loss. Right-beating spontaneous nystagmus with downbeat components elicited by mastoid vibrations and headshaking was detected. The video head impulse test (vHIT) revealed an isolated hypofunction of the left PSC, whereas vestibular evoked myogenic potentials (VEMPs) showed ipsilateral saccular loss. The clinical presentation and instrumental picture were consistent with acute ischemia in the territory supplied by left CCA. Compared to previous imaging, a new MRI of the brain with 3D-FIESTA sequences highlighted a filling defect in the left PSC, consistent with fibrosis. Hearing function exhibited mild improvement after steroid therapy and hyperbaric oxygen sessions, whereas vHIT abnormalities persisted over time. To the best of our knowledge, this is the only case in the literature reporting a filling defect on MRI, consistent with semicircular canal fibrosis following acute labyrinthine ischemia. Moreover, PSC fibrosis was related with poor functional outcome. We therefore suggest using balanced steady-state gradient-echo sequences a few weeks following an acute lesion of inner ear sensors to detect signal loss within membranous labyrinth consistent with post-ischemic fibrosis. Besides addressing the underlying etiology, signal loss might also offer clues on the functional behavior of the involved sensor over time. In cases of acute loss of inner ear function, a careful bedside examination supplemented by instrumental assessments, including vHIT and VEMPs, of vestibular receptors and afferents may be completed by MRI with balanced steady-state gradient-echo sequences at a later time to confirm the diagnosis and address both etiology and functional outcome.

Keywords: common cochlear artery, labyrinthine ischemia, posterior semicircular canal, labyrinthine fibrosis, video-head impulse test, vestibular-evoked myogenic potentials, inner ear MRI


INTRODUCTION

Inner ear fibrosis and ossification result from fibrous tissue deposits and new bone formation, respectively, in labyrinthine structures. These conditions represent subsequent final steps of several inner ear pathologies, including infections, genetic and autoimmune diseases, trauma, and ischemia (1). Animal studies on labyrinthine arterial obstruction have demonstrated that ischemia may result in end-organ fibrosis within 2 weeks and ossification within a few months (2, 3). Similarly, inner ear fibrosis has been observed in post-mortem examination of patients who had suffered an acute labyrinthine ischemia (4, 5).

Magnetic resonance imaging (MRI) with balanced steady-state gradient-echo sequences has demonstrated higher sensitivity in detecting signs of early fibrosis compared to high-resolution CT (HRCT) scans (6). In particular, steady-state gradient-echo MRI such as FIESTA (fast imaging employing steady-state acquisition) and constructive interference in steady state (CISS) sequences with multiplanar reconstructions can offer a high-contrast evaluation of the signal loss within the fluid-filled spaces on the membranous labyrinth due to fibrotic tissue deposits (7).

The development of modern tools for vestibular testing, such as video head impulse test (vHIT) and vestibular evoked myogenic potentials (VEMPs), has allowed fast measurements of the activity of each semicircular canal (SC) and otolith receptors/afferents in clinical settings (8, 9). Thanks to the interpretation of data obtained from matching results from assessments of all five inner ear sensors, it has become possible to identify specific lesion patterns and offer reliable hypothesis on underlying etiopathological mechanisms affecting inner ear receptors or vestibular nerve branches.

Here we describe the onset of posterior semicircular canal (PSC) fibrosis on MRI in a patient with a clinical presentation and instrumental findings consistent with acute stroke in the territory supplied by the common cochlear artery (CCA). We also review the relevant literature.



CASE DESCRIPTION

A 71-year-old man was admitted to our institution for evaluation of sudden onset of left-sided hearing loss (HL), vertigo, and severe unsteadiness persisting for over 12 days. His clinical history was consistent with arterial hypertension, atrial fibrillation (in treatment with oral anticoagulants), and myelodysplastic syndrome (regular hematologic follow-ups). He reported a transient ischemic attack 4 years earlier but denied any previous inner ear symptoms. Corresponding brain MRI images were reviewed, showing signs of periventricular leukoaraiosis and normal posterior fossa structures, including normally fluid-filled SCs on FIESTA sequences (Figures 1A–C).


[image: Figure 1]
FIGURE 1. (A–C) Brain MRI performed 4 years prior to left-sided labyrinthine ischemia exhibiting (A) Slight signs of periventricular leukoaraiosis on axial T2-weighted FLAIR (fluid-attenuated inversion recovery) images. (B) Axial and (C) sagittal MRI with 3D-FIESTA (fast imaging employing steady-state acquisition) sequences showing normally fluid filled semicircular canals on both sides (red arrows indicate left posterior semicircular canal). (D–F) Brain MRI performed 14 days after left-sided labyrinthine ischemia showing (D) Increased areas of periventricular leukoaraiosis and widened cerebrospinal fluid spaces on atrophic basis on axial T2-weighted FLAIR images. (E) Axial and (F) sagittal MRI with 3D-FIESTA sequences showing filling defect within the left posterior semicircular canal (black arrows). A, anterior; L, left; P, posterior; R, right.


Vestibular examination with video Frenzel goggles detected sustained spontaneous right-beating nystagmus exhibiting downbeat/right-torsional components after mastoid vibrations and headshaking. Oculomotor testing and a neurological examination ruled out central nervous system involvement, as did a brain CT scan. Tympanic membranes were unremarkable on micro-otoscopy. Pure-tone audiometry showed right-sided high-frequency sensorineural HL consistent with the patient's age and profound left-sided hearing impairment (Figure 2A). An ICS Impulse device (Otometrics, Natus Medical Inc, Denmark) was used to measure the vestibulo-ocular reflex (VOR) gain for all six semicircular canals. Gains were considered normal if >0.8 for lateral canals and >0.7 for vertical canals (8). Selective mild reduction of left posterior SC (PSC) activity was detected on vHIT (Figure 2B). A 2-channel evoked potential acquisition system (Viking, Nicolet EDX, CareFusion, Germany) was used for cervical and ocular VEMPs testing. Potentials were measured by delivering tone bursts (frequency: 500 Hz, duration: 8 ms, stimulation rate 5 Hz) via headphones. The recording system used an EMG-based biofeedback monitoring method to minimize variations in muscle contractions and VEMPs amplitudes. Each stimulus was retested to assess reproducibility of responses, and the stimulus intensity was reduced by 10 dB until the threshold for each side was reached. Although no cervical responses could be detected on the pathologic side consistent with left-sided isolated saccular loss, symmetrical potentials were evoked for ocular testing (Figures 2C,D). Clinical presentation and instrumental findings suggested a labyrinthine ischemia in the territory supplied by the left CCA.


[image: Figure 2]
FIGURE 2. (A,B) Presenting scenario including (A) Pure-tone audiometry exhibiting right-sided high-frequency sensorineural hearing impairment and profound left-sided hearing loss. (B) vHIT. Blue lines represent head impulses exciting left canals, orange lines correspond to impulses for right canals, green lines represent eye movements induced by the activation of VOR following each impulse and red lines correspond to corrective saccades. Mean value of VOR-gain (eye velocity/head velocity) is reported for each canal. The hexagonal plot in the center of the figure summarizes mean VOR-gains for each canal; normal gains are shown in green and deficient gains are in red. A selective deficient VOR-gain for the left posterior semicircular canal (0.59) with overt saccades can be observed. Cervical VEMPs (C) and ocular VEMPs (D) for air-conducted sounds. For cervical VEMPs, right and left lines correspond to myogenic responses (p1–n1) recorded on the right and left SCM muscle (i.e., right and left saccular responses), respectively. For ocular VEMPs, being crossed responses, right and left lines represent potentials (n–p) recorded under the left and right eye (i.e., right and left utricular responses), respectively. VEMPs testing revealed normal responses on the right side (83 μV at 100 dB HL stimuli) and absent potentials on the left, whereas symmetrical amplitudes for ocular VEMPs (R: 6 μV and L: 5 μV at 100 dB HL stimuli) could be detected. L, left; LA, left anterior; LL, left lateral; LP, left posterior; R, right; RA, right anterior; RL, right lateral; RP, right posterior; SCM, sternocleidomastoid; vHIT, video head impulse test; VEMPs, vestibular evoked myogenic potentials; VOR, vestibulo-ocular reflex.


The patient immediately began steroid therapy (1 week intravenous 1 mg/Kg dexamethasone followed by oral tapering for 1 additional week) and oral treatment with 48 mg/day betahistine for 2 weeks, in accordance with recommendations available in the literature (10). Simultaneously, he received 15 sessions of hyperbaric oxygen therapy, and a cardiologic evaluation with transcranial Doppler assessment was requested to adjust anticoagulant and antihypertensive therapy, if necessary. Since stenosis or blood flow abnormalities within the main intracranial arteries were excluded, current therapy was continued.

Due to related cardiovascular risk factors, a new brain MRI was also scheduled in the following days. Acute brainstem infarction in diffusion-weighted and T2-weighted fluid-attenuated inversion recovery (FLAIR) images were excluded, whereas widened cerebrospinal-fluid spaces on atrophic basis and increased areas of leukoaraiosis compared with previous neuroimaging were detected (Figure 1D). 3D-FIESTA sequences detected signal loss within left-sided PSC consistent with fibrous tissue deposits (Figures 1E,F).

At 3-week evaluation with video Frenzel goggles, slight spontaneous right-beating nystagmus enhanced by mastoid vibrations and headshaking could still be detected. Hearing evaluation with pure-tone audiometry showed a moderate to severe down-sloping sensorineural HL on the left side, consistent with mild recovery of cochlear function (Figure 3A). Nevertheless, word recognition on the left side was poor on speech audiometry, while the speech discrimination score was optimal on the healthy side (Figure 3B). However, the patient refused additional therapy with intratympanic steroids.


[image: Figure 3]
FIGURE 3. (A–C) Instrumental picture following steroids and hyperbaric oxygen therapy. (A) Pure-tone audiometry exhibiting partial recovery for right-side hearing function with a pure-tone average (500 Hz−4 kHz) of 77.5 dB. (B) Standard speech audiometry in silent setting showing optimal (100%) and poor (20%) speech discrimination score on the right and left sides, respectively. (C) vHIT showing persistent selective loss for left posterior canal VOR-gain (0.46) with both overt and covert saccades. Affected canal VOR-gain is further impaired compared to presenting values. (D,E) Temporal bones HRCT scans with axial (D) and parasagittal reconstructed image along the Stenver plane (E) excluding signs of posterior semicircular canal ossification on the left side (yellow arrows). HRCT, high-resolution computed tomography; L, left; LA, left anterior; LL, left lateral; LP, left posterior; R, right; RA, right anterior; RL, right lateral; RP, right posterior; vHIT, video head impulse test; VOR, vestibulo-ocular reflex.


Although vHIT showed further reduction in left-sided PSC activity (Figure 3C), the patient reported that his vestibular symptoms were substantially relieved. Rehabilitation was therefore not pursued, and the patient refused to undergo additional testing, including VEMPs reassessment and caloric testing. Temporal bone HRCT performed 2 weeks later finally excluded signs of labyrinthine ossifications (Figures 3D,E).

Written informed consent was obtained from the patient for the publication of this case report, including all data and images.



DISCUSSION

The inner ear is supplied by the internal auditory artery, which branches from the anterior-inferior cerebellar artery (AICA) and divides into two main terminal branches: the anterior vestibular artery and CCA. Whereas, the first mostly supplies the utricle and the horizontal and superior SCs, the latter mainly serves the cochlear turns, saccule, and PSC (11, 12) (Figure 4).


[image: Figure 4]
FIGURE 4. Inner ear vascular supply. Labyrinthine receptors mainly supplied by the anterior vestibular artery and the common cochlear artery are in yellow and in light blue, respectively. AICA, anterior-inferior cerebellar artery; HSC, horizontal semicircular canal; PSC, posterior semicircular canal; SSC, superior semicircular canal.


In recent years, thanks to the introduction in clinical practice of fast modern devices such as vHIT and VEMPs, which provide a precise assessment for each SC and the otolith end organs in the high-frequency domain, instrumental testing has demonstrated its pivotal role in the topographical diagnosis of selective dysfunction of inner ear structures, including in the acute stage (8, 9). Nevertheless, underlying etiologic mechanisms may remain unclear. In fact, whereas ischemic damage should always be suspected when symptoms consistent with peripheral vestibular loss are accompanied by sudden HL, in cases of isolated vertigo of peripheral origin, clinical and instrumental assessments may not clarify whether an inflammatory or vascular lesion represents the underlying mechanism (13–16). For example, a partial vestibular hypofunction sparing saccular and PSC activity may be due either to neuritis involving the superior nerve division or to anterior vestibular artery stroke (15, 17). Conversely, a selective ischemia in the territory supplied by CCA seems to represent the most likely disorder accounting for an acute functional loss of cochlear epithelium, saccular macula and PSC ampulla (13, 18, 19). The same lesion pattern was detected in our patient exhibiting profound left-sided HL, abnormal cervical VEMPs on the same side and selective VOR-gain reduction for ipsilateral PSC. Furthermore, asymmetrical stimulation of vertical SCs resulting from an acute selective loss for left-sided PSC activity may likely account for right-torsional/downbeat components elicited by mastoid vibrations and headshaking in the acute stage (20, 21). On the other hand, different levels of vestibular compensation or hypothetical involvement of hair cells encoding low-frequency stimuli for left horizontal SC may explain horizontal paretic nystagmus detected at the follow-up evaluation. Unfortunately, the patient refused to undergo the caloric test, which assesses horizontal VOR in the low-frequency domain, so we could not test type II hair cells within the horizontal SC and regular afferents running along the superior division of the vestibular nerve.

Steady-state gradient-echo MRI such as FIESTA and CISS sequences offer a high signal-to-noise ratio that allows submillimeter imaging and high-quality multiplanar reconstructions. These images are widely used when a high-contrast evaluation of the fluid-filled spaces on the membranous labyrinth is required to check for cochlear patency and inner ear malformations in patients scheduled for cochlear implant surgery (22, 23). The same algorithms are generally included in MRI protocols to evaluate the internal auditory canal content for VIII cranial nerve tumors due to the high contrast between fluids and solid structures (24–26). Conversely, in cases of suspected posterior fossa stroke, other sequences, such as diffusion-weighted MRI, are routinely used to rule out acute infarct lesions (27). Nevertheless, an accurate bedside examination with a 3-step bedside oculomotor testing called the HINTS protocol (head impulse, observation of nystagmus in different gaze positions and test of skew) has demonstrated its ability to detect an acute stroke of the posterior fossa within the first 48 h with higher sensitivity compared to early MRI (27). More recently, further studies have concluded that including hearing evaluation in the protocol (HINTS plus) can add a substantial contribution to detecting AICA strokes (28). Therefore, patients presenting with acute cochleovestibular symptoms and high vascular risk factors should always be scheduled for a brain MRI at 48 h to rule out associated brainstem infarction. Conversely, in cases where symptoms are likely due to peripheral disorders, bedside examination complemented by instrumental inner ear assessment should adequately guide the detection of the lesion site; neuroimaging can be postponed to rule out VIII cranial nerve lesions and/or labyrinthine abnormalities.

To the best of our knowledge, this is the first report showing newly formed inner ear fibrosis based on MRI findings before and after a CCA ischemic lesion. Besides clinical and instrumental findings supporting this etiopathogenetic hypothesis, labyrinthine ischemia is also consistent with the high cardiovascular risk factors exhibited by the patient. Additional MRI data, including pronounced periventricular leukoaraiosis and wide cerebrospinal fluid spaces, are also in accordance with atrophic sequelae following chronic hypoxic insult to the brain tissue. The aforementioned findings strengthen the assumed mechanism underlying the presenting scenario involving ischemic mechanisms. It might be postulated that the lack of concurrent cochlear and saccular abnormalities on imaging may reflect possible variable susceptibility to steroid and oxygen therapy among different hair cells or different inter-individual patterns of venous drainage among inferior labyrinthine structures, making PSC more vulnerable to hypoxia in this case (11). The asymmetrical extent of damage among inner ear receptors sharing the same vascular supply from CCA can likely account for the different behavior exhibited by each sensor over time. In fact, whereas cochlear function mildly improved following treatment, though not achieving a serviceable hearing level, left-sided PSC activity was found further impaired on follow-up. This aspect seems to be in agreement with recent studies correlating loss of vestibular function with filling defect within the inner ear on MRI (6, 23). Unfortunately, VEMPs could not be reassessed to check whether saccular function recovered as expected in accordance with the lack of corresponding radiological abnormalities, despite the fact that patients exhibiting chronic white matter lesions on MRI seem to develop worse VEMPs outcomes after acute vestibular loss (29).

Temporal bone HRCT scans performed almost 2 months after symptom onset showed normally patent inner ear structures, excluding progression of damage toward ossification. Nevertheless, due to the short-term follow-up, we cannot exclude a possible late onset of PSC ossification in our patient.

Since balanced steady-state gradient echo sequences represent a reliable tool to detect inner ear fibrosis irrespective of the patients' age (7, 30), it seems reasonable to recommend considering CCA ischemia in cases of filling defects for PSC in patients with acute onset of HL and vertigo. Clinicians should be aware of the eventuality of a labyrinthine stroke, as it has been demonstrated how peripheral ischemic lesions may precede a major stroke involving posterior fossa structures (31, 32). Furthermore, as already suggested, clinicians are encouraged to seek causes of dizziness other than the sole chronic white matter lesions, given that small vessel disease is often associated to other peripheral vestibular disorders, as has already been described (33).

Though this report likely represents a unique case with obvious limitations related to single-case reports without histopathological support, it might be assumed that post-ischemic fibrosis of inner ear receptors could not represent an exceptional finding, particularly when we consider that steady-state gradient-echo MRI sequences are not routinely included in the imaging protocol adopted for acute HL and vertigo. Therefore, in the case of acute cochleovestibular symptoms where a careful clinical/instrumental assessment orients the diagnosis toward a peripheral lesion, along with recommending a global vestibular assessment with vHIT and VEMPs, we would also suggest postponing neuroimaging and routinely using the 3D-FIESTA MRI sequences to detect possible signs of post-ischemic fibrosis. This finding may be extremely helpful especially in those cases where underlying etiopathological mechanisms are not adequately addressed by clinical and instrumental assessments, which was not the case for our patient.



CONCLUSION

The patient described in this report exhibited on MRI an unusual filling defect consistent with fibrosis in the PSC following acute labyrinthine ischemia. This finding seems also to be related to poor functional outcome for the affected end organ. Therefore, it may be reasonable to suggest using balanced steady-state gradient-echo sequences a few weeks following an acute lesion of the inner ear sensors, as they might detect signal loss within the membranous labyrinth suggesting post-ischemic fibrosis. This finding, besides addressing the diagnosis in cases where the underlying etiopathological mechanisms are unclear, might hypothetically provide clues on the functional behavior of the involved inner ear sensors over time. However, additional reports reproducing similar findings with longer follow-up are needed before any conclusion can be reached on the clinical value of filling defects within inner ear on MRI in patients with acute cochleovestibular symptoms.
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Background: Although magnetic resonance imaging (MRI) of the membranous labyrinth and electrocochleography (ECochG) have been used to diagnose endolymphatic hydrops (ELH) in patients with Ménière's disease (MD), the relationship between imaging and ECochG is not well-documented.

Objectives: This study evaluates the ELH using 3D-FLAIR MRI and extra-tympanic ECochG (ET-ECochG) and correlates the results from 3D-FLAIR MRI to those from ET-ECochG.

Materials and Methods: 3D-FLAIR MRI images of 50 patients were assessed using a 2D volume-referencing grading system (VR scores, relative scores according to the known volumes of the cochlea, vestibule, and semicircular canals). Forty healthy subjects were included and compared to 51 definite MD ears of 50 patients while analyzing the ET-ECochG, which used a self-made bronze foil electrode. The amplitude ratio of the summating potential (SP) to the action potential (AP) (SP/AP) and the area ratio of SP to AP (Asp/Aap) were collected. Relative ELH grade scores were then correlated to ET-ECochG (SP/AP, Asp/Aap).

Results: The VR scores showed a better correlation (r = 0.88) with the pure tone average (PTA), disease duration, and vertigo frequency of MD than the Bernaerts scores (grading the cochlea and vestibule separately) (r = 0.22). The SP/AP and Asp/Aap of the unilateral MD patients were statistically comparable to those measured in contralateral ears and the results between the definite MD ears with healthy ears were statistically comparable (p < 0.05). In a ROC analysis Asp/Aap (area under curve, AUC 0.98) significantly (p = 0.01) outperformed SP/AP (AUC 0.91). The total score of ELH, vestibular ELH, and cochlear ELH were also correlated with SP/AP and Asp/Aap. The strongest correlation was found between the Asp/Aap and cochlear ELH (r = 0.60).

Conclusion: The 2D volume-referencing grading system was more meaningful than the Bernaerts scores. A correlation was found between ELH revealed by 3D-FLAIR MRI and the SP/AP of ET-ECochG in evaluating definite MD patients. The Asp/Aap appeared a more sensitive and reliable parameter than SP/AP for diagnosing the ELH of the membranous labyrinth.

Keywords: endolymphatic hydrops, magnetic resonance imaging, Ménière's disease, electrocochleography, diagnosis


INTRODUCTION

Menière's disease (MD) is a multifactorial inner ear disorder characterized by fluctuating sensorineural hearing loss, spontaneous vertigo attacks, tinnitus, and aural fullness (1). The pathophysiology of MD is still unclear and may be related to a combination of genetic effect and environmental factors (1, 2), while the histopathological association of MD and endolymph hydrops (ELH) in the cochlear and the vestibular organs is definite (3, 4). The development and progress in magnetic resonance imaging (MRI) techniques has enabled the visualization of ELH separately in cochlea and vestibule using a 3.0 Tesla (T) scanner and a gadolinium-based contrast agent (5–7). Recently, volume quantification methods of the inner ear, especially the endolymph, have been introduced. However, these methods require specific scan sequences, 3D workstations (8–10), or probabilistic atlas (11) that require imaging processing capabilities and therefore may be difficult to establish in a clinical setting. Relatively, clinicians prefer a 2D semi-quantitative grading system that is easily and quickly applicable without having to invest further time or resources, for example, the grading standard stated by Nakashima (12). Additional 2D grading methods have been proposed to grade the ELH in the cochlea and vestibule. However, 2D ELH grading methods grade ELH in the cochlea and vestibule separately (13–15) without considering the volume ratio between cochlea and the vestibule and excluded the semicircular canals. The volume ratio and the semicircular canals should be taken into consideration to better represent the total ELH of inner ears. Therefore, an adjusted grading standard was used in this study, according to the literature about the volume ratio (10) to evaluate the ELH of MD patients.

The diagnosis of MD is based on clinical manifestations and the pure tone audiogram according to the 2015 consensus statement of the Barany Society (1). Other auditory and vestibular tests like electrocochleogram (ECochG), vestibular-evoked myogenic potential (VEMP), and glycerol test are applied to provide supportive information (2, 16). Besides, MRI can support the diagnosis of MD by identifying ELH (16). The high expense and complex procedure limit the wide usage of MRI among early diagnosed patients. Therefore, a low-cost non-MRI-dependent diagnostic proxy for ELH is needed. ECochG is a method of directly recording the electrical activity of the cochlea and the acoustic nerve in response to acoustic stimuli (17, 18). It has been recognized that ECochG is a valuable tool in the diagnosis of MD due to its sensitivity to the hydrops in the membranous labyrinth (18, 19). However, the diagnostic value of ECochG for MD diagnosis was under debate (18, 20). Extra-tympanic ECochG (ET-ECochG) is a non-invasive protocol using an external auditory canal electrode. An elevation of the amplitude ratio of the summating potential (SP) to the action potential (AP) (SP/AP) of ECochG has been used as an adjunct to diagnose MD (18). It is likely that the analysis of the area ratio of SP to AP (Asp/Aap) increases the sensitivity of the test (19). However, the relationship between ET-ECochG and the grading of ELH is not well-documented. The purpose of this study was to establish a 2D volume-referencing ELH grading system and further explore the relationship between the degree of ELH with ET-ECochG in definite MD patients.



MATERIALS AND METHODS


Ethics

This study was approved by the Ethics Committee of Xinhua Hospital, Shanghai Jiaotong University School of Medicine (Approval Number: XHEC-D-2020-119). Written informed consent was obtained from each participant.



Subjects

In this retrospective study, clinically diagnosed MD patients were enrolled between August 2018 and June 2020 at the Department of Otolaryngology-Head and Neck Surgery, Xinhua Hospital, Shanghai Jiaotong University School of Medicine. The inclusion criteria were as follows: (a) patients with a clinical diagnosis of the definite MD according to the 2015 consensus statement of the Barany Society (1); (b) complete medical history record with ET-ECochG and MRI. The exclusion criteria were as follows: (a) chronic otitis media or a history of other middle or inner ear diseases; (b) history of middle or inner ear surgery; (c) lesions of the central nervous system and the inner ear or cerebellopontine angle; (d) history of vasodilators, diuretics or intratympanic gentamicin or dexamethasone treatment in the previous 2 weeks; (e) patients with claustrophobia, pregnancy, or allergy to Gadolinium-based contrast agents. Fifty patients met the inclusion criteria (51 definite MD ears; 28 females and 22 males; age range = 27–75 years; mean age = 53 years, SD = 12.2 years). All of their clinical history and examination results were collected from the medical history system.

Forty healthy subjects (80 ears; 23 females and 17 males; age range = 24–42 years; medium age = 27; quartile: 25–29 years) served as healthy controls for the ET-ECochG test using the bronze foil electrodes. Inclusion criteria for healthy subjects were as follows: normal otoscopy, pure tone thresholds better than 25 dBnHL from 0.25 to 8 kHz, normal tympanometry.



MRI
 
Intratympanic Gd Injection

Gadopentetate dimeglumine (Xudonghaipu Pharmaceutical Co. Ltd., Shanghai, China) 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 1 ml syringe connected to a 23 G needle under the microscope. The subjects were then kept in the supine position for 60 min.



Acquisition of MRI

MRI was performed 24 h after the application of the contrast agent on a 3.0 Tesla MR scanner (Umr 770, united-imaging, Shanghai, China), using a 24-channel head coil. Three-dimensional heavily T2-weighted spectral attenuated inversion recovery (3D-T2-SPAIR, T2) and 3D T2 fluid-attenuated inversion recovery (3D-FLAIR) imaging were subsequently performed. The scan parameters for the 3D-FLAIR sequence were as follows: voxel size = 0.78 * 0.78 * 1.1 mm, scan time = 6 min and 11 s, time of repetition (TR) = 6500 ms, time of echo (TE) = 286.1 ms, time of inversion = 1950 ms, flip angle = 67°, echo train length = 160 points, slice thickness = 0.6 mm, field of view = 200 * 200 mm, and matrix size = 256 * 256. We used a heavily T2-weighted SPAIR sequence with the detailed scan parameters as follows: voxel size = 0.65 * 0.52 * 0.76 mm, scan time = 4 min and 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.



Image Processing of MRI

The images were evaluated separately by two experienced radiologists with 7-year and 25-year working experience. The radiologists were blinded to the patient's information according to an adjusted 2D volume-referencing semi-quantification grading system (VR scores, Figure 1). We preferred 2D semi-quantification analysis and made an adjusted criteria according to the inner ear fluid volume (21) and the normal endolymph ratio (10) described by Inui et al. and Ito et al. (Table 1). In brief, the degree of ELH in the vestibule and cochlea was assessed by visual comparison of the relative areas of the non-enhanced endolymphatic space vs. the contrast-enhanced perilymph space in several axial planes. The maximum hydrops' volumes for the vestibule and semicircular canals of the inner ear were estimated as the maximum inner ear fluid's volume of each part. However, in the cochlea, the endolymphatic hydrops seldom herniated into the scala tympani due to the bony spiral plate according to the images previously published (12, 22, 23). The volume ratio of the scala tympani vs. scala vestibuli (including the scala media) according to the area data describe by Wysocki et al. (24) is about 1.04. Therefore, the estimated maximum hydrops volume for cochlear ELH accounts for about 1/(1 + 1.04) of the total cochlear inner ear fluid volume or approximately 55.6 μl. To mark the hydrops of each part of the inner ear, we defined the same expansile volume represent for 1 point in each part. Since three semicircular canals have five crura and three canals, we supposed each semicircular canal or crus had a similar volume according to the reported guinea pigs data (25) and human segmentation pictures showed by Inui et al. (21). We also supposed ELH was distributed evenly in each part for easier calculation for the volume scores, and each part was marked as 1 point if the perilymph became narrow (mild hydrops) and 2 points if it became dark (severe hydrops). Therefore, the maximum hydrops' score for semicircular canals was 16 points, which represented the maximum expansile volume of ELH in semicircular canals (78.2 μl, each point = 4.89 μl). Accordingly, the cochlea was counted 9 points considering the relative expand volume while the vestibule was counted 12 points for the maximum hydrops' scores (Table 1). Then we adopted the semi-quantification grading system described by Bernaerts et al. (13) to separate vestibular hydrops into four degrees (Bernaerts scores). However, as for the cochlear hydrops, the cochlear endolymphatic expand volume was more than twice the volume of the scala media according to the human cochlear anatomy showed by Raufer et al. (26) and according to the calculated results (Table 1). So we separated the hydrops of cochlea into four degrees (Figure 1-cochlea) by adding a degree between normal cochlea and Grade I described by Bernaerts et al. because we discovered that for some patients the scala media could expand a bit without forming a round dark circle (Figure 1b). No grading system was proposed for semicircular canals before this study because researchers seldom viewed hydrops in semicircular canals. However, some reported vestibular herniation into the crura of the semicircular canals (23, 27). Among these studies, Sugimoto et al. defined that visible black area exceeded 1/3 or more as ELH herniation in the lateral and posterior semicircular canals. Furthermore, a small dark area can be found in asymptomatic contralateral ears frequently (Figure 1i). Given the convenient 2D semi-quantification in both vestibule and cochlea, the grading for semicircular canals was simplified by mainly evaluating and separating the hydrops in the lateral semicircular canal into four degrees. Therefore, we defined a small visible herniation which was 1/3 less than the semicircular canal with perilymph surrounding as no hydrops (None), 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 (Figure 1-semicircular canals). Finally, we analyzed the scores of each part of the inner ear separately (Table 1) and also in sum with the clinical history and ET-ECochG results. As reported in our previous study, patients with a long history of MD and severe hearing loss in the definite MD ears are more likely to exhibit endolymphatic hydrops in the asymptomatic contralateral ear (28), we thereby excluded asymptomatic contralateral ears of patients with unilateral MD and only include ears with definite MD. The ELH of each definite MD ear was assessed by both the VR scores and the Bernaerts scores. We calculated the sum scores of the ELH to provide a semi-quantitative assessment of total inner ear hydrops. The Sum score of the ELH of a definite MD ear equaled the sum of the score of the cochlea, the score of the vestibule, and the score of the semicircular canals according to our VR scores. The sum score of the Bernaerts scores included only the sum of the grade of the cochlea and vestibule. We also calculated the sum score of the vestibule with the semicircular canals for the herniation hypothesis and presented this sum as the entire vestibular ELH.


[image: Figure 1]
FIGURE 1. Four grades of the inner ear ELH. In this figure, 3D-FLAIR pictures (a–l) are shown adjacent to T2 weighted image for each grade (a'–l'). None = Normal inner ear. In the normal inner ear, one can recognize no enlargement in the scala media (a,a'). The saccule and utricle are separate and saccule is smaller than the utricle (e,e'). The semicircular canals and a narrow dark area (<1/3 of the ampulla) are visible (i,i'). Grade I = Mild hydrops. In mild hydrops cochlea, an enlarged scala media can be observed with the scala vestibuli around (b,b'). In mild hydrops vestibule, saccule becomes larger than utricle but not yet confluent with utricle (f,f'). In mild hydrops semicircular canals, a dark area occupying over 1/3 of the ampulla is observed (j,j'). Grade II = Moderate hydrops. In moderate hydrops cochlea, the scala media expands into circle (c,c'). In the vestibule, a confluence of the saccule and utricle appears with visible perilymph surrounding (g,g'). In semicircular canals, the crura become dark and some of the canals become invisible. Grade III = Severe hydrops. The scala vestibuli, saccule and utricle and semicircular canals are filled with endolymph so that no signals could be viewed in these areas.



Table 1. Relative maximum volume referencing scores (VR scores) of different parts in the inner ear and the relative points of four gradings of each part.
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ET-ECochG
 
Recording Procedure of ECochG

Bio-logic® Navigator Pro auditory evoked system 7.0.0 (Natus Medical Inc., San Carlos, CA, USA) was used for electrocochleography. The extra-tympanic electrode connecting a bronze foil was self-made. The bronze foil was chosen due to its availability and lower price than the gold one in order to reduce the cost of routine clinical expenses. Besides, bronze has better electric conductivity, which may improve the acquisition of small signals of the ET electrode compared with the tympanic electrode (29). Furthermore, the placement of a TM electrode on the tympanic membrane must be completed under an otoscope, which is a little difficult and time-consuming for audiologists. ET electrode could reduce the discomfort and made this test more acceptable for patients as well. The reference electrode was placed on the mastoid of the non-tested ear, whereas the ground electrode was placed on the forehead. Prior to electrode placement, all electrode sites were treated with an alcohol wipe and a lightly abrasive skin prepping gel using a cotton swab to ensure maximum adhesion and conductivity. Prior to placing the earphone into the ear canal, the ET electrode was covered with the Ten 20 conductive electrode paste and then surrounding the ER-3A insert earphone. The impedance of the ET electrode was kept below 5 kΩ. The other electrode impedances were kept below 1 kΩ. Alternating click stimuli of 100 μs duration at a rate of 11.3/s at 90 dBnHL of hearing level were presented monaurally. Intensity delay of 0.8 ms and the filter setting of 0.1–3 kHz were used. For ensuring the good quality of the responses, the stimuli were presented with 2,000 sweeps. For adequate visualization, the acquired responses were amplified 100,000 times. The SP and AP data were obtained, and each waveform was replicated at least two times for each subject. During the testing, the examinee lay comfortably on the bed in a soundproof room in the Diagnosis and Treatment Center of Hearing Impairment and Vertigo in Xinhua Hospital.



Measurement of the Amplitude Ratio and Area Ratio

In the current study, the Auditory Evoked Potential system attached to the Bio-logic system was used to analyze first, and the waveforms were inverted before analyzed. For further figure analysis, such as area calculation, photoshop CC 2018 (Adobe, San Jose, CA, USA) and Image J 1.52 p (NIH, USA) were used. The baseline was defined as a horizontal line crossing the base point, which was the onset of the initial peak of SP of the waveform (determined by at least two repeat tracings) (30). The AP amplitude was determined from the baseline to the first large peak (represent the N1 of AP) between 1.0 and 2.0 ms after the SP peak. The latencies of the SP, AP, and their duration were collected. It has been reported that the SP/AP area ratio could improve the sensitivity and specificity of MD diagnosis (31, 32). However, this conclusion was argued by later researches (33, 34). Ferraro et al. firstly mentioned the area ratio because a widening of the SP/AP complex in patients with MD and the notice of the trailing edge of the AP-N1 does not return to baseline (35). Ferraro and Devaiah et al. thereby defined the SP area as the space under the curve from baseline to the next point where the waveform returned to baseline, and the AP area was defined from the onset of the AP to its first negative peak following N1 (32, 35). However, we found that few MD patients ECochG waveforms returned to the baseline, and the SP area would be infinite (Figure 2A). Therefore, we set a vertical line crossing the endpoint of N1 to make the SP area countable for those waveforms. The different methods and measurement standards might result in various debates for the clinical meaning of the ECochG and normal values for each center was recommended (36). Due to the new calculating method and the bronze foil ET electrode used in the current study, we collected 40 healthy subjects to establish the normative data for SP/AP amplitude ratio and area ratio (Figure 2B).


[image: Figure 2]
FIGURE 2. ET-ECochG waveforms and the calculation method. (a) Waveform of an definite MD ear. (b) Waveform of a healthy ear. SP duration = SPE — Base; AP duration = APE — SPE.





Pure-Tone 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) was calculated as the mean of 0.5, 1 k, 2 k, and 4 k Hz air conduction thresholds (37, 38). Stage criteria were not mentioned in the 2015 consensus, so the clinical MD stage was classified according to the 1995 AAO-HNS guidelines by dividing PTA into four stages: I 0–25 dBnHL, II 26–40 dBnHL, III 41–70 dBnHL, IV > 70 dBnHL.



Statistical Analysis

The data were analyzed using SPSS 26.0 for Windows (IBM, Chicago, IL, USA). Descriptive statistics were done for age, gender, clinical MD stage, disease duration (years), and vertigo attack frequency (vertigo episodes per month) in MD patients. The normal distribution test was done before the analysis of continuous variables. The paired t-test and independent t-test were used to analyze the differences between normatively distributed groups. The Mann-Whitney U-test was used for non-normal data. As for degrees of ELH and its correlation with clinical features (PTA, clinical course, vertigo frequency), the Pearson, Spearman, and Kendall correlation coefficient were used for different paired variables. The ordinal variables like the ELH points were analyzed again with the graded variables of all clinical features. Each variable was calculated several times in the same correlation comparison, so the Bonferroni correction was done. Furthermore, the canonical correlation was done for the correction of the normative linear data. To interpret correlation coefficients Cohen's standard classification ranges were used (weak 0.10–0.29, moderate 0.30–0.49, strong ≥ 0.50, Jacob Cohen, 1987). F test was used for the normative distributed data among several groups. ROC curve was analyzed using SPSS and Medcalc 19.3.1 (MedCalc Software Ltd., Ostend, Belgium) for the area under the curve (AUC), best cut-point, and difference analysis. The difference was considered to be statistically significant when p < 0.05.




RESULTS


Clinical Characteristic of MD Patients

Fifty patients were enrolled in this study, 28 females (56%) and 22 males (44%), with a mean age of 53 ± 12.2 years. All patients had unilateral MD except one who had bilateral MD (51 definite MD ears). All patients presented with episodic vertigo (at least more than twice) and fluctuating low-frequency sensorineural hearing loss. Each vertigo attack lasted 20 min−12 h. The distribution of clinical stages of MD, disease duration, and frequency of vertigo episodes per month were shown in Table 2. Tinnitus was reported more frequently than ear fullness in definite MD ears in these patients.


Table 2. Clinical characteristic of definite MD ears.
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ELH Evaluation and MRI Association With Clinical Characteristics

ELH was detected in 51 definite MD ears (100%) and 19 asymptomatic contralateral ears (38.76%) of the 49 unilateral MD patients. No adverse effects or complications were observed after the intratympanic administration of gadolinium. The degree of ELH evaluated by the VR scores was found to have different degrees of ELH in the vestibule, cochlea, or semicircular canals shown in 3D-FLAIR MR images (e.g., Figure 3). Cochlear ELH and vestibular ELH were more detectable than ELH in semicircular canals in most patients (Table 2). Spearman correlation analysis showed the cochlear ELH was correlated with the vestibular ELH (rs = 0.44, p < 0.01) and the entire vestibular ELH (rs = 0.43, p < 0.01). The sum score of the total inner ear ELH in different clinical stages was revealed significantly different by the F-test (F = 7.81, p < 0.01). There was no correlation between vestibular ELH and the semicircular canals' ELH. The individual multiple correlation analysis revealed the significant correlation between cochlear ELH with the disease duration (rs = 0.35, p = 0.01) and the vertigo frequency (rs = 0.36, p = 0.01) (p < 0.017). The sum ELH of VR system correlated significantly with the disease duration (rs = 0.47, p < 0.01). However, no statistically sufficient relationship was shown between the PTA (rs = 0.20, p = 0.15) and the vertigo frequency (rs = 0.29, p = 0.04) with the sum ELH (p < 0.017). The difference was considered to be statistically significant when p < 0.017 for this part according to Bonferroni correction because all the data were cited three times for analysis. To better compare the VR scores with the Bernaerts scores, the adjusted Canonical correlation was calculated between the clinical features (include PTA, disease duration, and vertigo frequency) and the ELH (include the VR scores and the Bernaerts scores) to reduce the possible errors caused by multiple comparisons. The correlation of the VR sum scores was closer with all clinical features (r = 0.88) than the Bernaerts sum scores (r = 0.22) according to the correlation formula between clinical features to two different scores (Table 3-u1). Disease duration presented a closer correlation (r = 0.74) to the ELH (Table 3-v1).


[image: Figure 3]
FIGURE 3. Grading examples of the ELH. (a) Patient I. For this patient, volume-referencing scores for each ear was marked as follows: Left ear: cochlea (arrow)-0, vestibule (dashed arrow)-0, semicircular canals (triangle) (Figure 1i)-0; Right ear: cochlea-9; vestibule-12; semicircular canals: 16. (b) Patient II: These pictures belong to the bilateral MD patient involved. Volume-referencing scores for each ear was marked as follows: Left ear: cochlea-3, vestibule-0, semicircular canals-5; Right ear: cochlea-6; vestibule-12; semicircular canals: 10. The right semicircular canals were graded 10 because some parts of the canals were still visible.



Table 3. The correlation of ELH with clinical features by the two different grading systems.
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ET-ECochG Analysis

The results of ET-ECochG were calculated in all definite MD ears (51 ears) and the asymptomatic contralateral ears (49 ears) in these MD patients. Given that the possibility of MD development of the asymptomatic contralateral ears, ECochG waveforms were also collected and calculated in 40 healthy subjects (80 ears) to make a contrast and better evaluate the diagnosis value. Forty-three of fifty-one definite MD ears (84.31%) had recordable ECochG waveforms. The 8 ears with unrecordable ECochG waveforms were composed of 1 Stage II MD ear, 6 Stage III MD ears, and 1 Stage IV MD ear (clinical MD stages according to PTA). Among patients with unrecordable ECochG, auditory thresholds were elevated in the high frequencies (68.75 ± 13.82 dB HL at 4 kHz; 78.13 ± 17.31 dB HL at 8 kHz). Affected and unaffected ears were first compared for the 49 unilateral MD patients. The paired-sample t-test revealed a significant difference of the SP/AP ratio (SP/AP) between the definite MD ears and the contralateral ears (t = 7.91, p < 0.01) (Table 4). There was a significant difference between the area ratio of SP/AP (Asp/Aap) of the definite MD ears and the contralateral ears by the Wilcoxon Man-Whitney-test (p < 0.01). The SP duration of the definite MD ears varied significantly from the contralateral ears (p < 0.01). AP latencies of definite MD ears were significantly longer than the contralateral ears (p = 0.04).


Table 4. Significantly varied data of the ECochG in unilateral MD patients.

[image: Table 4]

For setting a diagnostic point for the ET-ECochG using bronze foil electrode, all definite MD ears (51 ears) and healthy ears (80 ears) were included for the ROC curves. We also drew the ROC curve for the combined assessment of two methods (Figure 4). The AUC of ROC curves can intuitively display the efficiency of the test index. The AUC of the Asp/Aap was 0.98, which was larger than the AUC of SP/AP (0.91). There was a significant difference of the ROC AUC between SP/AP with Asp/Aap (p = 0.01) and the combined assessment (p < 0.01) (Table 5). The cutoff point value of SP/AP was 0.38 (sensitivity = 69.77%, specificity = 97.50%), and the cutoff point value of Asp/Aap was 2.41 (sensitivity = 97.67%, specificity = 93.75%).


[image: Figure 4]
FIGURE 4. ROC curves of SP/AP, Asp/Aap and the two indexes combined.



Table 5. Roc curve index and analysis.
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Correlation Between ET-ECochG and MRI

Pearson or spearman analysis was done between the results of ET-ECochG and MRI of the definite MD ears (Table 6). Both SP/AP and Asp/Aap were significantly correlated with cochlear and vestibular ELH, the sum score of vestibular ELH, and the total score of inner ear ELH after the Bonferroni correction was done.


Table 6. Correlative analysis between ECochG and MRI.
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DISCUSSION

ELH, an excessive accumulation of endolymph in the cochlea (which is involved in hearing) and the vestibule (which is involved in balance), is a characteristic feature often observed in MD patients (2, 16). Foster et al. reported that MD patients had a near-certain probability of having endolymphatic hydrops in at least one ear (4). The relationship between the degree of ELH and clinical features was proved by researchers. Cochlear or vestibular ELH was correlated with the low-frequency hearing threshold according to Shi et al. (39). Yang et al. demonstrated a significant correlation between hearing loss and both the cochlear ELH and vestibular ELH (40). Bernaerts et al. reported a correlation between disease duration and the ELH of cochlea and vestibule (13). Gurkov et al. showed a correlation between cochlear ELH with both hearing loss and disease duration (23). Recently, the volumetric quantification was proposed to establish a methodological basis for further investigations into the pathophysiology and therapeutic monitoring of Menière's disease (8). The evaluation of the ELH volume required 3D volume analysis (9, 11). However, these 3D analyses are time intensive and impractical for routine work. Therefore, we proposed a convenient semi-quantification volume-referencing grading system according to the reported inner ear fluid volume results (9, 10). The VR scores showed a better correlation with the MD clinical features than the Bernaerts scores described by Bernaerts et al. (13). Thus, we believed that the sum score of hydrops of the entire inner ear according to the volume-referencing grading system had more diagnostic value than the Bernaerts scores, which graded the vestibule and cochlea separately.

MR imaging demonstrating inner ear fluid following intratympanic injection was reported in our previous research in 2004 (41) in guinea pigs and was first proposed in MD patients in 2007 (42). The first semi-quantification grading of ELH was raised in 2009 (12). Various improvements in MR protocols have been made afterward for higher quality images (43–46). However, the ELH grading system remained at the original level, which only evaluated the cochlea and vestibule without considering the relative volume. We referred to the four-grade semi-quantification vestibular grading system and the cochlear grading system mentioned by Bernaerts et al. (13) while analyzing. Gurkov et al. evaluated the cochlea into four grades but did not include the definition of how to divide four grades (23). Yang et al. then described the definition (40). Kirsch et al. (47) and Van et al. (48) then evaluated ELH of the total inner ear into four grades. We graded each part of the inner ear separately and differed from what Yang et al. mentioned. So we explained our grading carefully in the method part and showed in Figure 1. Since the pressure of perilymph and endolymph changed a little after ELH, according to the previous researches (49, 50), the total endolymph volume of the inner ear is much more important as measurement. Therefore, we recommend the volume-referencing grading system proposed in this study as it could easily and precisely estimate the ELH for the MRI images.

On the other hand, researchers hoped to explore more value of auditory and vestibular examinations, which would be easier for outpatients and provide diagnostic support for MD. This was because we observed that the high expense and complex procedure limited the wide usage of MRI among early diagnosed patients. ECochG was reported as a valuable tool in the diagnosis of MD due to its sensitivity to the ELH (18, 19). Cho et al. reported that the vestibular ELH was larger in patients with abnormal SP/AP than those with normal results (51). Yang et al. showed a correlation between SP/AP with vestibular ELH, but not with cochlear ELH (40). Our results revealed that ECochG was a valuable test for its correlation with the degree of ELH. Furthermore, the Asp/Aap had the largest coefficient to the cochlear ELH. The results supported the theory that ECochG reveals the potentials derived from the cochlea (17). It has been suggested that AP is derived from the afferent fibers in the cochlear nerve, and SP is a direct current potential arising in response to a current alternative stimulus (17). Our results showed that the duration of AP (nerve fibers) was not influenced by ELH while the duration of SP (summating response) was larger and had a high coefficient with the degree of ELH in the cochlea where the main response occurred. The underlying hypothesis of the enlarged SP is that hydrops-related inflation of the scala media leads to a static bias of the resting position of the organ of Corti and of outer-hair-cell stereocilia bundles and modified the electrical and mechanical properties of the cells (52).

However, according to the literature published, the diagnostic value of ECochG has been controversial (53) and some suggested that it had limited value as a clinical tool in the diagnosis of MD (34). The different reports might be due to the varied diagnostic value of ECochG, different electrodes, and multiple settings, which might influence the sensitivity and specificity of ECochG. Take SP/AP as an example, Quatre et al. (54) took >0.43 as abnormal, while Lamounier et al. (55) took >0.5. The absence of a shared ECochG procedure (electrode, stimuli type, and rate) made a great difference between the SP/AP and Asp/Aap (56). Therefore, the major debated point was the SP/AP cutoff value (between 0.32 and 0.5 in researches, reasonably no higher than 0.4) and the Asp/Aap cutoff value (53). Besides, the waveform varied a lot due to the different electrodes and stimuli (18, 56). ET-ECochG was chosen in this study due to its convenience and better acceptance in patients and inspection technicians in our center compare to the complex procedure like local anesthesia of the tympanic electrode (57). So as recommended (36), we calculated the specific diagnostic cutoff point for our laboratory. The best diagnostic cutoff point for our ET-ECochG protocol was calculated in 43 MD ears, and 80 healthy ears enrolled. The diagnostic value is 0.38 for SP/AP and 2.41 for Asp/Aap according to our results. The AUC of the ROC curve evidently represents a higher clinical significance of the index Asp/Aap and its combination with SP/AP than SP/AP only. Therefore, we recommended the ET-ECochG as a supportive examination for MD diagnosis with adding Asp/Aap as a diagnostic index, especially for outpatients.

These methodical limitations should be taken into consideration: First, the reliability of the statistical analyses would profit from a greater number of patients that were evenly distributed in all four clinical MD stages. Second, the control group varied considerably in age and gender from the investigated MD patients. Third, the MR image quality could be improved by different sequences. Fourth, there is a lack of verification through 3D quantification. For example, it had been proved that one slice of the vestibule could represent the total ELH of the vestibule, however, no literature proved that the ELH in lateral semicircular canals could represent the total ELH of semicircular and the supposed even distribution of ELH among eight parts of the semicircular canals should also be proved. Thus, further research should be conducted to assess the accuracy of the volume-referencing grading system. Furthermore, more studies with radiological and clinical follow-ups should be done to confirm the cutoff value of the point of ET-ECochG and the value of the volume-referencing grading system.
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Objective: Intravenous contrast agent enhanced, high-resolution magnetic resonance imaging of the inner ear (iMRI) confirmed that patients with Menière's disease (MD) and vestibular migraine (VM) could present with endolymphatic hydrops (EH). The present study aimed to investigate EH characteristics and their interrelation to neurotologic testing in patients with VM, MD, or VM with concurrent MD (VM-MD).

Methods: Sixty–two patients (45 females, aged 23–81 years) with definite or probable VM (n = 25, 19 definite), MD (n = 29, 17 definite), or showing characteristics of both diseases (n = 8) were included in this study. Diagnostic workup included neurotologic assessments including video-oculography (VOG) during caloric stimulation and head-impulse test (HIT), ocular and cervical vestibular evoked myogenic potentials (o/cVEMP), pure tone audiometry (PTA), as well as iMRI. EH's degree was assessed visually and via volumetric quantification using a probabilistic atlas-based segmentation of the bony labyrinth and volumetric local thresholding (VOLT).

Results: Although a relevant number of VM patients reported varying auditory symptoms (13 of 25, 52.0%), EH in VM was only observed twice. In contrast, EH in VM-MD was prevalent (2/8, 25%) and in MD frequent [23/29, 79.3%; χ2(2) = 29.1, p < 0.001, φ = 0.7]. Location and laterality of EH and neurophysiological testing classifications were highly associated (Fisher exact test, p < 0.005). In MD, visual semi-quantitative grading and volumetric quantification correlated highly to each other (rS = 0.8, p < 0.005, two-sided) and to side differences in VOG during caloric irrigation (vestibular EH ipsilateral: rS = 0.6, p < 0.05, two-sided). In VM, correlations were less pronounced. VM-MD assumed an intermediate position between VM and MD.

Conclusion: Cochlear and vestibular hydrops can occur in MD and VM patients with auditory symptoms; this suggests inner ear damage irrespective of the diagnosis of MD or VM. The EH grades often correlated with auditory symptoms such as hearing impairment and tinnitus. Further research is required to uncover whether migraine is one causative factor of EH or whether EH in VM patients with auditory symptoms suggests an additional pathology due to MD.

Keywords: vestibular migraine, Meniere's disease, endolymphatic hydrops, magnetic resonance imaging, intravenous gadolinium, image analysis


INTRODUCTION

The Bárány Society recently published diagnostic criteria for vestibular migraine (VM) and Menière's disease (MD) (1, 2). However, their critical clinical symptoms overlap, and no specific diagnostic test can reliably distinguish them: Up to 40% of VM patients present with auditory symptoms such as aural pressure, tinnitus, and sudden sensorineural hearing loss (3, 4). Half of the MD patients present with migrainous features, such as a headache with photophobia or positive family history for migraine (5, 6). Moreover, about a quarter of VM and MD patients meet both diagnostic criteria (3, 7). Therefore, establishing the correct diagnosis remains challenging (3).

So far, the MD's pathophysiology remains unknown. Nevertheless, based on post-mortem temporal bones analyses, endolymphatic hydrops (EH) was considered a potential MD marker (8). However, EH is also known as an endpoint of different etiologies such as trauma, electrolyte imbalance (9), cellular channelopathies (10), viral infection, and autoimmune processes (11). Furthermore, fluctuating EH dependent on the time interval after a VM attack was reported recently by longitudinal MRI (12). It remains to be seen whether the EH is a bystander phenomenon or pathophysiological relevant in VM. Consequently, the EH's mere verification did not prove the desired clear-cut discriminatory diagnostic criteria between VM and MD.

The present study uses intravenous, delayed, contrast agent enhanced, high-resolution magnetic resonance imaging of the inner ear (iMRI) to investigate EH characteristics and its interrelation to neurotologic testing in patients with VM, MD, and VM with concurrent MD (VM-MD).



MATERIALS AND METHODS


Setting and Institutional Review Board Approval

Jeonbuk National University Hospital between 2018 and 2019. Institutional review board (IRB) approval was obtained before the study's initiation (IRB No. 2017-09-022). All participants provided informed oral and written consent following the declaration of Helsinki before inclusion into the study and received monetary compensation for participation.



Study Population

Sixty-two patients with either probable or definite VM, MD, or both disease characteristics (VM-MD) participated in this study. Diagnosis for VM was based on the consensus document of the Bárány Society and the International Headache Society (1). Diagnosis for MD was based on the classification of the Bárány Society, 2015 (2).

The classification was done based on the history (with particular attention to ear symptoms, symptoms in the head, headache, and other neurological symptoms) and the neurotological data. For example, profound hearing loss, aural fullness of one ear, or significant unilateral vestibular dysfunction (>30–35% side difference of caloric nystagmus) during or immediately after an attack pointed to MD. Migraine headache with phono- and photophobia, nausea, and vomiting indicated VM. Unfortunately, it was not always possible to differentiate between preexisting chronic auditory or vestibular signs and symptoms and acute ones during the attack.

After detailed history taking, all patients underwent neurological and neurotological testing, including 3D-video-oculography (VOG) with caloric stimulation (cVOG), video head impulse test (vHIT), cervical and ocular vestibular-evoked myogenic potentials (cVEMPs and oVEMPs, respectively), pure tone audiometry (PTA), and inner ear MRI with delayed intravenous gadolinium enhancement (iMRI).



Nomenclature

In the following, “ipsilateral” refers to the clinically leading side and “contralateral” to the opposite side. In the case of patients presenting without a leading clinical side, a pseudorandom number generator (“Marsenne Twister” algorithm, uniform distribution) was used to generate a random number between 1 (= minimum value) and 9 (= maximum value). Even numbers meant left clinically leading side (13), and uneven numbers indicated right clinically leading side.

“Headache” pertains to the attack-associated migrainous head and neck pain or pressure, both uni- and bilateral, that fit the criteria of VM. “Auditory symptoms” comprehends attack-associated tinnitus, ear fullness, hearing loss, and or hearing fluctuation that fit the criteria for MD.



Vestibular and Auditory Testing
 
Video-Oculography (VOG)

Eye movements and gaze stability were examined using three-dimensional VOG (3D-VOG, SMI, The Netherlands) (14). Eye movements and the ability to hold a steady gaze were evaluated during attempted fixation of visual targets located centrally or eccentrically (± 30° horizontally, ± 20° vertically). Spontaneous and gaze-evoked nystagmus, vibration-induced and head-shaking nystagmus, positional tests, horizontal saccades, and smooth pursuit eye movements were evaluated. Digitized data were analyzed using MATLAB® software.



VOG During Caloric Irrigation

Caloric testing with VOG was performed for both ears with 30° Celsius (C) cold and 44° C warm water. Vestibular paresis was defined as >35% asymmetry between the right- and left-sided responses; this was calculated with the formula of (15) based on the slow-phase velocity of caloric nystagmus (16):
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Video Head Impulse Test (vHIT)

vHIT was performed using a video-oculography system (SLMED, Seoul, Korea). Patients were examined at a distance of 1 m from the target at eye level. The slippage of the goggles was minimized by fastening them to the head with an elastic band. Patients were seated in a height-adjustable chair, which allowed the examiner to adjust the subject's head for optimal examination. Patients were instructed to look at a point on the wall 1 m ahead. An experienced examiner conducted the examination and manually performed it more than 20 times (head rotation 15–20°, duration 150–200 ms, peak velocity > 150°/s) on both sides of each plane. Normal vHIT was defined as having a gain of ≤ 2 standard deviations (SD) of the age-matched normal gain reference range and no fixation catch-up saccades.



Cervical and Ocular Vestibular Evoked Myogenic Potentials

Vestibular evoked myogenic potentials (VEMPs) were evoked by air conducted (AC) 500-Hz short tone bursts (100 dB nHL; rise/fall time = 2 ms; plateau time = 1 ms; 100 trials at 5 Hz) using customized software (Cadwell Laboratories, Kennewick, WA, USA) and delivered by calibrated headphones of the same firm. Patients lay supine with surface EMG electrodes placed according to the evoked potentials [for details see (17, 18)].

For cVEMP (cervical VEMP) recordings, the recording electrode was placed over the belly of the ipsilateral sternocleidomastoid muscle, the reference electrode on the medial clavicle with self-adhesive Ag/AgCl electrodes and with the ground electrode fixed on the sternums' incisura jugularis. During unilateral stimulation, patients were asked to raise their head from the horizontal by 30° and rotate it to the contralateral side. The electromyographic (EMG) signal was amplified (bandwidth 20Hz−3kHz), sampled at 5 kHz, and then averaged for a 50 ms time window (starting from stimulus onset), for each side, respectively, and sequentially.

For oVEMP (ocular VEMP) recordings, responses obtained from the contralateral eye to the stimulated ear (the initial negative peak with short latencies around 10 ms and the following positive peak) were analyzed. The recording electrode was placed on the infraorbital ridge 1 cm below the center of each lower eyelid, the reference electrode was placed 2 cm below, and the ground electrode was on the forehead (19). During stimulation, patients were asked to fix their gaze on the target located 25° above eye level in about 60 cm distance. The EMG signal was amplified (bandwidth 10Hz−2kHz), sampled at 10 kHz, and then averaged for a 60 ms time window (starting from 2 ms before stimulus onset) for each side simultaneously.

To avoid bias due to different examiners, asymmetry ratios (AR) of VEMP amplitudes and latencies (cVEMP = p13, n23; oVEMP = n10, p15) were chosen as outcome parameters. The AR was calculated using the following formula:
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Pure Tone Audiometry Test

Pure tone audiometry (PTA) was assessed based on the hearing levels recorded at which the subjects exhibited their worst 4-tone average during a month before Gd enhanced MRI. Medical history of acute or chronic otitis media, sudden sensorineural hearing loss, vestibular neuritis, or benign paroxysmal positional vertigo was excluded.




Delayed Intravenous Gadolinium-Enhanced MRI of the Inner Ear (iMRI)
 
Data Acquisition

All MR imaging was acquired on a 3.0 Tesla MR scanner (Magnetom Skyra; Siemens, Erlangen, Germany) using a 64-channel phased-array head coil. All patients underwent MR imaging 4 h after administering a standard dose (0.2 ml/kg body weight, i.e., 0.1 mmol/kg body weight) of gadoterate meglumine (Gd-DOPTA, Dotarem; Guerbet). We used improved HYDROPS (HYbriD of Reversed image Of Positive endolymph signal and native image of positive perilymph Signal) imaging protocol for the evaluation of endolymphatic space previously proposed by Naganawa et al. (20) to reduce scan time. The following imaging sequences were obtained from all patients: heavily T2-weighted (hT2W) MR cisternography (MRC) for an anatomical total lymph space reference, hT2W three-dimensional (3D) fluid-attenuated inversion recovery (FLAIR) with an inversion time of 2,900 ms (positive perilymph image, PPI) and hT2W 3D FLAIR with an inversion time of 2,500 ms (positive endolymphatic image, PEI) for evaluating endolymphatic hydrops.

Detailed scan parameters were as follows. MRC acquisition parameters were: variable flip angle 3D turbo spin-echo (sampling perfection with application-optimized contrasts by using different flip angle evolutions [SPACE]); repetition time (TR), 4,400 ms; echo time (TE), 542 ms; flip angle (FA), initial refocusing FA of 180 degrees rapidly decreased to constant FA of 120 degrees for the turbo-spin-echo refocusing echo train; matrix size, 384 × 324; slices per slab, 104; slice thickness, 1 mm; field of view (FOV), 162 × 192 mm; generalized auto-calibrating partially parallel acquisition (GRAPPA) parallel imaging technique; acceleration factor, 2; number of excitations (NEX), 1.8; and scan time, 3 min 15 s. The parameters of PPI were: SPACE sequence; TR, 16,000 ms; TE, 542 ms; inversion time, 2,900 ms; FA, initial refocusing FA of 180 degree rapidly decreased to constant FA of 120 degrees for the turbo-spin-echo refocusing echo train; matrix size, 384 × 324; slices per slab, 104; slice thickness, 1 mm; FOV, 162 × 192 mm; GRAPPA parallel imaging technique with an acceleration factor of 2; NEX, 1.4; and scan time, 7 min 14 s. The PEI parameters were the same as those of PPI except for the inversion time of 2,500 ms.

HYDROPS images were generated on the scanner console by subtracting the PEI from the PPI for the visualization of endolymphatic hydrops. For the image analysis, HYDROPS-Mi2 images providing a higher contrast-to-noise ratio than HYDROPS images were also generated on a MATLAB (MATrix LABoratory) software by multiplication of HYDROPS and MRC images. Identical FOV, matrix size, and slice thickness were applied to MRC, PPI, and PEI for facilitating comparison and subtraction.



Semi-quantitative Visual Grading of the Endolymphatic Space

An experienced neuroradiologist who was blinded to the clinical patient data classified the degree of EH in the vestibulum and cochlea according to the methods proposed by Nakashima et al. (21). The degree of EH was visually classified as none (grade 0), mild (grade 1), or severe (grade 2) in the cochlea and vestibulum separately. A detailed description with an image example of the cochlea classification and the vestibulum can be found in Figure 1. For the cochlear EH grading (Figures 1A–C), the slice with the most substantial height of the cochlear modiolus was selected. For the vestibular EH grading (Figures 1D–F), the lowest slice where the lateral semicircular canal is almost visible was chosen. The ampulla and semicircular canals were excluded from the classification process. The endolymphatic space and total fluid space (sum of the endolymphatic and perilymphatic space) of the vestibulum were outlined manually to determine the grading of vestibular EH using ImageJ software (http://rsb.info.nih.gov). The total fluid space was drawn on the MRC image, and the endolymphatic space with a negative (dark) signal was drawn on the HYDROPS-Mi2 image. The ratio of the endolymphatic space area to that of the total fluid space determined EH grading and is shown in Figures 1D–F.


[image: Figure 1]
FIGURE 1. Grading of the cochlear and vestibular endolymphatic hydrops (EH). The degree of EH in cochlea (pink semicircle, top row, A–C) and vestibulum (orange circle, lower row, D–F) was classified according to Nakashima et al. (21). In HYDROPS-Mi2 images, the presence of EH as enlarged endolymphatic space (ELS) can be observed as hypointense (= dark) signal spaces surrounded by the hyperintense (= bright white) signal Gadolinium-enhanced perilymphatic space (PLS) and bony labyrinth. Grading of the cochlear EH (A–C) is done at the slice of the mid-modiolar level. EH in the cochlea can be categorized as grade 0 = no EH, no displacement of Reissner's membrane, contrast-enhanced PLS with no enlarged endolymphatic spaces (A); grade 1 = mild, mild displacement of Reissner's membrane, ELS area (dark) of the cochlear duct is as large as the area of the scala vestibuli (B); grade 2 = severe displacement of Reissner's membrane, the area of cochlear duct markedly enlarged and is larger than the area of the scala vestibuli (C). Grading of the vestibular EH (D–F) is done at the lowest slice of the vestibulum when the lower part of the lateral semicircular canal is still visible. EH in the vestibulum can be graded as follows: Grade 0 = no vestibular EH is defined as the area ratio of the endolymphatic space to the total fluid space is not < 33.3% (D); grade 1 = mild vestibular EH is defined as the area ratio exceeds 33.3% but is below 50% (E); grade 2 = severe vestibular EH is defined as the area ratio exceeds 50% (F). HYDROPSMi2, Hybrid of the reversed image of positive endolymph signal and native image of positive perilymph signal multiplied by T2.




Volumetric Quantification of the Endolymphatic Space

After two patients were discarded due to missing sequences (one patient with probable VM, one patient with probable MD), the data of sixty patients underwent volumetric quantification of the ELS. The method used were atlas-based segmentation of the bony labyrinth of the inner ear (22) and Volumetric Local Thresholding or VOLT (23) of the total fluid space (TFS). The following open-source software was used: 3D Slicer version 4.11 toolbox (24), ImageJ Fiji (25), and the “MorphoLibJ Toolbox” (26). An overview of the volumetric pipeline can be seen in Figure 2.
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FIGURE 2. Overview of the HYDROPSMi2 volumetric quantification pipeline. The flowchart shows a step-by-step overview of an example of an exemplary single subject's right inner ear. Each color corresponds to a different processing step. The pipeline is divided into (A) pre-processing and (B) volumetric local thresholding (VOLT) processing steps: First, a probabilistic atlas of the bony labyrinth (22) is co-registered to the MRC image, binarized using 3D-thresholding and then used to segment the MRC image (green steps). Second, the HYDROPSMi2-image is created by subtracting the PEI from the PPI and multiplying the result with the MRC image (red steps). Third, a fusion volume is created from the binarized MRC-segmentation and the HYDROPSMi2-image (red and blue arrows). VOLT (23) is then performed with two algorithms and two spatial resolutions on each of the reconstructions. All VOLT-results are reconstructed into one direction and aggregated into one volume (orange steps). This aggregation volume can be used to visualize the endolymphatic space (ELS) in 3D or as a quantification of the ELS in mathematical analysis (pink steps). HYDROPSMi2, Hybrid of the reversed image of positive endolymph signal and native image of positive perilymph signal multiplied by T2; MRC, Magnetic resonance cisternography; PPI, Positive perilymph image; PEI, Positive endolymph image.


VOLT operates on a pre-segmented region-of-interest (ROI) of the inner ear, which requires a series of data pre-processing steps: (i) A side-independent version of the probabilistic atlas of the bony labyrinth of the inner ear (22) was created. (ii) A cuboid containing the subjects' inner ears (30 × 30 × 52 mm) was cropped from the MRC and HYDROPSMi2 image stacks using FiJi (27). Volumes were then converted into 8-bit and re-scaled (factor 2) using Quintic B-spline interpolation Transform-plugin (28). Also, histogram-based noise reduction was performed on the MRC-volumes to simplify atlas registration. (iii) Atlas registration was done through the BRAINSFIT-algorithm (29) with the following parameters: fixed image: MRC volume, moving image: atlas, mode: affine (12 DOF; degrees of freedom), percentage of samples: 0.5, maximum step length 0.5. (iv) MRC-images underwent segmentation into the inner ear and background. Subsequently, MRC volumes labeled as inner ear were volumetrically thresholded in three dimensions to create a binary hull. Since MRC, PPI, and PEI were precisely aligned according to the HYDROPSMi2-protocol, a dilated version of this hull could be directly applied to the HYDROPSMi2 image, creating a fusion image that could be used for direct intensity-based analysis.

Data processing with VOLT (23) on the HYDROPSMi2-fusion volumes included the following steps: First, 3D- reconstructions of the source image in three different orthogonal orientations. Second, the calculation of multiple binarized versions [two thresholding algorithms: Niblack (30), Mean; two spatial resolutions: 6, 10]. Third, aggregation into one final volume resulted in a 3D probability map, where low intensities classify as endolymph, and high intensities classify as perilymph. Fourth, the selection of cut-off 11 for endolymphatic VOLT-classifications and analysis of the resulting volumes using MorphoLibJ-Suite (26). After VOLT-processing, manual 3D cropping was performed using FiJi to differentiate between cochlear and vestibular ELS.



Parameters Derived From Endolymphatic Space Measures

The extent of the ELS was estimated as the mean between the ipsilateral and contralateral side in mm3, as well as the ratio of the ELS regarding the TFS [in %] for the complete inner ear, the cochlea (c), and the vestibulum (v). The asymmetry between the two sides was assessed using the difference (Diff) between the ipsilateral and contralateral side, the ratio regarding the TFS (Diff/TFS-Ratio in %) as well as using an asymmetry index [(EHR – EHL.) / (EHR + EHL.)] in %, again for the complete inner ear, the cochlea, and the vestibulum. Figure 2 depicts a step-by-step overview of the volumetric quantification pipeline on an exemplary single-subject level.




Data Availability Statement

All of the individual participant data that underlie the results reported in this article will be shared after deidentification (manuscript, tables, and figures).



Statistical Analysis

Analyses were performed using the Statistical Package for Social Sciences software (SPSS, Inc., Chicago, IL, USA). A chi-square test was used to compare univariate categorical variables, such as gender, the presence of clinical symptoms, or pathological results in diagnostic testing. Fisher's exact test was used to examine the significance of the association (contingency) between EH and neurophysiological classifications. One-way analysis of variance (ANOVA) for multiple comparisons, which was post-hoc Bonferroni-corrected for multiple testing, was used for scalar (volumetric quantification result, clinical diagnostic raw data) and ordinal (Semi-quantitative visual scoring result) values. Group differences were assessed between all VM vs. all MD vs. all VM-MD (A), definite VM vs. definite MD vs. all VM-MD (D), and probable VM vs. probable MD vs. all VM-MD (P). Linear agreement between parameter pairs was calculated for each method separately using the two-sided Spearman's correlation coefficient. Results were reported at a significance level of p < 0.05 and p < 0.005. Categorical values are reported as the number of cases that fit the category/number of patients in the examined group (%); ordinal or scalar values are presented as means ± standard deviations.




RESULTS


Demographic and Neurotological Findings

A result overview of demographic and neurotological findings can be viewed in Table 1. Sixty-two patients were included in the current study. Twenty-five patients met the diagnostic criteria for definite or probable VM (all (a) VM: 18 females, mean age ± SD, 51.3 ± 16.0 years, range 24–84 years; 19 definite (d) VM: 14 females, 51.3 ± 16.2 years, range 23–84 years; 6 probable (p) VM: 4 females, mean age ± SD, 51.3 ± 17.1 years, range 24–70 years) and 29 patients for definite or probable MD (aMD: 19 females, 61.1 ± 9.5 years, range 38–78 years; 15 dMD: 4 females, 60.3 ± 10.0 years, range 44–78 years; 14 pMD: 11 females, 62.0 ± 9.2 years, range 38–72 years). The remaining eight patients (8 of 62 = 12.9%, 6 females, mean age ± SD, 49.0 ± 17.4 years, range 23–72 years) fulfilled the criteria for VM and MD (VM-MD; 2 fulfilling criteria for definite VM and definite MD, 4 for definite VM and probable MD, 2 for probable VM and MD) at the same time or separately in succession. VM symptoms included visual aura, photophobia with a unilateral throbbing headache; MD symptoms included vertigo with typical fluctuating aural fullness and tinnitus with documented low tone hearing impairment.


Table 1. Demographics and clinical features in VM, MD and VM-MD patients.
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Age between VM, MD and VM-MD group differed significantly (A: F = 4.6, D: F = 14.4, p < 0.05, Bonferoni-corrected) and the female proportion was higher in VM (aVM = 18/25, 72%, dVM = 14/19, 73.7%, pVM = 4/6, 66.7%) when compared to MD (aMD = 19/29, 55.5%, dMD = 8/15, 53.3%, pMD = 11/14, 78.6%) and VM-MD (6/8, 75%). The migrainous headaches in VM patients began at about 43.5 years, while their vertigo attacks began around 45 years (on average 1.5 years later). Headaches were significantly more frequent [A (=aVM vs. aMD vs. VM-MD): χ2(2) = 32.1, p < 0.001, φ = 0.7; D (=dVM vs. dMD vs. VM-MD):χ2(2) = 20.4, p < 0.001, φ =0.7, P (= pVM vs. pMD vs. VM-MD): χ2(2) = 11.1, p < 0.005, φ = 0.6] in VM (aVM = 25/25; dVM = 19/19; pVM 6/6, 100%) when compared to MD (aMD = 7/29, 24.1%; dMD = 4/15, 26.7%; pMD = 5/14, 35.7%) or VM-MD (5/8, 62.5%). A relevant number of patients with VM (aVM = 9 of 25, 36%; dVM = 7/19, 36.8%; pVM = 2/6, 33.3%) reported fluctuating degrees of hearing disturbances, tinnitus, or aural fullness. However, whereas ipsilateral auditory symptoms, such as tinnitus [A: χ2(4) = 16.3, p < 0.05, φ = 0.5; D: χ2(4) = 15.2, p < 0.05, φ = 0.6], aural fullness [A: χ2(4) = 21.6, p < 0.005, φ = 0.4; D:χ2(4) = 18.2, p < 0.005, φ = 0.7], aural fluctuation [A: χ2(4) = 21.2, p < 0.005, φ = 0.6; D:χ2(4) = 23.7, p < 0.005, φ = 0.8], and hearing impairment [A: χ2(4) = 23.5, p < 0.005, φ = 0.6; D:χ2(6) = 21.5, p < 0.005, φ = 0.7] were mostly observed in the MD (aMD = 21/29, 72.4%; dMD = 13/15, 86.7%; pMD = 8/14, 57.1%) and VM-MD (3/8, 37.5%) groups, the VM group (aVM = 4/25, 16%; aVM 3/15 = 15.8%; pVM = 1/6, 16.7%) presented more with bilateral auditory symptoms [A: χ2(2) = 12.9, p < 0.001, φ = 0.5; D:χ2(2) = 9.9, p < 0.001, φ = 0.5; P: χ2(2) = 13.29, p < 0.005, φ = 0.7]. Unilateral auditory symptoms in MD were accompanied with ipsilateral audio-vestibular dysfunction such as low tone hearing loss patterns, abnormal caloric asymmetry, and decreased vHIT gain with corrective saccades. Latencies and the abnormal asymmetry ratio (AR) of cervical and ocular VEMPs did not differ between groups (p > 0.05).



Endolymphatic Hydrops (Visual Grading) and Its Correlation to Neurophysiological Data

An overview of the EH visual grading scores and their correlation to neurophysiological results can be viewed in Tables 2, 3, respectively. EH was significantly [A (= aVM vs. aMD vs. VM-MD):χ2(2) = 29.1, p < 0.001, φ = 0.7, D (= dVM vs. dMD vs. VM-MD):χ2(2) = 20.9, p < 0.001, φ = 0.7; P (= pVM vs. pMD vs. VM-MD): χ2(2) = 9.2, p < 0.05, φ = 0.6] more frequent in MD (all: 79.3%, definite: 80.0%, probable 71.4%) than in VM-MD (2/8, 25%) or VM (all: 8%, definite: 5.3%, probable: 16.7%). EH was observed in only two of the patients with VM (2 of 25, 8.0%); one showed mild [grade 1, following Nakashima et al. (21)], and one showed a severe [grade 2, following Nakashima et al. (21)] bilateral hydrops, either only in the cochlea or also including the vestibulum (Table 2). Both patients presented with bilateral tinnitus and aural fullness. In contrast, EH was more frequently observed ipsilaterally [A: χ2(4) = 15.3, p < 0.005, φ = 0.5; D:χ2(4) = 18.1, p < 0.005, φ = 0.7] in MD (23 of 29, 79.3%) with grade 1 (11/29, 37.9%) or grade 2 (12/29, 41.4%). VM-MD took an interim position in this respect (2/8, 25%). In addition, visual grading on the ipsilateral side differed significantly for inner ear (A: F = 12.8, p < 0.05, D: F = 14.9, p < 0.05, Bonferroni-corrected), cochlea (A: F = 15.8, D: F = 16.6, p < 0.05, Bonferroni-corrected), and vestibulum (A: F = 7.6, p < 0.005, D: F = 10.7, p < 0.05, Bonferroni-corrected) between VM, MD, and VM-MD (Table 2).


Table 2. Semi-quantitative visual scoring of endolymphatic hydrops (EH) in VM, MD, and VM-MD patients.
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Table 3. Interrelation between EH characteristics and neurophysiological testing results.
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The main common feature seemed to be auditory symptoms that correlated with initial PTA > 25 dB (rS = 0.3, p < 0.05, two-sided) and low tone hearing loss pattern (rS = 0.4, p < 0.005, two-sided). Matching this, the visual EH grading of the ipsilateral cochlea significantly correlated with the level of PTA thresholds (rS = 0.4, p < 0.005, two-sided) and VOG during caloric irrigation (A: rS = 0.5, p < 0.005, two-sided) on the ipsilateral side, as well as side difference (SD) during caloric irrigation (D: rS = 0.7, p < 0.05, two-sided). The EH's anatomical location (cochlea, vestibulum, both) and how they correlated with the respective dysfunction (e.g., PTA for cochlea, caloric asymmetry, vHIT) is presented in Table 3.

Overall pathologies, patients with cochlear deficits had cochlear EH, and those with vestibular deficits had vestibular EH (Fisher's exact test, p < 0.005, Table 3A). Furthermore, the laterality of EH correlated positively with the lesion side of vestibular and/or cochlear deficits (Fisher's exact test, p < 0.005, Table 3B).



Volumetric Quantification of the ELS and Its Correlation to Neurophysiological Data

An overview of the results can be seen in Table 4. Overall, the patient groups' characteristics were most pronounced for definite diagnoses, followed by all (definite and probable) and least pronounced between patients with probable diagnoses. Two interrelations were analyzed: Parameters referring to the sheer size of the ELS (mean ELS, ELS/TFS-Ratio) and parameters referring to the symmetry between ipsilateral and contralateral inner ear (difference of the ELS between the sides (Diff), Diff/TFS-Ratio, as well as the asymmetry-index or AI).


Table 4. Volumetric quantification results for VM, MD, and VM-MD patients.
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Mean ELS were most prominent on the ipsilateral side in definite MD (inner ear: 16.7 ± 9.7 mm3, cochlea: 4.8 ± 4.0 mm3, vestibulum: 12.0 ± 6.0 mm3), while definite VM (inner ear: 10.4 ± 4.9 mm3, cochlea: 2.5 ± 1.3 mm3, vestibulum: 7.9 ± 4.5 mm3), and VM-MD (inner ear: 9.5 ± 3.8 mm3, cochlea: 1.9 ± 1.9 mm3, vestibulum: 7.3 ± 3.7 mm3) were less pronounced (F = 4.1, p < 0.05, Bonferroni-corrected). In addition, ELS/TFS-Ratio on the ipsilateral side differed significantly (F = 4.9, p < 0.05, Bonferroni-corrected) for definite VM (4.2 ± 1.8%) vs. definite MD (6.8 ± 3.8%) vs. VM-MD (3.8 ± 2.1%). Nonetheless, differences between groups were most pronounced in the parameters referring to the asymmetry of the ipsilateral and contralateral ELS, such as the asymmetry index (AI: F = 3.7, cAI: F = 4.1, vAI: F = 4.1, p < 0.05, Bonferroni-corrected) and difference (Diff: F = 8.0, cDiff: F = 3.6, vDiff F = 9.3, p < 0.05, Bonferroni-corrected) between VM (Diff: 1.8 ± 6.3 mm3, cDiff: 0.9 ± 0.9 mm3, vDiff: 1.7 ± 1.3 mm3) and MD (Diff: 8.6 ± 8.1 mm3, cDiff: 4.7 ± 2.9 mm3, vDiff: 6.3 ± 5.1 mm3), and less when compared to VM-MD (Diff: 2.6 ± 2.4 mm3, cDiff: 1.2 ± 1.4 mm3, vDiff: 1.9 ± 1.0 mm3).

In MD, volumetric quantification parameters correlated highly with the semi-quantitative visual grading of the EH. In particular, the parameters referring to the absolute size of the ELS (mean, ipsilateral) correlated highly with the visual grade of the cochlea (mean: rS = 0.9, ipsilateral: rS = 0.8, p < 0.005, two-sided), vestibulum (ipsilateral: rS = 0.8, p < 0.005, two-sided), and the whole inner ear (mean: rS = 0.7, ipsilateral: rS = 0.8, p < 0.005, two-sided). The highest correlations were seen with parameters referring to the “ELS side relation” in the cochlea (AI: rS = 0.7, Diff: rS = 0.8, Diff/TFS-Ratio: rS = 0.8, p < 0.005, two-sided) vestibulum (AI: rS = 0.8, Diff: rS = 0.9, Diff/TFS-Ratio: rS = 0.9, p < 0.005, two-sided), or inner ear (AI: rS = 0.7, Diff: rS = 0.8, Diff/TFS-Ratio: rS = 0.8, p < 0.005, two-sided). Parameters referring to the “ELS side relation” were the ELS difference between the ipsilateral and contralateral side, the ELS/TFS-Ratio of said difference, as well as the asymmetry index. In addition, quantitative ELS measurements in definite MD correlated with the side difference in VOG during caloric irrigation (ELS mean: rS = 0.7, ELS/TFS: rS = 0.6, ELS ipsilateral: rS = 0.7, cELS mean: rS = 0.8, cELS ipsilateral: rS = 0.7, cELS/cTFS: rS = 0.9, vELS mean: rS = 0.6, vELS ipsilateral: rS = 0.6, vELS/vTFS: rS = 0.5, p < 0.05, two-sided), as well as with low tone hearing loss patterns in PTA (ELS mean: rS = 0.6, ELS ipsilateral: rS = 0.7, ELS/TFS: rS = 0.7, AI: rS = 0.7, Diff: rS = 0.6, Diff/TFS-Ratio: rS = 0.7, vELS ipsilateral: rS = 0.8, vELS/vTFS: rS = 0.8, vAI: rS = 0.7, vDiff: rS = 0.7, vDiff/vTFS-Ratio: rS = 0.7, p < 0.05, two-sided).

In VM, correlations were less pronounced when considering the semi-quantitative visual grading parameters (cochlea, inner ear) and most prominent for the vestibulum (vELS/vTFS-Ratio: rS = 0.5, p < 0.05, two-sided). Here, age (ELS mean: rS = 0.6, ELS ipsilateral: rS = 0.6, ELS/TFS ipsilateral: rS = 0.7, ELS/TFS: rS = 0.7, vELS mean: rS = 0.7, vELS ipsilateral: rS = 0.6, vELS/vTFS: rS = 0.7, vAI: rS = 0.5, cDiff: rS = 0.5, cDiff/cTFS-Ratio: rS = 0.5, p < 0.05, two-sided) and age when dizziness started (ELS/TFS: rS = 0.5, AI: rS = 0.7, Diff: rS = 0.6, Diff/TFS-Ratio: rS = 0.5, vELS/vTFS: rS = 0.5, vELS/vTFS ipsilateral: rS = 0.5, vAI: rS = 0.6, p < 0.05, two-sided) correlated with quantitative ELS measurements. ELS parameters of the cochlea correlated with mean PTA threshold (cELS/cTFS-Ratio, rS = 0.6, p < 0.05, two-sided). In definite VM, ELS parameters also correlated to the mean value of VOG during caloric irrigation (cAI: rS = 0.6, cDiff: rS = 0.6, p < 0.05 two-sided) and mean HIT (vAI: rS = 0.6, vDiff: rS = 0.6, vDiff/vTFS: rS = 0.6, p < 0.05, two-sided).

In VM-MD, cochlear volumetric symmetry proxies (cDiff; cDiff/cTFS) mostly correlated with visual grading asymmetry-indices (AI: rS = 0.5, cAI: rS = 0.5, p < 0.05, two-sided) and grades (cochlea: p < 0.05; inner ear: p < 0.05). Cochlear AI correlated with PTA variables (mean: rS = 0.7, ipsilateral: rS = 0.8, when initial PTA > 25 dB: rS = 0.9, p < 0.05, two-sided). Furthermore, ELS quantification parameters correlated with ipsilateral HIT gain (AI: rS = 0.8, p < 0.05, two-sided).

Figure 3 shows each a typical VM, MD, and VM-MD case, including their imaging (Figure 3) results. Neurophysiological results (PTA, vHIT waveforms, cVOG data, o/cVEMP waveforms) of all three cases are shown in the Supplementary Material.
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FIGURE 3. Exemplary cases studies in each a VM, MD, and VM-MD patient. Each row depicts the left (L) and right I side of an exemplary HYDROPS-Mi2 single case image of each a VM (A), MD (B), and VM-MD (C) patient. In these images, the endolymphatic space (ELS) presents dark and the Gadolinium-enhanced perilymphatic space (PLS) as well as the bony labyrinth bright white. The cochlea is highlighted with a pink semicircle and the vestibulum with an orange circle. The neurophysiological results (PTA, vHIT waveforms, cVOG data, o/cVEMP waveforms) of all three cases are shown in the Supplementary Figures 1–3. The upper row depicts an exemplary VM single case (A). The 53-year-old female was diagnosed with definite VM and reported migrainous headache with phono- and photophobia, nausea, vomiting, no ear symptoms, and no deficits in the neurotological testing results (PTA, bithermal caloric test, vHIT) (Supplementary Figure 1). The HYDROPS-Mi2 images of the left (L) and right side (R) show no endolymphatic hydrops (EH) on both sides following the classification of Nakashima et al. (21). The middle row shows an exemplary MD single case (B). The 69-year-old male patient with definite MD exhibited profound hearing loss and aural fullness on the right ear during an attack and significant ipsilateral auditory (right-sided initial PTA of 36 dB with low tone hearing loss pattern) and ipsilateral vestibular dysfunction (>30% side difference in the caloric test; normal vHIT gain; oVEMP not reproducible on the right, cVEMP asymmetry ratio of 10% disadvantage of the right) immediately after an attack (Supplementary Figure 2). The HYDROPS-Mi2 images of the right inner ear show severe EH (grade 2) in both the cochlea and the vestibulum. There is no EH (grade 0) in the left inner ear. The lower row shows an exemplary VM-MD single case I. The 72-year old female patient with a constellation of clinical symptoms and diagnostic findings fit both definite VM and MD (VM-MD). During an attack, she described migrainous headache with phono- and photophobia, nausea, as well as bilateral ear symptoms (aural fullness, tinnitus). Neurophysiological testing revealed a right-sided auditory (PTA of 90 dB with low tone hearing loss pattern) and no pathological side difference in the caloric test, vHIT, or o/cVEMPs (Supplementary Figure 3). The HYDROPS-Mi2 images of the right inner ear show a mild EH (grade 1) in the cochlea and the vestibulum and no EH (grade 0) in the left inner ear.





DISCUSSION

The current study focused on EH characteristics (extent and location) and its relationship with neurophysiological results in patients with VM and MD and patients who fulfilled the diagnostic criteria for both diseases (VM-MD). EH was quantified visually following the classification of Nakashima et al. (21) and using volumetric local thresholding (VOLT) assessment implemented for HYDROPS-Mi2 images. As a result, EH was only present in a small proportion of VM patients (both with auditory symptoms) but frequently found in MD patients (Tables 1, 2). Location and laterality of EH and neurophysiological testing classifications were positively associated (Table 3). In MD, visual semi-quantitative grading and volumetric quantification correlated highly to each other, as well as side differences in VOG during caloric irrigation and low tone hearing loss patterns in PTA. In VM, correlations were less pronounced and were also found between cochlear volumetric quantification parameters and PTA. VM-MD assumed an intermediate position between VM and MD.

To begin, the findings support some overlap of MD and VM (1, 31) based on the current diagnostic criteria. Hence, EH could be considered as inner ear damage due to different etiologies. The current diagnostic criteria recommend that whenever patients fulfill the criteria for both VM and MD – especially hearing loss documented by audiometry – MD should be diagnosed, even if migraine symptoms occur during the vestibular and auditory attacks (1). In contrast, the data show that EH's morphological evidence was present in patients with auditory symptoms regardless of whether they meet MD or VM criteria. VM patients who were mostly free from auditory symptoms did not show any morphological evidence of EH. Thus, a future revision of the official classification might consider patients with overlapping audio-vestibular dysfunction as a VM-MD overlap syndrome. EH's current anatomical evidence suggests a joint dysfunction of the inner ear rather than differential physiological mechanisms between the two disorders (3, 32). Unlike previous studies (33–37), no significant o/cVEMP differences were found between VM, MD, and VM-MD.

Evidence continues to emerge, suggesting common contributing factors in both diseases, VM and MD, such as inner ear vasospasm or vasculopathy, neuropeptide derangements, hormonal interactions, calcium channelopathies, or disturbance of salt metabolism (38–40). During a VM episode, a subpopulation of serotonergic and non-serotonergic dorsal raphe nucleus cells may comodulate the processing in the vestibular nuclei and the central amygdaloid nucleus, which also activates the central vestibular processing pathway and contributes to VM (41). It was shown that the trigeminal nerve could play an essential role in the development of VM attacks because it provides a dense sensory innervation of cerebral, basilar and meningeal blood vessels and thus of the inner ear arteries via the anterior inferior cerebellar artery (AICA). Indeed, it has been shown that the cochlea and the vestibular labyrinth receive trigeminal innervation via the ophthalmic branch that provides parasympathetic innervation to the basilar artery and the AICA (42). Activation of perivascular trigeminal nerve endings causes the release of substance P and calcitonin gene-related peptide (CGRP), leading to local neuroinflammation, permeability changes, vasodilatation, and edema (43, 44). Thus, the trigeminal nerve directly affects neuroinflammation and blood flow of the inner ear, supporting the notion that neurovascular effects of migraine can affect inner ear structures (42, 45–47) and explain symptoms and EH.

Moreover, chronically fluctuating hydropic inner ears are less able to auto-regulate their vasculature against the changes induced by acute migraine attacks and may ultimately manifest as persisting EH (47–50). Accordingly, cases have been reported with migraine-associated vascular changes that caused inner ear ischemia and EH, resulting in sensorineural hearing loss and MD-like symptoms (51) or migraine-associated hearing loss with a severe bilateral EH without vertigo (52). Spreading cortical depression or spreading brainstem depression (53) are theorized to cause migraine aura (in this case, vertigo, dizziness, and auditory dysfunction) and symptoms that ultimately result also in substance P release from the trigeminal ganglion, leading to vasodilation, increased vascular permeability, and extravasation of plasma and neurogenic inflammation (54–56).

Although MD and VM's pathophysiological relationship is so far unclear (22), some researchers believe that the two disorders may represent a continuum syndrome rather than existing as separate conditions. VM could be caused primarily by an abnormality of the central and peripheral vestibular pathways, whereas MD could mainly be associated with peripheral membranous labyrinthine dysfunction. The auditory symptoms in VM patients may be related to vasospasm- and hypoperfusion-induced ischemia of labyrinthine structures or serotonergic-induced extravasation (57). Histopathology has provided evidence that not every individual with EH presents with MD symptoms (58, 59), and not every individual with the clinical diagnosis of MD has EH (60), which is also the case in the current data. Earlier studies found EH in 60–90% of MD patients and EH's presence in asymptomatic contralateral sides in 65% of MD patients (61). Thus, there seems to be no match between the occurrence of EH and normal neurophysiological values. This could point to MD being a systemic disease, which has been argued before and should be further elucidated. The development of inner ear imaging allows EH to be demonstrated in a human in vivo and provides the basis for quantifying the endolymphatic space and its dilatation within a single imaging sequence (21, 61). Since it has been shown that EH can differently affect cochlear and vestibular compartments of the inner ear in patients with VM (62, 63), EH imaging has been used in the differential diagnosis of patients with suspected MD or VM (64). The finding that VM patients are only associated with EH when showing auditory symptoms suggests an MD-like pathology.

As a consequence, EH seems to point toward an inner ear pathology due to different etiologies. Fittingly, EH extent correlated with auditory and vestibular testing. However, EH was also observed in asymptomatic individuals (61) and post-mortem in individuals' temporal bone without ear diseases (65). Besides, the complaints reported by patients with VM and MD overlapped frequently. Therefore, some authors suggest that future diagnostic criteria should be based on pathophysiology and not only on symptoms (66).


Methodical Limitations

There are methodical limitations in the current study that need to be considered in the interpretation of the data. Although this study has a relatively high number of subjects per pathology, a significantly higher number of participants would likely show more robust results, especially given the division into definite and probable patient groups or the small group of diagnostic overlaps (VM-MD). Second, the persistence of EH is yet under discussion. There is evidence that it may fluctuate depending on the attack (VM) or become more likely depending on the disease's duration (MD). Accordingly, the present results should be treated with caution. Third, the statistical analysis suffers from a parallel evaluation of the categorical and scalar values. It would be desirable to develop a statistical model for both types of information. Fourth, the lack of selectivity of the classifications criticized in the study could also affect the statements made here. A study to examine the discriminatory power of symptoms and diagnostic results between VM and MD diagnoses would be crucial for future claims.




CONCLUSION

The current study on MRI imaging of EH has shown that (1) a cochlear and vestibular hydrops can occur in MD and VM patients with auditory symptoms; this suggests inner ear damage irrespective of MD diagnosis or VM. (2) The EH grades often correlated with auditory symptoms such as hearing impairment and tinnitus. (3) Further research is required to uncover whether migraine is one causative factor of inner ear pathology that leads to a common final pathway of EH or whether EH in VM patients with auditory symptoms suggests an additional pathology due to MD.
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The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.594481/full#supplementary-material

The following figures show the neurophysiological results of the exemplary case studies in each patient with vestibular migraine (VM, Supplementary Figure 1), Meniére's disease (MD, Supplementary Figure 2), or with both disease characteristics (VM-MD, Supplementary Figure 3). The results consist of pure tone audiograms (PTA, A), video-oculography with response waveforms after caloric irrigation. (B) Head impulse test waveforms (C), cervical and ocular vestibular evoked myogenic potentials (c/oVEMP, D, E) for the left (L) and right (R) side, respectively. “L/R” in (D) (cVEMP) means the response of the left/right sternocleidomastoid muscle (SCM) during the stimulation on the ipsilateral left/right ear. “L/R” in (E) (oVEMP) means the left/right stimulating ear with recordings on the contralateral extraocular muscles.

Supplementary Figure 1. Neurophysiological results for the exemplary VM case. The 53-year-old female was diagnosed with definite VM and reported migrainous headache with phono- and photophobia, nausea, vomiting, no ear symptoms. Fittingly the neurotological testing results show no deficits (PTA, bithermal caloric response, vHIT, c/oVEMPs).

Supplementary Figure 2. Neurophysiological results for the exemplary MD case. The 69-year-old male patient with definite MD exhibited profound hearing loss and aural fullness on the right ear during an attack and significant ipsilateral auditory (right-sided initial PTA of 36 dB with low tone hearing loss pattern) and ipsilateral vestibular dysfunction with >30% side difference in the caloric test. He showed normal vHIT gain and normal cVEMP but increased oVEMP asymmetry ratio of 57% due to increased ipsilateral oVEMP amplitude immediately after an attack.

Supplementary Figure 3. Neurophysiological results for the exemplary VM-MD case. The 72-year old female patient with a constellation of clinical symptoms and diagnostic findings that fit both definite VM and MD (VM-MD). During an attack, she described migrainous headache with phono- and photophobia, nausea, as well as bilateral ear symptoms (aural fullness, tinnitus). Neurophysiological testing revealed a right-sided auditory (PTA of 90 dB with low tone hearing loss pattern) and no pathological side difference in the caloric test, vHIT, or o/cVEMPs.
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In-vivo non-invasive verification of endolymphatic hydrops (ELH) by means of intravenous delayed gadolinium (Gd) enhanced magnetic resonance imaging of the inner ear (iMRI) is rapidly developing into a standard clinical tool to investigate peripheral vestibulo-cochlear syndromes. In this context, methodological comparative studies providing standardization and comparability between labs seem even more important, but so far very few are available. One hundred eight participants [75 patients with Meniere's disease (MD; 55.2 ± 14.9 years) and 33 vestibular healthy controls (HC; 46.4 ± 15.6 years)] were examined. The aim was to understand (i) how variations in acquisition protocols influence endolymphatic space (ELS) MR-signals; (ii) how ELS quantification methods correlate to each other or clinical data; and finally, (iii) how ELS extent influences MR-signals. Diagnostics included neuro-otological assessment, video-oculography during caloric stimulation, head-impulse test, audiometry, and iMRI. Data analysis provided semi-quantitative (SQ) visual grading and automatic algorithmic quantitative segmentation of ELS area [2D, mm2] and volume [3D, mm3] using deep learning-based segmentation and volumetric local thresholding. Within the range of 0.1–0.2 mmol/kg Gd dosage and a 4 h ± 30 min time delay, SQ grading and 2D- or 3D-quantifications were independent of signal intensity (SI) and signal-to-noise ratio (SNR; FWE corrected, p < 0.05). The ELS quantification methods used were highly reproducible across raters or thresholds and correlated strongly (0.3–0.8). However, 3D-quantifications showed the least variability. Asymmetry indices and normalized ELH proved the most useful for predicting quantitative clinical data. ELH size influenced SI (cochlear basal turn p < 0.001), but not SNR. SI could not predict the presence of ELH. In conclusion, (1) Gd dosage of 0.1–0.2 mmol/kg after 4 h ± 30 min time delay suffices for ELS quantification. (2) A consensus is needed on a clinical SQ grading classification including a standardized level of evaluation reconstructed to anatomical fixpoints. (3) 3D-quantification methods of the ELS are best suited for correlations with clinical variables and should include both ears and ELS values reported relative or normalized to size. (4) The presence of ELH increases signal intensity in the basal cochlear turn weakly, but cannot predict the presence of ELH.

Keywords: endolymphatic hydrops, endolymphatic space, inner ear imaging, gadolinium based contrast agent, intravenous, convolutional neural network, deep learning, volumetric local thresholding


INTRODUCTION

In-vivo non-invasive verification of endolymphatic hydrops (ELH) by means of delayed gadolinium (Gd) enhanced magnetic resonance imaging of the inner ear (iMRI) is rapidly developing into a standard clinical tool to investigate episodic vertigo (1–3). This is due to iMRI allowing pre-mortem detection of ELH for the first time (4, 5), demonstrating that ELH is not pathognomonic to Menière's disease (MD) (6–8), but rather a concomitant that can be found in various etiologies of episodic vertigo (9–13). Consequently, the clinical prevalence and pathophysiological significance of ELH has yet to be conclusively clarified. Understanding the underpinnings of the ELH syndrome requires a systematic investigation of pathologies involving endolymphatic space (ELS) changes as well as its base physiological condition.

Data acquisition protocols have undergone a continuous optimization of MR sequences (14, 15), as well as a steady minimization of procedural invasiveness (via a shift from intratympanic to intravenous application), duration and Gd dosage (16–18). A variety of cochlear and vestibular ELH quantification conventions have been suggested, including ELS semi-quantitative visual grading (19–25), manual measurement (26–28), semi-automatic (29, 30), and automatic algorithmic area ratio (AR), and volumetric segmentation (31, 32).

Given the plurality of approaches (some manual, some algorithmic), not all published results are inherently comparable. ELH features may vary greatly depending on ELS classification (for an overview, see Table 1) and data analysis choices. In this context, methodological comparative studies providing normalization and standard values between the methods and classifications used seem all the more important but still remain rare. On this note, this study aims to investigate the following questions:

(i) How variations in data acquisition protocols, such as Gd dosage or time delay, influence signal intensity (SI) and signal-to-noise ratio (SNR) within the ELS.

(ii) How ELH measures correlate with each other, as well as with clinical symptoms or neurophysiological testing.

(iii) How ELH influences SNR and SI within the ELS.


Table 1. Semi-quantitative (SQ) grading conventions at a glance.
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MATERIALS AND METHODS


Setting and Institutional Review Board Approval

All data was acquired at the Interdisciplinary German Center for Vertigo and Balance Disorders (DSGZ) and the Department of Neurology of Munich University Hospital (LMU) between 2016 and 2019. Institutional Review Board approval was obtained before the initiation of the study (no. 641-15). All participants provided informed oral and written consent in accordance with the Declaration of Helsinki before inclusion in the study.



Study Population

One hundred eight consecutive participants [75 patients with Meniere's disease (MD) and 33 vestibular healthy controls (HC)] underwent delayed intravenous gadolinium-enhanced magnetic resonance imaging (iMRI) for exclusion or verification of ELH. The diagnosis of Meniere's disease (MD) was based on the Classification Committee of the Bárány Society 2015 (33). HC were inpatients of the Department of Neurology without symptoms or underlying pathologies of the peripheral and central vestibular and auditory system that underwent MRI with a contrast agent as part of their diagnostic workup and agreed to undergo iMRI sequences after 4 h. HC underwent audio-vestibular testing to confirm the soundness of their peripheral end organs. The reasons for their admission to the clinic included movement disorders (n = 6), epilepsy (n = 5), optic neuritis (n = 4), trigeminal neuralgia (n = 4), headache (n = 4), idiopathic facial nerve palsy (n = 3), viral meningitis (n = 3), subdural hematoma (n = 2), spinal inflammatory lesion (n = 1), and decompensated esophoria (n = 1). The laterality quotient for right-handedness was assessed with the 10-item inventory of the Edinburgh test (34, 35). The inclusion criterion was age between 18 and 85 years. The exclusion criteria were other neurological or psychiatric disorders, as well as any MR-related contraindications (36), poor image quality, or missing MR sequences.



Nomenclature

In the following, “ipsilateral” refers to the clinically leading side (or affected side) and “contralateral” to the opposite side (or non-affected side). In the case of patients presenting without a leading clinical side, a pseudorandom number generator [“Mersenne Twister” algorithm (37), uniform distribution] was used to generate a random number between 1 (=minimum value) and 9 (=maximum value). Even numbers meant “left side = ipsilateral side” and uneven numbers indicated “right = ipsilateral side.” “Vegetative symptoms” refers to nausea and/or vomiting due to the episodic vertigo attack. “Ear symptoms” includes attack-associated tinnitus, hearing loss, ear pressure, and/or ear pain both uni- and bilaterally that fit the criteria for MD. “Other ear symptoms” refers to non-MD ear symptoms.



Measurement of the Auditory, Semicircular Canal, and Otolith Functions

Diagnostic workup included a thorough neurological workup (e.g., history-taking, clinical examination), neuro-orthoptic assessment [e.g., Frenzel glasses, fundus photography, and adjustments of the subjective visual vertical (SVV)], video-oculography (VOG) during caloric stimulation and head impulse test (HIT), as well as ocular (o) and cervical (c) vestibular evoked myogenic potentials (VEMPs) and pure tone audiometry (PTA).

A tilt of the SVV is a sensitive sign of a graviceptive vestibular tone imbalance. SVV was assessed with the subject sitting in an upright position in front of a half-spherical dome with the head fixed on a chin rest (38). A mean deviation of >2.5° from the true vertical was considered a pathological tilt of SVV.

The impairment of the vestibulo-ocular reflex (VOR) in higher frequencies was measured by HIT (39) using high-frame-rate VOG with EyeSeeCam [(40), EyeSeeTech, Munich, Germany]. A median gain during head impulses <0.6 (eye velocity in °/s divided by head velocity in °/s) was considered a pathological VOR (41). Furthermore, canal responsiveness in lower frequencies was assessed by caloric testing with VOG, which was performed for both ears with 30°C cold and 44°C warm water. Vestibular paresis was defined as >25% asymmetry between the right- and left-sided responses (42). The caloric asymmetry index (AIC) was calculated based on the slow-phase velocity of the caloric nystagmus: [image: image].

Vestibular evoked myogenic potentials (VEMPs) are short-latency, mainly otolith-driven vestibular reflexes elicited by air-conducted sound (ACS), or bone-conducted vibration (BCV) and recorded from the inferior oblique eye muscle (ocular or oVEMPs) or the sternocleidomastoid muscle (cervical or cVEMPs). VEMPs were recorded with the Eclipse platform (Interacoustics, Middelfart, Denmark), as described previously (43, 44). Only those VEMP responses that were clearly discernible from background noise were included in the analysis. To avoid bias due to examiners, only the asymmetry index (AIo/cV) of VEMP amplitudes and latencies was analyzed in detail (45).



Delayed Intravenous Gadolinium-Enhanced MRI of the Inner Ear
 
Data Acquisition

Four hours after intravenous injection of a standard dose (0.1–0.2 mmol/kg body weight, i.e., 0.1 −0.1 mmol/kg body weight) of Gadobutrol (Gadovist®, Bayer, Leverkusen, Germany), MR imaging (MRI) data were acquired in a whole-body 3 Tesla MRI scanner (Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) with a 20-channel head coil. We used a 3D-FLAIR sequence to differentiate endolymph from perilymph and bone, and a CISS sequence to delineate the total inner ear fluid space from the surrounding bone. The T2-weighted, three-dimensional, fluid-attenuated inversion recovery sequence (3D-FLAIR) had the following parameters: TR 6,000 ms, TE 134 ms, TI 2,240 ms, FA 180°, FOV 160 × 160 mm2, 36 slices, base resolution 320, averages 1, acceleration factor of 2 using a parallel imaging technique with a generalized auto-calibrating partially parallel acquisition (GRAPPA) algorithm, slice thickness 0.5 mm, acquisition time 15:08 min. The high-resolution, strongly T2-weighted, 3D constructive interference steady state (CISS) sequence of the temporal bones was performed to evaluate the anatomy of the whole-fluid-filled labyrinthine spaces and had the following parameters: TR 1,000 ms, TE 133 ms, FA 100°, FOV 192 × 192 mm2, 56 slices, base resolution 384, averages 4, acceleration factor of 2 using GRAPPA algorithm, slice thickness of 0.5 mm and acquisition time 8:36 min. The presence of ELH was observed on the 3D-FLAIR images as enlarged negative-signal spaces inside the labyrinth, according to a previously reported method (18, 46).



Signal Quality Assessment

Signal quality was validated using signal-to-noise ratio (SNR) and signal-homogeneity (SH) in different regions of interest (ROIs). ROIs were labeled in the left and right inner ear within the “endolymph” and “perilymph” fluid, “cochlear basal turn,” as well as in the surrounding tissue or subject matter, such as the “petrous bone,” “cerebellum,” “medulla,” and “air.”

In detail, the endolymph ROI consisted of 0.6 mm2 circular 2D-selections of the left/right utricle. The perilymph ROIs consisted of multiple 0.6 mm2 circular 2-D selections in the perilymphatic space (PLS) on both sides and were spread within the inner ear to obtain a signal intensity map. Said selections were placed in the vestibulum, twice inside the basal cochlea turn, the apex cochleae, the horizontal semicircular canal (hSCC) as well as the posterior SCC (pSCC). ROIs in the surrounding tissue or subject matter (“petrous bone,” “cerebellum,” “medulla oblongata,” and “air”) consisted of 60.8 mm2 circular selections. Signal intensity extraction (mean, minimum, and maximum) was performed on axial slices of the FLAIR raw images via the “Analyze Regions” plugin of the “MorphoLibJ toolbox” (47) within ImageJ (48).

SNR was calculated in each ROI as [image: image], i.e., the fraction of mean signal intensity in an ROI S(ROI), and the standard deviation (STD) of the region labeled “air,” std(air). The label “air” was defined as “MRI signal measure of background variations in the signal devoid of fluid.” In other words, a region's SNR was calculated as a mean signal relative to the extent of the background variation.

The signal's statistical homogeneity was examined between ROIs for each group, and between groups for each ROI. SH was defined as the identical distribution of two samples except for shifts and scaling of the overall distribution. The median of each sample was removed and the interquartile range was scaled to the value of one. The two samples were then compared using the minimum statistical energy [minEn; (49)] and the maximum mean discrepancy [MMD; (50)], whilst adding 10,000 permutations with a threshold of maximally one failed test to reach statistical significance. Consequently, two samples were deemed to have different distributions if they diverged in shape, either due to kurtosis, skewness or the extent, and number of outliers. Note that no correction for multiple testing was applied in these tests in order to be more sensitive toward violations of SH, i.e., significant differences.



Semi-quantitative Grading of the Endolymphatic Space

Semi-quantitative (SQ) grading of the endolymphatic space (ELS) was performed independently by three experienced head and neck radiologists or neurologists (BE-W, VK, and JG) who were blinded to the clinical patient data. Rater statistical homogeneity was calculated just as the signal's statistical homogeneity. The ELS's characterization in the vestibulum and cochlea was based on criteria previously described (22) and can be viewed in Table 1 and is described in further detail in Figures 1A,B, grade 0–3.


[image: Figure 1]
FIGURE 1. Semi-quantitative (SQ) grading used for the endolymphatic hydrops. The vertical columns show the different semi-quantitative (SQ) grades from 0 to 3 used [cf. Table 1; according to a classification first described in Kirsch et al. (9)]. The horizontal rows each give an overview of how each grade looks (A), in FLAIR raw data (B), after VOLT processing (C), as used for 2D quantification (D), and as used for 3D quantification (E). A detailed description of each grade is given in the second paragraph of subsection ‘Semi-quantitative Grading of the Endolymphatic Space'.


The characterization describes a 4-point grading for the cochlear and vestibular ELH. The cochlear grading is done on the midmodiolar level (19) and the vestibular grading on the inferior part of the vestibulum, where the left semicircular canal (L-SCC) is still visible (19). The cochlear grading can be thought of as a fusion of previously described grading suggestions (21–24). Grade 0 (no vestibular ELH) can be reduced to “X-mas tree built from circles that are divided by “very thin, clear, hypointense lines” [cp. also Figure 1 of (23), Figure 1A in (21)] that represent the non-enhanced ELS (scala media) between the enhanced PLS (scala vestibuli and tympani). Grade 1 (mild cochlear ELH) can be reduced to “X-mas tree with lights,” where the ELS is slightly enlarged and indirectly visible as a nodular black cut out of the scala vestibuli [cp. further Figure 2 in (24), Figure 1B in (21)]. Grade 2 (marked cochlear ELH) can be reduced to “X-mas tree with X-mas balls,” where the ELS is bulging into the scala tympani whilst giving the PLS a semicircular appearance [cp. Figure 3 in (24)]. Grade 3 (severe cochlear ELH) can be reduced to “X-mas tree with garlands,” where the severely distended ELS is causes a flattened appearance of the PLS [cp. also Figure 4 in (24), Figure 5A in (21), Figure 1C in (20)]. The vestibular grading is a fusion of previously described grading suggestions (21–23). Grade 0 (no vestibular ELH) can be reduced to “sacculus < utriculus,” where the otolith organs are distinguishable and the sacculus is smaller than the utriculus [cp. also Figure 2A in (21), Figure 6 in (23)]. Grade 1 (mild vestibular ELH) can be reduced to “sacculus≥utriculus,” where the sacculus is as large or larger than the utriculus [cp. also Figure 2B in (21), Figure 9 in (23)]. Grade 2 (marked vestibular ELH) can be reduced to “sacculus and utriculus are confluent,” where the otoliths organs are no longer distinguishable with a surrounding PLS rim [cp. also Figure 2C in (21), Figure 7 in (23)]. Grade 3 (severe vestibular ELH) can be reduced to “otolith organs not distinguishable” with no PLS visible [cp. also Figure 2D in (21), Figure 8 in (23)].



2D- and 3D-Quantification of the Endolymphatic Space

Segmentation of the total fluid space (TFS) was based on a recently proposed (Ahmadi et al., under review) and pre-trained volumetric deep convolutional neural network (CNN) with V-net architecture (51) that was deployed via the TOMAAT module (52) in 3D–Slicer toolbox [version 4.11 (53)]. ELS and PLS were differentiated within the TFS using Volumetric Local Thresholding [VOLT; (31)] using ImageJ Fiji (48) with the “Fuzzy and artificial neural networks image processing toolbox” (54) and the “MorphoLibJ Toolbox” (47).

The resulting 3D volume can be regarded as a probabilistic map of the inner ear, which includes the classification into its two different compartments (ELS and PLS). The final classification strongly depends on the chosen cutoff. Based on empirical observations (31), 2D- and 3D-quantifications were examined at three cutoff variations (c6, c8, and c10). Each cutoff matches a percentage of positive classifications. For example, cutoff 6 (c6) corresponds to 79.2%, cutoff 8 (c8) to 70.8%, and cutoff 10 (c10) to 62.5% classifications into endolymphatic space. Examples of the pipeline outputs can be viewed in Figure 1C.

2D-quantification was done on axial slices of the VOLT volume. The mid-modiolar level was chosen for the cochlea and the inferior part of the vestibulum where the lateral semicircular canal (L-SCC) is still visible was selected for the vestibulum. However, the majority of volumes allowed for both a cochlear and vestibular measurement on the same slice. Easier visual selection was enabled by a look-up-table (LUT, “phase”) included in ImageJ that was applied to the VOLT volumes. An example can be seen in Figure 1D. Areas were then measured using the “Analyze Regions” plugin which is part of the “MorpholibJ Toolbox” (47).

3D-quantification was done on the VOLT volume that included the entire inner ear. The cochlear volume was cropped using a cylindrical volumetric selection and applied to the VOLT volumes. The volume of the vestibulum including otolith organs and semicircular canals arose from subtracting the cochlear volume from the inner ear VOLT volume. Measurements were performed using the “Analyze Regions (3D)” plugin of the “MorpholibJ Toolbox” (47). A visualization can be seen in Figure 1E.



Parameters Derived From Endolymphatic Space Measures

The ELS ratio, [image: image], was calculated for 2D- and 3D-quantification of the ELS analogous to the area ratio (AR) in previous classification conventions (19–21). ER indicates the relative size of the ELH to the TFS and as such is independent of the absolute size which might differ between subjects (for example due to body size).

ELS symmetry between both inner ears was assessed via the ratio of ELS side differences Diff − ER [%] = ERi − ERc, where ERi and ERcare the respective ipsilateral and contralateral ELS ratios in percent relative to the TFS. Another parameter was the asymmetry index, [image: image], where ELSi is the semi-, 2D- or 3D-quantification of the ipsilateral ELS and ELSc of the contralateral ELS. The asymmetry index can be interpreted as a normalized difference and as such is also independent of the individual TFS.

Areas and volumes were normalized according to their TFS,

if c/v/a[image: image] > c/v/a[image: image] + 2.5 × std (TFS), where “e” is the individual value and “mean” is the mean of the respective group (HC or MD). For an overview of TFS, see Figure 6.




Statistics and Validation Parameters

All statistics were implemented with self-written scripts in MATLAB version 7.19.0 (R2019b) using the “Statistics and Machine Learning” toolbox provided with MATLAB (Natick, Massachusetts: the MathWorks Inc.). ELS quantification measures were validated and compared using parameters describing different characteristics on different levels (i.e., between groups, ELS analysis methods, and diagnostic methods) and between different entities (i.e., inter-rater, inter-threshold, and inter-ROI). Parameters considered the ordering of subjects between samples (concordance), Spearman correlations between samples (rank-correlation), the form of the distribution of samples via “minimum statistical energy” and “maximum mean discrepancy” (statistical homogeneity), and covariance between samples via ANCOVA (analysis of covariance). All statistical tests used multiple comparison correction, if multiple tests (e.g., more than two regions or two thresholds) were compared independently with each other. The FWE level was set at p = 0.05/N with N being the number of tests (e.g., regions, thresholds), i.e., Bonferroni correction.


Influence of Gd Dosage, Gd Time Delay on SNR and via SNR on SQ Grading, 2D- or 3D-Quantitatification

The influence of Gd dosage and time delay (from Gd injection to MR measurement) on the SNR and signal intensity (SI), as well as SNR, Gd dosage and time delay on SQ grading, 2D- or 3D- quantification measures was evaluated using ANCOVA modeling. The model included interaction of the group with each individual variable as well as the interaction of group, dosage and time delay variables. Additionally, covariates of no interest, such as age and BMI, were included. In other words, we checked whether SNR, Gd dosage, and Gd time delay each had an influence on the ELH measure in question, as well as the interaction of Gd dosage and Gd time delay, allowing for the possibility that the relationship might be different for each group.



Interrelations Between SQ Gradings and 2D- or 3D Quantification
 
Statistical Homogeneity

Statistical homogeneity between SQ grading, and 2D- or 3D- quantification methods between groups was, in principle, calculated in the same way as the signal statistical homogeneity (cf. signal quality validation). First, the median of each group was removed and the interquartile range was scaled to the value of one. The two groups were then compared using minEn and MMD test statistics whilst using 10,000 permutations between groups. Any instance of a random permutation with a higher test-statistic than the unpermuted groups was considered a failure. The groups were deemed statistically homogeneous if at most one test failed, otherwise the groups were deemed inhomogeneous, as they could be distinguished based solely on their distribution shape (kurtosis and skewness or the extent and number of outliers). Note that no correction for multiple comparisons was performed here in order to be more sensitive to violations of SH, i.e., significant differences.



Rater Repeatability and Reliability

Repeatability and reliability of the three different raters for SQ grading, as well as of the three different thresholds (c6, c8, and c10) for 2D- or 3D-quantification were measured using rank-based correlations and Kendall's W measure for concordance (55). This assessment shows whether the ordering of subjects between raters is similar and therefore can be assumed to be repeatable over the raters. Furthermore, we compared ratings by subtracting the SQ grading scores between raters to see if the extent of differences in rating values differed. Correction for multiple comparisons, i.e., multiple tests was done over data types (SQ, 2D and 3D), therefore p(FWE) = 0.05 was set to p = 0.05/N with N = 3 for the three data types.



Interrelations Between SQ Grading, 2D- and 3D-Quantification

Interrelations between SQ grading, 2D- and 3D-quantification were examined via Spearman, i.e., rank-based correlations. Significant rank correlations indicated that the ordering of subjects was very similar or concordant across these measures. Rank-correlation was used so that linear as well as non-linear relationships could be examined and the gradings (ordinal measures) could be related to the quantitative measures. Correction for multiple comparisons p(FWE) = 0.05/N, i.e., Bonferroni correction, was done over all pairs of correlations in each correlation matrix, i.e., for SQ- × -2D quantification and SQ- × -3D quantification N = 12- × 12 = 144 and for the correlation of asymmetry indices N = 6- × 6 = 36.



Influence of Thresholds on Quantitative Measures

The influence of VOLT thresholds (c6, c8, and c10) on group differences was assessed using general linear model (GLM) based two-sample t-tests (including age as a covariate of no interest). The resulting slopes for the effects of thresholds and their standard errors were used to calculate t-statistic values for each group comparison at each threshold. Furthermore, a slope difference test (56) was used to check if group differences depended on the VOLT thresholds. A slope difference test compares differences in slopes with standard errors for the group differences across thresholds to determine if group differences depended on the cutoff-threshold. Correction for multiple comparisons p(FWE) = 0.05/N, i.e., Bonferroni correction, was done for three tests of between threshold comparisons resulting from three thresholds (c6,c8,c10), i.e., c6-vs-c8, c6-vs-c10, and c8-vs-c10, and therefore N = 3.



Covariance of Clinical Measures and iMRI

Clinical (e.g., disease duration, number of attacks) and diagnostic measures (e.g., HIT, calorics, and VEMPs), as well as parameters derived from ELS measures in SQ gradings and 2D- and 3-D quantifications (ER, Diff-ER, and AI) were included in an analysis of covariance (ANCOVA). An overview of clinical symptoms and diagnostic measures can be viewed in Table 2. Furthermore, the analysis accounted for categorical variables, such as symptoms like headache, and continuous covariates, such as body mass index (BMI) and the age of the patients. For detection of diverging trends between MD or HC, parameters derived from ELS measures were allowed interactions with the group. That means each group was allowed to have a different trend in the model. We used Bonferroni-correction for the post-hoc assessment of the individual factors in the ANCOVA.


Table 2. Clinical syndrome and diagnostic characteristics.

[image: Table 2]




Influence of ELH Presence on SNR and SI

The influence of the presence and extent of ELH on SNR and SI was examined with two approaches. First, SNR and SI data were investigated using classifications derived from SQ grades and 3D-quantification measures. The SQ grades were used to distinguish between “no ELH” and “ELH present,” while the 3D-quantification was used to distinguish between “low/small ELH” and “high/large ELH.” For the classification using SQ grades, all grades equal to zero (SQ grade = = 0) were allocated to “no ELH” and the rest to “definite ELH present.” For the classification using 3D-quantification, data values below the median were in the “low ELH” class and data values above the median in the “high ELH” class. The SNR and SI data were analyzed using two-sample t-tests and Wilcoxon rank-sum tests for differences from these classifications. The two tests (i.e., a parametric and non-parametric test), were used to ensure that any of the significant differences found were not purely dependent on the assumed distribution. Correction for multiple comparisons p(FWE) = 0.05/N, i.e., Bonferroni correction, was done for five tests between regions (split by ELH) comparisons, i.e., N = 5 (see Figures 5A,B).

Then, the inverse question was asked. This time SQ and 3D-quantification values were compared following SI or SNR value classification and then analyzed accordingly for differences with two-sample t-tests and Wilcoxon rank-sum tests. For both SI and SNR classification, “low SI or SNR class” was defined by their values below the respective median, and “high SI or SNR class” by their values above the respective median. Correction for multiple comparisons p(FWE) = 0.05/N, i.e., Bonferroni correction, was done separately for the test between SNR (split by ELH 3D-quantification) and 3D-quantification (split by SI). The number of tests for the SNR comparison was N = 2, and the number of tests for ELH 3D-quantification was N = 4 (see Figures 5C,D).





RESULTS


Descriptive Statistics

Seventy-five MD patients (35 females; aged 22–81 years, mean age 56.6 ± 14.9 years; 97% RH) and 33 HC participants (20 females; aged 20–84 years, mean age 42.1 ± 18.9 years; 94% RH) were included in the study. An overview of the most important clinical features in MD compared to HC can be seen in Table 2. An overview of the ELS grading for HC and MD can be viewed in Table 3.


Table 3. Semi-quantitative (SQ) grading, 2D- and 3D-quantification of the ELS.
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Influences of Signal Quality on ELS Quantification Methods (i)

• The signal intensity (SI) of each region of interest significantly (FWE-corrected, p < 0.05) depended on Gd dosage (range: 0.08–0.28 ml/kg; mean ± std: 0.17 ± 0.05 ml/kg; 48% of subjects got 1 dose, 12% 1.5 doses; 40% got 2 doses of 0.1 ml/kg) and Gd time delay (range: 2 h and 51 min to 5 h and 20 min; mean ± std: 4 h and 24 ± 25 min; 25% are between 3 and 4 h, 50% are between 4 and 4 h and 31 min and the remaining 25% were longer). However, the effect sizes (eta-squared) were small (5–12%).

• The mean SNR (range: 24.8–130.49; mean ± std: 64.82 ± 20.64) was significantly related to Gd dosage and time delay (FWE-corrected, p = 0.006), but only 6.8% of the total variance (r-squared) could be explained. If looked at separately, Gd dosage (4.2%, FWE-corrected, p = 0.03) and Gd time delay (5.3%, FWE-corrected, p = 0.02) explained even less of the variance. See Figure 2 for an overview of the minor influence of the iMRI acquisition parameters on SNR.

• The mean SNR was significantly different between the MD and HC group (p < 0.05). SNR asymmetry between left and right ear was not significantly related to Gd dosage, Gd time delay, or Gd dosage × Gd time delay.

• SQ gradings and 2D- or 3D- quantifications were not significantly related to Gd dosage, Gd time delay, Gd dosage × Gd time delay interaction, SI or SNR (FWE corrected, p ≤ 0.05). There were some simple significant relationships (p < 0.05 uncorrected) for the iMRI variables with Gd dosage and SNR, but all these relationships were small in effect size (around 0.5–5% omega squared).


[image: Figure 2]
FIGURE 2. Influence of gadolinium (Gd) dosage and Gd time delay on the signal-to-noise ratio (SNR) (belonging to question i). The scatter plot of the signal-to-noise ratio (SNR) over the gadolinium (Gd) dosage (in ml, plot in the top left), of the SNR over the time delay (in minutes, plot in the top right) and of the SNR over the interaction of Gd dosage × time delay (ml × minutes, plot in the bottom). SNR data points are plotted as black crosses and the trend lines of the fitted model are plotted as red lines. The SNR depended significantly on dosage, time delay as well as the interaction of dosage × time delay. However, the effect size was very small (4.2, 5.3, and 6.8% of explained variance, respectively). The SNR displayed here “SNR mean” is the mean of the SNRs calculated for each region of interest, i.e., the two inside the basal cochlear turn (CBT), the apex cochleae (AC), the horizontal semicircular canal (hSCC) as well as the posterior SCC (pSCC). For each region, the SNR is the mean signal divided by the standard deviation of the region labeled “air.” The left and the right ear are averaged for each region, before regions are averaged to form “SNR mean”.




Interrelations Between ELS Quantification Methods (ii)

• Inter-rater SQ gradings (R1-3) were statistically homogeneous, as were 2D- and 3D- quantification values including ipsi- and contralateral or cochlea and vestibulum.

• Inter-rater SQ gradings (R1-3) were highly matched in the vestibular (v) and cochlear (c) part of the inner ear for all subjects (HC, MD) and slightly less for MD only. The results can be viewed in Table 4 (column SQ) and suggest a high but imperfect reproducibility due to remaining variability.

• Inter-threshold (c6, c8, and c10) 2D- and 3D-quantification was highly concordant. These results can be viewed in Table 4 (column 2D and 3D) and indicate an almost perfect agreement over VOLT thresholds with a basically perfect reproducibility.

• SQ grades correlated strongly with 2D-quantification values (range of correlation from 0.3 to 0.7) and 3D-quantification values (range of correlation from 0.3 to 0.7). The correlations of 2D- and 3D-quantification values with SQ grades was mainly driven by the MD group, due to the higher variability within the group, compared to HC group which did not vary much in grades or 2D- and 3D-quantification values (cp. Figure 3, plots on the left and in the middle).

• 2D- and 3D-quantification correlated substantially (range of correlation from 0.3 to 0.8) for the total inner ear, cochlea, and vestibulum on both the ipsilateral and contralateral side. However, there were no significant correlations of the ipsilateral with the contralateral sides (cp. Figure 3, plots on the right). AISQ (asymmetry-index of SQ quantification) correlated significantly (range of correlation from 0.3 to 0.7) with AI2D and AI3D (asymmetry-indices of 2D- and 3D-quantification) except for the cochlear AI in the 2D- and 3D-quantifications in the c6-cutoff ([image: image] and [image: image], cp. Figure 3).

• Inter-rater SQ grading differences did not differ strongly between R1-3. Figure 4 shows the results in more detail. For the vestibular part, the percentage of ratings that agreed, i.e., showed zero differences, was 54.6% (R2-R1), 50% (R3-R1), and 67.6% (R3-R2), while the percentage of differences of maximally one grade apart was 85.2% (R2-R1), 90.7% (R3-R1), and 98.2% (R3-R2). For the cochlear part, the percentage of ratings that agreed was 53.7% (R2-R1), 53.7% (R3-R1), and 71.3% (R3-R2), while the percentage of differences of maximally one grade apart was 88.9% (R2-R1), 90.7% (R3-R1), and 97.2% (R3-R2).

• Inter-threshold 2D- and 3D-quantification measures were statistically homogenous and showed group differences for each threshold.

• Clinical variables correlated with symmetry parameters derived from SQ grading and 2D- or 3D-quantification values such as the asymmetry index (AI) or the plain ELH difference between ipsilateral and contralateral side for the inner ear, vestibulum, and cochlea. The AI worked for un-normalized data and its results were comparable to the normalized data, while the pure differences between ipsilateral and contralateral sides were only useful when the data was first normalized to the fraction ER [%] of the total fluid space (TFS, cf. legend on standard values). This indicates that relative proportions of both ears, and the relative size of ELH are most useful for predicting quantitative clinical data from iMRI measures. Fittingly, vestibular AI for the 3D-quantification data explained 35% of the variance of the number of attacks in the 3 months prior to the examination and another 16% of variance could be explained by the AI for the 3D-quantification data of the whole of the inner ear (vestibular and cochlear parts combined). A more detailed clinical study and discussion can be found in another work (57).


Table 4. Interrelations between ELS quantification methods.
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FIGURE 3. Significant correlations between endolymphatic hydrops (ELH) quantification methods (belonging to question ii). The top row shows the correlations between semi-quantitative (SQ) gradings (x-axis) and 2D- or 3D- quantification values (y-axis) for vestibulum (v) or cochlea (c), and for the ipsilateral (ipsi) or contralateral side (contra). In addition, SQ gradings are rater-specific (R1-R3), and 2D- or 3D- quantification values are cutoff-specific (c6, c8, and c10). The higher the significant results (p < 0.05 FWE-corrected) correlated, the more they are colored in yellow (thresholded to 0–0.8). Overall, SQ gradings and 2D- or 3D-quantification values correlated with the respective other method, although to a higher extent on the ipsilateral side (on the contralateral side in c10) and vestibular part of the inner ear. The bottom row shows the corresponding correlations between methods (SQ gradings and 2D- or 3D- quantification values) for the respective asymmetry-index (AI).



[image: Figure 4]
FIGURE 4. Inter-rater and -threshold between ELH quantification methods (belonging to question ii). Shown are differences between the three raters. The differences between raters are shown as percentages of the total number of subjects rated. Most grades between raters agree (no difference; in blue), and the next largest difference was by 1 grade (in green), the remaining differences between raters were mostly 2 grades (in yellow) and rarely 3 grades (in red) apart.




Influences on Signal Quality (iii)

• There were significant differences in SI due to the presence of ELH in the following ROIs: cochlear basal turn [p(t−test) = 0.0009 and p(rank−sum) = 0.0003], apex cochleae [p(t−test) = 0.002 and p(rank−sum) = 0.001], hSCC [p(t−test) = 0.038 and p(rank−sum) = 0.022], and pSCC [p(t−test) = 0.046 and p(rank−sum) = 0.018]. Generally, higher ELH 3D-quantification values had higher SI values. However, due to a significant spread, SI could not distinguish the presence of ELH from the absence of ELH (tested by means of the split of SI values based on defining “absence of ELH” as an SQ grading equal to zero and “presence of ELH” as all grades higher than zero). Fittingly, the opposite approach (splitting ELH values by SI brightness) did not show significant differences. For an overview, please see Figure 5. The signal intensity SI was significantly different between the MD and HC group for both ROIs in the cochlear basal turn, but not for the cochlear apex, hSCC, or pSCC (p < 0.05 FWE). The group differences in iMRI variables between the MD and HC groups persisted after removing effects of Gd dosage, time delay, and SNR, indicating that iMRI assessment was not significantly affected by the differences in Gd dosage, time delay, and SNR in the present dataset.

• SNR was not influenced significantly by the presence or absence of an ELH. Selecting SNR values for all SQ grades = 0 (“absence of ELH”) and comparing them with the remaining SNR values (where SQ grades >0, “presence of ELH”) led to two-sample t-test p = 0.99 and two-sample rank-sum test p = 0.94. Furthermore, comparing the SNR values for low ELH values (3D-quantification values below the median) with SNR values for high ELH values (3D-quantification values above the median) did not show any significant differences in SNR (two-sample t-test p = 0.31 and two-sample rank-sum test p = 0.45). Analog to this, splitting ELH values due to low SNR values vs. high SNR values did not result in significant differences [p(t−test) = 0.66 and p(rank−sum) = 0.47 on the ipsilateral side and p(t−testtest) = 0.2 and p(rank−sum) = 0.16 for the contralateral side]. For an overview, see Figure 5.
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FIGURE 5. Influence of endolymphatic hydrops (ELH) on signal intensity (SI) or signal-to-noise ratio (SNR) and vice versa (belonging to question iii). The top two rows (A,B) show the signal intensity (SI) in various areas of the inner ear. The SI values are split by either (A) 3D-quantification values (below or above median, indicated by a downward-arrow or an upward-arrow) or (B) endolymphatic hydrops (ELH) being absent [“–”] or present [“+”]. Here, “ELH absence” is defined as the average semi-quantitative (SQ) rating being zero and “ELH presence” is defined as the average rating being non-zero. Significant differences are indicated by black lines and p-values for the group differences evaluated with two-sample t-test or rank-sum test (**p < 0.001 and *p < 0.05). The third row (C) shows the mean SNR split by 3D-quantification values (below or above median; indicated by a downward-arrow or an upward-arrow), as well as the mean SNR split by ELH being absent [“–”] or present [“+”], where presence is defined as ELH being non-zero and absence as ELH rating being zero. The group differences were evaluated with the two-sample t-test and the rank-sum test; neither of these was significant. The fourth row (D) shows the 3D-quantification values split by mean SI values (below or above median; indicated by a downward-arrow or an upward-arrow), as well as the 3D-quantification values split by SNR values (below or above median; indicated by a downward-arrow or an upward-arrow). The group differences were evaluated with the two-sample t-test and the rank-sum test; neither of these was significant.




Standard Values

• Areas and volumes were normalized according to their TFS (total fluid space/surface) and can be viewed in Figure 6.

• Our calculations showed that the chosen threshold did not change the group differences between MD and HC. The grading-specific 2D- and 3D-quantification values, the TFS values and resulting ratios can be seen in Figures 6, 7. Furthermore, we show the relationship of 2D- and 3D-quantification for the vestibular and cochlear part broken down by SQ grades in Figure 8 and Table 5. While grades increase, one can observe that 2D- as well as 3D-quantification increased.

• ELH 3D-quantification values (see also Figure 6): The medians (ipsilateral, contralateral) of the vestibular data were (15 mm3, 11 mm3) for the MD group and (12 mm3, 12 mm3) for the vestibular healthy control (HC) group. The medians of the cochlear data were (5.4 mm3, 4.6 mm3) for the MD group and (4.6 mm3, 4.7 mm3) for the HC group.

• Total fluid space (TFS) 3D-quantification values of the vestibular and cochlear part of the inner ear [in mm3] that were used for normalizing the data of each individual to generate ELS ratio (ER) [%], the percentage of the TFS occupied by the ELH. The medians (ipsilateral, contralateral) of the vestibular TFS data were (182 mm3, 183 mm3) for the MD group and (179 mm3, 181 mm3) for the HC group. The medians of the cochlear TFS data were (93 mm3, 93 mm3) for the MD group and (88 mm3, 90 mm3) for the HC group.

• Therefore, the medians (ipsilateral, contralateral) of the vestibular ER [%] data were (8.8%, 6.3%) for the MD group and (6.3%, 6.5%) for the HC group. The medians of the cochlear ER [%] data were (6.0%, 5.1%) for the MD group and (5.1%, 5.0%) for the HC group.

• ELH 2D-quantification values (see also Figure 7): The medians (ipsilateral, contralateral) of the vestibular data were (3.6 mm2, 2.2 mm2) for the MD group and (2.3 mm2, 2.4 mm2) for the vestibular healthy control (HC) group. The medians of the cochlear data were (1.2 mm2, 0.8 mm2) for the MD group and (1.1 mm2, 1.0 mm2) for the HC group.

• Total fluid surface (TFS) 2D-quantification values of the vestibular and cochlear part of the inner ear, in [mm2] that were used for normalizing the data of each individual to generate ELS ratio (ER) [%], the percentage of the TFS occupied by the ELH. The medians (ipsilateral, contralateral) of the vestibular TFS data were (20.1 mm2, 20.8 mm2) for the MD group and (20.9 mm2, 20.4 mm2) for the HC group. The medians of the cochlear TFS data were (16.4 mm2, 16.1 mm2) for the MD group and (15.9 mm2, 15.8 mm2) for the HC group.

• Therefore, the medians (ipsilateral, contralateral) of the vestibular ER [%] data were (19.2%, 10.5%) for the MD group and (10.7%, 11.7%) for the HC group. The medians of the cochlear ER [%] data were (7.9%, 5.3%) for the MD group and (6.3%, 6.3%) for the HC group.
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FIGURE 6. Normalization and group differences for 3D-quantification of endolymphatic hydrops (ELH). 3D-quantification values of endolymphatic hydrops (ELH) in the vestibular and cochlear part of the inner ear [in mm3] (top). 3D-quantification values of the total fluid space (TFS) of the vestibular and cochlear part of the inner ear [in mm3] (middle row) that were used for normalizing the data of each individual to ELS ratio (ER) [%], the percentage of the TFS occupied by the ELH (bottom row).
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FIGURE 7. Normalization and group differences for 2D-quantification of endolymphatic hydrops (ELH). 2D-quantification values of endolymphatic hydrops (ELH) in the vestibular and cochlear part of the inner ear, in [mm2] (top row). 2D-quantification values of the total fluid surface (TFS) of the vestibular and cochlear part of the inner ear, in [mm2] (middle row) that were used for normalizing the data of each individual to ELS ratio (ER) [%], the percentage of the TFS occupied by the ELH (bottom row).
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FIGURE 8. Semi-quantitative (SQ) grade-specific 2D- and 3D-quantification values. These four plots show the quantitative endolymphatic hydrops (ELH) measures (3D-quantification in the top row and 2D-quantification in the bottom row) split up along the semi-quantitative visual grading steps (from grade 0 to grade 3 in steps of 1). This means each boxplot with data points overlaid shows the distribution of quantitative measures that correspond to the respective grading. The grading here is of the average over the three raters, rounded to the nearest integer to preserve gradings going from 0 to 3 in steps of 1. The top row shows the distributions for the 3D-quantification of ELH for vestibular and cochlear parts of the inner ear, left and right, respectively, while the bottom row shows the distributions for the 2D-quantification of ELH for vestibular and cochlear parts of the inner ear.



Table 5. SQ-specific 2D- and 3D-quantification of the ELS.
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DISCUSSION

This methodological study with 108 participants (75 MD, 33 HC) focused on comparability and parametrization of different ELS quantification methods (SQ grading of three raters, 2D- or 3D-quantification of three cutoffs) used in iMRI and their (i) interrelations with subtle variations in data acquisition protocols (that influence SNR or SI); (ii) correlations to each other, clinical symptoms, or neurophysiological testing; and (iii) the influence of ELH on signal quality. The results were as follows: (i) Within the range of 0.1–0.2 mmol/kg (mean ± std: 0.16 ± 0.05 mmol/kg) Gd dosage and a 3 h 41 min to 5 h 19 min (mean ± std: 4 h 39 min ± 25 min) time delay, SQ gradings, and 2D- or 3D-quantifications were independent of signal intensity (SI) and signal-to-noise ratio (SNR), but they were found to be significantly related to Gd dosage and time delay themselves. (ii) The ELS quantification methods used were highly reproducible across raters (SQ gradings) or thresholds (2D- and 3D-quantification), although 3D-quantifications showed least variability in comparison to 2D-quantifications and SQ gradings. The relative proportions of both ears, and the relative size of ELH proved to be most useful for predicting quantitative clinical data from iMRI measures. (iii) ELH size significantly influenced SI but not SNR. In contrast, SI could not predict ELH size. In the following, results (i–iii) will be discussed.


Within a Specific Dosage and Time Delay Range ELS Quantification Methods Remain Independent of Signal Intensity (i)

The 3D fluid-attenuated inversion recovery (3D- FLAIR) imaging used has high sensitivity to low concentrations of Gd-based contrast agents (GBCA) in fluid compared with conventional T1-weighted imaging (58). In particular, the heavily T2-weighted 3D-FLAIR imaging with a long effective echo time is very sensitive to subtle T1 shortening and can detect low concentrations of GBCAs in the perilymphatic space after intravenous administration of a single dose of GBCA (18, 59, 60). In the tested Gd dosage and Gd time delay range (see above), at most weak influences on SNR and no influence on ELS quantification methods were found. It can therefore be assumed that, although Gd dosage and Gd time delay certainly have an influence on iMRI quality parameters, the sweet spot for ELH quantification by iMRI is within the range of the tested parameters. These results tie in well with earlier studies that showed strongest enhancement in 3D FLAIR sequences between 3 and 6 h (61), and optimally 4 h (62) after intravenous administration of 0.1 mmol/kg gadolinium diethylenetriaminepentaacetic acid (standard dose Gd-DTPA, Magnevist®), or 4.5 h (63) after intravenous administration of a standard dose gadoteridol (0.1 mmol/kg Gd-HP-DO3A, ProHance®), double dose (0.2 mmol/kg) Gd-HP-DO3A (64) or triple dose (0.3 mmol/kg) of Gd-DTPA-BMA, Omniscan® (65).

Another feature of the good performance within the chosen ranges may be the homogeneous distribution of the contrast agent in the entire volume of the inner ear (66, 67).

Further improvement of SNR and visualization in terms of rapid, morphological enhancement for analysis of the temporal and spatial distribution in the PLS of the inner ear can be achieved through careful selection of MR sequences (59, 68), combination (69, 70), and post-processing (14) of MR sequences, MR Gd complex (71), MR coil, and MR field strength (72).



Is There a Hierarchy Within ELS Quantification Methods? (ii)

In line with the only comparative methodological study of ELS quantification methods published to date in 11 participants (9 patients and 2 healthy controls) (26), SQ grading and 2D- or 3D- quantification methods were found to be reliable and useful for the diagnosis of endolymphatic hydrops. However, the degree of reliability based on comparisons between raters or thresholds increased from SQ grading to 2D- and again to 3D-quantification methods. The increase in repeatability corresponds to the decrease in dependency of human decision (visually > specific slice in 2D > whole volume in 3D) and increase of automatization and data points (semi-quantitative < area < volume).

Another aspect that makes relying solely on SQ grading tricky is the comparability of methods between different research groups, besides inter-rater disparities. SQ grading conventions (cf. Table 1) vary in grading resolution from three [in cochlea (19–21, 23) and vestibulum (19, 24, 25)] to four steps [in cochlea (22, 24, 25) and vestibulum (21–23)]. Accordingly, not all ELH grade results in cochlea or vestibulum correspond to each other due to the usage of different conventions [as an example grade 1 in (19, 20, 24)], or not at all [as an example (73)]. Based on either manually drawn (28, 74) regions of interest (ROIs) or a convolutional neural network (CNN) segmentation (32), 2D quantification methods already offer an increased comparability and variability of information. However, the comparability of the results remains limited by the slice selection for the calculation of the ratio and the differing slices emerging from slice planning or MRI setup (sequence type, slice thickness, slice resolution). Concerning these issues, 3D-quantification can be a solution (no slice selection, independent of slice planning) or at least an improvement (sequence type, slice thickness, slice resolution). In addition, more information (data points) enables better fitting of diagnostic and clinical parameters (75). Yet here, too, methodological variations affect reproducibility and availability of results. The critical points are the segmentation of the inner ear from the background [manually (29), via atlas (76, 77), or CNN (31); (Ahmadi et al., under review)] and the ELS and PLS from the TFS [manually (26), semi-automatic (29), automatic (31)], as well as the availability of the software solutions [commercial (26, 28, 29, 78) vs. open source (31)]. The less human-dependent and the more automated, the more reproducible the method in most cases. Therefore, the usefulness of the available quantification methods depends on its intended application. While visual SQ grading is highly useful in a clinical setting, automated 3D-quantification seems most suitable for research.



ELS Patterns in MD, HC (ii)

Significant differences between groups could especially be found for the ipsilateral (or affected) side of the MD group vs. HC group, as was already shown for 4-point [cochlea: (24, 25)] and 3-point [cochlea: (79); vestibulum: (80); sacculum (81)] ELS SQ grading, 2D-quantification [cochlea: (82); vestibulum: (82)] and 3D-quantification [cochlea: (30, 57); vestibulum: (30, 57)] results.

Clinical variables correlated highest with symmetry parameters derived from SQ grading and 2D- or 3D-quantification values such as the asymmetry index (AI) or the plain ELH difference between ipsilateral and contralateral side for the inner ear, vestibulum, and cochlea. Recent studies using ELS asymmetry indexes confirm this inclination (57). A more detailed clinical study and discussion can be found in another work (76). To date, correlations were found for SQ grades 3-point [electrocochleography (EcochG) (83, 84)] and 4-point ordinal cochlear scale [PTA (24–26, 79); auditory symptoms (85, 86); disease duration (24, 79); but not for the glycerol test (25)]. Furthermore, correlations were found for 3-point ordinal vestibular scale [cVEMP-side difference (SD) (24); PTA (11, 25, 87); oVEMP-amplitudes (88), but not with VOG during caloric stimulation SD (24, 89) or the glycerol test (25)]. SQ correlations coincided with 2D-quantification [cochlea: PTA (82); vestibulum: SP/AP ratio of ECoG (82)] and 3D-quantification [cochlea: PTA (26); vestibulum: duration of illness >30 months (26), side difference in response to caloric irrigation (57)] correlation results.



ELH Extent Influences Signal Intensity in the Basal Cochlear Turn (iii)

Zhang et al. (90) investigated 19 MD patients following double-dose iMRI and found that the signal intensity ratio of the cochlear basal turns in the affected ear was significantly higher than in the unaffected ear and that there was a positive correlation between the signal intensity ratio of the cochlear basal turn and the grades of cochlear and vestibular hydrops in the affected ear. The SNR was assessed and calculated manually according to (91) using the signal in perilymph of both cochlear basal turns and noise in coplanar circular 50 mm2 ROIs in the cerebellum. The interpretation of these findings was that increased permeability of the blood-labyrinth barrier (higher SNR) may play a role in the process of endolymphatic hydrops in MD.

The results of the current study suggest, however, a general pathophysiological effect tied to the extent of the ELH and not MD as a pathology, since higher ELH 3D-quantification values had higher signal intensity (SI) values in the cochlear basal turn, apex cochlea, and hSCC ROIs. Within MD, SI only in the cochlear basal turn was significantly higher on the ipsilateral side when compared to the contralateral side. The SI was generally different between the MD and HC groups, indicating an effect of ELH also on signal presentation. SNR differed between the MD and HC groups; however, the effect was small and the group differences in ELH were not significantly affected by SNR, indicating that the group differences are a persistent effect of the underlying condition and not related to the imaging settings that were used in the current study.



Normalization and Standardization of ELS Values

Clinical variables correlated better and more correctly with relative (AI) or normalized values [to the fraction ER [%] of the total fluid space]. This indicates that relative proportions of both ears, and the relative size of ELH are most useful for predicting quantitative clinical data from iMRI measures (57).

However, to date not many iMRI ELS values have been published in absolute (26, 30, 92) and relative sizes (26, 28, 85, 93–95); those that have been published were mostly group-specific but not grade-specific, and one grade-specific but relative (26). In Table 5, 2D- and 3D-quantifications, relative, and normalized to TFS are presented.



Recommendations for Future iMRI Studies

The following methodological recommendations for future studies can be derived from the present work and the current available literature:

• MR setup: Improved hybrid of reversed image of positive endolymph signal and native image of positive perilymph signal (iHYDROPS-Mi2) (15) or 3D-real inversion recovery (3D-real IR) (28, 96), highest possible MRI field strength (72), smallest possible isotropic voxel size, deep learning reconstruction denoising (14) if applicable.

• MR measurement: 4 h ±30 min after single-dose (0.1 mmol/kg) intravenous application (64) of Dotarem (Gd-DOTA, 100% morphological enhancement) or Gadovist (Gd-Do3A, 88% morphological enhancement) (71).

• SQ grading: 4-point ordinal scale (0: no hydrops, 1: mild hydrops, 2: marked hydrops, 3: severe hydrops) for cochlear and vestibular SQ grading (cp. Table 1), preferably with a level of evaluation reconstructed to distinctive anatomical fixpoints.

• Scalar ELS values: 3D-quantification, optimally using algorithm-based segmentation of both the TFS (Seyed-Ahmad et al., under review); (76, 77) and ELS (31, 32) should be included. 2D-quantification if 3D-quantification is not available. Reported values should be normalized for TFS size.

• Correlations with clinical variables should include both ears and are most promising in symmetry parameters, such as asymmetry-indices for un-normalized data and relative size ELS for normalized data.



Methodological Limitations and Outlook

There are methodological limitations in the current study that need to be considered in the interpretation of the data. First, despite the comparatively wide range of contrast agent dosage and delay time within this study, the results should be (to some degree) considered specific to the study's MR settings (MR sequence, MR contrast agent, intravenous application). Second, despite the extensive analyses within this study, it was not possible to try all, but only representations of the methods used in this study [SQ following Figure 1 and (22), 2D- and 3D-quantification using VOLT (31)]. Third, the study lacks histological confirmation of endolymphatic hydrops. However, the in-vivo acquisition of histological specimens in Menière's disease is currently not possible. Fourth, the size of the control group (n = 33) was small in comparison to the MD group (n = 105). However, due to findings of signal intensity in the dendate nucleus and globus pallidus on unenhanced T1-weighted MR images (97–99) that are still under investigation, measurements were restricted to inpatients of the Department of Neurology that underwent MRI with a contrast agent as part of their diagnostic workup and agreed to undergo iMRI sequences after 4 h.




CONCLUSION

The current comparative methodological study has shown that: (1) A Gd dosage of 0.1–0.2 mmol/kg after 4 h ± 30 min Gd time delay will provide sufficient SNR when using recommended MR sequences and contrast agents. (2) An agreed upon clinical SQ grading classification including a standardized level of evaluation reconstructed to anatomical fixpoints is needed to provide unambiguous comparability between labs. (3) 3D-quantification methods of the ELS using algorithm-based segmentation of the TFS and ELS seem to be best suited for research purposes. Correlations with clinical variables should include both ears and ELS values reported relative or normalized to size. (4) The presence of ELH increases signal intensity in the basal cochlear turn weakly, but cannot predict the presence of ELH.
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ABBREVIATIONS

±, standard deviation; 2D, two-dimensional; 3D, three-dimensional; AR, area ratio; AI, asymmetry index; B, bilateral; c, cochlea; contra, contralateral; CEMD, central eye movement disorder; CISS, constructive interference in steady-state; d, definite; Diff-ER, ELS ratio of the side difference; DL, deep learning; ELH, endolymphatic hydrops; ELS, endolymphatic space; ER, ELS ratio; FLAIR, fluid-attenuated inversion recovery; Gd, gadolinium; GBCA, Gd-based contrast agents; Gd-DOTA, gadoteric acid (trade name: Dotarem®); Gd-Do3A, gadobutrol (trade name: Gadovist®); Gd-DTPA-BM, gadodiamide (trade name: Omniscan®); Gd-DTPA, gadopentetic acid (trade name: Magnevist®); Gd-HP-DO3A, gadoteridol (trade name: ProHance®); GLM, general linear model; GRAPPA, generalized auto-calibrating partially parallel acquisition; HC, healthy controls; HIT, head-impulse test; iMRI, delayed intravenous gadolinium-enhanced MRI of the inner ear; ipsi, ipsilateral; iv, intravenous; L, left; R, right; MD, Meniere's disease; minEn, minimum energy statistic; MMD, maximum mean discrepancy; MRI, magnetic resonance imaging; n, number; p, possible; ROI, region-of-interest; std, standard deviation; SNR, signal-to-noise ratio; SVV, subjective visual vertical; TFS, total fluid space; v, vestibulum; vHIT, video-oculography during head-impulse test; VM, vestibular migraine; VOG, video-oculography.
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Objective: Capillaries within the inner ear form a semi-permeable barrier called the blood-labyrinth barrier that is less permeable than capillary barriers elsewhere within the human body. Dysfunction of the blood-labyrinth barrier has been proposed as a mechanism for several audio-vestibular disorders. There has been interest in using magnetic resonance imaging (MRI) with intravenous gadolinium-based contrast agents (GBCA) as a marker for the integrity of the blood labyrinth barrier in research and clinical settings. This scoping review evaluates the evidence for using intravenous gadolinium-enhanced MRI to assess the permeability of the blood-labyrinth barrier in healthy and diseased ears.

Methods: A systematic search was conducted of three databases: PubMed, EMBASE, CINAHL PLUS. Studies were included that used GBCA to study the inner ear and permeability of the blood-labyrinth barrier. Data was collected on MRI protocols used and inner ear enhancement patterns of healthy and diseased ears in both human and animal studies.

Results: The search yielded 14 studies in animals and 53 studies in humans. In healthy animal and human inner ears, contrast-enhanced MRI demonstrated gradual increase in inner ear signal intensity over time that was limited to the perilymph. Signal intensity peaked at 100 min in rodents and 4 h in humans. Compared to controls, patients with idiopathic sudden sensorineural hearing loss and otosclerosis had increased signal intensity both before and shortly after GBCA injection. In patients with Ménière's disease and vestibular schwannoma, studies reported increased signal at 4 h, compared to controls. Quality assessment of included studies determined that all the studies lacked sample size justification and many lacked adequate control groups or blinded assessors of MRI.

Conclusions: The included studies provided convincing evidence that gadolinium crosses the blood-labyrinth barrier in healthy ears and more rapidly in some diseased ears. The timing of increased signal differs by disease. There was a lack of evidence that these findings indicate general permeability of the blood-labyrinth barrier. Future studies with consistent and rigorous methods are needed to investigate the relationship between gadolinium uptake and assessments of inner ear function and to better determine whether signal enhancement indicates permeability for molecules other than gadolinium.

Keywords: otosclerosis, Ménière's disease, inner ear, blood-labyrinth barrier, gadolinium, MRI


INTRODUCTION

Living tissues need a steady supply of nutrients to support metabolism and clear waste. Blood vessels lined by endothelial cells transport these metabolic resources, and capillaries are the site at which nutrients and waste are exchanged. Capillaries have different features depending on the needs of nearby tissues, being more porous, for example in the liver, or more restrictive in the retina (1). In some locations, such as the brain, capillaries form junctions that are so impermeable they create a continuous barrier. In the inner ear, a blood-labyrinth barrier was first proposed to explain differential uptake of intravenously injected compounds between the endolymph and perilymph spaces (2).

Intravenously injected compounds reach the inner ear via the labyrinthine artery, a branch of the anterior inferior cerebellar artery, that subsequently branches into smaller vessels to supply the labyrinth and cochlea (Figure 1A). Capillary networks in the inner ear are clustered around the stria vascularis and spiral ligament in the cochlea, and the sensory epithelia of the vestibular system (3). These capillary networks are—like in the eye and brain—the presumed location of the blood-labyrinth barrier, composed of endothelial cells with tight-junctions surrounded by pericytes and resident macrophages (4) (Figure 1B). These barriers tightly regulate ion composition within the endolymph and perilymph, and are permeable to water, glucose, and small molecules (5, 6). Molecules transit across the barrier via a variety of mechanisms including diffusion, endocytosis, and transcellular protein transport (7) (Figure 1C).


[image: Figure 1]
FIGURE 1. Schematic showing the components of the blood-labyrinth barrier. (A) Blood supply to the labyrinth is shown, with insets showing capillary beds near the sensory epithelia of the ampullae, otoconial organs, and cochlea. (B) Capillaries of the blood-labyrinth barrier include endothelial cells with tight junctions, surrounded by pericytes and resident macrophages that regulate permeability. (C) Examples of hypothetical mechanisms by which molecules can transit across the barrier are shown.


The role of the blood-labyrinth barrier in clinical medicine is receiving increased attention. Studies have shown that several hours following intravenous administration of gadolinium-based contrast agents (GBCA), the perilymphatic space of the inner ear enhances on magnetic resonance imaging (MRI) studies (8). MRI using stronger static magnetic fields and new pulse sequences has improved spatial resolution and takes advantage of this contrast between the endolymph-filled membranous labyrinth and the surrounding perilymphatic space. These MRI techniques have emerged as a useful research tool in the study of Ménière's disease, a disorder in which patients commonly have a swelling of the membranous labyrinth (9). It is presumed that the increased signal intensity reflects GBCA crossing the blood-labyrinth barrier.

More recently, studies have begun exploring the use of GBCA to determine the integrity of the blood-labyrinth barrier in disease. In addition to transmitting small molecules, capillaries also allow the transit of white blood cells into tissues (10). During inflammation, released cytokines can activate capillary endothelial cells, increasing capillary permeability (11). Increased permeability may have deleterious effects on the inner ear (4). An imaging marker of the permeability of the blood-labyrinth barrier could provide diagnostic and prognostic information and aid the development of new therapies for inner ear diseases. The aim of this scoping review was to assess the evidence for the use of GBCA as a marker of permeability of the blood-labyrinth barrier in animals and humans with inner ear disease.



METHODS

A scoping review was performed with the aim of synthesizing knowledge regarding the use of MRI to assess the integrity of the blood-labyrinth barrier. A broad search was performed using three databases: PubMed, EMBASE, and CINAHL Plus. This search was performed on 10/5/2020 using controlled vocabulary (e.g., MeSH terms in PubMed) and keywords related to the concepts of the “inner ear,” “contrast-enhanced MRI,” and the “blood-labyrinth barrier” (see Supplementary Material). The search strategy was created with assistance from staff at the Welch Medical Library at Johns Hopkins Medicine.

Two study members (CS and BW) independently evaluated articles and included those that met the following inclusion criteria: aims to assess the blood-labyrinth barrier with MRI, uses a GBCA administered via intravenous injection, includes original data, is not a case report (i.e., must include data from more than one individual), and is written in English language. Additional articles were included via a snowballing approach, where the references in each included article were assessed using the same inclusion criteria.

For both clinical and animal studies we recorded data on enhancement of inner ear structures in diseased and healthy ears, the imaging protocol, MRI static magnetic field strength, the GBCA and dose, and the time from contrast injection to image acquisition.

All co-authors reviewed the included studies and two study members (CS and BW) also evaluated the quality and risk of bias of each clinical research article using a modified version of the National Institutes of Health (NIH) Quality Assessment Tool for Cross-Sectional Studies (12) (Table 1).


Table 1. Modifications made to the NIH quality assessment checklist.
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Since the goal of this scoping review was to qualitatively describe the current literature and map key concepts in this field, test statistics were not performed.



RESULTS


Literature Search

Our database search yielded 243 citations, 88 from PubMed, 109 from EMBASE, and 46 from CINAHL Plus. After duplicate articles were removed, there were 135 unique search results. After full text review with the application of selection criteria we had 40 included publications. Additional review of the references from the initial included publications yielded an additional 27 citations that met the selection criteria and were included in the final analysis (Figure 2).
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FIGURE 2. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram for study selection.




Animal Studies

There were 14 animal studies in this review that evaluated MRI of healthy and diseased inner ears of guinea pigs and/or mice. Eleven of these studies administered contrast agent in doses of 1.5 mmol/kg and used MRI scanners of magnetic field strengths 4.7 Tesla (T) or greater. Studies in healthy ears of guinea pigs and mice reported increased signal intensity within the perilymph, consistent with GBCA uptake, that increased over time and peaked at 100 min, whereas no enhancement was seen in the endolymph (13–18). Enhancement was first seen in the cochlea with relative greater signal in the scala tympani than the scala vestibuli, followed by the utricle and saccule, and the ampullated ends of the semicircular canals (19, 20). The areas correspond to capillary networks in the inner ear, suggesting entry of GBCA at the blood-labyrinth barrier. Comparison of different GBCA found some variation in signal intensity and uptake kinetics, but intravenous administration of both macrocyclic and linear agents reliably led to enhancement of perilymph (20, 21). In mice, all GBCAs led to enhancement of perilymph with increasing intensity over time from 15–105 min (20). Gadobutrol (Gadovist) was shown to have the most rapid uptake and greatest signal enhancement while gadopentetate dimeglumine (Magnevist) had the slowest and lowest intensity of enhancement (20). In three studies, mechanical trauma to and inflammation of the inner ear were found to increase the rate of signal intensity rise in the inner ear following intravenous GBCA over 15–80 min above the rate in control animals (14, 19, 22).



Human Studies

Our search yielded 53 studies in humans. Of these, 43 were cross-sectional studies and 10 were descriptive case series. Case series were defined as studies that provided only descriptive characteristics of included patients. The case series provided a useful historical framework for subsequent studies but were not included in our analysis (23–32). In healthy human ears, described in two included studies, enhancement of the inner ear peaked at 4 h following intravenous injection of 0.1 and 0.3 mmol/kg GBCA using 3T MRI and 3D fluid-attenuated inversion recovery (FLAIR) pulse sequences (8, 33).

Our quality assessment found flaws in methodological rigor across the included studies (Table 2). Assessment of the included cross-sectional studies with the NIH quality assessment tool found that none (0%) of the studies provided sample size justification, 20 (47%) either did not specify whether the MRI assessment was blinded or had used assessors that were not blinded, and 18 (42%) lacked a control population for comparing abnormal enhancement. Additionally, 35 (81%) did not assess enhancement at multiple time points, and 21 (49%) did not provide data on signal intensity with different levels of contrast exposure (e.g., signal intensity before and after contrast administration).


Table 2. Quality assessment of included human studies with the NIH quality assessment tool.
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Contrast-enhanced MRI in patients with idiopathic sudden sensorineural hearing loss (ISSHL) was described in 14 included studies (Table 3). These studies reported increased signal intensity within the affected inner ear on 3D-FLAIR imaging taken before and after contrast administration. However, not all patients demonstrated increased signal intensity at either time point. Two studies noted that hyperintensity of the diseased ears was more prevalent in MRI acquired before contrast was administered, as opposed to images taken shortly after or at 4 h after GBCA injection (44, 54). Others reported an increased prevalence of abnormal enhancement of diseased ears when MRI was performed 4 h after GBCA administration as compared to MRI performed shortly after GBCA administration (58, 64). One study reported a correlation between increased signal in the diseased ear and poorer prognosis, but the association was only observed for pre-contrast imaging (44). Another study described a poorer prognosis when increased signal was observed on MRI performed 4 h after contrast administration (69). A third study reported a correlation between enhancement seen on MRI taken shortly after contrast injection and poorer initial hearing level but did not find a correlation with prognosis for hearing recovery (54).


Table 3. Summary of findings in studies of idiopathic sudden sensorineural hearing loss and vestibular neuritis.
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MRI findings in patients with Ménière's disease were described in 12 studies (Table 4). These studies reported increased enhancement of the affected ear in MRI acquired 4 h after contrast but no abnormal hyperintensity in imaging before contrast or at imaging 10 min after contrast. One study compared imaging taken 10 min and 4 h after contrast injection and reported an increase in signal intensity over controls only at 4 h (52). This observation was supported by one other study; however, this study only included one patient with unilateral definite Ménière's disease, and three with possible Ménière's disease (53). One study reported a correlation between enhancement on imaging 4 h after contrast and both the degree of hearing loss and severity of endolymphatic hydrops (73), while another study found no association between enhancement and hearing loss (50).


Table 4. Summary of findings in studies of Ménière's disease.
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Five included studies examined MRI findings in patients with vestibular schwannoma (Table 5). Two studies reported enhancement of inner ear structures 7–10 min after contrast administration (45, 46). This was supported by another study which found decreased signal on 3D-FIESTA shortly after contrast injection which, similar to hyperintensity on 3D-FLAIR, suggests increased protein content in the inner ear (55). Another study reported a greater enhancement 5–8 h after contrast injection as compared to imaging immediately after contrast injection (70). Signal intensity at 5–8 h was correlated with poorer hearing as measured by pure tone thresholds and word recognition scores (70). The other studies with imaging performed shortly after GBCA administration reported no correlation between signal intensity and hearing level or tumor size (45, 46).


Table 5. Summary of findings in studies of vestibular schwannoma.
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Four studies reported on MRI findings in patients with otosclerosis (Table 6). Two described increased signal intensity on MRI before and shortly after contrast administration (59, 63). Two studies reported a correlation between enhancement and disease stage (60, 63), while another study reported no correlation between enhancement and degree of hearing loss (74).


Table 6. Summary of findings in studies of otosclerosis.
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Our review also included 10 studies reporting abnormal inner ear enhancement in patients with sudden facial nerve paralysis (34, 35, 47), DFNA9 (mutation in the COCH gene) (67), Cogan syndrome (25), viral and bacterial labyrinthitis (23, 24, 30), and other inner ear abnormalities (39, 43, 49, 72).




DISCUSSION

Damage to the blood-labyrinth barrier has been implicated in the pathophysiology of inner ear disorders such as Ménière's disease and ISSHL (54, 75). Recently, investigators have begun using intravenous contrast-enhanced MRI to assess the permeability of this barrier as a potential tool in research and for diagnosis. The goal of this review was to evaluate current evidence for the role of gadolinium-based contrast in understanding blood-labyrinth barrier function and its utility in evaluating the integrity of this barrier in disease states of the inner ear.

Studies of both healthy and diseased ears of animals and humans demonstrated enhancement of inner ear structures following the administration of IV-gadolinium. In healthy ears of mice and guinea pigs, enhancement peaked and plateaued at 100 min after contrast administration. Further studies in animal ears affected by mechanical trauma (14) and inflammation (22) demonstrated increased enhancement, suggesting that disease states may increase the inner ear's permeability to gadolinium-based agents, potentially through alterations in the blood-labyrinth barrier. Studies have not sought to identify the mechanism(s) by which gadolinium crosses the blood-labyrinth barrier. Notably, these animal studies used an MRI magnetic field strength of at least 4.7 T, which exceeds the standard used in most human studies (1.5 and 3.0 T). Animals were also administered gadolinium at doses that were up to 15 times greater than the clinical standard of 0.1 mmol/kg for humans. Studies in healthy humans reported reliable gadolinium uptake within the inner ear 4 h after injection with either 0.1 (33) or 0.3 (8) mmol/kg gadolinium using a 3 T MRI scanner.

Pathologies such as ISSHL, Ménière's disease, otosclerosis, and vestibular schwannoma have been shown to alter this baseline GBCA enhancement by increasing the intensity of signal on MRI within inner ear structures. Although abnormal enhancement was well-described by most studies, there were conflicting reports of correlations between this enhancement and clinical characteristics such as prognosis and disease severity.

Although increased enhancement was common in these diseases, there were distinct differences by disease in the time of the observed increased signal. In both ISSHL and otosclerosis, hyperintense inner ear signal was present even before contrast was administered and just minutes after GBCA injection. Meanwhile, enhancement in patients with Ménière's disease or vestibular schwannoma was reported after a delay of four or more hours from contrast administration. Hyperintensity prior to contrast injection in cerebrospinal fluid has been hypothesized to result from increased protein content and could be a hypothesis for the increased pre-contrast signal seen in some patients with ISSHL and otosclerosis (76). Quicker uptake of contrast, or increased baseline signal, could indicate more severe blood-labyrinth barrier damage resulting in greater passage of GBCA and possibly protein into the perilymph. Alternatively, GBCA could have different routes of entry into perilymph, depending on the pathophysiology of the disease. The kinetics of enhancement with gadolinium could be important for evaluating the blood-labyrinth barrier in different disease states. However, due to the current paucity of studies on the time course of enhancement in disease, it is impossible to make a reliable comparison of blood-labyrinth barrier permeability in different disease states. Only two studies with few patients reported on enhancement findings at two time points in patients with Ménière's disease (52). While this early data is promising, studies with images taken at multiple time points are needed to better describe differences in the pattern of enhancement among different inner ear diseases compared to control ears.

Our analysis of the evidence was hampered by study design. Most notably there was a lack of adequate control groups, sample size justifications, and clear patient recruitment details. Compounding these quality issues was the substantial degree of variability in study protocols—particularly regarding the contrast agents used and the methods for determining enhancement. Counter et al. demonstrated that although linear and macrocyclic GBCA agents were useful in enhancing the inner ear structures, there was a distinct heterogenicity in kinetics (20). This makes it difficult to compare studies using different GBCA agents, given the importance of consistent enhancement kinetics when comparing uptake patterns in different disease states.

Additionally, there was no consensus on how to distinguish between normal and abnormal enhancement patterns. In studies that used controls, either from contralateral ears or healthy volunteers, some studies used subjective, visual assessment. Others used more objective measures of signal intensity normalized to signal from regions of the scan that were presumably unaffected by the disease. The consistency of control groups used in studies on systemic diseases or disease that can affect both ears such as Ménière's disease is particularly important. One included study found that asymptomatic ears of patients with Ménière's disease had increased signal intensity on contrast-enhanced MRI compared to controls (61), while another study described contrast enhancement of the asymptomatic ear in two patients with clinically unilateral Ménière's disease (66).

The goal of this scoping review was to evaluate the usefulness of IV-gadolinium MRI in assessing blood-labyrinth barrier permeability in healthy and diseased ears. Following intravenous administration of GBCA, GBCA enters the inner ear in healthy ears after a delay, presumably through the blood-labyrinth barrier. Despite these observations in healthy animals and humans, we found no conclusive evidence to support the assumption that gadolinium can be used to directly measure the health of the blood-labyrinth barrier. Our review also found a lack of studies that could correlate abnormal enhancement of the inner ear with a more general breakdown of the blood labyrinth barrier. While there is compelling evidence demonstrating increased GBCA uptake in diseased ears, future work must be done to clarify if any connection exists between abnormal enhancement and breakdown of the blood-labyrinth barrier. Furthermore, different disease states may affect the blood-labyrinth barrier by different mechanisms. There is a gap in the current literature regarding the mechanisms of GBCA uptake into the perilymph, the time course of uptake in diseased human ears, and the natural course of GBCA efflux from the perilymph. Rigorous future studies with adequate controls, clear patient recruitment methods, and objective measures of enhancement patterns are needed to determine the utility of contrast-enhanced MRI in assessing the integrity of the blood-labyrinth barrier.
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The human vestibular cortex has mostly been approached using functional magnetic resonance imaging and positron emission tomography combined with artificial stimulation of the vestibular receptors or nerve. Few studies have used electroencephalography and benefited from its high temporal resolution to describe the spatiotemporal dynamics of vestibular information processing from the first milliseconds following vestibular stimulation. Evoked potentials (EPs) are largely used to describe neural processing of other sensory signals, but they remain poorly developed and standardized in vestibular neuroscience and neuro-otology. Yet, vestibular EPs of brainstem, cerebellar, and cortical origin have been reported as early as the 1960s. This review article summarizes and compares results from studies that have used a large range of vestibular stimulation, including natural vestibular stimulation on rotating chairs and motion platforms, as well as artificial vestibular stimulation (e.g., sounds, impulsive acceleration stimulation, galvanic stimulation). These studies identified vestibular EPs with short latency (<20 ms), middle latency (from 20 to 50 ms), and late latency (>50 ms). Analysis of the generators (source analysis) of these responses offers new insights into the neuroimaging of the vestibular system. Generators were consistently found in the parieto-insular and temporo-parietal junction—the core of the vestibular cortex—as well as in the prefrontal and frontal areas, superior parietal, and temporal areas. We discuss the relevance of vestibular EPs for basic research and clinical neuroscience and highlight their limitations.

Keywords: vestibular-evoked potentials, EEG, vestibular cortex, neuro-otology, vestibular system


INTRODUCTION

The vestibular system has long been associated with postural, oculomotor, and autonomic reflexes. Recent studies from neuroscience and neurology have provided a large corpus of data showing that vestibular functions reach far beyond oculomotor and postural reflex control (1, 2). For example, vestibular signals have been involved in several aspects of spatial cognition and memory (3, 4), affective processing (5), personality (6), awareness (7), body representations (8), and self-consciousness (9).

The vestibular contributions to sensorimotor control, awareness, and cognition rely on neural pathways from the inner ear to the vestibular nuclei, thalamus, and cerebral cortex (10, 11), as well as on vestibular pathways to the cerebellum and basal ganglia (12). Functional magnetic resonance imaging (fMRI) or positron emission tomography (PET) studies combined with caloric and galvanic vestibular stimulation identified a large thalamo-cortical vestibular network in the human brain (11, 13–16). The vestibular cortex encompasses the parieto-insular and operculo-insular cortex, the MT/MST complex, inferior parietal lobe (angular and supramarginal gyri), somatosensory cortex, precuneus, frontal cortex (premotor cortex and frontal eye fields), cingulate gyrus, and the hippocampus. Although there seems to be no primary vestibular cortex, functional and anatomical data suggest that the parietal operculum (area OP2), the posterior insula, and/or the retroinsular cortex are the core area underpinning vestibular information processing (11, 15–18). The operculo-insular and retroinsular cortex is considered the human homologue of the parieto-insular vestibular cortex (PIVC) described in several non-human primate species (19, 20). Anatomical studies and direct electrophysiological recordings in non-human primates corroborate results from fMRI and PET studies regarding the localization of the vestibular cortex [reviewed in (10)].

Understanding vestibular projections to the central nervous system is crucial to foster the diagnosis of central vestibular disorders, which concern 25% of patients referred to otoneurology units specialized in dizziness and vertigo (21). We note that despite the progress made over the last 20 years to localize the human vestibular cortex, the spatiotemporal dynamics of vestibular information processing is still poorly described when compared to the wealth of data accumulated in non-human primates using single cell recordings [e.g., (22–24)]. This is mainly due to the limitations of the imaging techniques that were mostly used to identify the vestibular cortex (fMRI, PET). The long latency of hemodynamic response and poor sampling frequency of fMRI and PET did not allow to precisely describe the time course of vestibular responses in the human brain. Another limitation of fMRI and PET studies is that most of them did not use natural vestibular stimulation—with physiologically relevant patterns of angular and linear accelerations—as head movements are precluded in scanners [for exceptions, see (25), and more recently (26, 27)]. Instead, fMRI and PET studies have used artificial vestibular stimulation, including caloric, galvanic, acoustic, and magnetic stimulation of the vestibular receptors or nerve. Artificial vestibular stimulation do not allow to explore brain responses to the range of head translations and rotations involved in everyday activities (28), which may hamper a full understanding of the vestibulo-thalamo-cortical functions. Moreover, the use of artificial vestibular stimulation [such as caloric vestibular stimulation] in an MRI scanner may create conflict between vestibular signals—indicating self-motion—and visual, somatosensory, and interoceptive signals—indicating that the participant is motionless in the scanner. Thus, some of the brain areas shown to respond to vestibular stimulation in neuroimaging studies, such as the temporo-parietal cortex (29), may also be involved in monitoring, processing, or solving multisensory conflicts (30).

In contrast with fMRI and PET, electroencephalography (EEG) and evoked potentials (EPs) allow to study vestibular information processing with a resolution below the millisecond rather than seconds. Electroencephalography allows to detect, quantify, and analyze brain electrical activity, including responses to sensory stimuli (31). Importantly, EEG is compatible with natural vestibular stimulation (i.e., whole-body rotations and translations) that limits the induction of multisensory conflicts inherent to artificial vestibular stimulation. Rotatory chairs and whole-body motion platforms allow to explore a large range of vestibular stimuli with highly precise and reproducible motion parameters (32, 33). As EEG allows to measure brain responses within the first milliseconds after a sensory stimulation is applied, neurologists and neurophysiologists commonly use sensory EPs to assess the integrity and functioning of sensory systems. Both latency and source localization of somatosensory EPs (34), visual EPs (35) and auditory EPs (36, 37) are well-described and EP approaches are used worldwide in clinical routine. Regarding the vestibular system, the EP approach is well-developed to assess vestibulo-ocular and vestibulocollic reflex pathways (38) through electromyographic recordings above the oculomotor and neck muscles, respectively (Figure 1). Vestibular stimulation by air-conducted sounds and bone-conducted vibrations (43) are now commonly used to assess the latency and amplitude of cervical vestibular-evoked myogenic potentials (cVEMPs, recorded above neck muscles) and ocular vestibular-evoked myogenic potentials (oVEMPs, recorded above oculomotor muscles). However, we note that cerebral vestibular-EPs [referred to as Vestibular-Evoked Potentials (VestEPs) in line with (44) and (33)] recorded over the scalp using EEG or magnetoencephalography (MEG) have been explored since decades but are not yet part of the clinical vestibular assessment.


[image: Figure 1]
FIGURE 1. Electrical potentials evoked by sound-induced vestibular stimulation can be recorded along the pathways from the otolithic receptors to the central nervous system and muscles. Vestibular-evoked myogenic potentials (VEMPs) are recorded over extraocular, neck, and postural muscles. Cervical VEMPs reflect an inhibitory reflex and are recorded with electrodes over the sternocleidomastoid muscle ipsilateral to the stimulation. Ocular VEMPs reflect an excitatory reflex and are recorded with electrodes placed over the inferior oblique muscle contralateral to the stimulation. Both traces are adapted from (39). Vestibular-evoked cerebral potentials (VestEPs) are recorded from electrodes placed on the scalp or neck. Brainstem potentials are characterized by an n3 component observed under electrode P3 [this example recorded in a healthy participant is adapted from (40)]. Cerebellar potentials: Grand mean evoked potentials showing probable cerebellar components p10 and n15 observed under electrode P08 [illustration adapted from cf. Govender et al. (41) with permissions from Springer Nature]. Cortical potentials: Grand mean evoked potentials showing components p10, n42 and p52 observed under electrode FCz [illustration adapted from (42)]. Brain illustration from Servier Medical Art (smart.servier.com).


This article reviews findings from electrophysiological investigations of VestEPs in humans. We outline the advantages and limitations of different vestibular stimulation methods for EPs approaches. We then describe the spatiotemporal characteristics of VestEPs, distinguishing between those of probable brainstem, cerebellar, and cortical origins. Finally, we present potential applications of the VestEPs to otoneurology and to cognitive neuroscience.



VESTIBULAR STIMULATION FOR NEUROIMAGING STUDIES AND THEIR APPLICATION TO VESTIBULAR-EVOKED POTENTIALS

The scarcity in VestEPs studies is largely due to technical challenges to stimulate the vestibular system in a well-controlled and reproducible way. A variety of techniques has been used to activate the vestibular receptors or vestibular nerve in humans. These techniques fall into two main groups. One group involves natural vestibular stimulation using whole-body rotations or translations on motorized devices. These techniques are compatible with EEG recordings and EPs approaches, but they are to date not compatible with “online” fMRI and PET recordings. The other group of techniques involves artificial stimulation of the vestibular end organs in participants keeping their head fixed in space. Cold and warm CVS with air or water, binaural or monaural GVS and sound-induced vestibular stimulation (SVS) are the most common techniques. These stimulation techniques are fully compatible with neuroimaging and electrophysiological recordings. However, although they have been largely used in fMRI and PET studies, they have not often been used in EEG studies. This section briefly presents the main techniques for vestibular stimulation [for detailed reviews see (15, 45, 46)] with their advantages and limitations to measure VestEPs using EEG.


Rotatory Chairs and Whole-Body Motion Platforms

Passive whole-body motion has been used to investigate VestEPs, mostly using rotatory chairs combined with EEG recordings (44, 47–54). To our knowledge, the first study presenting results from EEG recordings in participants sitting on a rotating chair was conducted by Greiner et al. (47). Chairs rotating around an earth-vertical axis stimulate the horizontal semicircular canals in participants sitting upright, and stimulate the vertical canals in participants lying supine or lying on their side (55). Rotations can also be applied only to the head, for example in lying participants with their head inserted and firmly held in a rotating drum (56). As summarized in a literature review by Ertl and Boegle (46), “most studies used smooth motion profiles like raised-cosine velocity profiles with peak velocities above 100°/s” or “used transient stimuli with duration shorter than 100 ms and peak accelerations up to 12,500°/s2” (32, 51, 57). Such controlled stimuli allow to study vestibular-evoked responses time-locked to different motion parameters (i.e., onset, offset, peak velocity). Voluntary, active head rotations with accelerations up to 12,000°/s2 have also been used (58, 59).

Linear motion platforms and tilting devices deliver natural stimulation to the otolithic receptors (the utricule and the saccule) (60). When compared to the processing of semicircular canal signals, there is only scarce description of how the vestibulo-thalamo-cortical system processes otolithic signals (61). Devices allowing whole-body translations are less common than rotating chairs in basic science laboratories and hospitals, which may have hampered the description of otolithic responses.

New motion platforms with precise control of the amplitude, acceleration, and velocity of passively applied movements now allow to study responses to complex natural vestibular stimulation. Six-degree-of-freedom motion platforms, such as the Moog® 6DOF2000E (Figure 2A), provide comparisons with studies in macaques that have used the same platform to record single cell responses to whole-body rotations and translations (24, 64).


[image: Figure 2]
FIGURE 2. Vestibular stimulation techniques. (A) Rotating chairs stimulate the semicircular canals and linear motion platforms and tilting devices deliver natural stimulation to the otolithic receptors (the utricule and the saccule). New motion platforms with precise control of the amplitude, acceleration, and velocity of passively applied movements now allow to study responses to complex natural vestibular stimulation. Illustration adapted with permissions from (62). (B) Caloric vestibular stimulation (CVS) consists of irrigating the external auditory canal with warm or cold water or airflow. Caloric vestibular stimulation evokes a nystagmus and self-motion perception, often leading to vertigo and a sensation of dizziness. Illustration adapted from (15) with permissions from Elsevier. (C) Galvanic vestibular stimulation (GVS) consists of applying a weak transcutaneous current through an anode and a cathode placed over the mastoid processes. The cathode increases the firing rate in the ipsilateral vestibular afferents, while the anode decreases it. GVS stimulates simultaneously all otoliths and semicircular canals afferents. Illustration adapted from (15) with permissions from Elsevier. (D) Auditory stimuli such as clicks and short-tone bursts can stimulate the otolithic receptors. Illustration adapted from (15) with permissions from Elsevier. (E) 500 Hz vibrations applied on the mastoids or the forehead using a minishaker stimulate the otolithic receptors and induce ocular and cervical VEMPs. Illustration adapted from (63). (F) Based on the analysis of the nystagmus it evokes, magnetic vestibular stimulation (MVS) is thought to activate the horizontal and superior semicircular canals. It offers a way to produce long-duration vestibular stimulation, equivalent to a constant angular acceleration on a motion platform. A, H, P, anterior, horizontal, and posterior semicircular canals; S, saccule; U, utricule; VN, vestibular nerve.


Rotatory chairs and whole-body motion platforms are incompatible with fMRI and PET, because head movements are precluded in scanners. To circumvent this issue, passive whole-body rotations and translations followed by offline PET recordings have been used in a recent study (65). Although this study is original in that it reports predominant bilateral activation in the deep part of the Heschl's gyrus, overlapping with the posterior insula, in response to natural whole-body motion, the response was recorded offline, and does not reflect the spatiotemporal pattern of vestibular information processing. Few studies have used blood-oxygen-level-dependent (BOLD) recordings after voluntary active head rotations to investigate vestibular responses (25–27). A main limitation of this approach is that vestibular responses are reduced in the brainstem and cerebellum during active compared to passive movements, as shown in animal studies (66–68). In addition, intraparietal neurons respond to different directions of movement depending on whether the movement is active or passive (69, 70). These differences in vestibular processing limit a direct comparison of neuroimaging data using active head motion with studies using passive body motion.


Application to VestEPs

Electroencephalography remains the best and most direct method to analyze the spatiotemporal dynamics of brain responses to natural vestibular stimuli, given its high temporal resolution below the milliseconds and its compatibility with recordings during natural, passive whole-body motion. One must, however, consider that rotatory chairs and motion platforms for body translations can induce mechanical and electromagnetic artifacts in the EEG signal, besides artifacts due to reflexive eye movements (i.e., vestibulo-ocular reflex) and muscles contractions (i.e., vestibulocollic and vestibulospinal reflexes). Rotatory chairs and motion platforms also generate auditory noise that needs to be controlled for. Finally, it should be noted that body rotations and translations activate the somatosensory and interoceptive systems, respectively, due to the pressure of the body against the chair or to the movement of bodily fluids, which can hardly be diminished.




Caloric Vestibular Stimulation

Caloric vestibular stimulation (CVS) is the most common technique to evaluate the semicircular canals functions (see Figure 2B). It consists in applying warm (≥44°C) or cold ( ≤ 30°C) water (or gas) in the auditory canal of participants lying supine, with their head tilted 30° forward. The fluid creates a temperature gradient in the semicircular canals, which induces an endolymphatic flow activating the hair cells in the crista ampullaris. The firing rate in the vestibular afferents increases or decreases accordingly to the increase or decrease in temperature in the inner ear. Caloric vestibular stimulation mostly activates the horizontal semicircular canal, with a weaker contribution of the anterior and posterior canals (71). This stimulation induces a nystagmus toward the stimulated ear with hot water or gas and induces a nystagmus toward the opposite ear with cold water or gas. These oculomotor responses are accompanied by complex sensations of rotation, floating, and tilting. These manifestations occur only after several seconds of stimulation and a clear onset is often difficult to determine. They can also last several minutes after the end of the stimulation. Caloric vestibular stimulation is fully compatible with fMRI, PET, EEG, and MEG and has been used in the pioneer vestibular neuroimaging studies about 40 years ago (72, 73). Recent neuroimaging studies showed that CVS activates several cortical areas, such as the inferior parietal lobule, superior temporal gyrus, insula, frontal cortex, and frontal eye fields as well as hippocampal, parahippocampal, and thalamic regions [(74–80); for a detailed review see (15)].


Application to VestEPs

Caloric vestibular stimulation has been used in early studies of VestEPs, especially in epileptic patients (81–85). These studies showed that CVS modulates brain rhythms (e.g., alpha rhythm desynchronization) and can trigger seizures in predisposed patients. However, CVS does not seem appropriate for EPs approaches for several reasons. First, the nystagmus evoked by CVS can create important artifacts to the EEG recordings. Second, as the exact onset of the effects of caloric stimulation on vestibular receptors is difficult to determine, this precludes EP approaches. Third, CVS cannot be repeated many times in a short period of time, which is required to calculate EPs. Finally, CVS activates the somatosensory, thermoceptive and nociceptive sensory systems, leading to unspecific activations of extravestibular pathways.




Galvanic Vestibular Stimulation

In contrast to CVS, galvanic vestibular stimulation (GVS) activates the vestibular end organs with a temporal precision under the microsecond. Galvanic vestibular stimulation consists in the application of a small transcutaneous electrical current (in general up to 5 mA) through a cathode and an anode placed on the skin over the mastoid processes (see Figure 2C). Galvanic vestibular stimulation can be applied monaurally (electrodes are on the same ear) or binaurally (electrodes are placed on the opposite ears), with continuous electrical stimulation, single square-wave pulse, or trains of pulses. Galvanic vestibular stimulation is thought to directly modulate the firing rate of the vestibular afferents (86), although a GVS may also stimulate the vestibular hair cells (87). The cathode increases the firing rate in the vestibular afferents, while the anode decreases it [reviewed in (88)]. Galvanic vestibular stimulation is an artificial vestibular stimulation in that it bypasses the mechanoelectrical transduction in the hair cells and activates afferent fibers from receptors that would never be activated together during naturalistic head movements. Continuous GVS induces, almost instantaneously, complex sensations of combined translation and rotation, which orientation and intensity can be modulated by the direction and intensity of the applied current. As early as the 1990s, neuroimaging studies have used GVS to localize the vestibular cortex. They identified areas such as the supramarginal gyrus, precuneus, posterior cingulum, superior and middle temporal gyrus, insula, frontal areas and frontal eye fields, inferior and superior occipital gyrus as well as hippocampal, parahippocampal, and thalamic areas [(89–93); for a detailed review see (15)].


Application to VestEPs

Trains of short electrical pulses, such as those used to evoke cVEMPs [e.g., 2-ms pulses at 5 Hz; (94)], generally do not evoke self-motion perception and are theoretically ideal to measure VestEPs. However, GVS can evoke muscular responses such as cVEMPs (94) also time-locked to the stimulation, which can contaminate VestEPs recordings using EEG. Galvanic vestibular stimulation is a transcutaneous stimulation that activates the somatosensory—and sometimes the nociceptive—system. More importantly, GVS generates electromagnetic artifacts that affect EEG recordings and may not be suppressed, preventing the observation of short latency VestEPs. One early study combined continuous GVS with EEG to investigate long latency VestEPs and described a series of positive and negative components with an onset latency around 60–80 ms which could last up to 500 ms after the stimulation (95). To our knowledge, only one EEG study has recently identified VestEPs of middle and long latency evoked by 3 ms square-wave pulses (96).




Sound-Induced Vestibular Stimulation

Sound-induced vestibular stimulation (SVS) offers the precise timing of GVS without electromagnetic artifacts and seems therefore particularly appropriate for event-related EEG studies (see Figure 2D). Short sounds are highly reproducible and repeatable stimuli whose onset and offset can be controlled with a millisecond precision. Short high sound pressure clicks at intensities around 100 dB-SPL and short tone-bursts at 500 Hz pressurize and activate otolithic receptors (43, 97, 98). Sound-induced vestibular stimulation is widely used in otoneurology to compare the latency and amplitude of cVEMPs and oVEMPs after stimulation of the right and left ear separately (38, 99, 100). Sound-induced vestibular stimulation does not seem to induce any vestibular perception although this has never been thoroughly investigated. Sound-induced vestibular stimulation has been used in neuroimaging studies of the vestibular system and revealed otolithic projections to frontal, parietal, and cingulate regions, similar to areas revealed using semicircular canal stimulation (101–103).


Application to VestEPs

Sound-induced vestibular stimulation allowed to identify VestEPs and to describe components of short (40, 104–109), middle (42, 108, 110, 111), and late latency (42, 110, 112). As described below, short, middle, and late VestEPs evoked by SVS have been associated to different generators along the vestibulo-thalamo-cortical pathways, so that SVS likely allows to study the spatiotemporal processing of vestibular information from the periphery to the cortex.

Vestibular-evoked potentials and auditory EPs show similar latencies and some responses to SVS appear to contain both auditory and vestibular contributions. Different techniques can then be used to disentangle them. As SVS de facto activates the auditory system, studies have used control auditory stimuli, modulating either the intensity or the frequency of sounds to separate vestibular and auditory responses (108, 111, 113). Most studies of VestEPs using SVS have used sounds below and above the vestibular threshold, determined as the intensity above which sounds evoke VEMPs for a given ear in a given individual (42, 107, 108, 110, 113–115). This allows to identify VestEPs, which only appear for SVS above the vestibular threshold, from auditory components appearing for SVS below and above the vestibular threshold. The validity of this approach has been confirmed in recent fMRI studies. An independent component analysis revealed a specific increase in BOLD response for SVS above the vestibular threshold in areas such as the insula, precuneus, inferior parietal lobule, middle cingulate cortex, and cerebellar uvula (116). Subsequent parametric analyses revealed vestibular-auditory integration in the caudal part of the superior temporal gyrus and posterior insula (117). However, some authors argued that in EEG studies it might be difficult to disambiguate between auditory and vestibular components because the time course of VestEPs during whole-body translation and the time course of auditory EPs overlap (33). In conclusion, SVS seems to be a useful and convenient technique to evoke VestEPs and study their cerebral origin using source analysis, provided that relevant controls and analyses are used to disentangle them from auditory components.




Impulsive Acceleration Stimulation

Impulsive acceleration stimulation [IAS; (46)] also referred to as “bone-conducted” stimulation (41), can be applied using a minishaker placed over one of the mastoids or on the forehead, at the hairline (Fz), perpendicular to the skull surface (see Figure 2E). Five hundred Hz vibrations stimulate the otolithic receptors and induce ocular and cervical VEMPs (43, 118, 119). These can be used to investigate unilateral vestibular loss, for example by comparing responses below both eyes (63).


Application to VestEPs

Impulsive acceleration stimulation has been used in a few studies to evoke VestEPs, as it creates rapid and highly reproducible translational accelerations up to 0.2 g (108, 120). However, IAS activates the somatosensory and auditory systems and can cause small head movements creating artifacts in fMRI and EEG studies. For these reasons, IAS remains rarely used for the study of central vestibular projections.




Magnetic Vestibular Stimulation

Magnetic vestibular stimulation (MVS) recently emerged as a new method to stimulate vestibular receptors (see Figure 2F). Magnetic fields over 1 T can induce a nystagmus in healthy participants that is absent in patients with a bilateral vestibular failure (121–123). Based on the analysis of the nystagmus it evokes, MVS is thought to activate the horizontal and superior semicircular canals (124). Magnetic vestibular stimulation interacts with ionic currents in the endolymph, inducing Lorentz forces pushing on the cupula. It offers a way to produce long-duration vestibular stimulation, equivalent to a constant angular acceleration on a rotatory chair. Accordingly, MVS over 3 T can induce sensations of rotation. Magnetic vestibular stimulation has been shown to modulate the BOLD response in vestibular and oculomotor areas, including the anterior cingulum, cerebellar vermis, and calcarine sulcus (125). Magnetic vestibular stimulation can be used as vestibular stimulation in conjunction with resting-state fMRI or fMRI studies of cognitive processes.


Application to VestEPs

Electrophysiological recordings can now be arranged in an MRI bore and several studies showed that EEG, with event-related potential approaches, can be recorded simultaneously as fMRI (126–128). However, MVS has several major caveats for EP approaches, which have been reviewed in Ertl and Boegle (46). Mostly, MVS precludes the application of repeated stimuli with a clear onset: as the magnetic field of the scanner is constant, MVS does not allow to compare changes in brain activity due to MVS with respect to a baseline (without MVS) with an event-related potential approach. Magnetic vestibular stimulation also induces a nystagmus, that needs to be controlled for or inhibited to avoid muscular artifacts in the EEG signals. Of note, the magnetic field interferes with electrophysiological recordings and careful artifact removal is required [e.g., (129, 130)].




Intraoperative Vestibular Nerve Stimulation

Direct electrical stimulation of the vestibular nerve can be combined with EEG recordings in patients undergoing vestibulocochlear nerve surgery. This was performed in rare studies during unilateral vestibular neurectomy for intractable Menière's disease and during neuroma resection (131–133).


Application to VestEPs

Intraoperative vestibular nerve stimulation is close to early electrophysiological investigations of the vestibular cortex in cats and monkeys (134, 135) or to recent studies in rodents (136), which applied electrical stimulation to the vestibular nerve. Early human studies, using montages with only few electrodes, did not provide information regarding the generators of the VestEPs (131, 132). Electrical stimulation may spread to the facial nerve or the acoustic nerve and general anesthesia may alter vestibular information processing.




Conclusion

Major shortcomings have been emphasized for natural and artificial vestibular stimulations when neuroimaging the vestibular system is concerned (15, 46). To date, natural vestibular stimulation is not compatible with neuroimaging techniques with high spatial resolution such as fMRI. Most neuroimaging studies so far have used artificial stimulation to study the vestibular system with a high spatial resolution but a poor temporal resolution. By contrast, EEG has a high temporal resolution and is compatible with both natural and some artificial vestibular stimulations. However, EEG is known for its relatively low spatial resolution and the difficulty to accurately identify subcortical generators of signals recorded on the scalp. In addition to these issues of compatibility between stimulation and recording techniques, most artificial vestibular stimulation (and natural vestibular stimulation to a lesser extent) co-activate other sensory receptors. This includes mostly activation of auditory, somatosensory, interoceptive, as well as sometimes nociceptive systems, which are difficult to control for in neuroimaging studies. Moreover, artificial vestibular stimulation can induce sensory conflicts between vestibular information and other senses, contrary to natural vestibular stimulation.

With these limitations in mind, it seems feasible to investigate the spatiotemporal dynamics of vestibular information processing in the human central nervous system by carefully adapting the vestibular stimulation to each recording technique and using the necessary control conditions. The next section focuses on how VestEPs help understand the spatiotemporal dynamics of vestibular information processing.




VESTIBULAR-EVOKED POTENTIALS

Pioneering work described VestEPs in humans as early as the 1960s (47, 137, 138). Interestingly, VestEPs were also described in several animal species during the 1960s or the following decade using similar approaches [see for example studies in guinea pigs: (139); cats: (48, 140); non-human primates: (141)]. Early research focused on the influence of rotatory vestibular stimulation on EEG signals in epileptic patients. These studies showed that vestibular stimulation could activate temporal epileptic foci and sometimes trigger seizures (47, 85, 142–144). Another line of studies compared scalp responses between healthy participants and patients with a bilateral vestibulopathy or between the two sides in patients with a unilateral vestibular loss. They confirmed the existence of a vestibular response under scalp electrodes. The most consistent finding was a suppression of alpha rhythm over the temporo-parietal junction (47, 82, 143). Finally, early studies using CVS reported similar effects on EEG signals, showing that cerebral responses could also be evoked by artificial vestibular stimulation (82–85).

On the grounds of these pioneering studies and after improvement in recording techniques, VestEPs were described more precisely. Supplementary Table 1 summarizes the studies considered in this review, together with the latencies and scalp location of the main VestEPs, as well as the electrode montages used to record them. To facilitate the literature review, we have classified VestEPs as short (<20 ms), middle (20–50 ms), and late (> 50 ms) depending on their peak latencies and their most probable generators, similarly to the classification of auditory EPs (145). In the text and in the figures, we chose to homogenize the report of the VestEPs components by indicating their positive (p) or negative (n) polarity followed by their reported peak latency (or average latency) expressed in ms post-stimulation onset. We therefore avoid the use of general labels relative to the order of appearance of the components, such as P1, N1, P2, and N2, which refer to very different latencies in different studies using different paradigms and stimulation parameters. The purpose of this is not to redefine common component names but to help the reader compare components latency and polarity in a simple way and avoid confusion.



SHORT LATENCY VESTIBULAR-EVOKED POTENTIALS

Vestibular-evoked potentials with a latency below 10 ms have been related to signal conduction in the vestibular nerve and vestibular information processing in the vestibular nuclei (40, 56, 57, 104–106, 109, 132, 133, 146, 147). Vestibular-evoked potentials with a peak latency between 10 and 20 ms have been attributed to myogenic, cerebellar or cortical sources (41, 42, 56, 57, 107, 108, 110, 113–115, 120, 133, 148–150). In this section, we describe the short latency components that emerge across the studies and briefly discuss their origin.


Short Latency Responses Under 10 ms

Responses with the shortest latency have been observed during perioperative stimulation of the vestibular nerve. An early study using direct electrical vestibular nerve stimulation in nine patients operated on for intractable Menière's disease revealed a negative potential with a latency of 2 ms and an amplitude of 0.5 μV (132). This response was suppressed after vestibular neurectomy, indicating its vestibular origin. In a later study, a similar stimulation elicited VestEPs with an onset of 3.5–5 ms and peak latency of 9.5 ms in 11 patients with 30 electrodes on the scalp (133). These responses were recorded bilaterally, but the larger responses were observed under ipsilateral electrodes at the lower part of the temporal scalp region.

A series of studies using rapid and passive head rotations in the yaw plane, consisting of impulses at 10,000°/s2, report similar responses. Some studies identified a forehead positive peak at 3.5 ms, a negative peak at 6 ms, and a positive peak at 8.4 ms (56, 57). Another study recorded a response onset around 2.2 ms, followed by a positive peak at 2.9 ms, and other components with peak latencies at 5.1, 7.0, and 8.6 ms (147). The responses amplitude ranged from 0.3 to 0.6 μV. Horizontal lateral translations also triggered responses with 3 and 6 ms peak latencies (146). Impulsive acceleration stimulation also evoked components with latencies of 1.9, 2.4, and 4.5 ms (151). Of note, skin surface recordings and intracranial recordings in the cat vestibular nuclei with the same acceleration impulses revealed that irregular neurons responded with a 3.5 ms latency to the onset of the head acceleration (152, 153). The authors proposed that the component with an onset around 2 ms reflects vestibular nerve activity, whereas the following components are of vestibular nuclei origin (152, 153).

More recent studies looking for vestibular components in the brainstem auditory-evoked potentials (BAEPs) have confirmed and extended such results. Brainstem auditory-evoked potentials are a standard for the clinical evaluation of hearing and brainstem auditory pathways (37). They consist of five to six vertex positive waves and likely present vestibular components of saccular origin. This was first suggested by studies in guinea pigs showing preserved short latency far field components after cochlear hair cells destruction (154, 155). In humans, a similar 3 ms latency negative peak, referred to as the n3, was identified using a classical BAEPs montage with loud clicks (40, 104, 109). Air-conducted tones pips, which delay BAEPs, induced a response similar to the n3, but with a 5 ms latency, referred to as the n5 (105, 106). The n3 and n5 are likely of vestibular origin, as they are found in deaf patients (104), but are absent in vestibular-defective patients, even when they show preserved hearing and a residual caloric nystagmus (109).

The n3 can be recorded at the vertex and the n5 is best observed ipsilaterally to the acoustic stimulation, over parietal areas. The short latency of the n3 and n5 components suggest that they are far-field potentials originating from the vestibular nuclei (104). Their absence in multiple sclerosis patients with demyelination in the lower pons confirms this origin (40, 105). In addition, an n6 component, also evoked by SVS but independent of the n5, was maximally recorded over the parieto-occipital area (106). Because it appears approximately 1 ms after the n5, this component has been proposed to originate in the rostral pons or the midbrain (106).



Short Latency Responses Above 10 ms

Vestibular-evoked potentials between 10 and 20 ms are the most investigated, and several components have been identified. These components are often considered as part of a biphasic wave (such as the p10–n15 and n15–p21 waves) or have been described as individual components with a given peak latency (such as the p10 and p21). We summarize below the main individual components reported in the literature (Supplementary Table 1).


Component p10

Several studies have described a positive component with an onset latency of 6–7 ms and a peak latency around 10 ms after whole-body rotations (56, 57), SVS (42, 107, 108, 110, 114, 115, 149), and direct electrical nerve stimulation (133). Several VestEPs seem to appear at this latency because they are recorded under different electrode locations. Using SVS, it was possible to show that the p10 (as well as subsequent components: n15, n17, and p21; see below) was of vestibular origin. The p10 (as well as n15, n17, and p21) was present in a patient with hearing loss and preserved vestibular function, but was abolished in a patient with impaired vestibular function and preserved hearing (107). In addition, it was absent for SVS below the vestibular threshold (i.e., the intensity at which VEMPs appear) and was observed above this threshold (42, 107, 108, 110).

Vestibular-evoked potentials with a latency near 10 ms were first showed frontally (56, 57, 133) or maximal at central electrode Cz with a small ipsilateral lateralization (107). De Waele et al. (133) proposed that such VestEPs reflect activation of several cortical areas. A dipole source analysis showed, within 6 ms, parallel activation of the ipsilateral temporo-parietal cortex, prefrontal, and/or frontal lobe, supplementary motor area, and contralateral parietal cortex [(133); Figure 3A]. These findings are in line with the observation that the posterior part of the postcentral gyrus (area 2) is activated within 5–6 ms after electrical vestibular nerve stimulation in the rhesus monkey (135).
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FIGURE 3. Short latency vestibular-evoked cerebral potentials (VestEPs). (A) Source dipole analysis of grand average VestEPs with latencies under 10 ms. VestEPs were triggered by electrical stimulation of the vestibular nerve during surgery. Five dipoles were identified and localized: dipole 1 (red) is at the limit of the ipsilateral frontal and prefrontal lobes, dipole 2 (blue) is on the transverse frontopolar and/or frontomarginal gyrus of the prefrontal lobe, close to the midline, dipole 3 (pink) is on the contralateral anterior portion of the supplementary motor area (around the supplementary eye fields); dipole 4 (green) is on the ipsilateral temporoparietal area; dipole 5 (brown) is on the contralateral superior occipital gyrus, although close to the midline. Adapted from (133) with permissions from Springer Nature. (B) Voltage maps of the p10 and n15 evoked by left sound-induced vestibular stimulation. Positive potentials are indicated in blue and negative in red and contours are spaced at 0.15 μV. Adapted from (108) with permissions from Elsevier.


A p10 component, followed by an n17 component, has also been observed at parietal electrode Pz [(108); Figure 3B] or at the inion (115). Several generators have been proposed for the p10 and n17 components. As the p10/n17 is concomitant to the oVEMP biphasic wave n10/p17, a myogenic or cerebral generator has been proposed (108, 113). Subsequent studies found that the p10 mirrors a frontal or infra-ocular n10 response (110) and supported the idea that they are two distinct responses (115).

A line of research suggests that the p10 may originate from the cerebellum (108, 110, 115, 149). Sound-induced vestibular stimulation evoked a p10/n17 response at occipital electrodes (PO7 and PO8) contralateral to the stimulated ear and at the inion (Iz), together with a n10/p17 complex under electrodes placed over the splenius muscles to record cerebellar activity (115). A source analysis found the contralateral cerebellum as the most likely origin of these responses (115). The fact that, as for the oVEMP n10/p17, the p10/n17 depends on gaze direction (115) indicates either a myogenic origin or the recording of cerebellar or cerebral mechanisms to regulate ocular responses to vestibular stimulation. To further investigate the cerebellar origin of these VestEPs, recent studies used extended EEG montages to record the electrocerebellogram, with electrodes over, laterally to and below the posterior fossa, thus over the inferior cerebellum (41, 120, 150, 156). With such montages, IAS revealed a p12/n17 biphasic wave (41, 120, 150). A source analysis showed the cerebellar origin of the p12/n17 (150). It was argued that the response could not be myogenic because neck muscles were relaxed during recordings, the response was lateralized, and the waveforms differed from those of cVEMPs (41). Although these recent results are very promising, one cannot exclude that neck muscle relaxation does not fully abolish a potential muscular contribution to the observed responses.

The above-mentioned results are not only encouraging for the electrophysiological investigation of the spatiotemporal dynamics of vestibular information processing, but also for the non-invasive electrophysiological study of cerebellar functions in general. The study of the cerebellum using EEG is indeed controversial due to the structure of the cerebellum, traditionally low EEG spatial sampling over the cerebellum, and non-realistic spherical head models for source analyses [reviewed in (157)]. However, more and more evidence supports the feasibility of EEG and MEG studies of cerebellar activity, provided that improvements are made to the usual EEG and MEG techniques (157). Todd and colleagues in their series of EEG studies have taken a first step toward these improvements by placing EEG electrodes more posteriorly in order to improve the chances to record cerebellar activity. However, caution should still be taken regarding the results of source localization, as improvements are still needed to adapt the current models which consider the head as a sphere and poorly integrate the cerebellum.



Component n15

Several SVS studies report a negative component with an onset latency around 8 ms and a peak latency of 15 ms. The n15 was best recorded under frontal [(107, 113, 148), Figure 3B] or prefrontal electrodes (42, 110). The vestibular origin of the n15 was confirmed by its presence in a patient with profound hearing loss but preserved vestibular function, and its absence in a patient with hypovestibular function but preserved hearing (107). The n15 amplitude increased in the case of superior canal dehiscence, supporting its vestibular origin (148).

The n15 was first thought of pure myogenic origin (107, 148, 158). Indeed, the n15 recorded frontally was similar in size and morphology to responses recorded around the eyes, and it was modulated by changes in gaze direction. In addition, a patient with superior canal dehiscence showed a very large n15 amplitude (up to 11.8 μV) for SVS at 42 dB above vestibular threshold, which is unusual for neurogenic potentials (107). However, left SVS seemed to induce a more asymmetrical n15 with an earlier contralateral onset (107) or larger responses for left compared to right SVS (114), which suggests that there may be a central origin to this component. By contrast, source localization suggested that the frontal n15 may have a cerebellar and cortical origin (108, 113). In particular, a Brain Electrical Source Analysis (BESA) localized the generators in the contralateral cerebellum or the precentral sulcus (108). A Low Resolution Electromagnetic Tomography Analysis (LORETA) localized the n15 generators in the right precuneus and cuneus (113). Altogether, these results indicate that the n15 may represent concomitant vestibular-induced extraocular, cerebellar, and cortical activations around 15 ms. The cerebellar origin of a component better recorded at the frontal level remains however to be confirmed with the development of electrocerebellogram techniques.



Component p20

Components with a latency around 20 ms generally follow those detected near 10 or 15 ms with an inversed polarity under the same or closely located electrodes. An n20 component follows the p15 during whole-body rotations (56, 57, 147, 159) or SVS (137, 138). Likewise, in more recent studies, a positive component with a peak latency of 20–21 ms follows the n15 after SVS (107, 108, 113, 114). A p21 component has been reported under frontal electrodes (107, 108) or under posterior occipital electrodes and right temporal electrodes (113). Applying LORETA localized the p21 generators in the right precentral gyrus, with contributions of the right medial and superior temporal gyri (113).




Conclusion

Electroencephalography and averaging techniques have proven to be effective to study and assess the spatiotemporal dynamics of vestibular information processing within the first milliseconds after stimulation onset. Short-latency responses with a peak latency under 10 ms have been related to activity in the vestibular nerve or vestibular nuclei. This is in accordance with results from early studies in cats and monkeys where the vestibular nerve was directly stimulated and responses recorded in the animal brain (135, 160, 161). Potentials around 2 ms are likely to reflect vestibular nerve response while components with onsets near 2–3 ms and peak latencies observed within 10 ms after the stimulation are attributed to vestibular nuclei activity. Far-field components best recorded at the vertex, such as the n3 and n5, or recorded over parieto-occipital areas, such as the n6, may reflect vestibular information processing along the brainstem, from the lower pons to the rostral pons or midbrain, respectively.

Responses with a peak latency of 10–20 ms may be myogenic, but also reveal a rapid spreading of vestibular information to the cerebellum and cerebral cortex. To our knowledge, only one group documented cerebellar VestEPs in humans (41, 108, 110, 115, 120, 149, 150). Of note, short latency VestEPs were evoked by SVS or IAS at the mastoids, both techniques targeting the otolithic receptors, so that we lack information about the potential cerebellar evoked responses to semicircular canal stimulation. More systematic studies using stimulation techniques such as rotations are needed to better identify the origin of these responses in humans.

Several studies also suggest that vestibular information reaches the cerebral cortex within 6 to 15 ms after stimulation (107, 108, 113, 133). de Waele et al. (133) argued for simultaneous activation of several trisynaptic vestibulo-thalamo-cortical pathways, indicating that vestibular information rapidly spreads to different areas in the cortex. However, the hypothesis of a parallel processing in these areas is not consistent with recent electrophysiological studies in monkeys. Parieto-insular vestibular cortex responses to translations had shorter latency compared to responses in the ventral intraparietal (VIP) area and area MST, supporting the idea that the PIVC is “closer” to the periphery (23).




MIDDLE LATENCY VESTIBULAR-EVOKED POTENTIALS

Only few studies identified VestEPs with a latency between 20 and 50 ms. Here, we will focus on two biphasic VestEPs that seem to consistently emerge from EEG studies: a first VestEP with peak latencies around 20 and 30 ms and a second VestEP with peak latencies around 42 and 52 ms. Some studies also described individual peaks with similar latencies separately.


The “20–30 ms Complex”

A 20–30 ms complex was reported after SVS (111, 162), GVS (96), and skull vibration at the nasion (112). Sound-induced vestibular stimulation evoked a positive peak at 20 ms and a negative peak at 30 ms under fronto-central and centroparietal electrodes of a 32-channel EEG [(111); Figure 4A]. This 20–30 complex was also observed using a simplified Laplacian montage that could be used for clinical purposes (111). Another SVS study reported the p23, n24, and n32 components separately (108). Galvanic vestibular stimulation elicited a counterpart of the 20–30 ms complex with latencies of 25 and 35 ms (96). A BESA source analysis and results from an epileptic patient implanted with deep brain electrodes revealed that this complex originated from the bilateral anterior insula and posterior operculum (111). However, the comparison of source analyses revealed dipoles oriented differently in space in these regions for same latencies after SVS and GVS (96).
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FIGURE 4. Middle latency vestibular-evoked cerebral potentials (VestEPs). (A) The left part shows the 20–30 complex observed with a Laplacian montage (FC1 + FC2 + IO) – (TP9 + TP10), after short latency responses appearing within 10 ms. The right part shows BESA regional source activity for the p20 and n30 components, showing the junction of the anterior insula with the inferior frontal gyrus in the right hemisphere (bright red), the posterior parietal operculum (bright blue), a frontal source near areas 2v, 3aNV, and the frontal eye fields (dark red), the left inferior frontal gyrus (green), the left parietal operculum (brown). Adapted from (111) with permissions from Elsevier. (B) Left panel: Grand means of evoked potentials showing the n42–p52 response under electrode FCz after right acoustic stimulation in 10 healthy subjects (black curve) and a patient with a unilateral vestibular loss (gray curve). Right panel: Scalp voltage maps at 42 ms after acoustic stimulation (+18 dB above the vestibular threshold). Positive potentials are indicated in blue and negative in red and contours are spaced at 0.13 μV. Adapted from (42).


Skull vibration induced biphasic n26–p30 or p26–n35 responses for positive and negative stimulation polarity, respectively (112). Source localization revealed deep midline sources plausibly representing activity from the cingulate cortex, medial thalamus or basal ganglia, as well as bilateral frontal sources (112). Similar independent components were identified near 30 ms using whole-body rotations (147) and translations (163).



The “42–52 ms Complex”

Several recent studies identified a frontocentral n42–p52 complex using SVS (42, 108, 110) and IAS at the nasion (112). The n42–p52 complex was also referred to as the N*/P* response as it appears among auditory EPs. However, it was argued that the n42–p52 (N*/P*) complex represents a more specific vestibular response as its peak-to-peak slope increased linearly for SVS above the vestibular threshold, and it was not observed in a patient with an unilateral vestibular loss stimulated in the damaged ear [(42); Figure 4B]. Brain Electrical Source Analysis revealed that the n42/p52 was best explained by a mid-cingulate source, together with bilateral sources in the superior temporal cortex (42, 110). This is consistent with fMRI studies showing activity in the cingulate cortex following CVS (75, 164, 165) and GVS (89). Other studies reported positive individual components around 40 ms following whole-body rotations [(163); 38.9 ms] and translations [(33, 166, 167); p38.2 ms under parietal electrodes]. More recently, IAS on the left mastoid was also found to evoke n25, p40, and n53 components under Bz, an electrode placed over the cerebellum, two rows below Iz at the midline [(150); following a nomenclature proposed by Heine et al. (168)].



Conclusion

Four peaks are most consistently reported as VestEPs of middle latencies: they constitute the 20–30 complex and the 42–52 complex. These components presented little variability in their latencies and their amplitude increased with stimulation intensity, leading the authors to propose them as reliable markers of cortical vestibular information processing (112).

Studies of middle latency VestEPs localize generators in the operculo-insular complex and cingulate cortex, two key areas of the vestibular cortical network. The insular and cingulate contributions to vestibular processing is well-supported by anatomical evidence in non-human primates (20), meta-analyses of neuroimaging data (15, 16), and intracranial electrical stimulation in epileptic patients (169, 170).




LATE LATENCY VESTIBULAR-EVOKED POTENTIALS

Responses with a latency above 50 ms were already identified in VestEPs investigations from the 1960s (47, 49, 50, 95, 137, 138). However, these early studies did not report the latency of all observed components or mentioned series of components within a time range. Studies using whole-body rotations identified five to seven waves with latencies ranging from 70 to 850 ms (44, 171–176). Responses with latencies up to 3,000 ms have been reported (47). We summarize below some of the most consistently reported responses with latencies above 50 ms (see Supplementary Table 1).


Responses at 60–70 ms

Sound-induced vestibular stimulation has been shown to evoke a positive component with a peak latency of 60 ms under temporal electrodes, followed by a frontal component with a peak latency of 70 ms (111). The authors hypothesized that the 70 ms component may reflect crosstalk activity between vestibular areas 2v, 3nv, and the frontal eye fields (111). Galvanic vestibular stimulation also evoked responses at 50 and 80 ms under the same electrodes (96). Source analysis as well as data from an epileptic patient implanted with deep electrodes showed that the anterior insula and posterior opercular cortex responded to SVS [(111); Figure 5A]. Similar sources were observed for the response to GVS [(96); Figure 5A]. Impulsive acceleration stimulation evoked VestEPs with similar latencies under electrode FCz (112). These VestEPs consisted in a negative peak at 65 ms after positive polarity stimulation and a positive peak at 60 ms followed by a negative peak at 78 ms after negative polarity stimulation (112). Source analysis suggested a posterior cingulate contribution.
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FIGURE 5. Long latency vestibular-evoked cerebral potentials (VestEPs). (A) Sources of evoked potentials observed after SVS (left) and GVS (right). For SVS, BESA regional source activity projected to a head showing the junction of the anterior insula with the inferior frontal gyrus in the right hemisphere (bright red), the posterior parietal operculum (bright blue), a frontal source near areas 2v, 3aNV, and the frontal eye fields (dark red), the left inferior frontal gyrus (green), the left parietal operculum (brown). For GVS: frontal source (dark red), right anterior insula (light red), left anterior insula (light green); posterior operculum (light blue), left posterior operculum (brown). The yellow large dipoles marked with X represent the combined bilateral bipolar capacitive effects of the galvanic pulse removed with principal component analysis. Adapted from (96, 111). (B) Upper panel: Grand average response to translation recorded under electrode Cz. Four late latency VestEPs (n80, p199, n340, and p461, originally referred to as N1, P2, N2, and P3) appear after the middle latency component p38. Their characteristic topographies can be distinguished (positive in red, negative in blue). The p38, n340, and p461 components are dominated by strong bilateral activity (red) over parietal regions. The n80 component is best described by a negative potential (blue) detectable at frontal electrodes. The p199 component has a strong positive peak at electrode Cz. Lower panel: The mean activity of all five components suggests that the cingulate sulcus visual area (CSv), the opercular-insular region, Brodmann area (BA) 6, the inferior parietal lobule (PGa/PGp), and the human medial superior temporal area hMST are the main nodes in the processing of otolithic signals. Adapted from (33) with permissions from Academic Press.




Responses at 80 ms

Whole-body translation evoked the n80, a negative component with a peak latency of 80 ms [(33, 166, 167); Figure 5B]. The n80 was most prominent under frontal electrodes, but a weaker occipital positivity was also observed with the same latency. The n80 amplitude increased with linear acceleration intensity (33, 166). This was explained by increased activity in the cingulate sulcus visual area, an area involved in self-motion processing (177).



Response at 110 ms

A positive component with a peak latency at 110 ms was reported after both SVS and acoustic control stimulation (111), as well as after GVS (96). This suggests a vestibular contribution to the late auditory EPs, around 100 ms.



Responses at 200 ms

An early study used a vertex referred to mastoid montage and showed a positive potential with a peak latency of 220 ms after the sudden stop of a rotation (178). This VestEPs was present in 30 healthy participants, but it was absent in two patients after labyrinthectomy. A subsequent study compared the p220 in 159 patients with infarct on the middle cerebral artery to those of 130 controls (179). Hundred and twelve patients showed delayed, decreased, or no evoked response at all, suggesting that vestibular evoked responses to rotations involved the temporo-parietal cortex. Hofferberth [(179), p. 125] concluded that there is a “primary pathway of vestibular evoked potentials […] from the vestibular nuclei via the midbrain to the thalamus and from the thalamus to the temporo-parietal cortex.” This is very close to some descriptions of vestibular pathways, highlighting a main contribution of the temporo-parietal cortex (65, 89, 180, 181).

More recent studies using body translations revealed a positive component with a peak latency of 199 ms, best observed under electrode Cz [(33, 166, 167); Figure 5B]. As for the n80, the p199 amplitude increased with body acceleration and this increase was best explained by increased activity in the cingulate sulcus visual area.

Finally, we note that other EEG investigations using whole-body rotations have identified independent components with peak latencies at 200 ms (50, 182), or biphasic waves with peak latencies from 200 to 350 or 400 ms, maximally recorded at the vertex (49, 52, 178, 179, 183, 184).



Responses at 300–500 ms

Various responses have been described within the 300–500 ms time window after active (58, 59) and passive body rotations (32, 44, 47–49, 51, 52, 171, 174, 176, 185), as well as after body translation (33, 166, 167, 186). A seminal study compared human responses to animal responses that were already accepted as vestibular in origin (48). The authors used the sudden stop of yaw rotations as a stimulus both in cats with implanted electrodes and in humans who underwent scalp EEG recordings. They observed late diffuse responses with peak latencies of 300–600 ms in both species, which were prevalent in the preoccipital (area 19) and/or parastriate (area 18) regions in humans. Vestibular-evoked potentials with such late latencies likely reflect the processing of the acceleration profile, with peak amplitudes at peak accelerations (186) or movement inversion (32, 47).

Although their exact latency differ between studies, VestEPs around 300 ms have consistently been reported after passive whole-body rotations (32, 185) and translations (33). For example, whole-body rotations in the yaw plane evoked a vertex negative component with a peak latency near 300 ms (32, 185).

Similarly, whole-body translations evoked a negative component at 340 ms under parietal electrodes, accompanied by a weak negativity under electrode FCz, as well as a positive component at 461 ms which was best observed in centroparietal regions [(33); Figure 5B].



Conclusion

Late VestEPs are less well characterized than short and middle latency responses and they appear during a large time window after the stimulation onset. Based on two recent studies using body translations, Ertl et al. (166) proposed that responses with a latency under 220 ms may reflect physical properties of the stimulus, whereas later responses may reflect higher level perceptual and cognitive processes. Such transition from a sensory processing to a higher-level perceptual analysis has been proposed for the auditory system (187).




CONCLUSIONS AND PERSPECTIVES

We have reviewed results from pioneering electrophysiological studies and more recent studies using state-of-the-art EEG indicating that VestEPs can now be considered meaningful electrophysiological signatures of vestibular information processing from the vestibular nerve to the cerebral cortex, owing to the high temporal resolution of EEG. After summarizing the main findings regarding VestEPs with components of short (<20 ms), middle (20–50 ms), and late (> 50 ms) latency, we discuss how VestEPs studies are informative regarding the parallel vs. hierarchical processing of vestibular signals in the cerebral cortex, and regarding hemispheric dominance of vestibular information processing. While underlining issues with replicability and variability of VestEPs across studies, we discuss the main limitations of VestEPs studies and highlight the difficulty to isolate components of vestibular origin while controlling for extravestibular sensory contributions. Finally, we open perspectives regarding the contributions of VestEPs studies to the fields of neurology, otoneurology, cognitive neuroscience, and systems neuroscience.


Main Findings and Their Link With Vestibular Processing Along Ascending Pathways

Vestibular-evoked potentials with short, middle and late latency mark the different steps and the spatiotemporal organization of vestibular information processing. Vestibular-evoked potentials with a short latency under 20 ms are the most investigated, but independent potentials or biphasic waves also emerge from the literature in the middle and late latency ranges.

Consistent with electrophysiological results from animal studies (152, 153), the first potentials around 2 ms likely reflect vestibular nerve activity, whereas following potentials around 3 ms indicate information processing in the vestibular nuclei (40, 56, 57, 104, 109, 132, 133, 146, 147). It has been proposed that components found at 5 and 6 ms may reflect the transmission of vestibular information along the brainstem (105, 106). Others proposed that vestibular signals reach the cortex as early as 6 ms after stimulation onset (133), that is with a latency equivalent to that necessary to trigger vestibulo-ocular and vestibulocollic reflexes. Reaching the cortex with such short latency may involve vestibular information in an alarm or preattentional system, in addition to top-down control of vestibulo-ocular and vestibulocollic reflexes.

Several components with peak latencies between 10 and 20 ms appear to reflect parallel spreading of vestibular information to the cerebellum (41, 108, 110, 115, 120, 149) and to several cortical regions, including the precentral sulcus, the precuneus, and cuneus, as well as several frontal areas (108, 113, 133). The exact origin and differentiation of these potentials remain to be clarified, and their cerebellar and cortical generators need to be disentangled from myogenic contributions (41, 108, 115). Alternatively, VestEPs with such latency could reflect the descending control of vestibular oculomotor reflexes.

Middle latency VestEPs (20–50 ms) have been associated to activity in the insular, posterior opercular and cingulate cortex in a series of recent EEG studies using SVS and GVS (42, 96, 111). These areas form the core region of the cortical vestibular network (11, 15, 16, 18, 188) and show strong functional connectivity with other cortical vestibular areas (189).

Results concerning VestEPs with late latencies (>50 ms) are more disparate. The heterogeneity of results from early studies may be due to differences in stimulation techniques, stimulation parameters for the same techniques, different levels of quality for control conditions and limitations of the recording systems/montages (placement and number of electrodes). Recent studies have identified more consistently several VestEPs components with late latency, which are informative about the later steps of vestibular information processing. A major finding about VestEPs with late latency is that components under 220 ms may reflect low-level sensory processing while components above 200 ms may reflect higher level perceptual and cognitive processes, and the conscious processing of vestibular information (166).



Parallel vs. Sequential Vestibular Information Processing in the Cerebral Cortex

One important question in vestibular neuroscience was to determine whether vestibular signals are transmitted to cortical areas through several parallel pathways with similar latencies, or whether vestibular signals reach a core vestibular area (activated earlier) before being distributed to secondary areas (activated later). The ability to answer this question depends on the temporal and spatial resolution of the recording technique.

Results from VestEPs studies reported above indicate that vestibular signals rapidly reach the cerebral cortex. The observation that several cortical areas may receive vestibular information in <10 ms after direct electrical stimulation of the vestibular nerve has been used to support the idea that there is no primary vestibular cortex, but rather parallel processing of vestibular signals in at least five cortical areas (133). This seems consistent with local field potentials recorded with overlapping latencies in several brain areas after electrical stimulation of the vestibular nerve in rats (136).

Our review of the literature shows that short, middle and late VestEPs have been found to originate from various cortical areas at similar or close latencies, such as both frontal and occipital activations at 10 ms, or later at 80 ms, for example. The studies available to date suggest that VestEPs with latencies between 10 and 20 ms may have a cerebellar origin (41, 108, 110, 115, 120, 149, 150), and/or a cerebral origin with several generators in the precentral sulcus (108) or the precuneus and cuneus (113) for the n15. Vestibular-evoked potentials with latencies from 20 to 30 ms have been associated to activity in the bilateral anterior insula and posterior operculum (111) while components with latencies from 40 to 50 ms have been associated with a mid-cingulate source with contributions of the bilateral superior temporal cortex (42, 110). Vestibular-evoked potentials with late latencies have been associated to various sources in all lobes. Altogether, these studies indicate a rapid diffusion of vestibular information in different areas of the cortex, distributed processing, and crosstalk mechanisms with recurrent processing lasting several hundreds of milliseconds after the stimulation.

The surface EEG and the event-related approach may lack the resolution to fully describe the spatiotemporal pattern of vestibular information processing as it reflect activity of too large assemblies of neurons. Local field potentials and single neurons recordings have a more appropriate spatiotemporal resolution. To our knowledge, local field potentials from intracranial electrodes were recorded in only one epileptic patient during SVS, providing similar findings as recordings from scalp electrodes in healthy participants (111). Interestingly, single neuron recordings in non-human primates have been compared in several cortical areas during natural whole-body displacements. A notable study in macaque by Chen et al. (23) compared the spatiotemporal tuning of neurons from the PIVC, area MSTd (dorsal part of area MST), and VIP during animal translations. On the basis of the response latency of the neurons, the authors propose that there is a “hierarchy in cortical vestibular processing, with PIVC being most proximal to the vestibular periphery and MSTd being most distal.” Accordingly, vestibular signals would be first processed in the PIVC before being transmitted to area VIP and MSTd. Although this seems in contradiction with results from most VestEPs studies summarized here, it may just reflect the inability of EEG to grasp different patterns of responses of different cortical areas to acceleration, velocity, and position of whole-body motion as can do single neuron recordings (24).

Finally, we note it is difficult to compare the spatiotemporal dynamics of vestibular information processing as revealed by EEG analyses with data from fMRI and PET studies of the vestibular cortex. Given the low temporal resolution of these neuroimaging techniques, they have not been able to precisely describe the responses of vestibular cortical areas as a function of time, and never with the time resolution of the VestEPs summarized above. A study by Klingner et al. (190) analyzed the temporal pattern of several cortical responses measured with fMRI during 30 s of CVS using independent component analysis. The authors identified seven independent components representing cortical responses with different temporal profiles. Although the time course of these components differed significantly, with a trend for more lasting response for the component originating from the insula, retroinsular cortex, and superior temporal gyrus, there was no difference in the latency of the peak of the response for all components. Another study combining repeated short pulses of CVS and fMRI showed that during the 40 s following CVS there was a longer and stronger activation in the brainstem compared to activation in the cerebellum, thalamus, and right insula (78). The latency of the peak of the response and the response duration (>10 s) in these two studies can in no way be compared with the electrophysiological findings reported in our review of the literature. Altogether, this indicates the complementarity of EEG and fMRI approaches to better characterize the time course and location of vestibular information processing in the human brain.



Laterality of Vestibular Projections and Hemispheric Dominance in the Vestibulo-Thalamo-Cortical System

Another important question for vestibular neuroscience concerns the laterality of vestibular projections from one labyrinth to the cortex, and whether there is an overall hemispheric dominance for vestibular information processing, as shown by previous neuroimaging and anatomical studies (77, 102, 191).

Vestibular-evoked potentials with latencies under 10 ms can be recorded bilaterally, but larger amplitudes have been observed ipsilaterally to the perioperative stimulation of the vestibular nerve (133). This is in line with the projection of primary vestibular afferents to the ipsilateral vestibular nuclei, and the inhibition of contralateral vestibular nuclei through rich commissural pathways (192).

Studies of VestEPs with latencies between 10 and 20 ms have reported contradictory results as to the lateralization of the responses. Concerning the p10 evoked by SVS, some studies suggested larger ipsilateral responses with a right hemisphere dominance (107), in line with previous neuroimaging findings using the same type of SVS (102). Other studies found a contralateral dominance of a deep source, potentially cerebellar, for the same component (108, 110, 115). Using IAS, Todd et al. (120) reported an ipsilateral p12/n17 and a contralateral p19/n23, but only reported a contralateral p12/n17 in a subsequent study (150). They found that these EPs of potential cerebellar origin were larger on the right side for bone conducted sounds (108), an observation not confirmed with stronger vestibular stimulation (41). Secondary vestibular fibers project bilaterally to the cerebellum in both animals and humans (17, 192, 193). However, unlike in humans, animal studies converge on larger contralateral responses to vestibular stimulation in the vermis and flocculus (194). Neuroimaging studies have also suggested a contralateral activation of the cerebellum (78).

The few studies that have associated short latency VestEPs with cerebral sources seem to corroborate neuroimaging findings of bilateral responses, with larger responses in the ipsilateral and in the non-dominant hemisphere (77, 102). de Waele et al. (133) reported a larger p10 under ipsilateral compared to contralateral frontal electrodes. As expected, BESA revealed bilateral sources, with ipsilateral sources in the superior frontal gyrus and precentral gyrus, and contralateral sources in the anterior supplementary motor area near the frontal eye fields and in the superior occipital gyrus as well as a transverse prefrontal source (133). The n15 and p20 evoked by right ear SVS were found to originate from the right precuneus and cuneus and from the right precentral gyrus, medial and superior temporal gyri, respectively (113).

There are scarce data on the middle latency VestEPs. Regarding the 20–30 complex, larger amplitudes were observed in the anterior insula for left SVS compared to right SVS in right-handed participants (111). However, such lateralization effects were not reproduced with GVS (96) and IAS (112). Regarding the n42/p52 VestEPs, a weak right ear advantage has been reported for the peak-to-peak amplitude measured at electrode FCz, whereas a contralateral left ear advantage has been found for the n42 component when considered alone (110).

Recent studies on late VestEPs report no hemispheric dominance or contradictory results. Contralateral SVS evoked higher VestEPs amplitudes in the non-dominant hemisphere (111) but these results were not reproduced using GVS (96). Ertl et al. (166) found an effect of the direction of lateral passive translation on two components, the n80 and a positive component with a peak between 240 and 352 ms. Both VestEPs showed larger amplitudes under C3 (left to Cz) or C4 (right to Cz) depending on whether the participants were moved to the left or to the right, respectively. The effects were discussed in terms of lateralized somatosensory stimulation during body motion.

Altogether, results from the VestEPs studies indicate that components with different latencies have bilateral brain sources, thus information originating from one ear is processed in both cerebral hemispheres. The analysis of VestEPs amplitudes and their generators, however, is less conclusive regarding the determinants of hemispheric dominance in the vestibulo-thalamo-cortical system, when compared to the clear pattern that arises from PET and fMRI studies: (1) bilateral but larger activations in the hemisphere ipsilateral to the activated ear and (2) larger response in the non-dominant hemisphere, that is in the right cerebral hemisphere for the right-handed participants (77, 195, 196). We agree with Kammermeier et al. (111) in that this difference may in part be due to the “modalities of short-termed electric activity [for EEG studies] vs. long-term vascular or metabolic changes [for fMRI and PET studies].” More work is needed to investigate how VestEPs are influenced by the side of stimulation and the participants' handedness.



Replicability and Variability of Findings in VestEPs Studies

It may seem that a lack of replicability and large variability of VestEPs emerges from the collection of studies on the topic so far. First, we note that there are few available studies on VestEPs compared to the wealth of studies existing for well-defined visual, somatosensory, and auditory EPs (31). Second, a major obstacle to replicating results from one study to another is the enormous variability in the stimulation and recording procedures. Among the many sources of variability in the recorded vestibular responses, two categories seem particularly important.


Method of Vestibular Stimulation

The method of vestibular stimulation (see Figure 1) provides a major source of variation in the observed responses. As noted earlier, artificial stimulation of the vestibular system (GVS, CVS, SVS, IAS, MVS) differ from natural vestibular stimulation (rotatory chair, motion platform) in many aspects, including the type of vestibular receptor (otolithic, canalar) stimulated, the physical nature of the stimulation leading to activation of hair cells or the vestibular nerve, the co-activation of other sensory systems (such as hearing for SVS and interoception for body rotations), the duration of the stimulation, etc. The most commonly used artificial vestibular stimulation for VestEPs studies (SVS and IAS) are transient stimuli lasting in general a couple of milliseconds, whereas passive whole-body translations and rotations have a totally different temporal pattern, lasting in general more than 1 s [e.g., (32, 60)]. It is therefore difficult to directly compare the spatiotemporal dynamics of vestibular information processing for transient artificial vestibular stimulation and natural body motions (see below).



The Spatial Density of Recording Electrodes and the Montage

Very diverse electrode montages have been used to record VestEPs with a large variability in the spatial density of electrodes, as shown in Supplementary Table 1. Early studies have used montages close to those used for BAEP recordings, with a spatial density of electrodes insufficient to describe the spatiotemporal dynamics of vestibular information processing. As studies have used different references for the analysis of VestEPs (ear lobes, mastoid, average reference…), it is difficult to directly compare the shape and polarity of VestEPs components across studies. A consensus about standard electrode montage and reference should therefore be established in order to increase replicability of the results in future EEG studies of the vestibular system, as done for cVEMPs and oVEMPs recordings (43, 100), or for somatosensory (34), visual (35), and auditory (36, 37) EPs recordings.

The largest variability in the VestEPs waveforms arises from studies that investigated vestibular responses during natural whole-body translations and rotations. For example, studies of rotatory VestEPs identified only short or middle latency components (56, 57, 147), while others only identified late components (32, 44, 171, 173, 174, 176). This is very likely related to different stimulation parameters. In the case of short and middle VestEPs, the rotations applied to the head only were rapid horizontal (56, 57) or vertical (159) rotational acceleration impulses up to 12,000°/s2 that could be applied at frequencies from 0.5 to 2 Hz. In the case of late VestEPs, whole-body rotations could consist in ramps with acceleration phases of 250 or 500 ms to reach an angular velocity of 60°/s maintained for 400 ms (171), step-wise accelerations of 53°/s2 (173, 174) lasting 1 s, or accelerations of 15°/s2 lasting 1 s (44) or 2 s (176), or transient “raised-cosine” rotations with a peak velocity of 110°/s for 1.3 s (32). Shorter and more intense rotations would therefore make it possible to observe short or middle latency VestEPs while longer rotations would allow to record later responses, possibly time-locked to changes in the acceleration profile.

More consistent results have been obtained with stimulation methods that use standardized stimuli such as short high sound pressure clicks at intensities around 100 dB-SPL. There is indeed a consensus about the parameters of the sounds (frequency, duration, intensity, number of stimulation) which are optimal to activate the otolithic receptors, and are commonly used for clinical investigations of cVEMPs and oVEMPs (38). Vestibular-evoked potentials have been consistently identified using very similar stimulation or recording techniques. For example, the same group has repeatedly reproduced the p10, n15, p21 components as well as the n42/p52 complex using bone conducted or air conducted tone bursts of 500 Hz lasting 6 ms (107, 114) or tone pips of 500 Hz lasting 2 ms (42, 108, 110). Different results were obtained using different parameters of SVS. They compared air-conducted and bone-conducted SVS, showing that they allow to record reproducible components such as the p10 and n15 while noting that bone conducted stimulation induces larger responses (108). They also compared left vs. right SVS (110), different references such as the linked earlobes or common average reference (42), and different inter-stimulus intervals (149). This shows how important the stimulation techniques and their parameters are to better characterize VestEPs.




Main Limits of VestEPs Studies

The study of the spatiotemporal dynamics of vestibular signal processing in the brain is limited by the fact that the vestibular system is multisensory in nature (197). Vestibular afferents project to the vestibular nuclei and cerebellum, where vestibular signals are processed and integrated with visual and somatosensory information (198). Vestibular signals are also integrated with visual and somatosensory signals in several thalamic nuclei and in several cortical areas, including the PIVC (199). This multisensory convergence can be evidenced by the modulation of the p12/n17 biphasic wave by optic flow (120).

As vestibular signals are mixed with other sensory information as early as the second synapse in the brainstem, most VestEPs recorded to date likely represent a multisensory response owing to the lack of specificity of the methods to stimulate the vestibular receptors (Figure 2). Natural and artificial vestibular stimulation often stimulates one or several extravestibular sensory systems, such as the auditory (for SVS, CVS, IAS, rotating chairs, and motion platforms), tactile (for GVS, CVS, IAS, rotating chairs, and motion platforms), nociceptive (for GVS and CVS), thermoceptive (for GVS and CVS), and interoceptive systems (for body rotations and translations). Thus, vestibular responses recorded over the scalp are mixed with time-locked responses from these sensory systems. During passive whole-body translations and rotations, a major sensory influence on VestEPs comes from the interoceptive system, as the body fluids move in a time-locked manner with the rotatory chair or motion platform. The interoceptive and vestibular systems are largely interconnected at both anatomical and functional levels. Interoceptive signals from visceral receptors can modulate vestibular signals as early as in the vestibular nuclei (200). Vestibular information is also integrated with interoceptive signals in the insula (80). Although visual, auditory, tactile, and nociceptive controls can be used, it is impossible to control for the interoceptive contributions to VestEPs, which cannot be switched off and are hardly manipulated. For example, late VestEPs responses are certainly not purely vestibular as they can also be observed in patients with a bilateral vestibular failure (32, 182).



Potential Applications of VestEPs in Neurology and Otoneurology

Despite these limitations, VestEPs represent a promising tool for the clinical investigation of the vestibular system. First, there seems to be little interindividual differences in VestEPs onset and peak latencies for electrical stimulations of the vestibular nerve (133) and for SVS (42, 110, 149). Second, VestEPs amplitude increases with the intensity of the electrical current applied to the vestibular nerve (131, 133), the intensity of SVS (42, 107), the impulsive acceleration in IAS (112) or the acceleration of the body rotation (44, 173, 184) or body translation (33, 60). The consistency of these characteristics makes VestEPs measurement appropriate for basic research and clinical investigations. Studies in large populations should first be conducted to establish normative values of latency and amplitude in healthy participants as a function of age, as done for VEMPs [i.e., tests of the otolithic function; (201, 202)] and for the video head impulse test [i.e., tests of the semicircular canals; (203)].

Sound-induced vestibular stimulation appears a convenient and reliable technique to standardize VestEPs as done for cVEMPs and oVEMPs, for which SVS is already routinely used in clinical testing. With many controlled repetitions possible in a relatively short period of time, SVS evokes short, middle, and long latency VestEPs which likely reflect the successive processing of vestibular information along the vestibulo-thalamo-cortical pathways (see Figure 1). Sound-induced vestibular stimulation allows to test each ear separately. Simplified montages could be used, such as Laplacian montages (111), or specific vertex-mastoid or parieto-frontal derivations for example (106). Interestingly, recordings with 32- and 64-channel EEG systems allowed to observe a reduction of the n42/p54 response in few patients with a bilateral (114) or unilateral (42) vestibular loss. A first step toward clinical applications of VestEPs would be to use SVS (and the appropriate auditory control conditions) to test larger samples of patients with various vestibular disorders and compare their responses to those from healthy participants.

Brainstem auditory evoked potentials have been proposed as a complement to cVEMPs to evaluate vestibular schwannoma (204), even though their cost-effectiveness may be lower than that of MRI (205). Compared to cVEMPs, far-field vestibular potentials have the advantage to be recorded even in patients who cannot properly contract their neck muscles, a condition for cVEMPs recording. It has been proposed that the n5 may be suitable to assess vestibular projections in clinical practice. First, the n3 component may only appear when BAEPs auditory components are drastically reduced. Second, the n5 can be observed with sounds of lower intensity, around 80 dB nHL, and allows for shorter testing times compared to the n3, which is best obtained using clicks over 100 dB nHL (105).

To record middle and late latency VestEPs in clinical practice, Kammermeier et al. (111) have proposed a simplified EEG setup with circular Laplacian montages around electrodes FC5/6 (over right and left anterior insula) and CP5/6 (right and left posterior opercula). They found reproducible n20, p30, and p60 responses, indicating that VestEPs of short, middle, and late latency can be recorded using simplified montages in clinical settings.

Vestibular-evoked potentials should be altered in patients with lesions in vestibular areas, providing a faster, simpler and less expensive equivalent to fMRI or PET for demonstrating reduced or altered activity in vestibular areas (206, 207). Vestibular-evoked potentials could help assess central vestibular processing in patients who report vestibular sensations but show no apparent vestibular end organs or nerve alterations and help identify the underlying pathology. Vestibular-evoked potentials could be an important diagnostic support in the investigation of central vestibular syndromes (21). Among these, the incidence of vestibular epilepsy is probably underestimated and pose important differential diagnostic problems with vestibular migraine and psychogenic forms of paroxysmal vertiginous manifestations (208, 209). It is possible that, as in other epilepsies, specific alterations of certain cerebral areas may be investigated by VestEPs in the future and that these alterations will be different in migraine and psychogenic disorders. One the one hand, there is evidence that patients with vestibular migraine have a different vestibular threshold and sensitivity to motion than healthy controls (210, 211). On the other hand, there is evidence that patients with persistent postural-perceptual dizziness (PPPD), a functional vestibular disorder (212) showed altered activity and connectivity in the vestibular cortical network, including areas processing visuo-vestibular integration and emotions (213–215). In an fMRI study, SVS evoked reduced activation and connectivity of key vestibular areas such as the posterior and anterior insula, hippocampus and anterior cingulate cortex in chronic subjective dizziness compared to healthy controls (213). We propose that VestEPs may provide more information on the temporal characteristics of vestibular processing linked with anxiety in this form of functional vestibular disorder.



Perspective of VestEPs for Cognitive and Systems Neuroscience

We propose that VestEPs analysis is a method to investigate the spatiotemporal characteristics of multisensory mechanisms underlying various pre-reflexive and cognitive functions. To meet such objectives, studies need to combine vestibular stimulation with cognitive tasks, as it has already been successfully done. A self-motion oddball detection task combined with VestEPs recording revealed a vestibular-evoked P3 component, a marker of infrequent change detection identified for other sensory modalities (216, 217). A perceptual decision making study (166) showed a positive component with latencies ranging from 240 to 352 ms, that may reflect expectation and decision-making processes involving self-motion signals (166), as it was not observed in previous recordings in participants not engaged in any task (33). Studies of the modulation of known EPs during vestibular stimulation, as well studies of the variations of VestEPs according to different multisensory stimuli or cognitive tasks are therefore feasible and could yield important insights into the vestibular contribution to perception and cognition.

Vestibular-evoked potentials may also offer the possibility to study more precisely the spatiotemporal dynamics of attentional and cognitive effects reported using other neuroimaging techniques. An fMRI study showed that attentional load in a visual tracking task decreased activity in the PIVC (218), possibly due to a downregulation of excitatory neurotransmitters and maintenance of inhibitory transmitters to reduce PIVC responses to thalamic inputs (219). Vestibular-evoked potentials may help to refine the timing of such phenomena as well as to study them in several areas simultaneously.

Although it is beyond the scope of the present review article to describe event-related synchronizations and desynchronizations during vestibular stimulation, response analysis in the time-frequency domain could also serve the same objectives as VestEPs analysis and provide additional information about the spatiotemporal dynamics of vestibular information processing in healthy participants and in patients. Indeed, EPs and event-related synchronizations/desynchronizations reflect different electrophysiological events. Evoked potentials are phase-locked events originating from post-synaptic responses of cortical neurons (220). By contrast, event-related synchronizations/desynchronizations are time-locked events, but not phase-locked events, reflecting more neuronal and synaptic characteristics, network connectivity, and modulation on more or less extended neuronal assemblies (220). A few studies investigated both VestEPs and responses in the time-frequency domain (32, 111, 166, 167, 171). Rotations were found to induce alpha rhythm desynchronization in central and parietal scalp regions (32, 171). This desynchronization was significantly reduced in patients with a bilateral vestibular failure when compared to healthy participants, indicating it is in part related to vestibular information processing (32). A more recent study found that body translations induced a delta and theta synchronization in the bilateral operculo-insular region, mid-orbital gyrus, and medial frontal gyrus, with additional contribution to the theta synchronization from cingulate sulcus visual area and anterior cingulate gyrus (167). Body translations and SVS were both associated with low beta synchronizations, observed at Cz 67.5 ms after maximum acceleration for translations (33), and localized in the right anterior insula and posterior operculum 20–80 ms after SVS (111). Delta, theta, mu, or gamma synchronizations and desynchronizations were also reported following passive body rotations (32, 171), translations (166, 167), and SVS (111). Here, again studies in larger populations, using standardized stimulation and recording techniques, or time-frequency or microstates (166) analyses would be needed to complement VestEPs findings.

Finally, MEG could also be used to study VestEPs and vestibular-related synchronizations and desynchronizations. Magnetoencephalography offers better source localization than EEG and would therefore be a good complement to the spatial localization of vestibular information processing, especially for investigations of deep sources such as the cerebellum (157). However, EEG remains the only recording technique fully compatible with more ecologically valid vestibular stimulation.



Conclusion

Vestibular-evoked potentials of short, middle, and late latency reveal the spatiotemporal properties of vestibular processing from the vestibular nerve to cortical areas. They represent promising tools for the clinical and experimental investigation of the vestibular system, its disorders and its relation to cognition.
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Background: In-vivo MR-based high-resolution volumetric quantification methods of the endolymphatic hydrops (ELH) are highly dependent on a reliable segmentation of the inner ear's total fluid space (TFS). This study aimed to develop a novel open-source inner ear TFS segmentation approach using a dedicated deep learning (DL) model.

Methods: The model was based on a V-Net architecture (IE-Vnet) and a multivariate (MR scans: T1, T2, FLAIR, SPACE) training dataset (D1, 179 consecutive patients with peripheral vestibulocochlear syndromes). Ground-truth TFS masks were generated in a semi-manual, atlas-assisted approach. IE-Vnet model segmentation performance, generalizability, and robustness to domain shift were evaluated on four heterogenous test datasets (D2-D5, n = 4 × 20 ears).

Results: The IE-Vnet model predicted TFS masks with consistently high congruence to the ground-truth in all test datasets (Dice overlap coefficient: 0.9 ± 0.02, Hausdorff maximum surface distance: 0.93 ± 0.71 mm, mean surface distance: 0.022 ± 0.005 mm) without significant difference concerning side (two-sided Wilcoxon signed-rank test, p>0.05), or dataset (Kruskal-Wallis test, p>0.05; post-hoc Mann-Whitney U, FDR-corrected, all p>0.2). Prediction took 0.2 s, and was 2,000 times faster than a state-of-the-art atlas-based segmentation method.

Conclusion: IE-Vnet TFS segmentation demonstrated high accuracy, robustness toward domain shift, and rapid prediction times. Its output works seamlessly with a previously published open-source pipeline for automatic ELS segmentation. IE-Vnet could serve as a core tool for high-volume trans-institutional studies of the inner ear. Code and pre-trained models are available free and open-source under https://github.com/pydsgz/IEVNet.

Keywords: MRI, deep learning, endolymphatic hydros, endolymphatic and perilymphatic space, convolutional neural network CNN, VNet, segmentation (image processing), inner ear imaging


1. INTRODUCTION

In-vivo non-invasive verification of endolymphatic hydrops (ELH) via intravenous delayed gadolinium (Gd) enhanced magnetic resonance imaging of the inner ear (iMRI) is increasingly becoming an essential standard clinical diagnostic tool to distinguish leading causes of peripheral vestibulocochlear syndromes (1, 2). In this context, a fast and easily reproducible, yet more importantly, comparable and standardized quantification method of the endolymphatic space (ELS) is a prerequisite in any setting, be it clinical or research (3). Unfortunately, such a quantification method is not entirely available yet despite many efforts.

At first glance, clinical radiology approaches offer fast and easily applicable visual semi-quantitative (SQ) ELH classifications (4–9). Nevertheless, given the plurality of visual SQ ELH classification approaches that may vary in wording, resolution (3- or 4-point ordinal scale), or evaluation level (anatomical fixpoint), and can be sensitive to human bias, published results cannot be considered inherently reproducible, comparable or standardized (10). Already an improvement in comparability, manual measurement of the ELS area in 2D within one MR-layer (11, 12), or better yet, the entire ELS volume 3D over multiple MR-layers (13, 14) remain dependent on human decisions.

Similar to optimizing entire iMR sequences in use to date (15–17), automatic ELS quantification is predetermined by two methodical sticking points (18): The first obstacle is to distinguish between total fluid space (TFS) within the entire inner ears bony labyrinth from the surrounding petrosal bone structures (19–21). The second difficulty is distinguishing the two different fluid spaces within the TFS (22, 23), namely ELS within the membranous labyrinth and the surrounding perilymphatic space (PLS) within the bony labyrinth. Current semi-automatic (24–26) or automatic (27, 28) 3D ELS quantification methods have mostly concentrated on ELS differentiation within TFS.

Most available 3D TFS segmentation approaches are either manual (24, 26), or atlas-based (29, 30). However, atlas-based segmentation uses deformable image registration that entails several challenges (31). On the one hand, careful parameterization and run-times between minutes to hours of computation to obtain accurate segmentation prohibit interactive analysis. Another challenge and important motivation for this study are that the thin structures of the TFS, particularly the semi-circular canals, often lead to misregistration, despite the usage of multi-resolution registration.

A promising alternative tool is machine learning algorithms based on deep neural networks (DNN, or deep learning). Recently, an automated 2D measurement of hydrops ratio using a three-layer convolutional neural network (CNN) based segmentation (32) and a deep learning algorithm for fully automated 3D segmentation of the inner ear (33) were proposed. However, to the best of our knowledge, these algorithms are not accessible to the public at large.

This work proposes an open-source approach for inner ear TFS segmentation based on deep learning and using a specialized V-Net architecture (IE-Vnet) that will be made available to the scientific community. The discussion includes a comprehensive comparison of the currently available deep learning algorithms for 3D volumetric inner ear segmentation. In addition, we aimed to investigate the following questions:

(i) Is the training of the IE-Vnet on semi-manual, atlas-based pre-segmentations of inner ear TFS possible from a large cohort with comparatively little manual segmentation effort?

(ii) Is the IE-Vnet able to generalize across domain shift differences in MRI scanner hardware and sequence settings, or patient pathology without significant loss of segmentation accuracy, given appropriate augmentation techniques during training?



2. MATERIALS AND METHODS


2.1. Setting and Institutional Review Board Approval

This work was conducted at the interdisciplinary German Center for Vertigo and Balance Disorders (DSGZ) and the Neurology Department of the Munich University Hospital (LMU) between 2015 and 2019. This study used previously published datasets (10, 27, 30, 34, 35). Institutional Review Board approval was obtained before the initiation of the study (no. 094-10 and no. 641-15). All participants provided informed oral and written consent in accordance with the Declaration of Helsinki before inclusion in the study. The inclusion criterion was age between 18 and 80 years. The exclusion criteria were other (than vestibular) neurological or psychiatric disorders, as well as any MR-related contraindications (36), poor image quality, or missing MR sequences.



2.2. Datasets and Cohorts

The study included five different real-life datasets, denoted as D1–D5. Dataset 1 (D1, training dataset) was used to train the deep neural network model. Datasets 2–5 (D2–D5, test datasets) were used to investigate the model's out-of-sample performance due to MR scanner, MR sequence, or cohort and pathology. A detailed description of the domain differences between D1 and D2-5 is given in Table 1.


Table 1. Domain differences between training (D1) and test (D2-D5) datasets.
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2.2.1. Training Dataset D1

D1 included 358 ears of 179 consecutive patients (102 female= 56.9%; aged 19–80 years, mean age 52.2 ± 15.7 years) with peripheral vestibulocochlear syndromes that underwent iMRI for exclusion or verification of ELH (51 without ELH, 49 with unilateral ELH, 79 with bilateral ELH). Vestibulocochlear syndromes comprised Meniere's disease (n = 78), vestibular migraine (n = 69), acute unilateral vestibulopathy (n = 14), vestibular paroxysmia (n = 11), bilateral vestibulopathy (n = 5), and benign paroxysmal positional vertigo (n = 2). Patients were clinically diagnosed according to the respective international guidelines, such as the brny Society (www.jvr_web.org/ICVD.html or https://www.baranysociety.nl) when diagnosing vestibular migraine (37, 38), Menires disease (39), vestibular paroxysmia (40), bilateral vestibulopathy (41), acute unilateral vestibulopathy/vestibular neuritis (42) and benign paroxysmal positional vertigo (43). A detailed description of the diagnostic work-up of all cohorts can be found in the Supplementary Material.



2.2.2. Test Dataset D2 and D3

In comparison to D1, these test datasets have the same acquisition parameters (D2, D3) but differences in population (D2). D2 included 20 ears of 10 consecutive Department of Neurology inpatients (7 female= 70%; aged 24–45 years, mean age 33.1 ± 6.7 years) without symptoms or underlying pathologies of the peripheral and central audio-vestibular system that underwent MRI with a contrast agent as part of their diagnostic workup and agreed to undergo iMRI sequences after 4 h without any indication of ELH. Patients were admitted into the clinic due to movement disorders (n = 3), epilepsy (n = 2), trigeminal neuralgia (n = 2), viral meningitis (n = 1), subdural hematoma (n = 1), and decompensated esophoria (n = 1). D2 underwent audio-vestibular testing confirmed the soundness of their peripheral end organs. D3 included 20 ears of 10 consecutive patients (6 female= 60%; aged 20–58 years, mean age 37.8 ± 13.6 years) with peripheral vestibulocochlear syndromes that underwent iMRI for verification of ELH (7 with unilateral ELH, 3 with bilateral ELH). Pathologies comprehended patients with Meniere's disease (n = 3), vestibular migraine (n = 3), acute unilateral vestibulopathy (n = 2), vestibular paroxysmia (n = 1), and bilateral vestibulopathy (n = 1).



2.2.3. Test Dataset D4 and D5

In comparison to D1, these datasets differ regarding MR acquisition parameters (D4, D5) and population (D4). D4 included 20 ears of 10 consecutive healthy controls (HC; 7 female= 70%; aged 25–52 years, mean age 36.6 ± 9.1 years). D5 included 20 ears of 10 consecutive patients (4 female= 40%; aged 27–44 years, mean age 37.5 ± 5.6 years) with bilateral vestibulopathy. Measured MR sequences in D4 and D5 only distinguished between TFS within the entire inner ears bony labyrinth from the surrounding petrosal bone structure, but not between ELS and PLS within the TFS. The existence of an ELH cannot be excluded, but is unlikely in D4 and possible in D5.




2.3. MR Imaging Data Acquisition
 
2.3.1. Datasets D1-3

Four hours after intravenous injection of a standard dose (0.1 mmol/kg body weight) of Gadobutrol (GadovistⓇ, Bayer, Leverkusen, Germany), MR imaging data was acquired in a whole-body 3 Tesla MR scanner (Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) with a 20-channel head coil. Head movements were minimalized in all three axes using a head positioning system for MRI (Crania Adult 01, Pearl Technology AG, Schlieren, Switzerland). A 3D-FLAIR (fluid-attenuated inversion recovery) sequence was used to differentiate ELS from PLS within TFS, and a spin-echo 3D-SPACE (three-dimensional sampling perfection with application-optimized contrasts by using different flip angle evolutions) sequence to delineate the TFS from the surrounding bone. ELH was classified on 3D-FLAIR images as enlarged negative-signal spaces within TFS, according to a previously reported convention (8, 10). The 3D-FLAIR had the following parameters: TE 134 ms, TR 6,000 ms, TI 2240 ms, FA 180°, FOV 160 × 160 mm2, 36 slices, base resolution 320, averages 1, acceleration factor of 2 using a parallel imaging technique with a generalized auto-calibrating partially parallel acquisition (GRAPPA) algorithm, slice thickness 0.5 mm, 0.5 × 0.5 × 0.5 mm3 spatial resolution.

The spin-echo 3D-SPACE sequence had the following parameters: TE 133 ms, TR 1000 ms, FA 100°, FOV 192 × 192 mm2, 56 slices, base resolution 384, averages 4, acceleration factor of 2 using GRAPPA algorithm, 0.5 mm slice thickness, 0.5 × 0.5 × 0.5 mm3 spatial resolution. Further structural sequences included a T2-weighted sequence (TE 89 ms, TR 4,540 ms, FOV 250 × 250 mm2, 42 slices, base resolution 364, averages 1, acceleration factor of 2 using GRAPPA algorithm, slice thickness 3 mm, voxel size 0.7 × 0.7 × 3 mm3) and a T1-weighted magnetization-prepared rapid gradient echo (MP-RAGE) sequence with an isotropic spatial resolution of 1.0 × 1.0 × 1.0 mm3 (TE 4.37 ms, TR 2,100 ms, FOV 256 × 256 mm2, 160 slices).



2.3.2. Datasets D4-5

MR imaging data were acquired in a whole-body 3.0 Tesla MR scanner (Magnetom Verio, Siemens Healthcare, Erlangen, Germany) with a 32-channel head coil. Head movements were minimalized in all three axes using a head positioning system for MRI (Crania Adult 01, Pearl Technology AG, Schlieren, Switzerland). A spin-echo 2D-SPACE sequence was used to delineate the bony labyrinth (TR 1,000 ms, TE 138 ms, FA 110°, FOV 180 × 180 mm2, 60 slices, base resolution 384, averages 2, slice thickness 0.5 mm, 0.5 × 0.5 × 0.5 mm3 spatial resolution). Further structural sequences included a T2-weighted sequence (TE 94 ms, TR 4,000 ms, FOV 230 × 230 mm2, 40 slices, base resolution 364, averages 1, acceleration factor 2 using GRAPPA algorithm, slice thickness 3 mm, voxel size 0.7 × 0.7 × 3 mm3) and a T1-weighted magnetization-prepared rapid gradient echo (MP-RAGE) sequence with a field-of-view of 256 mm and an isotropic spatial resolution of 1.0 × 1.0 × 1.0 mm3 (TE 4.37 ms, TR 2,100 ms, 160 slices).




2.4. Creation of Ground Truth Using Atlas-Based Segmentation

The ground-truth (or gold standard) segmentation for D1-5 was created using the T2 and SPACE MRI volumes in a semi-manual process, with the assistance of automatic, atlas-based segmentation. 2D- or 3D-SPACE MRI volumes served as input to the IE-Vnet model. A flowchart of the (semi-)manual ground-truth segmentation can be viewed in Figure 1. Figure 2 depicts an exemplary T2 volume along with a ground-truth segmentation mask. First, two custom templates and atlases were created from scratch, specifically for automated pre-segmentation of the inner ear. Then, registrations were performed using linear affine and non-linear Symmetric Normalization [SyN, (44)] as well as Optimal Template Building [OTB, (45)], which are part of the Advanced Normalization Toolkit (ANTs)1. Also, all subjects T1, T2 and FLAIR volumes were spatially co-aligned with the SPACE volume via intra-subject rigid registration.


[image: Figure 1]
FIGURE 1. Flowchart of the inner ear's auto-segmentation. Auto-segmentation of the inner ear (IE) involved data preparation and manual ground-truth annotation of the IEs total fluid space (TFS) masks in training (D1, grey shading) and test (D2-D5, white shading) datasets. First, pre-segmentations (orange boxes) were obtained in D1-D5 via a custom-built full-head template (FHT) and an inner-ear template (IET). Then, manual quality control (QC), followed by manual refinement of IE segmentations (purple boxes), trained and examined the IE-Vnet model. Finally, its predictions were validated under various forms of domain shift in the test datasets D2-D5 (cf. Table 1).



[image: Figure 2]
FIGURE 2. Inner ear MR example case. Depiction of an exemplary SPACE volume along with its ground-truth segmentation masks. (A) Depiction of ten axial slices from the SPACE MRI sequence volume, through the right inner ear, from caudal to cranial, covering a range of 12.4 mm (~1.4 mm slice distance). (B) Like (A), but with the manually segmented total fluid space (TFS) mask (colored in red). (C) Volume rendering of the right inner ear ROI, which serves as input to the IE-Vnet model. (D) Like (C), but the manually segmented TFS surface overlaid in red.


The first atlas localized the inner ears inside full-head (FH) or limited FOV (field-of-view) MRI scans. To this end, a full-head template (FHT) was created from T2 volumes using ANTs OTB, and the inner ear structures' central location was annotated with a single landmark for each side, respectively. Finally, FHT plus annotations, i.e., the full-head atlas, were non-linearly registered to all subjects' volumes. Thus, left and right inner ears could be located in all participants's heads.

The second atlas enabled automatic pre-segmentation of the inner ear. Therefore, inner ear localization landmarks were transferred from the FH T2-FLAIR scans to the narrow FOV SPACE scans. Here, inner ears were cropped using a 4 × 3 × 2 cm region-of-interest (ROI) that contained the entire inner ear structure and a sufficient margin of 5–10 mm to all sides to account for slight localization errors. Inside the ROI, SPACE voxel intensities were resampled at 0.2 mm isotropic resolution (i.e., 200 × 150 × 100 voxels). All ROI cubes were geometrically centered to the origin ([0, 0, 0]) coordinate. At the origin, right-sided inner ears were re-oriented onto the left inner ears through horizontal flipping. A single inner ear template (IET) using ANTs OTB was computed from this uni-directed set of inner ears. This template was annotated with manual segmentation of the total fluid space (TFS), first by intensity thresholding with Otsu's method (46), followed by manual refinement with various 3D mask editing tools “Segment Editor Module”, mainly 3D brush, eraser, and scissor tool in 3D Slicer 2 (47).

All inner ears in training (D1) and testing (D2-5) were pre-segmented using two atlas registrations; first, an inner ear localization with the FHT, followed by TFS segmentation with the IET. Then, an automatic refinement step was performed post-registration by intersecting an Otsu-thresholded mask with a 0.5 mm dilated atlas mask to account for patient-wise shape- and intensity- variations. Despite this automatic refinement, every automatic segmentation needed to be quality-controlled (QC) and corrected for mistakes in an additional manual process. Two different QC and correction strategies were implemented in the training dataset (D1) and test datasets (D2–D5) to balance the amount of manual annotation effort and the TFS masks criticality. The automatic segmentation underwent a visual QC check in each of the 358 training inner ears (D1). Inner ear localization worked very robustly, without any inner ears being missed or mislocalized. In contrast, the atlas-based segmentation was not as robust, with severe mis-segmentations (e.g., partially incomplete or entirely missed semi-circular canals or cochlear turns) in 64 out of 358 training inner ear ROIs (17.9%). These were manually refined before network training, while the remaining 302 inner ears were used for training, even if minor visual errors in the atlas auto-segmentations were present. In contrast, atlas-segmentation in the test datasets (D2–D5) was not only visually inspected, but all 80 inner ears were thoroughly error-corrected and manually refined with the aforementioned 3D Slicer mask editing tools. Manual refinement of a single inner ear, for an experienced annotator familiar with the 3D Slicer user interface, took on the order of 5–15 min.

The pre-processing steps necessary for inner ear segmentation in new MRI volumes are limited to localizing the left and right inner ear. This can be achieved automatically using a full-head registration (performed in this work) and requires no manual interaction. Alternatively, the inner ears can also be manually localized using landmark annotation. Depending on the workstation hardware and registration parametrization, a fully automatic inner ear ROI localization can be performed in 1–2 min. However, a manual localization is much faster and requires two clicks, which can be performed in seconds.



2.5. IE-Vnet Neural Network Architecture and Training
 
2.5.1. Architecture and Loss Function

The deep learning architectures for volumetric 3D segmentation were based on a V-Net model (48), which is a variant of the 3D U-Net family of architectures (49). The basic idea of these fully convolutional architectures is to extract hierarchical image features using learnable convolutional filters at an increasingly coarse resolution and image representation. The down-sampling and up-sampling operations are achieved via pooling/un-pooling operations (49) or forward/transpose convolutions (48). In this work, the network was designed as a variant of a V-Net architecture, with four down-sampling levels, with [16, 32, 64, 128, 256] 3D-convolutional filters at each level (kernel size: 3 × 3 × 3 voxels), and with residual blocks spreading two convolutional layers each within each level. Each convolutional layer is followed by Instance Normalization (50), channel-wise random dropout (p = 0.5), and non-linear activation with Parametrized Rectified Linear Units (PReLU) (51). The loss function used for training was the Dice loss (48). The recently published cross-institutional and open-source deep learning framework “Medical Open Network for AI” (MONAI) (52)3 was used to implement the network, pre-processing, augmentation and optimization. Figure 3 visualizes the architecture.
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FIGURE 3. Schematic representation of the IE-Vnet architecture. The IE-Vnet architecture is designed as a variant of a V-Net architecture with four down-sampling levels, [16, 32, 64, 128, 256] 3D-convolutional filters at each level (kernel size: 3 × 3 × 3 voxels), and with residual blocks spreading two convolutional layers each within each level. Each convolutional layer is followed by Instance Normalization (50), channel-wise random dropout (p = 0.5), and non-linear activation with Parametrized Rectified Linear Units (PReLU) (51). The convolutions aim to extract features from the data and, at the end of each stage, reduce its resolution by using appropriate stride. The left part of the network consists of a compression path, while the right part decompresses the signal until its original size is reached. A more detailed description can be found in Milletari et al. (48).




2.5.2. Pre-processing and Augmentation Scheme

All volumes in D1–D5 were pre-processed with simple spatial padding to a volume size [208, 160, 112], and intensity scaling to the range [0…1]. The dataset D1 was split into 90% training data (N = 161 subjects, 322 inner ears) and 10% validation data (N = 18 subjects, 36 inner ears). Random image augmentation was used to enlarge the training set size artificially, since fully convolutional segmentation networks require large amounts of training data for robust and accurate prediction. Augmentation steps included random contrast adjustment (gamma range: [0.3, …1.5], probability of occurrence po = 0.9), addition of random Gaussian noise (μ = 0, σ = 1.0, po = 0.5), random horizontal flipping (po = 0.5), and random affine-elastic transformation (po = 0.75; 3D translation: 15% of ROI dimensions; 3D rotation: 20°; scaling: ±15%; grid deformation: magnitude range [5…100], sigma range: [5…8]).



2.5.3. Optimization

Adam stochastic optimization algorithm (53) at a learning rate of 3e−4 was used to train the network weights.




2.6. Validation Parameters

Segmentation accuracy was quantified using spatial overlap indexes, such as Dice overlap coefficient (54, 55), Hausdorff distance (56, 57), and mean surface distance (58).

Localized performance issues within the inner ear were visually assessed using a semi-quantitative five-point Likert-type response scale (59, 60). Therefore, the level of agreement in the segmentation outcome of the cochlea, sacculus, utriculus, the anterior semi-circular canal (aSCC), posterior SCC (pSCC), and horizontal SCC (hSCC), respectively, were quantified using the following categories: 5-Strongly agree (no structure missing, no false-positive segmentation, clean contour), 4-Agree (no structure missing, no false-positive segmentation, ≤ 1 unclean contour), 3-Neither agree nor disagree, (no structure missing, ≤ 1 false-positive segmentation, > 1 unclean contour), 2-Disagree ( ≤ 1 missing structure, > 1 false-positive segmentation, clean or unclean contour), and 1-Strongly disagree (> 1 missing structure, > 1 false-positive segmentation, clean or unclean contour).



2.7. Statistical Testing

Normal distribution of Dice overlap measures across datasets was determined using Shapiro and Wilk testing (61) and homoskedastic across datasets was determined using Bartlett and Fowler testing (62) before statistical analysis. Consequently non-parametric testing was further applied. Given their ordinal nature (63), non-parametric testing was also applied to the Likert-type expert ratings.

Statistical hypothesis tests were then performed to investigate two questions: First, the sidedness of the network was checked, i.e., whether there was a statistically significant difference in segmentation accuracy (Dice overlap coefficients, Likert ratings) between left and right inner ears. To this end, a non-parametric Wilcoxon signed-rank test was applied to the Dice, and Likert outcomes, paired between the left and right inner ears of each test subject. Second, the null-hypothesis was verified, i.e., that the Dice overlap median outcomes of the four test datasets D2-D5 were equal. The purpose of this was to investigate the generalization capability of the network, i.e., whether a shift in population or imaging parameters or both (cf. Table 1) led to a measurable deterioration of segmentation performance. To this end, a non-parametric Kruskal-Wallis test for independent samples was employed with the concatenated left and right Dice and Likert outcomes as the dependent variable and the test set indicator (D2–D5) as the independent variable. Post-hoc, a non-parametric tests [Mann-Whitney U (64)] between Dice and Likert outcomes was performed in all pairs of test datasets D2–D5. All statistical analyses were applied using the open-source libraries Scipy Stats (65), Statsmodels (66), and Pingouin (67). Values are presented as means ± standard deviations.




3. RESULTS

Results are presented separately for the training and testing stage, followed by statistical comparisons.


3.1. Training Results

Figure 4 shows the evolution of Dice loss for model training and the corresponding Dice metric on the withheld validation set. The maximum validation Dice overlap metric of 0.944 was obtained at epoch 113, and this best-performing model was saved for forwarding inference on the withheld test datasets D2-D5 (cf. Sections 3.2, 3.3), as well as for open-source dissemination. Notably, the loss curve showed a steady convergence toward the minimum obtained at the final iteration. Simultaneously, the validation metric showed a steady convergence without any signs of overfitting throughout the entire optimization procedure. The total training time took around 11 h on a consumer-level workstation (AMD Ryzen Threadripper 1950X 8-core CPU, 32 GB RAM, Nvidia 1080 Ti GPU).
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FIGURE 4. IE-Vnet training loss and validation metrics. IE-Vnet training loss (left graphic) and validation (right graphic) metrics were observed during 120 epochs of training. In addition, the maximum validation Dice overlap metric of 0.944 was obtained at epoch 113. Notably, the loss curve showed a steady convergence toward the minimum obtained at the final iteration. At the same time, the validation metric showed a steady convergence without any signs of overfitting throughout the entire optimization procedure.




3.2. Test Results

The total inference time for 80 samples was 15.2 s, i.e., on average 0.19 s ± 0.047 s for each cropped and up-sampled inner ear volume at 0.2 mm isotropic resolution (i.e., 200 × 150 × 100 voxels). The agreement of TFS segmentation between manual ground-truth and the networks prediction was quantified by three metrics: Dice overlap coefficient “Dice”, maximum Hausdorff surface distance “HDmax”, mean surface distance “SDmean”, along with five-point Likert-type response scale “LS”. These metrics are illustrated with boxplots in Figure 5, and summarized numerically in Table 2.
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FIGURE 5. IE-Vnet segmentation quality control. Alignment between ground-truth and prediction in the four test datasets D2-D5 (20 IE each, 80 IE altogether) was measured by the quantitative metrics of Dice overlap coefficient (upper row), Hausdorff maximum surface distance (middle row), and average surface distance (lower row). Results of left ears (blue) are depicted on the left (L), while results of the right ears (black) are shown on the right (R). In most cases across D2-5, congruence between model prediction and manual ground-truth was high.



Table 2. IE-Vnet segmentation results on four test datasets D2-D5 (20 inner ears each) compared to manual ground-truth.
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Several points are noteworthy. On average, across all left and right inner ears and in all four test datasets, the Dice overlap coefficient showed a mean value of 0.900 ± 0.020, the Hausdorff maximum surface distance a mean value of 0.93 ± 0.71 mm), and the mean surface distance a mean value of 0.022 ± 0.005 mm). Thus, the segmentation performance seems quantitatively consistent across the test datasets D2–D5 (cf. Figure 5 and Table 2A), which was further confirmed by statistical analyses (cf. Section 3.3). The mean Likert scales of the inner ear structures were altogether consistently high (4.913 ± 0.337) across both inner ears and in all four test datasets. However, depending on the location, shape and intricacy of the separate inner ear structures, Likert scores consistently differed in performance success (cf. Table 2B) with the most robust results in the vestibulum (sacculus: 4.988 ± 0.112, utriculus: 5.000 ± 0.000), intermediate results in cochlea (4.925 ± 0.265) and posterior SCC (4.888 ± 0.477), and least robust results in the anterior (4.813 ± 0.576) and horizontal SCC (4.863 ± 0.590). The mentioned pattern can be verified in the several outliers, in particular in the Hausdorff distance values in both right and left inner ears. Two cases with outlier Hausdorff distances on the order on 3 mm and above are presented in Figures 6C,D. Visual inspection reveals that these comparatively high surface errors stem either from challenging cases, which were also difficult in manual ground truth segmentation in the horizontal and posterior SCC (panel D), or minor prediction artifacts in the anterior SCC such as isolated blobs, rather than gross mis-segmentations (panel C). Such artifacts could be filtered away through minor post-processing like connected-components filters. In most cases, it is noteworthy that surface congruence between model prediction and manual ground truth was very high, with mean surface distances on the order on 0.02 mm, and with very few cases of surface distances above 0.03 mm. This is also reflected in the form of visual agreement between ground truth and prediction, as visible in two cases in Figures 6A,B.
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FIGURE 6. IE-Vnet 3D segmentation predictions visualized. Visualization of 3D segmentations predicted by the IE-Vnet model (color: cyan), overlaid onto manual ground-truth 3D surface contours (color: red). (A) Exemplary case of a highly accurate segmentation Dice >0.92, Hausdorff maximum surface distance <0.5 mm, mean surface distance <0.02 mm, 5/5 Likert scale (LS) for cochlea, sacculus, utriculus, anterior, posterior and horizontal SCC. Manual ground-truth and prediction are in high agreement over the entire surface. (B) Another example of a highly accurate segmentation. The arrow denotes a location with hypo-intense semi-circular canal voxels, as marked manually in red, and the model prediction predicts a thinning at the same location. LS was 5/5 for cochlea, sacculus, utriculus, anterior, posterior and horizontal SCC. (C) An exemplary case of an overall accurate segmentation, but with a high Hausdorff surface distance of >4 mm. LS was 5/5 for cochlea, sacculus, utriculus, posterior and horizontal SCC, and 2/5 for anterior SCC. Visual inspection reveals two isolated blobs, which could be removed with simple post-processing, such as connected components analysis and removal of small islands. (D) A failure case. Notably, manual ground-truth creation in this sample was challenging as well. LS was 5/5 for utriculus and anterior SCC, 4/5 for cochlea and sacculus, 2/5 for horizontal SCC, and 1/5 for posterior SCC. Low-contrast and high noise in SPACE sequences, with further potential challenges like motion artifacts, can lead to irregular ground-truth contours (left arrow) or unusually thin semi-circular canal segments (middle and right arrow). In such cases, model predictions may result in in-contiguous semi-circular canals and noisy surface contours.




3.3. Impact of Side and Domain Shift

We investigated whether the IE-Vnet segmentation model is affected by a side bias and whether its segmentation performance is affected by variance of the population or imaging parameters (cf. Table 1). The first test was performed in a paired manner between Dice overlap measures in the left and right inner ears for all 40 test subjects (D2–D5). This analysis yielded no significant difference between sides (two-sided Wilcoxon signed-rank test: p = 0.061; normality rejected, Shapiro-Wilk test: p < 0.001). Further, we examined whether differences in image acquisition led to domain shifts across the four test datasets that impacted our model's segmentation performance. This test yielded no significant difference between Dice overlap outcomes across datasets D2–D5 (Kruskal-Wallis test: p = 0.146; homoscedasticity rejected, Bartlett test: p < 0.01). Further, the pair-wise post-hoc tests between datasets D2-D5 yielded no significant differences in Dice overlaps (Mann-Whitney U, all BH-FDR corrected p-values at p>0.20). Equivalent results were obtained for qualitative expert ratings of segmentation results upon visual inspection. No significant differences in Likert scale ratings were found across any of the rated regions (cochlea, sacculus, utriculus, anterior, posterior, and horizontal SCC), neither between sides (Wilcoxon signed-rank test, all p-values above p = 0.162), nor between group-medians across D2–D5 (Kruskal-Wallis test: all p-values above p = 0.392), nor pair-wise across D2–D5 (post-hoc, Mann-Whitney U, all BH-FDR corrected p-values at p>0.860).




4. DISCUSSION

The current work proposes a novel inner ear TFS segmentation approach using a dedicated deep learning (DL) model based on a V-Net architecture (IE-Vnet). A variant of a V-Net deep convolutional neural network architecture was trained to perform segmentation inference on inner ear volumes. During training, various image augmentation techniques were used to account for expected variations in out-of-sample datasets, such as image contrast and intensity, noise, or affine/deformable distortions of geometry. The training dataset was constructed through atlas-based pre-segmentations with comparatively minor manual correction and segmentation effort (aim i). As a result, the inferred IE-Vnet segmentations on four testing datasets were free from side bias and robust to various domain shift sources, such as MRI scanner hardware and sequences and patient pathology (aim ii). Compared to atlas-based segmentation, the novel model was roughly 2,000 times faster and managed to avoid gross mis-segmentations in more than 20% of test cases, especially in high-volume datasets. In the following, IE-Vnet, compared to currently available neural network algorithms used for MR inner ear segmentation, its technical and clinical implications, methodical limitations, and future work will be discussed.


4.1. Technical Implications
 
4.1.1. Accuracy of Segmentation

The average Dice values during testing (0.900) are noticeably lower when compared to training (0.944). This effect can be attributed to the fact that the TFS ground-truth regions were manually refined in every test sample with considerably more effort than the training set. Nevertheless, these indicate accurate segmentation (31), especially in structures like the semi-circular canals, where the Dice metric is known to degrade quickly for small regions or regions with fine-grained protrusions (68). Furthermore, the overall low surface distance of 0.02 mm can be attributed to the fact that the volumes were bi-cubically up-sampled to a resolution of 0.2 mm before inference. Therefore, the manual ground-truths predicted outer surfaces are smooth and consistent even in the presence of fine-grained details.



4.1.2. Generalization

The validation metric showed a steady convergence without any signs of overfitting throughout the entire optimization procedure that points to a well-parameterized network and data augmentation scheme. Furthermore, the results from our statistical analyses on Dice overlap in both inner ears imply the models freedom from side bias. Further, Dice overlap comparisons (group- and pair-wise) across the four testing datasets show no measurable difference in segmentation performance, indicating that the trained network is robust to variations in scanner hardware, image sequence parameters, and population characteristics. When discussing generalization, it is important to also consider whether quantitative metrics are sufficient to obtain trustworthy and interpretable results. A recent study (69) on chest X-ray classification for computer-aided diagnosis of COVID-19 cases has shown that it is vital to incorporate expert validation into the validation of results. Otherwise, it is possible that AI models learn to classify disease statuses based on confounding factors, rather than based on true pathology image content. In particular, image segmentation suffers less from the danger of spurious correlations than image classification: the segmentation output can be overlaid with the source image, and the model predictions become inherently interpretable. However, apart from quantitative metrics like Dice overlap score, or Hausdorff surface distance, a model validation can benefit from additional, expert-based qualitative ratings of the segmentation result. Hence, a differentiated Likert scale rating for the different inner ear structures (cochlea, sacculus, utriculus, anterior, posterior and horizontal semi-circular canal) was incorporated and obtained further insight into the model's performance. In particular, a performance pattern became evident in which, in decreasing order, the most robust results were found in the vestibulum (sacculus, utriculus), while cochlea and posterior SCC performed moderately well. Horizontal SCC and anterior SCC were most susceptible to segmentation errors. Notably, the lack of statistically significant differences in Likert ratings confirms that our model generalizes well. Ideally, these results should be corroborated in further prospective studies and larger cohorts.



4.1.3. Inference Speed Compared to Atlas

On average, the segmentation of a single volume with IE-Vnet took 0.19 ± 0.047 s, including volume loading and pre-processing, and 0.093 s for inference alone. The average segmentation time for inner ears was 377.0 ± 36.9 s using deformable registration. In total, the segmentation was about 2,000 times faster than a state-of-the-art atlas-based method. However, atlas registration is computed on the CPU, while the inference is fully GPU accelerated; hence the comparison is not entirely fair. It is worth noting that GPU-accelerated deformable registration libraries were introduced recently with speedups in the order of 10–100 times (70). Moreover, deep models for deformable (71) and diffeomorphic (72) image registration were recently proposed, allowing for registration times comparable to those of our model. However, deep models for registration are trained with dataset sizes in the order of a few thousand sample volumes (71, 72). Furthermore, atlas-based registration was less robust than IE-Vnet segmentation, as all test dataset volumes required manual correction after atlas pre-segmentation. Hence, our IE-Vnet model was not only trained on TFS contours obtained from registration. Instead, our segmentation model learned patient-wise adaptations, including individual threshold-based refinements and entire manual corrections of atlas auto-segmentations. Patient-specific prediction of the TFS contour, along with the fast inference in the order of milliseconds, makes deep convolutional network models like IE-Vnet attractive for large-scale studies in clinical and neuroscientific imaging-based studies of the inner ear.



4.1.4. Robustness Compared to Atlas

Atlas-based auto-segmentation in our datasets led to severe mis-segmentations (e.g., incomplete or missing semi-circular canals or cochlear turns), which occurred in 17.9% of cases in the training dataset (D1) and 22% of all cases in the test datasets (D2-5), and almost all cases in D2-5 required minor manual corrections along the entire TFS surface. Therefore, the actual speedup is probably much higher regarding automated post-processing or manual refinement steps necessary to fix atlas segmentation failures. The exact reason for the high rate of atlas mis-segmentations is unclear. It cannot be excluded that a better parameterization of the deformable registration could improve the success ratio. As mentioned, the very thin and, at times, low-contrast semi-circular canals would remain a challenge for atlas registration.




4.2. Comparison to Currently Available Neural Network Algorithms for MR Inner Ear Segmentation

In recent years, deep learning has revolutionized medical image analysis, particularly segmentation (73). Among an ever-growing number of architectures and approaches proposed for volumetric segmentation, two of the most popular and successful methods (74, 75) are 3D U-Net (49) and the previously proposed V-Net (48). In addition, the latest published suggestions for inner ear segmentation can also be seen in this development- whether for CT (76–78) or MRI (32, 33). In the following, currently available neural network algorithms used for MR inner ear (IE) segmentation will be compared (see Table 3 for an overview).


Table 3. Overview of MR IE deep learning segmentation algorithms in comparison.

[image: Table 3]

To the best of our knowledge, there are two machine learning MR IE segmentation proposals to date. First, Cho et al. (32) developed an automated measurement of 2D cochlea and vestibulum hydrops ratio from iMRI using CNN-based segmentation. Its primary difference is its usage of 2D data and focused usability on ELH area ratios in cochlea and vestibule. This tool should prove helpful to make ELH classifications (4, 5, 8, 9) more objective and comparable for clinical radiologists during the diagnostic assessment. For research purposes, ELH classification and 2D- or 3D- quantification methods were reliable and valuable for diagnosing endolymphatic hydrops (25). However, the reliability increases from ELH classification to 2D- and again to 3D-quantification methods (10). A model for complete 3D segmentation of TFS, including semi-circular canals (SCC), not only enables 3D volumetric analyses but gives it a substantially wider application area, e.g., IE surgical planning.

Second, Vaidyanathan et al. (33) recently suggested a fully automated segmentation of the inner ears TFS based on deep learning similar to our current approach. There are many overlaps in methodology and application, e.g., a similar network architecture. In the following, it will be referred to as IE-Unet. Compared to IE-Vnet, IE-Unet does not need to localize the inner ears in a separate pre-processing step. On the other hand, IE-Vnet operates at a more than twice higher resolution (0.2 mm isotropic vs. 0.45 mm), which leads to smoother surface boundaries of the output segmentation and can better deal with partial volume effects due to low voxel resolution in MRI. Notably, both solutions follow a similar approach to the same problem (IE MR TFS segmentation), which highlights their relevance and value compared to the method of Cho et al., whose usability is limited to the hydrops ratio in cochlea and vestibulum. Most importantly, though, both IE-Vnet and IE-Unet are highly complementary, making both trained models highly valuable. Therefore, we are choosing to publish our pre-trained model and accompanying code for training and inference open-source replication in other centers and alleviate similar studies in the community.



4.3. Clinical Implications

Deep learning models for medical image analysis have reached a maturity (74) that makes them relevant for further clinical and research-based investigations of the inner ear in the neuro-otological and vestibular domain. Once released, the proposed inner ear TFS segmentation approach using a dedicated deep learning (DL) model based on a V-Net architecture (IE-Vnet) has the potential to become a core tool for high-volume trans-institutional studies in vestibulocochlear research, such as on the endolymphatic hydrops (ELH).

IE-Vnet bridges the current gap existing for available automatic 3D ELS quantification methods. In particular, its input can be seamlessly combined with a previously published open-source pipeline for automatic iMRI ELS segmentation (27) via the TOMAAT module (81) in 3DSlicer (82).



4.4. Limitations and Future Work

There are methodical limitations in the current study that need to be considered in interpreting the data. One limitation of IE-Vnet in its current form is its reliance on a pre-localization and cropping of a cubical inner ear ROI obtained via deformable registration of the FHT and a transfer of the inner ear annotations. Their computational time was not considered in the discussion since both IE-Vnet, and the IET atlas-segmentation assume a previous localization and ROI cropping of the inner ear. The pre-processing steps are limited to localizing the left and right inner ear in the present work. This can be achieved fully automatically using a full-head registration and requires no manual interaction (other than, e.g., a post-registration visual inspection of whether the cropped ROI indeed contains the inner ear). In the current study, inner ear localization was successful for all 100% of inner ears. This can be achieved fully automatically using a full-head registration and requires no manual interaction (other than e.g., a post-registration visual inspection whether the cropped ROI indeed contains the inner ear). In this study, inner ear localization was successful for all 100% of inner ears. Given that IE-Vnet is trained to be robust toward a localization uncertainty of ~1 cm (cf. augmentations in Section 2.5.2) this registration can be parametrized at a reasonably low resolution (e.g., deformation fields at 5 mm resolution). Consequently, in our study, inner ear localization via deformable registration was comparatively fast and took 25 s for both inner ears of each subject on a commodity laptop with 4a CPU. Alternatively, the inner ears can also be manually localized using landmark annotation. Depending on the workstation hardware and registration parametrization, a fully automatic inner ear ROI localization could be performed in 1–2 min. A manual localization is much faster and requires two clicks, which can be performed in the order of seconds. However, it would be attractive to incorporate this step into the deep learning architecture itself, either via a cascaded setup of two networks (83), one for ROI localization and one for segmentation (IE-Vnet), or via a sliding-window inference approach (84). Both approaches are exciting avenues for future work. Another issue is that rare cases with strong artifacts can still lead to mis-segmentations (e.g., Figure 6D). However, such cases are statistically rare (long-tail problem) and challenging to solve. Instead, prior knowledge of the shape and topology of the inner ears TFS could be incorporated into the regularization model, e.g., through statistical shape models (85, 86).




5. CONCLUSION

The current work proposes a novel volumetric MR image segmentation approach for the inner ears total fluid space (TFS) using a dedicated deep learning (DL) model based on V-Net architecture (IE-Vnet). IE-Vnet demonstrated high accuracy, speedy prediction times, and robustness toward domain shifts. Furthermore, its output can be seamlessly combined with a previously published open-source pipeline for automatic iMRI ELS segmentation. Taken together, IE-Vnet has the potential to become a core tool for high-volume trans-institutional studies of the inner ear in vestibular research and will also be released as a free and open-source toolkit.
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Datasets D1-5: Measurement of the Auditory, Semicircular Canal, and Otolith Functions

Diagnostic work-up included a careful neurological (e.g., history-taking, clinical examination), and neuro-orthoptic assessment with, e.g., Frenzel goggles, fundus photography, adjustments of the subjective visual vertical (SVV), video-oculography (VOG) during caloric stimulation and head-impulse test (HIT), as well as pure tone audiometry (PTA). A tilt of the SVV is a sensitive sign of a graviceptive vestibular tone imbalance. SVV was assessed when sitting in an upright position in front of a half-spherical dome with the head fixed on a chin rest (87). A mean deviation of > 2.5 from the true vertical was considered a pathological tilt of SVV (87). The impairment of vestibulo-ocular reflex (VOR) in higher frequencies was measured by using high-frame-rate VOG with EyeSeeCam ((88), EyeSeeTech, Munich, Germany). A median gain during head impulses <0.6 (eye velocity in °/s divided by head velocity in °/s) was considered a pathological VOR (89). Furthermore, horizontal semicircular canal responsiveness in lower frequencies was assessed by caloric testing with VOG. This was done for both ears with 30°C cold and 44° C warm water. Vestibular paresis was defined as >25% asymmetry between the right- and left-sided responses (90).




ABBREVIATIONS

±, Standard deviation; 2D, Two-dimensional; 3D, Three-dimensional; ANTS, Advanced Normalization Toolkit; aSCC, anterior semi-circular canal; D1, Dataset 1, Training dataset; D2, Dataset 2, Test dataset; D3, Dataset 3, Test dataset; D4, Dataset 4, Test dataset; D5, Dataset 5, Test dataset; DL, Deep learning; ELH, Endolymphatic hydrops; ELS, Endolymphatic space; FLAIR, Fluid-attenuated inversion recovery; FH, Full-head; FHT, Full-head template; FOV, Field-of-view; GBCA, Gadolinium-based contrast agent; Gd, Gadolinium; GRAPPA, Generalized auto-calibrating partially parallel acquisition; HC, Healthy control; hSCC, horizontal semi-circular canal; IET, Inner ear template; IE-Vnet, Inner ear dedicated deep learning model based on a V-Net architecture; iMRI, Delayed intravenous gadolinium-enhanced MRI of the inner ear; iv, Intravenous; L, Left; MRI, Magnetic resonance imaging; n, Number; OTB, Optimal Template Building; PLS, Perlymphatic space; pSCC, posterior semi-circular canal; QC, Quality-control (led); R, Right; ROI, Region-of-interest; SCC, Semi-circular canal; SQ, Semi-quantitative; SPACE, Sampling perfection with application-optimized contrasts by using different flip angle evolutions; SyN, Symmetric Normalization; TFS, Total fluid space.



FOOTNOTES

1ANTs open-source code and binaries: https://stnava.github.io/ANTs/.

23D Slicer open-source code and binaries: https://www.slicer.org/.

3Project MONAI documentation and code: https://monai.io/.
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Vertigo (%) Dizziness (%) Double Vision (%)

SPN 74 30 Oculomotor palsy 13
HINTS central* 68 25 Trochlear palsy 18
HIT normal 95 85 Abducens palsy 13
Skew deviation 26 20 INO 37
sw 68 65 Skew deviation 2

An acute vestibular syndrome with SPN was more frequent in patients with vertigo
compared to dizziness. HINTS had a high diagnostic sensitiity, if SPN was present,
irespective of the chief complaint. Data are shown as % of all patients with the respective
chief complaint. HINTS, head impuise, nystagmus, test of skew; HIT, head impulse test;
INO, internuclear ophthaimoplegia; SPN, spontaneous nystagmus; SV, subjective visual
vertical. “HINTS is supposed to be applied only in patients with SPN. The reported HINTS
sensitivity in the table is imespective of the presence of SPN.
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Dataset D2 D3 D5
Mean sb Mean sD Mean sb Mean sb
(A) Accuracy
Dice 0906 0012 0.895 0.021 0.904 0014 0.894 0026
HDmax 0949 0862 0.804 0476 1.170 0774 0811 0565
SDmean 0020 0.003 0.023 0.005 0,021 0,003 0.023 0.006
(B) Performance
Cochlea 4.950 0224 4.900 0308 4900 0308 0.950 0224
Sacculus 5.000 0.000 5.000 0.000 4,950 0224 5.000 0.000
Utriculus 5.000 0.000 5.000 0.000 5.000 0.000 5.000 0.000
asce 4800 0616 4.800 05616 4900 0308 4750 0716
pSce 4.900 0.447 4.900 0.447 4850 0671 4.900 0308
hSCC 4950 0224 4.850 0671 4850 0671 4.800 0696

Segmentation accuracy (4) was measured by the quantitative metrics of Dice overizp coefficient (‘Dice), Hausdorff maximum surface distance (*HDmax," in [mmy), and average surface
distance (“SDmean,” in [mm). Localized performance () issues within the inner ear were assessed using a semi-quantiative five-point Likert-type response scale for the cochlea,
sacculus, utriculus, the anterior semi-circular canal (éSCC), posterior SCC (pSCC), and horizontal SCC (hSCC) respectively. A deteiled description of the used categories can be found

in Section 2.6.
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Deep learning
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Inthe following the current study is referredi to as “IE-Vnet."” The approach of Vaidyanathan et al. (33) s referred to as “IE-Unet.” Cho et al. (32) called their approach “INHEARIT and are
referred to as such. INHEARIT offers an automatic 2D area ELH (endolymphatic hydrops) ratio segmentation customized to the needs of @ cliical raciologist, while IE-Vnet and IE-Unet
enable 3D volumetric TFS segmentation with broad usabilty. The comparison considers a) parameters of the training and testing of the models, as well as their b) performance. IE-Vnet
and Unet represent a simir approach to the same problem and can be complementary. However, whie Unet offers a large dataset, IE-Vnet operates at a more than twice higher
resolution, and its pre-trained model and accompanying codebase will be published open-source. Cl, confidence interval 95%; ELH, Endolymphatic hycrops; HC, Healthy controls;
Hycrops-Mi2, HYbriD of Reversed image Of Positive endolymph signal and native image of positive periymph Signal- Multiplied with heavily T2-weighted MR cisternography; IDL,
idiopathic: hearing loss; IE, inner ear; INHEARIT, INner ear Hycrops Estimation via ARtifcial InTeligence; MD, Morbus Mnire; MRC, MR cistermography; n.a., not analyzed; n.r, not
reported; TFS, Total fluid space; VM, Vestibular migraine; VN, Vestibular neurits.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		IMAGING OF THE VESTIBULAR SYSTEM



		Editorial: Imaging of the Vestibular System



		Author Contributions



		Funding



		References









		Neural Correlates of Transient Mal de Debarquement Syndrome: Activation of Prefrontal and Deactivation of Cerebellar Networks Correlate With Neuropsychological Assessment



		Introduction



		Subjects and Methods



		Subjects



		Vestibular Testing



		Video-Oculography (VOG) (12)



		Video Head Impulse Test (vHIT)



		VEMPs









		Neuropsychological Tests



		VOSP



		Corsi Block Test









		Psychometric Testing



		Korean Beck Depression Inventory (K-BDI)



		Korean Beck Anxiety Inventory (K-BAI)









		Imaging Data Acquisition and Analysis



		FDG PET



		Structural MRI and fMRI



		Defining Regions of Interests (ROIs) and Seed-Based Functional Connectivity Analysis









		Data Availability Statement



		Statistical Analysis









		Results



		Demographic and Clinical Data



		Vestibular Testing



		Neuropsychological and Psychometric Tests



		FDG-PET Analysis



		Structural MRI



		Resting-State fMRI









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		A Prospective Analysis of Lesion-Symptom Relationships in Acute Vestibular and Ocular Motor Stroke



		Introduction



		Methods



		Patient Characteristics



		Protocol Approval and Patient Consent



		Trial Flow



		Scoring and Scaling of Chief Complaint, Symptom Duration, and Functional Impairment



		Assessment of Vestibular and Ocular Motor Signs



		MRI Protocol



		Voxel-Based Lesion-Symptom Mapping



		Statistics



		Data Availability









		Results



		Patient Characteristics



		Lesion Topography and Chief Complaint



		Lesion Topography and Symptom Intensity



		Lesion Topography and Symptom Duration



		Lesion Distribution, QoL, and Functioning Parameters









		Discussion



		Symptom Characteristics and Diagnostic Classification of Vestibular Stroke



		Symptom Characteristics and the Risk of Misdiagnosis of Vestibular Stroke



		Pathophysiological Principles Behind Lesion-Symptom Relationships in Vestibular Stroke









		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Case Report: Filling Defect in Posterior Semicircular Canal on MRI With Balanced Steady-State Gradient-Echo Sequences After Labyrinthine Ischemia in the Common Cochlear Artery Territory as an Early Sign of Fibrosis



		Introduction



		Case Description



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		The Correlation of a 2D Volume-Referencing Endolymphatic-Hydrops Grading System With Extra-Tympanic Electrocochleography in Patients With Definite Ménière's Disease



		Introduction



		Materials and Methods



		Ethics



		Subjects



		MRI



		Intratympanic Gd Injection



		Acquisition of MRI



		Image Processing of MRI









		ET-ECochG



		Recording Procedure of ECochG



		Measurement of the Amplitude Ratio and Area Ratio









		Pure-Tone Audiometry



		Statistical Analysis









		Results



		Clinical Characteristic of MD Patients



		ELH Evaluation and MRI Association With Clinical Characteristics



		ET-ECochG Analysis



		Correlation Between ET-ECochG and MRI









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References









		Endolymphatic Hydrops in Patients With Vestibular Migraine and Concurrent Meniere's Disease



		Introduction



		Materials and Methods



		Setting and Institutional Review Board Approval



		Study Population



		Nomenclature



		Vestibular and Auditory Testing



		Video-Oculography (VOG)



		VOG During Caloric Irrigation



		Video Head Impulse Test (vHIT)



		Cervical and Ocular Vestibular Evoked Myogenic Potentials



		Pure Tone Audiometry Test









		Delayed Intravenous Gadolinium-Enhanced MRI of the Inner Ear (iMRI)



		Data Acquisition



		Semi-quantitative Visual Grading of the Endolymphatic Space



		Volumetric Quantification of the Endolymphatic Space



		Parameters Derived From Endolymphatic Space Measures









		Data Availability Statement



		Statistical Analysis









		Results



		Demographic and Neurotological Findings



		Endolymphatic Hydrops (Visual Grading) and Its Correlation to Neurophysiological Data



		Volumetric Quantification of the ELS and Its Correlation to Neurophysiological Data









		Discussion



		Methodical Limitations









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References









		Intravenous Delayed Gadolinium-Enhanced MR Imaging of the Endolymphatic Space: A Methodological Comparative Study



		Introduction



		Materials and Methods



		Setting and Institutional Review Board Approval



		Study Population



		Nomenclature



		Measurement of the Auditory, Semicircular Canal, and Otolith Functions



		Delayed Intravenous Gadolinium-Enhanced MRI of the Inner Ear



		Data Acquisition



		Signal Quality Assessment



		Semi-quantitative Grading of the Endolymphatic Space



		2D- and 3D-Quantification of the Endolymphatic Space



		Parameters Derived From Endolymphatic Space Measures









		Statistics and Validation Parameters



		Influence of Gd Dosage, Gd Time Delay on SNR and via SNR on SQ Grading, 2D- or 3D-Quantitatification



		Interrelations Between SQ Gradings and 2D- or 3D Quantification



		Statistical Homogeneity



		Rater Repeatability and Reliability



		Interrelations Between SQ Grading, 2D- and 3D-Quantification



		Influence of Thresholds on Quantitative Measures



		Covariance of Clinical Measures and iMRI









		Influence of ELH Presence on SNR and SI















		Results



		Descriptive Statistics



		Influences of Signal Quality on ELS Quantification Methods (i)



		Interrelations Between ELS Quantification Methods (ii)



		Influences on Signal Quality (iii)



		Standard Values









		Discussion



		Within a Specific Dosage and Time Delay Range ELS Quantification Methods Remain Independent of Signal Intensity (i)



		Is There a Hierarchy Within ELS Quantification Methods? (ii)



		ELS Patterns in MD, HC (ii)



		ELH Extent Influences Signal Intensity in the Basal Cochlear Turn (iii)



		Normalization and Standardization of ELS Values



		Recommendations for Future iMRI Studies



		Methodological Limitations and Outlook









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References









		MRI With Gadolinium as a Measure of Blood-Labyrinth Barrier Integrity in Patients With Inner Ear Symptoms: A Scoping Review



		Introduction



		Methods



		Results



		Literature Search



		Animal Studies



		Human Studies









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Vestibular-Evoked Cerebral Potentials



		Introduction



		Vestibular Stimulation for Neuroimaging Studies and Their Application to Vestibular-Evoked Potentials



		Rotatory Chairs and Whole-Body Motion Platforms



		Application to VestEPs









		Caloric Vestibular Stimulation



		Application to VestEPs









		Galvanic Vestibular Stimulation



		Application to VestEPs









		Sound-Induced Vestibular Stimulation



		Application to VestEPs









		Impulsive Acceleration Stimulation



		Application to VestEPs









		Magnetic Vestibular Stimulation



		Application to VestEPs









		Intraoperative Vestibular Nerve Stimulation



		Application to VestEPs









		Conclusion









		Vestibular-Evoked Potentials



		Short Latency Vestibular-Evoked Potentials



		Short Latency Responses Under 10 ms



		Short Latency Responses Above 10 ms



		Component p10



		Component n15



		Component p20









		Conclusion









		Middle Latency Vestibular-Evoked Potentials



		The “20–30 ms Complex”



		The “42–52 ms Complex”



		Conclusion









		Late Latency Vestibular-Evoked Potentials



		Responses at 60–70 ms



		Responses at 80 ms



		Response at 110 ms



		Responses at 200 ms



		Responses at 300–500 ms



		Conclusion









		Conclusions and Perspectives



		Main Findings and Their Link With Vestibular Processing Along Ascending Pathways



		Parallel vs. Sequential Vestibular Information Processing in the Cerebral Cortex



		Laterality of Vestibular Projections and Hemispheric Dominance in the Vestibulo-Thalamo-Cortical System



		Replicability and Variability of Findings in VestEPs Studies



		Method of Vestibular Stimulation



		The Spatial Density of Recording Electrodes and the Montage









		Main Limits of VestEPs Studies



		Potential Applications of VestEPs in Neurology and Otoneurology



		Perspective of VestEPs for Cognitive and Systems Neuroscience



		Conclusion









		Author Contributions



		Funding



		Supplementary Material



		References









		IE-Vnet: Deep Learning-Based Segmentation of the Inner Ear's Total Fluid Space



		1. Introduction



		2. Materials and Methods



		2.1. Setting and Institutional Review Board Approval



		2.2. Datasets and Cohorts



		2.2.1. Training Dataset D1



		2.2.2. Test Dataset D2 and D3



		2.2.3. Test Dataset D4 and D5









		2.3. MR Imaging Data Acquisition



		2.3.1. Datasets D1-3



		2.3.2. Datasets D4-5









		2.4. Creation of Ground Truth Using Atlas-Based Segmentation



		2.5. IE-Vnet Neural Network Architecture and Training



		2.5.1. Architecture and Loss Function



		2.5.2. Pre-processing and Augmentation Scheme



		2.5.3. Optimization









		2.6. Validation Parameters



		2.7. Statistical Testing









		3. Results



		3.1. Training Results



		3.2. Test Results



		3.3. Impact of Side and Domain Shift









		4. Discussion



		4.1. Technical Implications



		4.1.1. Accuracy of Segmentation



		4.1.2. Generalization



		4.1.3. Inference Speed Compared to Atlas



		4.1.4. Robustness Compared to Atlas









		4.2. Comparison to Currently Available Neural Network Algorithms for MR Inner Ear Segmentation



		4.3. Clinical Implications



		4.4. Limitations and Future Work









		5. Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Datasets D1-5: Measurement of the Auditory, Semicircular Canal, and Otolith Functions









		Abbreviations



		Footnotes



		References























OPS/images/fneur-11-00585/fneur-11-00585-g002.gif





OPS/images/fneur-12-662264/fneur-12-662264-g001.gif





OPS/images/fneur-11-00585/fneur-11-00585-g003.gif





OPS/images/fneur-12-662264/fneur-12-662264-g002.gif
‘Records Geotted
H S
| R N p—
Py
§ s
e
14 [rr—
3 | "
o |
— =
==
| ==
)
"





OPS/images/fneur-11-00585/crossmark.jpg
©

2

i

|





OPS/images/fneur-11-00585/fneur-11-00585-g001.gif
FDG PET-CT 3D image
m“/’" a

E A

DS () MDS €
R ncrense,Green:derese
008 keto0

£






OPS/images/fneur-11-00585/fneur-11-00585-t002.jpg
With t-MdDS

(n=15)

Visuospatial perception
Position discrimination  18.9  1.80

Number location 7732
Cube analysis 93%15
Block design 89%22
Visuospatial memory

Corsi block test 6409

aMann-Whitney U-test.

Without t-MdDS

(=13

184+ 4.0
65+26
8321
8435

53+12

p-value®

0.94
0.20
0.07
0.79

0.016





OPS/images/fneur-12-647296/inline_6.gif
TFSg,

meax203.0





OPS/images/fneur-11-00585/fneur-11-00585-t003.jpg
Brain Regions

Increased
Superior occipital gyrus
Superior frontal gyrus
Superior parietal lobule
Inferior parietal lobule
Decreased

Iferior semi-lunar lobule
Nodule

Uvla

Tonsil

Side

-- -

10

10

-4

-34

Coordinates (mm)

y

z

34
29
50
44

Z-score

274
3.52
3.46
281

-2.76
-2.56
—2.62
—2.38
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Characteristics  With t-MdDS (15/28, Without t-MdDS  p-value

53.6%) (13/28, 46.4%)
Age 50.9+60 56.7:£82 0.08"
Sex (male), n (%) 6 (40.0) 6(46.2) 1.00*
Education 102427 91£27 030"
(years)
MMSE 288+ 14 276£17 0.06™
K-BDI 227 155 0.11t
K-BAP 7.92 88 0.39%
Handed (Right), 15 (100) 12 (100)
n (%)
Time at sea
Total (years) 1897.7 201 £175 0.89*
Months per year 7.6 + 1.8 69:£17 0.13"
(months)
Hoursperday ~ 8.12.1 6.7£40 0.25"
(hours)
Duration of symptoms (hours)
Mean (SD) 327 (1.39)
Median 3
Range 2-6
Motion sickness, 1(6.7) 7(683) 0.02*
n (%)
Migraine 6(40) 3(23) 0.47
Aggravating Bad sea conditions (windy
factors with large waves)

Relieving factors  Sufficient rest, ying down,
or sleeping, during motion
and driving

“Fisher's exact test; T Student's t-test; *"Mann-Whitney U-test; K-BD, Korean Beck
Depression Inventory; ®K-BAI, Korean Beck Anxiety Inventory.
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Author n
Lombardoetal. 11

69

Berrettini et al. (63) 38

Naganawa etal. 12
(60)

Laine etal. (74) 29

Controls (n)

Matched
controls (11)

Healthy
controls (11)

Healthy
controls (8)

Healthy
controls**

MRI delay

Otosclerosis

MRI protocol

Pre, post (ND) 3D-FLAIR, 3T

Pre, Post (ND) 3T, 3D-FLAIR

Post (4h)

Post (4h)

hT2W-3D-FLAR,
31

3T, 3D-FLAR

Gd agent (dose)
Gadoterate

meglumine (0.1)

Gadoterate
meglumine (0.1)

Gadodiaride (0.1)

Gadobutrol (0.1)

Signal
assessment

Quantitative,
Qualitative

Quantitative,
Qualitative

Quantitative

Quantitative,
Qualitative

Findings regarding
enhancement

9 (82%) had
pre-contrast
enhancement, 8
(73%) had
post-contrast
‘enhancement.

26 (68%) had
pre-contrast
enhancement, 14
(37%) had
post-contrast
‘enhancement.
Signal intensity of
diseased ears was
higher than controls.
8 (21%) of affected
ears had visual
enhancement. Signal
intensity of affected
ears was higher than
contralateral ears.

Correlation with
symptoms

ND

Post-contrast
enhancement
correlated to more
advanced disease.

Signal intensity
correlated to more
advanced disease.

No correlation
between signal
intensity and level of
hearing loss or
vertigo.

Data not included by authors in each study is depicted as “not described” (ND). Contrast delay described as “ND" is used to describe studies that did not report a specific delay time
and is assumed to have performed MRI immediately after contrast injection. Quantitative signal assessment methods involve the use of signal intensity measurements with regions of
interest within the inner ear as compared to other imeged regions such s the cerebellum. ***Control ears were asymptomatic ears of patients with unilaterel disease (ecute vestibular
syndrome). T, tesla; Gd, gadolinium; FLAIR, fluid-attenuated inversion recovery; hT2W, heavily T2-weighted.
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Author Clear  Clearly ParticipationUniform  Sample Size Exposure ~ Sufficient  Varied Clearly Exposure Clearly ~ Assessors <20% Loss Confounders

Research Specified  >50% Inclusion  Justification measured  Timeframe Exposure Defined ~ Assessed Defined  Blinded  to Follow-up Addressed
Question Pop. Criteria before Levels Exposure  Overtime Outcome
outcome Measured
Sartoretti- N N NA N N ¥ ¥ ¥ N N N N NA v
Schefer
(34
Sartoretti- N Y NA ¥ N Y N Y N N N N NA N
Schefer
@)
Fitzgerald and N N NA ¥ N ¥ N N N N N N NA N
Mark (36)
Stokroos et al. Y N NA 37 N ¥ N N N N N N NA N
©7)
Struppetal. (38) | Y N NA 37 N Y v N Y N N N NA N
Schicketal.(39) N N NA N N ¥ N N N N N v NA N
Naganawaetal. | Y Y NA ¥ N NA NA Y v Y N N NA NA
“0)
Naganawaetal. | Y % NA Y N NA NA Y Y Y ¥ N NA NA
@3
Cadonietal. (41) N W NA ¥ N Y Y Y N N N N NA N
Sugiura et al v ¥ NA ¥ N Y 57 N Y N N N NA
“2)
Sone et al. (43) Y Y NA N N ¥ v Y e N N N NA N
Carfrae etal. (8) | Y N NA ¥ N Y Y N Y N N NA Y
Yoshida et al. v w NA 37 N ¥ Y Y v v Y N NA N
4)
Yamazaki et al. v Y NA Y N v v Y v N ¥ N NA v
“8)
Les etal. (46) ¥ Y NA N N Y N Y Y N ¥ N NA Y
Nakataetal. (47) N N NA Y N Y v Y Y N Y v NA v
Tagayaetal. (48) Y N NA N N ¥ Y N N4 N Y Y NA v
Tanigawa et al. v Y NA ¥ N ¥ N Y v N ¥ ¥ NA N
49
Suzukietal. (50) | Y 37 NA N N Y Y N ¥ N ¥ N NA N
Tagayaetal (51) Y N NA N N ¥ v N Y N v v NA v
Naganawaetal. | Y Y NA N N Y Y Y ¥ ¥ Y Y NA N
(62)
Sano et al. (59) v N NA N N ¥ N Y Y v v v NA v
Berretlini et al. ¥ Y NA ¥ N Y Y Y ¥ N Y N NA Y
50
Ishikawa et al v Y NA Y N ¥ Y ¥ ¥ N Y N NA v
5)
Kim et al. (56) ¥ N v Y N Y N Y ¥ v ¥ Y NA ¥
Tanigawa et al. ¥ N NA ¥ N Y N Y 37 N Y ¥ NA N
7)
Liao et al. (58) N N W Y N Y N Y Y N Y Y NA ¥
Lombardoetal. | Y Y ¥ Y N Y Y N ¥ N Y Y NA Y
(59
Naganawa etal. | Y v Y Y N Y v N 57 N ¥ N NA Y
(60)
Pakdaman etal. | Y W ¥ v N Y N N 37 N ¥ N NA ¥
)
Attye et al. (62) N Y NA G N Y 37 N ¥ N N ¥ NA Y
Berrettini et al, ¥ N NA Y N W v N Y N Y Y NA ¥
63)
Byun etal. Y Y Y Y N Y Y Y N % N ¥ NA Y
Elezer etal. (65) Y v NA Y N Y 57 Y 57 N ¥ Y NA ¥
Bernaerts ot al. Y Y NA ¥ N Y Y N ¥ N N Y NA N
(66)
Conteetal. (67) | Y ¥ Y W N Y 57 N 57 N 37 N NA ¥
Eliezer etal. (68) Y W NA ¥ N Y N N 37 N N Y NA Y
Wangetal. (69) | Y Y NA Y N Y N N N N ¥ Y NA ¥
Bowenetal. (70) Y N NA Y N Y % Y ¥7 Y Y N NA Y
Elezer etal. (71) Y N NA Y N Y Y N 57 N N Y NA N
Elozoretal. 1) N N NA N N N N N Y N N Y NA N
Kahn et al. (73) N ¥ NA Y N Y Y N ¥ N N ¥ NA N
Laineetal. (74) | Y ¥ NA Y N Y Y N 37 N 37 v NA ¥

Deteils of each quelity assessment category is expleined in Table 1. Studies that dfd not describe participation and follow-up deteis were described as “not aveileble” (NA) for *50% patient participation” and *<20% loss to folow up.”
For studies of healthy human ears, “not available” (NA) was used to describe “Exposure measured before outcome” and “Sufficient Timeframe”.
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Idiopathic sudden sensorineural hearing loss and vestibular neuritis

Author n Controls (n) MRI Timing MRI protocol Gd agent (dose Signal Findings regarding Correlation with
(time after in mmolrkg) assessment enhancement symptoms and
contrast) prognosis

Stokoos etal. (37) 27 ND Pro,Post (ND)  >1T MRI, TIW ND Qualitative 1 (3.7%) had high ND

signal intensity pre- and
post-contrast

enhancement,
Strupp et al. *(38) 60 ND Post (ND) 1.5T, TIW and Gd-DTPA (0.2) Qualttative No enhancement in any ND
Tow patient (0%).
Cadoni et al. (41) 54 ND Pre, Post (ND) 15T, TiW and Gd-DTPA (ND) Qualitative 2(3.7%) had ND
3D-FLAR pre-contrast high signal
intensity, 1 (1.9%) had
post-contrast
enhancement.
Sugiura et al. (42) 8 Contralateral Pre, Post 3T, 3D-FLAR Gadodiamide (0.1)  Qualtative 4(50%) had 2 (100%) patients with
ear (§) (10min) pre-contrast high signal  vertigo had
intensity, 1(12.6%) had pre-contrast high signal
enhancement at intensity. Patient with
10min. post-contrast
enhancement had poor
outcome.
Yoshida et al. (44) a8 Contralateral Pre, Post 3T, 3D-FLAR Gadodiamide (0.1) Qualtative 31 (65%) had 8(80%) with high signal
car (48) (10min) pre-contrast high signal ~ intensity in labyrinth
intensity, 16 (33%) had had vertigo. High signal
enhancement at intensity pre-contrast,
10min. not post-contrast,
correlated with worse
prognosis.
Tagaya et al. (48) 10 Contralateral Pre, Post (4h) 3T, 3D-FLAR Gadoteridol Quantitative 5/10 (50%) of patients ND
ear (9) 0.102) had signal
enhancement over
controls after 4h.
Berrettinietal. (54) 23 Healthy Pre, Post (ND) 3T, 3D-FLAR Gadobutrol (0.1) Qualitative 13 (57%) had Patients with
controls and pre-contrast high signal  pre-contrast high signal
contralateral intensity, 8 (35%) had intensity had lower
ear (20) post-contrast initial hearing levels.
enhancement. Enhancement pattern
not correlated with
prognosis.
Kim et al. (56) 30 Contralateral Post (10 min, 3T, 3D-FLAR Gd-DTPA(0.2) Quantitative Enhancement in ND
ear (30) 4hr) affected ears was only
greater than unaffected
at 10min.
Tanigawa et al. 11 pre, 18 ND Pre, Post (ND) 3T, 3D-FLAR Gadodiamide 0.1)  Qualitative 2(11%) had High signal intensity
67) post pre-contrast high signal ~ only seen in patients.
intensity, 1 (9%) had with more severe
post-contrast impairment. Patient
enhancement. with post-contrast
enhancement had
significant improvement
Liao et al. (58) 54 Contralateral Pre, Post 1.5T, 8D-FLAR, Gadobutrol (0.1) Quantitative, Visual: 32 (59%) had Degree of
car (54) (10min) 3D-FIESTAC, Qualtative pre- and post-contrast enhancement
FSPGR high signal intensity. asymmetry correlated
Quantitative: 43 (80%) to final hearing loss.

had pre-contrast high
signal intensity, 37

(69%) had
post-contrast
enhancement.
Pakdaman et al. 11 Contralateral Post (4h) at, Gadopentetate Quantitative No significant signal ND
©1) ear (32) hT2W-3D-FLAIR dimeglumine (0.2) diference between
affected and
contralateral ears.
Byun et al. *(64) 29 Contralateral Pre, Post 3T, 3D-FLAR Gd-DTPA (0.2) Qualitative 3(10%) had Duration of
ear (29) (10min, 4 h) enhancement at ‘spontaneous
10min, 20 (69%) had nystagmus was
enhancement at 4h correlated to
enhancement at 4 h.
Eliezer et al. *(68) 30 Healthy Post (4h) 3T, 3D-FLAR Gadobutrol (0.1) Qualitative 26 (87%) had ND
controls (26) post-contrast
enhancement.
Wang et al. (69) 100 Contralateral Post (4h) 3T, 3D-FLAR Meglumine Quantitative, 65 (65%) had Enhancement
ear (100) gadopentetate Qualitative post-contrast correlated to more
0.2) enhancement. severe hearing loss.
Degree of
‘enhancement

asymmetry correlated
to final hearing loss.

Studies designated with () indicate studies of patients with vestibular neuritis. Allother studies included in the table involved patients with idiopathic sudden sensorineural hearing loss (ISSHL). Data not included by authors in each study
is depicted as “not described” (ND). Under the column MRI delay, “ND" s used to describe studies that did not report a specific delay time and is assumed to have performed MRI immedately after contrast injection. “Pre” indicates a
scan was performed prior to the administration of contrast. Quantitative signal assessment methods involve the use of signal intensity measurements with regions of interest within the inner ear as compared to other imaged regions
such as the cerebellum. **eight patients from Suguira 2006. T, tesla; Gd, gadolinium; FLAIR, fluid-attenuated inversion recovery; FIESTA, fast imaging employing steady-state acquisition; hT2W, heavily T2-weighted: FSPGR, fast spoiled
gradient-echo; Gd-DTPA, gadolinium with diethylenetriaminepentacetate; TIW, T1-weighted: T2W, T2-weighted.
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Ménire’s disease

Author n Controls (n) MRI delay MRI protocol Gd agent (dose) Signal Findings regarding Correlation with
assessment enhancement symptoms
Fitzgerald et al. 13 ND Pre, Post (ND) ~ 1.6T, T2W ND Qualitative 1(8%) had abnormal ND
@6) MRI findings.
Carfrae etal. (§) 7 Healthy Post (4h) 3T, TIW Gadodiamide (0.3)  Qualitative Al (100%) patients and ND
controls (4) controls had
enhancement by 4 h.
Suzuki et al. (50) 32 ND Post (4h) hT2W-3D- FLAIR Gadoteridol (0.1) Quantitative Signal intensity was No correlation between
and 3D- FLAIR, 3T and Gadodiamide higher in patients who hearing level and signal
©2 received a double dose  intensity.
vs. single dose of
contrast.
Tagaya et al. (48) 12 Gontralateral Post (4h) 3D FLAIR and 3D Gadoteridol (0.2) Quantitative Signal intensity of ND
ear (10) MR, 8T diseased ears was
higher than
contralateral ears.
Sano et al. (53) 6 Contralateral Post (10min, hT2W-3D- FLAIR Gadodiamide (0.1)  Quantitative Signal intensity of ND
ear (7) ah) diseased ears greater
than contralateral at 4h
but not 10min in
definite and possible
Ménisre's.
Naganawa et al. 10 ND Pre, Post 3T, Gadodiamide (0.1)  Quantitative No pre-contrast ND
©2) (10min, hT2W-3D-FLAIR increased signal
35-45h) intensity or 10m
enhancement.
Increased signal
intensity seen at
35-4h.
Naganawa et al. 9 Healthy Post (4h) hT2W-3D-FLAR, Gadodiamide (0.1)  Quantitative Signal intensity of ND
(60) controls (8) 37 disease ears not higher
than controls.
Pakdaman et al. 32 Contralateral Post (4h) hT2W-3D-FLAIR, Gadopentetate Quantitative Symptomatic ears had Al ears with
©1) ear (43) 37 dimeglumine (0.2) higher signal intensity ‘symptomatic hydrops
than contralateral ears. had enhancement
Attye et al. (62) 200 Healthy Post 3T, 3D-FLAR Gadoterate Qualitative 15 (7.5%) had ND
controls (30) (4.5-5.5h) meglumine (0.1) enhancement of the
semicircular canals.
Eliezer et al. (65) 20 Contralateral Post (4h) 3T, 3D-FLAR Gd-DOTA and Quantitative, No difference in signal ND
ear (20) Gadobutrol Qualitative intensity between
©0.1.0.2) symptomatic and
asymptomatic for either
Gdagent (p = 0.14).
Beraerts et al. 78 Contralateral Post (4h) 3T, 3D-FLAIR Gadobutrol (0.2) Qualitative 51 (65%) symptomatic ND
(66) ear (78) ears had enhancement,
2(2.6%) contralateral
ears had enhancement.
Kahn et al. (73) 31 Healthy Post (4h) 3T, 3D-FLAIR Gadobutrol (0.1) Qualitative 26/35 (74%) Enhancement
controls*™* symptomatic ears had correlated to hearing
@3 enhancement, 2/27 level but not duration of

(7.4%) asymptomatic
«ears of Meniere's
patients had
enhancement. No (0%)
enhancement in control
ears.

disease

Data ot included by authors in each studly s depicted as “not described” (ND). Under the column MR delay, “ND" s usedto describe studies that cid not report a specific delay time andis assumed to have performed MRl immediately
after contrast injection. *Pre" indicates a scan was performed prior to the administration of contrast. Quantitative signal assessment methods involve the use of signal intensity measurements with regions of interest within the inner
ear as compared to other imaged regions such s the cerebellum. ***Control eers were asymptomatic ears of patients with unilateral cisease (hearing loss, vestibular neurtis), T, tesle; Gd, gadolinium; FLAIR, fluid-attenuated inversion
recovery; FIESTA, fast imaging employing steacy-state acquisition; hT2W, heavily T2-weighted; FSPGR, fast spoiled gradient-echo; Gd-DTPA, gadolinium with diethylenetriaminepentacetate; DOTA, dodecane tetraacetic acid; riR, real
inversion recovery; TIW, T1-weighted: T2W, T2-weighted.
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Author n
Yamazakietal. 28 pre, 18
“5) post

Leeetal (46) 34

Ishikawa et al. (55) 21

Bowen etal. (70) 8

Controls ()

Contralateral
ear (28)

Contralateral
ear (34)

Normal
controls (27)

ND

Vestibular schwannoma

MRI delay

Pre, Post
(10min)

Post (7 min)

Post (ND)

Pre, Post
(10min,
5-8h)

MRI protocol

3D-FLAIR,

Gd agent (dose) Signal

3D-T2W, 3 T/41.5T Gadodiamide (0.1)

3T, 3D-FLAR

3D-FIESTA

3T, 3D-FLAR

assessment
Gd-DTPA or Quantitative
Gadopentetate  Quantitative,

dimeglumine (0.1) Qualitative

Gd-DTPA or Quantitative,
Gadodiamide (0.1) Qualitative

ND Quantitative

Findings regarding
enhancement

Pre-and
post-contrast signal
intensity of affected
ears was higher than
controls.

Visual: 33 (97%) had
cochlear
enhancement, 31
(94%) had vestibular
enhancement.
Quantitative: Signal
intensity was higher
in affected ears.

Visual: 20 (95%) had
decreased signal
compared to

controls,

Quantitative: Affected
ears had decreased
signal intensity.

2 (25%) had
enhancement at
10min, 6 (75%) at
5-8h. Signal intensity
at5-8h was higher
than at 10 min.

Correlation with
symptoms

Pre-and
post-contrast signal
intensity not
corretated to hearing
level

No correlation
between signal
intensity and degree
of hearing loss

ND

Signal intensity at
5-8h correlated to
word recognition
scores but not initial
symptoms, tumor
size, or tumor growth.

Date not included by authors in each study is depicted as ‘not described” (ND). Contrast delay described as “ND" is used to describe stuies that did not report a specific delay time
and is assumed to have performed MR immediately after contrast injection. Quantitative signal assessment methods involve the use of signal intensity measurements with regions of
interest within the inner ear as compared to other imaged regions such as the cerebellu. T, tesla; Gd, gadolinium; FLAIR, fluid-attenuated inversion recovery; FIESTA, fast imaging
employing steadly-state acquisition; hT2W, heavily T2-weighted: FSPGR, fast spoiled gradient-echo; Gd-DTPA, gadolinium with diethylenetriaminepentacetate; T2W, T2-weighted.
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Modified NIH quality assessment checklist

Original question

Was the research question or objective in this paper clearly stated?
Was the study population clearly specified and definedt?

Was the participation rate of eligible persons at least 50%?

Were all the subjects selected or recruited from the same or similar populations
(including the same time period)? Were inclusion and exclusion criteria for being in the
study pre-specified and applied uniformly to all participants?

Was a sample size justification, power description, or variance and effect estimates
provided?

For the analyses in this paper, were the exposure(s) of interest measured prior to the
outcome(s) being measured?

Was the timeframe sufficient so that one could reasonably expect to see an
association between exposure and outcome if it existed?

For exposures that can vary in amount or level, did the study examine different levels
of the exposure as related to the outcome (€.g., categories of exposure, or exposure
measured as continuous variable)?

Were the exposure measures (independent variables) clearly defined, valid, reliable,
and implemented consistently across all study participants?

Was the exposure(s) assessed more than once over time?

Were the outcome measures (dependent variables) clearly defined, valid, reliable, and
implemented consistently across all study participants?
Were the outcome assessors blinded to the exposure status of participants?

Was loss to follow-up after baseline 20% or less?
Were key potential confounding variables measured and adjusted statistically for their
impact on the relationship between exposure(s) and outcomels)?

Specific interpretation used

Was the assessment of abnormal inner ear enhancement or blood-labyrinth
barrier breakdown a specified goal of the research?

Was the study population specified as a single or multi-center sample? Was
the sampling method described?

Were the inclusion criteria specific and applied uniformly?

Was a power analysis included to justify sample sizes?
Were patients included in the study prior to MRI assessment?

Did patients undergo MRI within a reasonable time frame from symptom
onset in studies of disease states? (.., within 30 days for ISSHL)

Were both pre-contrast and post-contrast MRI evaluated?

Were the MRI protocol and contrast dose and agent clearly described?

Was MRI performed and assessed at varying time points following contrast
administration?

Was the measurement of contrast enhancement done with clearly specified
and reliable methods?

Was it clearly specified that MR findings were evaluated by individuals
biinded to the ciinical status of patients?

Were reasonable controls used as comparisons to diseased ears?

If no interpretations are specified, the original question was sufficient for our purposes. MRI, magnetic resonance imaging, ISSHL, idiopathic sudden sensorineural hearing loss.
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All Definite
n=24 n=19

Probable
n=5

Al
n=28

MD

Definite
n=15

Probable
n=13

Inner ear
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Ipsiateral
Contralateral
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Ipsilateral
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Ipsilateral
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cDiff-Ratio [%)]
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Vestibulum
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Ipsilateral
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vDiff )
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Neurophysiological testing results

Location of EH Normal Vestibular deficits Cochlear deficits Vestibulocochlear deficits Total Fisher’s
n=24 n=13 n=12 n=13 n=62 exact test

A) Anatomical location of EH and correlation to neurophysiological data based on visual grading

No EH 19 8(61.5%) 6(50.0%) 2(16.4%) 3
(79.2%)
Vestibular EH 0(0%) 1(7.7%) 0(0%) 0(0%) 1 p <0005
Cochlear EH 4(16.7%) 2(15.4%) 2(16.7%) 4(30.8%) 12
Vestibular and 1(4.2%) 2(15.4%) 4(33.3%) 7(563.8%) 14
cochlear EH

Neurophysiological testing results

Laterality of EH Normal Right-sided deficits Left-sided deficits Bilateral deficits Total Fisher’s
n=28 n=12 n=16 n=6 n=62 exact test

B) Laterality of EH and correlation to neurophysiological data based on visual grading

No EH 22 3(25.0%) 5(31.3%) 4(66.7%) 34

(78.6%)
Right-sided EH 4(14.3%) 8(66.7%) 1(6.3%) 1(16.7%) 14 p <0005
Left-sided EH 0(0%) 0(0%) 9(56.3%) 1(16.7%) 10

Bllateral EH 2(7.1%) 1(8.3%) 1(6.3%) 0(0%) 4
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Vestibulum Cochlea

3D 2D sa 3D 20 sa
(A)MD + HC
w 099 099 074 099 097 070
p-Value 60-180 7e-175 5026 1e-180 3e-124 1e-20
F-Value 238.1 2133 57 2422 69.9 47
(B) MD
w 099 099 071 099 098 062
p-Value 4e-125 7e-129 26-15 26128 26-108 80-09
F-Value 2385 2685 49 2645 1203 32
W = Kendall's coefficient of concordance between multiole rankings. s value ranges from 0 to 1, unity being attained for perfect agreement between rankings.
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Grade 2 Scala media is
scalloping into the
Displacement of  scala tympani, PLS has.
RM, cochlear duct  a semicircular
> scalavestioul  appearance

Grade 3 Aseverely distended
scala media causes a
flattened appearance of
the perilymph space

VESTIBULUM
Siceof  Lowestsliceof ~ Same as Nakashima
evaluation  vestibulum L-SCC et al. (19)

stillvisible

Grade 0 AR <33.3%

Grade1  83.3%< AR
<50%
Grade 2
AR >50%
Grade 3

Barith etal. (20)

Midmodiolar level

No displacement of
RM, interscalar
septum, scala tympani,
cochlear duct, scala
vestibuli visible

Iregular dilation and
partial obstruction of
the scala vestibui,
cochlear duct indirectly
visible as nocular black
cut-out of the scala
vestibuli

No scala vestibuli
visible

Midmodiolar level

AR <50%, sacculus
and utriculus are
distinguishable

AR >50%, PLS
remains visible with
circular rim
enhancement

No PLS visible

Attyé et al. (81)

Same as Nakashima
etal (19)

Axial slice through
inferior part of
vestibulum

SURI <1, no saccular
abnormality

SURI >1

No sacculus visible

Kirsch etal. (22)
Boegle et al. (present
data)

Midmodiolar level

“X-mas tree” made of
circles with “very thin,
clear, hypointense line”
(cp. Figure 1A).

“X-mas tree” with “X-mas
lights”, where ELS is
slightly enlarged and
indirectly visible as a nodular
black cut out (cp.

Figure 1B).

“X-mas tree” with “X-mas
balls”, where ELS is
bulding into scala tympani
whilst giving the PLS a
semicircular appearance
(cp. Figure 1C).

“X-mas tree” with “X-mas
garlands”, where ELS is
distended and causes a
flattened appearance of the
PLS (cp. Figure 1D).

Vestibulum inferior part;
L-SCC still visible

Sacculus < utriculus,
otoiiths still distinguishable
(cp. Figure 1A).
Sacculus (sign should
remain as is) utriculus,
otoiiths are stil
distinguishable (cp.
Figure 1B).

Sacculus & utriculus are
confluent, PLS rim visible
(cp. Figure 1C).

No otolith organs
distinguishable, no PLS
visible (cp. Figure 1D).

Bernaerts et al. (21)
Bernaerts and de
Foer (23)

Midmodiolar level

“Very thin, clear,
hypointense line”
(=non-enhancing scala
media or ELS) between
clearly enhancing scala
vestibuli and scala tympani
(=PLS)

“X-mas tree” (=enhancing
scala vestibuli and scala
tympani) with “X-mas
balls” (=nodular
enlargement non-enhancing
scala media)

“X-mas tree” (=enhancing
scala vestiouli and scala
tympani) with “X-mas
garlands” (=linear enlarged
non-enhancing scala media)

Vestibulun inferior part

AR <50%,sacculus <
utriculus, otoliths are
distinguishable

Sacculus > utriculus,
otoliths are distinguishable

Sacculus and utriculus are
confluent, PLS remains
visible with circular rim
enhancement

No PLS visible

AR, area ratio; ELS, endolymphatic space; L-SCC, lateral semicircular canal; PLS, perilymphatic space; SURI, ratio > 1 between the area of the sacculus and the area of the utriculus,
RM, Reissner’s membrane. The bold text highlights the main or most important characteristics.
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Age (in years]
Age range

Gender

Handedness

(A) Clinical syndrome

Type of vertigo

Duration of ilness fin months]
Number of attacks altogether

Number of attacks in the last 3 months
Duration of attacks fin hours]
Time since last attack [in days)
Nausea, Vomiting

VM-Headache

Sensitivity to light or noise

Focal neurological deficits
History of migraine

Family history of migraine
Other-Headache
MD-Ear-symptoms

MD-bilateral

MD-ipsiateral

MD-contralateral
Other-Ear-symptoms
Other-bilateral

Other-ipsiateral
Other-contralateral

(B) Diagnostic characteristics
CEMD

PEMD ipsilateral

SWV ipsilateral, pathologic
Caloric ipsilateral, pathologic
Caloric contralateral, pathologic
Caloric bilateral, pathologic
Caloric ipsilateral [°/5]

Caloric contralateral [/s]

Caloric Asymmetry-Index [%]
HIT ipsilateral, pathologic:

HIT bilateral, pathologic

HIT ipsilateral [gain at 60ms]

HIT contralateral [gain at 60ms]
Audio MD-typical ipsilateral
Audio MD-atypical ipsilateral
Audio Presbyacusis-typical
Audio low-frequency ipsilateral [dB]
Audio low-frequency contralateral [dB]

All

n=75

56.2+14.9
22-81
36 females
97% RH, 3% LH

73% Ro, 25% Sw, 2% Lh
56.8+88.7
487 566
15.0£37.8

5.0 +6.9(0.5-24)
35.4 +44.7 (1-180)
86.7%

1.8%

9.7%

8.0%

1.7%

5.1%
22.7%
84.0%
25.3%
81.3%

8.0%

80%

8.0%

93%

0%

93%
53.3%
28%
83.6%
0%
1.4%
7.6+ 6.9 (0.8-40.6)
12.8 +8.4 (1.6-65.0)
34.8:422.7 (0.7-906)
48.4%

63%
08:+02(0.2-1.1)
08:£02(0.4-1.1)

76.2%

32%

0%
41.323.1 (8.0-110.0)
21.1 £ 14.4 (7.0-77.0)

Definite

n=35

548+ 14.1
2777
14 females
100% RH

83% Ro, 14% Sw, 3% Lh

490849
47.2 £ 49.1
185 +52.4

32£80(05-12)

36,1+ 43.4 (1-180)

97.1%
0%
8.6%
0%
3.1%
0%
286%
94.3%
31.4%
94.3%
11.4%
2.9%
2.9%
0%
0%

2.9%
60.0%
34.3%
94.3%

0%

0%
7.8+7.8(09-40.3)
18,84 9.7 (1.6-55.0)

36.4 4 23.3 (0.9-40.6)
51.6%
65%

07 +02(0.2-1.02)
0802 (0.4-1.01)
93.3%

0%

0%

49.9 £ 20.3 (10.0-110.0)

203+ 11.6 (7.0-63.0)

Probable

n =40

556+ 158
22-81
22 females
93% RH, 7% LH

4% Ro, 33% Sw, 3% Lh

635 92.4
49.8%62.7
12.4£212

6.7 87 (05-24)
33.9 % 47.0 (1-180)
775%
25%
10.0%

15%

0%

11.5%
17.5%
75.0%
20.0%
70.0%
5.0%
12.5%
12.5%

15%

0%

15%

47.5%

22.5%

73.7%

0%

2.6%
75+6.1(0.8-34.4)
1.9+ 7.0 (2.7-32.5)

33.322.2 (0.8-90.6)

455%

6.1%
0.8+ 02 (0.4-1.1)
0.9+ 0.1(0.6-1.00)

60.6%

6.1%

0%
33.7 22,9 (8.0-92.0)
203 11.6 (7.0-63.0)

CEMD, central eye movement disorder; Lh, light-headedness; PEMD, peripheral eye movement disorder; Ro, rotational vertigo; Sw, swaying vertigo.

HC
Al

n=33

42.1£189
20-84
19 females
97% RH, 3% LH

0%
0%
0%
0%
0%
0%
138+ 45(38-24.2)
19+ 11 (4.8-50.1)
0.2 19.8 (0.8-48.3)
0%
0%
1£0.1 (08-1.1)
090.1(0.8-1.0)
0%
0%
0%
20.0 4 3(8.0-35.0)
18 £ 6 (15-33.0)
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MD HC

Al Definite Probable Al
(n=75) (n=235) (n =40) (n=39)
() EH presence [%]
Rt R2 R3 RI1-3 Rl R2 R3 RI3 R1  R2 R3 RI3 Rt  R2 R3 RI13

Ipsiiateral ELS 80% 69% 85%  78% 86% 83% 91%  87% 75% 57% 80% T1% 9%  39% 27%  25%

cELS 65% 60% 67%  64% 4% 74% 4%  74% 57%  48%  60%  55% 6%  21% 9%  12%

VELS 72%  61%  69%  68% 74%  74% 80%  76% 70% 50% 60%  60% 9%  33% 27% 28%
Contralateral  ELS 78%  44%  T2%  63% 7% 8% 77%  64% 70% 50%  68%  63% 21%  21%  27%  25%

CELS 59% 82% 40%  44% 57% 28% 87% 39% 60% 40%  43%  48% 15%  21% 9%  15%

VELS 61% 86% 56% 51% 63% 84% 71%  56% 60% 88%  43%  47% 21%  24%  24%  28%
(B) SQ grading
Grades 0 1 2 3 4 1 2 3 4 1 2 3 0 1 2 3
Ipsiiateral ELS RI3 15% 15%  18% 5% 9% 14% 7% 3% 20% 15%  10% 8% 8% 9% 0% 0%

CELS  RI3  83% 35% 27% 5% 26% 34% 87% 8% 40% 85% 18% 8% 91% 9% 0% 0%

VELS  RIB 31%  81%  24%  15% 20%  26% 40%  14% 40% 85% 10%  15% 8% 21% 0% 0%
Contralateral  ELS RI3  28% 20% 8% 1% 23% 2% 9% 3% 33% 18% 8% 0% 73% 6% 0% 0%

GELS  RI3  60% 28% 11% 1% 63% 28% 11% 8% 57% 83% 10% 0% 9% 9% 0% 0%

VELS RSB 44%  89%  15% 8% 20% 51% 17% 8% 57% 28% 18% 8% 76% 24% 0% 0%
Percentage RI-3  Min  25% 50% 75% Max Min 25% 50% 75% Max Min 25% 50% 75% Max Min 25% 50% 75% Max
Al (%) ELS RI3 0 0O 8 10 100 O 20 8 @ 10 0 0 43 100 100 0O 0 0 o 100

CELS R3O 0 50 100 100 0O 0 100 100 100 O 0 3 10 100 0 0 0 o 100

VELS  RIB 0 0O 8 10 100 © 0 38 88 100 0 0 27 10 100 0O 0 0 o 100

(C) 2D-quantification
Mean Std  25% 50% 75% Mean Std 25% 50% 75% Mean Std 25% 50% 75% Mean Std  25% 50% 75%

Ipsilateral ELS o8 55 27 84 52 74 63 28 45 62 85 47 24 31 44 65 34 18 25 33 4
[mm?] CELS 8 14 09 08 12 19 16 09 09 14 23 12 09 05 12 15 1 05 07 11 13
VELS o8 41 22 26 36 58 47 24 33 49 62 35 19 23 32 48 24 11 17 23 29
Contralateral  ELS o8 37 18 26 33 45 89 19 27 85 48 35 17 26 33 4 36 12 27 38 45
[mm?] CELS  c8 1 06 06 08 13 11 07 04 1 18 09 05 06 08 12 11 07 07 1 14
VELS  c8 26 15 18 22 33 28 15 2 24 86 25 16 17 21 27 25 09 18 24 34
Al (%] ELS o8 161 282 02 148 846 207 272 61 227 458 121 287 07 147 311 40 204 173 702 127
CELS 8 132 404 56 179 842 173 414 5 143 461 96 398 66 188 333 25 825 270 0 229
VELS o8 179 338 09 214 886 205 848 09 286 457 157 332 06 214 300 32 246 165 15 95
ER (%] ELS o8 1471 697 1009 137 2044 1661 685 1114 1667 2152 1305 673 724 1199 1754 933 322 718 866 1104
Ipsilateral CELS <8 84 51 48 79 116 94 51 55 86 182 76 5 33 73 97 63 28 45 63 79
VELS  c8 197 103 119 192 277 223 107 138 231 303 174 95 111 161 238 117 48 88 107 151
ER (%] ELS o8 97 41 73 89 116 104 45 73 96 18 91 37 73 88 99 99 27 76 103 124
Contralateral ~ CELS ~ c8 62 87 34 53 83 68 42 27 63 108 657 31 38 51 74 7 41 46 63 82
VELS 8 123 64 91 105 142 134 67 92 12 174 114 61 82 99 13 121 39 93 117 149
ER [%]- ELS 8 5 74 03 82 99 62 8 -05 63 123 39 66 03 32 65 -06 37 -3 -07 23
Difference cElS o8 28 62 -04 21 65 27 68 -04 25 67 19 58 07 21 51 -07 46 -26 0 19
VELS o8 73 108 02 62 12 89 126 11 99 18 6 91 0 62 98 -05 654 -04 24
TFS ELS 8 369 38 845 366 393 872 36 853 G701 396 366 39 B4 365 385 362 37 871 39
Ipsilateral cElS o8 163 17 165 164 174 165 16 153 166 17.6 163 1.8 156 164 173 158 18 149 159 168
[mm?) VELS o8 205 26 188 201 224 208 26 193 211 224 203 26 184 198 225 205 25 188 209 219
TFS ELS 8 373 39 83 874 394 871 35 8 366 394 0875 42 353 371 894 366 33 842 371 379
Contralateral ~ ELS ~ c8 162 18 152 161 173 163 14 153 162 171 162 24 151 159 178 164 16 149 158 172
P VELS o8 211 27 195 208 227 208 25 185 207 223 213 28 196 208 228 204 22 187 204 223
(D) 3D-quantification
Mean Std 25% 50% 75% Mean Std 25% 50% 75% Mean Std  25% 50% 75% Mean Std 25% 50% 75%
Ipsilateral ELS 8 235 84 177 209 801 26 9 178 269 321 212 72 169 198 284 164 66 121 154 185
] GELS o8 68 35 44 54 9 78 36 48 72 107 59 31 44 49 69 5 24 35 46 6
VELS 8 166 61 124 153 205 182 7 13 193 222 153 49 122 148 172 114 86 9 116 129
Contralateral ~ ELS 8 172 46 144 163 20 174 45 149 174 20 174 47 144 162 199 162 39 132 165 192
) GELS o8 5 2 37 46 64 53 23 37 48 65 48 18 36 46 6 5 2 32 47 61
VELS o8 122 88 98 114 143 122 82 10 128 142 123 44 96 114 144 112 3 88 117 131
Al[%] ELS 8 184 161 11 10 228 175 170 29 175 320 97 145 03 10 188 19 159 123 06 69
GELS o8 119 258 54 794 204 176 274 31 208 817 69 289 106 25 266 08 289 151 68 131
VELS o8 135 169 14 127 259 164 183 052 184 329 107 153 15 91 147 16 1712 120 38 74
ER (%] ELS 8 85 28 64 75 108 93 29 7 96 119 77 25 6 73 89 59 16 48 59 65
Ipsilateral GElS o8 7 33 47 6 98 8 83 52 74 #1162 3 46 52 65 55 22 4 51 66
VELS o8 92 31 7 88 113 10 34 84 106 127 85 27 62 81 102 62 17 54 62 7
ER (%] ELS o8 62 18 54 61 69 62 13 66 64 72 61 13 53 6 67 6 12 48 6 68
Contralateral ~ CELS ~ c8 53 19 4 51 62 54 2 4 5 67 52 19 4 51 57 54 21 39 5 7
VELS o8 67 18 54 63 78 67 17 53 72 79 66 19 56 62 72 62 14 54 65 7
ER [%]- ELS 8 23 28 02 13 4 31 29 07 25 61 16 24 -01 13 27 0 17 -1 o 08
Difference GELS o8 18 85 -06 1 38 26 36 -05 24 5 1 33 -06 01 21 01 24 -14 O 16
VELS o8 25 3 0 19 47 83 383 03 82 63 19 26 -01 16 29 -01 19 -13 -05 09
TFS ELS o8 2757 292 258 2714 205 2769 268 2502 275 2964 2748 315 2628 2714 295 2674 872 251 2711 201
Ipsilateral GELS o8 952 122 867 94 103 967 123 875 967 1054 939 122 858 934 102 886 144 805 882 984
{mm®) VELS o8 1799 201 166 182 192 1786 17.6 1665 1763 1927 181 222 1657 182 192 1787 271 166 1786 195
TFS ELS 8 2765 312 257 2601 208 2773 30 2568 2751 3009 2758 325 2686 2601 298 2609 257 248 2706 290
Contralateral ~ ELS ~ c8 948 133 862 93 103 959 181 867 95 1042 938 136 83 906 102 913 125 803 898 963

[mm?] VvELS c8 1824 206 171 1833 193 1813 195 1715 1782 1927 1834 217 1714 1834 193 1786 178 168 180.7 190
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Content Cochlea Vestibule Semicircular

canal
Volume of inner ear fluid (ul) (21)* 1185 69.0 91.8
ELH space (%) (10) 102 177 148
ELH volume () = Volume of inner ear 16 122 136
fluid* ELH space
Hydrops volumema (1) 556 69.0 918
Expansile volumensy (1) = Hydrops 440 568 782
volumenmay — ELH volume
Relative hydrops scores (points) 9 12 16
GRADINGS OF ELH****
None: no hydrops 0 0 0
Gradel: mild hydrops 3 4 5
Gradell: medium hydrops 6 8 10
Gradelll: severe hydrops 9 12 16

“Inner ear volume: The calculated inner ear volume for different parts of the human inner
ear, taken from Inui et al. (21) s the mean of bilateral ears in both genders.

**Hydrops volumenmax: The meximum volume for endolymphatic hydrops, calculated
according to the percentage showed by lto et al. (7). In the cochiea, hydrops seldom
hemiates into the scala tympani, thus the volume of scala vestibuli was used as the
maximurn volume.

**Expansile volumenax: The estimated maximum volume for meximum endolymph
expansion of each parts of the inner ear.

***Gradings of ELH: The scores of each part of the inner ear were rounded to the nearest
integer according to the reletive expand volume of the semicircular canals which contained
16 points. Sixteen came from the assumptions that three semicircular canals and/five crura
had similar volume and ELH was distributed evenly in each part, in which we marked 1
point i the periymph became narrow (mild hydrops) and 2 points if became derk (severe
hydrops). Then each part had four points for four grades which were divided equell and
rounded to integers. However, for Grade Il of the semicircular canals, we rounded the
points down to 10 rather than 11 because we noticed that most canals and crura were
narrow but still visible compared to the severe hydrops’ ones.
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Age [yrs]

Gender (females]

Onset age of vertigo [yrs]

Duration since start of vertigo [yrs]

Vertigo attacks in the last 6
months

Headache symptoms
Onset age of headache [yrs]
Duration since start of headache
[yrs)
Auditory symptoms
Tinnitus
Bilateral
Ipsilateral
Contralateral
Aural fullness
Bllateral
Ipsilateral
Contralateral
Aural fluctuation
Bilateral
Ipsilateral
Contralateral
Hearing impairment
Bilateral
Ipsilateral
Contralateral
Headache and auditory
symptoms
PTA mean [dB]
Ipsilateral
Contralateral
Initial PTA > 26 dB
Low tone hearing loss pattern
VHIT hVOR mean gain
Ipsilateral
Contralateral
Abnormal VHIT hVOR gain

Presence of vHIT corrective
saccades

Caloric response mean [/s]
Ipsilateral
Contralateral
Caloric response AR
Abnormal caloric AR = 35%
GVEMP p13 ampiitude AR > 40%
GVEMP p13 amplitude AR (%)
GVEMP p13 mean latency [ms]
Ipsilateral
Contralateral
OVEMP n10 amplitude AR > 40%
OVEMP n10 amplitude AR (%]
OVEMP n10 mean latency [ms]
Ipsilateral
Contralateral

& Chi-Square test [1], or ANOVA [2] for VM (al) vs. MD (al) vs. VM-MD (el), where p < 0.05, or AA ifp < 0.005.

n=25

51.3+£1604
18/25 (72.0%)A &
45.0£15.6 A
63+55
240+37.4

25/25 (100%)A A
435+ 16.1
78£60

9/25 (36%)
11/25 (44%)a
7/25 (28%)
4/25 (16%)
3/25 (12%)A4
3/25 (12%)
3/25 (12%)AA
3/25 (12%)

5/25 (20.0%),
4125 (16%)
1125 (4%)
9/25 (36%)

21.1 %180
21,0+ 19.9
212208
6/25 (24.0%)

3/25 (12.0%)A &
096+ 0,07
0.96 +£0.07
096+ 0,08

1/25 (4%)
—a4

18.6+8.1
19.2+ 102
18.0+8.24
18.2%
1/25 (4.0%)A &
1125 (4%)
168+ 150
138+06
138+0.7
139+06
4725 (16%)
257185
11.2:£2.1
114£21
114£2.1

M

Definite
n=19

513+ 16.24
14119 (73.7%)+
429+ 14.24
67£49
286+ 41.8

19/19 (100%) 4+
H3£147
83£53

/19 (36.8%)
9/19 (47.4%)
6/19 (31.6%)
3/19 (15.8%)

2/19 (10.5%)++
2/19 (105%)

2/19 (105%)++
2/19 (105%)

4/19 (21.1%)++
3/19 (15.8%)
1119 (5.3%)
/19 (36.8%)

224190
21.0 199
212208
4719 (21.1%)
2/19 (10.5%)++
095 +0.06
096 +0.07
094 £007
1/19 (6.3%)
—+4

19.7 £8.64
207 £10.7
18.7 £9.0+
19.5%
119 (.3%)4++
1119 (5.3%)
17.7 £16.1
13.7£06
13607
13707
419 21.1%)
275+ 199
11.4£24
1.7£24
113+25

Probable
n=6

513+17.1

4/6 (66.7%)
516+19.3
51£76

93+98

6/6 (100%)¢
506+ 19.6
60£8.1

2/6 (33.3%)
2/6 (33.3%)
116 (16.7%)
1/6 (16.7%)

0/6 0%)

1/6 (16.7%)<
116 (16.7%)
/6 (0%)¢<

0/6 (0%)

1/6 (16.7%)0<

1/6 (16.7%)

1/6 (16.7%)0¢

1/6 (16.7%)

2/6 (33.3%)

17.5£158
153:+£9.4
19.7 £230
2/6(33.3%)
=0
099 +0.08
0.98 +0.08
1.040.09¢
0/6 (0%)
-0

138 +3.0
127+£45
149420
14.3%
-
143+£127
141+05
14107
14.1+04
213+£155
105+ 0.4
106 +£0.4
10.4+£0.5

n=29

61.1+£954a
19/29 (65.5%)A A
565.0+83 a4
6.1+65
96+ 17.9

7/29 (24.1%)AA
47875
92£7.0

29/29 (100%)
24/29 (82.8%)A
4/29 (13.8%)
20/29 (69%)
0/29 (0%)
17/29 (58.6%)A A
2/29 (6.9%)
14/29 (48.3%)
1129 (3.4%)
20/29 (69%)A &
12/29 (41.4%)
8129 (27.6%)
25/29 (86.2%)A A
2/29 (6.9%)
21/29 (72.4%)
1129 (3.4%)
9/29 (31%)

290+ 18.0
316252
245+235
20/29 (69%)

9/29 (31%)a A
0934008
0.91£0.11
094007
5120 (17.2%)

6/29(20.7%)AA

127£7.3
14884
105+9.24
47.2%
17/29 (58.6%)A A
5/29 (17.2%)
165+ 155
14626
14321
149+83
6/29 (20.7%)
22241838
11.0+1.0
107 £2.2
1.0+13

+ Chi-Square test [1], or ANOVA [2] for VM (definite) vs. MD (definite) vs. VM-MD (al], where p < 0.05, or 4+ if p < 0.005.
< Chi-Square test [1], or ANOVA [2] for VM (probable) vs. MD (probable) vs. VM-MD (al), where p < 0.05, or < if p < 0.005.

MD

Definite
n=15

60.3 + 10.04
8/15 (53.3%)+
55296+
52+53
86+ 167

415 (26.7%)++
490+£98
93+44

15/15 (100%)
14/15 (93.3%)
2/15 (13.3%)
12/15 (80%)
0/15 (0%)
10/15 (66.7%)++
1115 (6.7%)
9/15 (60%)
0/15 (0%)
14/15 (93.3%)++
10/15 (66.7%)
4115 (26.7%)
14/15 (93.3%)++
1115 (6.7%)
13/15 (86.7%)

4115 (26.7%)

345+ 192
30.8+254
302309

14/15 (93.3%)

T/15 (46.7%)++
094 +0.08
0.93 +£0.10
096 +0.09
3/15 (20%)

4115 (26.7%)++

1.2+ 7.4+
181 £8.1
92:+£7.9+
475%
8/15 (53.3%)++
3/15 (20%)
161 £172
15.0£25
143+1.9
157436
5/15 (30.3%)
274213
14£10
10.4+29
12+13

Probable
n=14

62092
11/14 (78.6%)¢
54874
72£76
106+ 19.6

5/14(35.7%)¢
471£70
9187

14/14 (100%)
10/14 (71.4%)
2/14 (14.3%)
/14 (57.1%)

014 (0%)
7114 (0.0%)0<
1/14.(7.1%)
5/14 (35.7%)
1/14(7.1%)

6/14 (42.9%)0<
2/14 (14.3%)
4/14 (28.6%)

10/14 (71.4%)0<

114 (7.1%)
/14 (57.1%)
1/14.(7.1%)
5/14 (35.7%)

236+ 155
285257
188+ 112
6/14 (42.9%)

2/14 (14.3%)0¢
091007
0.89+0.12

093 % 0.04¢
2/14(14.3%)

2/14 (14.3%)0¢

14372
166486
1194106
46.7%
914 (64.3%)0
2/14 (14.3%)
17.1£140
142426
14324
140429
114 (7.1%)
1654145
110412
M1£12
108+ 1.4

490+17.4 4%

6/8 (75%)A A+

407 +153 a4+
8377
163 +87.1

5/8(62.5%)AA ++,0¢
406+ 152
8477

/8 (100%)
6/8 (75.0%)A
118 (12.5%)
5/8(62.5%)
0/8 (0%)

6/8 (75.0%) A4 4+,0¢
118 (12.5%)
5/8(62.5%)

0/8 (0%)
/8 (37.5%)AA, 44,00
2/8(25%)
118 (12.5%)
3/8 (37.5%) A A, 44,0

3/8(37.5%)

5/8(62.5%)

316+235
174£112
460+ 412
2/8 (25.0%)

1/8 (12.5%) A4 44,0
098 +0.06
098+ 007
098+ 006

0/8 (0%)
—AL A4 OO

13389+
14388
12407+
15%

1/8 (12.6%)A & 44,4
118 (12.5%)
14.4 £ 187
14423
14324
14523
288+238
10503
105 £0.4
106:+0.4

Statistical
model

@l
4]
@

U}

U}
U}

1

U}

U}

1

o}

@

u}

@

@

U}





OPS/images/fneur-12-594481/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-594481/fneur-12-594481-g001.gif





OPS/images/fneur-12-594481/fneur-12-594481-g002.gif





OPS/images/fneur-12-594481/fneur-12-594481-g003.gif





OPS/images/fneur-11-595038/fneur-11-595038-t003.jpg
Contents Sum VR* SumB Sy Se

PTA [rs(o)""] 020(0.15) 051(<001) 020(0.15)  0.15(0.30)
Disease duration (OD) 0.47 (<0.01)  0.12(0.39)  0.47 (<0.01) 0.35 (0.01)
Vertigo frequency (VF)  0.29(0.04)  0.14(0.82)  0.22(0.12) 036 (0.01)

Clinical stage 0.17(024) 051(<001) 0.47(0.24) 0.12(0.40)
D1-D4 0.44(<0.01) 0.07(0.61) 0.35(<0.01) 0.25(0.05)
Vi-v4 025(007)  002(090) 0.16(<001) 0.31(0.01)

‘St ANDARDIZED CANONICAL CORRELATION COEFFICIENTS***
ul=—0.88 " SumVR —0.22 * Sum B
vi = ~0.73" DD ~0.44 * In(PTA) ~0.20 * VF

*Sum VR: the total ELH score (sum of three inner ear parts) according to the VR scores;
Sum B: the sum of grades of cochlea and vestibule according to the Bemaerts scores;
Sv: the score of ELH in vestibule according to the VR scores; Sc: the score of ELH in
cochlea according to the VR scores.

*'rs (p): Results were presented as coefiicient of the spearman analysis with the p-value.
Bonferron’s correction for multple correfations: p < 0.017.

+The normative linear variables were calculated, in which In(PTA) were used.
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Mean + SD
t-value

p-value

Quartile
p-value

SP/AP

Symptomatic  Contralateral
ears ears

0.49 £0.16 0.28 £0.16
791
<0.01

Asp/Aap

3.12,5.39
<001

1.55,2.38

Sp duration (ms)

Symptomatic  Contralateral
ears ears

066+0.18 054014
3.84
<0.01

Ap latency (ms)

1.52,1.73
0.04

1.47,1.66
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Contents

Cut off value

AUC

95%Cl

P-value (vs. SP/AP)

SP/AP

0.38
091
0.85-0.96

Asp/Aap

2.41
0.98
0.94-1.00
0.01

Combined

P=020
099
0.96-1.00
<0.01
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Indicaters  Sv[rs (p)'] Sc SV + scet Sum VR

SP/AP 046(<0.01)  041(001)  046(<001)  0.51(<0.01)
Asp/Aap 0.41 (<0.01) 0.60 (<0.01)" 0.46 (<0.01) 0.55 (<0.01)

*Asp/Aap had largest coefficient with cochlear ELH.
**8v -+ sce: the sum score of vestibular and semicircular canals ELH. Bonferroni correction
for multiple correlations: p < 0.0125.
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Characteristic Number of ears (%, n = 51)

Male 22 (43.14)
Female 29 (56.86)
Left 22 (43.14)
Right 29 (56.86)
| 5(9.80)
I 11(2157)
in 29 (56.86)
v 6(11.76)
Tinnitus 49 (96.08)
Ear fullness 44 86.27)

10(10.61)
14 (27.45)
14 (27.45)
13 (25.49)

(IN LAST MONTH)**

Vi: <1 time (<1 per month) 11(21.57)

V2: 1-4 times (<1 per week) 13(25.49)
V8: 4-16 times (< 1 every 2 days) 7(13.79)
7 15 (29.41)

None (0) 1(1.96)

Grade | (3) 17 (33.33)
Grade Il (6) 27 (52.94)
Grade Il (9) 6(11.76)
None (0) 0(0.00)

Grade | (4) 15 (29.41)
Grade Il €8) 23(45.10)
Grade Ill(12) 13 (25.49)
None (0) 35(68.63)
Grade | (5) 12(23.53)
Grade Il (10) 3(5.89)

Grade Il (16) 1(1.96)

“Disease duration: the totl disease duration from the onset of vertigo. The four levels
(D1-D4) were divided according to the quarties of our date.

*Vertigo frequency (in last month): the times of vertigo in the last month according to
the recorded history. The four levels (V1-V4) were divided according to the quarties of
our data.





