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Objectives: The cause of Meniere's disease (MD) is unclear but likely involves genetic and environmental factors. The aim of this study was to investigate the genetic basis underlying MD by screening putative candidate genes for MD.

Methods: Sixty-eight patients who met the diagnostic criteria for MD of the Barany Society were included. We performed targeted gene sequencing using next generation sequencing (NGS) panel composed of 45 MD-associated genes. We identified the rare variants causing non-synonymous amino acid changes, stop codons, and insertions/deletions in the coding regions, and excluded the common variants with minor allele frequency >0.01 in public databases. The pathogenicity of the identified variants was analyzed by various predictive tools and protein structural modeling.

Results: The average read depth for the targeted regions was 1446.3-fold, and 99.4% of the targeted regions were covered by 20 or more reads, achieving the high quality of the sequencing. After variant filtering, annotation, and interpretation, we identified a total of 15 rare heterozygous variants in 12 (17.6%) sporadic patients. Among them, four variants were detected in familial MD genes (DTNA, FAM136A, DPT), and the remaining 11 in MD-associated genes (PTPN22, NFKB1, CXCL10, TLR2, MTHFR, SLC44A2, NOS3, NOTCH2). Three patients had the variants in two or more genes. All variants were not detected in our healthy controls (n = 100). No significant differences were observed between patients with and without a genetic variant in terms of sex, mean age of onset, bilaterality, the type of MD, and hearing threshold at diagnosis.

Conclusions: Our study identified rare variants of putative candidate genes in some of MD patients. The genes were related to the formation of inner ear structures, the immune-associated process, or systemic hemostasis derangement, suggesting the multiple genetic predispositions in the development of MD.
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INTRODUCTION

Meniere's disease (MD) is a clinical syndrome that consists of episodes of spontaneous vertigo usually associated with unilateral fluctuating sensorineural hearing loss (SNHL), tinnitus and aural fullness (1). Almost 150 years have elapsed since Prosper Meniere first described the clinical entity, but unfortunately, the exact pathophysiology of this condition is yet to be fully understood. Histopathological studies in human temporal bones have found endolymphatic hydrops (EH) in most patients with MD, but the origin of the EH is unknown (2).

MD is considered a multifactorial disorder associated with the various factors including anatomical abnormalities, infections, allergens, and autoimmune disorders. Most MD cases are sporadic, but familial MD is observed in 8–10% of sporadic cases, suggesting genetic susceptibility to the development of MD (3–5). To search a candidate gene associated with MD, many approaches including linkage analysis, case-control study or the sequencing of selected genes have been previously used (6–10). A variety of common single nucleotide polymorphisms (SNPs) have been meaningfully detected in patients with MD (11–35) (Supplementary Table 1). Most of them were the genes related to the inflammation or regulating the ionic composition and water transport of the inner ear. However, the effect size of these common variants was small (odds ratio < 2). Furthermore, a common variant could not reflect the entire heritability of MD. Recent studies using whole-exome sequencing (WES) for Spanish families with MD have identified probably pathogenic rare variants in candidate genes including FAM136A, DTNA, PRKCB, DPT, and SEMA3D (36–38). Since these genes encode proteins that may be relevant to the formation or maintaining of inner ear structures, the identified rare variants are expected to account for the genetic contribution of MD, but further replicative studies in distinct populations are needed. Thus, the aim of this study was to explore the previously proposed MD-associated genes using targeted NGS to investigate the genetic basis underlying MD.



MATERIALS AND METHODS


Subjects

We recruited 68 unrelated patients with definite MD who visited a tertiary dizziness clinic from 2015 to 2018. The diagnosis of definite MD was made based on the criteria established by the Classification Committee of the Barany Society (1). All patients met the following criteria: (1) Two or more spontaneous episodes of vertigo, each lasting 20 min to 12 h, (2) Audiometrically documented low- to medium-frequency sensorineural hearing loss in the affected ear on at least one occasion before, during, or after one of the episodes of vertigo, (3) Fluctuating aural symptoms (hearing, tinnitus, or earfullness) in the affected ear, (4) Not better accounted for by another vestibular diagnosis. A brain MRI was performed to rule out any neurological lesions. The patients included 38 males and 30 females with age ranging from 28 to 89 years (mean age 60.2 ± 12.0 years). The mean age of onset was 57.5 ± 11.3 years. Most patients (n = 63, 93%) had a unilateral MD. Six had at least one family member with a history of MD-like symptoms. According to the phenotype, 18 (26%) were classified as delayed MD based on a previous history of sensorineural hearing loss (months or years) before the onset of vertigo episodes, while the others (n = 50) showed classic MD phenotype (39).

All experiments followed the tenets of the Declaration of Helsinki, and informed consents were obtained after the nature and possible consequences of this study had been explained to the participants. This study was approved by the institutional review boards of Pusan National University Yangsan Hospital.



Targeted Next-Generation Sequencing

Targeted genes were collected from the literature review. The keywords “Meniere's disease” and “gene” were used to search the MD-associated genes in PubMed, resulting in 101 papers when this study was initiated (August, 2017). After excluding the genes showing no correlation with MD, we selected 45 genes used for targeted NGS (Supplementary Table 1). The selected genes were largely classified into two categories as follow: (1) “familial MD gene,” the pathogenic genes for familial MD identified by high-throughput sequencing (36–38); (2) “MD-associated gene,” the candidate genes contributing to the development of MD demonstrated by association study or network-based study (11–35, 40). The MD gene panel was designed by the Suredesign webtool (Agilent) to cover the exons and 20 bp in the flanking regions.

Genomic DNA was extracted from the blood sample of all patients. For the generation of standard exome capture libraries, we used the Agilent SureSelect Target Enrichment protocol for Illumina paired-end sequencing library (ver. B.3, June 2015) with 1 μg input DNA. The quantification of DNA and the DNA quality was measured by PicoGreen and Nanodrop. The qualified genomic DNA sample was randomly fragmented by Covaris followed by adapter ligation, purification, hybridization, and PCR. Captured libraries were subjected to Agilent 2100 Bioanalyzer to estimate the quality and were loaded on to the Illumina HiSeq2500 (San Diego, USA) according to the manufacturer's instructions. Raw image files were processed by HCS1.4.8 for base-calling with default parameters and the sequences of each individual were generated as 100 bp paired-end reads. Sequence reads were aligned to the human reference genome sequence (GRCh37.3, hg19) using the Burrows-Wheeler Aligner (BWA, version 0.7.12). PCR duplicate reads were marked and removed with Picard tools (version 1.92). Genome Analysis Toolkit (GATK, version 2.3-9) was used for indel realignment and base recalibration. Variation annotation and interpretation analysis were performed using SnpEff (version 4.2).



Identification of Rare or Novel Variants

To identify the possible pathogenic variants, we first filtered out synonymous and non-coding variants, and extracted the variants causing non-synonymous amino acid changes, stop codons, in-frame insertions/deletions in coding regions, or changes to splice site sequences in exon/intron boundaries. Then, common variants with a minor allele frequency (MAF) > 0.01 that represented in dbSNP147, the Exome Aggregation Consortium (ExAC), gnomAD, 1,000 Genomes Project, and NHLBI GO Exome Sequencing Project (ESP) 6500 were excluded. The pathogenicity of the non-synonymous variants was analyzed using Sorting Intolerant From Tolerant (SIFT), Likelihood Ratio Test (LRT), Polyphen2, MutationTaster, Functional Analysis Through Hidden Markov Models (FATHMM), and Combined Annotation Dependent Depletion (CADD) phred score. The higher CADD phred scores indicate that a variant is more likely to have deleterious effects (41). The strength of ectopic splicing sites created by intronic variants was evaluated by the Human Splicing Finder program. All rare and novel variants were annotated for previously reported disease-causing variants using the Human Gene Mutation Database. All variants were confirmed by Sanger DNA sequencing, and were screened in 100 normal controls.



Protein Structural Modeling

The structural modeling of missense variants of PTPN22 (PDB accession code: 2P6X), MTHFR (PDB accession code: 6FCX), NOTCH2 (PDB accession code: 2OO4) and CXCL10 (PDB accession code: 1O80) were generated using I-TASSER server. The confidence scores (C-scores) indicating significance of threading template alignments and the convergence parameters of modeling simulation were calculated for each predicted model to estimate the quality of model (42). The calculated C-scores of PTPN22, MTHFR, NOTCH2, CXCL10 were 1.61, 0.07, 0.36, 0.34, respectively. The best model was selected based on the template modeling score (TM-score) and the root mean square deviation (RMSD) value indicating proper topology of the mutant model compared to the PDB template. The optimization of predicted models was performed by PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.), and each mutant model was aligned with that of wild type to compare three-dimensional structures.



Statistical Analyses

To investigate the association between the genetic variants and disease manifestation, we calculated the odds ratio for each variant using Fisher's exact test from the allele frequency of ExAC and gnomAD database as controls (total population and East Asian population). P-values were corrected for multiple testing by the total amount of variants found for each gene following Bonferroni approach. We also compared the clinical characteristics between patients with and without rare variants. Continuous variables (mean age, age of onset, and hearing threshold at diagnosis) were compared using the Mann-Whitney test, and categorical variables (sex, bilaterality, the type of MD, and the presence of family history) using Fisher's exact test. A statistical analysis was performed using SPSS software (SPSS Inc., Chicago, IL, USA) and a p < 0.05 was considered as significant.




RESULTS

The average read depth for the targeted regions was 1446.3-fold, and 99.4% of the targeted regions were covered by 20 or more reads, achieving the high quality of the sequencing (Supplementary Table 2). After variant filtering, annotation, and interpretation, we identified a total of 15 rare heterozygous variants (two novel and 13 rare variants) in 12 (17.6%) sporadic patients (Table 1). Among them, four variants were detected in familial MD gene, and the remaining 11 in MD-associated gene. Three patients (P-29, P-60, P-66) had the variants in two or more genes. All variants were not detected in our healthy controls (n = 100).


Table 1. Identified rare variants in putative candidate genes associated with Meniere's disease.
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Variants in Familial MD Genes

We identified one novel and three rare heterozygous variants in three familial MD genes. Two variants were detected in DTNA. One was a rare variant affecting splice acceptor site located in intron 8 (P-31: c.1002-4A > G, Figure 1A). Human Splicing Finder predicted that this variant will alter the splice site and make new splice sites resulting in three bases longer on exon 9. Another was a nonsense variant resulting in a premature stop codon (P-66: c.2094G > A, p.W698X, Figure 1B). It was absent in all public database, and predicted to be deleterious by MutationTaster and CADD scores. The other rare variants were detected in FAM136A (P-29: c.238G > T, p.A80S, Figure 1C) and DPT (P-13: c.16C > T, p.L6F, Figure 1D). Both were a missense variant which a single nucleotide change results in a codon that codes for a different amino acid. Of them, the variant in DPT changed highly conserved amino acid and was predicted as protein-damaging potential by three prediction tools (Polyphen2, LRT, MutationTaster).


[image: Figure 1]
FIGURE 1. Sequencing results of the rare variants in familial MD genes identified by targeted next-generation sequencing. The chromatograms show two rare heterozygous variants in DTNA: (A) one is a splice site variant at the 4th nucleotide of the splice acceptor site in intron 8 (c.1002-4A > G, P-31); (B) another is a novel nonsense variant in exon 22 causing a premature stop codon (c.2094G > A, p.W698X, P-66). The others are a heterozygous missense rare variant in exon 3 of FAM136A causing the substitution of alanine by serine at position 80 (c.238G > T, p.A80S, P-29) (C) and in exon 1 of DPT changing the highly conserved leucine by phenylalanine at position 6 (c.16C > T, p.L6F, P-13) (D).




Variants in MD-Associated Genes

We identified one novel and 10 rare heterozygous variants in eight MD-associated genes. Interestingly, possibly pathogenic variants of PTPN22 were detected in three unrelated patients. Two were truncated variants caused by premature stop codon (P-60: c.829G > T, p.E277X, Figure 2A) or single base deletion (P-65: c.1356delT, p.F452Lfs*3, Figure 2B). The nonsense variant was predicted to be deleterious by LRT, MutationTaster and CADD score. The remaining one was a missense variant with protein-damaging potential predicted by all prediction tools (P-26: c.205A > G, p.S69G, Figure 2C). Protein structural modeling predicted that p.S69G variant may disrupt the positions of surrounding residues (p.F68, p.N87, p.K90, and p.Q267) by steric hindrance effects, and eventually may affect the enzymatic activity of PTPN22 (Figure 2D).


[image: Figure 2]
FIGURE 2. Sequencing results and protein structural modeling of the rare variants in PTPN22 identified by targeted next-generation sequencing. The chromatograms show three rare heterozygous variants: (A) one is a nonsense variant in exon 11 resulting in a premature stop codon (c.829G > T, p.E277X, P-60); (B) another is single base deletion in exon 13 that leads to frameshift and premature stop codon 3 amino acids downstream (c.1356delT, p.F452Lfs*3, P-65); (C) the other is a missense rare variant in exon 3 causing the substitution of highly conserved serine by glycine at position 69 (c.205A > G, p.S69G, P-26). Protein structural modeling predicts that p.S69G variant may affect the enzyme activity of PTPN22 by a disruption of hydrogen bonds network between p.S69 and p.N87 residues, and the steric hindrance effect resulting from the rotation of p.F68, p.Q267, and p.K90 residues (D), yellow: wild type PTPN22, teal: p.S69G mutant PTPN22).


We also detected two missense variants of MTHFR in three unrelated patients (P-5 and P-35: c.136C > T, p.R46W, Figure 3A; P-66: c.742A > G, p.I248V, Figure 3B). They were considered likely pathogenic by four of the prediction tools. Protein structural modeling revealed that p.R46W variant may cause breakage of salt bridges with surrounding residues (p.D188, p.D191, and p.D223), resulting in destabilizing the β-strand (β5and β6 Figure 3C). On the other hand, p.I248V variant showed no discernible differences when the secondary structure as well as surrounding residue orientation were analyzed.


[image: Figure 3]
FIGURE 3. Sequencing results and protein structural modeling of the rare variants in MTHFR identified by targeted next-generation sequencing. The chromatograms show two rare heterozygous variants: (A) one is a missense rare variant in exon 2 causing the substitution of highly conserved arginine by tryptophan at position 46 (c.136C > T, p.R46W, P-5/P-35); (B) another is also a missense rare variant in exon 5 causing the substitution of highly conserved isoleucine by valine at position 248 (c.742A > G, p.I248V, P-66). (C) Protein structural modeling shows that p.R46W variant may cause breakage of salt bridges with side chains of p.D188, p.D223, and p.D191 residues. This leads to destabilize the central β-sheet which is essential for reductase activity. On the other hands, p.I248V variant reveals no discernible differences when secondary structure as well as surrounding residue orientation are analyzed (brown: wild type MTHFR, green: p.R46W/p.I248V mutant MTHFR).


The other five missense variants had protein-damaging potential predicted by at least one prediction tool: SLC44A2 (P-29: c.761G > A, p.R254H, Figure 4A), NOS3 (P-60: c.2207G > A, p.R736Q, Figure 4B), NFKB1 (P-49: c.1799A > C, p.E600A, Figure 4C), NOTCH2 (P-63: c.4688G > A, p.R1563H, Figure 4E), and CXCL10 (P-29: c.85C > T, p.R29C, Figure 4F). Protein structural modeling predicted that the p.R1563H variant in NOTCH2 may destabilize the Lin-12/Notch repeat (LNR) domain by impairing a hydrogen bond network with surrounding residues (p.D1511, p.F1513, and p.D1515), while the p.R29C variant in CXCL10 may cause no conformational change in overall structure. The remaining one was a nonsense variant of TLR2 (P-54: c.1339C > T, p.R447X, Figure 4D), which was predicted to be deleterious by MutationTaster and CADD score.


[image: Figure 4]
FIGURE 4. Sequencing results and protein structural modeling of the rare variants in other MD-associated genes identified by targeted next-generation sequencing. (A–D) The chromatograms show a heterozygous missense rare variant in SLC44A2 (exon 10, c.761G > A, p.R254H, P-29), NOS3 (exon 18, c.2207G > A, p.R736Q, P-60), and NFKB1 (exon 17, c.1799A > C, p.E600A, P-49), and a nonsense variant in exon 3 of TLR2 causing premature stop codon (c.1339C > T, p.R447X, P-54). (E) P-63 has a heterozygous missense variant in exon 26 of NOTCH2 causing the substitution of highly conserved arginine by histidine at position 1563 (c.4688G > A, p.R1563H). In protein structural modeling, p.R1563H variant may result in loss of interaction with p.D1511 and p.F1513 residues, and form new hydrogen bond network with main chain of p.K1514 residue and side chain of p.D1515 (green dash line). These impaired interactions make p.D1515 residue to lose ability to interact with a calcium ion, and eventually destabilize the Lin-12/Notch repeat domain required for regulating the NOTCH2 receptor (orange: wild type NOTCH2, purple: p.R1563H mutant NOTCH2). (F) P-29 had a heterozygous missense rare variant in exon 2 of CXCL10 causing the substitution of highly conserved arginine by cystein at position 85 (c.85C > T, p.R29C). However, there is no conformational change in overall structure because the R29 residue is located at the N-terminal end and not involved in interaction with neighboring residues (teal: wild type CXCL10, orange: p.R29C mutant CXCL10).


Copy number variation (CNV) analysis using CNVkit from targeted DNA sequencing data did not reveal any pathogenic CNV in each patient.



Association Analysis of a Genetic Variant

When using the allele frequency of total population from ExAC and gnomAD database, 14 of the 15 rare variants were significantly associated with MD (unadjusted p-value), but eight of them showed significant association after correcting for multiple testing (Bonferroni) in both databases (Table 2). The genes included DTNA, PTPN22, MTHFR, SLC44A2, and NOTCH2. In particular, all rare variants of PTPN22 and MTHFR were significantly associated with MD even after correcting for multiple testing. Compared to the allele frequency of East Asians, 10 variants were significantly associated with MD (unadjusted p-value) in both databases, but no significant associations were observed in all variants after correcting for multiple testing (Table 2).


Table 2. Genetic association analysis results for rare variants.
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Phenotypes of Patients With a Genetic Variant

The mean age of onset in patients with a novel/rare variant was 53 ± 11.7 years, which showed a tendency of early-onset disease rather than the patients without a genetic variant, but this was not significantly different (vs. 58.4 ± 11.1 years, p = 0.133, Table 3). Also, no significant differences were observed between the two groups in terms of sex, bilaterality, the type of MD, and hearing threshold at diagnosis (Table 3). Three patients with variants in two or more genes did not have distinct clinical features compared to those without variants.


Table 3. Phenotypic differences between patients with and without a genetic variant.
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DISCUSSION

To the best of our knowledge, this is the first study on extensive genetic screening with regard to putative candidate MD genes. By using targeted NGS, we identified 15 rare heterozygous variants in 11 candidate MD genes, which some of them had the pathogenic potential by in silico prediction or protein structural modeling. Our results highlight the genetic landscape of MD.

Over the last 20 years, many candidate genes have been proposed for MD based on the so-called “common disease-common variants” paradigm that prevailed in complex disease genetic studies (8–10). It was thought that the common variants may lead to genetic susceptibility to complex polygenic disease (43). By this approach, some SNPs associated with MD have been identified in the genes related to the inflammation or regulating the ionic composition and water transport of the inner ear (11–35). However, most of the SNPs had small effect size with an odds ratio <2, and several variants were located in the non-coding regions of the genome. In addition, none of them would be replicated among a different ethnic group (26, 44, 45). These suggest that a common genetic variant cannot explain the entire heritability of MD and another investigation may be needed (46).

The MD has strong familial aggregation, and most of these families show an autosomal dominant mode of inheritance with incomplete penetrance (3–5). Thus, the optimal methods identifying novel genes may be a NGS technique or a massive parallel sequencing targeting for familial MD. Recent advances in molecular diagnostics have made it possible to explore the entire genome of individuals. By using WES, a Spanish group has identified novel or rare variants in the FAM136A, DTNA, PRKCB, DPT, and SEMA3D in several families with MD (36–38). These proteins were expressed in the neurosensorial epithelium of the crista ampullaris of the rat by immunohistochemistry. This suggests that they may play a significant role in the formation or maintaining of inner ear structures, and the identified rare variants are expected to contribute to the development of EH by the altered protein functions. In this study, we identified some rare variants of FAM136A, DTNA, and DPT genes in sporadic cases. Especially, one variant in DTNA (c.2094G > A) had highly pathogenic potential by truncating the protein. The DTNA encodes α-dystrobrevin (DB), a structural protein of the dystrophin-associated protein complex (36). The absence of α-DB resulted in abnormal brain capillary permeability, progressively escalating brain edema in the mouse model (47). Also, it was expressed in the vestibular system at early stages of development in mice, suggesting a relevant role in the maturation of the vestibular system (48). Although their pathogenicity should be confirmed by functional study, the rare variants in familial MD genes may have large effects on phenotype by impairing protein function, and gene-environment interactions may be strongest for rare alleles (49–51).

In addition, we detected some rare variants in the immune-associated genes including PTPN22, NFKB1, TLR2, and CXCL10. There have been growing evidences on the role of autoimmunity and immunological mechanisms in the development of MD as follows: (1) The increased prevalence of autoimmune disease among MD patients, (2) The elevated levels of autoantibodies and immunocomplexes in MD patients, (3) The association of MD with HLA-types and genetic polymorphisms, and (4) The positive response to steroid (52–54). Recent studies have found that basal levels of proinflammatory cytokines were increased in some patients with MD (55, 56). Gene expression study using mRNA also demonstrated that immune-related genes such as GSTM1, TMEM176A, and TMEM176B were highly expressed in MD patients compared to normal controls (57). Through our study, the PTPN22 may be of particular interest to support the immune-associated process in MD. The identified rare variants had a pathogenic potential by truncating protein or inducing structural instability. The PTPN22 encodes lymphoid tyrosine phosphatase (LYP), which is a strong negative regulator of T cell activation, and is expressed in various immunocytes including T- and B-cells (58). It has been found to be associated with autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus, and type 1 diabetes (59–61). A previous study also found significant association between putative functional SNP (rs2476601) and bilateral MD in the Spanish population (31). The NFKB1 encodes a transcription factor that regulates inflammation and immune responses, and has been linked to a number of inflammatory diseases, such as autoimmune arthritis, asthma, and glomerulonephritis (15). Some allelic variants in NFKB1 are known to modify the hearing outcome in patients with MD and unilateral SNHL (15). The TLR2 is a member of the Toll-like receptor family, which plays a fundamental role in pathogen recognition and activation of innate immunity (40). The CXCL10 encodes interferon gamma-induced protein 10 (IP-10), a small cytokine belonging to the CXC chemokine family (40). IP-10 is an important mediator of the inflammatory response to interferons, and has been reported to contribute to immune mediated apoptosis in the ear, inducing human presbycusis (62). All these things support the possible autoimmune etiology or immunological mechanisms in the development of MD.

For several decades, a vascular theory has been proposed as the mechanism of MD's attacks (63). The classic attacks are characterized by acute loss of vestibular response and low-tone hearing followed by an apparent recovery over hours. These unique characteristics may be explained by the differential sensitivity of inner ear tissues to transient ischemia and the excitotoxic cascade lasting several hours by ischemia/reperfusion injury (63). Most animal models demonstrated that both the endolymphatic hydrops and the impaired perfusion pressure were needed to induce MD's attacks (64, 65). Many studies have also documented an association between MD and presumed vascular disorders including migraine, sickle cell disease, Behcet's disease, and branch retinal artery occlusion (66–71). Among the identified genes in this study, several genes including MTHFR, NOS3, SLC44A2, and NOTCH2 are associated with prothrombotic risk factors and various vascular disorders (72–75). The MTHFR encodes methylenetetrahydrofolate reductase which catalyzes the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a co-substrate for homocystein remethylation to methionine (29). Specific polymorphisms in MTHFR (rs1801131, rs1801133) have been proposed as predisposing inherited vascular risk factors in the development of MD and sudden SNHL (29, 76, 77). The NOS3 encodes a nitric oxide synthase 3, which is responsible for the generation of nitric oxide (NO), a vasodilator in the vascular endothelium (13). NOS3 is also located in the inner and outer hair cells, and a polymorphism of NOS3 (rs1799983) was significantly associated with the risk of sudden SNHL and MD (13). The SLC44A2 encodes a choline transporter-like protein 2 (CTL2) which plays a role in choline transport or uptake with CTL1 (32). Two polymorphisms in SLC44A2 (rs2288904, rs9797861) were linked to venous thrombosis, coronary artery disease, and stroke, and rs2288904 was associated with severity of MD (32). Furthermore, in vivo binding of anti-SLC44A2 antibody induced hearing loss in mice and guinea pigs (78, 79). Thus, their genetic deficiency may cause the increased permeability of vascular endothelial cells, oxidative stress response, and increased vascular resistance, resulting in thrombosis and disturbance of micro-circulation in the inner ear (32).

Although the diagnostic criteria established by the Classification Committee of the Barany Society may improve the accuracy in clinical diagnosis of MD, the phenotypic heterogeneity is observed and some patients may have co-morbid conditions with MD, such as migraine or autoimmune disorders (39). Recent study suggests that an enrichment of rare variants in hearing loss genes such as GJB2, SLC26A, or USH1G may contribute to explain these phenotypic heterogeneities (80). Our patients in this study also showed a broad phenotypic spectrum regarding the onset age, clinical subgroups, and hearing threshold at diagnosis, and some had an accumulation of rare variants in two or more MD genes. Although we confined our gene panel to putative candidate genes associated with MD, our results also suggest the additive effect of several rare variants in the variable expressivity of MD phenotype. Alternatively, the burden of copy number variation can help understand phenotypic heterogeneity (81). Further studies may be needed to confirm these theories.

This study has potential limitations. Despite the extensive genetic screening using NGS, more than 80% of our patients did not have any likely pathogenic variant in putative candidate MD genes. This low detection rate may be due to a high proportion of sporadic cases in our study. Or, the unknown genes or additional factors including epigenetic and environmental modification are likely to contribute to the development of MD (46). We also did not perform functional study determining pathogenicity of our variants. Indeed, several variants in our study were predicted to be benign by in silico prediction tools, or affect only some isoforms of a gene. Despite the rarity and putative pathogenicity of the variants, establishing the pathogenicity may be difficult without a functional study, especially in sporadic cases. With regard to variants of familial MD gene, we could not determine if they were de novo mutations because of parental death. Finally, our panel did not include the GSTM1 or histamine H4 receptor genes, which have recently been suggested as a possible candidate gene of MD (57, 82). All of these should be considered when interpreting our results.

In conclusion, we identified rare variants of putative candidate genes in some of MD patients. The identified genes were related to the formation of inner ear structures, the immune-associated process, or systemic hemostasis derangement, suggesting the multiple genetic predispositions in the development of MD. Since there are still many MD patients without genetic variants, further assessments for the candidate genes will be needed.
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The vestibular system plays a crucial role in maintaining postural balance. Unilateral vestibular lesions result in a typical syndrome characterized by postural imbalance, altered locomotor patterns and gaze stabilization, as well as cognitive and neurovegetative disorders. One of the main difficulties encountered in the development of new anti-vertigo drugs is the lack of sensitivity in the evaluation of this syndrome. Qualitative assessments of the vestibular syndrome have been developed, but methods of conducting quantitative evaluations are critically lacking. Recently, assessments with a dynamic weight-bearing device (DWB®, Bioseb) revealed postural alterations in rats subjected to unilateral vestibular neurectomy (UVN). Our team is evaluating a new version of this device capable of quantifying additional parameters of postural and locomotor equilibrium. The objective of this study was to use this device to assess these new posturo-locomotor parameters in a rat model of a vestibular pathology. The biomarkers measured by this device are as follows: the barycenter, the support surface and the weight distribution of the rats when they were moving or stationary. Before UVN, the rats showed a symmetric distribution of their weight along the lateral axis. In the acute phase after UVN on the left side, the rats distributed more weight on the right side than on the left side and then distributed more weight on the left side. These results corroborate those presented in our previous study. The support surface of the rats increased between 1 day and 30 days after UVN, and the barycenter distribution reflected the weight distribution. In addition, our results show smaller changes in the weight distributions when the animals are moving compared with when they are stationary in the acute phase after UVN. This study provides new information on the static and dynamic postural balance patterns observed after unilateral vestibular loss in rats. These data are relevant because they objectively quantify the posturo-locomotor component of vestibular syndrome as well as the compensatory strategies used after vestibular loss. These results may guide the development of rehabilitation protocols for vestibular patients and the validation of pharmacological compounds favoring the restoration of equilibrium.
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INTRODUCTION

The vestibular system is a sensory-motor system that plays a crucial role in postural control, locomotion, gaze stabilization and space orientation (1) (Figure 1A). Unilateral damage of this system leads to a vestibular syndrome involving posturo-locomotor, oculomotor, perceptual-cognitive and vegetative disorders (Figure 1B), which have a significant impact on patients' daily lives. The prevalence of this syndrome is high: an epidemiological study recently conducted on data from 70,000,000 patients in Germany estimated that the prevalence is 6.5% (2). However, preclinical studies lack reliable methods of evaluation to precisely quantify the vestibular syndrome, its evolution over time and the effect of different therapies on the kinetics of individuals with vestibular syndrome (3). In a rodent model, the consequences of unilateral vestibular injury are essentially assessed qualitatively by various scales that address several vestibular symptoms (e.g., circling, tumbling, retropulsion, or head-tilting) (4–7). These different scales describe the overall kinetics of the syndrome, and the disorders are most severe during the first 3 days after injury (a post-lesional critical period) and then decrease in severity until baseline values are restored (vestibular compensation) [(8) for review]. However, these scales remain subjective; it is therefore necessary to design new evaluation paradigms for the objective and parametric quantification of the vestibular syndrome. For several years, in human clinical practice, posturography has been commonly used for the assessment of postural vestibular disorders (9). The utilization of force platforms that record the movements of the patient's center of pressure and provide an estimate of the energy required for postural stabilization has proven to be a particularly sensitive and relevant diagnostic tool for the vestibular syndrome (10–13). Under different experimental conditions (static, dynamic, open and closed eyes), posturography allows a global evaluation of postural vestibular deficits. It is also a valuable tool for evaluating the effects of different vestibular therapies (pharmacological and rehabilitative) on the quality and timing of postural functional recovery (14).


[image: Figure 1]
FIGURE 1. Pathways involved in posturo-locomotor function of the vestibular system, and deficits after unilateral vestibular neurectomy. (A) The vestibular nerve transmits information from peripheral vestibular receptors to the four vestibular nuclei located in the brain stem [medial vestibular nucleus (MVN), lateral vestibular nucleus (LVN), superior vestibular nucleus (SVN) and inferior vestibular nucleus (DVN)]. The vestibular nuclei then project toward various structures involved in the control of posturo-locomotor function: the spinal cord (17), the cerebellum (18), the striatum (19) and different cortical zones such as the motor cortex (20). The medial vestibulospinal fasciculus sends ipsi and contralateral projections to motoneurons of the neck muscles, allowing head stabilization, while the lateral vestibulospinal fasciculus projects ipsilaterally to the trunk and leg muscles, allowing anti-gravitary muscle tone, and to the locomotor CPG responsible for automatic locomotion coordination. The vestibular nuclei receive and transmit information to the vestibulocerebellum, involved in posture control, and via a thalamic relay, the vestibular nuclei project toward the striatum which is involved in locomotion control. The vestibular nuclei therefore constitute a central relay for the control of posture and locomotion, and a unilateral vestibular loss that induces electrophysiological imbalance between the homologous vestibular nuclei will generate a characteristic posturo-locomotor syndrome that affects each level of the neural network described above. (B) UVN will cause an electrophysiological asymmetry between homologous vestibular nuclei (21). Due to all the pathways previously described, this electrophysiological asymmetry will lead to various posture-locomotor symptoms.


This study aimed to identify new parameters to objectively quantify posturo-locomotor deficits in our rat model of unilateral vestibular neurectomy (UVN).

The first quantitative study conducted on the vestibular syndrome in rodents is relatively recent (6). The use of a weight distribution evaluation device (DWB®, Bioseb) to identify the bearing forces of the different limbs of animals has revealed severe alterations in the weight distributions in rats that have undergone unilateral vestibular neurectomy (UVN). With an advanced version of this device (DWB2®, Bioseb), we can differentiate static and dynamic vestibular behavior in our animal model and extract new data, such as the coordinates of the animal's limbs, at any time. To migrate from an evaluation that is essentially qualitative, in this study, we designed a new method of quantitative analysis based on parametric measurements. For the first time, we have demonstrated a postural imbalance following a vestibular lesion using parameters similar to those used in human clinical practice, such as plots of the position of the animal's barycenter under static condition (statokinesiograms), the surfaces of the 90% confidence ellipses of these statokinesiograms (15), the speed of displacement of the barycenter, and the speed of the barycenter as a function of the sway area (SFA: Speed as a Function of the Area), which yields estimates of the energy used for postural stabilization (16). Other behavioral phenotype characteristics of unilateral vestibular injuries were analyzed: the weight distribution on the medial lateral axis, the time spent by the animal leaning on its abdomen, and the number of laps performed during the circling periods. These data are consistent with those from our previous studies (6) and provide new information on the postural equilibrium pattern observed after vestibular loss in rats.

This parametric approach yields improved sensitivity in the evaluation of posturo-locomotor deficits following unilateral vestibular lesions. It will likely become an essential preclinical tool that is used to test the effectiveness of antivertiginous compounds or rehabilitation protocols on posturo-locomotor function recovery after vestibular loss.



MATERIALS AND METHODS


Animals

The experiments were performed on 16 Long Evans male rats of 10–12 weeks old (250/300 g) originating from our own breeding, from parents arising from Charles River (St Germain sur l'Arbresle, France). All experiments were performed in accordance with the National Institutes of Health's Guide for Care and Use of Laboratory Animals (NIH Publication no. 80–23) revised in 1996 for the UK Animals (Scientific Procedures) Act of 1986 and associated guidelines or the Policy on Ethics approved by the Society for Neuroscience in November 1989 and amended in November 1993 and under the veterinary's supervision and the National Ethical Committee's control (French Agriculture Ministry Authorization: B13-055-25). Present study was specifically approved by Neurosciences Ethic Committee N°71 from the French National Committee of animal experimentation. Every attempt was made to minimize both the number and the suffering of animals used in this experiment. The animals were housed in a large confined space with 12–12 h diurnal light variations with free access to water and food. They were housed at the Fédération 3C (Center Saint-Charles, Aix-Marseille University) animal facility.

The 16 animals were divided into two groups: SHAM group (n = 7) and UVN group (n = 9). See below for the details of procedures used for surgery.



Study Design

The behavioral investigations were carried out in 2 parts (Figure 2): a first quantitative evaluation of the syndrome with the DWB2®, and a second qualitative evaluation of the syndrome following the same scale as the one detailed in Péricat et al. (5). The rats were manipulated for 5 days before the preoperative session. During that period, a quantitative analysis of the postural parameters (reference values) was performed with the DWB2®. All the rats then underwent surgery before being assessed during the acute stage (post-lesion days 1, 2, and 3) and the vestibular syndrome compensated stage (post-lesion days 7, 10, 14, 17, 21, and 30).


[image: Figure 2]
FIGURE 2. Study design. Details of the procedure used to evaluate quantitatively and qualitatively the vestibular syndrome before and after unilateral vestibular neurectomy. Behavioral investigation of the posturolocomotor component of the vestibular syndrome was made in a first preoperative session (serving as a reference value) and then at 1, 2, 3, 7, 10, 14, 17, 21, and 30 post-lesioned days (D). Two types of evaluation were carried: a first quantitative evaluation detailed in this study and a qualitative evaluation based on previous paper (5).




Surgery

The UVN was performed on nine rats following the surgical procedure previously reported in the literature (5). The rats were placed in the induction box and left for 5 min (isoflurane concentration 4%). Once they were deeply anesthetized, they were intubated and, during the surgery, the anesthesia was maintained at an isoflurane concentration of 3%. A tympanic bulla approach gave access to the vestibular nerve: the cervical muscular planes were dissected leading to the tympanic bulla, which was widely drilled to expose the stapedial artery and the promontory containing the cochlea. The cochlea was drilled, exposing the cochlear nerve. The cochlear nerve meatus was enlarged with a needle leading to the vestibulocochlear nerve, which was sectioned at its entry into the brainstem after aspiration of the Scarpa's ganglion. The wound was closed using a stapler. Before the animal awakened, a solution of Ringer Lactate (Virbac; 10 ml/kg) was injected subcutaneously to reduce the dehydration resulting from the rats' inability to drink normally due to the lesion. Buprenorphine (Buprecare® 0.05 mg/kg) was given 30 min before the surgery.

In another 7 sham rats, surgery was stopped at the opening of the tympanic bulla.



Qualitative Evaluation of the Vestibular Syndrome

The vestibular syndrome induced in the rat after UVN is characterized by typical symptoms previously described in various species [rat UVN model: (5), mice UVN model: (4), cat UVN model: (7)]. These symptoms usually include tumbling, retropulsion, circling, bobbing and head-tilt which are all present in the acute phase of the syndrome and progressively disappear following vestibular compensation.

For this study, we used the same scale as the one previously reported (5). It is a cumulative scale where a score is assigned to each symptom, based on its severity (tumbling: 5, retropulsion: 4, circling: 3, bobbing: 2, head-tilt: 1).



Quantitative Evaluation of the Vestibular Syndrome


Analysis Device

The second version of the dynamic weight-bearing (DWB2®) device (Bioseb, Vitrolles, France) was used to evaluate the postural instability of rodents following unilateral vestibular loss. This apparatus has previously been described for the assessment of postural instabilities in the same model of vestibular loss (6). It consists of a Plexiglas chamber (25 × 25 cm) with a floor covered by a 2,000 force sensors plate. The weight passed through each part of the body in contact with the ground was assessed automatically in each sensor at a sampling frequency of 30 Hz. A high frequency camera was directed at the side of the enclosure to assist with data analysis. Both the sensors and the camera were connected to a computer using the latest DWB2 software version available at the time (v2.0.60). The software was configured as follows: part of the animal body is detected if it activates at least 2 pixels and if the weight in the central pixel is 0.7 g minimum, with at least 1 adjacent pixel recording 0.3 g. This new version allows us to distinguish periods when the animal is static or dynamic by applying a mobility threshold of 700 ms—if each area in contact with the sensors is stationary for at least 700 ms, the animal is considered static, otherwise it is dynamic. Using the software, the operator then manually identified each paw (front left, front right, rear left, and rear right) and the areas in contact with the ground, which are identified as “Other zones” (tail, abdomen, head …) with the support of the video.

Each animal could move freely in the arena for 5 min in each pre-operative and post-operative session. The pre-operative session was recorded the day before the surgery, and then the time course of the syndrome was studied on days 1, 2, 3, 7, 10, 14, 17, 21, and 30 post-UVN (Figure 2).




Data Analysis

The software performed a first automatic analysis of the acquisition file. This analysis involves the identification of the paw that activated each group of ground sensors. Following that, an experimenter checked the analyses and made corrections when necessary. Sequences where a paw cannot be clearly identified were removed from the analyses.

With this analysis, we could identify many parameters calculated automatically by the software (e.g., the weight distribution on each paw) as well as the support applied by each identified area of the animal's body in contact with the ground sensors (in grams) and the mean coordinates of these areas (in cm).

With the help of the software and home-made programs developed on Scilab (open-source software), different biomarkers were extracted, for static and dynamic phenotypes.


Static and Dynamic Parameters

The weight distributed on lateral axis during the acquisition allowed us to determine how the animal distributes its weight between his left and right paws in order to find its balance. This parameter had been investigated previously (6), but without distinguishing the static condition from the dynamic condition. This parameter was expressed as a percentage of the animal weight applied on the left limbs and right limbs at the day of acquisition.

By analogy with humans who use canes to gain postural stability, we tried to determine whether our rodent model had adopted a similar strategy by adding a support point on the ground. To that end, we quantified the average time the animals spent with their abdomen on the ground sensors, during static and dynamic periods. To do so, we calculated the time spent with another part of the body, with coordinates between the animal's four legs.



Dynamic Parameters

Circling is a phenotype specific to unilateral vestibular loss. This behavior happens when the rat starts to circle around its axis. We quantified this circling behavior by counting the number of fast laps performed during an acquisition. By tracking each front paw separately, we were able to quantify the deviation angle θ of each step made by the animal (Equations 1, 2). To do so, we used coordinates of the front paws during dynamic periods – FRx, FLx, FRy, and FLy are, respectively, the coordinates of the front right and front left paw on the X axis and on the Y axis. When the cumulative sum of θ was equal to 360° or −360°, it meant that the animal had made 1 complete lap with one paw, respectively, to the left or to the right. To distinguish the circling from the thigmotaxis (a specific behavior whereby the animal stays close to the walls of an arena during exploration), a 500 ms filter was applied over the duration of the supports of each leg. We then calculated the average of the number of laps obtained with the front left and right paws to quantify the number of laps made by circling during one acquisition.
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Static Parameters

The support surface area is a sensitive parameter used to assess static postural instability in several models of unilateral vestibular loss [cats: (7), rats: (22)]. It was calculated by measuring the surface delimited by the four legs of rats while they were static during a session, using coordinates of each paws in the ground sensors. The maximum value for each acquisition was used to quantify instability moments.


Posturographic phenotypes

Previously, recorded data from the first version of this device (DWB® Bioseb SAS) were used to model the fine postural disruptions of UVN rats (6). To do that, the mean position of the barycenter was estimated with the help of the weight applied on each paw. Here, the use of paws coordinates allowed us to calculate a true barycenter of the bearing forces applied by the paws on the ground sensors (Equations 3, 4). The position of the barycenter was calculated at each period when the animal was stationary and on its four paws.
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Based on the coordinates of the rat's barycenter over time, we were able to trace the statokinesigram of each acquisition. The statokinesigrams show the trajectories in 2D of the barycenter and the center of gravity of each paw every time the calculation is performed. The coordinates of the barycenter have also allowed us to use finer and more precise postural parameters already used in human clinical practice, such as the body sway area (body's balancing zone) [(15): Human, (13): Human, (23): mouse model]. These coordinates allowed us to quantify the postural stability and locomotion speed of our rat model as a function of the sway area (SFA) in order to estimate the energy spent by the rat to stabilize its posture (16). Indeed, on the same surface, the barycenter can cover a more or less long distance. This parameter is used in clinical posturology to estimate the energy a patient spent when he is on a force platform. In human clinical studies, the time the subject spends in a stationary position on a force platform is controlled. Here, we have chosen to use the speed of movement of the barycenter in order to avoid the variable durations of the static postures.

Body sway was evaluated by measuring the area of the confidence ellipse that includes 90% of the barycenter. With this classical method, we eliminate 10% of the extreme points to suppress postural sway values that were possibly due to quasi voluntary movements. This calculation was made when rats were static and on their four paws. An average weighted by the duration of each of these moments is then established for each acquisition.





Statistical Analysis

For each of the parameters evaluated on the two groups of rats (UVN and SHAM groups) the recorded values are expressed as average + SEM. To test the effect of UVN, we performed analysis of variance (Two-way ANOVA with repeated measures). For post-hoc analyses, Dunnett's tests were performed to compare values at each post-operative time with pre-operative values, and Tukey-Kramer multiple comparison tests to compare the results obtained between UVN group and SHAM group and between static and dynamic conditions. The Tukey-Kramer multiple comparison test is adapted for comparison of samples of different size.

In order to avoid interindividual differences in postural parameters due to small differences in weight or foot placement between rats, all postural parameters were expressed as normalized data. Each result obtained by the animals was normalized with the result they individually obtained during the preoperative condition.

Pearson correlations were also calculated between the quantitative parameters and the parameters from the qualitative scoring scale in order to see or not similarities in their kinetics. These results give us the Pearson correlation coefficient r (no correlation if close to 0, low if between 0.3 and 0.5 and high if >0.5), and the significance of the correlation p (Table 1).


Table 1. Correlations between the results of qualitative behavioral assessment and the results of quantitative behavioral assessment of vestibular syndrome.
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RESULTS

This study analyses the longitudinal effects of a sudden and unilateral suppression of vestibular information on different posturo-locomotor biomarkers: [1] the weight distribution on the lateral axis and the time the animals spend leaning on their abdomen, in static and dynamic condition, [2] the number of turns performed in circling periods (behavior), [3] the maximum support surface area and posturographic parameters such as body sway and the amount of energy spent to stabilize (SFA), studied when the animal is static on its four paws. The results obtained in the UVN group are compared with preoperative values to observe the effects of the vestibular lesion, and with a SHAM group in order to avoid post-surgical effects or possible habituation effects to the task not visible under preoperative conditions.



Static and Dynamic Parameters


Weight Distribution Along the Lateral Axis

The results for this parameter are shown in Figure 3. Before the unilateral vestibular lesion, the UVN group distributed its weight symmetrically between the right and left sides (static right % = 50.9 ± 1.3; static left % = 49.1 ± 1.3; dynamic right % = 51 ± 0.9; dynamic left % = 49 ± 0.9). At the first post-lesion day, no significant differences were observed on dynamic laterality parameters compared with preoperative values, or between the UVN group and the SHAM group. Nevertheless, in the UVN group, under static conditions, significant differences appeared between left and right limbs (p < 0.0001) and with the preoperative condition (p < 0.05). On the 2nd post-lesion day, significant differences still existed in the UVN group, in static condition, between left and right limbs (p < 0.05). No other differences were observed on days 2 and 3 post-lesion. From 1 week to 1 month after UVN, rats significantly shift their weights to the left limbs (D7: p < 0.001, D10–D30: p < 0.0001), with no difference between static and dynamic conditions. During this period, significant differences were also observed between the UVN group and the SHAM group (D7: p < 0.05, D10–D30: p < 0.0001).


[image: Figure 3]
FIGURE 3. Parameters discriminating between static and dynamic behavior. Within A. The weight distribution on the lateral axis and in B. the time spent on the abdomen. (A) The weight distribution on the lateral axis shows asymmetric kinetics in the UVN group. Rats correctly distribute their weight between right and left limbs during the preoperative session and then switch more weight to their right limbs in static condition at day 1 & day 2 post-UVN (p < 0.05) while the dynamic weight distribution remains symmetrical. During the compensated period, UVN animals significantly distribute more weight on their left limbs whatever the static or dynamic condition. (B) SHAM animals always have a symmetrical weight distribution. The geometric shapes in color under the rat drawings indicate the amount of weight distribution on the left (red) and right (blue) paws in the UVN and SHAM group rats. (C) The UVN group spends significantly more time on their abdomen at day 1 postlesion compared to the preoperative session (0.0001 < p < 0.001) and compared to the SHAM group [static (p < 0.005) and dynamic (p < 0.0001)], with more time overall leaning on his abdomen in dynamic condition. (D) This behavior is never observed in the SHAM group. Standard errors of the mean are reported as vertical lines. Delay effect refers to significative differences with the preoperative condition; mobility effect means that a significative difference was found between static and dynamic condition; intergroup effect means that a significative difference was found between UVN and SHAM group (*p < 0.05).


During all post-lesion delays, under static and dynamic conditions, we can observe that the SHAM group had a symmetric weighting distribution between the right and left limbs (right % between 47.2 ± 2 and 51.2 ± 1.4 and left % between 48.8 ± 1.3 and 52.8 ± 2).




Time Spent Leaning on the Abdomen

Whatever the analysis time, the sham group never places its abdomen on the floor sensors as shown in Figure 3D. However, the abdomen of the UVN group animals is detected by the ground sensors from the first day after UVN (Figure 3C). At the first day post-UVN, significant differences are observed compared with the SHAM group (p < 0.005 and p < 0.0001 in static and dynamic condition; respectively) and with the preoperative condition for static (p < 0.001) and dynamic (p < 0.0001) conditions. During the 2nd and 3rd post-lesion days, some animals continue to lean on their abdomen for short periods of time but with no significant differences. The animals in the UVN group regain a posture without support on their abdomen from the 7th day postlesion.




Dynamic Parameters

In order to have an objective quantification of the circling behavior observed in our vestibular syndrome model (5) and in several other disease models (24), we counted the number of complete turns performed with rapid leg support during all post-lesion days (Figure 4).


[image: Figure 4]
FIGURE 4. Quantification of the circling behavior. The UVN group performed significantly more left circling at D1, D3, and D7 compared to the preoperative period and the SHAM group (0.05 < p < 0.0001). Concerning the number of right-hand turns, no significant difference is observed between the SHAM and UVN groups. This circling behavior is never observed in the SHAM group. Standard errors of the mean are reported as vertical lines. Delay effect refers to significative differences with the preoperative condition; intergroup effect means that a significative difference was found between UVN and SHAM group (*p < 0.05; ***p < 0.001).


Concerning the number of right-hand turns, no significant difference is observed between the SHAM and UVN groups. The SHAM group performs on average <2 fast laps per session during all analyzed delays, and the UVN group performed a maximum of 2.3 ± 0.7 fast laps to the right at 7th day postlesion.

Significant differences are observed in the number of left laps circling at postlesion days 1, 3, and 7. These differences are observed between the UVN and the SHAM groups (D1: p < 0.0001, D3: p < 0.05, D7: p < 0.001) and with the preoperative values for the UVN group (D1: p < 0.0001, D3: p < 0.05, D7: p < 0.001).



Static Parameters
 
Maximum Support Surface Area

The support surface area has been used in several animal models [(7) in cats, (22) in rats] to quantify postural instability following unilateral vestibular loss. Nevertheless, these data were acquired in the rat UVN model after reactivation of the vestibular syndrome by stimulation of the otolith system [(5) for more information]. Here, in order to quantify the postural instability, we have chosen to select the maximum surface area of the polygon during a session, which reflects instability periods of the animal.

The results obtained reveal a little variability in the SHAM group; the data normalized with the preoperative condition are between 0.8 and 1.2 (Figure 5). Nevertheless, from the first post-lesion day, the maximum value of the support surface area increases significantly in the UVN group compared both to the preoperative time (from day1 to day 7: p < 0.0001; day 10 and day 17: p < 0.05; day 14, day 21 and day 30 : p < 0.0001), and compared to the SHAM group (from day 1 to day 14 : p < 0.0001, from day 17 to day 30 : p < 0.05).


[image: Figure 5]
FIGURE 5. Automatic quantification of the maximum support surface area, a biomarker of postural instability. This parameter reveals instability following surgery in the NVU group at critical and compensated periods. Note that from the first post-lesion day to the last acquisition day, the maximum value of the support surface area of the sustentation polygon increases significantly in the UVN group compared to the preoperative time (0.05 < p < 0.0001), and compared to the SHAM group (0.05 < p < 0.0001). Standard errors of the mean are reported as vertical lines. Delay effect refers to significative differences with the preoperative condition; intergroup effect means that a significative difference was found between UVN and SHAM group (*p < 0.05).




Posturographic Parameters
 
Statokinesiograms

The calculation of the position of the barycenter at a frequency of 30 Hz, at each moment, when the animal is on its four paws and stationary, allowed us to trace the average positions of the paws and the position of the barycenter of each animal at each session. These statokinesiograms show us different postural patterns depending on the group of rats and the post-lesion time, including a greater dispersion of the barycenter point cloud at several post-lesion days (Figure 6). We then these plots to quantify the body sway and the energy expended to stabilize it (SFA).


[image: Figure 6]
FIGURE 6. The rodent stabilogram, a representative illustration of the kinetics of barycenter and paws positions. Plot of the successive positions of the legs and the barycentre at each moment when the animal is stationary with its 4 paws placed on the sensors during a 5-min acquisition. The first line of the table gathers the stabilograms of a representative UVN rat at different post-UVN days (Day 1, Day 2, and Day 30), the second line gathers the stabilograms of a representative SHAM rat at these same post-UVN days times. For each stabilogram, the antero-posterior axis is on the abscissa and the lateral axis on the ordinate. The dark blue, red, light blue and pink dot clouds are the traces of the average positions, respectively, of the right rear paws, left rear paws, right front, and left front paws during a session at each moment when the animal is static on its four legs. The green point cloud is the trace of the successive positions of the barycentre calculated at each of these moments. The different black crosses represent the average position of the legs during an entire session. The red dot represents the average position of the barycentre during a session. The pattern of stabilograms appears stable in SHAM rats, compared to the UVN group where the pattern appears more instable at the three representative post-UVN days.




Estimation of the energy spent to stabilize

The results from the quantification of the energy expended to stabilize the posture (Figure 7A) show a significant difference on the first post-lesion day between the SHAM and UVN groups (p < 0.01) and with the preoperative condition for the UVN group (p < 0.001). No significant difference was observed at the preoperative time, and from the 2nd to the 30th post-lesion day between the two tested groups.


[image: Figure 7]
FIGURE 7. Use of posturographic parameters to quantify postural instability in a UVN rodent model. (A) quantification of the energy spent for posture stabilization. (B) body sway. (C,D) examples of barycentre plots observed in a representative NVU rat in acute (C) and compensated (D) period. The NVU group spends significantly more energy to stabilize on the first day post-UVN (p < 0.001); this energy is quantified by a ratio between the velocity of the barycentre and the surface of the confidence ellipse. It then stabilizes from D2 to D30 and becomes similar to that of the SHAM group, in which there is little variation at any time. The body-sway (B) is significantly higher in UVN rats from D3 to D30 and remains stable in SHAM rats. In (C), we can see the representation of the displacement of the barycentre as well as its confidence ellipse at a time when the animal spends a lot of energy stabilizing its posture: the animal is stable but the displacement of its barycentre shows efforts spent to concentrate the position of its barycentre in the surface of the ellipse. In (D), the same parameters are represented at a compensated delay: the animal is unstable (high surface area of confidence ellipse), and the dispersion of the path of its barycentre shows little effort applied to restrict the movement of the barycentre in a small area, that underlies a new postural strategy. Delay effect refers to significative differences with the preoperative condition; intergroup effect means that a significative difference was found between UVN and SHAM group (*p < 0.05; **p < 001; ***p < 0.001).




Quantification of postural instability

The results from the body sway (Figure 7B) show a significant gradual increase in this parameter beginning the 3rd postlesion day and persisting until the 30th postlesion day in the UVN group, indicating a progressive postural instability. The surface of the confidence ellipse at 90% of the barycenter doubles from postlesion D3 to postlesion D30 and remains significantly different with the preoperative time. No significant variation in this parameter is observed in the SHAM group, whose surface area of the normalized confidence ellipse remains close to 1.




Statistical Correlations Between the Two Methods for Analyzing the Posturo-Locomotor Syndrome Following Unilateral Vestibular Suppression

The results from the qualitative vestibular syndrome assessment scale used in the same rodent model [(5), Figure 8A] describe the kinetics of vestibular syndrome. The disorders are expressed at their peak during the first 3 days after UVN, then gradually decrease at the 7th post lesion day to stabilize at a score of 2 on average at the 30th postlesion day (Figure 8B).


[image: Figure 8]
FIGURE 8. Qualitative evaluation of the posturo-locomotor components of the vestibular syndrome. (A) Illustration of the evaluation grid used to conduct the analysis. (B) Results of the qualitative evaluation of the UVN group at the different delays of the study: we can observe a critical period when the disorders are at their peak from D1 to D3, then a period when the disorders gradually compensate each other, with a progressive decrease in the score from D7 to D30.


Correlations were made between the quantitative and qualitative parameters in the UVN (Table 1). Low (0.35 < r < 0.38) but highly significant (p < 0.001) correlations exist between the results of the qualitative scale and the quantitative parameters: maximum support surface area, time spent in the abdomen (static and dynamic periods), weight distribution on left limbs (static periods). The left circling quantitative parameter is strongly and significantly correlated with the qualitative scoring (r = 0.56; p < 0.0001). The weight distribution quantitative parameter on the left legs is inversely correlated to the qualitative scale (r = −0.38; p < 0.0002).



DISCUSSION

This study provides new information on the postural balance patterns observed in a rodent model of acute vestibular peripheral pathology (UVN rat model). We quantify for the first-time postural parameters, such as those analyzed in human clinical studies in the field of posturology. Plots of the position of the animals' barycenter under static conditions (stabilograms), the surface of the 90% ellipse of confidence of these stabilograms, the speed of displacement of the barycenter, and the speed of the barycenter as a function of the sway area (SFA) provide estimates of the energy used for postural stabilization. In addition, two new vestibular behavioral phenotypes are also quantified for the first time in this study: the time spent by the animal leaning on its abdomen and the number of laps performed during the circling behavior. This was done through a newly automated and parametric analysis method that is independent but correlated with the qualitative scales that are traditionally used (4, 5, 25).

These new postural biomarkers have allowed us to differentiate static behavior from dynamic behavior, to automatically quantify circling in a unilateral vestibular lesion model (behavior usually noted in qualitative score scales), and to focus precisely on the postural disorders inherent to our rodent model of unilateral vestibular pathology.



Static and Dynamic Behavioral Parameters

Based on the impact of vestibular loss on the weight distribution on the lateral axis, we have suggested a strategy for postural rebalancing during the acute phase of vestibular syndrome. Indeed, at D1 and D2 postlesion, animals exhibit good dynamic balance because they distribute their weight symmetrically, whereas this distribution is asymmetric with more weight applied on the ipsilesional side under static conditions. The control of locomotion is managed by a very large network (26). These neural networks are located in the spinal cord and form the central pattern generators (CPGs) of locomotion. These CPGs, through the action of a pacemaker neural network (27), are able to initiate rhythmic motor control in the absence of sensory feedback. Rats have 2 CPGs: one at the cervical level for the control of the rhythmicity of the front limbs and one at the lumbar level for the control of the rhythmicity of the movements of the trunk and hindlimbs (28). Thus, once motor control is initiated and in the absence of external disturbances, the CPGs generate an automatic rhythm for walking. Under static conditions, the information obtained from the hair cells of the peripheral vestibular receptors located mainly in the saccule and utricle becomes essential to maintain anti-gravity muscle tone during rest (29). Thus, during the acute phase of vestibular syndrome (the critical period of 1–3 days postlesion), when the animal is stationary, UVN causes asymmetry in the anti-gravity muscle tone, with a decrease on the ipsilateral side due to the absence of gravity information from the deafferented side. This asymmetry in muscle tone is probably responsible for the larger weight distribution on the right-side paws and the use of the abdomen for support as a postural stabilization strategy. Weight rebalancing under dynamic conditions can also occur due to the contribution of other sensory modalities, thus supporting the sensory substitution phenomenon observed in patients after vestibular neurectomy (13). Indeed, during locomotion, plantar information and visual flow can augment the sensory inputs and thus contribute to the rebalancing of electrophysiological activity between the two vestibular nuclei (VN), which is known to be the key parameter of vestibular compensation (30). During locomotion, the activity of spinal cord CPGs take control of the locomotor system and also contribute to the restoration of electrophysiological homeostasis of the VN since these spinal neural networks project directly onto the VN (31) (Figure 1A). This postural readjustment is also observed under dynamic conditions in patients. An increase in walking speed leads to a decrease in the gait deviations observed in vestibular patients (32).

In addition, the data from the UVN group's abdominal exposure time indicate that during this critical period (from 1 to 3 days postlesion), animals place their abdomen on the ground sensors. This behavior was not observed during the other postlesion days or in the SHAM group. We can also observe that they use their abdomen as a support, especially in dynamic conditions. We hypothesize that UVN rats use their abdomen to maintain dynamic balance, and this part of the body acts as a new support point used to promote stability, especially under dynamic conditions. The same type of behavior is found in humans, as people with poor balance tend to lean on a cane.

From the 7th day postlesion, the animals distribute much more weight on the ipsilesional side, which is consistent with the results previously published (6) and reflects muscle tone recovery on the ipsilesional side. Nevertheless, the animals in the UVN group maintained this weight distribution asymmetry on the lateral axis until the 30th day after UVN. It can be assumed that this weight asymmetry in favor of the injured side may explain the body's inclination and the deviation of the locomotor trajectory on the side of vestibular loss, as observed in patients after UVN (13, 32, 33).

It can also be noted that this weight asymmetry appears as early as 7 days postlesion, which coincides with the time at which the animals stopped the abdomen, support on the ground sensors. Although the animals no longer used their abdomen because they recovered muscle tone in their limbs, their weight redistribution pattern on the lateral axis was different from that observed in the preoperative period. The animals were able to compensate but not fully recover to preoperative levels after experiencing vestibular loss.



Dynamic Parameter

Circling refers to rapid rotational behavior that is observed in different disease models (4, 5, 7, 24). This phenotype is common to rodent models of various pathologies with cerebral asymmetry (Parkinson's disease, schizophrenia, depression or anxiety). A similar behavior has been observed in humans: in the absence of visual information, they exhibit a circular deviation to the right or left in their locomotor pattern (34). The authors of this article suggest that this phenomenon may be related to an asymmetry in non-pathological vestibular information.

In the literature, the most common hypothesis explaining circling is a dopaminergic imbalance in the striatal pathways (19). However, the VN project massively toward the thalamic parafascicular nucleus, which in turn projects directly toward the striatum (Figure 1A). It is recognized that this vestibulo-thalamo-striatal pathway is essential for the control of posture and leg movements (35). Thus, circling may be a result of a striatal electrophysiological imbalances resulting from electrophysiological imbalances that are observed in the VN after unilateral vestibular loss (Figure 1B). Similarly, its disappearance may be linked to a rebalancing of the electrical activity in the striatum. Indeed, it is well-demonstrated in the literature that vestibular syndrome is the result of electrophysiological asymmetry between homologous VN, characterized as low spontaneous electrical activity on the deafferented side and high activity on the intact side. Studies in the literature also indicate that restoring the electrophysiological balance between the two opposing VN is the key parameter for postural, locomotor and gaze stabilization function recovery (30, 36–41). In addition, the reticulospinal pathway is modulated by vestibular, visual and proprioceptive information. According to the model proposed by Deliagina et al. (42), UVN causes an imbalance in the electrophysiological activity recorded in the reticular formation, resulting in locomotor imbalances, which has been shown to result in rolling behaviors in lamprey. Circling behavior may thus represent a behavioral phenotype typical of an alteration in the excitation vs. inhibition balance of a heterogeneous neural network including, among others, VN, the striatum, the reticular formation and locomotor CPGs.



Static Parameters: Posturology

The support surface area is usually measured in animal models of vestibular pathology to assess static postural deficits following unilateral vestibular lesions (7, 22). In rats, this parameter is usually used in situations in which the syndrome is reactivated. In the present study, the support surface was calculated in a spontaneous situation of instability (the maximum value per session was selected). Our results show that the area of the support surface became significantly larger and reached the maximum size during the acute period, which is 1–3 days postlesion. This area gradually decreased but remained significantly wider postoperatively compared with preoperatively. These results indicate persistent postlesion postural instability but provide little information on the fine kinetics of vestibular syndrome. Posturology assessments provide more information about the static deficits observed in our rodent model. This used in human clinical practice for the diagnosis and evaluation of postural disorders and for the assessment of instability. Statokinesiograms are shown here for the first time in rats under ecological conditions, without any restraint, unlike in other studies (23, 43). In this study, postural parameters are automatically studied when an animal voluntarily immobilizes itself, which reduces the need to retrain animals subjected to a stressful model of pathology (25). The analysis of the barycenter was carried out when the animal was at rest on its 4 paws, and 10% of the extreme values were excluded so that the barycenter positions where the animal started a voluntary movement were not included in the dataset.

Body sway was also analyzed for the first time in an automated way in rats, and the results indicate that instability increases gradually after vestibular loss, reaching a peak at D7, and remains high until 1 month after UVN. These data are comparable to those obtained in patients after the same type of vestibular lesion (UVN), which show an increase in body sway that is maintained over time (13). In another study, Deveze et al. (14) observed posturographic deficits in vestibular patients, which were also maintained over the long term without rehabilitation. In addition, a similar analysis showed that body sway is a good posturo-locomotor phenotypic biomarker when used for the differentiation of different neurodegenerative diseases (23).

The energy expended for postural stabilization increases sharply on the first day after UVN and then normalizes. It seems logical that the level of energy expenditure is highest during the peak of the severity of vestibular syndrome. According to the qualitative analysis, the postural disorder is the most severe on the first day postlesion, when behaviors such as circling and tumbling are observed (5, 6). Restoring postural balance to compensate for these deficits certainly requires a considerable amount of energy and effort. The energy parameter has never been studied in animals subjected to unilateral vestibular loss. A study in vestibular patients using the wavelet method showed the same results; vestibular loss patients spent more energy maintaining balance than control subjects (12). This parameter is therefore a good tool to assess the difficulty of an animal suffering from postural disorders of different origins in maintaining balance.

The posturo-locomotor deficits observed in the acute phase are probably due to the excitability imbalance between the two homologous VN (Figure 1B). It is the electrophysiological asymmetry between VN that induces an asymmetry in muscle tone that is responsible for postural imbalances. Conversely, it can be assumed that the restoration of certain postural biomarkers (time spent on the abdomen, circular behavior, SFA) in the period in which compensatory behaviors are developed results from the restoration of electrophysiological homeostasis between the VN (21). Nevertheless, changes in some biomarkers (ipsilateral weight distribution, body sway) lead to the development of a new postural strategy expressed during the period in which compensatory behaviors are developed. These biomarkers cannot be estimated by an experimenter and have therefore never been included in the qualitative assessment scales for vestibular syndrome. Persistent long-term postural locomotor disorders have also been clinically identified in vestibular patients.

In this study, we provide the results of a new way of quantifying the posture-locomotor deficits associated with vestibular lesions and the compensatory strategies adopted. We highlighted new parameters that can be considered finer biomarkers of postural and locomotor alterations following vestibular loss. These data corroborate the phenomenon of vestibular compensation, which is well-described in the literature, and also highlight the presence of persistent balance disorders in vestibular lesioned rats. The focus of pre-clinical therapies should therefore be to resolve these persistent disorders in rodent models, thus leading to improvements in postural balance during the period in which compensatory behaviors are developed. This parametric approach is more sensitive than traditional methods in the evaluation of unilateral vestibular syndrome in rodents, so it is anticipated that it will become an essential evaluation tool used to test the efficacy of anti-vertigo compounds or rehabilitation protocols on the kinetics and the quality of restoration of posture-locomotor balance after vestibular loss.
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Objectives: An association between tinnitus distress with anxiety and depression is described in literature. A similar relationship might exist between tinnitus distress and personality traits, especially since associations between personality traits and other chronic diseases are already revealed. In this systematic review, we aim to investigate whether personality is a risk factor for tinnitus distress.

Design: We searched PubMed and EMBASE databases from inception up to December 31, 2018 for articles on the association between tinnitus distress and personality. Two researchers screened titles, abstracts, and full texts for eligibility. Directness of evidence and risk of bias were assessed. From the included studies, study characteristics and outcome data of tinnitus distress and personality traits were extracted.

Results: A total of 323 unique articles were screened of which 11 cross-sectional studies were eligible for critical appraisal and were used for data extraction. Including study populations were heterogenous, and studies scored high to moderate risk of bias. Nine out of 11 articles showed an association between tinnitus distress and the personality of neuroticism.

Conclusions: By limitations in the methodology of included studies, the evidence on specific personality traits as a risk factor for tinnitus distress is inconclusive. Some evidence on a positive association with neuroticism is identified. To draw conclusions about causal relations, these further studies should be of longitudinal design in a cohort setting. These studies should assess tinnitus distress using validated questionnaires with multiple personality dimensions and validated questionnaires to assess personality traits.

Keywords: tinnitus, tinnitus distress, personality traits, five-factor model, neuroticism


INTRODUCTION

Tinnitus is the presence of a buzzing or tinkling sound in one or both ears without an acoustic external source to the head and can be associated with a reduction in health-related quality of life (1–3). Growing evidence shows that many cases of tinnitus are associated with de-afferentation of the central auditory structures due to aging, noise exposure, otologic injury, or other causes. The prevalence of tinnitus varies widely, depending on the used methodology, selected population, and definition of tinnitus. For that reason, the prevalence of the adult population experiencing tinnitus is estimated to be 10–25% (4). Where only 1–7% of the adult tinnitus population seems to struggle with bothersome tinnitus, others experience this symptom without any difficulties, which underlines the heterogeneity of the experienced disease (4). This heterogeneity is not only the experienced diversity in the tinnitus itself (e.g., lateralization, temporal course, sound characteristics) but also due to differences in tinnitus-related problems such as sleep and concentration difficulties and accompanying co-morbidities. Tinnitus-related distress is diverse and can be described as a complex phenomenon associated with negative appraisal, selective attention, safety behaviors, beliefs, and a distorted perception of tinnitus (5, 6). Thereby, it is not surprising that the individual needs of patients for tinnitus-related healthcare are various (4, 7).

So far, it is unclear to what extent psychopathological disorders are predisposing to tinnitus complaints, do aggravate symptoms, or refrain patients from tinnitus relief by diverse tinnitus therapies (8–10). The same might be argued for possible influences of personality traits (10) whereby personality can be defined as the characteristic pattern of thinking, feeling, and behaving of an individual (11). Early appearance of personality after birth indicates that personality is partly genetic determined (12, 13). Many studies have investigated the association between personality and diseases, for instance, between personality and the development of cardiovascular disease and cancer (14–17). A similar relationship could exist between personality characteristics and tinnitus. In the cognitive tinnitus model, it is assumed that tinnitus provokes distress in persons who hold overly negatively thoughts about it, thereby motivating maintaining factors. Subsequently, patients gain a distorted perception of their tinnitus. In 2014, Mucci et al. analyzed the relationship between tinnitus and personality by reviewing the literature from 1968 to 2012 (5, 18). They concluded that tinnitus is associated with several personality characteristics, especially on neuroticism, though a clear distinction between tinnitus perception and tinnitus distress was not made and the quality of data was not assessed. Personality characteristics in patients with more distress might differ from others without high distress levels. A scoping review by Durai et al. in 2016 found associations between tinnitus distress and multiple personality traits such as high neuroticism and low extraversion (19). Still, this review has important limitations due to the scoping method: relevant studies may not have been identified, and a quality assessment was not performed.

To measure personality traits, a wide range of questionnaires can be used. Some questionnaires focus on specific personality traits (19) where other questionnaires are based on models dividing personality into dimensions, for instance, three (Eysenck's theory) or five dimensions [the five-factor model (FFM): the “Big Five”] (19, 20). The variance between factors in the FFM is substantial compared to the variance of other personality inventories (21), and thereby, the FFM adopted a prominent position in the field of personality assessment (22). Assessing personality traits by a validated instrument in tinnitus patients might contribute to a better understanding about the relationship between both. As differences in personality traits can influence tinnitus-related distress and the response on different tinnitus treatments, which is especially important for tinnitus patients with severe complaints of tinnitus, this insight might be of benefit to understand the disease and treatment outcome. Therefore, we aim to investigate whether personality is a risk factor for tinnitus distress by a systematic review of the literature.



MATERIALS AND METHODS


Search Strategy

We searched PubMed and Embase to access records, which analyzed the relationship between tinnitus distress and personality up to December 2018. PubMed was searched by entering the following search criteria in PubMed: [personal*(Title/Abstract)] AND {[tinnitus (MeSH Terms)] OR tinnitus (Title/Abstract)}. A similar search strategy was used to search Embase. The Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) was used as a writing guideline (23).



Study Selection

After removal of duplicates, two researchers (JM and WV) independently screened titles and abstracts of searched articles. Eligible full text articles were retrieved through the databases and by emailing the authors. Full text eligibility was determined by the in- and exclusion criteria listed in Table 1. We included studies if they included adults with tinnitus that correlated tinnitus distress with personality characteristics. With tinnitus distress, terms such as tinnitus loudness, annoyance, and handicap were also included. When there was a different opinion on eligibility, the two reviewers tried to reach consensus. Studies investigating a therapy for tinnitus were excluded since interventions can change personality traits (24). The third and fifth author (IS and AS) were consulted if no unanimity was achieved.


Table 1. Eligibility criteria.
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Data Collection

Two researchers (JM and WV) extracted data regarding study design, study population, group size, setting, questionnaires regarding tinnitus distress and personality, and outcomes of the evaluation concerning tinnitus distress and personality. Primary outcome was the relationship between tinnitus distress and personality traits, as described by the FFM. The FFM is a taxonomy of five traits: neuroticism, extraversion, openness, agreeableness, and conscientiousness (25). The Big Five Personality Dimensions Scale, the NEO Five-Factor Inventory (NEO-FFI), and the Big Five Inventory (BFI) are based on the FFM. When included trials used personality trait questionnaires not based on the FFM categorization, these personality traits were matched to the FFM categories. For this, the literature was searched to find a correlation between the non-FFM personality trait category and the traits as defined and scored by the FFM (26–34). Those associations and stratifications between FFM personality traits and non-FFM traits are described in Table 2. Mean scores of the questionnaires including standard deviations and P-values were distracted from the articles when available. When a t-test was used, the F-ratio and P-value were documented.


Table 2. Correlation between non-FFM personality questionnaires and the FFM personality traits based on the literature.
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Risk of Bias

Critical appraisal of selected studies regarding risk of bias (RoB) was performed by two researchers (WV and JM), using the Newcastle–Ottawa Quality Assessment Scale, using different assessment scales for cohort studies and for case-control studies (38). This instrument is divided into three subdomains concerning the bias in selection, comparability, and exposure. Each subdomain consists of one to four categories of potential bias. A study can be awarded one or two stars depending on each item within the categories. Selection can be awarded with a maximum of four stars, comparability with a maximum of two stars, and outcome with a maximum of three stars. The more stars were earned, the lower the risk of bias of the study was rated.




RESULTS


Study Selection

Our flow chart of the study selection, including reasons for exclusion of articles, is shown in Figure 1. After removal of duplicates, 323 unique records were identified. Of these, 255 articles were excluded based on title and abstract screening. After reading the full text of 68 articles, 11 articles were eligible for critical appraisal.


[image: Figure 1]
FIGURE 1. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Flow Diagram of Study Selection (39).




Risk of Bias and Quality Assessment

Critical appraisal of the 11 articles is outlined in Table 3. None of the studies were awarded with the maximal amount of nine stars; the range is between three and six stars. The majority used a selected group of tinnitus patients by including them from outpatient clinics (40, 41, 43, 44, 46–49). Furthermore, none of the case-control studies did provide information about non-respondents, and all cohort studies were of cross-sectional study design hindering the assessment of adequate follow-up. In addition, the majority of studies did not correctly control for confounding factors (40, 41, 43–49). Together, this limits the number of stars awarded for all subdomains. Only two studies used a representative cohort of patients with tinnitus out of the general population; however, these studies used a single question of tinnitus distress in contrast to validated multi-item questionnaires (45, 50).


Table 3. Risk of bias assessment using the Newcastle–Ottawa Quality Assessment Scale.
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Characteristics of Studies

There was a large heterogeneity in tinnitus questionnaires and personality questionnaires to measure tinnitus distress and personality traits, respectively, in the included studies. Because of this heterogeneity, no meta-analysis could be performed. Therefore, a descriptive analysis of the included articles is provided. All but three (42, 45, 50) studies included patients who visited the tinnitus department or Ear-, Nose-, Throat (ENT), which leads to a specific patient selection. The two cohort studies included patients from large-population studies in Dunedin (New Zealand) and the United Kingdom (UK) (45, 50) and assessed personality traits in a cross-sectional manner.




Synthesis of the Results

Extensive descriptions of the articles and outcomes are presented in Table 4.


Table 4. Summary of studies on personality characteristics in tinnitus patients according to tinnitus distress.
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Tinnitus Distress and Personality Traits

A majority (9 out of 11 studies) of the included studies showed one or more associations (both positive and negative) between tinnitus distress and personality (41, 44–47, 49, 50). Two out of 11 articles studied the association between tinnitus distress and the FFM personality traits by usage of the NEO five-factor inventory (44) or a short version of the Big Five Personality dimensions scale (48). Of those, Langguth et al. did find a negative association between scores on the Tinnitus Handicap Inventory (THI) and consciousness (correlation coefficient = −0.367, p = 0.003), and a positive association between tinnitus distress on the Tinnitus Questionnaire (TQ) and neuroticism (correlation coefficient = 0.276, p = 0.028) (44). Furthermore Strumila et al. (48) stated that high THI scores did not predict high scores on any of the personality traits, but neuroticism did influence distress of tinnitus perception (p <0.001, standardized coefficient 0.38).

The other nine studies used non-FFM-based questionnaires to assess personality traits in similar domains to the FFM division (40–43, 45–47, 49, 50). To be able to make a comparison, we converted these outcomes of personality traits to the FFM personality traits when a comparison between both was described in literature, as stated previously (Tables 2, 5). One study found a positive association between bothersome tinnitus and neuroticism [odds ratio (95% CI) = 4.11 (3.69–4.58), p < 0.001] using the EPI-neuroticism questionnaire (45). Eight of nine non-FFM-based studies indicated a positive correlation between neuroticism and increased tinnitus distress, including the New Zealand study, which represents a sample of the general population (Table 5) (40–42, 45–47, 49, 50). For the other categories of personality traits (extraversion, openness, agreeableness, and consciousness), we found no conclusive results about an association with tinnitus distress.


Table 5. Association of personality trait outcomes to tinnitus distress.
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DISCUSSION

In the present review, we studied personality traits as a risk factor for tinnitus distress, in which 11 cross-sectional studies with a high degree of heterogeneity in methods and outcomes were included. Owing to heterogeneity in the reported personality traits, it was not possible to perform a meta-analysis. Of the FFM, neuroticism was the only trait with a positive relationship with tinnitus distress in multiple studies. The association between neuroticism and tinnitus distress is in line with previous findings about emotional health and tinnitus: tinnitus distress shows close relationships with factors related to emotional health, and emotional health may be prognostic for the development of tinnitus distress (51, 52). One could argue that patients with more severe complaints of tinnitus are indeed more likely to have a neurotic personality, since neuroticism is described as the tendency to experience negative emotions. However, neuroticism is also associated with psychopathological symptoms of depression and anxiety (53), which complicates the causality of this association, since anxiety and depression are more prevalent among tinnitus patients (8, 19, 54). Moreover, both tinnitus and personality are potentially influenced by genetic factors (55, 56). Interestingly, of the FFM traits, the strongest associations were revealed between genetic variants and neuroticism (56–58). One of these studies used the same prospective cohort in the United Kingdom as the study of McCormack et al. (45) of which results were included in this systematic review. Indeed, this study found a positive association between neuroticism and tinnitus.

Several major limitations of this systematic review must be mentioned. Most of the studies included a selected population of tinnitus patients visiting an ENT department, audiological clinic, or tinnitus clinics and, thus, are not necessarily representative of the general population. For instance, headache-prone individuals have found to differ in personality profiles when comparing institutionalized patients to non-institutionalized controls from outside the clinic (59). Potentially, help-seeking tinnitus patients might differ in personality from non-help-seeking tinnitus patients. Owing to the selected sample of tinnitus patients used in the included studies in our review, generalization of outcomes is hindered. Moreover, most studies are prone to bias as scored by the Newcastle–Ottawa Quality Assessment Scale. For instance, confounders in the relation between personality traits and tinnitus distress exist, but not all studies described or analyzed these potential confounding factors such as gender (41, 48, 50). Additionally, as many different questionnaires were used to assess the personality traits, we used previously described correlations to convert the personality domains out of these questionnaires into the FFM categorization, to be able to compare outcomes of different studies. To our knowledge, however, this method is not validated nor described previously.

For all these reasons, the evidence we present in this systematic review about the relationship between personality and tinnitus is inconclusive. The aim of our review was to assess personality as a risk factor for tinnitus distress. Longitudinal cohort studies are needed to assess the causality of personality in tinnitus, address the limitations, and reveal additional potential confounders in this relationship.

The potential relationship of tinnitus distress with neuroticism may affect the success of specific tinnitus treatments, making the execution of high-quality studies on this topic of eminent importance. For example, cognitive behavioral treatment (CBT) targets the emotional reactivity and (dysfunctional) behavioral mechanisms. Studies assessing tinnitus outcome after CBT treatment show a reduction in disease-related distress and increased daily life functioning in individuals with subjective tinnitus (60–62). Interestingly, FFM personality can affect the tinnitus outcome after CBT treatment as demonstrated by Kleinstauber et al. in a clinical trial (63). Therefore, one should not only consider tinnitus distress (64) but also individual characteristics as personality traits to tailor tinnitus treatment for this heterogenous group of patients.



CONCLUSION

We endeavored to present the evidence on the relationship between tinnitus distress and personality traits in this systematic review. Owing to limitations in the methodology of included studies, the evidence on specific personality traits as a risk factor for tinnitus distress is inconclusive. Some evidence on a positive association with neuroticism is identified. To draw conclusions about causal relations, future studies should be of longitudinal design in a cohort setting. These studies should assess tinnitus distress using validated questionnaires with multiple personality dimensions and validated questionnaires to assess personality traits.
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Vestibular pathologies are difficult to diagnose. Existing devices make it possible to quantify and follow the evolution of posturo-locomotor symptoms following vestibular loss in static conditions. However, today, there are no diagnostic tools allowing the quantitative and spontaneous analysis of these symptoms in dynamic situations. With this in mind, we used an open-field video tracking test aiming at identifying specific posturo-locomotor markers in a rodent model of vestibular pathology. Using Ethovision XT 14 software (Noldus), we identified and quantified several behavioral parameters typical of unilateral vestibular lesions in a rat model of vestibular pathology. The unilateral vestibular neurectomy (UVN) rat model reproduces the symptoms of acute unilateral peripheral vestibulopathy in humans. Our data show deficits in locomotion velocity, distance traveled and animal mobility in the first day after the injury. We also highlighted alterations in several parameters, such as head and body acceleration, locomotor pattern, and position of the body, as well as “circling” behavior after vestibular loss. Here, we provide an enriched posturo-locomotor phenotype specific to full and irreversible unilateral vestibular loss. This test helps to strengthen the quantitative evaluation of vestibular disorders in unilateral vestibular lesion rat model. It may also be useful for testing pharmacological compounds promoting the restoration of balance. Transfer of these novel evaluation parameters to human pathology may improve the diagnosis of acute unilateral vestibulopathies and could better follow the evolution of the symptoms upon pharmacological and physical rehabilitation.
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INTRODUCTION

Unilateral vestibular neurectomy (UVN) induces characteristic vestibular syndrome, composed of oculomotor, posturo-locomotor, and cognitive deficits in a rodent model. These vestibular disorders occur as a result of alterations in the vestibulo-oculomotor and vestibulo-spinal reflexes, as well as in vestibulo-cortical and vestibulo-cerebellar pathways. In humans, as in animals, vestibular syndrome can be split into several phases of different amplitudes depending on the type, stage, and severity of peripheral damage (1). In the UVN model, vestibular syndrome is particularly severe as a result of the massive imbalance in neuronal activity between the ipsilateral and contralateral vestibular nuclei (2, 3). The acute phase of vestibular syndrome in the UVN rodent model lasts several hours but may extend to days and is characterized by static and dynamic disorders (posturo-locomotor and oculomotor symptoms) in their most severe forms. This is followed by a partially compensated phase in which spontaneous resting activity recovers in neurons of the vestibular nuclei ipsilateral to the lesion. This leads to a full disappearance of the static disorders. However, some dynamic deficits remain poorly compensated and never fully disappear. These data are well-documented in several reviews (1, 4–10).

The vestibular nuclei directly impact postural control through two major descending pathways to the spinal cord: the lateral and the medial vestibulospinal tracts (Figure 1). The medial vestibulospinal tract (MVST) is mainly composed of axons from the medial vestibular nucleus and, to a lesser extent, fibers from the lateral and descending (inferior) vestibular nucleus. This tract descends bilaterally and innervates the upper cervical regions of the spinal cord that innervate the upper-body musculature, particularly the neck musculature, essential for stabilizing the head in static or dynamic conditions (12–14). The lateral vestibulospinal tract (LVST) is composed mainly of axons from neurons in the lateral vestibular nucleus (Deiter's nucleus), with some contribution from the inferior vestibular nuclei. This tract descends ipsilaterally and innervates the entire length of the spinal cord, modulating the extensor musculature of the body. The LVST mainly terminates on interneurons in Rexed's laminae VII and VIII in the forelimb and hindlimb segments of the spinal cord. Rexed's VII laminae are also an important site for reticulospinal and corticospinal pathway termination. Thus, the vestibulospinal pathways are well-positioned to modulate the reflex responses to anticipated or imposed body displacements (15–17).
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FIGURE 1. Overview of vestibulospinal reflexes to support the head tilt and hypotonia observed after unilateral vestibular neurectomy. The medial vestibulo-spinal tract (purple) is primarily composed of axons from the medial vestibular nucleus (MVN) and mainly projects contralaterally to the cervical spinal cord to mediate the vestibulocollic reflex. The lateral vestibulospinal tracts (blue) is primarily composed of axons from the lateral vestibular nucleus (LVN) and projects ipsilaterally to the entire length of the spinal cord to influence the extensor musculature of the body involved in balance. Both tracts exert excitatory effects on extensor motoneurons with some inhibitory effects on flexor motoneurons in normal condition. Left unilateral vestibular neurectomy (UVN) induces a electrophysiological imbalance between homologous vestibular nuclei. Loss of activity in the ipsilateral vestibular nucleus induces hypotonia of the lumbar extensor muscles via the lateral vestibulospinal tract. In contrast, the increase in activity in the contralateral lateral vestibular nucleus induces hypertonia of the extensor muscles opposite to the lesion as observed on the picture. Left UVN induces a head tilted (rolled) to the left side (see picture). Extensor activity is induced on the side to which the head is inclined, and flexor activity is induced on the opposite side via the medial vestibulospinal tract (11). Ex, Extensor muscle; Fl, Flexor muscle; LVN, Lateral vestibular nucleus; MVN, Medial vestibular nucleus.


Current examinations of patients with vestibular loss generally involve assessment of the vestibulo-ocular reflex (VOR) (18) and vestibulo-spinal reflex with standing balance studies [(19–21), for review see Cohen (22)]. However, standing and walking are different motor functions. A patient's gait can be measured with a gyroscope system that records trunk sway (23) or with tests of walking balance such as the Tandem walking test (24, 25) or the 10-Meter Walk test (26). In most cases, walking balance tests are not useful for screening people for vestibular impairments but can be useful in vestibular rehabilitation in patients with known diagnoses (24). Among the large number of studies that have investigated postural and ocular reflex deficits after acute unilateral vestibular loss in rats, only a few have thoroughly investigated locomotor activity (27–29) (Porter et al., 1990). Furthermore, the analysis is restricted to velocity, distance traveled, or spatial exploration behavior. The present study was designed to further decipher new parameters for quantitative evaluation of posturo-locomotor syndrome and its compensation over time. We evaluated the spontaneous posturo-locomotor activity of the rat in an open field using up-to-date animal video tracking software and correlated these data with those obtained in a human clinic in vestibular pathology.



MATERIALS AND METHODS


Animals and Experimental Protocols

Sixteen adult long evans rats (250–300 g) were used for this study. All experiments were performed in accordance with the National Institutes of Health's Guide for Care and Use of Laboratory Animals (NIH Publication no. 80-23) revised in 1996 for the UK Animals (Scientific Procedures) Act of 1986 and associated guidelines or the Policy on Ethics approved by the Society for Neuroscience in November 1989 and amended in November 1993 and under the veterinary and National Ethical Committee supervision (French Agriculture Ministry Authorization: B13-055-25). Present study was specifically approved by Neurosciences Ethic Committee N°71 from the French National Committee of animal experimentation. Every attempt was made to minimize both the number and the suffering of animals used in this experiment. Rats had free access to food and water and were housed individually under a constant 12 h light. Animals were divided into 2 groups as follow: a sham operated group (n = 8 female), a unilateral vestibular neurectomy (uvn) group (n = 4 male and n = 4 female).



Unilateral Vestibular Neurectomy

Animals were submitted to a left-side vestibular nerve section (n = 8) following the surgical procedure previously reported in the literature (30). Thirty minutes after a subcutaneous injection of buprenorphine (Buprecare® 0.02 mg/kg), the rats were placed in the induction box and left for 5 min (isoflurane concentration 4%). Once they were deeply anesthetized, they were intubated and, during the surgery, the anesthesia was maintained at an isoflurane concentration of 3%. A tympanic bulla approach gave access to the vestibular nerve: the cervical muscular planes were dissected leading to the tympanic bulla, which was widely drilled to expose the stapedial artery and the promontory containing the cochlea. The cochlea was drilled, exposing the cochlear nerve. The cochlear nerve meatus was enlarged with a needle leading to the vestibulocochlear nerve, which was sectioned at its entry into the brainstem after aspiration of the Scarpa's ganglion. The wound was closed using a stapler. Before awakening the animal, a solution of Ringer Lactate (Virbac; 10 ml/kg) was administered subcutaneously in order to alleviate the dehydration resulting from the inability of the animal to drink normally as a result of the injury. For the sham operated group (n = 8), surgery was stopped at the opening of the tympanic bulla.

The successfulness of the surgery is attested at the behavioral level by the presence of a characteristic vestibular syndrome and at the histological level by the observation under optical microscopy of the full section of the 8th cranial nerve between Scarpa ganglion and vestibular nuclei from the brainstem [see Péricat et al. (30) for details].



Open Field for Video Tracking

Animals were individually placed in an open field (80 × 80 × 40 cm). Their behavior was recorded for 10 min using a digital camera and analyzed with EthoVision™ XT 14 software (Noldus) (Figure 2). The surfaces of the open field were cleaned thoroughly between trials. To minimize stress, the room was lit as dimly as possible while allowing us to clearly discern the rats. At the beginning of the session, the rat was placed on the right side of the field, head in front of the wall. A first acquisition was done the day before the lesion, serving as a reference value, and then acquisitions were performed at days (D) 1, 2, 3, 7, 10, 14, 21, and 30 post-lesion.
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FIGURE 2. Experimental protocol. Upper part: schematic representation of behavioral observation in video-tracking to evaluate the time course of functional recovery at different post-UVN days. Behavioral analyses were made the day before the lesion, serving as a reference value, and then were performed at days (D) 1, 2, 3, 7, 10, 14, 21, and 30 post-lesion. Lower part: screenshot of the video recording used in the analysis. Ethovision™ automatically detect the following body points throughout the recordings: nose point (blue triangle), center point (red circle), and tail base (purple square) of each animal. The red line illustrates the plot of the center point while the animal is moving. Each animal allowed to explore the open field for 10 min. The open field is a square of 80 × 80 cm.




Detection and Behavioral Analysis

We used the dynamic subtraction method. Ethovision™ automatically detected the following body-points throughout the recordings: nose point, center point, and tail base of each animal (as shown in Figure 2 and in Figures 6F and 7F for the recall).

We used 3 analysis profile for 19 variables we selected for analysis (Table 1). The first profile does not use a filter and all data were analyzed (No filter—All data). The second profile uses the minimal distance moved (MDM) smoothing method to filter out small movements (<0.7 cm) of the subject's center point that are caused by random noise and all data were analyzed (MDM—All data). The third profile uses the MDM smoothing method and analyzed only selected track segments while the animal is in motion (MDM—Moving).


Table 1. Variables measured with Ethovision XT 14.
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“Duration not moving” of rats was calculated with an average interval of 3 samples and a threshold of 2.00 cm/s for start and 1.75 cm/s for stop velocity. “Duration highly mobile, mobile and immobile” were calculated with an average interval of 3 samples and a threshold for highly mobile above 5%, mobile between 1 and 5% and immobile below 1%. “Global mobility” is the sum of the % of highly mobile and mobile. “Frequency for high and low acceleration” were calculated with an average interval of 3 samples with a threshold for high acceleration above 50 cm/s2 and exclude instances shorter than 0.20 s. “Mean positive and negative accelerations” were calculated by selecting with a filter only acceleration above 0 cm/s2 or under 0 cm/s2 on the data. Velocity for the nose point and center point was calculated with an average interval of 3 sample. “Multi condition” with the variable: “Velocity” for the nose point ≥100 cm/s (averaged over 3 samples) allow us to calculate the frequency of velocity for the nose point ≥100 cm/s. Velocity for the nose point ≥100 cm/s was associated with a cephalic nystagmus behavior when recorded. To select the track segments when the animal is in motion, we selected for every trial recorded in EthoVision™ the track-segments where the animal was moving (thresholds of 2.00 cm/s for start and 1.75 cm/s for stop velocity). “Body axis rotation” has been set to count every 1 rotation with a threshold of 30° allowing us to calculate when the animal is spinning around its own axis. “Body point rotation” has been set to count every 1 rotation with a threshold of 50° with a minimum distance moved of 2 cm allowing us to calculate the rotation in the open field when the animal walks around in circle.



Statistical Analysis

The statistical analyses were evaluated by one-way repeated-measures ANOVA followed by a simple contrast to compare the postoperative time with the pre-operative time for each group (JASP). Difference between the Sham and NVU group were evaluated by two-way repeated measures ANOVA. If significant effect were found, post-hoc Bonferroni was performed (GraphPad, Prism). Results were considered significant at p < 0.05.




RESULTS


Effect of UVN on Rat Activity and Spatial Exploration

Unilateral vestibular neurectomy (UVN) produced significant changes in posturo-locomotor activity of rats in the open field (Figure 3A). UVN rats showed significant decreased in the total distance moved the first 3 days after UVN (Preop: 5897.88 ± 303.68; Day 1: 1,034 ± 308, p < 0.001; Day 2: 2,969 ± 419, p < 0.01; Day 3: 3,601 ± 530, p < 0.05). From day 7 until day 30, the mean distance traveled by lesioned rats was significantly increased relative to that observed before UVN (Day 7: 8,209 ± 1,314, p < 0.05; Day 10: 10,127 ± 1,418, p < 0.001; Day 14: 10,475 ± 1,125, p < 0.001; Day 21: 9,633 ± 1,081, p < 0.001; Day 30: 10,222 ± 1,141, p < 0.001; Figure 3B) and significantly differed from the Sham group (Day 7: p < 0.01; Day 10: p < 0.001; Day 14: p < 0.001; Day 21: p < 0.001; Day 30: p < 0.001). The average distance moved of rat from the Sham group was not significantly different to that observed before the sham lesion.
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FIGURE 3. Effect of UVN on rat activity and spatial exploration in an open field. (A) Movement tracing and spatial exploration pattern (Heatmaps) of UVN and Sham rats in an open field over the 10 min analysis period. Heatmaps indicate the cumulative time at place (blue to red scale increasing duration). (B) Curve illustrating the mean postoperative recovery of the distance moved by rats on the open-field in the two experimental group of rats (Sham in black and UVN in red). (C) Curve illustrating the mean postoperative recovery of meander by rats on the open-field in the two experimental group of rats (Sham in black and UVN in red). Data represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (D) Zoom on the movement tracing of a UVN rat 1 and 7 days after the surgery. Meander is defined as “the change in direction of movement of a subject relative to the distance moved by that subject and provides an indication of how convoluted the subject's trajectory is.” As observed on the movement tracing by rats 1 day after the surgery the trajectory (arrow) of the animal is more “tortuous” compared to the trajectory of the same rat seven days after UVN. A significant difference from the pre-operative value is indicated by * in black for the SHAM group. A significant difference from the pre-operative value is indicated by * in red for the UVN group. A significant difference between the SHAM and the UVN group is indicated with * in blue.


Meander, defined as tortuous/winding movement (Figure 3D) was significantly increased at day 1 (Preop: 2.98 ± 0.1; Day 1: 12.42 ± 5.19, p < 0.001) post-lesion and was significantly different from the Sham group (Day 1: p < 0.001). From day 2 until day 30, the meander of lesioned rats was no longer significantly different to that observed before UVN (Figure 3C). The meander of the Sham group was not significantly different to that observed before the sham lesion.



Mobility of UVN and Sham Rats

The software discriminates between movement and mobility. Movement is a discrete variable, related to the center-point, with two possible states: “Moving” and “Not moving” (Figure 4A). The state “Moving” relates to states when running mean velocity exceeds 2.00 cm/s (start velocity). This state remains until the running mean velocity drops below 1.75 cm/s (stop velocity). It becomes “Not moving” until the running mean velocity reaches the start velocity again. Mobility can be defined as the degree of movement of an animal's body and is calculated 100% independent of movement of the coordinates identified as the center-point (or the nose/tail point).
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FIGURE 4. Mobility of UVN and Sham rats in the open field. (A) Illustration of the variable movement (on left) and mobility (on right). In the following example for movement, because the velocity initially lies between the Stop velocity and the Start velocity, the state is undefined. When velocity exceeds the Start velocity value, Movement is given the value “Moving.” When velocity drops below the Stop velocity value, Movement is given the value “Not moving.” Mobility can be defined as the degree of movement of an animal's body independent of spatial displacement of the center or any other body point, which is measured by Movement. The calculation of mobility does not use the x,y coordinates of the animal. Mobility is calculated 100% independent of movement of the coordinates identified as the center-point (or the nose/tail point). (B) Curves illustrating the kinetics of the % of time when the animal is not moving for UVN (red) and Sham (black) group. (C) Curves illustrating the kinetics of the % of time when the animal is immobile for UVN (red) and Sham (black) group. (D) Curves illustrating the kinetics of the % of time when the animal is highly mobile for UVN (red) and Sham (black) group. (E) Curves illustrating the kinetics of the % of time when the animal is mobile for UVN (red) and Sham (black) group. (F) Curves illustrating the kinetics of the % of time when the animal is either mobile or highly mobile (global mobility) for UVN (red) and Sham (black) group. Data represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. A significant difference from the pre-operative value is indicated by * in black for the SHAM group. A significant difference from the pre-operative value is indicated by * in red for the UVN group. A significant difference between the SHAM and the UVN group is indicated with * in blue.


The % of time not moving or in immobility of UVN rats followed the same time course. It increased significantly the first 3 days after UVN with a maximum value at day 1 (Preop: 23.09 ± 2.06; Day 1: 72.83 ± 4.69, p < 0.001; Day 2: 45.41 ± 3.78, p < 0.001; Day 3: 36.92 ± 3.36, p < 0.001; for % of time not moving and, Preop: 9.86 ± 1.39; Day 1: 61.56 ± 5.18, p < 0.001; Day 2: 35.09 ± 3.85, p < 0.001; Day 3: 24.37 ± 3.33, p < 0.001; for % of time in immobility) and returned to control values from day 7 until day 30 (Figures 4B,C). Interestingly, the difference between UVN and Sham groups differed for the % of time not moving or in immobility. Indeed, the % of time not moving was significantly different at pre-operative time (Pre-op: p < 0.05) and at days 1 (Day 1: p < 0.001), 7 (Day 7: p < 0.001), 10 (Day 10: p < 0.001), 14 (Day 14: p < 0.001), 21 (Day 21: p < 0.001), and 30 (Day 30: p < 0.001). Conversely, the % of time in immobility, which was not significantly different at pre-operative time, significantly differed at day 1 (Day 1: p < 0.001) and day 2 (Day 2: p < 0.01). These differences are due to the method of calculation of these two parameters (see above).

Mobility of the animal can be separated in % of time highly mobile (above 5% of change in area detected) and in % of time mobile (between 1 and 5% of change). The % of time highly mobile of UVN rats is the mirror curve of the % of time in immobility: decreased significantly the first 3 days after UVN with a maximum at day 1 (Preop: 54.44 ± 2.87; Day 1: 12.65 ± 3.71, p < 0.001; Day 2: 34.29 ± 4.06, p < 0.001; Day 3: 39.59 ± 4.25, p < 0.001) but was significantly increased from day 7 until day 30 (Day 7: 65.18 ± 5.16, p < 0.01; Day 10: 65.21 ± 4.71, p < 0.01; Day 14: 65.62 ± 3.44, p < 0.01; Day 21: 61.87 ± 3.61, p < 0.05; Day 30: 62.73 ± 4.41, p < 0.05). The % of time highly mobile between the Sham and the UVN group was significantly different on days 1, 7, 10, 14, 21, 30 (D1: p < 0.001; D7: p < 0.001; D10: p < 0.001; D14: p < 0.001; D21: p < 0.001; D30: p < 0.001; Figure 4D).

The % of time mobile of UVN rats decreased significantly at day 1 and day 2 (Preop: 35.68 ± 1.79; Day 1: 25.75 ± 2.91, p < 0.01; Day 2: 30.60 ± 1.67, p < 0.01) and then return to control value at day 3 but decreased once again from day 7 to day 30 (Day 7: 25.88 ± 3.97, p < 0.01; Day 10: 23.08 ± 3.46, p < 0.001; Day 14: 22.64 ± 2.31, p < 0.001; Day 21: 24.92 ± 2.05, p < 0.001; Day 30: 25.85 ± 3.22, p < 0.001). The same results was obtained when we compare the Sham and the UVN group (D1: p < 0.01; D2: p < 0.01; D7: p < 0.001; D10: p < 0.001; D14: p < 0.001; D21: p < 0.001; D30: p < 0.001; Figure 4E).

Global mobility (sum of highly mobile and mobile) of UVN rats significantly decreased the first 3 days after UVN (Preop: 91.12 ± 4.66; Day 1: 38.41 ± 5.18, p < 0.001; Day 2: 64.90 ± 3.85, p < 0.001; Day 3: 75.61 ± 3.31, p < 0.001) and then returned to control values from day 7 until day 30 (Figure 4F). Interestingly, the sham and the UVN groups significantly differed at day 1 (D1: p < 0.001) only.

For all parameters analyzed, the Sham group did not significantly differ from that observed before the sham lesion.



Rotations Frequencies of UVN and Sham Rats

Animal's rotations were analyzed through monitoring both the rotations of rats around their body axis and the circling travel in the arena (Figure 5A). The animal's rotations can be analyzed in body axis rotation and in arena rotation. Body axis rotation quantifies if the rat is spinning around its own axis while arena rotation quantifies if the rat walks around the arena in circle (Figure 5A). Before the lesion UVN rats rotated 4.25 ± 0.97 times on themselves (body axis rotation) on the clockwise (contralesional) direction and 3.25 ± 0.55 times on the counterclockwise (ipsilesional) direction. After UVN the mean number of contralesional body axis rotation increased significantly at day 2 and 3 (Day 2: 12.62 ± 4.09, p < 0.05; Day 3: 17.25 ± 5.64, p < 0.001). From day 7 until day 30 the mean number of contralesional body axis rotations of UVN rats was no longer significantly different to that observed before the lesion. The Sham group rotated on themselves (body axis rotation) significantly less on the contralesional side compare to the UVN group at day 2 and day 3 (Day 2: p < 0.05; Day 3: p < 0.001). Similar results were obtained for the ipsilesional body axis rotation from day 7 to day 30 compare to the UVN group (Day 7: p < 0.001; Day 10: p < 0.001; Day 14: p < 0.001; Day 21: p < 0.001; Day 30: p < 0.001; Figure 5B). Conversely, the mean number of ipsilesional body axis rotation after UVN increased significantly from day 7 until day 30 (Day 7: 24.62 ± 6.49, p < 0.001; Day 10: 25.19 ± 6.27, p < 0.001; Day 14: 22.37 ± 5.54, p < 0.001; Day 21: 20.25 ± 4.79, p < 0.001; Day 30: 22.5 ± 5.24, p < 0.001; Figure 5D). The number of body axis rotation in either ipsilesional or contralesional side was not significantly affected by the sham surgery nor the postoperative time.
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FIGURE 5. Rotation frequencies of UVN and Sham rats in the open field. (A) Illustration of body axis rotation (left part), arena rotation (middle part) and illustration of the contralateral and ipsilateral hemispheres regarding the lesion and turning direction (right part). A rotation in a counterclockwise (CCW) direction is a ipsilesional rotation and vice versa for clockwise (CW) rotations. Body axis rotation is a method used to quantify if the rat is spinning around its own axis. Arena rotation is suitable for when animal walks around in circles (middle part). (B) Curves illustrating the kinetics of body axis rotation frequencies on the intact side (contralesional rotations) of UVN (red) and Sham (black) group. (C) Curves illustrating the kinetics of arena rotation frequencies on the intact side (contralesional rotations) of UVN (red) and Sham (black) group. (D) Curves illustrating the kinetics of body axis rotation frequency on the lesioned side (ipsilesional rotation) of UVN (red) and Sham (black) group. (E) Curves illustrating the kinetics of Arena rotation frequency on the lesioned side (ipsilesional rotations) of UVN (red) and Sham (black) group. Data represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. A significant difference from the pre-operative value is indicated by * in black for the SHAM group. A significant difference from the pre-operative value is indicated by * in red for the UVN group. A significant difference between the SHAM and the UVN group is indicated with * in blue.


Before the lesion, UVN rats rotated 13 ± 1.13 times in the arena on the clockwise (contralesional) direction and 11 ± 1.06 on the counterclockwise (ipsilesional) direction. One day after UVN the mean number of arena rotations on the contralesional direction decreased significantly to 4.87 ± 1.28 (p < 0.05) and decreased insignificantly to 3.75 ± 1.30 (p = 0.115) on the ipsilesional direction due to the incapacity of UVN rats to move properly 1 day after the lesion. From day 2 until day 30, arena rotations of UVN rats on the contralesional direction did not significantly differed relative to that observed before the lesion. However, the contralesional arena rotations of the Sham group were significantly reduced at day 3 and 7 compared to the UVN group (Day 3: p < 0.01; Day 7: p < 0.01; Figure 5C). Conversely, the ipsilesional arena rotations of UVN rats was not affected by the lesion the first 3 postoperative days but increased significantly from day 7 to day 30 (Day 7: 28.75 ± 5.54, p < 0.001; Day 10: 31.25 ± 5.32, p < 0.001; Day 14: 27.37 ± 4.66, p < 0.001; Day 21: 25.12 ± 3.50, p < 0.001; Day 30: 31.62 ± 3.85, p < 0.001). Furthermore, the ipsilesional arena rotations of the UVN group were significantly increased from day 7 to day 30 compared to the Sham group (Day 7: p < 0.001; Day 10: p < 0.001; Day 14: p < 0.001; Day 21: p < 0.001; Day 30: p < 0.001; Figure 5E).

The number of arena rotations in either ipsilesional or contralesional side was not significantly affected by the sham surgery nor postoperative time for the Sham group.



Locomotor Velocity of UVN and Sham Rats

The mean velocity of the head (calculated from the nose-point) and the body (calculated from the center-point) of UVN rats was 14.50 ± 0.61 cm/s and 17 ± 0.53 cm/s before UVN. These values significantly decreased at day 1 and day 2 for the head velocity (Day 1: 3.61 ± 0.91, p < 0.001; Day 2: 8.94 ± 0.93, p < 0.001) and over the first 3 days after lesion for the body velocity (Day 1: 8.45 ± 0.80, p < 0.001; Day 2: 11.27 ± 0.79, p < 0.001; Day 3: 12 ± 1.17, p < 0.001). From day 7 until day 30, the mean head velocity of the UVN rats significantly increased (Day 7: 22.41 ± 2.43, p < 0.001; Day 10: 24.68 ± 2.46, p < 0.001; Day 14: 24.82 ± 2.02, p < 0.001; Day 21: 23.54 ± 2.19, p < 0.001; Day 30: 24.08 ± 2.29, p < 0.001). On the other hand, the mean velocity of the body of UVN rats was significantly increased from day 10 to day 30 (Day 10: 23.90 ± 2.38, p < 0.001; Day 14: 25.02 ± 1.90, p < 0.001; Day 21: 25.11 ± 2.08, p < 0.001; Day 30: 25.44 ± 2.13, p < 0.001; Figures 6A,C).
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FIGURE 6. Locomotor velocity of UVN and Sham rats in the open field. (A) Curves illustrating the kinetics of the mean velocity (cm/s) of the head (calculated from the nose point) for UVN (red) and Sham (black) group. (B) Curves illustrating the kinetics of the maximum velocity (cm/s) of the head for UVN (red) and Sham (black) group. (C) Curves illustrating the kinetics of the mean velocity (cm/s) of the body (calculated from the center-point) for UVN (red) and Sham (black) group. (D) Curves illustrating the kinetics of the maximum velocity (cm/s) of the body for UVN (red) and Sham (black) group. (E) Curves illustrating the kinetics of the frequencies of the velocity of the head superior or equal to 100 cm/s, linked to the bobbing behavior (cephalic nystagmus) for UVN (red) and Sham (black) group. Bobbing behavior is defined when the velocity for the nose point is ≥ 100 cm/s. (F) illustration of the detection of body point by Ethovision™ throughout the recordings: nose point (blue triangle), center point (red circle), and tail base (purple square) of each animal. Data represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. A significant difference from the pre-operative value is indicated by * in black for the SHAM group. A significant difference from the pre-operative value is indicated by * in red for the UVN group. A significant difference between the SHAM and the UVN group is indicated with * in blue.


The mean velocity of the head or the body was not significantly affected by the sham surgery nor postoperative time for the Sham group.

Maximum head and body velocities during vestibular compensation evolved differently than the mean velocity. Maximum head velocity of UVN rats was not impaired after UVN during the first 3 days but increased significantly from day 7 to day 30 compare to pre-operative values (Preop: 114.83 ± 5.23; Day 7: 145.78 ± 5.67, p < 0.01; Day 10: 145.09 ± 3.03, p < 0.01; Day 14: 138.99 ± 3.85, p < 0.05; Day 21: 153.62 ± 11.90, p < 0.001; Day 30: 141.40 ± 6.78, p < 0.01; Figure 6B). Conversely, maximum body velocity of UVN rats was 77.02 ± 3.20 cm/s before UVN and significantly decreased with a peak at day 1 (29.64 ± 2.39, p < 0.001) until day 7 post-lesion (Day 2: 35.29 ± 2.26, p < 0.001; Day 3: 36.47 ± 3.79, p < 0.001; Day 7: 56.69 ± 4.70, p < 0.001). From day 10 until day 30, the maximum body velocity of the lesioned rats was no longer significantly different to that observed before UVN (Figure 6D). Maximum head velocity of the UVN group was significantly increased compared to the Sham group at day 7, 10, 21 and 30 post-lesion (Day 7: p < 0.001; Day 10: p < 0.001; Day 21: p < 0.01; Day 30: p < 0.01) and the maximum head velocity was not significantly affected by the sham surgery nor postoperative time (Figure 6B). Conversely, the maximum body velocity of the Sham group was significantly increased from day 2 to day 30 post-lesion compared to the pre-operative value (Day 2: 79.94 ± 2.89, p < 0.001; Day 3: 81.01 ± 3.52, p < 0.001; Day 7: 84.37 ± 3.48, p < 0.001; Day 10: 87 ± 2.83, p < 0.001; Day 14: 88.91 ± 3.01, p < 0.001; Day 21: 90.59 ± 4.39, p < 0.001; Day 30: 84.18 ± 3.05, p < 0.001, Figure 6D). The maximum body velocity of UVN rats was significantly decreased compared to the Sham group during the first 10 days post-lesion (Day 1: p < 0.001; Day 2: p < 0.001; Day 3: p < 0.001; Day 7: p < 0.001; Day 10: p < 0.05).

The increased head velocity from day 7 to day 30 for the UVN group was correlated with the appearance of cephalic nystagmus (bobbing) induced by the lesion (Video 1). Indeed, we could quantify the frequencies of bobbing with a high-pass filter to calculate the number of times the head (nose point) velocity exceeds 100 cm/s. As shown on Figure 6E, in physiologic condition, the software detected a few numbers of times when the head velocity exceeded 100 cm/s (Preop: 4.5 ± 1.21) because the rat can reach these values without being associated to bobbing behavior. However, the numbers of times for which the head velocity exceeded 100 cm/s did not change (between 2 and 4 detection) for the Sham group over time but bobbing frequencies on the UVN group increased significantly from day 7 to day 30 post-lesion (Day 7: 25 ± 4.25, p < 0.001; Day 10: 25.62 ± 3.24, p < 0.001; Day 14: 24 ± 3.16, p < 0.001; Day 21: 24 ± 3.24, p < 0.001; Day 30: 25 ± 3.79, p < 0.001; Figure 6E) and was correlated with the increased of maximum head velocity (see Figure 6B).



Acceleration of UVN and Sham Rats

Total number of accelerations of the rats can be separated in high (above 50 cm/s2) and low (below 50 cm/s2) accelerations for both the body and head. UVN rats performed an average of 107.37 ± 5.93 high accelerations (Figure 7A) and 771 ± 15.42 low accelerations (Figure 7B) of the head (calculated from the nose point) before the lesion. High accelerations of the head of UVN rats almost disappeared at day 1 (17.75 ± 4.34, p < 0.001), slowly recovered at day 2 (46.12 ± 7.65, p < 0.001) and increased significantly from day 7 to day 30 post-lesion (Day 7: 169.25 ± 16.75, p < 0.001; Day 10: 193.56 ± 20.11, p < 0.001; Day 14: 200 ± 19.17, p < 0.001; Day 21: 188.12 ± 21.56, p < 0.001; Day 30: 194 ± 20.94, p < 0.001; Figure 7A). Low acceleration of the head of UVN rats significantly decreased at day 1 and day 2 post-lesion (Day 1: 438.12 ± 42.12, p < 0.001; Day 2: 636.87 ± 27.85, p < 0.001) and recovered pre-operative values from day 3 until day 30 (Figure 7B). While the number of high accelerations of the head of the Sham group was significantly lower compared to the UVN group from day 7 to day 30 (Day 7: p < 0.001; Day 10: p < 0.001; Day 14: p < 0.001; Day 21: p < 0.001; Day 30: p < 0.001; Figure 7A), the number of low accelerations of the head is only significantly different from the UVN group at day 1, day 7 and day 10 (Day 1: p < 0.001; Day 7: p < 0.001; Day 10: p < 0.05; Figure 7B).


[image: Figure 7]
FIGURE 7. Acceleration of UVN and Sham rats in the open field. (A) Curves illustrating the kinetics of the mean number of high acceleration of the nose-point (above 50 cm/s2) for UVN (red) and Sham (black) group. (B) Curves illustrating the kinetics of the mean number of low acceleration of the nose-point (below 50 cm/s2) for UVN (red) and Sham (black) group. (C) Curves illustrating the kinetics of the mean number of high acceleration of the center point (above 50 cm/s2) for UVN (red) and Sham (black) group. (D) Curves illustrating the kinetics of the mean number of low acceleration of the center point (below 50 cm/s2) for UVN (red) and Sham (black) group. (E) Curves illustrating the mean positive accelerations of the rat (cm/s2) for UVN (red) and Sham (black) group. (F) Illustration of the detection of body point by Ethovision™ throughout the recordings: nose point (blue triangle), center point (red circle) and tail base (purple square) of each animal. Data represent mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. A significant difference from the pre-operative value is indicated by * in black for the SHAM group. A significant difference from the pre-operative value is indicated by * in red for the UVN group. A significant difference between the SHAM and the UVN group is indicated with * in blue.


UVN rats performed an average of 88.87 ± 7.31 high (Figure 7C) and 379.5 ± 26.56 low body accelerations (Figure 7D) calculated from the center point, before the lesion. High body accelerations almost disappeared during the first 3 days post-lesion (Day 1: 0.87 ± 0.74, p < 0.001; Day 2: 4.12 ± 1.49, p < 0.001; Day 3: 11.5 ± 4.61, p < 0.001) and increased significantly from day 10 to day 30 (Day 10: 134.43 ± 24.33, p < 0.001; Day 14: 156.25 ± 22.50, p < 0.001; Day 21: 146.12 ± 24.07, p < 0.001; Day 30: 156.5 ± 23.66, p < 0.001; Figure 7C). Low body accelerations of UVN rats significantly decreased the first 3 days post-lesion (Day 1: 86.12 ± 20.63, p < 0.001; Day 2: 221.87 ± 33.06, p < 0.001; Day 3: 262.87 ± 38.69, p < 0.001) and increased significantly from day 7 until day 30 (Day 7: 533.87 ± 45.80; Day 10: 515.81 ± 34.40, p < 0.001; Day 14: 502.5 ± 22.20, p < 0.001; Day 21: 490.87 ± 28.40, p < 0.001; Day 30: 491.12 ± 29.38, p < 0.001; Figure 7D). While the number of high body accelerations of the Sham group significantly differed from those of the UVN group at day 3, 14, and 30 post-lesion (Day 3: p < 0.01; Day 14: p < 0.01 Day 30: p < 0.01; Figure 7C), the number of low body accelerations significantly differed before the lesion and at day 1, 7, 10, 14, 21, and 30 post-lesion (Preop: p < 0.05; Day 1: p < 0.01 Day 7: p < 0.001; Day 10: p < 0.001; Day 14: p < 0.001; Day 21: p < 0.001; Day 30: p < 0.001; Figure 7D).

By averaging positive accelerations of UVN animals we found that rats before lesion had a mean acceleration of 49.37 ± 2.04 cm/s2 in. We also found the same recovery kinetics after UVN than the frequencies of high body acceleration with two phases: a significant decrease in the mean positive accelerations during the first 3 days after injury (Day 1: 19.08 ± 2.02, p < 0.001; Day 2: 30.87 ± 2.32, p < 0.001; Day 3: 33.49 ± 2.47, p < 0.001) followed by a second phase with an increase from day 10 to day 30 (Day 10: 61.97 ± 5.56, p < 0.001; Day 14: 63.42 ± 4.42, p < 0.001; Day 21: 63.29 ± 5.07, p < 0.001; Day 30: 65.02 ± 5.43, p < 0.001; Figure 7E).

All acceleration parameters investigated was not significantly affected by the sham surgery nor postoperative time for the Sham group.



Posture of UVN and Sham Rats

Body torsion of the rats before UVN was 0.35° ± 0.74, so the rat's body is straight. UVN produced a significative change in posture on day 7 post-lesion with a mean body torsion of 6.17° ± 1.03 (toward the intact side) compared to pre-operative value (Figure 8), from day 7 to day 30 the mean body torsion was maintained between 4 and 4.9 without significant effect. One day after the surgery UVN rats bent their body significantly on the ipsilesional side compared to the Sham group (Day 1: p < 0.05).


[image: Figure 8]
FIGURE 8. Posture of UVN and Sham rats in the open-field. Curves illustrating the mean body torsion of UVN (red) and Sham (black). Data represent mean ± SEM; *P < 0.05. A significant difference from the pre-operative value is indicated by * in black for the SHAM group. A significant difference from the pre-operative value is indicated by * in red for the UVN group. A significant difference between the SHAM and the UVN group is indicated with * in blue.


The mean body torsion was not significantly affected by the sham surgery nor by the postoperative time for the Sham group.




DISCUSSION


Locomotion, Exploration, and Velocity of UVN Rats

Our data showed a significant decrease in the total distance moved and the body velocity during the first 3 days after unilateral vestibular neurectomy (UVN). This phase was followed by a significant increase from day 7 or 10 until day 30 in the distance moved and body velocity, respectively. We demonstrated a significant increase in the meander (sinuous trajectory of the animal) only the first day post-UVN. Certain parameters, such as velocity, were compensated within 7 days post-UVN. These results corroborate those of Lindner et al. (29) in a chemical model of unilateral labyrinthectomy. In this model, rats demonstrated a significant increase in their velocity above baseline after day 7.

Locomotion is an automated behavior generated at the spinal level by the central pattern generator of locomotion (15). However, in response to external factors, the nervous system updates the spinal pattern generator based on multisensory feedback, such as visual, somatosensory or vestibular inputs. In addition to purely vestibular information, vestibular nucleus neurons also receive visual and somatosensory inputs (15, 31), which are required for postural and locomotion control (12, 32). The vestibular nuclei influence motoneurons in the spinal cord through two descending tracts: the medial vestibulospinal and, in prime position to influence the locomotor pattern, the lateral vestibulospinal tract (33). Indeed, the activity of Deiter's neurons is modulated during treadmill locomotion in the cats (34).

Our results from an animal model of vestibular pathology align with observations obtained in vestibular patients subjected to the same type of vestibular deafferentation. Indeed, curative unilateral vestibular neurotomy in vestibular defect patients affects both gait and walking performance and reduces the mean walking velocity (35, 36). These functional parameters are also affected in patients with vestibular disorders (37–40). The slow walking speed of vestibular defect patients can be explained by the reduction in the sensation of imbalance induced by the gain asymmetry of the vestibulo-ocular reflex (VOR) and thus may be a behavioral strategy employed by the subjects to avoid imbalance and fall.

Regarding the velocity parameter, we also demonstrated a time recovery difference in UVN animals between mean and maximum body velocity: the maximum body velocity of the animals had recovered at day 10, compared a recovery to baseline for the mean body velocity at day 7, followed by an increase above the baseline level after day 7. We can assume that after vestibular loss, the priority of the animal is first to move correctly at a medium speed before being able to move faster. In fact, the higher the speed of head movement, the stronger the asymmetry felt in the vestibulo-ocular and vestibulo-spinal pathways. How can the increase in body velocity between day 10 and day 30 post-UVN be explained? Inspired by the observation of a dog with acute unilateral vestibulopathy, Brandt et al. (37) demonstrated that patients with acute vestibulopathy run with less deviation to the affected side than during walking. They suggested that when running, the automatic spinal locomotor program suppresses destabilizing vestibular input. This compensatory behavior may be an option in vestibular defect rats. One possibility is that the rats increase their walking velocity to stabilize their balance (observed between day 10 and day 30). This strategy of increasing walk speed is found in cycling practice, where at low speed, the balance is more precarious than at high speed. If vestibular patients do not run, it is because they consider that their condition probably does not allow them to; it is an avoidance strategy. Indeed, the vestibular contribution to gait variability, which is a predictive marker for falls, declines with faster walking and running (41). Therefore, their balance would be better when running because dynamic balance strategies are different at low and high speeds (41–45).

Regarding the distance moved parameter, we demonstrated an increase exploration of the UVN rats between day 7 and day 30 after the lesion in line with the increase in body velocity. We have two interpretations to these data:

1 The mathematical explanation with a simple formula “Speed = Distance / Time”, informs us that if animals increase their speed without changing the analysis time (10 min) or mobility time (Figure 4), then an increase in velocity is correlated with an increase in distance traveled.

2 An alternative explanation for the increased exploration in the open field may also be due to a spatial disorientation. The head maps (Figure 3) show a higher probability of being in the center of the open field for UVN rats (especially on day 7 to 14 post UVN), which is a kind of non-physiological behavior for rats. Spatial disorientation has been described after unilateral vestibular lesions (46–48) and could explain the increased exploration observed in UVN rats.



Head Velocity

Interestingly, we found in rats that the mean head velocity recovered faster than the mean walking velocity (day 3 for the head and day 7 for the body velocity). When we looked at the maximum velocity, this recovery was even more obvious: the maximum head velocity was not altered the first days after the vestibular lesion, while maximum walking velocity was impaired and only recovered 10 days after UVN. According to our data, rats, unlike humans, are able to maintain high head velocities during the first few days after UVN while the vestibular syndrome is at its peak. In humans, unlike in rats, the eye has a fovea. A shift of the image onto the fovea is a source of visual discomfort known as oscillopsia. Vestibular patients tend to hold their head still in order to maintain the stability of the visual scene and therefore strongly decrease the speed of head movements in order to avoid this discomfort (49). This behavior is supported by the inability of humans to maintain equilibrium with unstable vision. For head velocities >100°/s, ocular fixation is no longer sufficient to stabilize the image and the VOR takes over. However, unilateral vestibular impairment systematically leads to an alteration of the VOR, causing oscillopsia and thus, instability of the visual scene. Living animals without fovea, such as rats (50), also have the ability to fix and stabilize the eye and have far fewer saccades of the eye than humans. It can be assumed that they are also much less disturbed by image shifts on the retina and thus at oscillopsia. Thus, in the rat, it is not the visual syndrome that is predominant but the posturo-locomotor syndrome. In the rat, retinal slip is not very problematic, and rats can mobilize the head sooner than the body. This behavior obviously requires the implementation of more complex substitution strategies because of the necessity to stabilize its center of gravity as well. We assume that the priority for the animal is first to stabilize its head (and therefore its velocity) before stabilizing its body locomotion. Indeed, when walking in the open field, turns are anticipated by directing the gaze and tilting the head relative to the headings. Eventually, the trunk follows the direction of the head movement (51).

We noticed that the mean head velocity increased between the 3rd and 7th day after UVN, a delay directly linked with the emergence of cephalic nystagmus or “bobbing” (Video 1). Bobbing in rodents with vestibular deficits refers to rapid and abnormal intermittent head and neck sweeping (movements). This is the first time that we automatically quantified this specific bobbing behavior along with the head velocity. During the video analysis of the rat in the open field, we noticed that the head velocity during bobbing was always >100 cm/s. Bobbing in humans is not observed or is poorly documented, but head oscillations are increased after UVN in patients (35). We suggest that bobbing is the result of vestibulo-nucal control asymmetry resulting from vestibulo-colic reflex impairment induced by UVN. Indeed, the axons of the medial vestibulospinal tract that target the motoneurons of the cervical spinal cord contribute to head stabilization (13, 16).



Acceleration

The head and body accelerations of a rat during free locomotion were quantified for the first time in an automated manner. This measurement is important because it is done under “ecological conditions,” i.e., in spontaneous and not imposed conditions. It is important to remember that the otolith organs, the utricle and saccule, detect linear acceleration and not velocity. We showed that acceleration in UVN rats mimics the kinetics observed for velocity. The kinetics of the acceleration parameters differ depending on whether we are dealing with the head or body segment. The number of high body accelerations (above 50 cm/s2) recovers more slowly the first 3 days post-UVN than that of low accelerations (below 50 cm/s2). For the velocity, the number of high and low head accelerations recovers differently than the body accelerations. These data are correlated with the displacement profile of UVN rats: if the rats move less during the acute phase of the syndrome (day 1 to day 3 post-UVN), this reduces the number of high and low body accelerations. Furthermore, increases in mean head velocity from day 7 to day 30 related to bobbing behavior are also correlated with an increased number of high head accelerations but not low accelerations at the same postlesional delay. Interestingly, we showed almost a complete disappearance of high accelerations of the body in the first post-lesion days with just a slight increase at day 3 (only 11 high accelerations on day 3 on average compared to 88 in the control condition). This result suggests that it is too difficult for a moving animal to accelerate above 50 cm/s2 after the induction of vestibular lesion.

By averaging only the positive accelerations (and thus suppressing decelerations or negative accelerations), we can follow the kinetics of the mean positive acceleration of UVN rats during vestibular compensation. We found that the rats had a mean acceleration of 50 cm/s2 when they moved freely before vestibular lesions. For the mean body velocity, the mean acceleration of the UVN rats was reduced until day 7 and then increased above the baseline level after day 7. We also noticed a more important variability from day 7 to day 30 for the mean acceleration and the frequencies of high body accelerations. Since the variation in these parameters was weak before the injury, we can assume that the increase in variability once the animal compensated for the vestibular loss was due to a deficit in acceleration detection. The contralesional utricle and saccule may not be sufficient to properly detect accelerations, resulting in fluctuating accelerations during animal movements. One of the first studies on the perception of linear acceleration in humans reported that thresholds for the detection of linear acceleration in bilateral vestibular loss subjects were nearly 10 times higher than those in control subjects (52). Conversely, Gianna et al. (53) found that the detection of whole-body acceleration in patients with bilateral vestibular loss overlapped with the results from control subjects, but they found high inter-subject variability. On the other hand, the perception of linear acceleration in unilateral labyrinthectomized patients varies according to the orientation of the head (54). The sensitivity of the patient was reduced only when the patient lay with the damaged side downwards.



Circling and Rotations

First, it is important to differentiate between a specific circling behavior observed after a unilateral vestibular deficit and rotations performed by the animal. The circling behavior induced by a unilateral vestibular deficit is defined when the animal runs in one direction in a circular pattern that occasionally becomes violent (Video 2). Usually, animals with a unilateral vestibular lesion run with a circling behavior in the ipsilesional direction. The term “run” is important here because the circling behavior is faster than a typical rotation performed by the animal (i.e., body axis rotation, Video 3), for example, when he is in a corner and wants to turn back. There is a limit to detecting the rotation of an animal around its own axis when using an automatic system. Some of the rotations detected with Ethovision™ were just rotations made for exploring the environment, while other rotations were linked to the circling behavior caused by the UVN. Therefore, we detected an increase in body axis rotations on the contralesional side (clockwise direction) at day 2 and day 3 for 3 rats, while circling behaviors on the contralesional side of a unilateral vestibular lesion were never observed. Another limitation in the observations of circling behaviors is the influence of the size of the environment in which the animal is analyzed. We noticed that the rats did not exhibit circling behaviors during the first 3 days after UVN in an open field of 80 ×80 cm but did demonstrate circling behaviors in their home cages or in a device of 25 ×25 cm (55). The size of the environment required to observe circling behaviors is therefore important to note for future experiments and discussion of the results.

We demonstrated that rats increased the number of body axis rotations on the ipsilesional side from day 7 to day 30 in correlation with an increase in the number of arena rotations in the same direction. While some body axis rotations detected with video tracking came from rats exhibiting circling behaviors subsequent to UVN, the arena rotations can be interpreted as a bias in the exploratory behavior of the UVN rats. Rats prefer to explore their environment by rotating ipsilaterally to their lesion rather than in the opposite direction. This preferred sense of ipsilesional exploration can be explained by the UVN inducing an asymmetry of muscle tone (56), an increase in weight applied to the ipsilesional paw (55), an ipsilesional shift of their environment on the retina (57), or an ipsilesional path deviation (36). Another possibility comes from a model of vestibular compensation in lampreys (58). The opposite and symmetrical activity of both the left and right groups of reticulospinal neurons allow the lamprey to swim straight. Reticulospinal neurons in the lamprey receive vestibular input from the contralateral side and project to the spinal cord. Thus, unilateral loss of vestibular input causes inactivation of reticulospinal neurons on the contralateral side. This inactivation impairs the symmetrical activity of the left and right groups of reticulospinal neurons and provokes ipsilesional rotation of the lamprey (58).

There is evidence that Parkinson's disease is associated with dysfunction of the vestibular system [for review see Smith (59)]. Eugène et al. (60) studied circling behaviors in vestibular deficient KCNE1 mutant mice and reported that they were associated with increased tyrosine hydroxylase expression—a marker for DA synthesis—in the striatum ipsilateral to the direction of circling. In a model of Parkinson's disease, the lack of dopamine on the injured side leads to rotations by the animal to the ipsilateral side to the lesion. Evidence from animal studies strongly suggests that vestibular input is transmitted to the basal ganglia and to the striatum in particular (59). Thus, circling behaviors could be the result of a striatal electrophysiological imbalance resulting from the electrophysiological imbalance observed in the vestibular nuclei after unilateral vestibular loss. At the behavioral level, unilateral 6-hydroxydopamine lesions cause postural asymmetry (head torsion) and unilateral akinesia in rats. These behavioral disorders are perceptible when intrastriatal dopamine levels are reduced by at least 70% (61, 62). Head torsion and hypotonia are also observed in the UVN model.

The circling behaviors observed in the rodent model after unilateral vestibular loss are not reported in vestibular patients, but there is a deviation of the gait on the lesion side in humans with no full-circle walking. Indeed, the “star walk” or “blind walk” test requires the patient to close his or her eyes and take the same number of steps forward and backward in a straight line several times in a row. Since the deviation in the walk is always in the same direction (and is not corrected by sight since the patient keeps his or her eyes closed), the patient draws a star as he walks (63). When the injury is unilateral, the deviation of the gait is on the lesion side. A similar result can be obtained with the Fukuda test (64).



Body Tilt and Posture in UVN and Sham Rats

When we analyzed the mean body angle of the animals during the 10 min of video tracking, we noticed that the rats tilted their body on average by 4° on the contralesional side from day 7 and never compensated. X-ray radiography of the guinea pig was performed to investigate the vestibular control on posture of animals with selective lesions on the horizontal and anterior ampullary nerves, the utricular and saccular maculae, and the posterior semicircular canal ampulla (65). Four to seven hours after a unilateral lesion of the horizontal semicircular canal nerve, the authors also found head rotation and bending of the body toward the lesioned side. Interestingly, 3 of the 8 rats in our UVN group bent their body toward the lesioned side by an average of 14° 1 day after the lesion was induced. In our experiment, the mean body tilts were calculated while the rats moved around in the open field and explored their environment, while in Vidal's study, X-ray photographs were taken while the rats were still. Surprisingly, the authors did not notice postural changes with a unilateral anterior canal nerve lesion and proposed that anterior canal afferent information is distributed bilaterally to the spinal cord to describe their results. Unilateral otolith lesions sparing the semicircular canals induced a side tilt of the head-neck ensemble toward the side of the lesion but did not produce inclination about the vertical axis of the body. It appears that cutting the entire vestibular nerve is necessary to induce long-term postural changes in animals.

Trunk orientation in humans after UVN varies if the subject's eyes are open or closed: the trunk deviates toward the operated side until day 90 in the eyes closed condition, and the posture reverses toward the intact side until day 30 in the eyes open condition (35). This postural reversal can be related to modifications in reference frames that the patients base themselves on (66). Since the vertical visual reference of the patient is perceived as tilted toward the intact side, the trunk deviation in the same direction may result from an alignment of the patient's body with respect to the vertical visual reference they perceive.

To explain the inclination of the body on the contralesional side in our UVN rats, we proposed, as in humans, that the inclination of the rat's body on the contralesional side can be related to a subjective vertical deviation of the rat to the operated side. Thus, an inclination of the body on the contralesional side would compensate for the visual vertical reference they perceive. The increase in weight applied on the ipsilateral paws following the lesion from day 7 to day 30 (55) may also be correlated with the inclination of the body on the contralateral side from day 7 to day 30 observed in this study.



Acute Phase and Compensated Phase of Posturo-Locomotor Symptoms in UVN Rats

The meander, % of time that the animal was immobile or not moving, number of contralesional body axis and arena rotations, mean head and body velocities, maximum body velocity and number of low head accelerations were impaired during the first week after unilateral vestibular lesion and then compensated (i.e., returned to baseline level). However, the distance moved, % of time that the animal was mobile or highly mobile, number of body axis and arena rotations toward the ipsilesional side, mean and maximum head velocity, mean body velocity, bobbing frequencies, number of high head, and body accelerations, number of low body accelerations, mean positive accelerations and mean body torsion on the contralesional side never returned to baseline level. This clearly shows an acute phase (first week post-UVN) of the vestibular syndrome and a compensated phase (after the first week post-UVN) in which some parameters are fully compensated, and others are not. Data from the literature regarding vestibular compensation report that “static deficits (those present in the absence of body movement) fully compensate while dynamic deficits (those present when body is moving) remain poorly compensated” (1, 67). We show in the present study that this assumption is not a dogma since certain parameters, such as maximum body velocity, did not follow this observation. Indeed, the maximum body velocity, which is clearly observable when the body is moving, fully compensated. These original results concerning the kinetics of compensation for static and dynamic vestibular deficits could be due to the use of a fine and automated analysis device.



Permanent Vestibular Loss Leading to the Expression of an Overcompensated Posturo-Locomotor Phenotype: Neurophysiological Correlates

The restoration of activity in deafferented vestibular nuclei has been shown to contribute to the restoration of vestibular functions (9). Interestingly, the restoration of spontaneous activity in deafferented lateral vestibular nucleus was not complete 4 months after UVN in cats (68) but was completely restored in the same nucleus 1 week after unilateral labyrinthectomy in guinea pigs (69). The authors indicated that this discrepancy could be explained as a difference in species rather than in the nature of the vestibular deafferentation. Given the phylogenetic proximity, the rat could have kinetics of restoration of vestibular nuclei (VN) activity comparable to that of the guinea pig. At the behavioral level, several posturo-locomotor parameters, such as the velocity of the body and the head, return to baseline levels between 7 and 10 days after UVN, exceed their baseline level after this period and reach a plateau that is maintained until 1 month after UVN. This new behavioral profile can be considered a “post-locomotor overcompensated phenotype.”

The return to electrophysiological homeostasis between the two homologous VN is a priority for vestibular functional recovery. It results from both intrinsic mechanisms expressed in deafferented vestibular nuclei and extrinsic mechanisms involving other central nervous system structures, such as a reweighting of other sensory modalities, with an increase in visual, tactile, or proprioceptive weight (70–75). The return to electrophysiological balance in the VN does not reflect the compensation of posturo-locomotor parameters since they significantly exceed their baseline level. These data indicate that in addition to the restoration of spontaneous activity, other mechanisms could explain this “overcompensated behavioral phenotype.” The nature of the evoked activity of the deafferented vestibular nuclei could be implicated. In fact, an increase in the sensitivity of neurons in the VN to dynamic stimuli could explain this overcompensated behavioral phenotype. A change in the sensitivity of neuronal responses to bidirectional rotations has been observed in the vestibular nuclei in cats after unilateral labyrinthectomy (76). This indicates the emergence of a new electrophysiological expression of vestibular nuclei after vestibular loss, probably underlying this “overcompensated behavioral phenotype.” The priority of this new electrophysiological profile within the deafferented vestibular environment is not to restore the vestibular function as it was before the injury but to allow the animal to find a “new” posturo-locomotor balance.



Clinical Relevance

Balance tests like tandem walking or walking with head turns are not useful for screening people for vestibular impairments but may be useful for assessing vestibular rehabilitation over time among patients with known diagnoses (24). Consistent to Cohen's study and based on our results, it can be assumed that the evaluation of both mean and maximum locomotor velocity could be useful in assessing vestibular compensation in human clinical practice. In view of our results concerning the acceleration parameter, it would also be interesting to take this factor into account in vestibular deficient patients at different stages of the pathology, which could give us information on the level of compensation achieved by the patient. Like we said if vestibular patients do not run, it is because they consider that their condition probably does not allow them to; it is an avoidance strategy. By encouraging them during vestibular rehabilitation to accelerate and increase their locomotor velocity, it is possible that this psychological lock will disappear, and that patients will adapt to a faster walking and a more secure gait. The trajectory of the patient during his displacements can also be evaluated and be similar to what we measure with the “meander.” A possible limitation is the difficulty to have baseline data from the patient prior to vestibular impairment.




CONCLUSION

The numerous cellular and molecular rearrangements that take place in the adult vestibular nuclei in the days following permanent unilateral vestibular loss suggest that the vestibular compensation phenomenon recruits plasticity mechanisms similar to those observed during the critical developmental period. Indeed, during a 1-week time window after UVN, there is a an increase in the level of BDNF, a strong cellular proliferation, a glial reaction, and a downregulation of KCC2 associated with an excitatory action of GABA (8, 77, 78). At the behavioral level, impairment and recovery of certain parameters is observed during the same critical 7-day period following UVN. This acute posturo-locomotor phenotype reminds us of the developmental strategies used for walk acquisition. Injury to the adult vestibular system induces a transient reactivation of developmental mechanisms at both the behavioral and cellular levels. This suggests that compensation for gait and postural balance in the vestibulo-lesioned rat is a form of sensorimotor relearning involving both interdependent cellular mechanisms and behavioral strategies.
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Little is known about the transition from acute tinnitus to chronic tinnitus. By means of this study, we are attempting to close this gap by presenting prospective pilot data of patients with acute tinnitus, followed by tracking their condition's trajectory over a period of 6 months. Forty-nine patients presenting with acute tinnitus (duration < 28 days) were recruited in two clinics. We recorded demographic and clinical tinnitus-related data as well as data on personality, health, treatments, and life-style, during patients' first appearance in the clinic and again three and 6 months thereafter. Standard audiograms were performed at the first and the second visit. Nine (18.4%) patients showed full remission of their tinnitus. These patients differed from patients with a chronic course of tinnitus by shorter tinnitus duration, lower fear-related hyperacusis, higher proportion of female gender, increased ear pressure, and lower levels of alcohol consumption. Among the patients with a chronification of tinnitus, there was no change in tinnitus characteristics. However, their tinnitus distress improved moderately over time. These preliminary data are in line with earlier studies that have shown that only a small proportion of those patients presenting in the clinic with acute tinnitus experience a full remission. The results of this study can be of service in deducing hypotheses for the transition from acute to chronic tinnitus and in developing designs for interventional studies.

Keywords: acute tinnitus, chronic tinnitus, questionnaire, causes for progression, predictors


INTRODUCTION

Subjective chronic tinnitus has a high prevalence, affecting 10–15% of adults worldwide (1, 2), and is responsible for high costs for health care systems (3). Research on chronic tinnitus has been growing during the last decade.

Several hypotheses about risk factors for developing chronic or decompensated tinnitus exist. Hearing impairment can be found in almost all patients with chronic tinnitus (4, 5). However, not every patient with hearing difficulty has tinnitus, meaning that hearing impairment may be a required but not sufficient risk factor. For example, Muhlmeier et al. published a study including 113 patients with acute idiopathic sudden sensorineural hearing loss. Here, tinnitus loudness decreased rapidly in cases of mild-moderate hearing loss and tinnitus had completely resolved in two-thirds of the patients after 3 months. In contrast, when tinnitus is associated with severe-profound hearing loss, it improved significantly less (6). Also, temporomandibular joint or neck pathologies are discussed as moderators for tinnitus (7). Additional comorbidities such as depression (8), anxiety (8), hyperacusis (9), and personality traits such as neuroticism (10), are discussed as determining factors for the development of decompensated tinnitus, resulting in patients seeking for help. Anxiety disorders in tinnitus patients seem to be associated with more psychosocial stress (11). Other studies could show that low resilience is associated with low emotional health and distressing tinnitus (12). D'Amelio et al. described a high correlation between the degree of depression on one side and the dysfunctional coping with stress and emotional distress caused by tinnitus on the other side, frequently present in acute tinnitus cases (13).

Most findings on risk factors for chronic or decompensated tinnitus are based on cross-sectional and retrospective datasets or specific populations. Up to now, prospective and longitudinal studies are sparse. Overall, the transition and progression from acute to chronic tinnitus has not been sufficiently addressed.

We were only able to identify two studies investigating the course of acute tinnitus. One study followed the trajectory of tinnitus over 6 months (14). There, 10 out of 44 patients showed full recovery. Tinnitus-attributed sleep disturbance, anxiety, and life satisfaction, each assessed at first investigation, independently predicted tinnitus distress at the second assessment 6 months later in patients with a chronic course of tinnitus. These three variables together predicted 56% of the variance of tinnitus distress at the time of the second assessment. This is in accordance with a follow-up study of patients with tinnitus after 2 years, showing that severe tinnitus suffering was associated with a higher likelihood of anxiety disorders, more psychosocial stress and lower global assessment of function scores (11).

The second observational study on the development of acute tinnitus over time showed that almost 90% of participants developed chronic tinnitus, only five out of 41 patients showed complete remission after 6 months (15). Aspects of mental health like level of depression and anxiety at the beginning of tinnitus seem to be predicting a higher level of tinnitus decompensation after 6 months (15).

The prevalence data of these two prospective studies are in contrast to a retrospective study by Forti et al. of 269 patients who were treated with Tinnitus Retraining Therapy and sound generators, 26% did not use the sound generator in a mean time of 49 (+-16,89) months of follow-up, because their tinnitus apparently was no longer a problem (16).

In sum, data on the progression of acute tinnitus are limited, and the focus seems to be on the prediction of tinnitus worsening and not on predictors for tinnitus remission; or studies are based on a specific sub-group of patients with sudden hearing loss. Thus, we performed a two-center observational survey to evaluate possible predictors for tinnitus remission and investigate the transition from acute to chronic tinnitus during a time interval of 6 months after onset.



MATERIALS AND METHODS

We included 50 patients presenting in either one of two clinics of Otorhinolaryngology in Eastern Bavaria (Regensburg, Straubing), beginning from October 2013, with a duration of acute tinnitus of up to 28 days. For this work, acute tinnitus was defined by a tinnitus duration below 28 days, with the intention of investigating the transition from acute to chronic tinnitus. There is heterogeneity of definition of acute (<3 months), sub-acute (<6 months), and chronic tinnitus (>6 months but also >3 months) in the literature (15, 17). However, as we were interested in the transition from one stage to the other, we restricted our inclusion criteria to the very acute duration of tinnitus and decided to conduct the follow-up visits 3 and 6 months after the first consultation.

All patients gave written informed consent to the study which was approved by the ethics committee of the University of Regensburg (13-101-0160).

All patients presented twice in the hospital—for the first consultation and a first follow-up 3 months thereafter. The first contact took place in emergency settings. Three months after the second visit, patients received questionnaires by mail. We recorded different categories of data (i.e., demographic, tinnitus-related, audiology, psychopathological, health-related, treatment and life-style data). Most of the data were ratings or subjective reported variables. Audiology was recorded by the investigator team (pure tone audiogram; frequencies 125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz, and 8 kHz). Standardized ratings included the Tinnitus Sample Case History Questionnaire (18) for tinnitus characteristics, numeric ratings scales for different aspects of tinnitus (19), the Mini Tinnitus Questionnaire (20) for measurement of tinnitus distress, the Big-Five-Inventory-10 (21) for measurement of five personality traits, the Life Orientation Test (LOT-R) (22) for measurement of optimism and pessimism, and the Generalized Anxiety Disorder 7 (GAD-7) of the Patient Health Questionnaire (PHQ) (23).

For group comparisons of categorial variables we used chi-square tests of independence, and of metric variables Student t-tests. Longitudinal analyses were done with Student t-test for dependent samples or, in the case of three observations, with analyses of variance with the within-subjects factor time. Significance threshold was set to 5%. Analyses were done with SPSS 24 (IBM SPSS Statistics).



RESULTS


Sample Description

Fifty patients presented from October 2013 to December 2016 with a tinnitus onset of up to 28 days. Due to a high number of missing values, one patient had to be excluded from the study. The analysis sample consisted of 49 patients presenting in either one of two clinics for Otorhinolaryngology in Eastern Bavaria (Regensburg: n = 14; Straubing: n = 35). The recruitment time interval was from October 2013 to December 2016.



Demographics

Twenty-one out of these 49 patients were females. Mean age was 46 ± 14 years (range: 21–81 years). Seventeen reported A-levels or equivalently high education. Thirty-one were married, seven with and 11 without partnership. Mean height was 1.73 ± 0.76 m and mean weight was 79 ± 14 kg. The mean number of alcoholic drinks per week was 2.8 ± 3.6. Eight patients reported regular smoking. Mean hearing (dB HL) loss was 27 ± 29 on the right and 24 ± 22 on the left side.



Tinnitus Characteristics

Tinnitus duration was 8.5 ± 5.3 days (range: 1–25 days), tinnitus loudness was 44 ± 25, tinnitus awareness 61 ± 31, and tinnitus annoyance 54 ± 34 (all three variables with a scale from 0 to 100). Numeric ratings showed values for severity of 3.2 ± 1.1 (on a scale from 0 to 5). Numeric ratings with a scale from 0 to 10 showed 4.3 ± 2.7 for loudness, 5.1 ± 3.0 for discomfort, 5.3 ± 3.2 for annoyance, 5.5 ± 3.4 for ignorability, and 5.2 ± 3.1 for unpleasantness. The Mini Tinnitus Questionnaire showed a mean value of 11.6 ± 6.5 (range 0–23) indicating moderate distress in average. Eighteen (37%) patients reported tinnitus in relatives, 12 reported a gradual and 37 a sudden beginning of tinnitus. All patients experienced non-pulsatile tinnitus. Nineteen (39%) reported fluctuations of their tinnitus over time. Twenty patients had tinnitus purely on the right, 18 purely on the left side. Three reported a right-dominant tinnitus, five a left-dominant, and three patients equal distributed tinnitus over both ears. Most patients reported a tonal tinnitus (n = 39), two noise-like, one crickets-like, and seven other sounds. With respect to pitch, tinnitus was rated very high in six, high in 24, middle in 14, and low in five patients. Thirty-one reported maskability of tinnitus by sounds, 10 patients reported it not maskable, and eight were unable to answer this question. Modulation of tinnitus by somatic maneuvers was possible in 16 (33%) patients.



Comorbidities

Half of patients (n = 23; 46.9%) reported worsening of tinnitus by stress and the remaining patients reported no impact of stress on their tinnitus. Only one patient was equipped with hearing aids. Thirteen patients reported painful hyperacusis, 27 had no hyperacusis, and nine patients did not answer this question. Fear-related hyperacusis was 2.8 ± 1.0 on a scale from 1 to 5.

Headache was prevalent in 14 patients, temporomandibular joint problems in 11 patients, neck pain in 22 patients, and general pain in six patients. Two patients reported concomitant psychiatric treatment.

With respect to putative tinnitus-causing factors, five patients reported to have a noisy hobby, 29 reported stress in the last weeks, five an acute and two long lasting noise exposition. Ear infections in the previous weeks were present in three patients, a common cold in nine patients, a recent hearing loss in 18 and a long-lasting hearing loss in eight patients. Ear pressure was prevalent in 28 patients and vertigo in 12 patients. Two patients reported a diving accident, six patients ear surgery, one patient acute and six patients earlier cervical spine injury. One patient reported head injury in the last weeks before tinnitus onset and two in the past.

With respect to diseases, we asked for diabetes (n = 2), stroke (n = 1), heart attack (n = 1), hypertension (n = 16), hypotension (n = 2), diseases of the immune system (n = 4), high cholesterol (n = 11), and gout (n = 3). No patient had any kidney disease or an infectious disease.

Concerning regular medication, five patients took anticoagulants, four diuretics, 15 blood pressure medication, eight antibiotics, and three contraceptives. No patient was undergoing chemotherapy.



Treatment

During the observation period 30 patients (61.2%) received tinnitus treatment. Nineteen received steroid hormones (cortisone, prednisolone, and dexamethasone), five local anesthetics (lidocaine, procaine, and novocaine), six antihistamines (betahistine, dimenhydrinate), eight cardiac medication (several different medications), and nine herbal drugs (different herbal drugs and vitamines). Eleven underwent physiotherapy, two psychosomatic interventions (rehabilitation, autogenic training), one hyperbaric oxygen therapy. No ear surgery was reported. Four patients could not specify the treatment they received.



Psychological Measures

The evaluation of personality traits with the Big-Five Personality Inventory (scale from 1 to 5), revealed extraversion to be 3.4 ± 1.0, neuroticism 3.2 ± 0.9, openness 3.5 ± 0.9, conscientiousness 4.3 ± 0.6, and agreeableness 3.1 ± 0.8. Pessimism was 11.1 ± 2.2 and optimism 6.6 ± 2.4, both measured on a scale from 1 to 15. Depressivity on a scale from 0 to 2 was 0.7 ± 0.9, and anxiety on a scale from 0 to 15 was 6.5 ± 4.4.



Predictor Analysis

Nine out of 49 patients (18.4%) showed a full remission of tinnitus after 3 and 6 months. All measured variables were tested for group differences. Patients with full remission differed from patients with “chronic tinnitus” with respect to tinnitus duration, fear-related hyperacusis, drinks per week, gender, and ear pressure (i.e., tinnitus remission was associated with the following characteristics at baseline: shorter tinnitus duration, lower fear-related hyperacusis, lower consumption of alcoholic drinks, higher incidence of increased ear pressure and a higher proportion of women). For statistical values see Table 1. All other variables turned out not to differ significantly between groups.


Table 1. Significant differences in patients with full remission vs. patients with chronic course of tinnitus.
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Longitudinal Analysis

For 37 out of the 40 patients with chronic tinnitus complete data sets of both follow-up visits were available. These patients showed no significant changes over time for tinnitus loudness or tinnitus awareness, but for tinnitus annoyance, discomfort, ignorability, unpleasantness, and distress. The reduction of the Mini TQ score over the observation period of 6 months was in the range of a medium effect size (Cohen's d(?) 0.691). Tinnitus laterality, type, and subjective reported frequency were similar for both visits as indicated by (near) significant chi-square tests. For details see Table 2. Hearing functions improved from visit 1 to visit 2, but there was no significant correlation between changes in hearing and changes in annoyance, discomfort, ignorability, unpleasantness, and distress. Correlations analyses were not significant (all r < 0.296; all p > 0.094).


Table 2. Course of tinnitus related variables over time in patients with chronic tinnitus.
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DISCUSSION


Discussion of Our Results

The aim of our study was to observe the transition from acute to chronic tinnitus and to identify predictors for the remission and trajectory of tinnitus. Our main results are (1) that among patients who present with a tinnitus duration of <4 weeks at the clinic only a small amount (18%) lose their tinnitus and show full remission, (2) that putative predictors for remission may be shorter tinnitus duration, female sex, lower consumption of alcoholic drinks, lower fear-related hyperacusis, and increased subjective ear pressure, and (3) that among those patients who develop chronic tinnitus, the perceptual tinnitus characteristics remain unchanged, whereas tinnitus distress improves over time.

To our knowledge, two studies with a comparable approach exist (14, 15). Particularly similar was the investigation by Wallhausser-Franke. Patients were also recruited between 2013 and 2016, the sample size and inclusion criteria (tinnitus onset below 4 weeks) were similar, the observation period equally was 6 months, and some rating instruments were identical. Our findings confirm the main findings of the two previous publications. Both studies indicate a high heterogeneity with respect to tinnitus etiology and applied treatments, both suggest remission rates below 20% and both converge in the observation that tinnitus characteristics (localization, sound quality) tend to stay stable, whereas the average tinnitus distress improves moderately over time. Predictor analysis was done with respect to variables of tinnitus distress as an outcome variable and not with respect to the complete remission of tinnitus. By this means, higher tinnitus distress and depressivity in the acute phase of tinnitus were identified as predictors for a worsening of tinnitus over time.



Limitations

These three small studies highlight the need for further investigations of larger samples. The design of these investigations should consider the experiences and the limitations of the available studies. One lesson from previous undertakings is the need of a uniform definition of variables. For example, Wallhausser-Franke and colleagues find changes in tinnitus awareness over time that we weren't able to, which may be related to the operationalisation of this variable (15). Wallhausser-Franke coded this variable as “permanent” and “intermittent,” and we asked for percentage values (0–100%).

Another limitation of the available studies is the heterogeneity of performed interventions. These studies investigating the natural course of tinnitus over time should be complemented by interventional research. Even if we gathered data prospectively, it is not possible to draw causal conclusions as long as treatments are not controlled and randomized. For example, we can only speculate if a therapeutic intervention targeting the identified risk factors will improve the course of tinnitus. For example, consumption of alcoholic drinks was identified as one predictor. Only an interventional study could tell whether a corresponding intervention (e.g., decrease of alcohol consumption may help to increase the chance of remission or whether alcohol consumption is not a cause, but rather the consequence of a more affected chronic and decompensated tinnitus). Another limitation is the short period of a 6 months of follow-up and a missing question for thyroid disease.



Perspective for Future Studies

In the future, increasing the validity of data by collecting a highly operationalized case history, interview, and diagnosis of patients as well as medical records, instead of relying solely on subjective reports as has been done in the present study, should be considered. In order to avoid a selection bias, one should aim not only to recruit from hospital clinics but also from ENT- and GP-practices. Moreover, one should aim at an early assessment of tinnitus patients as soon as possible after tinnitus onset. As heterogeneity of etiology and treatment is high, large-scale multi-center trials will be necessary to create a sufficiently large data basis.

The remission rate for acute tinnitus in our study is quite low. It is not clear whether the results are representative. One might assume a selection bias, as those patients in which the tinnitus did disappear spontaneously a few days after tinnitus onset did not present in the clinic. This selection bias is particularly relevant for those patients who present at a later timepoint after tinnitus onset. Accordingly, we observed that a longer tinnitus duration at presentation in the clinic was a predictor for a chronic manifestation of tinnitus.

The remission rate identified in our study and in comparable previous investigations (14, 15) was lower than remission rates for conditions such as sudden hearing loss and acoustic trauma [for overview see (15)]. Even if hearing recovery is a predictor for tinnitus improvement (6), our finding of a lower remission rate of tinnitus when compared to hearing recovery after sudden hearing loss suggests that the chances for hearing recovery after acute hearing loss are higher than the chances for tinnitus disappearance after acute tinnitus onset. Indeed, in clinical practice patients frequently report about good hearing recovery but ongoing tinnitus after sudden hearing loss.

These preliminary data will help in deducing hypotheses about which aspects might be relevant for the chronification of tinnitus. The finding that female sex is associated with a higher chance for tinnitus disappearance might explain why chronic tinnitus is more prevalent in men. Hyperacusis was speculated to be a precursor for tinnitus (9). It might be necessary to screen for hyperacusis in acute tinnitus patients and to find out which aspects of hyperacusis are relevant (in our sample this was fear-related, even if general anxiety did not predict remission). Interestingly, we did no see a significant effect of personality or anxiety even if there is evidence that these variables are involved in decompensated tinnitus (24, 25). It would be highly interesting to see whether ear pressure could be validated by means of diagnostic tests. One could speculate that the subjectively reported increased ear pressure might be an indicator of endolymphatic hydrops, which in turn might characterize a subtype of tinnitus with more fluctuations (26). For this purpose, a more exact definition of ear pressure is also necessary.

In conclusion, acute tinnitus is a highly heterogeneous phenomenon with up to 20% full recovery after 6 months and is taking a moderately positive trajectory in terms of tinnitus distress over time, despite unchanged tinnitus characteristics.
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Objectives: To elucidate the mechanism of paroxysmal central positional nystagmus (CPN) by determining the effects of head rotation velocity on the intensity of paroxysmal downbeat nystagmus induced during straight head hanging (SHH).

Methods: We recruited 21 patients with paroxysmal downbeat CPN induced during SHH at the Dizziness Center of Seoul National University Bundang Hospital from September 2018 to July 2019. Twenty-one patients had manual SHH at two different lying velocities, the fast (routine) and slow, and they also underwent SHH at different rotation velocities of 10, 20, 30, and 40 °/s using a motorized rotation chair. Induced nystagmus was recorded using video-oculography and the maximum slow phase velocity (SPV) and time constant (TC) of the induced paroxysmal nystagmus were analyzed.

Results: During manual SHH, paroxysmal downbeat nystagmus was invariably induced during routine SHH (fast lying down), but absent or minimal during slow positioning. During motorized SHH, the median of maximum intensity of downbeat nystagmus increased from 7.6 °/s (0–16.9) to 14.0 °/s (0–32.5), 16.5 °/s (0–44.6), and 19.1 °/s (0–55.2) as the rotation velocity increased from 10 to 20, 30, and 40°/s (P < 0.001, P < 0.001, P = 0.004; linear mixed models). In contrast, the TCs of paroxysmal downbeat CPN remained unchanged (P = 0.558, P = 0.881, P = 0.384, linear mixed models).

Conclusions: The dependence of nystagmus intensity on head rotation velocity supports a disinhibited and exaggerated inhibitory rebound of the canal signals as the mechanism of paroxysmal CPN.

Keywords: vertigo, nystagmus, central positional nystagmus, downbeat nystagmus, mechanism


INTRODUCTION

Either paroxysmal or persistent form of positional vertigo and nystagmus may occur in central as well as peripheral vestibular disorders (1). In peripheral disorders, paroxysmal vertigo and nystagmus are mostly explained by migration of the otolithic debris dislodged from the utricular macule into the semicircular canals or by alteration in the specific gravity of the cupula relative to endolymph (2). Central positional nystagmus (CPN) mostly takes the form of apogeotropic (3) or geotropic (4) nystagmus when the head is turned to either side while supine, or downbeat nystagmus after lying down (5).

Persistent CPN has been explained by erroneous neural processing within the velocity-storage circuit located in the brainstem and cerebellum that functions in estimating the angular head velocity, gravity direction, and inertial acceleration (3). Paroxysmal CPN is also featured by transient geotropic or apogeotropic nystagmus after head-turning to either side while supine, and upbeat or downbeat nystagmus after lying down, straight head hanging (SHH) or sitting up (6). Of those, paroxysmal downbeat nystagmus while lying down or SHH is most common (7). The mechanism of paroxysmal CPN requires further exploration. In our previous study, the paroxysmal form of CPN mostly occurred in the planes of semicircular canals inhibited during the positioning, and showed the features suggestive of a semicircular canal origin regarding the latency, duration, and direction of nystagmus (7). Based on those findings, paroxysmal CPN was attributed to disinhibition and enhanced responses of the secondary vestibular neurons during the positioning due to lesions involving the nodulus and uvula (7). In this instance, increment of the post-rotatory signals is invoked to generate paroxysmal CPN (7). For example, paroxysmal downbeat nystagmus observed during lying down or SHH is explained by transient over-activation of the anterior and/ or horizontal canals on both sides (7). According to this explanation, the intensity of paroxysmal CPN would depend on stimulation intensity of the semicircular canals during the positioning, and thus lying velocity (acceleration) in paroxysmal downbeat CPN.

This study aimed to determine the effect of lying (head rotation) velocity (acceleration) on the intensity of paroxysmal downbeat CPN induced during SHH by adopting a stepwise increase in the rotation velocity. We hypothesized that the intensity of induced nystagmus would increase in proportion to the lying velocity.



MATERIALS AND METHODS


Patients

We recruited 27 patients with paroxysmal downbeat CPN at the Dizziness Center of Seoul National University Bundang Hospital from September 2018 to July 2019. All experiments followed the tenets of the Declaration of Helsinki and this study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB No. B-1908/558-103).

All patients underwent detailed neuro-otologic evaluation by the senior author (J.S.K). The diagnosis of paroxysmal downbeat CPN was based on (1) paroxysmal downbeat nystagmus (<1 min) induced during SHH, (2) presence of other symptoms and signs indicative of brainstem or cerebellar dysfunction, or brainstem or cerebellar lesions documented on MRIs, and (3) no resolution of paroxysmal downbeat nystagmus with repeated canalith repositioning maneuvers for benign paroxysmal positional vertigo involving the anterior semicircular canals. Of the 27 patients, 21 (12 men, mean age ± SD = 54.4 ± 14.9 years) were finally included for analyses after excluding six patients due to (1) a duration of the paroxysmal nystagmus <5 s (n = 1), (2) concomitant periodic alternating nystagmus that interfered accurate analyses of downbeat nystagmus (n = 1), (3) an inconsistency; direction-changing or alternating with horizontal nystagmus (intermittent, n = 2), and (4) incomplete evaluation (n = 2).



Oculography

Eye movements were recorded binocularly using 3-dimensional video-oculography (VOG, SLVNG®, SLMED, Seoul, South Korea). Spontaneous nystagmus was recorded both with and without visual fixation in the sitting position. Gaze-evoked nystagmus, horizontal smooth pursuit, horizontal saccades, and horizontal head-shaking nystagmus were also evaluated.



Positioning Maneuvers

All patients had manual SHH at both fast (routine) and slow lying velocities. During the fast SHH, patients were laid from the sitting position onto the lying down position with the head extended about 30° below the table. During the fast SHH, this positioning was performed at a routine velocity and was completed usually within 3 s (2–4 s). Thus, the mean head rotation velocity was about 40°/s during the fast SHH test. During the slow SHH, the patients assumed the same position over about 35 s (from 25 to 51 s) with an assistance by the examiner. Thus, the mean head rotation velocity was ~3–4 °/s during the slow SHH (Figure 1, Supplementary Video 1).


[image: Figure 1]
FIGURE 1. Recording of paroxysmal downbeat nystagmus during manual straight head hanging in patient 21. With slow positioning, no discernable nystagmus was induced, and the pre-existing spontaneous downbeat nystagmus was even suppressed. During fast positioning, in contrast, paroxysmal downbeat nystagmus was induced for several seconds. Only the vertical eye motion is presented and the shaded areas in pink indicate the period of positioning. Upward deflection denotes upward eye motion in each recording.


All patients also underwent SHH at different rotation velocities of 10, 20, 30, and 40 °/s using a 3-dimensional motorized rotation chair (SLRVT®, SLMED, Seoul, South Korea, Figure 2, Supplementary Video 2). During this maneuver, the patients were tilted backward 100° from the sitting position without extending the neck at each rotation velocity.


[image: Figure 2]
FIGURE 2. Recording of paroxysmal downbeat nystagmus induced during motorized rotation chair test at four different rotation velocities in patient 21. The intensity of induced downbeat nystagmus increased as the rotation velocity was escalated from 10 to 40°/s. The paroxysmal downbeat nystagmus was followed by a small upbeat nystagmus. Only the vertical eye motion is presented and the shaded areas in pink indicate the period of positioning. Upward deflection denotes upward eye motion in each recording.


In each testing condition, the SHH position was maintained until the positional nystagmus disappeared or at least for 1 min. The positional nystagmus was recorded at a sampling rate of 120 Hz without visual fixation in darkness using video-oculography (VOG, SLVNG®, SLMED, Seoul, South Korea).



Analyses of Nystagmus

Digitized eye position data were analyzed with MATLAB software (version R2019b, The MathWorks, Inc., MA, USA). For each paroxysmal CPN, the intensity (maximum slow phase velocity, SPV) and time constant (TC) were calculated. When persistent CPN was combined with the paroxysmal one, we calculated the maximum SPV and TC of paroxysmal CPN after subtracting the persistent component from the velocity profile of induced positional nystagmus.



Statistical Analyses

Statistical analyses were performed using SPSS software (version 20.0, IBM SPSS Statistics, N.Y., USA). Continuous variables were expressed as a mean ± SD for parametric values or as a median (range) for non-parametric ones. Counting variables were expressed as a percentage. Normality of the data was determined using the Shapiro-Wilk test. Linear mixed model analysis was used to determine any difference in the maximum SPV and TC of paroxysmal downbeat CPN among the test conditions that had adopted different rotation velocities using a motorized rotation chair. The level of statistical significance for the linear mixed model analyses was corrected using the Bonferroni method, and the corrected level of significance was set at 0.0083 (0.05/6) since the comparisons were performed six times in each group. The Wilcoxon signed ranks test were used to determine any difference in the maximum SPVs of paroxysmal downbeat CPN induced during the fast and slow SHH and maximum SPVs of paroxysmal downbeat CPN induced during the fast SHH and motorized positioning test at a rotation velocity of 40.0°/s, and the paired t-test was used to determine any difference in the TCs of paroxysmal downbeat CPN induced during the fast SHH and motorized positioning test at a rotation velocity of 40.0 °/s. The significance threshold was set at a 2-sided P < 0.05.




RESULTS


Clinical Characteristics

Underlying disorders included spinocerebellar ataxia (n = 14), episodic ataxia (n = 4), Chiari malformation (n = 1), and no etiology was identified in the remaining two patients.

During visual fixation, eight patients (38.1%) showed spontaneous nystagmus that was pure downbeat in seven, and mixed horizontal and downbeat in the remaining one. The SPV of downbeat nystagmus ranged from 0.7 to 8.2°/s (median = 2.0). Without visual fixation in darkness, 15 patients (71.4%) showed spontaneous nystagmus that was pure downbeat in eight, mixed horizontal-downbeat in five, pure horizontal in one, and mixed horizontal-upbeat in the remaining one. The SPV of downbeat nystagmus ranged from 1.1 to 8.7°/s (median = 3.1) without visual fixation in darkness. After horizontal head-shaking, 18 patients (85.7%) showed nystagmus that was mixed horizontal-downbeat in 11, pure downbeat in five, and pure horizontal in two. Gaze-evoked nystagmus was found in 14 patients (66.7%), and eight of them also showed rebound nystagmus. Horizontal smooth pursuit was impaired in 14 patients (66.7%). Horizontal saccades were abnormal in 11 patients (52.4%); hypermetric in six, hypometric in four, and slow in one (Table 1).


Table 1. Findings in patients with paroxysmal downbeat central positional nystagmus.
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Manual SHH

All 21 patients showed paroxysmal downbeat CPN during the routine (fast) positioning, and only two of them showed downbeat nystagmus during the slow SHH (Table 1). During the routine SHH, the downbeat CPN was pure paroxysmal in 16 and mixed paroxysmal and persistent in five patients. The paroxysmal downbeat CPN showed a peak initially in 19 patients (90.5%) and reached its peak within 2.5 s in the remaining two. After then, the nystagmus decreased exponentially. The maximum SPV of positional downbeat nystagmus ranged from 4.6 to 65.6°/s (median = 19.8, mean ± SD = 23.4 ± 14.7), and the TC ranged from 1.1 to 7.4 s (median = 3.5, mean ± SD = 3.8 ± 1.8) during the fast SHH. During the slow SHH, the maximum SPVs for the two patients with discernable positional downbeat nystagmus were 10.4 and 12.3°/s with the TCs at 1.3 and 3.7 s. Thus, there was a significant rise in the maximum SPV of paroxysmal downbeat CPN as the lying velocity increased (Z = −4.02, Wilcoxon signed ranks test, P < 0.001 (Table 1, Figure 3).


[image: Figure 3]
FIGURE 3. Comparison of the maximum slow phase velocity (SPV) of paroxysmal downbeat nystagmus induced during slow and fast manual straight head hanging tests in each patient. During slow positioning, only two patients showed paroxysmal downbeat CPN, which became larger during fast positioning. In contrast, paroxysmal downbeat nystagmus was observed in all patients after fast positioning.




Motorized Rotation Chair Test

The median of maximum SPV of paroxysmal downbeat CPN was 7.6 °/s (range: 0–16.9; mean ± SD = 7.2 ± 5.7) at the rotation velocity of 10°/s, which increased to 14.0 °/s (range: 0–32.5; mean ± SD =14.6 ± 8.1) at 20°/s, 16.5°/s (range: 0–44.6; mean ± SD = 17.6 ± 9.5) at 30°/s, and 19.1°/s (range: 0–55.2; mean ± SD = 20.5 ± 12.1) at 40°/s. Thus, there was a significant rise in the maximum SPV of paroxysmal downbeat CPN as the lying velocity increased [(95% CI, −18.42 to −8.19), P < 0.001; (95% CI, −8.95 to −3.00), P < 0.001; (95% CI, −4.84 to −1.06), P = 0.004; Linear mixed model; Figure 4A]. In contrast, the TCs of paroxysmal downbeat nystagmus remained at about 3.5 s without a difference among the four testing conditions [(95% CI, −1.12 to 0.62), P = 0.558; (95% CI, −0.51 to 0.60), P = 0.881; (95% CI, −0.29 to 0.70), P = 0.384, Linear mixed model, Figure 4B].
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FIGURE 4. The maximum slow phase velocity (SPV, A) and time constant (B) of paroxysmal downbeat nystagmus induced during motorized rotation chair test at four different rotation velocities. As the rotation velocity was escalated from 10 to 40°/s, the maximum slow phase velocity of induced downbeat nystagmus increased while the time constant remained unchanged.


Six patients showed both paroxysmal and persistent components of positional nystagmus, and the persistent nystagmus was upbeat (0.2–3.1°/s) in five and downbeat (3.1°/s) in one.



Comparison of Manual and Motorized SHH

We compared the maximum SPVs and TCs of the paroxysmal downbeat nystagmus between the manual fast SHH and motorized SHH test at the rotation velocity of 40 °/s since the head rotation velocities were similar for those testing conditions, and found that the maximum SPVs [19.1 (0–55.2) vs. 19.8 (4.6–65.6) °/s, Z = −1.06, Wilcoxon signed ranks test, P = 0.29] and TCs [3.8 ± 1.9 vs. 3.4 ± 1.6 s, (95% CI, −0.02–0.92), paired t-test, P = 0.06] of the paroxysmal downbeat CPN induced during both tests were similar.




DISCUSSION

We found that the intensity of paroxysmal downbeat CPN during SHH depends on the rotation velocity (acceleration) of the head during the positioning while the TC was not affected by the rotation velocity. Furthermore, the intensity of positional downbeat nystagmus increases in proportion to the positioning velocity during the motorized rotatory chair tests.

In this study, most patients showed diffuse cerebellar dysfunction in association with the hereditary or acquired forms of ataxia. However, the associated ocular motor findings of spontaneous downbeat nystagmus, gaze-evoked nystagmus, perverted head-shaking nystagmus, and impaired smooth pursuit all indicate dysfunction of the vestibulocerebellum (8–10). In our previous studies, circumscribed lesions responsible for CPN, either the paroxysmal or persistent form, also were mostly overlapped in the nodulus and uvula (7).

In this study, the intensity of paroxysmal downbeat CPN induced during SHH depended on the positioning velocity during either manual SHH or the whole-body rotation using a motorized chair. Indeed, most patients showed no or minimal downbeat nystagmus during SHH when the positioning was performed at a very slow speed. This was also observed in a previous study on spontaneous downbeat nystagmus even though the detailed findings or mechanisms were not explored (11). The TCs of paroxysmal downbeat CPN were mostly around 3.5 s with some variations among the patients and different testing conditions, which are similar to the TCs of the vertical semicircular canals (12–14). These characteristics of paroxysmal downbeat nystagmus observed in this study are consistent with those found in our previous study on paroxysmal CPN regarding its maximum at onset, short duration with a TC around 4 s, and alignment of the nystagmus direction with the vector sum of the rotational axes of the semicircular canals that are normally inhibited during the positioning (7). Based on these findings, we previously proposed that paroxysmal CPN is generated by disinhibition and enhanced responses of the secondary vestibular neurons during positioning due to cerebellar dysfunction (7). The similar TCs regardless of different nystagmus intensity in each testing condition are consistent with the findings observed in previous studies on the attenuation of nystagmus but constant TC during rotations having adopted a stepwise increase in the head rotation velocity (15, 16).

The first-order neurons from the horizontal semicircular canal have a resting discharge and the firing rate increases during head rotation that induces an ampullopetal flow of the endolymph and decreases during head motion that produces an ampullofugal flow of the endolymph. The reverse holds for the vertical semicircular canals (17, 18). Within a specific dynamic range, this increase or decrease of action potentials is directly proportional to the magnitude of head acceleration or deceleration (17). The primary vestibular afferents are classified into the regular and irregular according to their discharge properties (17). The irregular afferents are responsible for the adaptation responses and velocity-storage mechanism. The adaptation responses include a rapid decline in the discharge with a rebound when the discharge goes below the resting rate and a following gradual return to the resting level (post-acceleratory secondary phenomenon) (17). We postulate that the lesions involving the vestibulocerebellum disinhibit the irregular afferents and result in exaggerated post-acceleratory secondary phenomenon (7). One of the functions of the velocity-storage mechanism is to estimate the gravitational direction by integrating the rotation cues from the semicircular signals. Since there is a rotation feedback loop inside the velocity-storage mechanism, which acts to adjust the estimated gravitational direction to the real gravitational direction (7), vestibulocerebellar lesions and resultant disinhibition of the irregular afferents would lead to an exaggerated post-acceleratory secondary response and a difference between the estimated and real gravitational directions. This difference would generate the post-rotatory nystagmus (7). During SHH, the irregular vestibular fibers from both posterior semicircular canals are mostly activated and this activation is followed by transient inhibitory rebound (17). When this secondary inhibition becomes prominent due to dysfunction of the vestibulocerebellum, the exaggerated inhibitory signals conveyed to the vestibular storage mechanism may generate nystagmus through the rotational feedback mechanism (7). In this scenario, the degree of post-acceleratory depression would depend on the strength of head acceleration during positioning, which forms the basis of this study. Indeed, the intensity of paroxysmal downbeat CPN induced during SHH depended on the positioning head velocity.

Several studies showed that transient compression of the vertebral arteries during neck rotation or extension may reduce the blood supply to the peripheral or the central parts of the vestibular system and give rise to paroxysmal downbeat nystagmus along with vertigo and tinnitus (19–21). The presumed mechanism was excitation of unilateral or bilateral anterior semicircular canals (19–21). Thus, paroxysmal downbeat nystagmus may be induced by head extension during SHH. However, in our study, only two patients (9.5%) showed paroxysmal downbeat CPN during the manual slow SHH test, and all patients showed paroxysmal downbeat CPN during the SHH using a rotation chair, which did not allow any neck motion during the positioning. Thus, the role of head extension, if any, in generating paroxysmal downbeat nystagmus could have been minimal in our study.

Four patients showed an evolution of initial positional downbeat into upbeat nystagmus over 4–15 s. This reversal in the direction of induced nystagmus is observed in various conditions including benign paroxysmal positional vertigo (22–24), head-shaking nystagmus (25), caloric stimulation (26), and vertebral artery occlusion syndrome (21), and may be ascribed to short-term adaption of the vestibular imbalance.



LIMITATIONS

There are several limitations in our study. First, we only quantified paroxysmal downbeat CPN, and did not include other types of paroxysmal CPN such as geotropic or apogeotropic horizontal nystagmus during head turning to either side while supine. However, our observation was also similar in apogeotropic CPN (Supplementary Video 3). Second, for the patient's safety, we set the maximum rotation velocity at 40 °/s during the motorized chair rotations. Thus, the characteristics of paroxysmal CPN during the head rotation at higher velocities remain to be determined. Third, due to severe vertigo, some patients involuntarily closed their eyes just after the positioning, and this might have biased the maximal SPV and TC. Finally, we couldn't measure the accurate acceleration and deceleration of the head motion during the SHH tests, so it was not possible to further elucidate the effects of velocity and acceleration on paroxysmal CPN.
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Supplementary Video 1. Paroxysmal downbeat nystagmus induced during slow and fast manual straight head hanging in patient 21. With slow positioning, no nystagmus was induced, and the pre-existing spontaneous downbeat nystagmus was even suppressed. During fast positioning, in contrast, paroxysmal downbeat nystagmus was induced for several seconds.

Supplementary Video 2. Paroxysmal downbeat nystagmus induced during straight head hanging using a motorized rotation chair in patient 21. During rotation at a velocity of 10°/s, only small downbeat nystagmus was observed for a couple of seconds. During rotation at a velocity of 40°/s, in contrast, strong downbeat nystagmus was induced for about 7 s, which was followed by a small upbeat nystagmus.

Supplementary Video 3. Effect of positioning velocity on paroxysmal apogeotropic central positional nystagmus during head turning to either side while supine. During fast head rotation, strong paroxysmal apogeotropic nystagmus was induced with the maximum slow phase velocity (SPV) at 28.1°/s and the time constant of 3.7 s, and was followed by a persistent nystagmus (mean SPV:1.9°/s). In contrast, the induced paroxysmal nystagmus was absent or minimal after slow head rotation, but the persistent nystagmus was still observed at the mean SPV of 2.1°/s.
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Objectives: (1) To assess whether neuroticism, state anxiety, and body vigilance are higher in patients with persistent postural-perceptual dizziness (PPPD) compared to a recovered vestibular patient group and a non-dizzy patient group; (2) To gather pilot data on illness perceptions of patients with PPPD.

Materials and Methods: 15 cases with PPPD and two control groups: (1) recovered vestibular patients (n = 12) and (2) non-dizzy patients (no previous vestibular insult, n = 12). Main outcome measures: Scores from the Big Five Inventory (BFI) of personality traits, Generalized Anxiety Disorder - 7 (GAD-7) scale, Body Vigilance Scale (BVS), Dizziness Handicap Inventory (DHI), modified Vertigo Symptom Scale (VSS) and Brief Illness Perception Questionnaire (BIPQ).

Results: Compared to non-dizzy patients, PPPD cases had higher neuroticism (p = 0.02), higher introversion (p = 0.008), lower conscientiousness (p = 0.03) and higher anxiety (p = 0.02). There were no differences between PPPD cases and recovered vestibular patients in BFI and GAD-7. PPPD cases had higher body vigilance to dizziness than both control groups and their illness perceptions indicated higher levels of threat than recovered vestibular patients.

Conclusion: PPPD patients showed statistically significant differences to non-dizzy patients, but not recovered vestibular controls in areas such as neuroticism and anxiety. Body vigilance was increased in PPPD patients when compared with both recovered vestibular and non-dizzy patient groups. PPPD patients also exhibited elements of negative illness perception suggesting that this may be the key element driving the development of PPPD. Large scale studies focusing on this area in the early stages following vestibular insult are needed.

Keywords: state anxiety, neuroticism, body vigilance, illness perceptions, PPPD


INTRODUCTION

The diagnosis persistent postural-perceptual dizziness (PPPD) entered the 11th edition of the World Health Organization's International Classification of Diseases (ICD-11 beta draft) in 2015 following a consensus document on its diagnostic criteria created by Bárány Society for the International Classification of Vestibular Disorders (ICVD) and the criteria for its dignosis are outlined in Table 1 (1–3).


Table 1. Criteria for the diagnosis of persistent postural-perceptual dizziness (PPPD) as outlined by the Committee for the Classification of Vestibular Disorders of the Bárány Society (CCBS) (1).
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PPPD is a relatively new diagnosis and to date it is still not clear what predisposes some people to it following known triggers such as acute, episodic, or chronic vestibular syndromes, other neurological or medical illnesses, or psychological distress. Several authors have shown that acute anxiety and body vigilance predicted chronic dizziness after acute vestibulopathies (4–8). A prospective study found that psychological distress predicted severity of dizziness-related handicap among patients with various vestibular disorders in the 12 months following tertiary consultation (9). Neuroticism, the personality trait tendency to experience negative emotions or psychological distress in response to life events, has also been identified as a possible predisposing risk factor in both PPPD and chronic subjective dizziness (CSD), one of PPPD's precursors (10–12). In addition patients' appraisals and perceptions of their illness have been shown to influence outcomes in a range of other medical conditions including vestibular disorders (13, 14). (Figure 1). Apart from one study of neuroticism, however (10), these investigations were conducted prior to publication of the ICD-11 and ICVD definitions of PPPD or included patients with combinations of structural, metabolic, psychiatric, and functional causes of vestibular symptoms. As such, they offer data to formulate hypotheses about roles that psychological variables and illness perceptions may play in the developement of PPPD. Confirmation or refutation of those hypotheses requires investigations that include patients explicitly diagnosed with PPPD and carefully selected comparison groups. In addition, it is yet to be deterimined if any of these factors are associated strongly and uniquely enough with the onset of PPPD to be useful for early detection of the disorder.


[image: Figure 1]
FIGURE 1. Potential risk factors for PPPD include, from left to right, anxiety-related personality traits (primarily neuroticism and introversion) that predate the onset of vestibular symptoms, high levels of state anxiety and body vigilance that coincide with the onset of vestibular symptoms, and adverse illness perceptions and dizziness-related handicap that emerge as the course of illness progresses toward PPPD rather than recovery.


As a first step in validating hypotheses about the relationship of psychological variables specifically to PPPD and with the intent of designing a prospective trial to predict patients at risk for developing this disorder, the primary aim of this current study was to gather pilot data to test the hypothesis that the frequency of anxiety-related variables is higher in patients who meet ICVD criteria for PPPD compared to those who suffered acute vestibulopathies but did not develop PPPD and patients without a history of dizziness who were receiving treatment for other medical conditions. The second aim was to gather pilot data on illness perceptions in patients with PPPD. Findings of an increased prevalence or severity of anxiety-related variables or adverse illness perceptions would provide an impetus for conducting fully-powered, prospective studies with the aim of identifying a risk profile for PPPD that could guide early interventions for patients susceptible to developing this burdensome chronic dizziness condition.



METHODOLOGY

The study was conducted as a case-control observational study (www.clinicaltrials.gov, reference NCTO3930485, with ethical approval from South West—Cornwall & Plymouth Research Ethics Committee). All participants (both cases and controls) were aged ≥18 years old and were able to provide informed consent. Any participants who were <18 years old and unable to provide informed consent were excluded from the study.


Data Collected

All participants (cases, recovered group and healthy group) provided written informed consent before then being asked to complete the Big Five Inventory (BFI) of personality traits, the Generalized Anxiety Disorders-7 (GAD-7) Scale, the Body Vigilance Scale (BVS), the Dizziness Handicap Inventory (DHI), the short form of the Vertigo Symptom Scale (VSS), and the Brief Illness Perception Questionnaire (BIPQ). The BFI consists of 44 questions that assess the five core human personality traits of neuroticism (tendency toward pessimistic worry), extraversion (outgoing nature), openness (to new ideas and experiences), agreeableness (affability and warmth), and conscientiousness (diligence and dutifulness) and provides standardized scores against population norms. Testers respond to the questions with degrees of agreement or disagreement on a five-point Likert scale. For each personality trait, a mean score of higher than 2.5 suggests a tendency toward that trait. The GAD-7 consists of seven questions that measure the severity of state anxiety. The BVS consists of four questions: the first three measure sensitivity and attentiveness to bodily sensations in general; the fourth question measures attentiveness to 15 specific somatic symptoms, including five that are germane to patients with vestibular disorders (dizziness, nausea, faintness, feelings of unreality, and feelings detached from one's self). Testers respond to the questions on an 11 point Likert-like scale ranging from 0 (Not at all like me) to 10 (Extremely like me). A mean score higher than 5.0 suggests a tendency toward strong agreement with the question. The BVS total score is the sum of the answers to questions one to four. The DHI contains 25 questions that measure the severity of handicap due to dizziness-related physical and emotional symptoms and interference with functioning. The short form VSS includes 15 questions, eight that measure severity of vertiginous symptoms and seven that measure severity of associated autonomic/anxiety symptoms. The BIPQ consists of nine questions that assess respondents' understanding, emotional response, and sense of control of their illness, as well as concerns about its causes, consequences, clinical course, and likelihood of treatment response. The DHI, VSS, and BIPQ were administered to the PPPD group only as they were the only ones with active dizziness symptoms required to make sense of the questionnaires.


Statistical Analysis (Performed Using SPSS Statistics v26)

Statistical analyses were confined to valid outputs from the questionnaires that tested our hypotheses. As the DHI, VSS, and GAD-7 have not been validated for item-by-item analyses and the BIPQ has no total score, analyses were limited to: BFI—scores for the 5 factors; GAD-7—total score only; BVS—individual item scores; DHI—total score only; VSS—total and two subscale scores; BIPQ—individual items only.



BFI, GAD-7, and BVS

Each variable was checked for normality (skewness, kurtosis, Shapiro-Wilk's test), however very few of the variables were normally distributed. Due to this, and the low sample size, non-parametric tests were used. Due to having three independent variables (cases, recovered group, healthy group), an Independent-Samples Kruskal-Wallis test was performed. If a statistically significant result was found, then a post hoc pairwise comparison was conducted to determine which of the study groups were statistically different from each other. Statistical significance was determined at p < 0.05. Significance values for pairwise comparisons were adjusted using Bonferroni correction for multiple tests and were reported as their adjusted values. Effect sizes, η2, were calculated from the Kruskal-Wallis H-value and were interpreted per usual convention as η2 < 0.06 (small), 0.06 ≤ η2 < 0.14 (medium), and η2 ≥ 0.14 (large).





RESULTS


Recruitment
 
Cases

The clinical care team at the Department of Otolaryngology, Southend University Hospital NHS Foundation Trust reviewed medical records of current and past patients who were evaluated between January 2019 and January 2020. Eighteen patients who had been given a diagnosis of PPPD in accordance with ICVD criteria (Table 1) during that time period were consecutively asked to take part in the study. All 18 agreed to participate but only 15 completed and returned the questionnaire (see below). These 15 patients were included in the PPPD group with the three non-responders being excluded from the study.



Controls

Two sex- and age-matched (±5 years) comparison groups were identified. The first group consisted of patients who had sustained a peripheral vestibular insult but did not develop PPPD (recovered vestibular patient controls). Participants in this group were all consecutively recruited from the dizziness and balance clinic, deemed to have recovered from their vestibular insult and not progressed to PPPD. To be included as a recovered vestibular patient control, patients had to confirm that they had not experienced any vertigo or dizziness within the last year and were currently asymptomatic. As labyrinthine function and symptoms in recovered vestibular patients correlate poorly (15, 16), it was not deemed necessary to subject controls within this group to further vestibular function testing. Confirmation of an asymptomatic state was taken as evidence of full compensation from previous vestibular insult.

The second group consisted of patients from both the general ENT clinic and other non-ENT clinics who had never sustained a vestibular insult (non-dizzy patient controls). This group included any patient who was being followed up for a non-vestibular condition. Patients were asked whether they had ever experienced vertigo and dysequilibrium in the past or whether they had ever been diagnosed with a condition that could cause vertigo and only those who had not were asked to participate. The conditions that these patients were being followed up for included rhinitis (n = 2), otitis externa (n = 1), tinnitus (n = 1), epistaxis (n = 1), tympanic membrane perforation (n = 1), single-sided deafness (n = 1), chronic back pain (n = 1), knee osteoarthritis (n = 1), deep vein thrombosis (n = 1), anal polyps (n = 1) and COPD (n = 1). The purpose of the non-dizzy comparison group was to control for the state of being ill vs. being healthy. The psychological measures that were investigated are potentially affected by overall health status but vary little with respect to specific types of medical illness.




Demographics

Fifteen PPPD cases (13 (86.7%) females and two males, with a mean age was 63.7 years) were matched with 12 recovered vestibular controls (10 females (83.3%), mean age 63.8 years) and 12 non-dizzy controls (10 females (83.3%), mean age 62.6 years). The mean duration from diagnosis of PPPD was 5.7 months (range: 0−13 months) and the mean duration of PPPD symptoms was 79.5 months (range: 8−300 months). In the PPPD group vestibular neuronitis (VN) and benign paroxysmal positional vertigo (BPPV) were the two most common triggers (both: n = 4, 26.7%), followed by Ménière's disease (n = 3, 20%), psychological distress (n = 3, 20%) and gentamicin-induced vestibular failure (n = 1, 6.7%). Of the three patients who developed PPPD following psychological distress, all three cited bereavement of a spouse (n = 2) or parent (n = 1) as the trigger of their symptoms. One third of the group were on psychiatric medication. (See Table 2) The vestibular insults in the recovered vestibular group were BPPV (n = 6, 50%), VN (n = 4, 33.3%), Ménière's disease (treated with intratympanic gentamicin therapy; n = 1) and vestibular schwannoma (managed with stereotactic radiotherapy; n = 1).


Table 2. Demographic data of cases with PPPD.
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Big Five Inventory

There was a statistically significant difference between the three study groups in neuroticism (p = 0.01; η2 = 0.16, large effect), extroversion (p = 0.01, η2 = 0.20, large effect), and conscientiousness (p = 0.03; η2 = 0.14, large effect), but not openness (p = 0.4). Agreeableness trended toward a significant difference (p = 0.09) with a low medium effect; η2 = 0.08. Pairwise comparison revealed that these results were largely due to differences between patients with PPPD and non-dizzy controls. Patients with PPPD had higher neuroticism than non-dizzy controls (p = 0.02; η2 = 0.43, large effect) whilst non-dizzy controls were more extroverted (p = 0.008; η2 = 0.49, large effect) and more conscientious (p = 0.03; η2 = 0.41, large effect) than patients with PPPD. A pairwise comparison between patients with PPPD and recovered vestibular controls for neuroticism approached significance (p = 0.05). The effect size, η2 = 0.38, was large indicating a clinically meaningful difference that a larger sample would have revealed as statistically significant) (See Table 3).


Table 3. Big Five Inventory–Patients with PPPD patients and comparison groups.
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Generalized Anxiety Disorders-7

With respect to the overall GAD-7 score, there was a statistically significant difference among groups (p < 0.02; η2 = 0.18, large effect). The mean score for PPPD cases was 10.6; for recovered vestibular controls was 4.6; for non-dizzy controls was 4.1. Pairwise analysis showed that PPPD cases were statistically significantly more anxious than non-dizzy controls (p = 0.02; η2 = 0.43, large effect) and trended toward a difference from recovered vestibular controls (p = 0.07); Again, a large effect size, η2 = 0.49, suggested a clinically meaningful difference that missed statistical significance due to the sample size.



Body Vigilance Scale

There was a statistically significant difference among the study groups in the scores of two subsets of question 4 of the BVS pertaining to how much attention was paid to specific body sensations: feelings of dizziness (p < 0.0001; η2 = 0.58, large effect) and unreality (p = 0.02; η2 = 0.15, large effect). In pairwise comparisons, PPPD cases were found to pay more attention to feelings of dizziness than both control group (vs. recovered vestibular controls: p = 0.002, η2 = 0.53, large effect; vs. non-dizzy controls: p < 0.0001, η2 = 0.72, large effect) and to feelings of unreality than non-dizzy controls: p = 0.02, η2 = 0.36, large effect) (See Table 4).


Table 4. Body Vigilance Scale (BVS)–Patients with PPPD patients and comparison groups.
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Brief Illness Perception Questionnaire

Patients with PPPD agreed quite strongly that PPPD affected their life severely and generally felt that it would last a long time. There was a slightly weaker tendency for patients to indicate feeling like they had no control over their illness and that the treatment they were on for PPPD was unlikely to help their symptoms. There were stronger tendencies for patients with PPPD to consider that their symptoms were severe, concerning, and affecting them emotionally. However, they tended to agree that they understood their illness. When asked to rank the three most likely factors causing their problem, only one third of the patients listed psychological problems, although the wording could have been interpreted as the initial trigger rather than the current mechanism of the symptoms (Table 5).


Table 5. Brief Illness Perception Questionnaire (BIPQ)–descriptive statistics for PPPD cases.
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DHI and VSS

The mean total DHI score was 29.3/100 (range: 11−43, s.d. = 9.8), which is at the upper border of the mild range (0−30) on this questionnaire [Whitney et al. (17)]. The mean total VSS score was 28.7 (range: 10−49; s.d. = 10.8).



Post-hoc Analysis

A post-hoc analysis was performed on the data set for BFI, GAD-7, and BVS after removing cases who developed PPPD following psychological trauma (n = 3), leaving a more homogeneous subgroup of 12 patients who developed PPPD following peripheral vestibular illnesses, in total (11 females, one male; mean age 62.8 years; mean months from diagnosis, six; mean duration of symptoms, 86 months). All controls (12 recovered vestibular controls and 12 non-dizzy controls) were kept in the data set. The focus of this sub-analysis was therefore on structural vestibular triggers of PPPD likely to present to the ENT surgeon. The statistical treatment of this data set was identical to that of the original data set. The post-hoc analysis showed a statistically significant result in one question of the BVS only: PPPD patients were found to pay more attention to feelings of dizziness than both control groups (vs. recovered vestibular controls: p = 0.007; vs. non-dizzy controls: p < 0.0001). There were no statistically significant differences between patients who developed PPPD after a vestibular illness and either control group with respect to the BFI or GAD-7 questionnaires.




DISCUSSION

The processes thought to give rise to and then drive PPPD are a combination of those described for its precursors, namely phobic postural vertigo, space-motion discomfort, visual vertigo and chronic subjective dizziness (1). Anxiety and anxiety-related personality traits, in particular neuroticism, have been described as possible predisposing factors, making the affected individual prone to a hypervigilant state of increased introspective self-monitoring that arises from fear of further attacks of vertigo or the consequences of being dizzy during or following the episode of acute vestibular disease (7, 10, 11, 18–25). Yagi et al. (26) have recently developed a PPPD severity questionnaire (the Niigata PPPD Questionnaire) that reflects the diagnostic criteria of PPPD (26). Even more recently, Powell et al. (27) describe PPPD as a complex neurological condition that includes broad perceptual factors and suggest that some individuals' brains are predisposed to generalized cross-modal sensory-overload, giving rise to vulnerability to severe PPPD should a vestibular insult occur (27). What remains to be determined is whether pre-existing psychological risk factors can help in predicting who might be at risk of developing PPPD after an acute vestibular injury, thus allowing for the institution of early treatment (3).

Neuroticism is thought to be one of the key risk factors for the development of PPPD and refers to relatively stable tendencies to respond with negative emotions to threat, frustration or loss (28). Individuals who score highly on the BFI for neuroticism are more prone to anxiety amongst other negative emotions. In a functional MRI (fMRI) study by Indovina et al. (29) it was shown that reduced activation in human analogs of the parieto-insular vestibular cortex (PIVC), hippocampus, anterior insula, inferior frontal gyrus and anterior cingulate cortex, as well as connectivity changes among these regions, may be linked to long-term vestibular symptoms in patients with CSD (29). Also in a fMRI study, Ricelli et al. (30) showed that individual differences in neuroticism were significantly associated with changes in the activity and functional connectivity patterns within visuo-vestibular and anxiety-related systems during simulated vertical self-motion (30). Similarly, Passamonti et al. (31) have shown neuroticism to increase the activity and connectivity of neural networks that mediate attention to visual motion cues during vertical motion. They suggest that this mechanism may mediate visual control of balance in neurotic patients with PPPD (31). In our study, PPPD patients were found to be more neurotic than healthy controls. When compared with recovered controls, the result approached significance only, though the effect size calculation indicated that this negative finding many have been a Type II error given our small sample size. Our study also showed PPPD patients to be more introverted and less conscientious than non-dizzy controls, in keeping with previous research findings by Staab et al. (10) with respect to chronic subjective dizziness (10).

Anxiety is a crucial factor in persisting dizziness (4). The prevalence of anxiety in PPPD has been the focus of one of the treatment modalities, namely cognitive behavioral therapy (CBT) (32). Toshishige et al. (33) have recently demonstrated in a study of 34 patients with PPPD that the presence of comorbid anxiety disorders predicted a considerable improvement of DHI scores from pre-treatment to 6-month following CBT (33). Our data showed a significant difference in anxiety levels between PPPD cases and non-dizzy controls. The comparison with recovered vestibular controls did not reach statistical significance, but again the effect size pointed to a Type II error.

It is interesting that the primary comparisons of all PPPD cases to recovered vestibular controls and the post-hoc analysis limited to cases of PPPD following vestibular illnesses found no significantly greater neuroticism or anxiety in those with PPPD. It may be that in a larger cohort, both factors would be significantly higher in PPPD.

Alongside anxiety, a high BVS in the setting of acute vestibular disorders has been shown to predict persistent PPPD-like dizziness far better than measures of structural vestibular deficits (4–7, 32). In a prospective longitudinal study, Heinrichs et al. (5) assessed fear of bodily sensations and cognitions related to anxiety at the time of hospital admission and 3 months later in 43 patients with an episode of VN or BPPV. They showed that the interaction between fear of bodily sensations within the first 2 weeks after admission and the type of vestibular disorder predicted the extent of dizzy complaints 3 months later (5). Our study reflects these findings, with attention to a feeling of dizziness being found to be highly statistically significant in PPPD with respect to the BVS when compared with both control groups. Our post-hoc analysis also supports this notion by demonstrating the importance of heightened body vigilance even in a group of patients developing PPPD after vestibular insult.

There is evidence in other areas of medicine that supports the notion that negative illness perception is independently linked to all-cause mortality and can strongly influence recovery from illness which can be slower than in other patients (34–36). Illness perception is seen as an important and potentially modifiable risk factor to target in future disease interventions and intervention has already been shown to reduce illness anxiety, which has relevance in this study (35, 37). One interesting finding in our study is that despite PPPD patients being found to be more neurotic and anxious than healthy controls, only one third of them felt that psychological factors were contributing to their symptoms. This shows similarities to other functional disorders. In a controlled study of 107 patients with functional weakness, Stone et al. (38) showed that these patients tend to reject psychological factors as potentially causal factors (38). They also demonstrated similar findings, though to a lesser degree, in patients with non-epileptic seizures (39). In PPPD, one potential for this finding may be due to the fact that whilst patients experience their dizziness most of the time, they may not necessarily attribute their symptoms to anxiety-related factors or may consider anxiety to be a secondary consequence rather than a contributor to their symptoms. Stigmatization of mental health issues could also play a role, especially in male patients. Targeted patient education on the central role anxiety plays in PPPD could help in addressing this misperception and improving illness perception.

The results of this study support hypotheses derived from investigations of the predecessors of PPPD that anxiety-related factors play important roles in promoting the development of the disorder following conditions that cause vestibular symptoms or disturb balance function, including acute vestibular disorders. However, these results offer a sharper focus, suggesting specifically that heighted body vigilance about dizziness and adverse perceptions of illness may distinguish patients likely to develop PPPD from those more likely to recover from acute illnesses without clinically significant sequelae. The ultimate goal of this line of research is to develop a risk profile that can be used reliably to identify patients susceptible to PPPD so that they may receive early and hopefully preventative interventions. Such a profile is likely to consist of clinical variables present at the time of an acute vestibulopathy (e.g., anxiety-related personality traits, state anxiety) and ones that emerge in the immediate aftermath of acute illness before the onset of chronic morbidity (e.g., adverse illness perceptions).


Study Limitations

The participant numbers in this exploratory study were small, so no conclusions may be drawn from the results. However, the investigation accomplished its stated objective by gathering pilot data from patients explicitly diagnosed with PPPD to inform the design of more definitive investigations of risk factors and potential early indicators of the disorder.

The study was retrospective and carried with it the inherent problems associated with retrospective studies. Whilst a systematic data collection method was employed, it was collected from patients after they had developed PPPD and at differing times from the onset, thus representing a heterogeneous group.

In our main analysis, PPPD cases were included regardless of their initiating insult, vestibular or otherwise, despite all members of the recovered group having a history of vestibular insult only. This is because the ICVD criteria do not sub-categorize PPPD by type of precipitating event. Our post-hoc analysis suggested that this may have had an effect on our results as the comparisons limited to patients who developed PPPD following a vestibular disorder identified a narrower range of differences than the full PPPD cohort compared to recovered controls. Potential differences in risk factors for the development of PPPD following different precipitants merits future study.

Interestingly, our PPPD group was older and consisted of more women than most other reports of PPPD and CSD. This may reflect differences in referrals patterns to various clinical centers around the world and might make our data uncomparable with other studies.




CONCLUSION

The data gathered in this pilot study support the design and conduct of fully powered prospective investigations of neuroticism, state anxiety, body vigilance and aberrant illness perceptions as risk factors and contributors to the onset of PPPD that could be formulated into a risk profile to be used for early detection of the disorder in clinical practice.
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Vestibular disorders pose a substantial burden on the healthcare system due to a high prevalence and the severity of symptoms. Currently, a large portion of patients experiencing vestibular symptoms receive an ambiguous diagnosis or one that is based solely on history, unconfirmed by any objective measures. As patients primarily experience perceptual symptoms (e.g., dizziness), recent studies have investigated the use of vestibular perceptual thresholds, a quantitative measure of vestibular perception, in clinical populations. This review provides an overview of vestibular perceptual thresholds and the current literature assessing use in clinical populations as a potential diagnostic tool. Patients with peripheral and central vestibular pathologies, including bilateral vestibulopathy and vestibular migraine, show characteristic changes in vestibular thresholds. Vestibular perceptual thresholds have also been found to detect subtle, sub-clinical declines in vestibular function in asymptomatic older adults, suggesting a potential use of vestibular thresholds to augment or complement existing diagnostic methods in multiple populations. Vestibular thresholds are a reliable, sensitive, and specific assay of vestibular precision, however, continued research is needed to better understand the possible applications and limitations, especially with regard to the diagnosis of vestibular disorders.
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INTRODUCTION

The vestibular system senses head motion, including rotation, translation and orientation relative to gravity, via input from the semicircular canals (SCC), otolith organs, and their subsequent central integration. Signals from the vestibular periphery have a wide range of reflexive functions, including gaze stabilization via the vestibulo-ocular reflex (VOR), postural control, and autonomic regulation. The vestibular system also contributes to percepts of head motion and spatial orientation, along with contributions from vision, somatosensation, and proprioception. When an injury occurs to the peripheral end organs or central vestibular structures, patients may report abnormal perception of self-motion, imbalance, blurring of vision, and oscillopsia.

Diagnosis and management of patients with vestibular disorders can be challenging due to poor understanding of the underlying pathology, and the lack of reliable objective tests capable of fully evaluating peripheral and/or central vestibular function. Standard physiological assessment of the vestibular system focuses on reflexes including the VOR (i.e., caloric testing, rotary chair, head impulse testing) as an assay of SCC function and vestibulospinal reflexes (VSR) (i.e., vestibular evoked myogenic potentials – VEMPs) as an assay of otolith function. In general, these measures can be effective at localizing lesions or supporting/refuting certain pathologies; however, the results of such tests are often nonspecific to common vestibular pathologies (e.g., vestibular migraine) (1), have poor correlation to patient reported symptoms or perceived disability (2–5), cannot assess the central integration of canal and otolith inputs (6, 7), and have limited physiological relevance (e.g., VEMPs, caloric testing). Furthermore, approximately one-third of patients will have normal or non-localizing results with these tests, suggesting that these tests are inadequate for a thorough evaluation of many vestibular disorders (1).

There is evidence that vestibular perception has qualitatively different underlying mechanisms than vestibular reflexes (8–10), thus serving as a potential source of novel or additive information for those affected by vestibular disorders. This may be particularly important for central disorders (e.g., vestibular migraine), as perceptual tasks have been shown to reflect a higher level of central processing that is otherwise neglected in reflexive assessments (8, 9, 11). Compared with clinical testing of the VOR, which has been widely studied and implemented, much less is known about vestibular perceptual thresholds. Vestibular perceptual thresholds provide a quantitative measure of the smallest self-motion stimulus that can be reliably perceived by an observer (this somewhat terse definition will be expanded upon further below). Although vestibular (i.e., self-motion) perception has been studied for decades, original studies have focused more on studying the non-dynamical aspects of these responses in healthy, rather than symptomatic, populations (e.g., pilots, astronauts) (12–15).

Vestibular thresholds can also describe each of the peripheral vestibular organs using a single methodology, both independently – yaw rotation for the horizontal SCC, roll or pitch rotations about an earth vertical axis for the vertical canals (Figure 1), z-axis translation for the saccule, y-axis translation for the utricle, x-axis translations for both the utricle and saccule (Figure 2)—and when SCC and otolith cues interact during rotations (i.e., tilts) about an earth horizontal axis (Figure 3) (6–9). This is a significant advantage over conventional vestibular tests that require multiple devices to thoroughly evaluate the vestibular system - e.g., calorics and rotary chair to evaluate the horizontal SCC and VEMPs to evaluate otolith mediated reflexes (16, 17). Furthermore, from a practical standpoint, testing of the VOR can be quite bothersome to patients, as it can be associated with motion sickness including severe nausea and vomiting, which often limits the ability or willingness to complete testing (18, 19).
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FIGURE 1. Primary rotations of the head. (A) Movement is described in a head-fixed coordinate system. The x-axis is naso-occipital, y-axis is inter-aural, and the z-axis is head-vertical. (B) Roll rotation about the x-axis stimulating the vertical SCCs. (C) Pitch rotation about the y-axis stimulating primarily the vertical SCCs. (D) Yaw rotation about the z-axis stimulating the horizontal SCCs.



[image: Figure 2]
FIGURE 2. Primary head translations. (A) Positive x-translation, along the naso-occipital axis, stimulating predominantly the utricle with saccular contributions. (B) Positive y-translation, along the inter-aural axis, stimulating the utricles. (C) Positive z-translation, along the head-vertical axis, stimulating the saccules.



[image: Figure 3]
FIGURE 3. Head tilts from upright with respect to gravity. (A) Roll tilt about an earth-vertical axis, which stimulates both the vertical SCCs and the utricle. (B) Pitch-tilt about an earth-vertical axis, which stimulates both the vertical SCCs and the otoliths.


While the theoretical benefits of studying vestibular perceptual thresholds is clear, their specific utility with respect to clinical medicine has only recently been examined. Thus, our goal with this review article is to highlight the methodology and clinical contributions that have been published and discuss how these findings may be useful to clinicians in the future, particularly as it pertains to the diagnosis of vestibular disorders.



OVERVIEW OF VESTIBULAR PERCEPTUAL THRESHOLDS

Vestibular perceptual thresholds refer to the smallest appreciable stimulus, or in this case motion, detected by the participant in some proportion of trials set by the investigator (20, 21). Similarly, in signal detection theory terminology (22), a threshold is the level at which a signal becomes distinguishable relative to noise (21). Studies reviewed herein were limited to those which reported thresholds and not those studying vestibular perception using other supra-threshold stimuli. A brief overview of methods will be provided, but a full review, including application of signal detection theory, adaptive methods, and fitting psychometric functions, is outside the scope of this review and interested readers are directed to Merfeld (21), Lim and Merfeld (23), Chaudhuri and Merfeld (24), and Karmali et al. (25). When measuring thresholds, a recognition task (i.e., left vs. right) is used more commonly than a detection task (i.e., no motion vs. motion) due to the influence of vibration and other cues on detection tasks (21, 26–28). Techniques are common to other psychophysical tasks used to assess other sensory domains, with the participant being provided with a large number of trials traversing a wide range of magnitudes; binary responses (e.g., present/absent, left/right) are then fit to a psychometric function to determine an estimate of threshold based off of pre-determined criteria (e.g., 79.4% correct). To determine magnitude of the test stimuli, a variety of non-adaptive (i.e., predetermined levels) and adaptive (i.e., stimulus changes based on participant responses) have been used. An adaptive staircase, where the subject is required to answer correctly on a predefined number of consecutive trials in order to reduce the stimulus level, is a common paradigm in self-motion perception tasks due to the capacity to accurately and efficiently estimate thresholds (25, 29).

An important aspect to consider is that motion detection is inherently dependent upon multisensory cues, with many extra-vestibular senses contributing to self-motion perception, including vision, somatosensation, proprioception, and audition (6, 30, 31). While whole-body motion thresholds are referred to as “vestibular” thresholds, other modalities have an impact on perceptual thresholds as evidenced by the fact that patients with complete vestibular surgical ablation are able to complete threshold tasks, albeit at thresholds significantly higher (~1.3–56 times) than those without vestibular pathology (32). This obviously complicates evaluation of vestibular perception, and most studies go to great lengths to prevent contributions by non-vestibular cues – including testing in complete darkness, using noise-canceling headphones or active noise cancellation, and taking precautions to minimize localizing tactile feedback (e.g., skin coverage, padding). Methodologic considerations such as the choice of performing recognition, rather than detection, tasks have been emphasized to minimize extra-vestibular vibratory cues (21, 33).

The units of measure used to report vestibular perceptual thresholds has varied between studies; this choice is largely dependent on the test stimuli employed and the targeted end-organ. Many studies report vestibular perceptual thresholds in terms of peak velocity of the motion stimulus [e.g., (27, 34, 35)]; this is common in studies of the SCCs, since the SCC's act as integrating angular accelerometers and the afferent canal signal is proportional to angular velocity (10, 27, 32, 36). Similarly, thresholds for motions stimulating the otoliths are often reported in terms of peak acceleration of the test stimulus [e.g., (20, 26, 37)] since the otolith afferent signal is proportional to net gravitoinertial acceleration [e.g., (38, 39)]. Yet, peak velocity has been reported for translation thresholds [e.g., (32, 35, 40)] and peak acceleration has been reported for rotational stimuli meant to assess canal function [e.g., (41, 42)]. Although standardized units will be beneficial for clinical implementation, many experimental paradigms use stimuli [e.g., single cycles of sinusoidal acceleration; (27, 43)] that allow simple mathematical conversion between reported units permitting direct comparison between studies or between clinics.



VESTIBULAR PERCEPTUAL THRESHOLDS AS A MEASURE OF VESTIBULAR FUNCTION


Evaluation of SCC Function

Yaw rotation about an earth-vertical axis has been the most widely studied motion trajectory and primarily reflects horizontal SCC function (Figure 1). Yaw perceptual thresholds reported in the literature have demonstrated significant variability, and this is thought to be related to the type of psychophysical procedure, frequency of the motion stimuli, and differences in equipment used to generate the motion stimulus (26, 27, 44–46). Recently, however, test-retest reliability has been shown to be excellent (intraclass correlation = 0.92) suggesting minimal within subject variation (46). Vertical SCC function is more difficult to measure as this involves applying a roll rotation while avoiding concurrent otolith stimulation during tilts relative to gravity (e.g., roll rotation with the subject in supine, pitch rotations with the subject in ear down; Figure 1) (47). Additionally, vertical canals can be assessed using rotations about an earth vertical axis in the plane of the vertical canals [right-anterior left posterior (RALP) or left-anterior right-posterior (LARP)]; however, this methodology has not been routinely implemented.

Yaw rotation velocity thresholds have been found to display high-pass characters with a characteristic increase below 0.2 Hz and a plateau between 0.5 and 5.0 Hz (7, 27, 40). Benson et al. revealed similar results for yaw rotation, in which thresholds decreased with frequency, but their testing was limited to lower frequency motions (<1.11 Hz) limiting assessment of a high frequency plateau (48). With the frequency range extended to capture the high-pass characteristics, the average cutoff frequency was 0.23–0.44 Hz corresponding to time constants of 0.3–0.15 s, which is significantly shorter than even that of the peripheral vestibular afferents (27, 40). This time constant reduction has been referred to as “velocity leakage,” which is in contrast with the behavioral time constant increase which is commonly referred to as “velocity storage” (27, 32). This velocity plateau suggests that the brain performs the recognition task using velocity rather than position or acceleration information, which is consistent with the assertion that SCC act as integrating angular accelerometers (10, 27, 32, 36). Yaw VOR thresholds, measured using similar techniques as perceptual experiments but measuring eye movements, found that VOR thresholds were not high pass filtered and relatively constant between 0.2 and 5 Hz (10). This de-coupling of the VOR and perception is similarly found in motion paradigms that stimulate the otoliths (8–10) and gives insight into the disparate behavior of the perceptual and motor (i.e., VOR) pathways.



Evaluation of Otolith Function

The otoliths (saccule and utricle) encode the net gravitoinertial force, the sum of linear acceleration and gravity. Vestibular perceptual thresholds assess otolith function using translations in the naso-occipital or x-axis (predominantly utricle), inter-aural or y-axis (utricle), and superior-inferior or z-axis (saccule) planes (see Figure 2). Additionally, the otoliths can be assessed using quasi-static roll tilt in which the otoliths are stimulated in isolation as the patient is tilted at a velocity below SCC thresholds and the subject is asked to report the direction of the static tilt cue (see Figure 3) (7). Similar to yaw rotation, translation thresholds typically display high-pass characteristics with an increase in thresholds below ~1 Hz (32, 40). Additionally, evidence suggests that saccular afferents are less sensitive than utricular afferents, which has been demonstrated by lower thresholds during interaural compared to superior-inferior translations (20, 33, 35, 49). Evaluation of the saccule also poses unique technical challenges in comparison to the utricle due to issues with ceiling effects of vertical motion and equipment limitations (20, 32).

Vestibular pathology has been shown to exert a greater impact on earth-vertical translations (i.e., parallel to gravity) compared to earth-horizontal translations (i.e., perpendicular to gravity) (32, 35); in contrast, in healthy controls, earth-horizontal and earth-vertical translations have been found to be similar (33). As well, perceptual precision has been shown to be reduced when thresholds are assayed in a non-upright position (e.g., supine or side-lying), atypical of routine human motion (33). Additional research is needed to determine the impact of gravitational cues, body/head orientation, and axis of translation (i.e., inter-aural and superior-inferior) in order to ascertain the factors that impact assays of otolith function in disease and health.



SCC-Otolith Interactions

One unique aspect of vestibular perceptual testing is the capability to assess the central integration of SCC and otoliths cues. Internal models parse the net gravitoinertial force, encoded by the otoliths, into separate estimates of tilt and translation, using the SCC inputs to estimate head orientation relative to gravity during tilt (8, 50–52). Lim et al. found that dynamic roll tilt thresholds, which require canal-otolith integration, measured at 0.2–0.5 Hz were significantly lower than (1) thresholds measuring SCC (via supine roll) or otolith (via quasi-static roll tilt) precision in isolation and (2) a maximum likelihood estimate; this finding was interpreted as evidence that the perception of dynamic roll tilt stimuli requires both direct sensory inputs and indirect information obtained from the dynamic interaction between the canals and otoliths (7). As will be discussed more below, evidence of an abnormal central integration of canal and otolith cues, as indicated by isolated changes in dynamic roll tilt thresholds, may be useful in the diagnosis of certain central vestibular disorders, particularly vestibular migraine (53, 54).




USE OF VESTIBULAR THRESHOLDS IN PATIENT POPULATIONS


Vestibular Hypofunction

Vestibular hypofunction can result from a broad array of pathologies. Etiologies include medication side effects, post-surgical, neoplastic, autoimmune, Meniere's disease and idiopathic hypofunction. Bilateral vestibular hypofunction (BVH) causes progressive symptoms of imbalance, and in severe cases, oscillopsia; BVH is of particular interest in clinical medicine as it remains a poorly defined chronic disorder, with an unknown etiology (55). The current literature concerning perceptual testing in patients with vestibular hypofunction describe the performance of patients encompassing a range of disease severity, including partial and complete bilateral loss (i.e., post-surgical ablation) (11, 12, 20, 32, 40, 40, 56–59) (see Table 1). Early perceptual assessments in patients with labyrinthine dysfunction used a parallel swing and showed a 10-fold increase in linear motion thresholds in a group of hard of hearing children deemed to have bilateral SCC dysfunction (12). These results have been supported by other studies in both unilateral and bilateral vestibular hypofunction, although the methodology and patient populations have differed dramatically (11, 20, 32, 40, 58, 59, 61, 62). Valko et al. performed the only study to date in patients with complete bilateral vestibular loss (i.e., neurofibromatosis type 2 with bilateral surgical ablation to treat vestibular schwannomas) and assessed motion paradigms assaying multiple end-organs across a wide frequency range (0.5–5 Hz) (32). Overall, the results confirmed that vestibular cues were dominant for self-motion tasks, as thresholds for yaw rotation, superior-inferior (z-axis) translation, inter-aural (y-axis) translation, and head-centered roll tilt about a naso-occipital axis were significantly higher (1.3–56.8 times) in patients than in healthy controls. Threshold changes were smallest for motions with more prominent non-vestibular cues (i.e., roll tilt and inter-aural translation) and greatest for superior-inferior (z-axis) translation, suggesting an impaired ability to differentiate transient self-motion cues from constant gravitational acceleration (32).


Table 1. Summary of studies investigating the impact of vestibular hypofunction on perceptual thresholds.
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While this is the only study to date to include patients with complete vestibular loss, several studies have assessed vestibular perceptual thresholds in patients with incomplete bilateral vestibulopathy and have identified deficits in perception consistent with varying degrees of end organ dysfunction (11, 20, 40). Yaw rotation thresholds were found to be significantly increased in patients with idiopathic or ototoxic bilateral horizontal SCC dysfunction, as identified by a decrease in gain on caloric testing (40, 60). Priesol et al. (40) also found a modest but statistically significant elevation in inter-aural translation (y-translation) thresholds, possibly reflecting the shared innervation of the horizontal SCC and utricle; however, no significant differences were noted in superior-inferior translations or dynamic roll tilt thresholds. Importantly, these data suggest that end organ pathology in conditions such as idiopathic bilateral hypofunction is non-uniform, and conventional testing in many scenarios may incompletely characterize end-organ pathology. However, generalizability of these results may be limited due to the small sample size and the absence of a comparison test of utricular dysfunction (i.e., VEMPs) (40).

Translation thresholds were also assessed by Agrawal et al. in a group of patients with bilateral horizontal SCC weakness identified via calorics and/or head impulse testing (20). Thresholds for 0.5 Hz naso-occipital (x-axis), interaural (y-axis), and superior-inferior (z-axis) translations were significantly higher in patients than in healthy controls. An association was also noted between vibration-evoked ocular vestibular evoked myogenic potentials (oVEMP) and 0.5 Hz naso-occipital and inter-aural thresholds, suggesting that both tests assay underlying utricular function. Significant associations were not seen between cVEMP findings with any translation threshold, suggesting a dissociation between measures of presumed saccular function (20). However, Bremova et al. noted an opposite pattern in patients with Meniere's disease, showing an association between cVEMPs and 1 Hz superior-inferior (z-axis) and naso-occipital thresholds (x-axis), but no relationship between oVEMPs and any linear translation thresholds (37). The lack of agreement between these studies may reflect differences in the frequency of the test stimulus (0.5 vs. 1 Hz) or differences in the study populations; however, more testing is needed in these areas to further understand these relationships in both healthy and patient populations. It should be noted that other studies have refuted these findings, finding no or minimal difference between labyrinthine defective individuals and normal controls (56, 61). All of these studies have however demonstrated significant methodological heterogeneity, including different motion stimuli, testing frequencies, etiologies and severities of labyrinthine dysfunction.

Notably, determining laterality of vestibular responses in those with a vestibular injury is obscured by the fact that motion stimuli stimulate both labyrinths simultaneously, thus limiting application of published methodologies when lateralization of pathology is needed. Vestibular detection thresholds using yaw acceleration steps revealed asymmetrically elevated thresholds for ipsi-lesionally directed stimuli when testing in the acute stage (1–5 days post onset of vestibular neuritis); however, these thresholds become symmetric within weeks of onset, despite lack of recovery of calorics, revealing a persistent asymmetry in peripheral function (58). As well, while ipsi-lesional rotations may reveal acute changes in perception, this may reflect the central processing of both ipsi- and contra-lesional vestibular systems rather than a signal from the damaged labyrinth in isolation (58, 59).



Episodic Vestibular Disorders

Several studies have investigated changes in vestibular thresholds seen in episodic vestibular disorders, namely vestibular migraine (VM) and Meniere's Disease (MD) (see Table 2). Vestibular migraine (VM) is estimated to be the most common cause of recurrent episodic vertigo (64, 65), with a prevalence between 1 and 2.7% of the adult population (66). VM is characterized by recurrent episodes of vestibular symptoms in association with signs and symptoms of migraine, including headache, visual aura, photophobia, and phonophobia (67). Due to the frequent reports of positional and head-motion induced symptoms in VM and the characteristic hypersensitivity to sensory stimuli in migraine, possible abnormalities in vestibular sensory perception have been investigated as a putative biomarker (23, 37, 53, 54, 63, 68). Overall, increases in vestibular sensitivity and abnormalities across motion profiles are inconsistent (37, 53, 54, 63, 68); increased sensitivity to motions stimulating both the SCC and otoliths have instead been consistently reported (53, 54, 63, 68).


Table 2. Summary of studies investigating the impact of episodic vertigo on perceptual thresholds.
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Translation thresholds for naso-occipital (x-axis), inter-aural (y-axis) and superior-inferior (z-axis) motions were not significantly different between patients with VM and healthy controls (37). Consistent with this finding, thresholds were similar between healthy controls, migraineurs without vestibular symptoms, and VM subjects for supine roll rotation (vertical SCCs) and a “quasi-static” roll tilt (otoliths) (53, 54, 63). However, in an experiment using six trials of progressively accelerating rotational stimuli, Bednarczuk et al. reported an increased time (i.e., increased temporal threshold) to perceive yaw angular acceleration in patients with VM and in those with non-migrainous vertigo compared to healthy controls and non-vertiginous migraineurs (42).

In an apparently contradictory finding, a significant decrease in roll tilt thresholds has been demonstrated for VM patients in comparison to both healthy and non-vertiginous migraine controls (53, 54, 63). This reduction in thresholds was only seen with low to mid-frequency stimuli, reflecting an increased sensitivity to combined activation of SCC and otolith cues, given normal thresholds at higher frequencies, where the response reflects predominantly SCC cues (6, 7, 53, 54, 63). King et al. (63) also identified two populations of VM patients with low roll tilt thresholds, with one subset showing a positive correlation between tilt threshold and symptom severity, and the other with thresholds being independent of symptoms. Lower roll tilt thresholds were also shown to correlate with a decrease in VOR time constant in a subset of patients, suggesting sensitization of the cerebellar nodulus and uvula, the presumed site of SCC and otolith integration (63, 69). Abnormal central integration of otolith and SCC cues in VM patients was also found using a centrifugation paradigm, where patients with VM were found to have a slowed perception of roll tilt when presented with conflicting SCC and otolith cues (68, 70). Currently, no pathognomonic finding exists for VM, thus the potential use of low to mid-frequency roll tilt vestibular thresholds to assess midline cerebellar structures is a promising avenue for clinical diagnosis and management.

Vestibular thresholds have also been assessed in Meniere's disease (MD), another frequently encountered episodic vestibular disorder. MD is characterized by episodic vertigo and auditory symptoms, which include fluctuating hearing loss, aural fullness, and tinnitus (71). Histopathological studies have shown that MD can cause damage throughout the cochlea and labyrinth, particularly within the saccule (72). Currently, there is a paucity of research assessing perceptual thresholds in MD. At this time, only two studies have assessed vestibular thresholds in patients with MD (37, 63). Bremova et al. (37) found that MD patients displayed elevated translation thresholds for naso-occipital (x-axis) and superior-inferior (z-axis) translations when compared to healthy controls, suggesting saccular damage. In the study by King et al. (63) patients with MD were found to have normal roll tilt thresholds at 0.2 Hz, contrasting the selective reduction in low to mid-frequency roll tilt thresholds in patients with VM. In addition, Bremova et al. (37) found that translation thresholds in all axes were significantly higher in MD than VM patients, with the largest difference for superior-inferior and naso-occipital axes, even after accounting for age as a covariate. Receiver operating characteristic curve (ROC) analyses assessing differentiation of VM and MD revealed fair to good area under the curve (AUC) values (0.775–0.848) for all three axes of translation, suggesting that vestibular thresholds assessing otolith function may allow separation of these two episodic vestibular disorders (37).




VESTIBULAR THRESHOLDS AS A MAKER OF AGE-RELATED VESTIBULAR DECLINE

Degradation of vestibular function with age has been well documented in the literature (73–78); such declines occur alongside an age-associated reduction in the number of vestibular hair cells (79, 80) and vestibular afferent neurons (81). However, the impact of age on rotation and translation perceptual thresholds is less clear (summarized in Table 3). Overall, changes in rotation thresholds reflecting SCC function have been less consistently reported than translation thresholds. The largest study to date assessed vestibular perceptual thresholds in 105 adults across a large age range (aged 18–80) (35). The main finding was that thresholds for 0.2 Hz roll tilt and 1 Hz inter-aural translation (y-axis), superior-inferior (z-axis) translation, roll tilt, and yaw rotation were stable below the age of 42 but showed a significant, monotonic increase above 42 years of age. While all thresholds increased, the largest increase was seen in z-translation thresholds, which increased ~83% above baseline per decade, followed by 1 Hz roll tilt (increase of 56% per decade), y-translation (increase of 46% per decade), 0.2 Hz roll tilt (increase of 32% per decade), and yaw rotation (increase of 15% per decade) (35). Principal component analysis of this dataset revealed that ~20% of the variation in the population was explained by aging and 40% by a single component that included similar contributions from all thresholds (84). This single component was suggested by the authors to represent higher or lower thresholds as an individual trait that may represent physiologic age or anatomic variation across the population (84). It should also be noted that upon re-analysis in which fits were made for each motion trajectory, yaw thresholds no longer demonstrated a statistically significant age effect (84).


Table 3. Summary of studies investigating the impact of aging on perceptual thresholds.
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Similarly, several other studies have failed to detect a significant increase in yaw rotation thresholds with age. Seemungal et al. found similar yaw acceleration thresholds between healthy young adults (aged 19–37) and older adults (aged 56–75) using a triangular velocity trajectory (86). Likewise, no differences were noted in 0.5 Hz yaw detection and discrimination thresholds between younger (aged 20–26 years) and older (aged 63–84) adults (82), and for 0.5 Hz recognition thresholds in younger (age <50) and older adults (age > 50) (34). These findings suggest that yaw rotation may be impacted differently by aging than other profiles which display clear aging effects. While moderate correlation coefficients have been demonstrated between all five motion profile thresholds, even after adjusting for age, the lowest coefficients were between yaw and any translation or roll tilt threshold (84). This provides additional evidence that yaw earth-vertical rotational cues are processed differently than other motion paradigms. For example, yaw rotations about an earth-vertical axis only receive useful information from the horizontal SCC, while translations and tilt require central integration of SCC and otolith cues to disambiguate tilt from translation cues (8, 9, 84). Additionally, there is evidence that yaw rotation and horizontal SCC stimulation may undergo more extensive or unique central processing due to the longer time constant when compared to the vertical SCCs (87) and the reduced impact of otolith cues on velocity storage (88).

The preferential impact of age on thresholds stimulating the otoliths demonstrated by Bermúdez Rey et al. (35) is also reflected in a number of studies that have detected age-related changes in translation thresholds, specifically for trajectories assaying saccular function (20, 34, 37, 83). In subjects aged 15–83, 0.5 Hz naso-occipital (x-axis) and superior-inferior (z-axis) perceptual thresholds were found to be significantly correlated with age, but inter-aural thresholds did not demonstrate this same relationship (20). Similarly, Kingma (83) reported that in contrast to naso-occipital axis thresholds, 1 Hz inter-aural translation thresholds did not correlate with age. However, Roditi and Crane (34) compared adults below and above the age of 50, and saw a significant difference in 0.5 and 1 Hz inter-aural and superior-inferior thresholds and 0.5 Hz naso-occipital thresholds. While 1 Hz naso-occipital thresholds failed to reach a statistically significant difference between younger and older adults, this may have been reflective of the small sample of older adults in this study (n = 3), as another study of 34 healthy subjects saw a significant positive correlation with age for 1 Hz naso-occipital, inter-aural, and head vertical translation thresholds (37).

While studies measuring yaw and translational thresholds have shown mixed findings, assessment of roll tilt thresholds have revealed unique insights into the influence of vestibular function on age-related balance impairment (35, 84, 85). An increase in 0.2 Hz roll tilt thresholds was shown to be accompanied by a significant increase in the risk of balance impairment as assessed by the inability to complete a foam surface eyes closed balance task (35, 84, 85), a finding previously shown to predict more than a six-fold increase in fall risk (35, 78, 84, 85). Subsequent mediation analyses found that 0.2 Hz roll tilt thresholds mediated approximately 46% of the relationship between age and balance impairment (85). While this relationship needs to be further explored, these results suggest a potential future clinical application of roll tilt thresholds as a mechanism to identify age-related balance declines and fall risk.



DISCUSSION

The study of vestibular perception traverses many scientific domains, spanning from the study of spatial disorientation in pilots to the differential diagnosis of vestibular disorders. This review, however, employs an intentionally narrow focus. The inherent limitations of current vestibular function tests have prompted this review to explore the state of the evidence as it pertains to the use of vestibular perceptual thresholds in clinical medicine.

Vestibular perceptual thresholds have the capacity to quantify the integrity of each vestibular end organ (otoliths and canals), a substantial improvement upon current vestibular assessments. As an example of possible clinical utility, Priesol et al. was able to show a specific pattern of end-organ damage in individuals with idiopathic bilateral vestibular hypofunction, which included elevated thresholds during yaw rotation and low frequency interaural translation (40). Routine clinical testing would have incompletely characterized the specific pattern of end-organ dysfunction in these individuals due to an inability to individually survey the peripheral vestibular apparatus independent of the extra-vestibular factors that influence VOR and VEMP responses. The natural vestibular stimulus, head rotation and/or translation, used by threshold assessment may also explain the finding that thresholds, but not standard vestibular function tests, correlate with patient symptoms (2, 63).

Vestibular thresholds may also be useful to assess treatment response or disease progression for those with unilateral or bilateral vestibular hypofunction (20, 58). Standard metrics, such as VOR gain, are limited in their ability to closely monitor vestibular function due to the compensatory recruitment of oculomotor strategies (89–91). Recently, test re-test reliability for vestibular threshold testing was shown to be very reliable, suggesting a potential to use thresholds to track vestibular function over time (46, 92). Furthermore, the results of traditional vestibular function tests often do not correlate with the extent of one's perceived dizziness related handicap (2). Positive correlations have however been identified between perceptual thresholds and dizziness handicap inventory (DHI) scores in subjects with vestibular migraine and bilateral vestibular hypofunction (20, 63). The independence of thresholds on oculomotor function may also prove particularly useful in measuring vestibular function in those with oculomotor disorders (e.g., congenital nystagmus), as these conditions impact traditional vestibular tests of the VOR (62).

Differentiation between other, more ambiguous vestibular disorders (e.g., MD and VM) appears particularly promising. Many patients with vestibular disorders present with symptoms that result from an unknown etiology, without clear indication of a specific disease process or of an individually culpable vestibular organ. Traditional diagnostic methods are typically exclusionary, excluding the more obvious etiologies prior to confirming a diagnosis based upon patient symptoms (67, 71). However, recent findings suggest that mid to low frequency roll tilt perceptual thresholds may serve as a biomarker for VM, suggesting that vestibular thresholds may provide an objective metric to differentiate VM from other episodic vestibular disorders with similar symptom profiles, namely MD (53, 54, 63). Considering the findings both in VM and in vestibular hypofunction, these results suggest a broadened capacity for thresholds to be used as a critical piece to the diagnostic puzzle in patients with ambiguous symptoms of central or peripheral etiology (53, 54, 63).

The comprehensive nature of vestibular thresholds also allows for potential improvements in our understanding of how age influences vestibular function. This point is not trivial, given the well-documented association between aging, vestibular decline, and fall risk (73–78). Roll tilt thresholds at 0.2 Hz in particular have been shown to predict the likelihood of failing condition four of the modified Romberg balance test (eyes closed, compliant stance balance task), an outcome previously shown to be associated with a 6.3-fold increase in the odds of falling (78) in older adults. As mentioned above, a standard mediation analysis of the same data set found that 0.2 Hz roll tilt thresholds, accounted for nearly half of the well-known association between aging and fall risk (85). Although we agree that this does not imply causation, this finding does suggest that if one were to consider all of the alternative factors likely to contribute to age-related balance dysfunction (e.g., proprioception, cognition, strength), the combined effect of these factors would be approximately equal to the contribution of a single variable, roll tilt perceptual thresholds. Although these results are in need of confirmation in additional samples of older adults, at a minimum, vestibular noise, assayed by roll tilt perceptual thresholds, appears to be one of the primary contributors to age-related balance decline and fall risk. It is worth noting that the aforementioned findings were made in asymptomatic adults without complaints of vestibular impairment, suggesting that roll tilt thresholds may prove to be a sensitive screening tool to detect sub-clinical vestibular impairment and fall risk in asymptomatic adults over age 40.

From a logistical standpoint, an advantage of vestibular perceptual testing is the relative ease of testing, the task is simple and intuitive and can be readily learned by most, if not all, patients. This testing is similar to a standard hearing test, which may be the most commonly performed threshold procedure. Furthermore, algorithms that yield efficient data collection and precise data analysis have already been automated, making it possible for non-specialists to perform testing with minimal training. Unlike the heterogeneity in some other vestibular tests, this automation may serve to help standardize procedures across laboratories.

Several methodological limitations do however influence the potential clinical use of vestibular thresholds. The principal limitation with vestibular perceptual threshold testing is the time and equipment required to perform an accurate assessment. This is particularly an issue with lower frequency testing where each individual motion can require a significant amount of time (e.g., 0.1 Hz takes 10 s for 1 cycle). Automatic computer-based threshold environments and adaptive methodological approaches (e.g., staircase paradigms) have reduced test durations, yet the average assessment still requires between 10 and 20 min (~100 trials) per test motion. We cannot directly observe one's internal perception of a sensory stimulus, and instead we are forced to rely upon a subjective report of their perceived world state (e.g., “I feel that I moved left”). Thus, aside from logistical concerns, the increased time for threshold testing introduces potential errors related to subject inattention and fatigue. This problem can be mitigated by ensuring the subject receives adequate rest, that testing occurs at a time of day where the subject is more alert, and by using statistical techniques that exclude attentional lapses from the threshold analysis (93, 94).

In addition, particular care must be taken to avoid the introduction of potentially confounding extra-vestibular cues [auditory, visual, and somatic (e.g., vibration)]. Veridical visual cues (6) and earth fixed auditory cues (30) have each been shown to reduce perceptual thresholds, and thus can influence vestibular thresholds if visual and auditory cues are not adequately controlled. When using a motion platform to deliver stimuli, somatic cues such as vibration are unavoidable. However, using a direction recognition task (e.g., did I move right or left?) rather than a detection task (e.g., did I move) can mitigate the effect of vibration on vestibular thresholds (21, 26, 28).

From an equipment standpoint, vestibular perceptual threshold measurements require only a few simple components (i.e., a motorized chair, a tablet or subject response buttons, and a computer for device control and data acquisition). Yaw perceptual thresholds could be performed using a rotary chair, which is found in most tertiary care vestibular referral centers and audiology clinics. However, immediate implementation is not feasible with most commercially available systems and will be dependent upon thedevelopment of appropriate software and hardware by the device manufacturers. The primary limitation of the rotary chair in comparison to a 6DOF motion platform is the limitation in test conditions, as the rotary chair can only be used to assess yaw thresholds within a limited frequency range. Therefore, a motion platform with multiple degrees of freedom is likely necessary for a comprehensive assessment of vestibular thresholds. While currently 6DOF motion platforms (e.g., Moog) are not commonly available, we feel that their implementation would be very straightforward. This equipment could fit in a small room and the total cost is estimated to be < $200 K, an estimate that is based upon our own lab set-up. We emphasize that all aspects of both central and peripheral vestibular function would be tested using the single motion device, and as a result this equipment would almost certainly cost less than the total cost of the devices currently used today (rotary chair, caloric irrigator, evoked potentials equipment, head impulse goggles, etc.).



SUMMARY

Vestibular thresholds are arguably the most direct, sensitive, and specific assay of vestibular noise currently available (20, 63, 95). The ability to test all end-organs and their central integration, the correlation to patient symptoms, the possible role in differentiating certain vestibular disorders, and the relative ease of testing make thresholds a promising clinical measure. Continued research is needed to better understand the possible applications and limitations, especially with regard to the differential diagnosis of vestibular disorders. Such disorders continue to be a challenge to manage clinically and the absence of reliable diagnostic testing is a critical barrier to improving the day-to-day management of these patients.
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Disorders of sensory systems, as with most disorders of the nervous system, usually involve the interaction of multiple variables to cause some change, and yet often basic sensory neuroscience data are analyzed using univariate statistical analyses only. The exclusive use of univariate statistical procedures, analyzing one variable at a time, may limit the potential of studies to determine how interactions between variables may, as a network, determine a particular result. The use of multivariate statistical and data mining methods provides the opportunity to analyse many variables together, in order to appreciate how they may function as a system of interacting variables, and how this system or network may change as a result of sensory disorders such as sensorineural hearing loss, tinnitus or different types of vestibular dysfunction. Here we provide an overview of the potential applications of multivariate statistical and data mining techniques, such as principal component and factor analysis, cluster analysis, multiple linear regression, random forest regression, linear discriminant analysis, support vector machines, random forest classification, Bayesian classification, and orthogonal partial least squares discriminant analysis, to the study of auditory and vestibular dysfunction, with an emphasis on classification analytic methods that may be used in the search for biomarkers of disease.

Keywords: multivariate statistical analysis, data mining, orthogonal partial least squares discriminant analysis, hearing loss, tinnitus, vestibular dysfunction


INTRODUCTION

Experimental phenomena in neuroscience often involve the complex, sometimes non-linear interaction, of multiple variables. In the context of sensorineural hearing loss (SNHL), tinnitus or vestibular disorders, a number of independent variables may interact with one another, such as age, sex, drug use, and genetic predispositions; similarly, many biochemical systems may interact with one another to cause such disorders (see Figure 1 for an example in the context of age-related neurochemical changes in the brainstem vestibular nucleus and cerebellum). Despite this, the majority of statistical analyses in basic auditory and vestibular neuroscience have tended to focus on comparisons between treatment groups, analyzing one variable at a time. In many areas of sensory neuroscience in general, univariate statistical analyses have been used almost exclusively. This approach neglects the fact that changes may occur at the level of the interaction within a network or system of variables, that cannot be detected in any individual variable alone (1–6) (see Figure 1 for an example). In addition, the use of multiple univariate statistical analyses may inflate the type 1 error rate, or the probability of rejecting the null hypothesis when it is true, as a result of a large number of individual analyses (1, 2, 7) (Figure 2). In situations in which there are a large number of variables, for example, gene microarray, proteomic and metabolomic data, and more recently, medical diagnostics, multivariate statistical analyses and data mining approaches have been increasingly employed in order to understand the complex interactions that can occur between systems of variables, as well as to avoid increasing the type I error rate [e.g., (6, 8–30)].


[image: Figure 1]
FIGURE 1. Schematic diagram of the L-arginine metabolic pathways in the vestibular nucleus and cerebellum, which change during the brain aging process. NO, nitric oxide; GABA, γ-aminobutyric acid. From Liu et al. (4) with permission.
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FIGURE 2. The Type I error rate (False Alarm rate) strongly depends on the number of comparisons. For example, with 12 comparisons (red dashed lines), the probability of making at least one False Alarm is 0.46, i.e., much increased compared to 0.05 with only 1 comparison. From Herzog et al. (7) with permission.


Multivariate statistical analyses (MVAs) and data mining analyses can be broadly divided into those that are “supervised” and those that are “unsupervised”. A “supervised” method of analysis is directed at a specific dependent variable, in order to determine the relationship between a set of independent variables and one or more dependent variables, (e.g., to make a prediction; e.g., multiple linear regression). By contrast, in “unsupervised” methods, there is no specific dependent variable; instead, the objective is to explore associations between variables (e.g., cluster analyses) (see Table 1). Furthermore, some MVAs and data mining methods are concerned with predicting categorical variables (“classification,” e.g., linear discriminant analysis), and some concerned with predicting continuous variables (“regression,” e.g., multiple linear regression). Some of these methods involve only one dependent variable, e.g., multiple linear regression, while others may involve multiple dependent variables, e.g., canonical correlation analysis; however, for the purposes of this paper, MVAs will be defined as a collection of methods that involve multiple variables, either independent or dependent, or both. Clearly, regression methods such as multiple linear regression can be extended to include more than one dependent variable [e.g., multivariate multiple regression; (1, 2)].


Table 1. Different types of MVA and Data Mining Methods categorized according to whether they involve a categorical or continuous (quantitative) dependent variable and whether they specify a dependent variable (i.e., Supervised) or not (i.e., Unsupervised).
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Some unsupervised MVAs are not focussed on a specific dependent variable or the implication of causality, but more the degree of co-variation amongst multiple variables, as an indicator of association. For example, cluster analyses could be used to investigate the degree to which different variables related to SNHL co-vary with one another. Cluster analyses have been used extensively in genomics and proteomics research as a means of exploring the association between variables. Still other MVAs are concerned with investigating the way that groups of variables with different weightings, explain most of the variation in a system of variables (e.g., Figure 1; e.g., principal component analysis). Data mining analyses are related to MVAs; however, some have arisen out of computer science rather than conventional statistics. Data mining analyses include procedures such as random forest regression, random forest classification and support vector machines.

The aim of this paper is to provide a succinct guide to some MVAs and data mining analytic methods that can be applied to auditory and vestibular neuroscience data related to SNHL, tinnitus, and vestibular dysfunction, at both the basic experimental and clinical levels. Particular emphasis will be placed on “classification methods” that are relevant to the search for biomarkers of auditory and vestibular dysfunction, i.e., linear discriminant analysis, support vector machines, random forest classification, Bayesian classification, and orthogonal partial least squares discriminant analysis. However, classification and regression methods are related statistically, and for this reason, regression methods, in which there is no categorical dependent variable, will also be addressed. The review is intended to exemplify the application of MVA and data mining methods to problems in vestibular and auditory neuroscience, and is not meant to be exhaustive in terms of the specific methods described; procedures such as artificial neural network modeling (ANN), structural equation modeling, multivariate regression, canonical correlation analysis and many others, are also important, but are outside the scope of this review.



UNSUPERVISED METHODS


Principal Component Analysis and Factor Analysis

Principal Component Analysis (PCA) attempts to explain variation in data using linear combinations of variables. It is a “dimension reduction” procedure, often used to reduce the number of variables to a smaller number of “components,” which account for most of the variation in the data. In contexts such as metabolomics, where hundreds of metabolites may be investigated for their relationship to some disease state, it can be difficult to conceptualize their role just because of their sheer number. PCA looks for underlying latent components or factors, which represent linear combinations of variables, but without predicting a dependent variable. The objective is to find linear combinations of variables that explain most of the variation in the data, in the process reducing the number of separate variables in the data (“reducing dimensionality”) (1, 32–34). These components or factors are expressed as “eigenvalues,” which in PCA are represented as linear combinations of the original variables, each with a coefficient or “eigenvector” that indicates the “direction” of that particular variable for each component. An important attribute is that the different PCs are uncorrelated or “orthogonal” (32–34), and this property means that they can be used in other statistical techniques such as discriminant analysis, where correlation between independent variables can be a problem (see orthogonal partial least squares discriminant analysis below in Orthogonal Partial-Least Squares Discriminant Analysis).

For each PC, each of the original independent variables is expressed in a linear equation with specific coefficients that represent the “weighting” of the variable in that component. The number of PCs, which can be large, is usually displayed in decreasing order of importance in explaining the variability in the data matrix, often shown graphically as a “Scree plot.” PCA is often performed using the correlation matrix for the data, in which case the data have to be standardized, i.e., each value subtracted from the mean for that variable and divided by the standard deviation (i.e., “z scores”). This prevents extreme differences in variance, e.g., due to different measurement scales, disproportionately affecting the analysis. While PCA is an exploratory method that does not make very many assumptions, the related method, Factor Analysis, has a formal statistical model, and assumptions such as multivariate normality (see below in Linear Discriminant Analysis) become important.

The interpretation of the PCs relies on the magnitude of the eigenvalues, and the contrasts between the eigenvectors for the variables relating to that eigenvalue. There is no specific criterion for how many PCs should be used; however, ideally, there should be a small number of PCs that explain most of the variation of the data. Loading plots, which represent the variance or magnitude of the variables within a PC, are often used to compare the different variables in the first two or three components. Because the interpretation of the PCs relies on the loadings, sometimes “rotations” are used to maximize the contrasts between them while maintaining the relationship between the variables in the components. Examples include “varimax” and “quartimax” rotations (1, 32–34).

Whether PCA is of any use in the analysis of multiple variables, depends on whether considering the different variables together, as a component, makes sense in the context of the research question, and also on what meaning can be attributed to the differences between the loadings. For example, if changes in free radicals are related to SNHL, does it make sense to reduce chemicals related to free radical generation to single components that combine the individual variables, or does this lose information? This problem of interpretability, which undermines many MVAs, will be addressed in a later section (see section Data pre-processing and imputation, overfitting and the problem of interpretability). PCA is often useful in a context where there are hundreds of variables, e.g., genomics, metabolomics, where it is useful to determine whether there is a change in the overall pattern of genes or metabolites [e.g., (35)].



Cluster Analysis

Another MVA method that has not been used extensively in the context of auditory or vestibular neuroscience, is cluster analysis. Cluster analyses are a type of non-parametric statistical analysis that is used to explore the natural groupings of variables in a data set (1). Therefore, assumptions such as multivariate normality and equality of the variance-covariance matrices (see below in Linear Discriminant Analysis) are not required (1, 36). Different measurements of the distance between the variables, such as squared Euclidean or Mahalanobis distance, are used to relate them to one another, and specific algorithms (e.g., Ward Minimal Variance Linkage) are used to determine the clusters (36). As with PCA, the standardized data (i.e., z scores) are usually used in order to prevent bias introduced by differences in scales of measurement. The results are usually displayed using a “dendrogram.” Some cluster analysis algorithms, such as single linkage, are susceptible to producing long strings of clusters (“chaining”) (1, 36). Ward's Minimal Variance Linkage method, based on the objective of obtaining the smallest within-cluster sum of squares (the “minimal variance principle”), is often a good option (1, 36). The results of PCA and cluster analysis are often related, and it can be observed that many of the original independent variables that co-vary closely together in the dendrogram, also appear to have similar eigenvectors in the dominant PCs. In this way, PCA and cluster analysis provide similar information regarding which variables “work together,” but in different ways.



K-Nearest Neighbors Algorithm

The K-Nearest Neighbors (“k-NN”) Algorithm can be used for regression or classification purposes. It is a non-parametric procedure in which either a category (in the case of classification) or a continuous variable value (in the case of regression) is estimated on the basis of its “nearest neighbours,” where “k” is usually a small positive integer (2, 37). The data are usually standardized (see above) before the analysis is performed. The main challenges of this method include determining the appropriate value for k (i.e., how many neighbors?) and how the distance between neighbors should be quantified [see (37) for a discussion]. It is possible to use the k-NN algorithm in unsupervised or supervised forms.




SUPERVISED METHODS


Regression
 
Multiple Linear Regression

Another statistical method that has been under-employed in auditory and vestibular neuroscience is multiple linear regression (MLR). MLR is a part of the general linear model (GLM), that is useful for determining whether one continuous variable can be predicted from a combination of other variables. Simple linear regression can be expanded to include more than one predictor variable to become MLR, which has the general form: Y = β0 + β1X1 + β2X2 +… βpXp + ε, where Y = the continuous dependent variable; X1, X2,…Xp are independent variables; β1, β2… βp are coefficients; β0 is the intercept and ε is the error term (2, 36–41).

Canonical correlation analysis is an extension of MLR in which multiple Y variables are related to multiple X variables (1).

Formal statistical hypothesis tests for MLR, like those for simple linear regression, make assumptions regarding the distribution of the data, which cannot always be fulfilled (see section Data pre-processing and imputation, overfitting and the problem of interpretability). These assumptions are the same as those for other methods that are part of the GLM, such as analysis of variance (ANOVA): that the residuals are normally distributed, with homogeneity of variance, and that they are independent of one another (e.g., not autocorrelated) (31, 36–43). Furthermore, the predictor variables should be numerical, although indicator variables can be used in order to include nominal variables (e.g., binary coding to represent male and female). The violation of the assumption of normality can sometimes be redressed using data transformation, which may also correct heterogeneity of variance, but other issues such as autocorrelation, are not easily dealt with and may require methods such as time series regression (31, 36–43).

Unlike simple linear regression, MLR is more complicated in terms of avoiding potential artifacts. Because the coefficient of determination, the R2, which indicates as a percentage or fraction, how much of the variation in the dependent variable is explained by the independent variables, will increase as more independent variables are incorporated into the regression model, an “adjusted R2” must be used in order to compensate for the number of variables included. The adjusted R2 = [R2-(k/n−1)][(n−1)(n–(k + 1))]. For k = 1 variables, the R2 and adjusted R2 are approximately equal.

There are various forms of MLR: forward regression, backward regression, stepwise regression and best subsets regression. In forward regression, predictors are added into the model one at a time (if α is set to 1.0, then all of them will be included, in ascending order of significance). In backward regression, predictors are taken out one at a time (if α is set to 0, all of them will be taken out, in descending order of significance). Backward regression tends to be preferred over forward regression because it allows examination of the interaction between variables (31, 36–43). In stepwise regression, the program stops at each step and checks whether the variables, either in the model or not, are the best combination for that step. The adjusted R2 will change as different variables are included in a model and an ANOVA can be done at each step to determine whether it has made a significant difference. Best subsets regression, however, computes all possible MLR models from which the researcher must choose the best, based on the adjusted R2 and various diagnostic information regarding the validity of the regression model (31, 36–43). One of the greatest problems in MLR is “over-fitting” and “multicollinearity” (31, 36–39, 44–46). If the regression variables are highly inter-correlated, multicollinearity occurs. This inflates the variance of the least square estimates and therefore the coefficients will be inaccurate, which can lead to the situation in which the ANOVA for the regression is significant without any single t-test for an individual variable being significant. In this case, one or more of the highly correlated variables needs to be removed from the regression model. One way of controlling for multicollinearity is using an index such as the Mallow's Cp index. The adjusted R2 should be high but the Mallow's Cp index [= (the sum of squares for the error at the current step/mean square error for the full regression)–(n−2p), where n = total number of observations and p = number of estimated coefficients], should be as small as possible. Ideally, it should be one more than the number of parameters in the current step. Other indices of multicollinearity include the variance inflation factor and tolerance (1/variance inflation factor) (36–39, 45, 46). Different software packages (e.g., SPSS and Minitab) offer different options. Autocorrelation in the data can be tested using the Durban-Watson statistic (36–39, 45, 46). Like most other multivariate statistical procedures, MLR is prone to artifacts and researchers need to be cautious when using it [see (44) for a rigorous discussion of this issue].



Random Forest Regression

Although modeling using regression trees has been used for over 25 years, its use in auditory and vestibular neuroscience has been very limited. In regression tree modeling, a flow-like series of questions is asked about each variable (“recursive partitioning”), subdividing a sample into groups that are as homogeneous as possible by minimizing the within-group variance, in order to determine a numerical response variable (47, 48). The predictor variables can be continuous variables also, or they can be categorical. By contrast with MLR, which makes assumptions about the distribution of the data, regression trees make no distributional assumptions. The data are sometimes split into training and test data sets (e.g., 70:30) and the mean square error between the model based on the training data and the test data, is calculated as a measure of the model's success. Variables are chosen to split the data based on the reduction in the mean square error achieved after a split (i.e., the information gained). Unlike MLR, interactions between different predictor variables are automatically incorporated into the regression tree model and variable selection is unnecessary because irrelevant predictors are excluded from the model. This makes complex, non-linear interactions between variables easier to accommodate than in linear regression modeling (47, 48). Breiman et al. (48) extended the concept of regression trees by exploiting the power of computers to simultaneously generate hundreds of trees (“bagging”), known as “random forests,” which were based on a random selection of a subset of data from the training set. The various regression tree solutions are averaged in order to predict the target variable with the smallest mean square error (47–52). An alternative form of cross-validation of the random forest model, which does not require splitting the data set and therefore is particularly useful in the context of small sample sizes, is the leave-one-out (“LOO”) procedure. Here, each subject is removed from the sample, in turn, and the model based on the remaining data is used to predict for that subject; then, another subject is removed, and the procedure repeated, until the entire data set has been cross-validated (47–51).

Gradient boosted decision trees (GBDTs) are an alternative to the random forest procedure in which learning algorithms are combined (“boosting”) so that each decision tree tries to minimize the error of the previous tree (37, 52).




Classification
 
Logistic Regression

Logistic regression is similar to linear regression but applied to the prediction of a binary outcome (37, 39). Rather than fitting a linear function to the prediction of a continuous dependent variable, logistic regression employs the logistic function, logistic(η) = 1/(1 + exp(-η)), to generate an outcome between 0 and 1. The logistic function is then incorporated into the probability function, P(y(i) = 1) = 1/(1 + exp (–(β0 + β1 [image: image] + …. βp [image: image]))), where P is a probability, x are predictor variables, the β's represent coefficients and β0 is the intercept (37). The output of this function is then a probability of classification to one of two groups, although logistic regression can also be extended to multinomial regression (39).



Linear Discriminant Analysis

Linear discriminant analysis is a statistical method that is often used to predict the membership of two or more groups from a linear combination of independent variables (1, 2). A linear discriminant function (LDF) has the general form: Z = a1X1 + a2X2 +…apXp, where Z refers to the group, X, X2,…Xp are independent variables, and a1, a2,…ap are coefficients (1). Linear discriminant analysis is similar in aim, but different in approach, to logistic regression, in which the dependent variable is binary (0/1) and consists of positive (a “success”) and negative responses (a “failure”) only (1). An example in the context of auditory neuroscience might be the prediction of SNHL by a linear combination of neurochemical variables in the peripheral or central auditory systems [e.g., (35)]. The statistical significance of the LDF can be assessed using statistics such as Wilk's λ and its success in separating the groups can be evaluated using cross-validation (e.g., a LOO procedure), in which the linear equation is used to classify the data, one observation at a time, without knowledge of the actual group membership. It is possible to use a stepwise linear discriminant analysis. However, some authors [e.g., (1, 45, 46)] suggest that stepwise methods can result in suppressor effects and an increase in type II error. Linear discriminant analysis is readily available in programs such as SPSS and Minitab. It is part of the GLM, and therefore makes similar assumptions to MLR, but other forms of discriminant analysis, which do not make all of these assumptions, include quadratic discriminant analysis, where the data are assumed to be normally distributed but the variance-covariance matrices need not be identical. Orthogonal partial least squares discriminant analysis is another type of discriminant analysis in which the discriminant function consists of PCs from a PCA (see below in Orthogonal Partial-Least Squares Discriminant Analysis).

As mentioned, MVA methods that are part of the GLM, such as linear discriminant analysis, do make assumptions. The first is that, for formal tests of statistical significance to be valid, the data within groups should have a multivariate normal distribution (1). Unlike univariate statistical analyses such as ANOVA, linear discriminant analysis is quite sensitive to the violation of the assumption of multivariate normality (1, 2, 36, 53). It is difficult to test for multivariate normality, because most programs such as SPSS do not offer such an assumption test (1). Because univariate normality, i.e., the normality of the individual variables, is necessary but not sufficient for multivariate normality, it is possible for each individual variable to be normally distributed without the multivariate distribution being normally distributed. Stevens (2) points out that because a multivariate normal distribution entails that all subsets of variables have normal distributions, one way to assess multivariate normality is to determine whether all pairs of variables are bivariate normal. Box's test for the homogeneity of the covariance matrices (see below) is sensitive to violation of multivariate normality; therefore, in order to obtain results from that test that are valid, whether the assumption of multivariate normality is fulfilled, must be of concern (2). However, there is a multivariate formulation of the central limit theorem and sample sizes of 10–20 per group appear to be sufficient to afford protection against the consequences of violating multivariate normality (2, 45, 46). It should be noted that linear discriminant analysis may still discriminate between groups even if the assumption of multivariate normality does not hold. On the other hand, multivariate normality does not necessarily mean that it will effectively discriminate between the groups.

A second assumption of linear discriminant analysis, but not quadratic discriminant analysis, is that the population covariance matrices are equal for all groups, usually tested using Box's M-test (1, 36). If this assumption is violated, a quadratic discriminant analysis, can be used instead. In a review of several Monte Carlo studies, Stevens (2) concluded that, provided that the sample sizes are equal, even moderate heterogeneity of the covariances does not substantially affect type I error. Unequal sample sizes, on the other hand, are potentially very problematic if the covariances are unequal (2). While Box's M-test is often used, its null hypothesis may be rejected only because the multivariate normality assumption is violated (2). Therefore, it is important to determine whether this is the reason for a significant Box's M-test. Box's M-test is also very sensitive to departure from homogeneity of the covariances (45, 46). Both Stevens (2), Field (45), and Field et al. (46) suggest that even if Box's M-test is significant, the type I error rate will be only slightly affected provided that there are equal sample sizes, although the power may be somewhat reduced.

One of the common problems in many MVAs is the sample size for each variable, n, relative to the number of variables, p. While unequal sample sizes can be problematic, as described above, when p is greater than n, statistical analyses such as linear discriminant analysis can become invalid. Stevens (2), Field (45), and Field et al. (46) suggest that, unless the n is large, p ≤ 10. Monte Carlo studies have shown that if the sample size is not large compared to the number of variables, the standardized discriminant function coefficients and correlations obtained in a linear discriminant analysis, are unstable (2). By “large,” Stevens (2) suggests a ratio of n (total sample size):p (number of variables) of 20:1. He further cautions that a small n:p ratio (i.e., ≤5) can be problematic for stepwise linear discriminant analysis in particular, because the significance tests are used to determine which variables are included in the solution (2).

These methods, and others related to them such as orthogonal partial least squares discriminant analysis, should be applicable to many situations in auditory and vestibular neuroscience in which multiple variables interact to determine a categorical dependent variable, e.g., SNHL, tinnitus, Meniere's Disease, vestibular neuritis, and benign paroxysmal positional vertigo, provided that the sample sizes are sufficient and the cross-validations demonstrate the predictive accuracy of the LDFs. Given that Box's M-test of the equality of the covariance matrices assumes multivariate normality, one way to proceed is to determine whether all pairs of variables appear to be bivariate normal. If so, Box's M-test can be used as a guide to whether the assumption of the equality of the covariance matrices is fulfilled. However, the cross-validation procedure can be used as the ultimate arbiter of the effectiveness of the LDF (31).



Random Forest Classification

The random forest method that is used for regression, can also be used for classification purposes, in which case the solution is based on the number of “votes” from the different trees for a particular category (48, 49). The effect of variable removal on the mean decrease in accuracy, the “out of bag” (“OOB”) error, and the overall classification matrix error (“confusion matrix error”), are used to evaluate the success of the classification. The OOB error is the error based on the observations that were excluded from the subset of the training data (the “bag”) used to generate the decision tree (47, 48). Unlike linear discriminant analysis, random forest classification makes no distributional assumptions and therefore can be applied to situations in which the sample sizes are small relative to the number of variables (47, 48). Random forest classification, along with support vector machines, can be carried out using specific packages in the statistics program, R (47, 54–57). For those who do not wish to use code in R, there is a data mining graphics user interface available, called “Rattle,” which is menu-driven and easy to use (55).



Support Vector Machines

Support vector machines are an alternative method for classification, which employ “support vectors,” observations that form the spatial boundary between different classes (47–49, 54). These support vectors are then used to determine a hyperplane that defines the boundary between the classes (46–54). Support vector machines can employ a variety of functions, such as radial kernel and Laplace functions, to remap the data and generate new variables that can separate the different categories (47–54). The data are usually split into training and test data sets (e.g., 70:30) and the difference between the model based on the support vectors in the training data set, and the test data set, is calculated as a measure of the model's success. As with linear discriminant analysis, classification error matrices can be used to evaluate the success of the classification, as well as receiver operating characteristic (“ROC”) curves, that quantify the relationship between the true positive rate of classification (“sensitivity”) and the false positive rate of classification (“1—the specificity”) (47).

One of the major advantages of support vector machines is that they do not make distributional assumptions like linear discriminant analysis, other than that the data are independent and identically distributed. Wilson (54) suggests that for this reason, even small sample sizes can provide accurate estimates of prediction error when there are a large number of variables.



Bayesian Classifiers

Bayesian classification methods are based on Bayes' Theorem, which relates a posterior probability of an event to a prior probability: P(H/X) = P(X/H)(P(H)/P(X), where X represents the data and H represents the hypothesis; P(H/X) = the probability of H given X (the posterior probability), P(X/H) = the probability of X given H, P(H) = the probability of H (the prior probability), and P(X) = the probability of X, which cannot = zero. P(H/X) and P(X/H) are known as “conditional probabilities” and P(X) and P(H) as “marginal probabilities” (58–61). In simple terms, Bayes' Theorem relates the degree of belief in an hypothesis before accounting for the data, to that after accounting for the data, so that the probability of the hypothesis being true given the data, equals (the probability of obtaining the data given that the hypothesis is true, multiplied by the probability that the hypothesis is true), divided by the probability of obtaining the data (58–61). The calculation of the conditional and marginal probabilities can be used to generate a Bayesian Network, which can be displayed in graphical form such as directed acyclic graphs (61).



Orthogonal Partial-Least Squares Discriminant Analysis

Also known as orthogonal projection to latent structures discriminant analysis, orthogonal partial-least squares discriminant analysis (OPLS-DA) is a method of discriminant analysis that cleverly combines PCA with discriminant analysis and partial least squares regression, in order to classify subjects (62). Therefore, it can be seen as an alternative to methods such as linear discriminant analysis, support vector machines and random forest classification. OPLS-DA is an ideal method to use in the search for biomarkers of SNHL, tinnitus or vestibular disorders, for e.g., using metabolomic data from animals or humans with those conditions. In partial least squares regression, which is an extension of MLR, factors are extracted from the Y′XX′Y matrix in order to generate prediction functions, only in the case of partial least squares discriminant analysis, the dependent variable is categorical. One major advantage of partial least squares discriminant analysis is that it is minimally restrictive because it allows for fewer observations than variables (i.e., less n than p), a problem that is significant for linear discriminant analysis (62). As with PCA and cluster analysis, the data would normally be standardized to z scores before proceeding.

In OPLS-DA, the X variables are latent variables that maximize the separation between the groups, ranked according to how much variation in Y that they explain. OPLS-DA separates the systematic variation in X into 2 parts: (1) that which is linearly related to Y; and (2) that which is unrelated or “orthogonal” to Y (62). The OPLS method uses a modification of the non-linear iterative partial least squares algorithm (62). An orthogonal signal correction procedure, developed by Trygg and Wold (62), employs an iterative process to find orthogonal components in the X matrix. For this it depends on a starting vector, which can use PCs from a PCA. The main problem with discriminant analysis is over-fitting, particularly where the p > the n, so that the model works well on the training data but not on new data, and where there is multicollinearity. However, this possibility can be addressed using permutation testing (63). In permutation testing, variables are assigned randomly to the different samples, and new models are generated many times, e.g., 2,000. A null distribution of classifications is created, which is expected to be non-significant. The results obtained from the original data should be outside the 95 or 99% confidence intervals for the null distribution, in order to be statistically significant, i.e., not part of the null distribution (63).

Biplots can be used to show some of the results of an OPLS-DA, where the x axis is labeled “t[1],” which are the X scores predictive of Y, and the y axis is labeled “to[2],” which are the X scores that are not predictive of Y. Therefore, the x axis represents the between group variation and the y axis represents the within group variation. OPLS-DA calculates various indices of the success of the model. R2X (cum) is the sum of the predictive and orthogonal variation in X that is explained by the model, which can be split into the predictive and orthogonal components. R2Y (cum) is the total sum of variation in Y explained by the model. Q2 is the effectiveness of the prediction, based on the OPLS-DA equation, using cross-validation, e.g., using a LOO procedure, where 0.9 would be excellent.

S plots are often used to help interpret the OPLS-DA results. In the S plot, the x axis “p[1]” is the magnitude of each variable in the x axis. The y axis “p(corr)[1]” is the reliability (obtained with confidence intervals using jack-knifing and cross-validation). Values close to zero on both axes are close to noise, i.e., they have almost zero magnitude and reliability. OPLS-DA can be carried out in R, or using the programs Metaboanalyst and Metscape 3.1 (35, 64).

Pathway impact analyses can also be carried out on the OPLS-DA. Using the prior knowledge of pathways, these methods look for over-representation of specific pathways in the data. They calculate the sum of the importance measures of the matched metabolites normalized by the sum of the importance measures of all metabolites in each pathway. Over-representation analysis, quantitative enrichment analysis, and single sample profiling are three different types of pathway analysis that can be used in the program Cytoscape 3.30 (35, 64, 65).





DATA PRE-PROCESSING AND IMPUTATION, OVERFITTING, AND THE PROBLEM OF INTERPRETABILITY

When using MVA and data mining methods to analyse data, some pre-processing of the data is often necessary. In the case of MVA, methods that are part of the General Linear Model (GLM), such as multiple linear regression, multivariate multiple linear regression, linear discriminant analysis, structural equation modeling, and canonical correlation analysis, require that the assumption of multivariate normality be met (see section Linear Discriminant Analysis). Therefore, data need to be checked to determine whether they are normally distributed or even whether they have a multivariate normal distribution (see Linear Discriminant Analysis). Normality (Q–Q) plots and plots of residuals vs. fitted values usually need to be obtained and formal assumption tests conducted, such as the Anderson-Darling, Shapiro-Wilk or Kolmogorov-Smirnov tests for univariate normality, and Bartlett's or Levene's tests for homogeneity of variance. If these tests are statistically significant (i.e., P ≤ 0.05), a decision may be made to transform variables in order to achieve fulfillment of the normality and homogeneity of variance assumptions; however, great care needs to be taken in transforming non-linear dependent variables into linear ones, as in Scatchard plots, because of the way that it can distort the error around the line of best fit (66). For receptor binding data, non-linear regression is now considered preferable to linear regression following transformation (66). In the case of other methods such as PCA, OPLS-DA and cluster analysis, pre-processing may involve standardizing the data (see Principal Component Analysis and Factor Analysis), in order to ensure that differences in measurement scales do not bias the analysis.

Even for univariate statistical analyses, many statistical programs delete experimental subjects if they have missing data for procedures such as repeated measures ANOVAs (43, 45). Many animal studies in auditory and vestibular neuroscience already have small and unequal sample sizes; therefore, simply deleting data in the case of missing values will result in lower statistical power and may bias the results (67). For alternatives to repeated measures ANOVAs such as linear mixed model analysis, “imputation” procedures are employed in order to estimate the missing values (“Missing Values Analysis or MVA”) (43, 67, 68). A maximum likelihood (ML) and expectation-maximization (EM) approach (a combination of imputation and ML) can be used (68). However, only some programs (e.g., SPSS) offer the EM algorithm and for the ML and EM methods to be used, the missing data must be “missing at random” (MAR, i.e., the probability that an observation is missing must not depend on the unobserved missing value but may depend on the group to which it would have belonged) or “missing completely at random” (MCAR, i.e., the probability that an observation is missing must not depend on the observed or missing values) (67, 68). In other words, there can be no bias to the way that data are missing, a condition that is sometimes difficult to satisfy. The K-NN algorithm discussed in K-Nearest Neighbors Algorithm can be used for imputation and there is a variety of multivariate imputation procedures [see (69) for a review].

“Overfitting” is an enormous problem in MVA and data mining methods which involve regression modeling. Overfitting occurs when a model for prediction is based so closely on a particular data set that it has little predictive value for other, similar data sets, often a result of including too many parameters in the model (44). As a result, a regression model based on a training data set may have no predictive value for the test data set. Although the problem is well-recognized in MLR (44), Breiman et al. (48) have suggested that random forest methods do not overfit, a view that has been challenged (70). Solutions to overfitting include collecting more data so that there is a larger n for each predictor variable, p, combining predictors in order to reduce correlation between them and the use of “shrinkage and penalization” procedures (44). The adjusted R2 in MLR is one type of shrinkage estimator because it takes into account the number of predictor variables. “Lasso” regression (“least absolute shrinkage and selection operator”) is a method that generates a linear regression model with greater “sparsity” [see (37) for a review].

One of the advantages of univariate statistical methods is that they are relatively easy to understand and this is partly why they are so popular. Researchers turn to multivariate statistical and data mining (or machine learning) methods because they have to deal with many variables, sometimes hundreds or thousands, but in the process of using such procedures, they sacrifice simplicity and interpretability. Molnar (37) has written extensively about the problem of “interpretability” with MVA and data mining methods, which involve complex modeling. Even if they provide good predictive value, they may be difficult to understand. Simpler models, by definition, such as shorter decision trees, are more easily interpreted than longer ones. Molnar (37) has suggested that “model agnostic interpretation methods” be used for machine learning in preference to “model-specific ones.” These are methods that can be applied to any machine learning model, are not restricted to a certain form of explanation (e.g., a linear formula vs. a graphic representation) and should have flexibility in the way that the explanation is represented. Examples include partial dependence plots (PDP), feature importance and Shapley values [see (37) for a review].



EXAMPLES OF APPLICATIONS OF MULTIVARIATE STATISTICAL AND DATA MINING METHODS TO THE ANALYSIS OF OTOLOGICAL DATA


Principal Component Analysis and Cluster Analysis

One of our research interests has been the role of neurochemical changes in the hippocampus in the cognitive deficits that occur following peripheral bilateral vestibular damage. In this process we have used western blotting to analyse the expression of various glutamate receptor subtypes in the rat hippocampus, given the importance of glutamate receptors to memory processes such as long-term potentiation [see (71) for a review]. Due to the fact that we quantified 5 different glutamate receptor subunit subtypes (GluR1, GluR2, GluR3, NR1, and NR2) and 2 forms of calmodulin kinase II (CaMII and phosphorylated CaMII), related to glutamate receptor activation, we decided to use PCA and cluster analysis to analyse the results, particularly so that we could understand the co-variation and interactions of any changes in the expression of the proteins. Using univariate statistical analysis, there were no significant differences in the expression of any individual protein between the bilateral vestibular deafferentation (BVD) group and the sham controls (15); however, PCA suggested that when the 1st and 2nd components were plotted against one another using a loading plot, the relationship between the expression of the different proteins had changed [see Figure 3; (6)]. Although the meaning of this shift is not easy to interpret—one of the perennial problems of PCA—this MVA revealed a change in the pattern of interaction between the different proteins which the univariate analysis could not. Note that all of the data were transformed to z scores.


[image: Figure 3]
FIGURE 3. Loading plots for the first 2 principal components for the mean normalized density of expression of NR1, NR2B, GluR1, GluR2, GluR3, CaMKII, and pCaMKII in the CA1, CA2/3, and dentate gyrus (DG) regions of the hippocampus at 6 months following sham (A) or BVD (B) surgery. Note the inverted pattern of loadings for the BVD group compared to the sham group. From Smith and Zheng (6) with permission.


Cluster analysis of the individual protein variables showed that they co-varied in a predictable way [see Figure 4; (15)]. Note again the use of z scores and the fact that the AMPA (GluR1, 2, and 3) and NMDA (NR1 and 2) receptor subunits tended to co-vary closely with one another.


[image: Figure 4]
FIGURE 4. Ward's minimal variance cluster analysis on the correlation coefficient distance for the mean normalized density of expression of NR1, NR2B, GluR1, GluR2, GluR3, CaMKII, and pCaMKII in the CA1, CA2/3, and dentate gyrus (DG) regions of the hippocampus at 6 months following BVD or sham surgery (i.e., both groups shown together). The y axis shows degrees of similarity, where 100.00 is the highest similarity and 17.88 is the lowest. Note that the NMDA receptor subunits vary together, as do the AMPA receptor subunits, as well as the CaMKII isoforms. From Smith and Zheng (6) with permission.




Multiple Linear Regression

Another area of interest for us has been the L-arginine cycle and its role in producing nitric oxide synthase, polyamines and glutamate in the brainstem vestibular nucleus and cerebellum (Figure 1). This complex pathway is involved in brain aging in the central vestibular system and has been the target for drug treatments aimed at interfering with neurodegenerative diseases such as Alzheimer's Disease (3, 4). Because these neurochemicals interact in a network, it is important to understand how each part of the system affects the other parts. We have used MLR in an attempt to predict different neurochemicals in this pathway from one another, with adjusted R2 values ranging from 0.50 (ornithine) to 0.95 (citrulline) (51). The best predictions were for citrulline (0.95), spermine (0.93) and arginine (0.92) (see Table 2). Assumptions were tested using normal Q–Q plots and residuals vs. fitted values plots, and were fulfilled. In this study, MLR was compared directly with random forest regression on the same data set (51) (see below).


Table 2. Results of the multiple linear regression analysis of the data from Smith et al. (51), showing the adjusted R2-values, the residual standard errors (RSEs) and the significant input variables.

[image: Table 2]



Random Forest Regression

Using the same data set, we found that random forest regression was also successful in predicting the neurochemical concentrations in the L-arginine pathway, with the best values for the proportion of variance explained, 0.94 (spermine), 0.92 (arginine), and 0.90 (citrulline) [see Table 3; (51)]. However, for this data set, random forest regression was somewhat less successful than MLR in predicting some of the variables (e.g., 0.27 for ornithine; see Table 3). Variable importance plots (VIPs) were obtained and Figure 5 shows the variables in order of importance for the prediction of spermine, where arginine and citrulline were clearly the most important variables (51). Figure 6 shows the degree of error in the prediction of spermine as a function of the number of trees generated. It can be seen that the error decreases rapidly after the first 150–200 trees (51).


Table 3. Results of the random forest regression models of the data from Smith et al. (51), showing the proportion of variance explained values, the residual standard errors (RSEs) and the input variables chosen using the stepwise process.

[image: Table 3]


[image: Figure 5]
FIGURE 5. Variables in order of importance for the random forest regression analysis for spermine, which had the highest proportion of variance explained (0.94). From Smith et al. (51) with permission.



[image: Figure 6]
FIGURE 6. Decrease in error as a function of the number of trees for the random forest regression model for spermine, which had the highest proportion of variance explained (0.94). From Smith et al. (51) with permission.




Linear Discriminant Analysis

We have also used linear discriminant analysis to predict the age of animals based on the concentrations of neurochemicals in the L-arginine pathway (Figure 1). This research is directly applicable to the identification of biomarkers that might be used to predict pathological changes that occur in brain aging in vestibular areas of the brain. In Liu et al. (3), we identified an LDF that could predict whether rats were young (4 months old) or aged (24 months old). The LDF based on putrescine, spermidine, spermine, citrulline, glutamate and GABA in the vestibular nucleus (note the z transformation), could predict age with 100% accuracy using cross-validation (P = 0.000, Wilks'λ). Using the cerebellum, age could be predicted with 93% accuracy (P = 0.000, Wilks'λ), using only spermine and spermidine. Similar results were reported by Liu et al. (4), who found 90% accuracy in classifying animals to the aged group based on neurochemicals in the vestibular nucleus and 80% accuracy in classifying them based on neurochemicals in the cerebellum. We have also applied linear discriminant analysis to the prediction of whether rats have had a BVD or a sham procedure based on a combination of their behavioral symptoms, such as unsupported rearing, locomotor activity in the inner vs. outer zones of the open field maze and performance in the spatial alternation in a T maze task, and found that whether the animals had received a BVD could be predicted with 100% accuracy (P = 0.000, Wilks'λ) (5). These kinds of methods may be applicable to the differential diagnosis of vestibular and auditory disorders.



Random Forest Classification

With a similar aim to the use of linear discriminant analysis to predict whether animals have BVD on the basis of their behavioral symptoms, we have also employed random forest classification using a range of symptoms measured using the Ethovision tracking system (72). For days 3 and 23 post-BVD, we found that random forest classification could predict which rats had received BVD and which were sham animals with 100% accuracy. Figure 7 shows the variables in order of importance for day 3 and indicates that the most important variables were the animals' locomotor velocity (hyperactivity is a common symptom of BVD in rats), distance moved and rotation (72).


[image: Figure 7]
FIGURE 7. Order of variable importance for the random forest classification for day 3 following BVD, showing the decrease in the accuracy of the prediction as the variables are removed. The mean decrease in Gini coefficient is an indication of the extent to which each variable contributes to the homogeneity of the nodes and leaves in the random forest. dm, distance moved nose-point; dm1, distance moved center-point; e, contracted; e1, elongation normal; e2, elongation stretched; iz, in zone outer zone, nose-point; iz1, in zone inner zone, nose-point; iz2, in zone mid zone, nose-point; iz3, in zone outer zone center-point; iz4, in zone inner zone center-point; iz5, in zone mid zone center-point; m, meander center-point; cit, center inter-transition center-point; mo, mobility immobile; mo1, mobility mobile; mo2, mobility highly mobile; mov, movement center-point/moving; mov1, movement center-point/not moving; rCCW, rotation counter-clockwise center-nose; rCW, rotation clockwise center-nose; ta, turn angle center-point; vel, velocity nose-point; vel1, velocity center-point; aav, absolute angular velocity center-point; oit, outer inter-transition center-point; rav, relative angular velocity; tr, total rotations. From Aitken et al. (72) with permission.


Ahmadi et al. (26, 27) have recently used logistic regression and random forest classification, as well as artificial neural networks, to support differential diagnosis of peripheral and central vestibular disorders in humans. In general, they observed that machine learning methods outperformed univariate scores. Karmali et al. (28) also used logistic regression to predict the probability of falling based on age and thresholds for the perception of 0.2 Hz roll head tilt.



OPLS-DA

In the context of auditory neuroscience, we have used OPLS-DA on metabolomics data from brain samples to successfully predict whether rats have been exposed to acoustic trauma or a sham procedure (35, 65). The ultimate aim here is to use metabolomic analysis of blood samples to predict whether humans might develop tinnitus or whether they might respond to particular tinnitus treatments (65). In what we believe to be the first study of its kind, we analyzed brain samples from 12 different brain regions in rats that had been exposed to either acoustic trauma or a sham procedure, and used GC-MS to isolate a total of 107 distinct peaks in the chromatogram, with 88 authentically identified as amino acids, small organic acids, carbohydrates, fatty acids, lipids and amines (see Figure 8). PCA and OPLS-DA were performed on the data. In Figure 9, each dot represents the summarized information from the 88 authentically identified molecules for a particular brain region. The distance between the dots indicates the similarity of the metabolic composition of the samples. Brain regions with similar functions appeared to have a similar metabolic composition in both sham and acoustic-trauma exposed animals. However, OPLS-DA in specific brain regions such as the auditory cortex, cerebellum, inferior colliculus, superior colliculus and vestibular nucleus, showed that the metabolic profile was separated for the sham and acoustic-trauma-exposed animals (35). This suggested that a shift in the metabolic pattern had occurred in these brain regions in the animals exposed to acoustic trauma. The associated S plots (Figure 10) indicated that potential biomarkers of acoustic trauma in these brain regions included urea, amino acids, fatty acids, sugar acids, nucleosides and organic acids, in a region-specific fashion. For example, GABA was significantly increased only in the auditory cortex. The overall impact of the acoustic trauma on brain metabolites is summarized in a pathway analysis in Figure 11 (35).


[image: Figure 8]
FIGURE 8. Typical GC/MS chromatograms of extracts from brain tissue of a sham animal. The compounds were identified as: 1. Lactic Acid, 2. Alanine, 3. Oxalic acid, 4. Valine, 5. Urea, 6. Phosphoric acid, 7. Proline, 8. Glycine, 9. Serine, 10. Threonine, 11. Malic acid, 12. Aspartic acid, 13. γ-Aminobutanoic acid, 14. Creatinine, 15. Glutamic acid, 16. Phenylalanine, 17. N-Acetylaspartic acid, 18. Hypoxanthine, 19. Citric acid, 20. Lysine, 21. Tyrosine, 22. Palmitic acid, 23. Myo-Inositol, 24. Oleic acid, 25. Stearic acid, 26. Arachidonic acid, 27. Docosahexaenoic acid, 28. Inosine, 29. Glycerol monostearate, 30. Cholesterol. From He et al. (35) with permission.



[image: Figure 9]
FIGURE 9. PLS-DA score plot of different brain regions from sham (A) and acoustic trauma (B) groups. (A) sham [PC1: R2X = 0.344, R2Y = 0.0842, Q2 =0.0726; PC2: R2X = 0.249, R2Y = 0.0525, Q2 = 0.0373; All 6 PCs: R2X (cum) = 0.84, R2Y (cum) = 0.381, Q2 (cum) = 0.286]; (B) acoustic trauma [PC1: R2X = 0.336, R2Y = 0.0759, Q2 = 0.0683; PC2: R2X = 0.307, R2Y = 0.0513, Q2 = 0.0407; All 6 PCs: R2X (cum) = 0.875, R2Y (cum) = 0. 384, Q2 (cum) = 0.325]. AC, auditory cortex; CB, cerebellum; IC, inferior colliculus; CN, cochlear nucleus; VNC, vestibular nucleus complex; SC, superior colliculus; CA1 and CA2 of the hippocampus; DG, dentate gyrus; FC, frontal cortex; PC, perirhinal cortex; EC, entorhinal cortex. From He et al. (35) with permission.



[image: Figure 10]
FIGURE 10. OPLS-DA and S-plot analysis comparing the OPLSDA scores between sham and acoustic trauma animals in different brain regions. Left panel, OPLSDA scores plots, red dots: Sham, purple dots: Acoustic trauma; Right panel, S-plots. (A,B) AC [Predictive component: R2X = 0.194, R2Y = 0.76, Q2 = 0.45; Orthogonal component 1: R2X = 0.446; All components: R2X (cum) = 0.64]; (C,D) CB [Predictive component: R2X = 0.152, R2Y = 0.973, Q2 = 0.68; Orthogonal component 1: R2X = 0.364; All components: R2X (cum) = 0.927]; (E,F) IC [Predictive component: R2X = 0.293, R2Y = 0.978, Q2 = 0.702; Orthogonal component 1: R2X = 0.417; All components: R2X (cum) = 0.905]; (G,H) SC [Predictive component: R2X = 0.238, R2Y = 0.791, Q2 = 0.691; Orthogonal component: R2X = 0.562; All components: R2X (cum) = 0.8]; (I,J) VNC [Predictive component: R2X = 0.403, R2Y = 0.779, Q2 = 0.445; Orthogonal component: R2X = 0.389; All components: R2X (cum) = 0.792]. In the right panel, the blue dots show variables with high negative magnitude and reliability scores (everything is scaled and relative) or high positive magnitude and reliability scores, i.e., potential biomarkers. AC, auditory cortex; CB, cerebellum; IC, inferior colliculus; CN, cochlear nucleus; VCN, vestibular nucleus complex. From He et al. (35) with permission.



[image: Figure 11]
FIGURE 11. Overview of the impact of acoustic trauma on brain metabolites. (A) The pathway impact of acoustic trauma on metabolites. The y axis shows the p-values and the x axis, the pathway impact values; the node color is based on its p-value and the node size reflects the pathway impact values. (B) The enrichment overview of the pathway-associated metabolite sets perturbed by acoustic trauma. From He et al. (35) with permission.





SUMMARY

Phenomena in vestibular and auditory neuroscience, as in other areas of neuroscience, almost always involve the complex interaction of multiple variables, and yet many areas of basic vestibular and auditory neuroscience, in particular, employ univariate statistical analyses almost exclusively. This may limit the ability of studies to reveal how the interactions between different variables may determine a particular outcome. We have used MVAs and data mining methods to explore the way that combinations of variables can account for neurochemical and behavioral changes following the loss of vestibular function (3–6, 15, 72, 73) and auditory function [e.g., (35, 65)]. In clinical neuroscience research, MVAs and data mining methods have been used to predict the progression of patients from one neurological disorder to another [e.g., (9, 12)] and the probability that the early adolescent use of Cannabis can lead to the development of psychotic symptoms in later life [e.g., (74)]. These methods are now in routine use in areas such as genomics, proteomics, metabolomics (10, 11), and the analysis of fMRI data [e.g., (75)]. Electrophysiological research in neuroscience is increasingly moving to the use of multi-electrode arrays using dozens or more micro-electrodes simultaneously, and in this situation one of the main objectives is to determine how different brain regions change in relation to one another, which requires MVA [e.g., (76, 77)].

MVAs and data mining methods can be applied to every aspect of vestibular and auditory neuroscience in order to gain a better understanding of the way in which networks or systems of variables affect otological function. In the search for biomarkers of SNHL, tinnitus and vestibular dysfunction, classification methods such as linear discriminant analysis, support vector machines, random forest classification, Bayesian classifiers and OPLS-DA, can be applied to behavioral, neurophysiological and neurochemical data to predict the probability of a disease or disorder developing, in order to intervene and provide treatments that will prevent or impede the pathological changes. In the context of metabolomics, MVAs and data mining methods have already been proven to be useful in the prediction of disease [e.g., (8, 9, 11–13, 78–80)]. OPLS-DA is an example of an MVA that has successfully been applied to metabolomic data in order to predict hearing loss in rats (35, 65) and may be particularly useful in the search for biomarkers of SNHL, tinnitus, and vestibular dysfunction [e.g., (81)].
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Ocular vestibular evoked myogenic potentials (oVEMPs), subjective visual vertical (SVV), and fundus photographically measured binocular cyclorotation (BCR) are diagnostic tests to assess utricular function in patients with vertigo or dizziness. In 138 patients with chronic vertigo or dizziness, we asked whether the asymmetry ratio of oVEMP (normal, right side pathological, left side pathological) could predict the SVV deviation (normal, rightward deviation, leftward deviation) or BCR (normal, cyclorotation to the right, cyclorotation to the left). There was no correlation between oVEMP and SVV and between oVEMP and BCR, while SVV and BCR correlated highly. Although both oVEMP and SVV measure aspects of utricular function, our findings demonstrate that oVEMP and SVV are not redundant and may reflect different utricular pathologies. The role of fundus photographic BCR may be relegated to only confirm unclear SVV results in vestibular diagnostic workup.

Keywords: ocular vestibular evoked myogenic potentials, subjective visual vertical, binocular cyclorotation, otolith organs, utricle, vertigo, dizziness


INTRODUCTION

In patients with vertigo or dizziness, it is common to apply a comprehensive battery of auxiliary tests that help identify underlying disorders within the vestibular labyrinth, the vestibular nerve, or central vestibular networks. These vestibular tests include assessments of both semicircular canal and otolith functions (1). Frequently used otolith tests are vestibular evoked myogenic potentials (VEMPs), subjective visual vertical (SVV), and fundus photography of static binocular cyclorotation (BCR). While VEMPs are elicited by dynamic stimulation (vibration or sound) of utricular (ocular VEMPs) or saccular (cervical VEMPs) hair cells, SVV and BCR reflect the orientation of the sensed static gravito-inertial vector relative to the head in the coronal plane (2–4). Theoretically, a global hypofunction of the utricle or its afferents on one side should lead to a reduction of ocular VEMPs (oVEMPs) on the contralateral side (crossed reflex), an ipsilateral tilt of SVV, and an ipsitorsional BCR.

Test results of oVEMPs, SVV, and BCR reflect the function of different types of hair cells situated in the utricular macula. Type 1 cells are located mainly in the striola and respond to dynamic stimulation by vibration or sound. Type 2 cells are in the peripheral zones of the macula and respond to static stimulation such as constant orientation of the gravito-inertial vector relative to the head (5). While the readout of oVEMP and BCR is eye position, SVV is a psychophysical measure of the perceived earth-vertical, which subjects indicate by orienting a luminous line in otherwise complete darkness.

It was shown that SVV tilt from true earth-vertical is largest in the acute phase of a vestibular deficit, while on subsequent measurements, SVV gradually becomes close to normal again over the course of several months (6–8). This normalization of SVV is most likely due to central compensation mechanisms (9–11). The normalization of the SVV together with the unchanged oVEMP pathology may reflect the well-known pattern that high-frequency vestibular reflexes, which are transmitted along short-latency pathways with few synapses (e.g., the head-impulse vestibulo-ocular reflex), are less compensated in the chronic stage than low-frequency vestibular reflexes (e.g., caloric nystagmus) (12).

Nevertheless, asymmetries of static utricular function might still be apparent in the chronic state: When chronic patients after vestibular neuritis with normal SVV values with the head upright are roll-tilted with their heads toward the affected ear or eccentrically rotated about an earth-vertical axis passing through the unaffected ear, SVV deviations from earth-vertical are significantly larger than in healthy subjects (13–15).

In this study, we set out to analyze the association of SVV, oVEMP, and fundus photographic BCR data in a population of unselected vertigo patients who were consecutively seen in a tertiary vertigo center. We specifically asked whether there was a direct correlation between normal and side-specific pathological SVV, oVEMP, and BCR data. We also explored whether compensated SVV and BCR together with remaining oVEMP asymmetry are common patterns in chronic vertigo patients.



MATERIALS AND METHODS


Patients

In total, 318 patients who were seen at the Center for Vertigo and Neurological Vision Disorders, University Hospital Zurich, during the years 2017 and 2018 were screened for the study. The inclusion criteria for patients were as follows: (i) complete testing of the SVV, (ii) complete testing of oVEMP, and (iii) a signed general consent form from the hospital to use their personal data for research purposes. Among them, 178 patients were excluded because of missing general consent form and two patients were excluded because of incomplete data. Then, 138 consecutive patients (mean age: 52.8 years ± 16 SD) who fulfilled the inclusion data were selected. Here, 76 (56%) patients were male, 60 (44%) female. The diagnostic workup took place in the subacute or chronic stage after the beginning of vestibular symptoms. Final diagnosis was made after taking patient history, clinical findings, diagnostic vestibular workup, and (if obtained) MRI into consideration. The most common diagnoses were vestibular schwannomas, vestibular migraines, dizziness of unknown origin, and Menière's disease (Figure 1). If patients additionally underwent fundus photography, BCR data were also included in the analysis. The protocol was approved by the Ethics Committee Zürich (BASEC-Nr. 2017-020119).


[image: Figure 1]
FIGURE 1. Distribution of diagnosis among patients who fulfilled the inclusion criteria. Others: polyneuropathy, ocular vertigo, mal de debarquement, orthostatic dizziness, cerebral bleeding, meningioma, Wernicke's encephalopathy.




Subjective Visual Vertical

SVV was measured with an in-house constructed apparatus (built and programmed by U. Scheifele). For SVV measurements, patients were asked to sit on a chair in complete darkness to exclude a visual reference for upright. All data were acquired with binocular vision. A luminous arrow was projected on a circular screen (diameter: 0.4 m) in front of the patient (distance: 1.20 m). At the beginning of every trial, the luminous arrow pointed in a random direction. Patients were then asked to move the arrow into an orientation that was perceived as the perfectly earth-vertical with the arrowhead directed upward. Patients changed the orientation of the arrow by turning on the knob of a potentiometer. By pressing a button, patients confirmed the final orientation of the arrow at the end of every trial. The difference between the perceived and the true vertical was digitally recorded. Each session consisted of six trials over which the data were averaged. Based on normative data (1.2 ± 0.4 SD), an SVV deviation of more than 2.2 degrees from true vertical was considered pathological. The sign of SVV deviations to the right was defined positive.



Ocular Vestibular Evoked Myogenic Potentials

oVEMPs were measured with a Viking V system (Nicolet Biomedical, USA) and elicited with a mini-shaker (4,810, amplifier 2,706; Bruel and Kjaer, Naerum, Denmark). Patients in supine position were visually fixing on a small object (a small model of the Earth) hanging from the ceiling (eye-to-object distance: 1.30 m). The object was positioned such that patients had to elevate the eyes by about 20 degrees relative to the straight-ahead position. The handheld mini-shaker provided bone-conducted vibration stimuli to the forehead. Here, 500-Hz stimulus vibrations with a repetition of 3.1 times per second were conducted for ~32 s. The rise/fall time was 0 ms. Muscle activity was measured with surface electrodes placed underneath each eye. Reference electrodes were placed below the active electrodes, while a grounding electrode was placed on the patient's chin. After a set of 100 repetitive stimuli, the average amplitude of the oVEMP was calculated and determined by the difference of the negative potential peak 10 ms after stimulus onset (N10) and the positive potential peak 15 ms after stimulus onset (P15). The average amplitude (A) over two sets of measurements for each eye was used to calculate the asymmetry ratio (AR) using the Jongkees formula:

[image: image]

When the response to a stimulus was absent, the size of the amplitude was defined as 0, leading to an AR of 100% to the side of the pathology. By definition, a positive value reflects a hypofunction of the right utricle. Based on normative data (15.5 ± 11% SD), AR equal to or > 30% was defined as pathological. Since all data were acquired in the subacute or chronic stage, we considered the effect of pathologies with an increase in oVEMP amplitude in the hyperacute setting [e.g., Menière's disease as described by Young et al. (16)] to have a minimal effect in our study population.



Binocular Cyclorotation

To measure the cyclorotation (CR), a non-mydriatic retinal camera was used (Topcon TRC-NW400, Japan). Fundus photographs of each eye were taken during a period of fixating a central target while the head was placed in a perfectly upright position. Using a computer program, a straight line was drawn through the center of the papilla and the macula. By measuring the angle between this line and an earth-horizontal line, the CR of each eye was determined. The BCR of the fundus was calculated using the following formula:

[image: image]

By definition, positive values represent a vestibular hypofunction of the right side. Based on normative data in the literature, a fundus rotation equal to or > 1.9 degrees from zero was defined as pathological (17).



Data Analysis

The data were extracted from the clinic information system on local hospital servers. For anonymization, the personal data of subjects were coded, and any personal data, such as names or birthdates, were not included. Results of diagnostic tests were analyzed with Pearson's chi-square test and Pearson's correlation using SPSS statistics program (IBM, Armonk, USA). Matlab (MathWorks, Natick, MA, USA) was used for age-matching, bootstrapping, and calculating mean distributions between two groups.




RESULTS


Ocular Vestibular Evoked Myogenic Potentials vs. Subjective Visual Vertical

Among the patients, 43 patients showed pathological SVV test results, 16 of them paired with pathological oVEMP asymmetries to either side. SVV was normal in 95 patients; 61 of these patients also had normal, i.e., symmetric, oVEMP. Considering the laterality of the pathology, there was no correlation (p > 0.05, Fisher's exact test; Table 1) between normal and pathological SVV and oVEMP measurements.


Table 1. Cross table of SVV and oVEMP.

[image: Table 1]

There was also no correlation between oVEMP-AR and SVV (Figure 2).


[image: Figure 2]
FIGURE 2. Scatterplot of SVV (x-axis) vs. oVEMP asymmetry ratio (y-axis). SVV, subjective visual vertical; oVEMP, ocular vestibular evoked myogenic potentials.


In a second analysis, the hypothesis of a common chronic pattern with central compensation of SVV and BCR (low frequency), but not of oVEMP (high frequency), was explored. Among the patients, two age-matched groups were selected with an iterative algorithm for minimal age difference, one group with normal oVEMP and one group with pathological oVEMP results. In the first group (oVEMP p norm), normal oVEMP would combine with pathological SVV on either the left (−1) or the right (+1) side, or with normal SVV (0). When bootstrapping the mean of this group, we would therefore expect this value to show a normal distribution around 0. The second group (oVEMP p path) contains pathological oVEMP values and the corresponding SVV values. Congruent pathological SVV values were assigned to the value +1, non-congruent SVV to −1, normal SVV to 0. Bootstrapping the mean of this second group, the normal distribution of SVV would be shifted in the positive direction, if pathological oVEMP were to show congruent pathological SVV values. Figure 3 shows that both groups (patients with normal oVEMP and patients with pathological oVEMP asymmetries) show a normal distribution around 0. Such pattern agrees with the hypothesis that SVV may become normal while oVEMP can still be asymmetric.


[image: Figure 3]
FIGURE 3. Congruency between oVEMP and SVV (upper panel, patients with normal oVEMP; middle panel, patients with asymmetric oVEMP; lower panel, difference). Groups of patients are age-matched. For each patient, a congruency value for SVV was assigned. Congruency value in patients with normal oVEMP: 0, SVV normal; 1, SVV tilted to the right; −1, SVV tilted to the left. Congruency value in patients with asymmetric oVEMP: 0, SVV normal; 1, SVV congruent with oVEMP asymmetry; −1, SVV not congruent with oVEMP asymmetry. Frequency distributions of means were obtained by bootstrapping. oVEMP, ocular vestibular evoked myogenic potential; SVV, subjective visual vertical.


The same analysis was also applied to SVV values and their corresponding oVEMP value. Again, among the patients, two age-matched groups were selected with an iterative algorithm for minimal age difference, one group with normal SVV and one group with pathological SVV results. In the first group (SVV p norm), normal SVV results would combine with pathological oVEMP on either the left (−1) or the right (+1) side, or with normal oVEMP (0). When bootstrapping the mean of this group, we would therefore expect this value to show a normal distribution around 0. The second group (SVV p path) contains pathological SVV values and the corresponding oVEMP values. Congruent pathological SVV values were assigned to +1, non-congruent SVV values to −1, and normal SVV values to 0. We expected that pathological SVV would generally combine with a congruent oVEMP asymmetry, i.e., a shift in the normal distribution of SVV p path toward 1 when compared to SVV p norm. Figure 4 shows that this shift cannot be observed; therefore, the expected congruency between pathological SVV with pathological oVEMP could not be demonstrated in our data (Figure 4).


[image: Figure 4]
FIGURE 4. Congruency between SVV and oVEMP (upper panel, patients with normal SVV; middle panel, patients with pathologic SVV; lower panel, difference). Groups of patients are age-matched. For each patient, a congruency value for oVEMP was assigned. Congruency value in patients with normal SVV: 0, oVEMP normal; 1, oVEMP tilted to the right; −1, oVEMP tilted to the left. Congruency value in patients with pathologic SVV: 0, oVEMP normal; 1, oVEMP congruent with pathological SVV; −1, oVEMP not congruent with pathological SVV. Frequency distributions of means were obtained by bootstrapping. oVEMP, ocular vestibular evoked myogenic potential; SVV, subjective visual vertical.




Binocular Cyclorotation vs. Subjective Visual Vertical

Here, 99 out of the 138 patients had also undergone fundus photography to measure BCR. Since both SVV and BCR result from a static, i.e., low-frequency, asymmetry of the utricular signals, we expected to find a direct correlation (18). Among them, 36 patients showed a pathological SVV, 19 of them also showing abnormal results in the fundus rotation. However, 63 patients had normal SVV results, 49 of them also showing normal BCR. The correlation between the SVV results and the fundus rotation was highly significant (p <0.001, Fisher's exact test; Table 2).


Table 2. Cross table of SVV and BCR.

[image: Table 2]

Figure 5 depicts the scatterplot of the significant correlation between SVV and BCR.


[image: Figure 5]
FIGURE 5. Scatterplot of SVV (x-axis) vs. BCR (y-axis). Regression line: BCR = 0.27 + 0.52 × SVV. Spearman correlation: R2 = 0.326; p < 0.001. SVV, subjective visual vertical; BCR, binocular cyclorotation.




Ocular Vestibular Evoked Myogenic Potentials vs. Binocular Cyclorotation

After finding a direct correlation between SVV and BCR, patients' oVEMP data were also compared with the BCR as a control for the initial SVV and oVEMP comparison. Here, 33 patients were measured with abnormal oVEMP, 12 of them also showing pathological fundus rotation. Of the 66 patients with normal oVEMP, 46 also measured normal fundus rotation. The direct correlation between oVEMP and BCR (taking into account the laterality of the pathology) was significant (p < 0.05, Fisher's exact test; Table 3), but with a low Cramer's index. There was no significant correlation between oVEMP and BCR, as shown in Figure 6 (Spearman-rho correlation coefficient −0.114, p = 0.261).


Table 3. Cross table of oVEMP and BCR.
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[image: Figure 6]
FIGURE 6. Scatterplot of BCR (x-axis) vs. oVEMP asymmetry ratio (y-axis). BCR, binocular cyclorotation; oVEMP, ocular vestibular evoked myogenic potential.




Diagnosis-Specific Measurements

The data were analyzed by each diagnosis separately. Here, it became apparent that for oVEMP and SVV data, there is no significant intervariability between each group and that the range of pathological measurements is large (Figures 7, 8).


[image: Figure 7]
FIGURE 7. Boxplot of oVEMP measurements for each diagnosis separately. oVEMP, ocular vestibular evoked myogenic potential; left-sided values (original data = <0) and right-sided values (original data = >0) both expressed as positive values. *Extreme value, below quartile 1 or above quartile 3.



[image: Figure 8]
FIGURE 8. Boxplot of SVV measurements for each diagnosis separately. SVV, subjective visual vertical; left-sided values (original data = <0) and right-sided values (original data = >0) both expressed as positive values. *Extreme value, below quartile 1 or above quartile 3.





DISCUSSION

This study shows that in an unselected sample of patients with vertigo or dizziness, oVEMP results (normal, right side pathological, left side pathological) were not predictive of SVV results (normal, deviated to the right, deviated to the left) or BCR results (normal, CR to the right, CR to the left). There were no correlations between oVEMP and SVV and between oVEMP and BCR. The possible chronic pattern of persistent oVEMP asymmetry and normalized (i.e., compensated) SVV, however, is compatible with our findings. Moreover, SVV and BCR results correlated highly, as it has previously been shown by Curthoys et al. (18) and Schmidt et al. (19).

Putting the study into context with previous work, Nagai et al. (20) had consistent results, not finding SVV and oVEMP results to correlate in patients with different acute pathologies of the inner ear. Ogawa et al. (21) also did not find a significant correlation in the rates of abnormal SVV and abnormal oVEMP results when examining patients over the course of 20 days after the onset of vestibular neuritis. In contrast, the study by Lin and Young (22) did find a significant correlation between SVV and oVEMP in healthy subjects as well as in patients with Menière's disease. In a 2016 conducted study, Taylor et al. (23) found concordant results between subjective visual horizontal (an alternative static test to the SVV) and oVEMP in the acute setting of vestibular neuritis in 38 patients. In the follow-up of 16 of these patients 12 month later, a similar recovery pattern was reported for the two tests (23). Because of compensation mechanisms that are more effective in static vestibular function tests, Magliulo et al. (24) postulated that oVEMP can be of better use as a prognostic parameter. A lack of correlation for oVEMP and BCR has also been described in healthy controls and in patients with vestibular neuritis by Cherchi (25) and Zalewski et al. (26).

It can be hypothesized that the incongruent SVV and oVEMP results are explained by the different functioning of the two cell types found in otolith organs, one effective for static stimulation, the other for dynamic stimulation (5, 27). This differentiation between the computation of static and dynamic vestibular signals not only applies to a peripheral level but also is of importance in central vestibular structures (28, 29). As the segregation of static and dynamic vestibular signals carries over to central structures, separate compensation mechanisms could be plausible. Further, it can be hypothesized that pathologies of the utricle could affect the two cell types differently and therefore lead to divergent results when testing the static and dynamic systems. This is supported in the findings that, in humans, the cells of the macula show different involvement after being exposed to external influences. In the study of Lyford-Pike et al. (30), it has been demonstrated that type 1 cells show greater gentamicin accumulation than type 2 cells when exposed to the antibiotic.

In our study, we examined the correlation between oVEMP and SVV in a relatively large number of patients with different diagnoses, which so far has not been reported by others. In contrast to previous studies, the laterality of SVV and oVEMP asymmetries was also taken into account, an important factor when looking for a correlation between the two tests. Moreover, the highly significant correlation between SVV and BCR results provides good evidence that BCR data can usually be used to confirm the SVV results, if they are in doubt. This of course is limited to vestibular diagnostic workup, since BCR remains an important tool in the evaluation of neuro-ophthalmological conditions (31).

The main limitation of the study lies in the singular measurement per patient. To assess the hypothesis of SVV results changing from initial pathological findings to a state of compensation, a prospective study with set examination points after a first measurement during the acute stage would be interesting, as it would give insight to changes from the acute to the chronic stages.

The findings from this study support the use of multiple vestibular tests in patients with vertigo or dizziness. We demonstrated that oVEMPs are an important expansion of the diagnostic workup for utricle function and cannot replace SVV testing. Since there is a strong correlation between SVV and BCR, BCR measurements might be of use in cases of unclear SVV results.
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OVEMP

Asymmetry to Normal Asymmetry to
the left the right
sw Tilt to the left 9% of SW (n) 9.7% @) 64.5% (20) 25.8% (8)
Normal % of SW () 22.1% (21) 64.2% (61) 18.7% (13)
Tilt to the right 9% of SW () 33.3% (4) 58.3% (7) 83% (1)

SW, subjective visual vertical; oVEMP, ocular vestibular evoked myogenic potential. Pearson’s chi-square test: not significant (o = 0.233). Fisher's exact test (33.3% of cell count <5):
5.382 (p = 0.234).
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Biomarkers used in the present study Pearsonr
Maximum support surface area 036
Time spent in the abdomen, static periods 03459
Time spent in the abdomen, dynamic periods 03542
Left circling 05592
Right circling 0.1504
Amount of energy spent to stabilize 0.1636
Body sway area —0.03676
Weight distribution on right limbs, static periods 03782
Weight distribution on left limbs, static periods ~ ~0.3782
Weight distribution on right limbs, dynamic periods 02149
Weight distribution on left limbs, dynamic periods ~0.2149

P

0.0004*
0.0008*
0.0006*
<0.0001*
0.157
0.1121
0.7309
0.0002*
0.0002*
0.042*
0.042*

The parameters tested during this study arelisted in the fist colum. In the second column
the Pearson correlation coeffcients r are listed, and in the third column their degree of
significance. The parameters in bold are those correlated with the qualitative scale (low

but significant correlations) ('p < 0.05).
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BCR

Tilt to the left Normal Tilt to the right
sw Tilt to the left 9% of SW () 51.9% (14) 44.4% (12) 3.7% (1)
Normal % of SW (n) 17.5% (1) 77.8% (49) 4.8% (3)
Tilt to the right % of SW () 0.0% (0) 55.6% (5) 44.4% (4)

SW, subjective visual vertical: BCR, binocular cyclorotation. Pearson's chi-square test: significant (o = 0.000). Fisher's exact test (33.3% of cellcount <5): 22.419, p < 0.001. Cramer
V= 0.395.
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OVEMP Asymmetry to the left 9% of VEMP () 15.8% (@) 78.9% (15) 5.3% (1)
Normal 9 of VEMP () 20.9% (14) 68.7% (46) 10.4% (7)
Asymmetry to the right 9% of VEMP () 61.5% (8) 38.5% (5) 0.0% ()

OVEMP, ocular vestibular evoked myogenic potential; BCR, binocular cyclorotation. Pearson’s chi-square test: significant (p = 0.022). Fisher’s exact test (44.4% of cells expected count

<5): 9.239, p = 0.038. Cramer V'
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Sex, female, n (%)

Age of onset, mean = SD
Bilaterality, n (%)

Classic MD, n (%)

Hearing threshold at
diagnosis (dB)*

Genetic variant
#)n=12

7(68)
53+ 11.7
0(0)
10/(83)
49+ 31.1

Genetic variant
(),n=56

31 (55)
584 11.1
509
2071
496 £24.3

p-value

0.851
0.133
0576
0.490
0.941

@ Hearing threshold was defined as four pure tone average 0.5, 1, 2, and 3kHz according

to the AAO-HNS criteria.
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Gene mRNA Protein Variant effect  Patient’s ID dbSNP EXAC MAF  gnomAD MAF In silico prediction CADD

phred score
SIFT Polyphen LRT Mutation taster FATHMM
Familial MD genes
DTNA ¢.10024A > G ) Aberrant splicing P31 1360005625 0.00018 0.00025 &) [5) [3) ) [5) 218
DTNA ©.2004G > A p.Trp698" Nonsense P-66 2} 0 0 &) 2} u D 2} 44
FAM136A  c238G>T p.Alag0Ser Missense P-29 15199565792 0.00009 0.00005 T B N N ) 18.63
DPT c16C>T p.LeusPhe Missense P13 1$192608693  0.00005 0.00003 T P D D T 16.52
MD-associated genes
PTPN22  c205A>G p.Ser69Gly Missense P26 15202095620 <0.00001 0 D D D D D 262
PTPN22  c829G>T p.GIu277* Nonsense P-60 172483511 <0.00001 0.00003 A 5 D D [5) 37
PTPN22  c.1356delT  pPhedS2Leufs'd Deletion P-65 &) 0 0 5] ) 8] 8] ) 8]
NFKB1 CA799A>C  p.GluB00Ala Missense P49 155661548 0.00031 0.00045 T B8 N D T 225
TLR2 13390 > T pAgaa7* Nonsense P-54 1562323857 000087 0.00029 8] ) N D &) 35
CXCL10 c85C>T pAg29Cys Missense P29 1511548618 000611 0.00608 D D D D T 253
MTHFR c186C> T p.Arga6Tip Missense P-5/P-35 5138189536  0.00022 0.00020 T D D D D 253
MTHFR  c742A>G p.le248Val Missense P-66 ) 0.00002 0.00003 D D N D D 225
SLC44A2 c.761G > A Pp.Arg254His Missense P-29 5] 0.00002 0.00003 D D D D T 31
NOS3 c2207G>A  pAg736Gin Missense P-60 1544887797 0.00008 0.00010 D D D D T 33
NOTCH2 ~ c.4688G >A  p.Argi563His Missense P-63 176770652 0.00002 0.00002 T B8 u D D 227

MAF, minor allele frequency; MD, Meniere’s disease.

Transcript ID: DTNA, NM_001198938.1; FAM136A, NM_032822.2; DPT, NM_001937.5; PTPN22, NM_015967.7; NFKB1, NM_003998.4; TLR2, NM_003264.4; CXCL10, NM_001565.4; MTHFR, NM_005957.4; SLC44A2,
NM_020428.4; NOS3, NM_000603.5; NOTCH2, NM_024408.4.

SIFT- D (damaging), T (tolerated); Polyphen- D (probably damaging), P (possibly damaging), B (benign); LRT- D (defeterious), N (neutral), U (unknown); MutationTaster- D (disease_causing), N (polymorphism); FATHMM:- D (deleterious),
T (tolerated).
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Gene

DTNA

DTNA

Variant

¢.1002-4A > G

©.2094G > A

FAM136A ¢.238G > T

DPT

PTPN22

PTPN22

PTPN22

NFKB1

TLR2

cxcL1o
MTHFR

MTHFR

SLC44A2

NOS3

NOTCH2

@ Odd ratios were calculated in the 95% confidence interval.

c16C>T

C.205A > G

829G >T

©.1356delT

c.1799A > C

€1339C>T

c86C>T
c136C > T

C.742A > G

©.761G > A

©.2207G > A

C.4688G > A

Frequency
of variant
in this study Odd ratio,

1/68

1/68

1/68

1/68

1/68

1/68

1/68

1/68

1/68

1/68
2/68

1/68

1/68

1/68

1/68

total®

119.24
(1.5-42.4)
5396.11
(1.7-1034.5)
233.12
(1.9-59.5)
376.81
(2.2-788)
1707.67
(2.6-246.7)
1791.13
(2.7-251.9)
5396.11
(1.7-1034.5)
70.06
(1.2-82.9)
59.18
(1.1-80.5)
359(0.3-8.8)
163.70
(25-34.2)
770.26
(2.6-1233)
1079.20
(2.7-159.4)
218,55
(1.8-58.4)
1078.80
(2.7-159.4)

p-value

0.0129

0.0006

0.0067

0.0043

0.0012

0.0011

0.0006

0.0216

0.0255

0.3427
0.0001

0.0022

0.0017

0.0072

0.0017

Adjusted
p-value®

0.1930
0.0084
0.1010
0.0646
0.0177
0.0169
0.0084
0.3241
0.3821

1.0000
0.0019

0.0336
0.0252
0.1082

0.0252

EXAC

Odd ratio, East
asian®

850 (0.6-18.9)
384.64
(0.5-328.5)
16.69 (0.6-18.9)
26.88 (0.7-25.1)
125,83 (0.9-79.5)
127.99 (0.8-80.1)
384,64
(05-3285)
5.11(0.4-10.1)

54.92 (0.8-39.2)

126,87 (0.8-79.8)
13.79 (0.8-11.8)

54.88(0.8-39.1)

7691 (09-506)

218.55 (1.8-58.4)

384.47
(05-3285)

p-value

0.1654

0.0077

0.0897

0.0584

0.0158

0.0155

0.0077

02577

0.0308

0.0156
0.0160

0.0308

0.0232

0.0072

0.0078

b p-value adjusted for multiple testing by the total amount of variants found for each gene following Bonferroni approach.
The bold values denote statistical significance at the p < 0.05 level.

Adjusted  Odd ratio, total®

p-value®

1.0000
0.1155
1.0000
0.8760
0.2370
0.2325
0.1165
1.0000
0.4620

0.2340
0.0019

0.2400
0.3480
0.1080

0.1170

87.04 (1.3-36.5)

5345.89
(1.7-1030.3)

373.78 (2.2-78.6)

692.25
@5-117.7)

5345.89
(1.7-1030.3)
684.10
@5-117.4)

5345.89
(1.7-1030.9)

49.02(1.1-27.9)

75.26 (1.3-34.0)

3.63(03-8.8)
184.44 (2.6-36.2)

593.97 (2.5-103.2)
694.64
25-117.8)

210.69 (1.8-56.5)

972.38
(2.6-152.3)

p-value

0.0174

0.0006

0.0043

0.0024

0.0005

0.0025

0.0006

0.0306

0.0201

0.3396
0.0001

0.0028

0.0025

0.0074

0.0018

gnomAD

Adjusted Odd ratio, East

p-value®

0.2610
0.0090
0.0845
0.0360
0.0075
0.0375
0.0090
0.4590
0.3015

1.0000
0.0015

0.0420
0.0300
0.1110

0.0270

asian®
6.94(0.4-12.2)
44278
(0.6-349.3)
30.90 (0.7-26.6)
57.22 (0.8-39.9)
44278
(0.6-349.3)
80.36 (0.9-51.6)
442.78
(0.6-349.3)
4.19(0.4-9.6)

49.18 (0.8-35.0)

14136 (0.9-83.6)
19.17 (0.9-13.8)

49.17 (08-35.0)

80.40 (0.9-51.6)

17.50 (0.6-19.2)

402,07
(05-334.9)

p-value Adjusted

0.1977

0.0067

0.0611

0.0296

0.0067

0.0222

0.0067

0.0141

0.0334

0.0141
0.0087

0.0334

0.0222

0.0855

0.0074

p-value®

1.0000
0.1005
0.7665
0.4440
0.1005
0.3330
0.10058
0.2115
0.5010

0.2115
0.1305

0.5010
0.3330
1.0000

0.1110
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Study

Valko et al. (32)

Priesol et al. (40)

Shayman et al. (60)

Agrawal et al. (20)

Bringoux et al. (61)
Gianna et al. (56)

Cousins et al. (58)

Cutfield et al. (59)

HIT, head impulse test; VN, vestibular neuritis

Subjects

* 3 complete bilateral loss (aged 24-58)
14 healthy controls (mean age 36, SD: 10)

4 bilateral weakness (reduced calorics,
reduced time constant)
14 healthy controls (mean age 36, SD: 10)

3 bilateral weakness (reduced calorics,
35-55 years)

13 healthy controls (23-49 years)

33 bilateral weakness (reduced calorics or
HIT, 24-83 years)

42 healthy controls (1572 years)

4 bilateral vestioular loss (37-60 years)

12 healthy controls (mean age: 29 = 6 years)
5 bilateral vestioular loss (31-64 years)

8 health controls (24-49 years)

25 VN patients, (mean age: 46)
30 healthy controls (mean age: 42)

« 12 patients with VN (mean age: 50.0)
12 healthy controls (mean age: 46.0)

Stimuli

Single cycle of sinusoidal acceleration

Single cycle of sinusoidal acceleration

Single cycles of raised cosine velocity

Raised cosine velocity profile

Tits from upright at 0.06 deg/s
Acceleration steps

Acceleration at 05 deg/s/s, increasing 0.5
deg/s/s every 3s

Acceleration at 0.5 deg/s/s, increasing 0.5
deg/s/s every 3s

Findings

* Yaw rotations (1, 2, and 5 Hz), z-translations
(03,05, 1,2, and 5Hz), y-translations (1, 2,
and 5Hz), and roll tit (0.05, 0.1, 02, 05, 1,
2,5 Hz) thresholds were significantly higher in
vestibular loss patients.

Yaw rotations at 0.2 and 0.5 Hz and
y-translations at 0.3 and 0.6 Hz could not be
completed by loss patients at the highest
level generated by the motion platform.

* Yaw rotation thresholds (0.2, 0.5, 1, 2, and
5Hz) were significantly higher in bilateral
hypofunction; y-translation: (0.3, 0.5, 1, 2,
and 5Hz) were statistically higher, however,
the effect was limited to unspecified “lower
frequencies.”

Ztransiation (0.3, 0.5, 1, 2, and 5Hz) and
roll tilt (0.06, 0.1, 0.2, 0.5, 1, 2, 5Hz)
thresholds were not significantly different
between groups.

Yaw rotation (1 Hz) thresholds were
significantly higher in patiens with

bilateral weakness.

Ztranslation (0.5 Hz), y-translation (0.5 Hz),
xtranslation (0.5 Hz) thresholds were
significantly higher in patients with bilateral
vestibular loss.

Roll and pitch titt thresholds were not
significantly different between groups.
Y-translation thresholds were not significantly
different between groups.

« Ipsiesional and contralesional yaw rotation
thresholds were significantly higher in VN
patients at acute (1-6 days) and recovered
(6-16 weeks) time points.

« Ipsilesional and contralesional yaw rotation

thresholds were significantly higher in

VN patients.
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Study

Bremova et al. (37) .

King et al. (63)

Lewisetal. (53,54)

Bednarcazuk et al. (42)

Subjects

27 Meniere’s disease (mean age: 58)
20 vestibular migraine (mean age: 40.9)
34 healthy controls (mean age: 44.6)

12 vestibular migraine (35.5 2.7 years)

12 migraine (34.0 % 3.1 years)
12 healthy control (38.1 + 3.1 years)
8 Meniere's disease

8 vestibular migraine (35.5 % 2.7 years)
8 migraine (34.0 + 3.1 years)
8 healthy control (38.1 4 3.1 years)

15 vestibular migraine (mean age, 42.0)
15 migraine (mean age: 38.7)

15 BPPV (mean age: 44.7)

15 healthy controls (mean age: 44.7)

Stimuli

Raised cosine velocity profile

Single cycle of sinusoidal acceleration

Single cycle of sinusoidal acceleration

Acceleration at 0.3 deg/s/s, increasing by
0.3 deg/s/s every 3s

Findings

* Zitranstation (1 Hz), and x-translation (1 Hz)
thresholds were significantly higher in MD in
comparison to both VM and healthy controls.
Y-transtation (1 Hz) thresholds were
significantly higher in MD in comparison to
VM, but not significantly different in
comparison to healthy controls.

Roll tilt thresholds were significantly lower
in VM patients in comparison to healthy
controls, migraine (0.03, 0.05, 0.1 Hz) and MD
(0.2Hz); no differences were seen at higher
frequencies (0.2, 0.5, 1,2, 5Hz).
Y-translation (0.2, 0.3, and 0.5 Hz) and roll
rotation (0.2 and 0.5 Hz) thresholds not
significantly different between VM, migraine,
and healthy controls.

Roll tilt thresholds (0.1 Hz) were significantly
lower in VM in comparison to migraine and
healthy controls.

Quasi-static roll ilt (constant ramp of 0.125
degfs) and rol-rotation thresholds (0.1 and

1 Hz) were not significantly different between
patients with VM and healthy controls.

* Yaw rotation thresholds were significantly
higher in VM and BPPV in comparison to
patients with migraine and healthy controls.

BPPV, benign paroxysmal positional vertigo; HIT, head impulse test; MD, Meniere’s Disease; VM, vestibular migraine; VN, vestibular neuritis.
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Study

Seemungal et al. (41)
Chang etal. (82)

Kingma (83)

Roditi and Crane (34)

Agrawal et al. (20)

Bremova et al. (37)

Bermudez et al. (37),
Karmali et al. (84), and
Beylergil et al. (85)*

Subjects

* 14 young (19-37 years)
* 9 older (56-75 years)

* 19 young (20-26 years)
* 16 older (63-84 years)

* 28 subjeots (22-60; seven/decade)

+ 16 younger adults (21-49)
* 8 older adults (50-8 years)

* 42 healthy controls (15-72 years)

* 34 healthy controls (mean: 44.6 years,
SD: 15.2)

105 subjects (18-80 years)

Stimuli
Triangular velocity profile, 10s
55 of sinusoidal rotations

Raised sinusoids (5 periods maximurm)

Single cycle of sinusoidal acceleration

Raised cosine velooity profile

Raised cosine velocity profile

Single cycle of sinusoidal acceleration

Findings

« Yaw rotation thresholds were rot significantly different
between young and older adults.

* Yaw rotation thresholds were ot significantly different
between young and older adults.

X-translation thresholds (1Hz) showed a significant
increase with age.

* Ytranslation thresholds (1 Hz) did not show a
significant increase with age.

Z-translation (0.5 and 1 Hz), y-transiation (0.5 and 1Hz)
and xctranslation (0.5 Hz) thresholds were significantly
higher in older adults compared to younger adults.
Yaw rotation (0.5 and 1 Hz) and x-translation (1 Hz)
thresholds were not significantly different between
younger and older adults,

Z-transtation (0.5 Hz), y-translation (0.5 Hz) and
x-translation (0.5 Hz) thresholds showed a significant
positive correlation with age.

Z-translation (1 Hz), y-translation (1 Hz) and
x-translation (1 Hz) thresholds showed a significant
positive correlation with age.

Ztranslation (1 Hz), y-transiation (1 Hz), and roll tit (0.2
and 1 Hz) thresholds were constant below ~42 years
of age and displayed a significant monotonic increase
between 42 and 80.

Yaw rotation thresholds (1 Hz) did not show significant
increases with age when exarined in isolation by
Karmali et al. (84).

aThe dataset in Bermudez et al. (35) was subsequently further examined by Karmali et al. (34) and Beylergil et al. (35), thus studies are summarized together.
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Supervised
Qualitative or categorical variables

Linear discriminant analysis
Logistic regression

Partial least squares discriminant analysis
Structural equation modeling

Support vector machines (DM)

Random forest dlassification (DM)

Neural networks (DM)

K nearest neighbors

Quantitative variables

Multiple linear regression

Canonical correlation analysis
Multivariate multiple regression
Structural equation modeling
Random forest regression (DM)
Gradient boosted decision trees (DM)
Neural networks (DM)

K nearest neighbors

Unsupervised

Qualitative or categorical variables
Correspondence analysis
Quantitative variables

Principal component analysis
Factor analysis

Cluster analysis
Multidimensional scaling
Ordination

“DM” denotes those methods that emerged out of dating mining research in computer
science. From Smith (31) with permission.
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GABA

R 0.811

MSE 84657

Significant predictor variables. cit
glut
spd*

*P < 0.0001, * P < 0.001,

put

0.675
0.23

om*

spd

0.861
203.29
spm
age™*

om
glut*

P < 0.05. From Smith et al. (51) with permission.

spm

0.938
34.89
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GABA

R? 0.939

MSE 27163

Most important predictor variables cit
glut
arg

From Smith et al. (51) with permission.

0.868
0.09

agm

spd

0947
77.38
spm
arg
agm

cit

spm

0.989
6.14
arg
cit

agm

arg

0.986
47.96
cit
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005
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Pt Etiology
1 SscAs
2 ACM
3 SCA
4 ca

5 CA

6  SCA1
7 ER

8 A

9 ca

10 CA

11 CA

12 CWUE
13 EA2
14 EA

15 CA

16 SCA
17 SCA
18 OPCA
19 EA

20 OVUE
21 SCA

Sex/Age

M/56
F/66
F/45
F/70
Frr2
w62
Fr22
w48
F/43
w72
[WZ4
we7
M16
w48
F/55
me6
F/48
F/56
M/63
M55
mes

SN fix

D
D+SWJ

SN
non-fix

R+D
R+D

D
D+SO

GEN

+REB)
+REB)
+(REB)
+REB)
4

¥
4
+(REB)
+REB)
4
+REB)
+
4
+(REB)

HSN

L— R+D

Max SPV/

Slow

0.0
0.0
0.0
10.4
123
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
00
0.0
0.0
0.0
0.0
0.0
0.0

Manual

Fast

145
30.0
16.0
25.7
23.1
16.2
19.8
1.6
195
26.7
359
19.4
26.1
4.6

236
222
175
9.3

6.8

56.7
5.6

TC

Slow

13
37

Fast

3.4
43
7.4
1.4
62
20
20
53
45
35
27
37
35
68
1.1
a7
27
65
33
18
27

10° /s

87
6.7
1.4
8.0
92
6.4
0.0
15.7
85
55
16.8
0.0
76
0.0
00
108
138
6.5
0

0
16.9

Max SPV
20° /s 30° /s
146 14.7
132 15.8
16.4 203
165 221
124 12.1
13 142
6.5 17.4
238 228
14.0 16.5
8.0 8.4
17.0 19.4
139 163
83 10.4
0.0 38
232 214
247 256
212 26.0
95 97
0 0
209 21.7
325 446

Rotatory chair

40° /s

165
219
182
233
135
185
2441
163
195
6.7
224
19.1
138
4.1
35.1
288
30.2
9.8
0
34.1
55.2

10° /s

s
7.7
29
23
3.0
29
4.0
26
31
1.0
36

238
23
37

14

TC

20° /s

78
41
4.0
28
49
19
3.0
32
4.0
31
28
14
33
08
36
24
42
18
27

30° /s

6.3
43
38
15
43
15
26
46
42
32
27
3.4
57
6.5
14
4.4
2]
41
18
29

40° /s

45
43
41
1.1
57
15
24
59
37
38
27
23
2.0
6.8
13
42
19
44
19
27

ACM, Amold-Chieri melformation; APAN, aperiodic altemating nystegmus; CA, cerebelar ataxia; CVUE, centrel vertigo with unknown efiology; D, downbeat nystegmus; EA, episodic ataxia; F, female; GEN, gaze-evoked nystagmus;
HSN, head shaking nystagmus; L, left beating nystagmus; M, male; Max, maximum; MSO, macro saccadic oscillation; OF; ocular flutter; OPCA, olivopontocerebeler atrophy; P, patient; R, right beating nystagmus; REB, rebound; SCA,
spinocerebellar atexia; SPV, slow phase velocity; SN, spontaneous nystagmus; SN fix, spontaneous nystagmus with visual fixation; SN non-fi, spontaneous nystagmus without visual fixation; SO, saccadic oscilltion; SWA, square wave

jerk; TC, time constant; +, present or plus; —, normal or absent; —, change to.
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Tinnitus loudness (0-100)
Tinnitus loudness (0-10)

Tinnitus awareness (0-100)

Tinnitus annoyance (0~100)

Tinnitus severty (0-5)

Tinnitus discomfort (0~10)

Tinnitus annoyance (0-10)

Tinnitus ignorabiity (0-10)

Tinnitus unpleasantness (0-10)

Mini tinnitus questionnaire (0-24; distress)

Tinnitus laterality (right/left/
left>right/right>left/ equal)

Tinnitus laterality (right/eft/
left>right/right>left/ equalinside head)

Tinnitus type (tone/noise/ crickets/other)
Tinnitus type (tone/noise/ crickets/other)

Tinnitus frequency (very
high/high/middle/low)

Tinnitus frequency (very
highvhigh/middle/low)

Mean hearing right (dB HL)
Mean hearing left (dB HL)

Visit 1

46.6 + 25.0
46+£29
62.8 + 30.1
57.4 £32.9
33+1.1
54+3.0
57+32
6234
5.7 +3.1
125+65
16/13/4/2/2

15/13/3/2/2

28/2/1/6
27/2/1/6
5/17/10/5

417/105

8232
27+25

Visit 2 (3 months)

43.7 £25.7
3929
500+ 323
49.1£355
27+1.1
44£32
41+34
4835
43+32
103£63
1410/5/6/2

na.

29/1/4/3
na.
9/16/9/3

na.

2629
23+28

Please note that for x2 statistics statistical significance means that there is no change over time.

Visit 3 (6 months)

46.5 237
3929
76.5 + 140.8
438 £31.0
25+1.1
43+£32
39+32
41+£32
38+32
93863
na.

9/11/4/4/5/2

na.
29/3/1/3

na.

5/20/8/3

na.
na.

F = 10.693; df
F = 11.816; df = 2,66; p < 0.001

Statistics

F =0.545; df
F=2581;df=
F=0872;df =
F=4981;df=

2,70;p = 0582

=2,68;p <0001

4.585; p < 0.001
X% = 40568, p < 0001

x2=17.196;p = 0.047
x? = 17.200;p = 0,053
6.355;p = 0.016

18.147; p = 0.005

T = 3.855; df = 33; p = 0.001
T = 2.890; df = 33; p = 0.007






OPS/images/fneur-11-591602/crossmark.jpg
©

2

i

|





OPS/images/fneur-11-591602/fneur-11-591602-g001.gif





OPS/images/fneur-11-591602/fneur-11-591602-g002.gif





OPS/images/fneur-11-00997/crossmark.jpg
©

2

i

|





OPS/images/fneur-11-00997/fneur-11-00997-t001.jpg
Sex (fernale/male)

Tinnitus duration (days)

Loudness hyperacusis
(never/rarely/sometimes/
usually/always)

Drinks per week

(600 beer or 250ml
wine)

Ear pressure (yes/no)

Remitted
tinnitus (n = 9)

72

478 +£12.74

2.00 £ 1.00

0.44 +£0.88

81

Chronic tinnitus
(n=40)

14/26

9.38 +£5.36

2.98+0.95

3.33+385

20/20

X = 5.490; df =
1;p=0.019
T=2501;df=
47;p=0.016
T=2764; df =
47;p = 0.008

x* = 4.587; df =
1;p = 0.033
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Domain

Agresableness

Extraversion

Conscientiousness

Openness

Neuroticism

“significance velues adjusted by Bonferroni correction for multipe tests.

Group

PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC(12)
HC(12)
PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC(12)
HC (12)

Mean

39
44
4.4
27
34
38
36
41
42
32
34
36
35
26
25

Std. Error

0.13
0.15
02
0.2
0.2
0.1
0.2
0.1
0.1
0.2
0.2
02
02
0.2
0.2

“RC-Recovered Controls (recovered vestibular patients).

PHC-Healthy Controls (non-dizzy patients).
The bold values represent stati

tically significant results.

Mean Ranks

16.63
20.2
271
13.9
205
271
14.2
220
263
17.3
109
235
268
16.4
15.1

Kruskal-Walls test Sig. (p)

0.09

0.01

0.03

0.4

0.01

Pairwise Sample

RC™-HC®
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD

sig. (p)

0.15
0.13
0.003

0.5
0.08
0.01

08
0.02
0.008

Adij. sig* (p)

0.46
0.4
0.008
1.0
023
0.03

1.0
0.05
0.02
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Q1. I am the kind of person who pays close
attention to internal bodly sensations.”

Q2. “am very sensitive to changes in my internal
body sensations.”

3. On average, how much time do you spend
each day scanning your body for sensations?

Q4. Rate how much attention you pay to each of
the following sensations using this scale:

Q4.1. heart palpitations.

Q4.2. chest pain/discomfort

Q4.3. numbness

Q4.4. tingling

Q4.5. shortness of breath/smothering

Q4.6. faintness

Q4.7. vision changes

Q4.8. feelings of unreality

Q4.9. feeling detached from self

Q4.10. dizziness

Q4.11. hot flash

Q4.12. sweating/clammy hands

Q4.13. upset stomach

Q4.14. nausea

Q4.13. choking/throat closing

“significance values adfusted by Bonferron correction for multile tests.
aRC-Recovered Controls (recovered vestibuar patients).

bHC-Healthy Controls (non-dizzy patients).
The bold values represent statis

tically significant results.

Group

PPPD (15)

RC? (12)
HCP (12)
PPPD (15)

RC (12)
HC (12)
PPPD (15)

RC (12)
HC (12)

PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC (12)
HC (12)
PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC(12)
HC (12)
PPPD (15)
RC(12)
HC (12)

Mean

6.1

35
36
55

35
40
293

6.7
92

33
29
22
35
24
13
35
23
1.4
35
17
1.7
42
28
30
36
20
14
47
29
32
31
08
08
32
o7
1.7
82
22
08
37
13
31
27
15
23
4.1
19
32
35
28
11
40
18
13

Std.
Error

05

0.9
1.0
0.7

09
12
73

36
6.1

1.0
1.0
09
1.0
1.0
0.7
1.0
0.7
08
1.0
0.6
08
11
1.0
1.0
1.0
0.7
09
08
0.8
11
09
0.4
0.8
0.9
0.3
1.0
0.5
09
0.8
1.0
0.8
1.0
09
0.8
09
0.9
0.8
1.0
0.8
1.0
07
1.0
09
0.8

Mean
Ranks

259

16.1
165
237

17.0
18.4
255

16.8
16.3

24t
20.7
17.3
23.4
19.6
16.2
229
203
16.1
239
176
175
222
183
19.0
235
19.7
16.0
235
173
183
25.1
185
15.1
246
173
17.0
30.2
16.0
11.2
229
158
206
-5 4
18.1
198
237
15.7
196
241
202
146
248
17.9
16.1

Kruskal-Wallis
test Sig. (p)

0.04

03

0.03

06

0.2

03

02

06

0.2

03

0.02

0.1

0.0

02

07

0.2

0.1

0.1

Pairwise
Sample

RC-HC

RC-PPPD
HC-PPPD
RC-HC

RC-PPPD
HC-PPPD
RC-HC

RC-PPPD
HC-PPPD

RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD
RC-HC
RC-PPPD
HC-PPPD

Sig. (p)

0.92

0.03
0.03

09

0.03
0.02

04
0.08
0.008

0.001

Adj. sig*
®)

1.0

0.08
0.1

0.09
0.07

1.0
0.2
0.02

0.002
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Q1. How much does your ilness affect your lfe? (0 = no affect at all
10 = severely affects my life)

Q2. How long do you think your illness will continue? (O = a very short time,;
10 = forever)

Q3. How much control do you feel you have over your iiness?

(0 = absolutely no control, 10 = extreme amount of control)

Q4. How much do you think your treatment can help your ilness? (0 = not
at all; 10 = extremely helpful)

Q5. How much do you experience symptoms from your ilness? (0 = no
symptoms at all; 10 = many severe symptoms)

Q6. How concerned are you about your ilness? (0 = ot at all concerned;
10 = extremely concerned)

Q7. How well do you feel you undertand your ilness? (0 = don't understand
atall, 10 = understand very cleary)

@8. How much does your iliness affect you emotionally? (0 = ot at all
affected emotionally; 10 = extremely affected emotionally)

Q9. List in rank order the three most important factors that you believe
caused your ilness

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10
Case 11
Case 12
Case 13
Case 14
Case 15

15

14

15

15

Factor 1

Blocked ears
Heart problem
Labyrinthitis
Anxiety

Grief

Gentamicin
Stress

Viral infections
Head trauma
Mother's death
Méniere's disease
Labyrinthitis

Thunderclap headaches

Mean

7.4

85

4.1

42

6.3

6.8

6.1

6.9

Factor 2

Vertigo
LowBP
Poor hearing
Depression

Tiredness
Labyrinthitis
Disastrous life
Father's cancer

Delay in BPPV treatment

Std. Deviation
26
24
40
30
29
33
32
29

Factor 3

Head injury
Anger
Anxiety

Migraines
Stress

Quit smoking
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Criteria*

Description

One or more symptoms of
dizziness, unsteadiness, or
non-spinning vertigo are present
on most days for 3 months or
more

Persistent symptoms occur
without specific provocation, but

are exacerbated by three factors:

The disorder is precipitated by
conditions that cause vertigo,
unsteadiness, dizziness, or
problems with balance including
acute, episodiic, or chronic
vestibular syndromes, other
neurological or medical ilnesses,
or psychological distress

Symptoms cause significant
distress or functional impairment
Symptoms are not better
accounted for by another
disease o disorder

Qualifiers

. Symptoms last for prolonged

(hours long) periods of time
but may wax and wane in
severity

. Symptoms need not be

present continuously
throughout the entire day

. Upright posture,
. Active or

passive motion
without regard to direction or
position, or

. Exposure to moving visual

stimuii or complex
visual patterns

. When the precipitant is an

acute or episocic condition,
symptoms  settle into the
pattern of criterion A as the
precipitant resolves, but they
may occur intermittently at
first, and then consolidate into
apersistent course

. When the precipitant is a

chronic syndrome, symptoms
may develop slowly at first
and worsen gradualy

*All five criteria A-E must be fulfilled to make the diagnosis of PPPD.
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Cases Age Sex Duration of PPPD symptoms (months) Precitipating condition Psychiatric medications
1 78 F 300 8PPV None

2 34 F 10 Vestibular neuronitis None

3 67 F 14 Vestibular neuronitis Fluoxetine

4 69 M 21 Psychological distress None

5 69 F 8 Psychological distress Sertraline

6 82 F 14 BPPV None

7 73 F 9 Gentamicin-induced vestibular failure None

8 69 F 18 Meniere's disease None

9 61 F 21 Vestibular neuronitis None

10 59 F 300 Méniere's disease Amitriptyline, duloxetine, quetiapine
1 63 F 132 Psychological distress. None

12 49 F 108 Meniere's disease None

13 a7 3 216 8PPV Fluoxetine

14 70 M 14 BPPV Sertraline

15 65 F 8 Vestibular neuronitis None

Mean 62,6 795
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References Questionnaires
(personality, tinnitus)

Anderssonetal.  HADS, ISI, FMPS
@) TRQ

Adami Dehkordi  EPQ
etal. (40) TET, TSI

Durai et al. (42) MPQ
TR

Study design

Case series
Cross-sectional

Case control
Cross-sectional

Case control
Cross-sectional

Gerberetal. (43)  MMP, scaling method to  Case series

assess severty of stress

events by Homes and
Rahe

26-item questionnaire
designed to obtain a
subjective measure of
tinnitus severity

(not validated)
Langguthetal.  NEO-FFI, BDI
(@4) THLTQ

McCormack etal. ~ EPI-Neuroticism

(49) Single question
concerning
tinnitus annoyance

Meric etal. (46)  French short MMPI
TRQ, THQ, STSS scale

Salviati et al. (47) VRS, SCLO0-R, TCI
THI

Strumila et al. (48)  HADS, short version of
Big Five Personality
Dimensions Scale and
sociodemographic
questions
THI, VAS of
tinnitus severity
Weber otal. (49)  FPI-R, BDI
TQ

Welch and Dawes  MPQ

(50) Single question
concerning
tinnitus annoyance

Cross-sectional

Case series
Cross-sectional

Cohort
Cross-sectional

Case series
Cross-sectional

Case series
Cross-sectional

Case series
Cross-sectional

Case series
Cross-sectional

Cohort
Cross-sectional

Study population

Tinnitus patients visiting
the Audiology
Department

Patients with idiopathic
tinnitus from the ENT
Department and
matched, healthy
non-tinnitus volunteers
from patients’ family
Tinnitus sufferers
recruited from the
University of Auckland
Tinnitus Research
Volunteer Database
Non-tinnitus sufferers
recruited via the
University of Auckland
Hearing and Tinnitus
database, posters, and
social media

Male tinnitus patients
referred to the Audiology
Ciinic with subjective
tinnitus as a primary
complaint

Patients with tinnitus for
atleast 6 months, visiting
the Tinnitus Clinic

Tinnitus, and non-tinnitus
participants, aged 40 to
69 years, recruited from
the UK Biobank Dataset
Tinnitus patients visiting
the ENT Department

Tinnitus patients from the
Tinnitus Center of the
Department of Sense
Organs

Tinnitus sufferer recruited
via internet

Adult, tinnitus patients
visiting the ENT
Department

Tinnitus and non-tinnitus
participants born
between April 1972 and
March 1973 from a birth
cohort of Dunedin (New
Zealand's South Island)

Sample
number
(Tinnitus
number)

256 (256)

66(33)

215 61)

45 (45)

72(72)

172.621
(27.964)

281 (281)

239 (239)

212 212)

121(121)

970 (437)

Outcomes

Severity of tinnitus was correlated with Concern over
Mistakes, Personal Standardis, Parental Expectations,
Parental Criticism, Doubts about Action and
Organization (o < 0.05)

No associations between the TS|, the 1-10 Tinnitus
Scale Score and any of the personality traits were found

Within tinnitus sufferers, stress reaction scores were
negatively correlated with constraint (r = —0.365, p
0.004) and social closeness/positive emotionality (- =
~0.296, p = 0.02) and positively correlated with
alienation scores/negative emotionality (- = 0.408, p
=0.001)

Total TFI scores was significantly negatively correlated
with social closeness (- = ~0.312, p < 0.001)

The tinnitus group had lower levels of self-control scores
4.15) and social closeness scores
57) than controls (respectively,
mean = 13.76, SD = 8.26; mean = 10.11, SD = 4.06)
and higher alienation scores (mean = 3.48, SD = 3.87)
than controls (mean = 10.11, SD = 4.06)

Severity of tinnitus was not refated to stress events or
differences on the MMPI profiie

High tinnitus handicap was correlated with low
agreeableness (o = 0.003), but not with neuroticism,
extraversion, openness, and conscientiousness

High tinnitus severity was correlated with high
neuroticism (o = 0.028), but not with extraversion,
openness, agreeableness, and conscientiousness
Neuroticism had a stronger association with bothersome
tinnitus [4.11 (OR 95% CI 3.69-4.58); p < 0.001] than
tinnitus presence [OR 2.11 (95% C1 2.00-2.22);p <
0001)

Increasing tinnitus impact and handicap were correlated
with paranoia, psychasthenia, schizophrenia, and
hypochondriasis (o < 0.0001). No association was
present for mania

Tinnitus handicap was associated with all
psychopathological dimensions (somatization,
obsessive-compulsive, anxiety, depression, sensitivity,
hostility, phobic anxiety, paranoid ideation, psychoticism;
p <0.001)

Harm avoidance and self-directedness were also

correlated with tinnitus handicap (o < 0.004), but not

with reward dependence (o = 0.88), novelty seeking (o

.90), persistence (o = 0.70), cooperativeness (o =

0.32), and seff-transcendence (p = 0.21)

Tinnitus severity was not correlated with personalty traits

fin mean (SD)J:

- Extraversion mean 26.49 (5.13)

- Agreeableness 26.46 (5.13)

- Consciousness 26.33 (4.02)

- Neuroticism 18.55 (5.45)

- Openness 21.39 (6.32)

Based on tinnitus severity, patients differed in

- Life satisfaction (F = 5.497; p = 0.001), lower if

increasing severity

Excitabilty (F = 5.151;

severity

- Aggressiveness (F = 3.483; p = 0.018), higher if
increasing severity

- Stress (F = 10.846; p < 0.001), higher f increasing
severity

- Physical complaints (F = 12.876; p < 0.001), higher if
increasing severity

- Health concems (F = 8.610; p = 0.015), higher if
increasing severity

- Emotionality (F = 12.708; p < 0.001), higher if
increasing severity

Based on amount of tinnitus, personality differed

significantly:

Positive emotionality [Fizaze) = 3.675; p = 0.026]

- Social closeness lower in groups with more tinnitus
[Freose = 13242 p < 0.001)

- Well-being, social potency, and achievement did

not differ Negative emotionalty [Fizsae = 12.810; p

<0.001]

Stress reaction [Fipgse) = 9.144, p < 0.001] higher in

groups with more tinnitus

Allenation higher in groups with more tinnitus (Wald =

12.206; p<0.001)

- Aggression did not differ Constraint [Fipse = 5.516; p
=0004)

- Self-control lower in groups with more tinnitus [F(2.946)

= 4.752; p = 0.009]

Harm avoidance or Traditionalism did not differ Based

on the annoyance of tinnitus, personality

differed  significantly: Positive emotionality [F(z.4z¢)

=3010, p = 0.050]

- Social closeness lower in patients more tinnitus distress
[Feazy = 3.471: p = 0.032)

- Well-being lower in groups with more annoyance (Wald
=6579,p=0.010)

- Social potency or achievement did not differ Negative
emotionality [F(s,42¢) = 6.039, p = 0.003) higher in
groups with more annoyance. Annoyance was not
related to constraint [Fp.424 = 1.722, p = 0.180].

= 0.002), higher if increasing

Secondary outcome on tinnitus distress, annoyance, or severity on personality characteristics in tinnitus patients per publication (first author, year of publication). Per publication, the
used tinnitus and personality questionnaires used are depicted; if underiined, they assessed personality traits. Study design and information on the included populations are shown. The
outcomes show results of tinnitus distress in relation to personality traits in tinnitus patients. BDI, Beck Depression Inventory; EPI, Eysenck Personality Inventory; EPQ, Eysenck Personality
Questionnaire; FMPS, Frost Multidimensional Perfectionism Scale; FPI-R, Freiburger Personlichkeitsinventar; HADS, Hospital Anxiety and Depression Scale; ISI, Insomnia Severity Index;
MMPI, Minnesota Multiphasic Personality Inventory; MPQ, Multidimensional Personalty Questionnaire; NEO-FFI, NEO Five-Factor Inventory; SCL-90-R, Symptom Checkist-90-Revised;
STSS, Subjective Tinnitus Severity Scale; TCI, Temperament and Character Inventory; TET, Tinnitus Evaluation Test; TFl, Tinnitus Functional Index; THI, Tinnitus Handicap Inventory;
THQ, Tinnitus Handicap Questionnaire; TQ, Tinnitus Questionnaire; TRQ, Tinnitus Reaction Questionnaire; TSI, Tinnitus Severity Index; VAS, Visual Analog Scale; VRS, Stress-Related

Vulnerability Scale.
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FFM Association between tinnitus distress and personality

Positive association Negative association No association found
Neuroticism Neuroticism (44)'(45) Neuroticism (48)*
Positive emotionality (42, 50) Neuroticism (40)
Negative emotionality (42) Hypochondia (43)
Parental criticism (41) Depression (43)
Concerns over mistakes (41) Psychasthenia (43)
Hypochondriasis (46)
Depression (46)

Psychasthenia (46)
Harm avoidance (47)
Self-directedness (47)
Life satisfaction (49)
Excitabity (49)

Strain (49)
Somatic complaints (49)
Emotionalty (49)
Extraversion Aggressiveness (49) Social introversion (46) Extraversion (44, 48)"
Social closeness (50) Extraversion (40)
Positive emotionality (42, 50) Social introversion (43)
Wellbeing, social potency, achievement (50)
Openness Constraint (50) Masculinity/Femininity (46) Openness (44, 48)"
Parental criticism (41) Harm avoidance and traditionalism (50)
Doubts about Action (41) Masculine/feminine (43)
Agreeableness Parental expectations (41) Agreeableness (48)" Psychoticism (40)
Negative emotionality (42) Agreeableness (44)°
Negative emotionality
Paranoia (46)
Aggressiveness (49)
Paranoia (43)
Consciousness Personal standards (41) Consciousness (44, 48)* Psychoticism (40)
Doubts about action (41) Constraint (42) Positive emotionalty (50)
Positive emotionality (42) Harm avoidance and traditionalism (50)
Self-control (50) Psychopathic deviate (43, 46)

*Personality traits as measured using the FFM personality traits. Other personality traits are “translated” according to Table 2 and clustered under the corresponding FFM personality traits.
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Inclusion criteria

Studies that correlated tinnitus distress with personality characteristics
Participants =18 years of age

Exclusion criteria

Studies that correlated tinnitus with psychiatric disease or pathological
personality

Studies on personality characteristics in patients with hearing loss, dizziness, or
chronic disease

Validation studies of a questionnaire
Reviews or case reports
Studies investigating a therapy for tinnitus
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Questionnaire

EPI-Neuroticism
EPQ
FMPS

FPI-R

MMPI

TCI

FFM
neuroticism

Neuroticism
Neuroticism
Mistakes, standards,
parent criicism

Life satisfaction (R)
Excitabilty

Strain

Somatic complaints.
Emotionaliy
Hypochondriasis
Depression
Psychasthenia

PEM (R), NEM

Harm avoidance
Self-directedness (R)

FFM
extraversion

Extraversion

Inhibitediness (R)
Extraversion
Achievement
orientation
Aggressiveness

Social introversion (R)

PEM (R)

Harm avoidance (R)
Persistence

FFM
openness

Parent criticism,
doubts

Openness

Mascuiine/feminine (R)

Constraint (R)
Self-transcendence

FFM
agreeableness

Psychoticism (R)
Parent expectations (R)

Social orientation
Aggressiveness (R)

Paranoia (R)

NEM (R)
Cooperativeness
Reward Dependence

FFM
conscientiousness

Psychoticism (R)
Standards (R),
doubts, organization
Need for
achievement

Psychopathic
deviate (R)

PEM, constraint
Self-directedness
Persistence
Novelty Seeking (R)

References

@9)
@9)
@3)

(36)

@©7)

(26)
8,81

Different personaty questionnaires and their domains were compered and correlated to the personality traits of the FFM. Reverse correlations are depicted by (). EP, Eysenck
Personzlity Inventory; EPQ, Eysenck Personalty Questionnaire; FMPS, Frost Mulicimensional Perfectionism Scale; FPI-R, Freiburger Personlichkeitsinventar; MMP, Minnesota
Multiphasic Personality Inventory; MPQ, Multidimensional Personality Questionnaire; NEM, Negative Emotionaliy superfactor; TC, Temperament and Cheracter Inventory; PEM, Positive
Emotionality superfactor.
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References Selection Comparability Outcome  Total number of

(Max. *")  (Max.*)  (Max. ™) stars®
Adami Dehkordi -
etal. (409
Andersson et al. - .
(1)
Durai et al. (42)* - .
Gerber et al. (43) . -
Langguth et al. - .
(44
McCormack et al.
(49)
Meric et al. (46) - - .
Salviati et al. (47) - .
Strumila et al. (48) - .
Weber et al. (49) - .
Welch and =
Dawes (50)

aNewcastle-Ottawa Quality Assessment Scale for case-control studies was used.
b A maximum of nine stars could be eamed in total and implies the lowest Risk of Bias.
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Variable

Movement
Mobility state

Mobilty state

Mobility state

Mobilty state

Acceleration state (body)
Acceleration state (head)
Positive acceleration

Negative acceleration

Relative body angle

Velocity (head)

Cephalic nystagmus (bobbing)
Distance moved

Velocity (body)

Body axis rotation CW

Body axis rotation COW

Body points rotation CW
Body points rotation COW
Absolute meander

Body point

Center point

Whole body

Whole body

Whole body

Whole body

Center point

Nose point

Center point

Center point

Center, nose and tail base point
Nose point

Nose point

Center point

Center point

Genter to nose point
Center to nose paint
Center point

Center point

Center point

Filter—segment

No fiter—all data
No filter—all data

No fiter—all data

No filter—all data

No fitter—all data

No filer—al data

No filter—all data

No filer—all data

No filter—all data
MDM—all data
MDM—all data
MDM—all data
MDM—when moving
MDM—when moving
MDM—when moving
MDM—when moving
MDM—when moving
MDM—when moving
MDM—when moving

CW, clockwise (contralesional)®; CCW, counterclockwise (ipsilesional); MDM, Minimal Distance Moved.

Measurement

Duration not moving
Duration highly mobile

Duration mobile

Global mobilty (sum of Highly mobile and Mobile)
Duration Immobile

Frequency for High and Low Accelerations
Frequency for High and low Accelerations.

Mean

Mean

Mean

Mean and Maximum

Frequency of velocity for the nose point = 100 crvs
Total

Mean and Maximum

Frequency

Frequency

Frequency

Frequency

Mean

Unit

%

%

om/s?

cm/s?

cm/s

cm
cm/s

°/em
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