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Autoimmune hearing loss (AIHL) is a clinical disease and may involve the deposition
of immune complexes in the labyrinth vessels, the activation of the complement system,
the functional alteration in T-cell subpopulations, or an inflammation process in the in-
ner ear [1]. The diagnosis AIHL is still unclear and there are no serologic or radiologic
criteria for its identification. When initially described, AIHL was recognized as always
being both bilateral and progressive [2]; however, AIHL may involve only one ear [3]
and a significant proportion of patients with AIHL may experience a sudden onset of
symptoms [4,5]. Moreover, positive response to steroid administration was considered as a
clinical prerequisite for AIHL [2]; nevertheless, less than half of patients respond favorably
to steroid therapy [5,6] and, over time, a progression of hearing loss has been observed.

Different pure-tone audiogram shapes in patients with AIHL have been recorded,
including down-sloping (which is the most frequent), up-sloping, flat, cookie-bite, and
inverse cookie-bite shapes; almost half of cases have moderate hearing loss [1,5]. AIHL is
a long-standing disease with relapses and is more commonly observed after unilateral or
bilateral sudden hearing loss [7].

Immunologic laboratory tests should be performed in every patient with suspected
AIHL, such as complete blood count, erythrocyte sedimentation rate, antinuclear antibodies
(ANA), antineutrophil cytoplasmic antibodies (ANCA), anticardiolipine/antiphospholipid
antibodies, rheumatoid factor, immunoglobulines IgG, IgM, IgA, complement factors C3,
C4, and anti-cochlin/anti-β-tubulin antibodies [8].

Genetic factors such as the human leukocyte antigen (HLA) system should also be
investigated for AIHL. The haplotypes HLA B27, B35, B51, C4, C7, and A1-B8-DR3 have
been reported as prognostic markers for the development of AIHL [9,10]. In a recent
study [11], HLA DRB1*04 alleles were recorded at higher proportions compared with the
healthy control group; HLA–DRB1*04 alleles were found to be strongly associated with
Vogt–Koyanagi–Harada disease, which is an autoimmune disease that also affects the inner
ear [12]. Moreover, HLA–DRB1*04 alleles, such as DRB1*0401, DRB1*0404, DRB1*0405,
and DRB1*0408, have been reported to be highly expressed in patients suffering from
rheumatoid arthritis [13]; finally, HLA DRB1*04, as a poor prognostic marker, was found
at high frequency in patients with sudden sensorineural hearing loss and no satisfactory
response to steroid treatment [14].

Presence of other autoimmune diseases should be investigated as potential clinical
clues for AIHL in patients who have complained of progressive hearing loss or recurrent
sudden hearing loss. Hashimoto’s thyroiditis is an autoimmune disorder that can cause
hypothyroidism and in which significant increases in thyroid peroxidase antibody (anti-
TPO) and thyroglobuline antibody (anti-Tg) have been found in a patient with AIHL [15].
In our study [5], we noted that Hashimoto’s thyroiditis was very commonly associated with
patients suffering from AIHL; 13 (24.5%) out of 53 patients with AIHL had concomitant
Hashimoto’s thyroiditis. It has been shown that, in Hashimoto’s thyroiditis, the number
of T-regulatory (Treg) cells are reduced, and their function is defective, resulting in their
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limited downregulating effect against the ongoing autoimmune process and leading to
extensive defects in the inner ear [16]. Close monitoring of hearing is recommended in the
treatment of these patients with Hashimoto’s thyroiditis using a thorough audiometric test
battery at least once a year.

In conclusion, this Special Issue gives new insight into the immune-mediated patho-
physiologic mechanisms involving the inner ear. Specialized laboratory tests and an
extended audiological test battery to identify underlying autoimmune process will be
reported. Management of AIHL associated with other systemic autoimmune disorders
will be discussed and new therapeutic protocols will be evaluated. Multicentric studies
and collaboration are required to establish diagnostic criteria and therapeutic guidelines.
Assessing the current knowledge and elucidating the effect of autoimmunity on the cochlea
will help us to promote our understanding of this complex clinical disorder.
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Abstract: The prevalence of sensorineural hearing loss has increased along with increases in life
expectancy and exposure to noisy environments. Metabolic syndrome (MetS) is a cluster of co-
occurring conditions that increase the risk of heart disease, stroke and type 2 diabetes, along with
other conditions that affect the blood vessels. Components of MetS include insulin resistance, body
weight, lipid concentration, blood pressure, and blood glucose concentration, as well as other features
of insulin resistance such as microalbuminuria. MetS has become a major public health problem
affecting 20–30% of the global population. This study utilized health examination to investigate
whether metabolic syndrome was related to hearing loss. Methods: A total of 94,223 people who
underwent health check-ups, including hearing tests, from January 2010 to December 2020 were
evaluated. Subjects were divided into two groups, with and without metabolic syndrome. In addition,
Scopus, Embase, PubMed, and Cochrane libraries were systematically searched, using keywords
such as “hearing loss” and “metabolic syndrome”, for studies that evaluated the relationship between
the two. Results: Of the 94,223 subjects, 11,414 (12.1%) had metabolic syndrome and 82,809 did not.
The mean ages of subjects in the two groups were 46.1 and 43.9 years, respectively. A comparison of
hearing thresholds by age in subjects with and without metabolic syndrome showed that the average
pure tone hearing thresholds were significantly higher in subjects with metabolic syndrome than
in subjects without it in all age groups. (p < 0.001) Rates of hearing loss in subjects with 0, 1, 2, 3, 4,
and 5 of the components of metabolic syndrome were 7.9%, 12.1%, 13.8%, 13.8%, 15.5% and 16.3%,
respectively, indicating a significant association between the number of components of metabolic
syndrome and the rate of hearing loss (p < 0.0001). The odds ratio of hearing loss was significantly
higher in subjects with four components of metabolic syndrome: waist circumference, blood pressure,
and triglyceride and fasting blood sugar concentrations (p < 0.0001). Conclusions: The number
of components of the metabolic syndrome is positively correlated with the rate of sensorineural
hearing loss.

Keywords: metabolic syndrome; sensorineural hearing loss

1. Introduction

Sensorineural hearing loss is an important public health problem whose prevalence
has increased as life expectancy has become longer [1]. For example, the Global Burden of
Disease Study reported that the prevalence of hearing loss increased from 14.33% in 1990
to 18.06% in 2015 and that hearing loss is the fifth most frequent cause of disability in both
developed and developing countries [2]. Approximately 50% of people aged over 70 years
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and 80% of those aged over 85 years experience hearing loss, which affects their ability to
communicate and their social lives [1]. The pathophysiological mechanisms of hearing loss
are complex, although several risk factors have been reported to contribute to hearing loss,
including genetic factors, inflammatory processes, systemic diseases, noise, medications,
oxidative stress, and aging [3].

Metabolic syndrome is a disease that includes hypertension, central obesity, hyper-
lipidemia, and diabetes [4]. Metabolic syndrome was found to be associated with various
clinical conditions, including stroke, myocardial infarction, death from cardiovascular
disease, and diabetes [5,6]. Studies have recently reported that metabolic syndrome may be
associated with hearing loss [3,7–12]. Using health examination data, this study therefore
investigated the relationships between metabolic syndrome and hearing loss. In addi-
tion, studies published on this relationship were subjected to comparative analysis and a
systematic review.

2. Materials and Methods

2.1. Study Population

This study included a total of 94,223 people, ranging in age from their 20s to their
70s, who underwent health checkups, including hearing tests, at a tertiary university
hospital from January 2010 to December 2020. Height, weight, body mass index, waist
circumference and blood pressure (both systolic and diastolic) were measured in all subjects,
and all subjects underwent hearing and blood tests and pulmonary function tests (PFT).
Subjects without hearing test results and those with a ≥ 20 dB difference between the two
hearing thresholds, a history of surgery for otitis media, or suspected central disease were
excluded. The study protocol was approved by the Institutional Review Board of Kyung
Hee University Medical Center (KMC 2019-07-065).

2.2. Definition of Metabolic Syndrome

The criteria for metabolic syndrome were defined according to the revised National
Cholesterol Education Program Adult Treatment Panel III: [13] (1) waist circumference
(WC) > 90 cm for men or > 80 cm for women, (2) fasting blood sugar > 100 mg/dL or
a diagnosis of diabetes, (3) BP >130/85 mmHg or a diagnosis of high blood pressure,
(4) triglyceride concentration > 150 mg/dL, and (5) high-density lipoprotein-cholesterol
(HDL-C) < 40 mg/dL for men or < 50 mg/dL for women. Subjects with three or more of
these five factors were defined as positive for metabolic syndrome.

2.3. Hearing Test

Hearing threshold tests were performed at frequencies of 500, 1000, 2000, 3000, 4000,
and 6000 Hz, measured in that order, followed by a retest at 1000 Hz, with air conduction
measured at a frequency of 500 Hz. Pure tone audiometry was performed using the
standard hexadecimal method, by measuring the air conduction values of each ear at four
frequencies (500, 1000, 2000, and 4000 Hz) and calculating their sum using the equation:
(500 Hz + 2 × 1000 Hz + 2 × 2000 Hz + 4000 Hz)/6 [14–17].

2.4. Research on Hearing Loss and Metabolic Syndrome

To systematically review the results of studies on the correlation between hearing loss
and metabolic syndrome, the Scopus, Embase, PubMed, and Cochrane library databases
were searched using the keywords “hearing loss” and “metabolic syndrome”. A total of
1373 papers were identified initially, including 390, 612, 364, and seven, respectively, in
these databases. Of these, 1300 papers were excluded due to lack of relevance in the title,
and an additional 44 papers were excluded due to duplication of papers. Of the 29 papers
reviewed in full, 17 were included in the systematic analysis (Table 1).
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Table 1. Studies assessing the association between hearing loss and metabolic syndrome.

Author (Year) Study Design N Age (Years)
Associated
Variables

Conclusions

Kang S.H. et al.
(2015) [9] Cross-sectional 16,554

50.4 ± 16.6
(men)

49.2 ± 16.4
(women)

MetS or
CKD/Hearing

thresholds

MetS is associated with hearing
thresholds in women; and CKD is

associated with hearing thresholds in
men and women. Subjects with MetS or

CKD should be closely monitored for
hearing impairment.

Sun Y.-S. et al.
(2015) [3] Cross-sectional 2100 ≤65 MetS compo-

nents/SNHL

Significant associations between the
number of components of metabolic

syndrome and hearing thresholds in US
adults, with the strongest association
between low HDL and hearing loss.

Kang S.H. et al.
(2015) [18] Cross-sectional 8198 54.7 ± 9.9 WHR/HL

WHR may be a surrogate marker for
predicting the risk of hearing loss

resulting from metabolic syndrome.

Bener A. et al.
(2016) [19] Cross-sectional 459 20–59 DM, HTN/HL

Adults with DM and hypertension
showed greater hearing impairment in a

highly endogamous population.
Diabetic patients with hearing loss were

likely to have high blood glucose and
other risk factors like hypertension,

retinopathy, nephropathy, and
neuropathy.

Kim S.H. et al.
(2016) [20] Cross-sectional 61,052

42.33 ± 7.49
(normal)

49.89 ± 9.32
(HL)

BMI/HL
Underweight and severe obesity were

associated with an increased prevalence
of hearing loss in a Korean population.

Kang S.H. et al.
(2016) [21] Cross-sectional 7449

53.2 ± 10.7
56.7 ± 11.0
59.8 ± 10.8

HbA1c/HL
HbA1c level was associated with

hearing impairment in nondiabetic
individuals.

Lee H.Y. et al.
(2016) [22] Retrospective 16,779 ≥19 MetS compo-

nents/SNHL

Metabolic syndrome itself was not an
independent risk factor for hearing
impairment. Among its individual
components, only increased fasting
plasma glucose was independently

associated with hearing impairment.

Aghazadeh-Attari J.
et al.(2017) [12] Cross-sectional 11,114 20–60 MetS compo-

nents/SNHL

Possible associations between different
components of MetS (obesity,

hypertension, hypertriglyceridemia,
high fasting glucose levels, and waist

circumference) and SNHL in a
population of West Azerbaijan drivers.

Jung D.J. et al.
(2017) [23] Cross-sectional 18,004 >40 TG/HDL

ratio/SNHL

High TG/HDL-C ratio was associated
with hearing impairment in a Korean

population

Nwosu J. N. et al.
(2017) [24] Case-control 416 26–80 years DM/HL

High prevalence of hearing loss among
diabetic adults at University of Nigeria
Teaching Hospital, Enugu. Hearing loss
was predominantly sensorineural and

often mild to moderate in severity.

Lee Y. et al.
(2017) [25] Retrospective 2602 57.6 ± 7.3

Factors relevant
abdominal fats

(FRAs)/
Age-related
hearing loss

(ARHL)

FRAs were associated with
frequency-specific hearing losses
according to sex. DM and visceral

adipose tissue (VAT) are particularly
important role for hearing.

7
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Table 1. Cont.

Author (Year) Study Design N Age (Years)
Associated
Variables

Conclusions

Kim T.S. et al.
(2017) [8] Prospective 1381 >50

MetS components/
age-related hearing

impairment
(ARHI)

MetS is associated with age-related
hearing impairment in women aged ≥

50 years. At 5-year follow-up,
high-frequency hearing loss tended to

be greater in women with than without
MetS, suggesting the need for hearing
evaluation in older women with MetS.

Han X. et al.
(2018) [7] Cross-sectional 18,824

61.1 ± 7.6
66.6 ± 7.2
71.0 ± 7.7

MetS compo-
nents/SNHL

MetS, including its components central
obesity, hyperglycemia, and low HDL-C

levels, is positively associated with
hearing loss.

Jung D.J. et al.
(2019) [11] Cross-sectional 17,513,555 >40 MetS compo-

nents/SNHL

Among the components of MetS, low
HDL and high TG levels were especially

associated with hearing loss. Rather
than assessing MetS, each MetS
component should be evaluated

individually.

Shim H.S. et al.
(2019) [10] Cross-sectional 28,866 all age groups MetS compo-

nents/SNHL

MetS may be associated with hearing
loss, especially in subjects who meet

four or five of the diagnostic criteria for
MetS.

Hu H. et al.
(2020) [26] Prospective cohort 48,549 20–64

BMI
(w/o Waist circum-

ference)/SNHL

Overweight and obesity are associated
with an increased risk of hearing loss,
with metabolically unhealthy status

conferring an additional risk.

Kim J. et al.
(2021) [27] Cross-sectional 10,356 40–80 MetS

components/HL
MetS is associated with high-frequency
hearing loss in subjects exposed to noise.

Abbreviations: MetS, metabolic syndrome; CKD, chronic kidney disease; SNHL, sensorineural hearing loss; HL, hearing loss, DM, diabetes
mellitus; HTN, hypertension; BMI, body mass index; WHR, waist hip ratio; HDL, high density lipoprotein; TG, triglyceride.

2.5. Statistics

Subjects were divided into two groups, those with and without metabolic syndrome,
for analysis of clinical results, and into six groups by age, 20s, 30s, 40s, 50s, 60s, and 70s
and over, for analysis of average hearing threshold and degree of hearing loss. To evaluate
risk factors related to hearing loss, subgroups were classified according to the number
of factors corresponding to the diagnostic criteria for metabolic syndrome. Continuous
variables were compared by t-tests and categorical variables by chi-square tests and Fisher’s
exact tests. Normal and adjusted odds ratios (ORs) of the relationships of hearing loss
with age and number of factors of metabolic syndrome were analyzed by univariate and
multivariate logistic regression analyses. All statistical analyses were performed using
IBM SPSS version 22 (IBM Corp., Armonk, NY, USA), with p values < 0.05 defined as
statistically significant.

3. Results

Of the 94,223 subjects, 11,414 (12.1%) had metabolic syndrome and 82,809 (87.9%)
did not. The mean ages of these two subgroups were 46.1 and 43.9 years, respectively.
Of the 11,414 subjects with metabolic syndrome, 8255 (72.3%) were men, whereas, of
the 82,809 subjects without metabolic syndrome, 45,200 (54.5%) were men, making the
percentage of men significantly higher in subjects with metabolic syndrome (p < 0.001).
Waist circumference, BP, and triglyceride and fasting blood glucose concentrations were
all significantly higher in subjects with metabolic syndrome than in subjects without it.
(p < 0.001) (Table 2).
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Table 2. Demographic characteristics of study subjects.

Non-MetS MetS
p-Value

n or Mean % or SD n or Mean % or SD

Age 43.91 9.42 46.12 9.30 <0.0001 *,a

Sex
Male 45,157 (54.53%) 8253 (72.31%) <0.0001 *,b

Female 37,652 (45.47%) 3161 (27.69%)
Waist circumference 82.00 7.86 93.40 8.15 <0.0001 *,a

Systolic blood pressure 116.39 11.18 127.91 11.97 <0.0001 *,a

Diastolic blood pressure 70.96 8.99 79.11 9.29 <0.0001 *,a

HDL 61.84 15.62 45.79 11.83 <0.0001 *,a

TG 107.12 64.92 233.77 141.82 <0.0001 *,a

FPG 90.89 14.14 109.39 28.33 <0.0001 *,a

BMI 23.26 3.00 27.50 3.24 <0.0001 *,a

Abbreviations: MetS, metabolic syndrome; Non-MetS, without metabolic syndrome; HDL, high density lipopro-
tein cholesterol; TG, triglyceride; FPG, fasting plasma glucose; BMI, body mass index. * p values between
Non-MetS and MetS were tested using the t-test a and chi-square b. * Statistically significant. p < 0.05.

A comparison of hearing thresholds by age in subjects with and without metabolic syn-
drome showed that the average pure tone hearing thresholds were significantly higher in
subjects with metabolic syndrome than in subjects without it in all age groups.
(p < 0.001) (Figure 1). In addition, comparisons by age group confirmed that the per-
centages of subjects with hearing loss were higher in subjects with metabolic syndrome
than in subjects without metabolic syndrome, and there was a significant statistical differ-
ence in the groups in their 30s, 40s, and 50s. (p < 0.05) (Table 3).
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Figure 1. PTA threshold according to age. Abbreviations: MetS, metabolic syndrome; Non–MetS, without metabolic
syndrome; PTA, pure tone audiometry. * Statistically significant. p < 0.05.

Subjects in this study were divided into subgroups according to the number of com-
ponents belonging to the diagnostic criteria for metabolic syndrome, and the proportions
of subjects diagnosed with hearing loss in each group were compared. Rates of hearing
loss in subjects with 0, 1, 2, 3, 4, and 5 of the components of metabolic syndrome were 7.9%,
12.1%, 13.8%, 13.8%, 15.5%, and 16.3%, respectively, indicating a significant association
between the number of components of metabolic syndrome and the rate of hearing loss.
(p < 0.0001) (Table 4).
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Table 3. Comparison of hearing by age groups in MetS and non-MetS subjects.

Age
(Years)

Non-MetS MetS
p-Value a

Normal Hearing Loss Total Normal Hearing Loss Total

20–29 4645 (99.06%) 44 (0.94%) 4689 272 (98.19%) 5 (1.81%) 277 0.1943
30–39 20,996 (97.78%) 477 (2.22%) 21,473 2309 (96.81%) 76 (3.19%) 2385 0.0041 *
40–49 32,068 (92.98%) 2422 (7.02%) 34,490 4465 (91.48%) 416 (8.52%) 4881 0.0002 *
50–59 14,199 (79.26%) 3715 (20.74%) 17,914 2316 (76.84%) 698 (23.16%) 3014 0.0028 *
60–69 1828 (56.86%) 1387 (43.14%) 3215 341 (53.36%) 298 (46.64%) 639 0.1064
≥70 197 (29.1%) 480 (70.9%) 677 40 (23.53%) 130 (76.47%) 170 0.1532

Abbreviations: MetS: metabolic syndrome; Non-MetS, without metabolic syndrome. * p values between Non-MetS and MetS were tested
using the Fisher’s exact test a. * Statistically significant. p < 0.05.

Table 4. Comparison of the groups of subjects with normal hearing and hearing loss.

Subject Group

Normal Hearing (n) Hearing Loss (n)
p-Value a,b

n (%) PTA(dB) SD n (%) PTA(dB) SD

Non-MetS 38,069 (92.0%) 11.11 4.96 3293 (7.9%) 38.70 15.44 <0.0001 *
Non-MetS
(1 factor) 22,635 (87.9%) 12.25 5.22 3109 (12.1%) 38.72 14.75 <0.0001 *

Non-MetS
(2 factors) 13,272 (86.2%) 12.84 5.23 2123(13.8%) 38.16 13.83 <0.0001 *

MetS (3 factors) 6900 (86.2%) 13.19 5.20 1098 (13.8%) 37.79 13.56 <0.0001 *
MetS (4 factors) 2396 (84.5%) 13.34 5.12 438 (15.5%) 37.56 13.56 <0.0001 *
MetS (5 factors) 449 (83.7%) 13.65 5.28 87 (16.3%) 38.86 12.95 <0.0001 *

Results are reported as mean ± SD or as n (%). Abbreviations: MetS, metabolic syndrome; Non-MetS, without metabolic syndrome; PTA,
pure tone audiometry. * p values between Normal hearing and Hearing loss were tested using the t-test a and chi-square b. * Statistically
significant. p < 0.05.

To correct for the effects of age and gender on the relationship between BMI (Body
Mass Indx) and hearing loss, multivariate analysis was performed to determine the normal
and corrected odds ratios of hearing loss. The odds ratio of hearing loss was 1.89-fold
higher in women than in men, and it was 1.13-fold higher as age increased by 1 year
(p < 0.0001). Relative to subjects with 0 components of metabolic syndrome, the odds ratios
of hearing loss in subjects with 3, 4, and 5 components of metabolic syndrome were 1.06
(p = 0.1119), 1.29. (p < 0.0001), and 1.21 (p = 0.1410), respectively (Table 5).

Table 5. Crude and adjusted odds ratios of hearing loss among subjects with metabolic syndrome.

Univariable Analysis Multivariable Analysis a

OR 95% CI p-Value a OR 95% CI p-Value b

Sex 1.97 1.89 2.06 <0.0001 * 1.89 1.80 1.99 <0.0001 *
Age 1.13 1.13 1.14 <0.0001 * 1.13 1.13 1.14 <0.0001 *

MetS (3 factors) 1.38 1.29 1.48 <0.0001 * 1.06 0.99 1.14 0.1119
MetS (4 factors) 1.59 1.43 1.76 <0.0001 * 1.29 1.15 1.44 <0.0001 *
MetS (5 factors) 1.68 1.34 2.12 <0.0001 * 1.21 0.94 1.56 0.1410

Abbreviations: MetS, metabolic syndrome; OR, odds ratio; CI, confidence interval. * p values were tested using
univariate a and multivariate b logistic regression analyses. * Statistically significant. p < 0.05. a Including the
variables age, sex, and metabolic syndrome.

When analyzing the influence of each component of metabolic syndrome, the odds
ratio of hearing loss was significantly higher in the group with four factors: waist cir-
cumference, blood pressure and triglyceride, and fasting blood sugar concentrations
(p < 0.0001) (Table 6).
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Table 6. Association between hearing loss and metabolic syndrome.

Risk Factors
Univariable Analysis Multivariable Analysis

OR 95% CI p-Value a OR 95% CI p-Value b

Waist circumference 0.96 0.92 1.01 0.1003 1.09 1.04 1.15 0.0009 *
Systolic BP 1.72 1.64 1.80 <0.0001 * 1.12 1.06 1.18 <0.0001 *

Triglyceride level 1.25 1.19 1.31 <0.0001 * 1.08 1.03 1.13 0.0037 *
HDL-C level 1.20 1.13 1.28 <0.0001 * 1.05 0.98 1.12 0.1641

FPG level 2.14 2.05 2.24 <0.0001 * 1.14 1.09 1.20 <0.0001 *
Abbreviations: Systolic BP, systolic blood pressure; HDL-C, high density lipoprotein cholesterol; FPG, fasting
plasma glucose; OR, odds ratio; CI, confidence interval. * p values were tested using univariate a and multivariate
b logistic regression analyses. * Statistically significant. p < 0.05.

4. Discussion

This cross-sectional study involving a large population assessed the relationship
between metabolic syndrome and hearing loss. This study is based on health examination
data for relatively healthy patients. In this study, 12.1% or 11,413 subjects met the diagnostic
criteria for metabolic disease. First, due to the nature of this study, we cannot rule out the
possibility that the study population was biased toward people interested in health. In
addition, it is possible that there were fewer subjects who met the criteria for metabolic
syndrome because at the time of assessment subjects may have been taking medications to
control blood pressure, blood sugar, and/or other blood levels. However, the results of this
study are meaningful because sufficient number of subjects, 94,223 was included.

To compare the incidence of hearing loss in adults with and without metabolic syn-
drome after adjustment for age, the rates of hearing loss were analyzed in subjects with 3,
4, and 5 of the components of metabolic syndrome, and the factors most closely related to
hearing loss were identified.

The result of this study demonstrated an association between hearing loss and
metabolic syndrome. The threshold of PTA was significantly higher in the group with
metabolic syndrome in Table 2, and the rate of hearing loss was also higher in the group
with metabolic syndrome in Table 3. In addition, Table 5 shows that although statisti-
cal significance was not observed for 3 and 5 factors in the multivariable analysis, this
can be attributed to a decrease in the number of relevant groups, and the odds ratio of
hearing loss tends to increase according to the number of metabolic syndrome factors.
In particular, after adjustment for other factors, four specific components of metabolic
syndrome—waist circumference, blood pressure, and triglyceride and fasting blood glu-
cose concentrations—were strongly associated with hearing loss.

Although the mechanism(s) underlying the correlation between metabolic syndrome
and hearing impairment remain undetermined, peripheral vascular disorders may be
associated with both of these conditions.

Analysis of data from the US National Nutrition Survey showed a link between hear-
ing loss and high blood pressure [28]. Hypertension causes hemorrhage in the inner ear,
leading to reductions in capillary blood flow and oxygen supply and resulting in progres-
sive or sudden sensorineural hearing loss [29]. Hypertension also reduces blood flow by
reducing the inner diameter of blood vessels in the inner ear through atherosclerosis [30].

Diabetes is associated with microvascular and neuropathy complications affecting the
retina, kidneys, peripheral arteries, and peripheral nerves [31,32]. Pathological changes in
diabetes can cause sensorineural hearing loss through damage to the blood vessels and
nervous system of the inner ear. In autopsy studies of diabetic patients, changes in labyrinth
artery, spiral ganglion, cochlear blood vessels, and cranial nerve 8 were observed [33].
Correlations have been observed between diabetes and hearing loss, [19,21,24] and high
fasting blood glucose concentrations were found to be independently associated with
hearing loss [7,34].

Recent studies have shown that increases in triglyceride concentrations are closely
associated with reduced hearing function [35]. Vacuolar edema and degeneration of the
vascular striatum were reported as pathological changes associated with dyslipidemia in
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guinea pigs fed a lipid-rich diet [36,37]. Decreased nitric oxide production and increased
reactive oxygen levels due to dyslipidemia can lead to hearing damage [22,37–39]. Further-
more, HDL was shown to have anti-inflammatory, antioxidant, and anti-apoptotic effects
that can attenuate the pathological changes caused by dyslipidemia [34,40] High TG/HDL
ratio has been associated with hearing loss [23] as has low HDL [3].

Obesity has been associated with hearing loss in both humans and animals. Central
obesity, increased waist circumference, and increased hearing threshold after BMI cor-
rection of the content of visceral adipose tissue were found to be related [20]. Obesity,
as determined by BMI, has been associated with an increased risk of hearing loss [26].
Moreover, abdominal lipid-related factors were reported to be associated with hearing loss
at specific frequency bands [25]. Abdominal adipose tissue has also been associated with
hearing loss in women, [8] and weight-hip ratio (WHR) may be an indicator of the risk of
hearing loss [18].

Seventeen previous studies have examined the relationship between metabolic dis-
eases and hearing loss. Nine of these studies analyzed the correlation between the overall
components of metabolic syndrome and hearing loss; four analyzed the correlations be-
tween indices such as BMI, WHR, and factors relevant to abdominal fats (FRA) and hearing
loss; three analyzed the correlations of diabetes DM and HbA1c concentration with hearing
loss, and one analyzed the correlation of TG/HDL ratio with hearing loss. Of these 17 stud-
ies, 12 were cross-sectional in design, two were prospective studies, two were retrospective
studies, and one as a case-control study. Most of the study subjects were middle-aged.

One study reported that metabolic syndrome was related to high-frequency hearing
loss in a noise-exposed population [27]. Two studies found that metabolic syndrome was
related to hearing loss in elderly women [8,9]. Three studies reported that the percentage
of subjects with hearing loss increased as the number of diagnostic factors for metabolic
syndrome increased, with the rate of hearing loss being high in patients with four or
five factors [3,10,11]. A study in drivers from West Azerbaijan showed the importance of
analyzing each component of metabolic syndrome, not metabolic syndrome itself, finding
a correlation between each component of metabolic syndrome and hearing loss [12]. One
study found that metabolic syndrome itself was not an independent risk factor for hearing
loss; rather, increased fasting plasma glucose concentration was the only independent risk
factor for hearing loss [22]. In comparison, another study found that metabolic syndrome
itself and several of its specific components, such as central obesity, hyperglycemia, and
low HDL, were positively associated with hearing loss [7].

Many studies have found a correlation between HDL and hearing loss. For example,
one study in US adults found that low HDL correlated with hearing loss, with low HDL
being most responsible for the correlation between hearing loss and metabolic syndrome. [3]
Two studies in the Korean population reported that low HDL and high TG were highly
correlated with hearing loss, [11,23] and one study in a Chinese population reported
that hearing loss was positively correlated with low HDL, hyperglycemia, and central
obesity [7].

Several studies also observed relationships between obesity-related anthropometric
indices and hearing loss. For example, one study found that WHR may be a surrogate
marker for predicting the risk of hearing loss, [18] whereas another study suggested that
FRAs were associated with hearing loss at specific frequencies, as determined by sex and
the presence of diabetes, and that visceral adipose tissue (VAT) is particularly important
role for hearing [25]. Two studies found relationships between BMI and hearing loss,
with one finding that underweight and severe obesity were associated with an increased
prevalence of hearing loss in a Korean population, and the other reporting that overweight
was associated with an increased risk of hearing loss in a Japanese population [26].

This study had several limitations. First, because it was a cross-sectional study, the
causative relationships between hearing loss and components of metabolic syndrome
could not be determined. Second, because these data were from health examinations, the
correlation between the prevalence of metabolic syndrome and hearing loss could not be
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accurately determined. Third, this study did not evaluate subjects who received medical
treatment for hearing loss, nor did it evaluate factors contributing to hearing loss, such as
noise, ototoxic drugs, otitis media, and family history of hearing loss.

5. Conclusions

This cross-sectional study involving a large population analyzed the association
between metabolic syndrome and hearing loss. Hearing loss showed a positive correlation
with the number of diagnostic factors for metabolic syndrome, especially in subjects with
four specific factors: high waist circumference, blood pressure, triglyceride concentration,
and fasting blood glucose concentration.

This study highlights the importance of control of metabolic syndrome in management
of hearing loss. Subjects with metabolic diseases should therefore undergo regular hearing
tests and, if necessary, hearing rehabilitation along with the management and treatment of
their metabolic diseases. In addition, patients and health professionals may not be aware
of this information regarding association between metabolic syndrome and hearing loss;
hence, this can be included in part of health education.
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Abstract: Sensorineural hearing loss (SNHL) is one of the most common sensory deficits worldwide,
and genetic factors contribute to at least 50–60% of the congenital hearing loss cases. The trans-
membrane channel-like protein 1 (TMC1) gene has been linked to autosomal recessive (DFNB7/11)
and autosomal dominant (DFNA36) non-syndromic hearing loss, and it is a relatively common
genetic cause of SNHL. Here, we report eight Finnish families with 11 affected family members with
either recessively inherited homozygous or compound heterozygous TMC1 variants associated with
congenital moderate-to-profound hearing loss, or a dominantly inherited heterozygous TMC1 variant
associated with postlingual progressive hearing loss. We show that the TMC1 c.1534C>T, p.(Arg512*)
variant is likely a founder variant that is enriched in the Finnish population. We describe a novel
recessive disease-causing TMC1 c.968A>G, p.(Tyr323Cys) variant. We also show that individuals
in this cohort who were diagnosed early and received timely hearing rehabilitation with hearing
aids and cochlear implants (CI) have reached good speech perception in noise. Comparison of the
genetic data with the outcome of CI rehabilitation increases our understanding of the extent to which
underlying pathogenic gene variants explain the differences in CI rehabilitation outcomes.

Keywords: TMC1; hearing loss; cochlear implant; hearing rehabilitation; congenital

1. Introduction

Congenital moderate-to-profound bilateral sensorineural hearing loss (SNHL) affects
at least 1 in 1000 infants [1], making SNHL is one of the most common sensory deficits
worldwide. In developed countries, genetic hearing loss accounts for at least 50–60% of
childhood hearing loss cases [2]. Inherited SNHL is often an isolated physical finding (non-
syndromic SNHL) [3]. To date, more than 120 genes have been identified in association
with monogenic non-syndromic hearing loss (https://hereditaryhearingloss.org/, accessed
on 20 February 2022). In addition, hearing loss is associated with at least 400 different
syndromes [4].

The transmembrane channel-like protein 1 (TMC1) gene encodes a transmembrane
protein that acts as a component of the mechanotransduction channel in the auditory and
vestibular hair cells of the inner ear [5]. TMC1/2 mutant mice have no mechanosensitive cur-
rent [6]. TMC1 is located at the tips of stereocilia of hair cells, where transduction occurs [7].
Pathogenic variants in TMC1 alter the biophysical properties of hair cell mechanosensory
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transduction [8]. TMC1 has been linked to autosomal recessive non-syndromic severe-to-
profound hearing loss (DFNB7/11, OMIM #600974) and autosomal dominant late-onset
progressive hearing loss (DFNA36, OMIM #606705) [9]. TMC1 is a relatively common
genetic cause of SNHL and accounts for 0.5–8.1% of patients with autosomal recessive
SNHL (ARSNHL) in different ethnic populations [10–12].

In this study, we report eight Finnish families with 11 affected family members with
recessively inherited homozygous, recessively inherited compound heterozygous, or domi-
nantly inherited heterozygous TMC1 variants.

2. Materials and Methods

2.1. Patient Recruitment

All individuals and their family members with pathogenic or likely pathogenic TMC1
variants were contacted about the study, and all patients or their guardians gave their
written informed consent for the research. The study was approved by the ethical review
committee of Oulu University Hospital (EETTMK: 186/2020).

The patients were recruited from the departments of clinical genetics in Oulu Univer-
sity Hospital (Patients 1–8) and Turku University Hospital (Patients 9–11). In both clinics,
genetic testing is offered to all children receiving a diagnosis of hearing loss, and to adults
with hearing loss of unknown cause as a part of diagnostics.

2.2. Familial and Clinical Examination

The available medical records, as well as familial and clinical history, were evaluated.
Eight (N = 8/11) affected individuals underwent an audiometry at 125–8000 Hz. Otoacous-
tic emission (OAE) testing (N = 6/11), transient evoked OAE (TEOAE) (N = 2/11), auditory
brainstem response (ABR) (N = 6/11), and automated auditory brainstem response (AABR)
(N = 2/11) were performed for the young individuals. These were not performed for
the older individuals due to availability of the screening and different practices. Seven
(N = 7/11) affected individuals underwent a speech-in-noise test. Speech perception was
evaluated using spoken language; the adults conducted the Finnish matrix sentence test
(FMST) and the children conducted the simplified Finnish matrix sentence test (FINSIMAT).
Computed tomography (CT) scans and magnetic resonance imaging (MRI) were performed
on those patients who had cochlear implants (CIs). The patients were subsequently referred
to the Department of Clinical Genetics for pedigree construction and genetic evaluations.

2.3. Genetic Testing and Data Analysis

Peripheral blood samples were collected from available and consenting individuals,
and genomic DNA was extracted using automated QIAsymphony device and Qiagen
Qiasymphony DSP DNA Midi kit (Qiagen, Hilden, Germany). Traditionally, GJB2 testing is
performed before large gene panels. Six affected individuals were screened for pathogenic
variants of GJB2 by Sanger sequencing, with negative results.

Exome based hearing loss gene panels have been conducted over a period of last
six years as part of clinical diagnostics. The gene panels performed vary depending on
the laboratory where the test is conducted and the year the test is ordered. An exome-
based next generation sequencing (NGS) hearing loss gene panels were performed in the
Laboratory of Genome Diagnostics in Nijmegen, the Netherlands (gene panel versions
DG-2.5 and DG-2.8) for two patients; Blueprint Genetics, Espoo, Finland (Comprehensive
Hearing Loss and Deafness gene panel, version 6, 22 February 2020) for two patients;
Tyks Genomics, Laboratory medicine, Turku, Finland for two patients, and Nordlab Oulu,
Finland for two patients. In three families (Families 3, 5, and 8) with multiple participating
affected individuals, targeted variant testing by Sanger sequencing was performed after the
pathogenic variant was identified in the proband. In families with compound heterozygous
TMC1 variants, Sanger sequencing of parental samples was performed to confirm that the
variants are in trans in patients. No other clinically relevant variants were found in the
genetic testing.
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3. Results

3.1. Clinical Characteristics of the Patients

The clinical characteristics of the affected cases for each family included in this study
are summarized in Table 1, and the pedigrees are shown in Figure 1. Eleven affected
individuals from eight different Finnish families were recruited for the study. Four were
males, and seven were females, and their ages ranged between 0 and 57 years.

Figure 1. Pedigrees of the families in two (I–II) or three (I–III) generations. In six families, the
TMC1 c.1534C>T, p.(Arg512*); c.968A>G, p.(Tyr323Cys), and c.1763+3A>G, p.(?) variants segregated
recessively. All the affected individuals showed profound congenital deafness. In one family, a
dominantly inherited TMC1 c.1714G>A, p.(Asp572Asn) segregated with the phenotype.
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In the families with a recessive pattern of inheritance (Families 1–7), the hearing
loss was congenital. Three individuals (Patients 3–5 from Families 3 and 4) were born
before the start of the newborn hearing screening program, and before CIs were available.
Their hearing aid benefit was limited, and they all use sign language as their primary
mode of communication. The newborn screenings were abnormal in all tested cases
(N = 5/5, 100%), the OAE and TEOAE showed no responses (N = 6/6, 100% and (N = 2/2,
100%, respectively), and the ABR was abnormal in all tested cases (N = 6/6, 100%). An
audiogram revealed a bilateral profound SNHL in all the affected individuals (Figure 2A–F).
One individual reported a balance problem, but his motor development was normal.
The ophthalmological examination revealed one individual with deuteranopia and one
individual with esophoria and hyperopia. Imaging studies were unremarkable. Seven
individuals were fitted with hearing aids (between 3 months to 1.5 years of age) but
obtained limited benefits. Bilateral simultaneous or consecutive CIs were later implanted
in five individuals at the ages of 12 months to 2 years, and bilateral simultaneous CIs are
planned for the youngest individual at the age of 8–9 months. All implanted patients
showed good progress in language acquisition. In the best-aided condition (bilateral
CIs), in quiet, the speech recognition scores ranged from 75% to 100%. The two youngest
patients, who were tested with the FINSIMAT, had speech reception thresholds (SRTs) of
−6.6 dB signal-to-noise ratio (SNR) and −6.2 dB SNR. The best-aided SRTs for the adults,
determined with the FMST, ranged from −3.4 dB SNR to −8.6 dB SNR.

Figure 2. Pure tone audiograms (PTA) of the affected individuals. (A) Patient 1, (B) Patient 3,
(C) Patient 5, (D) Patient 6, (E) Patient 7, and (F) Patient 8. All six of these patients showed severe-
to-profound sensorineural hearing loss and mildly down-sloping curves associated with recessive
pathogenic TMC1 variants. (G) Patient 10 and (H) Patient 11 had deeply down-sloping curves, demon-
strating predominant deterioration of higher frequencies associated with a dominant pathogenic
TMC1 variant. In all patients, the last available audiograms are shown. Patients 3, 5, and 11 have not
received CIs. In Patients 1, 6, and 7, the audiograms shown are after the first, but before the second
CI operation. In Patient 8 the audiogram shown is after bilateral CI operations. In Patient 10, the
audiogram shown is before the CI operation. The red circles indicate the right ear and the blue X’s
indicate the left ear.
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In family 8, with dominant inheritance, the onset of hearing loss was postlingual and
was diagnosed at the age of 7 years. The hearing loss was progressive, and audiograms
revealed down-sloping curves (Figure 2G,H). The older affected individual benefited from
CIs, which she received in her left ear at the age of 41 and in her right ear at the age of 51.
Her best-aided SRT with FMST was −2.8 dB SNR. The younger affected individual has
been offered CIs but currently prefers to use hearing aids. Her best-aided SRT with the
FMST was +0.4 dB SNR.

3.2. Genetic Results

Five individuals from families 1 to 4 were homozygous for the TMC1 (NM_138691.3)
c.1534C>T, p.(Arg512*) (hg38: chr9:72792320C>T, rs200171616) variant, which was classi-
fied as pathogenic according to the ACMG guidelines (PVS1, PM2, PP3, and PP5) [13]. This
variant has previously been reported in the medical literature [9,14]. Two individuals from
family 5 were compound heterozygous for the TMC1 (NM_138691.3) variants c.1534C>T,
p.(Arg512*) and c.968A>G, p.(Tyr323Cys) (hg38: chr9:72788422A>G, rs746724027). The
latter is classified as likely pathogenic, according to the ACMG guidelines (PM2, PM3,
PP1, and PP3), and, to the authors’ knowledge, this variant has not yet been reported
in the literature. Parental testing revealed that the variants were in different alleles.
Two affected individuals from families 6 and 7 were compound heterozygous for the
TMC1 (NM_138691.3) variants c.1534C>T, p.(Arg512*) and c.1763+3A>G, p.(?) (hg38:
chr9:72816213A>G, rs370898981). The latter is classified as pathogenic according to the
ACMG guidelines (PS3, PM3, and PM2). TMC1 c.1763+3A>G has previously been re-
ported in the medical literature [15,16]. Parental testing revealed that the variants were in
different alleles.

Two individuals from family 8 were heterozygous for the TMC1 (NM_138691.3)
c.1714G>A, p.(Asp572Asn), (hg38: chr9:72816161G>A, rs121908072). This heterozygous
TMC1 variant and severe hearing loss segregated dominantly in this family. TMC1
c.1714G>A, p.(Asp572Asn) is classified as pathogenic according to the ACMG guidelines
(PP5, PM1, PM2, and PM5).

4. Discussion

In this study, we reported nine individuals from seven Finnish families with congenital
ARSNHL and biallelic TMC1 variants. We also reported two individuals from one Finnish
family with autosomal dominant SNHL (ADSNHL) and a heterozygous TMC1 variant.
All the affected individuals with recessively inherited TMC1 variants displayed severe-
to-profound congenital hearing loss associated with down-sloping audiograms, where
higher frequencies are the most severely affected. This is consistent with previous publica-
tions demonstrating that pathogenic recessive TMC1 variants cause moderate-to-profound
hearing loss [17–20]. The individuals affected with ADSNHL displayed progressive postlin-
gual sensorineural hearing loss that led to profound deafness and the need for CIs. In
the previous publications, ADSNHL cases showed postlingual-onset progressive hearing
loss, with predominant deterioration in the higher frequencies [18–21]. Only 1 of the 11
affected individuals in the present study had balance problems. This finding is in line with
previous studies that found no vestibular symptoms associated with TMC1-associated HL
cases [18,19].

Previous work has shown variable auditory outcome in patients with pathogenic
biallelic TMC1 variants [19,21–23]. Most reports are small case series with heterogeneous
samples, which makes it difficult to assess the full effect of a particular genotype. Recent
study reported three patients with pathogenic compound heterozygous TMC1 variants
demonstrating excellent functional outcome after Cis [22]. Interestingly, one of the patients
in this study was compound heterozygous for the Finnish enriched TMC1 c.1534C>T,
p.(Arg512*) variant [22]. Another study reported 19 patients from 12 consanguineous Saudi
families with pathogenic homozygous TMC1 variants with variable auditory outcome after
Cis [19]. In the latter study, both excellent and poor results were reported for individuals
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with the same variants emphasizing that a significant proportion of the variance in out-
comes can be due to social and environmental factors, as well as other known explanatory
factors such as the duration of the deafness before the CI operation.

In our study population, the individuals who had access to CIs in early childhood,
and received timely hearing rehabilitation with hearing aids and CIs, have reached a
good speech perception in quiet and in noise. No age-specific reference values have been
established for children for the FINSIMAT, but the two youngest individuals in the present
study had SRTs in a range similar to that of typically performing early implanted CI users
of their age (Willberg, personal communication). The older, early implanted CI users
also reached good speech perception. The average SRT for a bilateral CI user with the
FMST was −5.4 dB SNR in a large, unselected group of Finnish CI users [24]. Two of the
early implanted individuals in the present study reached an even better SRT, and another
individual had a SRT of −3.4 dB, which can still be considered an adequate CI rehabilitation
result. Similar to the outcomes from Gallo et al. [22], our outcomes are comparable to the
outcomes of individuals with GJB2-associated DFNB1 [25]. Both individuals with ADSNHL
had poorer speech perception in noise than the early implanted individuals with ARSNHL.
For the younger individual, this was most likely due to insufficient amplification with
hearing aids. For the older individual, the poor SRT may be a result of prolonged deafness
in the high-frequency region before the CI rehabilitation.

Even though CIs have been highly successful in restoring hearing in severe and pro-
found hearing loss, the rehabilitation results remain highly variable with a significant
proportion of the variance still unexplained [26,27]. Implementation of large gene panels
and exome sequencing in clinical practice has allowed frequent detection of causative
pathogenic variants in patients with hearing loss. Comparing this etiological data systemat-
ically with the outcome of CI rehabilitation, especially with speech perception measures in
noise, as they are sensitive to minor differences in functional hearing, we can increase our
understanding of the extent to which the underlying pathogenic gene variants explain the
differences in the CI rehabilitation outcomes.

The TMC1 c.1534C>T, p.(Arg512*) is enriched in the Finnish population, with a minor
allele frequency (MAF) 24 times higher in Finns (0.003344) than in non-Finnish Europeans
(0.0001395) (gnomAD v.2.1.1, https://gnomad.broadinstitute.org/, accessed on 20 February
2022) [28]. The expected number of TMC1 c.1534C>T, p.(Arg512*) homozygote patients
in Finland is (0.003344)2 × 5.5 million or approximately 62, and the carrier frequency of
this pathogenic variant is approximately 1/300 in the Finnish population. In this cohort,
the TMC1 c.1534C>T, p.(Arg512*) variant was identified in 14 of the 18 alleles (78%) of
the ARSNHL patients, and was in either a homozygous or a compound heterozygous
state in all patients. Based on the gnomAD and clinical data, we suggest that the TMC1
p.(Arg512*) variant is likely a Finnish founder variant. As hearing loss is genetically highly
heterogeneous, additional similar variants will possibly be identified as enriched in the
Finnish population.

The TMC1 c.1534C>T, p.(Arg512*) causes a premature stop codon. It is predicted to
cause a loss of normal protein function either through protein truncation (512 out of 760 aa)
or nonsense-mediated mRNA decay. TMC1 c.1763+3A>G, p.(?) is predicted to cause a
splice site defect leading also to a loss-of-function of normal TMC1. TMC1 c.968A>G,
p.(Tyr323Cys) was identified in two affected individuals in a compound heterozygote state
with a known pathogenic TMC1 c.1534C>T, p.(Arg512*). The mother of these two affected
individuals was a healthy heterozygous carrier of this TMC1 c.968A>G, p.(Tyr323Cys)
variant suggesting that TMC1 c.968A>G, p.(Tyr323Cys) is a recessive variant leading to a
functional null allele.

In contrast, TMC1 c.1714G>A, p.(Asp572Asn) is a well-known dominantly acting
TMC1 variant [9,20,29,30]. Amino acid 572 in TMC1 is a critical functional residue for
pathogenic dominant variants [9,20,29,30]. Nucleotide 1714 of TMC1 is located within the
hypermutable CpG context, thereby explaining its location as a mutational hot spot and
its occurrence in different populations [9,29,30]. Dominant variants are likely to confer a
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specific dominant negative or gain-of-function effect, leading to dominant inheritance [20],
whereas pathogenic recessive TMC1 variants create a functional null allele and lead to
recessive inheritance through a loss-of-function mechanism. It has been proposed that
two mechanisms link pathogenic TMC1 channel variants and deafness: decreased Ca2+

permeability to all pathogenic variants, and decreased resting open probability in low Ca2+

confined to pathogenic dominant variants [31].

5. Conclusions

We identified TMC1 variants c.1534C>T, p.(Arg512*), c.968A>G, p.(Tyr323Cys), and
c.1763+3A>G, p.(?) with profound congenital ARSNHL in seven Finnish families, and
TMC1 c.1714G>A, p.(Asp572Asn) with postlingual progressive ADSNHL in one Finnish
family. To the authors’ knowledge, the TMC1 c.968A>G, p.(Tyr323Cys) variant is a novel
variant expanding the knowledge of the genotypic spectrum of pathogenic TMC1 variants.
We also showed that the TMC1 c.1534C>T, p.(Arg512*) variant is the most prevalent variant
enriched in the Finnish population, suggesting a founder effect. To the authors’ knowledge,
these are the first reported cases of TMC1-related SNHL in Finland.

Our study demonstrates that the individuals who had access to CIs in early childhood,
and received timely hearing rehabilitation with hearing aids and CIs, have reached a good
speech perception in quiet and in noise. Comparison of the genetic data with the outcome of
CI rehabilitation increases our understanding of the extent to which underlying pathogenic
gene variants explain the differences in CI rehabilitation outcomes. It is even possible that
in the future patients can be stratified based on the underlying gene defect into categories
that can predict their rehabilitation outcomes.
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Abstract: Congenital unilateral sensorineural hearing loss (uSNHL) is associated with speech-
language delays and academic difficulties. Yet, controversy exists in the choice of diagnosis and
intervention methods. A cross-sectional prospective design was used to study hearing loss cause in
twenty infants with congenital uSNHL consecutively recruited from a universal neonatal hearing-
screening program. All normal-hearing ears showed ≤20 dB nHL auditory brainstem response
(ABR) thresholds (ABRthrs). The impaired ear median ABRthr was 55 dB nHL, where 40% had
no recordable ABRthr. None of the subjects tested positive for congenital cytomegalovirus (CMV)
infection. Fourteen subjects agreed to participate in magnetic resonance imaging (MRI). Malfor-
mations were common for all degrees of uSNHL and found in 64% of all scans. Half of the MRIs
demonstrated cochlear nerve aplasia or severe hypoplasia and 29% showed inner ear malformations.
Impaired ear and normal-hearing ear ABR input/output functions on a group level for subjects
with ABRthrs < 90 dB nHL were parallel shifted. A significant difference in interaural acoustic reflex
thresholds (ARTs) existed. In congenital uSNHL, MRI is powerful in finding a possible hearing loss
cause, while congenital CMV infection may be relatively uncommon. ABRs and ARTs indicated an
absence of loudness recruitment, with implications for further research on hearing devices.

Keywords: etiology; sensorineural hearing loss; unilateral hearing loss; imaging; cytomegalovirus;
electrophysiology; pediatric; congenital; auditory dysfunction

1. Introduction

Congenital unilateral sensorineural hearing loss (uSNHL) is a chronic condition affect-
ing approximately 1 in every 2000 newborns [1,2]. Children with uSNHL have a higher risk
of speech-language delays, academic difficulties, and psychosocial challenges compared
to children with normal hearing (e.g., [3–5]). They generally also have impaired binaural
hearing, including sound source localization [6–9], and impaired speech recognition in
noise [9–11].

Controversy exists in the choice of diagnostic methods for children with uSNHL. For
example, some argue for using imaging [12–14], while a recent systematic review and
meta-analysis argues that “imaging does not provide information that alters management
or gives insight into prognosis or hereditary causes in most cases and therefore does not
warrant strong recommendations” [15]. The prevalence of hearing loss causes may be
different for congenital uSNHL, compared to uSNHL that emerges later in development.
A systematic investigation should be of value for clinical routines, as congenital uSNHL
represents one fourth of the sensorineural hearing losses found through the universal
neonatal hearing-screening programs [2].
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Malformations of the auditory system are more common in congenital uSNHL com-
pared to bilateral SNHL [16,17]. The malformation prevalence depends on several factors,
e.g., the use of magnetic resonance imaging (MRI) and/or computed tomography (CT).
CT provides a good view of the bony labyrinth and middle ear, whereas soft-tissue reso-
lution is higher with modern MRI and is therefore the preferred method for evaluating
the vestibulocochlear nerve with its cochlear branch, the facial nerve, and the internal
cochlear structures. The malformation prevalence with MRI is about 37–58% in children
with uSNHL [12–14,18,19], and similarly around 36–67% for CT [13,20,21]. The preva-
lence may be somewhat higher, around 46–67%, when obviously acquired uSNHL has
been excluded, e.g., meningitis or trauma [12,20,21]. However, more precise estimates of
malformation prevalence for congenital uSNHL are lacking.

The congenital cytomegalovirus (cCMV) infection is believed to be the leading non-
genetic cause for SNHL during the last few decades, with a prevalence of up to 20–30%
in SNHL [22–24]. It is common that SNHL associated with cCMV infection is progressive
and sometimes even fluctuating [24–26]. The debut of SNHL may even be more common
after the neonatal period, so that many children with cCMV-associated SNHL will not
be identified through universal neonatal hearing-screening (UNHS) programs [27,28].
Children with uSNHL (congenital and acquired) have previously been found to be cCMV
positive in around 10% [14] to 20% of cases [29,30]. Still, the prevalence of uSNHL caused
by cCMV infection needs more research, due to, e.g., small groups of children, the frequent
uncertainty of uSNHL onset when not found through UNHS, and the variability in spread
of cCMV infection over time and across countries [14,29,30].

Research of auditory profiles or hearing function in relation to etiology is lacking.
Most research on etiology and auditory profiles in uSNHL focuses on cochlear implant (CI)
candidates with profound uSNHL, i.e., single-sided deafness (SSD) (e.g., [30,31]), and is
much less explored in mild-moderate uSNHL, i.e., potential hearing aid (HA) candidates.
All patients with hearing loss experience elevated hearing thresholds in at least one ear,
but other auditory functions may vary between patients. Loudness recruitment, i.e., an
increased growth in perceived loudness as the intensity level of a signal increases, is an
important amplification factor in a hearing aid, that most adult patients with cochlear
hearing loss experience [32,33]. The prevalence of loudness recruitment in the pediatric
population is sparsely explored, as young children are difficult to assess with psychoacous-
tic tests of loudness perception. The auditory brainstem response (ABR) may be used to
estimate loudness perception by neural firing [34,35] and needs further study. Congenital
uSNHL represents an excellent model for estimation due to the possibility of comparing
the impaired ear (IE) with the normal-hearing ear (NE).

The aim was to describe congenital uSNHL (ranging from mild to profound) in infants,
focusing on the causes, hearing function and the affected auditory mechanisms by using
a prospective study design and a comprehensive test battery. Tests included MRI, cCMV
infection testing, acoustic reflex threshold (ART) measurements to investigate middle ear,
inner ear and neural function (e.g., [36,37]), and various otoacoustic emissions (OAEs) to
investigate cochlear function [38,39]. The auditory brainstem response (ABR) was measured
for site of lesion testing, hearing threshold estimation, and to study the function of the
cochlea and auditory pathways (e.g., [40–42]). The ABR amplitude as a function of stimulus
level, i.e., the input/output (I/O) function, was studied to estimate loudness recruitment.

2. Materials and Methods

2.1. Study Design

The subjects were recruited during the years 2019–2020 from the bedside UNHS pro-
gram in Region Stockholm, which is based on multiple transient-evoked OAE (TEOAE)
recordings and an automatic ABR (aABR). The UNHS program has been described pre-
viously (first TEOAE around postnatal day 3, 98% screened) [2,42–44], where the aABR
screening before clinical ABR was first introduced in 2016 [45].
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Eligible subjects were invited to participate in two research visits. ABRs, TEOAEs,
distortion-product OAEs (DPOAEs), tympanograms, and ARTs were recorded at the first
visit. The ABRs, TEOAEs and DPOAEs were recorded in an audiometric test room with
low ambient sound levels, allowing determinations down to −10 dB HL (ISO8253-1 2010).
The tympanograms and ARTs were measured in the audiometric test room or a quiet room.
Otomicroscopy was performed by an experienced otologist to exclude middle ear disease.
An oral case history was obtained from the infants’ parents for additional information
including parents’ knowledge about relevant medical and development history, including
prenatal and perinatal history. Testing for cCMV followed as soon as possible. The visit
took approximately 2.5–3 h.

At a second research visit, all eligible subjects were invited to the MRI of the auditory
system (inner ears and cochlear nerve).

This study was approved by the Swedish Ethical Review Authority (no: 2018/1500-31).
Written informed consent was obtained from all parents with child custody.

2.2. Subjects

Several recruitment steps were undertaken with the aim of inviting all children born
with uSNHL and excluding all children with temporary hearing loss, e.g., otitis media
with effusion (OME). Inclusion criteria comprised: (1) One ear passing and one ear failing
TEOAE UNHS; (2) An ABR threshold (ABRthr) > 30 dB nHL in the IE; and (3) An ABRthr
of ≤20 dB nHL in the NE.

M.J. (first author) was notified when a neonate was suspected of having a unilateral
hearing loss, i.e., failed several TEOAE tests in one ear and passed in the other ear, passed
aABR screening in one ear (≤30 dB nHL, i.e., the lowest sound level tested) and failed in the
other ear (>30 dB nHL). TEOAE pass criteria included: ≥70% whole wave reproducibility,
signal-to-noise ratio (SNR) ≥4 dB in at least three of the upper four wide-frequency bands
provided by the ILO instrument, and ≥50 sweeps. The neonate’s families were informed of
the study and invited to the next step in the study recruitment process at the first audiologic
test visit following UNHS if the ABR showed thresholds >30 dB nHL in the IE and a
SNHL was alleged (based on the ABR, additional auditory steady-state response (ASSR),
tympanograms, TEOAEs, and sometimes bone-conduction ABR), and ≤25 dB nHL in
the NE.

In total, 48 out of 68 potential subjects based on the UNHS were excluded at the first
audiologic test visit following screening or, in a few cases, at the first research visit as
they did not fulfill the study inclusion criteria. This was typically due to OME that fully
explained the elevated ABRthr in the IE, or an ABRthr ≤ 30 dB nHL in the IE, or bilateral
hearing loss (≥25 dB nHL in both ears).

Thus, 20 infants with congenital uSNHL were invited to the study, and the 20 fam-
ilies all consented to participate in the study (see Figure 1 for sample size compared to
estimated sample).
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Newborns screened during recruitment 
period estimated to n ≈ 51,600               
(born January 2019–October 2020)

bilateral SNHL 
(esimated to n ≈ 86)

Unilateral SNHL 
(estimated to n ≈ 30)

eligible found n = 20

participating n = 20

Audiological tests 
participation 

n = 20

MRI participation 
(eligible n = 19)

n = 14

cCMV infection 
test participation

n = 20

Figure 1. Estimated and included number of participants. Estimated numbers are based on pre-
vious universal neonatal hearing-screening results from Region Stockholm ([2], >30,000 screened,
98% coverage rate), and the documented number of newborns during 2019 and 2020 in Region
Stockholm [46]. One subject was born with a heart anomaly, which is the reason for 19 sub-
jects eligible for MRI. cCMV = congenital cytomegalovirus; MRI = magnetic resonance imaging;
SNHL = sensorineural hearing loss.

2.3. Auditory Brainstem Response (ABR)

The ABR was recorded monaurally in both ears using 100 μs rarefaction clicks at
a repetition rate of 39 Hz. Clicks were presented through insert earphones (EAR Tone;
Etymotic Research Inc, Elk Grove Village, IL, USA) with Eclipse EP25 (program version
4.3.0.17, Interacoustics, Middelfart, Denmark).

The ABR was recorded in 10 dB steps whenever possible, from 70 dB nHL down
to the threshold or 20 dB nHL minimum. The 70 dB nHL level was chosen as the main
supra-threshold level for analysis of the ABR I–V interval. If the ABR waves I and V
could not be discerned at 70 dB nHL, the input level was increased in 10 dB steps up to a
maximum of 80 dB nHL for the NE, and 90 dB nHL for the IE.

The response quality was enhanced by the use of up to 10,000 sweeps at stimulus
levels close to the ABRthr, and ≈2000 sweeps for the other stimulus levels. Calibration of
100 μsec clicks was performed according to ISO389-6 (2007) in an occluded ear simulator
IEC60318-4 (2010) [47,48].

Ag/AgCl electrodes were placed on left and right mastoids (left, right), and the fore-
head (vertex, ground) for differential recording between ipsilateral mastoid (noninverting)
and the forehead (inverting). The subject was placed in a supine position in the parent’s
arms or in a baby carrier. Lights in the audiometric test room were turned off during the
ABR recordings in order to minimize electric interferences.

E.B. determined all the ABR waves, blinded to which subject and ear that was evalu-
ated. The ABR latencies were determined using narrow-band filtering (digital filter, 300 to
1500 Hz), thereby obtaining a well-defined vertex-positive peak.

If no ABR-waves could be determined, the wave reproducibility (ρ) was objectively
determined in the time domain (1–15 ms) for the entire ABR [42], and the lack of a response
was confirmed if ρ was <70% (ρ = 70% corresponds to SNR = 3.7 dB [42]). The wave I of
each ABR recording was objectively confirmed by a ρ ≥ 70% within a time window of
1–1.5 ms encompassing the wave. The ABR wave V at the threshold was confirmed with a
ρ ≥ 70% within a time window of 1–1.5 ms encompassing the wave. The amplitudes for
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the ABR waves were quantified based on the difference between the vertex positive peak
maximum and succeeding minimum [42].

Contralateral masking was applied when needed [49].

2.4. Transient-Evoked Otoacoustic Emission (TEOAE)

The TEOAEs were recorded in the non-linear quickscreen neonate diagnostic mode
with Echoport ILO288 USB-II (Otodynamics Ltd., Hatfield, UK, program version 6, time
window: 3.0–12.8 ms, click rate 78 Hz). For details on the non-linear stimulus paradigm
see [50]. The Echoport interface was placed in the audiometric test room during the
measurement together with the subject and accompanying parent, whereas the tester and
computer were outside in the surrounding quiet room. All the TEOAE stimulus and
response levels were recorded at the probe-tip in the outer ear canal using an electrically
constant stimulus, corresponding to a typical stimulus level of 81.5–82 dB SPL peak [43,44].
The NE was tested first in 65% of subjects, and the right ear first in 60% of subjects, which
may be important, as TEOAEs have been demonstrated to be larger in the ear tested
first [51]. A sweep consisted of two sets of non-linear responses in response to four 80-μs
click stimulations. Whole-wave reproducibility was calculated as the correlation coefficient
of interleaved non-linear responses.

2.5. Distortion Product Otoacoustic Emission (DPOAE)

The DPOAEs were recorded using the same test setup as the TEOAEs with Echoport
ILO288 USB-II (Otodynamics Ltd., Hatfield, UK, program version 6). The 2f1-f2 cubic
distortion product component was measured with a frequency ratio of the primaries of
1.22 (f2/f1). The stimulus consisted of two equal-level sinusoids with an expected sound
pressure level of 75 dB SPL at the tympanic membrane (as used by, e.g., [52]). The DPOAEs
were recorded with f2 at 1, 1.5, 2, 3, 4, 6 and 8 kHz. The SNR was defined as the DPOAE
level–(Noise + 2 SD) in dB. The NE was tested first in 63% of subjects, and the right ear first
in 53% of subjects.

2.6. Tympanometry and Acoustic Stapedius Reflex Threshold (ART)

Tympanograms and ARTs were recorded in both ears with GSI Tympstar (Grason-
Stadler, Eden Prairie, MN, USA) to primarily study the middle ear system and the function
of the reflex arc. The ART was elicited ipsilaterally at tympanic peak pressure and at
the stimulus frequency of 1000 Hz, using an ascending method in steps of 5 dB with a
maximum of 105 dB HL (as recorded in a 2-cc coupler). The criterion for a reflex response
was a repeatable compliance change corresponding to 0.02 mL or greater, supported with
an impedance growth at a higher stimulus level.

2.7. Magnetic Resonance Imaging (MRI)

Subjects were excluded from MRI if they were too ill for sedation with dexmedetomi-
dine, which was determined in two steps, first by the responsible otologist (E.K.), then by
the MRI team physician. One subject was excluded from MRI due to a congenital heart
abnormality. Another 5 out of 19 subjects declined MRI participation (Figure 1).

All but one of the 14 MRI scans were assessed with 3T scanners (Siemens Skyra,
Erlangen, Germany, n = 8, or Siemens Prisma, Erlangen, Germany, n = 5), the exception
being for S3, where a 1.5T scanner was used (GE Optima, GE Healthcare, Fairfield, CT,
USA), as a back and spine MRI was prioritized additional to the auditory system MRI.

For all 3T scans, a protocol designed for pre-cochlear implantation was used. For as-
sessment of the inner ear, a transversal high resolution T2 3D SPACE sequence with 0.5 mm
slice thickness was used. The cochlear nerve was assessed using a T2 3D SPACE sequence
acquired in an oblique sagittal plane perpendicular to the inner auditory canal. The protocol
also included T1-weighted images (T1WI) and T2-weighted images (T2WI) of the temporal
bone, as well as sagittal T1WI, transversal T2-weighted Fluid Attenuated Inversion Recov-
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ery images (T2 FLAIR), diffusion-weighted imaging (DWI) and susceptibility-weighted
imaging (SWI) of the brain.

The 1.5T scan was performed using a protocol designed for the temporal bone. The
inner ear was assessed using a transversal T2 3D FIESTA sequence with 0.6 mm thickness,
and the cochlear nerve by making oblique sagittal reconstructions from this sequence. The
scan also included sagittal and coronal T2WI as well as transversal T1WI, T2 FLAIR and
DWI of the brain.

The MRI results were reviewed by one or two experienced neuroradiologists or
head-neck radiologists, and later all results were double checked by K.E., an experienced
head-neck radiologist.

2.8. Congenital Cytomegalovirus (cCMV) Infection

A blood sample was taken from the mother for CMV testing as soon as possible after
the study inclusion. If the mother had a positive CMV-test (lgG and/or lgM antibodies) the
child’s newborn dried blood spot (DBS) card was then analyzed for CMV DNA with the
polymerase chain reaction (PCR) technique. Exceptions were made from the study protocol
for two subjects where the DBS cards were analyzed directly, as the mothers had not yet
taken the blood sample after several months, despite repeated reminders, and one subject
had already been CMV tested with a blood sample the same day as birth.

2.9. Statistical Analysis

All the statistical analyses were performed with Statistica version 13.5 (TIBCO software
Inc., Palo Alto, CA, USA), except linear mixed modelling, which was performed with R
version 3.4.2 (R Foundation for Statistical Computing, Vienna, Austria).

Mean and SD are primarily presented in this study for easy comparison with previous
studies, although medians and interquartile ranges (IQRs) are presented when Kurtosis
and Skewness were clearly different from zero, e.g., for ARTs and ABRthrs.

Nonparametric tests were used for statistical testing, due to small sample sizes.
Due to the parallel-shifted IE and NE ABR I/O functions on the group level, a post

hoc analysis with linear mixed modelling of ABR amplitude was performed (waves I, III,
and V, respectively), with the ear (NE/IE) and stimulus level as fixed effects and the subject
as the random variable (Satterwaite’s method for t-tests).

3. Results

3.1. Subjects

Twenty subjects with mild to profound congenital uSNHL participated in the study
(50% males, 65% left IEs, 55% first-borns) (Table 1). Subjects 15 and 17 (S15 and S17) were
born as dizygotic twins (not co-twins). Six subjects spent several days in the neonatal
intensive care unit (NICU) after birth due to asphyxia, anal atresia, corpus callosum
agenesis, jaundice, mild respiratory distress syndrome or heart abnormality (S1, S3, S10,
S12, S14 and S19). S12 was born preterm before 37 weeks of gestation (36 weeks + 1 day).
All other 19 subjects were born full-term (weeks 37 to 42).

The median chronological age at the first research visit, and the diagnosis of congen-
ital uSNHL, was 2.2 months (Table 1). The otomicroscopic examinations were normal.
However, S8 showed signs of OME when first scheduled for the visit (supported by a
flat tympanogram and lack of TEOAEs in the NE) so the visit was rescheduled, hence
the comparably late diagnosis (Table 1). S13 was also diagnosed with congenital uSNHL
comparably late, due to COVID-19 outbreak during spring 2020 and disease risk groups in
the family (Table 1).
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Table 1. Characteristics of the 20 infants’ impaired ears (IEs), with normal ear (NE) characteristics in
parentheses when applicable (all NEs showed ABR thresholds of ≤20 dB nHL and are therefore not
in parentheses).

ID IE Sex
Age at

Diagnosis (mos)
ABR Threshold

IE (dB nHL)
ABR Wave
I–V (ms)

ART (dB HL)
DPOAE

(3 Frequencies or More)
MRI Result

1 L M 1.8 45 5.07 (4.90)

2 L F 2.5 35 4.53 (3.93) X N.A.D.

3 L F 2.1 >90 95 (90)

Hypoplasia cochlea,
aplasia/severe hypoplasia

auditory nerve, semicircular
canal dysplasia and EVA

4 R F 2.2 40 80 (NT) X

5 L M 2.1 40 4.87 (4.70) 95 (90) X N.A.D.

6 L M 2.0 >90 >105 (75)

Aplasia cochlea,
aplasia/severe hypoplasia
auditory nerve, labyrinth

dysplasia and semicircular
canal dysplasia

7 R F 2.0 45 4.73 (4.73) 80 (75) X Bilateral EVA with
probable IP II

8 R F 5.3 >90 95 (85)
Aplasia/severe hypoplasia

auditory nerve and
hypoplasia inner ear canal

9 L M 2.2 >90 >105 (85)

10 L M 2.7 40 4.94 (5.13) 95 (85) X

11 R M 3.3 >90 >105 (90)
Aplasia/severe hypoplasia

auditory nerve and
hypoplasia inner ear canal

12 R F 1.8 >90 >105 (85)
Aplasia/severe hypoplasia

auditory nerve and
hypoplasia inner ear canal

13 L F 5.6 >90 N.A.D.

14 L M 1.7 >90 95 (80) Aplasia/severe hypoplasia
auditory nerve

15 L M 2.0 40 4.84 (4.80) N.A.D.

16 L F 2.3 45 4.90 (4.57) N.A.D.

17 L M 2.9 60 100 (75) Aplasia/severe hypoplasia
auditory nerve

18 R F 3.0 60 100 (80) Unilateral EVA with
probable IP II

19 L M 4.3 40 4.40 (4.87)

20 R F 2.4 50 5.60 (4.83) 85 (75)

ABR = auditory brainstem response; ART = acoustic reflex threshold, ipsilateral, 1000 Hz; DPOAE = distortion-
product otoacoustic emission with SNR > 0 dB; EVA = enlarged vestibular aqueduct; IE = impaired ear;
IP II = cochlear incomplete partition type II; L = left; MRI = magnetic resonance imaging; N.A.D. = no anomaly
detected; NT = no test; R = right.

3.2. Auditory Brainstem Response (ABR)

All subjects slept during the ABR recording. The maximum electrode impedances
(33 Hz square wave) were low with a median of 1.5 kΩ (IQR = 1–2 kΩ, n = 20 subjects).

3.2.1. ABR Thresholds (ABRthrs)

ABRthrs of 20 dB nHL were recorded in all NEs (n = 20), with a wave-V reproducibility
of >73% within a time window of 1–1.5 ms encompassing the wave (median ρ = 97%).

The median ABRthr was 55 dB nHL in the IE (IQR = 40 dB nHL-no response, n = 20).
In 8 subjects (40%), no ABR waves could be discerned in the IE at 90 dB nHL (Table 1),
indicating SSD (objectively supported by ρ < 70%, i.e., SNR < 3.7 dB, for an analysis window
of 1–15 ms [42]). For the subjects with discernible ABR waves, the median ABRthr was
43 dB nHL (IQR = 40–48 dB nHL, n = 12).
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3.2.2. ABR I–V Intervals

The ABR interpeak I–V interval was used to determine the neural transmission time
between the cochlea and upper brainstem. No statistically significant interaural difference
existed in the ABR I–V wave interval (Wilcoxon matched pairs; p = 0.26, n = 9). However,
the interaural between-subject variability was large (Table 1). At 70 dB nHL, the mean ± SD
I–V interval was 4.80 ± 0.34 ms in the NE (n = 17) and 4.92 ± 0.34 ms in the IE (n = 8). At
80 dB nHL, it was 4.82 ± 0.31 ms in the NE (n = 8) and 4.81 ± 0.19 ms in the IE (n = 7).

3.2.3. ABR Latencies

Not surprisingly, the latency as a function of the stimulus level for waves I, III and V was
similar when comparing the NE and IE for all the subjects (Figure 2) (Mann–Whitney U test:
ps > 0.05). A slight, albeit significant, interaural wave-V latency difference existed for paired
comparisons at 70 dB nHL (median difference 0.25 ms, p = 0.03, n = 12), and at 80 dB nHL
(median difference 0.13 ms, p = 0.04, n = 5), but not at 40, 50 or 60 dB nHL (Wilcoxon’s
matched pairs test, see Table S1, Supplementary Materials). No statistically significant
interaural difference existed in ABR latency for wave I and III at any stimulus level, neither
paired nor unpaired (see Table S1, Supplementary Materials, ps > 0.05).

Figure 2. Mean Auditory brainstem response latency as a function of stimulus level (dB nHL) for
wave V (circles), wave III (triangles) and wave I (rhombi) for the IE (filled) and the NE (open). The
mboxemphns = 1, 6, 10, 9, 12, and 11 for wave I in the IE for 35, 40, 50, 60, 70, and 80 dB nHL,
respectively, whereas the ns = 20, 16, 16, 13, 9, 20, and 9 in the NE for 20, 30, 40, 50, 60, 70, and
80 dB nHL, respectively. For wave III the ns = 7, 5, 11 and 10 in the IE for 50, 60, 70, and 80 dB nHL,
respectively, whereas the ns = 11, 13, 14, 11, 9, 20, and 9 in the NE for 20, 30, 40, 50, 60, 70, and
80 dB nHL, respectively. The wave I ns = 8 and 7 for the IE and ns = 17 and 8 for the NE at 70 and
80 dB nHL, respectively.

3.2.4. ABR Wave Amplitudes

The NE vs. IE I/O functions for waves I, III and V were parallel shifted (Figure 3).
Likewise, linear mixed modelling revealed a significant effect of ear (NE vs. IE) on

wave V (rtotalmodel = 0.78, p < 0.001), wave-III (rtotal model = 0.76, p < 0.001) and wave I
(rtotal model = 0.64, p < 0.001) amplitudes. The effect of the stimulus level was also significant
(p < 0.001, p < 0.001, p = 0.004) for wave V, III, and I, respectively. Subject was a significant
contributor to the model for wave III (p < 0.001) and I (p < 0.001).

For detailed ABR mean and median amplitude NE vs. IE difference by stimulus
level with statistical significance (paired and unpaired) for wave I, III and V see Table S2,
Supplementary Materials.
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Figure 3. Mean auditory brainstem response amplitude as a function of stimulus level (dB nHL) for
wave V (circles), wave III (triangles) and wave I (rhombi) demonstrates parallel shifted I/O functions,
when comparing the NE (open) with the IE (filled). The ns = 20, 15, 16, 13, 9, 10, and 9 for Wave V in
the NE for 20, 30, 40, 50, 60, 70, and 80 dB nHL, respectively, whereas ns = 6, 10, 9, 12, and 11 in the IE
for 40, 50, 60, 70, and 80 dB nHL, respectively. For wave III the ns = 11, 12, 14, 11, 9, 20, and 9 in the
NE for 20, 30, 40, 50, 60, 70, and 80 dB nHL, respectively, whereas ns = 7, 5, 11, and 10 in the IE for 50,
60, 70, and 80 dB nHL, respectively. The wave I ns = 8 and 7 for the IE and ns = 17 and 8 for the NE at
70 and 80 dB nHL, respectively.

3.3. Magnetic Resonance Imaging (MRI)

Seventy percent (14/20) of the subjects underwent MRI of the auditory systems
(Table 1). One subject was excluded due to congenital heart abnormality, and another
5 subjects declined MRI participation for personal reasons. The median age for MRI was
8 months (IQR = 7–10 months).

Malformations of the auditory system were identified in 64% (9/14) of the subjects.
The prevalence of malformations was higher in children with profound uSNHL, as 86%
(6/7) of the children with an ABRthr >90 dB nHL showed malformations, whereas children
with mild to profound uSNHL demonstrated a malformation prevalence of 43% (3/7;
Table 1).

Half of the MRIs revealed no visible cochlear nerve (Figure 4) (n = 7/14; S3, S6, S8,
S11–12, S14 and S17), henceforth referred to as cochlear nerve aplasia, although severe
hypoplasia cannot be excluded. All cochlear nerve aplasia was combined with hypoplasia
of the vestibulocochlear nerve. Six of these seven subjects demonstrated no ABR response
(or threshold > 90 dB nHL, i.e., SSD), while the ABRthr for S17 was 60 dB nHL (Table 1).
Moreover, no visible cochlear nerve was combined with hypoplasia of the inner ear canal
in three of the subjects (S8, S11–12; i.e., inner ear canal being evidently smaller on IE side
compared to NE side).

Cochlear nerve aplasia in combination with an inner ear malformation was observed in
two subjects: S6 with cochlear aplasia, labyrinth dysplasia and semicircular canal dysplasia,
and S3 with cochlear hypoplasia, semicircular canal dysplasia and enlarged vestibular
aqueduct (EVA). The total percentage of inner ear malformations was 29% (S3, S6–7, S18;
Table 1). S3, S7 and S18 revealed EVA, bilateral for S7 (ABRthr of 45 dB nHL in the IE) and
unilateral for S3 (SSD), as well as for S18 (ABRthr of 60 dB nHL in the IE). S7 progressed to
a bilateral hearing loss at a hearing follow-up at 8 months of age, despite having an ABRthr
of 20 dB nHL, as well as TEOAEs and DPOAEs, in the NE at 2 months of age.

Nothing abnormal was identified in the auditory pathway for S2, S5, S13, S15 and S16.
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Figure 4. Typical MRI images of the inner auditory canal for subjects with cochlear nerve aplasia
(oblique-sagittal view); (a,b) The normal-hearing ear (NE) of subject 11 (S11) showing a normal
cochlear branch of the vestibucochlear nerve; (c,d) The impaired ear (IE) of S11 showing no visible
cochlear nerve branch, indicating aplasia or severe hypoplasia.

3.4. Congenital Cytomegalovirus (cCMV) Infection

All subjects were CMV negative according to the PCR analysis on the DSP cards
typically taken 48 h after birth (n = 16), plasma test on the same day as birth (n = 1), or the
mother’s lgG and lgM negative CMV blood test shortly after birth (n = 3). The mothers who
were CMV lgG and lgM negative left the blood sample for the analysis within 3 months
after childbirth (51–88 days).

3.5. Tympanometry and Acoustic Stapedius Reflex Threshold (ART)

The change in absolute compliance, measured in equivalent volume of air at tympanic
peak pressure was almost identical in the two ears, with medians of 1 mL in the NE (IQR:
0.5–1.5 mL, n = 19) and 1 mL in the IE (IQR: 0.7–1.4 mL, n = 16). Similarly, the median
tympanic peak pressure was 10 daPa in the NE (IQR: −5–40 daPa, n = 19) and 10 daPa and
IE (IQR: −10–30 daPa, n = 16). The ears that could not be tested at the research visit (the IEs
of S1, S2, S16 and S19, and the NE of S2) showed normal tympanograms at follow-up visits
(≥0.2 mL compliance, −100 daPa to 100 daPa) in combination with no significant changes
in hearing (ABRthrs, ARTs and/or TEOAEs).

An ipsilateral acoustic reflex test was completed in 70% of the infants in the NEs and
70% in the IEs. The median ART was 85 dB HL in the NEs (IQR: 75–90 dB HL, n = 14),
and 95 dB HL in the IEs (IQR: 95 dB HL-no response, n = 14; Table 1 for the ART of the
IEs for each subject). A statistically significant median interaural ART difference of 15 dB
was found for the subjects with recordable ARTs in both ears (Wilcoxons matched pairs:
p = 0.008, n = 9).
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3.6. Transient-Evoked Otoacoustic Emission (TEOAE)

All TEOAE recordings in NEs showed a SNR > 4 dB in at least three of the upper
four wide-frequency bands (n = 18, no reliable/no recording for S2 and S10 at test, though
all NEs had passed TEOAE screening previously). The mean ± SD response level was
19.8 ± 7.2 dB SPL (n = 18) for NEs, similar to the 19–20 dB SPL in previous research of
neonatal NEs with a similar test setup [43,44]. In Nes, the median stimulus level was
81.9 dB SPL peak (IQR: 81.6–83.1, n = 18), the stimulus stability was high (median = 98%,
IQR: 92–99, n = 18), and a median of 233 sweeps were used (IQR: 160–260 sweeps; n = 18).
The whole-wave reproducibility was high with a median of 90% (IQR: 83–97%; n = 18), and
the median entire SNR was 6.4 dB (IQR: 3.8–12.8 dB, n = 18). The IEs did not pass UNHS and
likewise no TEOAEs could be recorded at the research visit (n = 18, no reliable/no recording
for S10 and S19 at test, though all IEs had not passed TEOAE screening previously).

3.7. Distortion-Product Otoacoustic Emission (DPOAE)

A DPOAE response, classified as a positive SNR, was recorded at three frequencies
or more (1–8 kHz) in 16/17 NEs (only two NE frequency responses for S19, that held the
noisiest recording) and at two frequencies or more for 17/17 NEs (no reliable/no DPOAE
recording for S2, S10 and S15).

In comparison, a DPOAE response was recorded at three frequencies or more (1–8 kHz)
in 5/18 IEs (S2, S4, S5, S7 and S10), all with corresponding IE ABRthrs of 35–45 dB nHL
(no reliable/no DPOAE recording for S13 and S15) (Table 1). DPOAE responses at two
frequencies or more were recorded in 7/18 IEs (for S2–5, S7, S10 and S17) and at one
frequency or more in 13/18 IEs (S1–5, S7, S9–11, S16–19).

Although DPOAEs were recorded in some IEs, the DPOAE response levels (dB SPL)
were generally weaker in the IEs compared to the NEs, as expected. For the frequencies
with DPOAEs in the IEs (27 frequency recordings; DPOAE level–(Noise + 2 SD) > 0 dB),
the median response level was −0.2 dB SPL (IQR: −3.8 to 6.3 dB SPL), in comparison to
17.7 dB SPL (IQR: 12.5–21.7 dB SPL, 94 frequency recordings) in the NEs.

4. Discussion

4.1. Magnetic Resonance Imaging (MRI)

Infants with mild to profound congenital uSNHL, consecutively recruited from the
newborn hearing-screening program, were diagnosed with malformations of the auditory
system in 64% of cases (9/14); 86% for congenital SSD (6/7) and 43% for mild to severe
congenital uSNHL (3/7). Thus, the diagnostic yield of 64% was numerically somewhat
higher than other studies of uSNHL and MRI of 37–58% [12–14,18,19]. However, compared
to studies where apparently acquired uSNHL had been excluded (CT and/or MRI), the
64% was very similar to the previous 46–67% malformations [12,20,21]. A strength with
this study design of congenital uSNHL was that the median diagnostic age was 2 months
(Table 1), in comparison to the mean/median diagnostic age of around 4 years in previous
studies, where apparently acquired uSNHL had been excluded [12,20,21]. A thorough
audiologic examination was also performed in addition to the MRI. In agreement with
previous studies of uSNHL, malformations were common for all degrees of uSNHL [13,16],
and malformations were about twice as common for children with SSD compared to
children with mild to severe uSNHL [16]. For mild to severe uSNHL the 43% malformation
prevalence was similar to the 44–48% [13,16]. The 86% malformation prevalence for SSD
was numerically higher than the 52–71% [13,16] found previously for SSD, probably due to
the high prevalence of cochlear nerve aplasia found here.

The most common malformation was cochlear nerve aplasia in 50% of scans (7/14,
Figure 4), which was numerically higher than what has been found in previous studies
of children with uSNHL at 17–36% [12–14,18,19]. Not surprisingly, cochlear nerve aplasia
was much more common for SSD (6/7, 86%) than for mild-to-severe uSNHL (1/7, 14%).
The proportion of subjects with SSD compared to other degrees of uSNHL does not fully
explain the high prevalence of cochlear nerve aplasia in this study, as 50% of the subjects
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who underwent MRI had SSD, which was similar to the 28–74% SSD in previous uSNHL
studies [12–14,18,19]. The high prevalence of cochlear nerve aplasia may be due to our aim
of only including infants with congenital uSNHL, by recruiting from the UNHS program,
and diagnosing the uSNHL early (median age 2 months) and performing MRI as soon as
possible (median age 8 months). For instance, one study found a prevalence of cochlear
nerve aplasia or hypoplasia in 100% of infants with SSD (n = 10) and 75% in preschool
children with SSD (n = 20), compared to 48% in children with SSD in general (n = 50) [18],
indicating that the diagnosis age matters. Furthermore, the MRI resolution needs to be
sufficient to resolve individual nerves in the inner auditory canal and diagnose cochlear
nerve aplasia or hypoplasia. A 3T MRI scanner was used in 93% of scans, the exception
being for S3 where a 1.5 T scanner was used, as a back and spine MRI was prioritized
additional to the auditory system MRI. Thus, the 3T scans may also contribute to the high
prevalence of malformations, e.g., some studies included in a recent meta-analysis [15]
found no cases of nerve aplasia or severe hypoplasia [53,54], and the MRI resolution was
not described/specified, or found only a few percent cochlear nerve aplasia or severe
hypoplasia [55] with MRI resolution at 1–2 Tesla.

The 29% inner ear malformations (4/14) were similar in prevalence to the 28–46% in
previous studies [12–14,18], and so was the 21% EVA (3/14) compared to the 8–25% in
previous studies [12–14,18]. The bilateral EVA quickly deteriorated to a bilateral SNHL, so
the early MRI (at 7 months of age) contributed to a CI-fitting shortly after hearing loss onset.

4.2. Congenital Cytomegalovirus (cCMV) Infection

All subjects were cCMV negative. Children with uSNHL has previously been found to
be cCMV positive in around 10% [14] to 20% of cases [29,30], so we expected some positive
cases. The CMV PCR technique, used for the majority of subjects, has demonstrated a high
negative predictive value (NPV) of 0.991 (95% CI = 0.972–0.997), as found by a meta-analysis
based on 15 studies [56]. One contributing factor to the absence of cCMV infection could
be that only congenital uSNHL was studied, compared to both acquired and congenital
uSNHL [14,29,30]. About 30–50% children with cCMV that develop SNHL or uSNHL
specifically do this during the neonatal period [27,28]. The first TEOAE measurement
is also routinely performed very early, around postnatal day 3, in the UNHS program
in Region Stockholm (98% screened) [2,43,44], compared to the neonatal period up to
2 months of age in previous studies [27,28]. Moreover, the spread of infections generally
changes over time. The COVID-19 pandemic in 2020 to 2021 might have contributed to a
lower prevalence of cCMV infection in infants, due to adjustments in hand hygiene and
close contact with other people, as has been suggested from changes in cCMV prevalence
in populations affected by strict lockdowns due to the pandemic [57,58].

Detecting cCMV-associated progressive uSNHL during the first years of life without
universal neonatal cCMV screening is a challenge. Clinical protocols for finding these
patients needs careful consideration, as they are potential CI candidates [30,59–61].

4.3. Affected Mechanisms and Auditory Profiles

The aim of this study included describing affected mechanisms in congenital uSNHL.
We found that the ABR I/O function for the NE and IE were parallel shifted (Figure 3) and
interaural amplitudes were significantly different at higher input levels, in contrast to the
pattern previously observed in adults with cochlear hearing losses with recruitment [34,35].
Additionally, no significant interaural difference was found in ABR I-V intervals, indicating
no reflection of auditory deprivation or retrocochlear influence on the IEs. The interaural
difference in TEOAEs primarily supported the diagnosis of congenital uSNHL, with a NE
and an IE from birth. The recordings of DPOAEs confirmed that the TEOAEs recorded here
are more sensitive than DPOAEs evoked at 75/75 dB SPL in identifying minor cochlear
hearing losses [52]. Not surprisingly, the subjects with DPOAEs at three frequencies or
more demonstrated the lowest IE ABRthrs (i.e., 35–40 dB nHL). Similarly, the subjects that
lacked DPOAEs also showed some of the highest IE ABRthrs (i.e., ≥60 dB nHL), which
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adds to research indicating that DPOAE I/O functions in children may be related to their
behavior audiometric thresholds [62], although the relationship needs more study.

The parallel shift in ABR I/O functions was supported by the statistically significant
effect of ear and stimulus level on waves I, III and V in the linear mixed model. From
studies of adults with cochlear hearing loss and loudness recruitment, ABR amplitudes
are expected to be significantly lower near the ABRthr in the IE than at the corresponding
stimulus level in the NE, with similar amplitudes in the IE and NE at higher ABR stimulus
levels of about 70–80 dB HL [34] and 60–80 dB nHL [35]. Thus, the parallel shifted functions
suggest a reflection of a lack of recruitment on the group level, and/or a different type of
hearing loss than cochlear hearing loss, predominantly affecting outer hair cells [34,35].

The absence of loudness recruitment was also reflected in the ARTs, as a significant
interaural difference existed on the group level (Table 1). This agrees with previous study
results, e.g., it was found that with higher stimulus levels, where equal loudness was judged
between the ears, ARTs did not differ between the ears in adults with mild to moderate
unilateral or asymmetrical SNHL and recruitment [63]. Additionally, this finding has been
supported in human quinine experiments (induced hearing loss by affecting outer hair
cells), where recruitment was reflected in changes in both in the TEOAE I/O function [64],
and in ABR I/O function [35], with no change in ARTs, even up to a 46 dB hearing threshold
shift [35,64]. It should be noted that parallel shifted NE and IE ABR I/O functions are
typical for conductive hearing loss too. However, the interaural ABR latency difference
for wave I, III and V was typical for SNHL, i.e., within the level of reproducibility (of
about 0.2–0.3 ms) for NEs and IEs with cochlear hearing loss [65,66] (Figure 2 and Table S1,
Supplementary Materials). Further support of no conductive component to the congenital
uSNHL can be found in the indistinguishable tympanograms in the NE and IE, and the
10–15 dB interaural difference in ARTs.

ABR I/O functions in combination with ARTs may be useful clinical tools, espe-
cially the ABR, as it is already measured as a first or second step by many UNHS pro-
grams, and ABR I/O functions have shown to be similar for wave I and V from birth to
adulthood [67,68]. The lack of loudness recruitment based on ABR I/O functions and ARTs
on group level in children with congenital uSNHL presumably reflect the etiology behind
the hearing loss, where, e.g., malformations of the auditory system are more common in
unilateral compared to bilateral SNHL [16,17].

The ABR I/O function may add important information to be used in the choice of
amplification and compression settings for pediatric patients. Most amplification guide-
lines for pediatric SNHL recommend the use of validated pediatric-focused prescriptive
formulas, i.e., the desired sensation level (DSL) v.5 [69,70] or the national acoustic laboratory
non-linear 2 (NAL NL2) [71] that focus on ensuring there is enough compression in the
dynamic range to make sounds audible near thresholds and encourage that a wide range of
input levels be compressed sufficiently [72,73]. These prescriptive formulas use the hearing
thresholds as a function of frequency as a basis and take into account some additional
auditory parameters. For loudness, the possibility of choosing between linear gain or
wide dynamic range compression (WDRC) exists, and adjustments of the compression
threshold can be made, and loudness discomfort levels (LDL) are taken into account for
DSL v.5 [69,70]. The LDL is, to our knowledge, the only supra-threshold clinical data that
can be applied to modify the prescriptive formulas of amplification. LDLs are not possible
to measure in small children, and variability across subjects of all ages is large [74]. Thus,
more research is needed into how supra-threshold data that reflect the individual’s reduced
dynamic range of hearing could be used in prescriptions to infants and children, e.g., the
ABR I/O function studied here, as our groups’ IE vs. NE I/O functions were different than
those of adult listeners with cochlear hearing loss [34,35].

4.4. Strengths and Limitations

A strength of this diagnostic study is the prospective design of consecutively recruit-
ing all children with congenital uSNHL in Region Stockholm during a two-year period,
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reducing sample bias. The median 55 dB nHL ABRthr, the 50% males and 65% left IEs
(n = 20) were similar to the median 50 dB nHL ABRthr, the 56% males and 61% left IEs
(n = 18) with congenital uSNHL previously screened in the UNHS program in Region
Stockholm (>30,000 consecutively screened newborns, 98% coverage rate) [2], indicating a
representative sample. Moreover, the median diagnostic age was much lower at 2 months
of age, compared to about 4 years of age in etiology/imaging studies using similar subject
groups [12,20,21]. Another strength is the detailed descriptions of auditory profiles and
that all subjects revealed ABRthrs of ≤20 dB nHL in the NEs at the initial research visit,
with healthy outer and middle ears bilaterally. The same audiological test instruments and
audiologic test room was used for the measurements. ABRs, ARTs, TEOAEs, DPOAEs
and tympanograms were recorded in an automatic and objective manner, and possible
remaining between-subject variability due to, e.g., the inadequate placement of earphones
or electrodes, was reduced by M.D., M.J. and E.B. performing and analyzing the audiologic
measurements. The ABR wave analysis was performed in an objective and blinded man-
ner. K.E. reviewed all MRI scans additional to the first review by one or two experienced
neuroradiologists or head-neck radiologists.

Various recruitment steps were undertaken to invite all children born with uSNHL
and excluding all children with temporary hearing loss. However, some children may
have been missed in the recruitment process, despite our efforts to differentiate conductive
from sensorineural components based on the tympanograms, ARTs, otomicroscopy by
an experienced otologist, ABR amplitudes and latencies, and our attempts to reschedule
follow-up visits to ensure normal hearing once OME was resolved. Based on earlier
screening results in Region Stockholm, we expected about ten more participants (Figure 1),
with 51,600 newborns screened in January 2019–October 2020 [46] and 0.058% congenital
uSNHL prevalence [2], similar to other UNHS programs, e.g., 0.045% [1]. The COVID-19
pandemic may have contributed due to hospital anxiety in the beginning stages of the
infection spread in Sweden, as we recruited 3 subjects born during the first 6 months of
2020 when the pandemic arrived in Sweden, compared to 6 subjects per 6 months in 2019.
During the last 4 months of the recruitment of children born between July and October 2020
(recruitment stopped 31st of December 2020), after the first Swedish wave of COVID-19
infection, we recruited 5 infants, the expected number.

5. Conclusions

In this prospective etiology study of infants with congenital uSNHL, 64% of the MRIs
revealed abnormal anatomical structures. In ears with a profound degree of uSNHL the
malformation incidence was especially high at 86% (n = 6/7), though considerably high
also in ears with mild to severe uSNHL at 43% (n = 3/7). The most common malformation
was an absence of a cochlear nerve found in 50% of the MRI scans, followed by 29% inner
ear malformations, of which 21% of all MRIs demonstrated EVA. Thus, MRI is powerful
in finding possible causes for congenital uSNHL and may be used to find CI candidates
with risks of unilateral to bilateral progression (e.g., ears with EVA). All 20 subjects tested
negative for cCMV infection, indicating that it may be relatively uncommon with cCMV
infection with very early uSNHL onset, although fluctuations in infection exposure over
time should not be overlooked. The parallel shifted IE and NE ABR I/O functions and the
interaural ART difference indicate that many children with mild-severe congenital uSNHL
may not experience typical loudness recruitment associated with cochlear hearing loss.
More research is needed on how supra-threshold measurements, such as the ABR I/O
function and the ART, can be used to improve amplification and compression settings in
pediatric hearing aids, as poor fittings may contribute to the large variability in hearing aid
use and outcomes for children with uSNHL.
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statistical significance.
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Abstract: To improve the etiological diagnosis of congenital hearing loss by combining whole-exome
sequencing (WES) with cytomegalovirus (CMV) testing and to explore the potential benefits of
adding CMV screening to newborn hearing screening, 80 children under 2 years of age with bilateral
sensorineural hearing loss were recruited. Peripheral venous blood was extracted from the children
for WES analysis. Saliva after mouthwash and the first urine in the morning were collected and
used as samples to quantify CMV DNA copy number in urine and saliva by qPCR; among the
80 children with congenital deafness, 59 (74%) were found to have genetic variants that may cause
congenital deafness, including 44 with GJB2 or SLC26A4 gene variant, 1 with STRC gene variant, and
14 with other genetic variants. A total of 12 children carried deafness gene variants associated with a
syndrome; CMV test results showed that in two children, the CMV DNA copy number in saliva was
>1000/mL, which indicates that they were CMV-positive, and their genetic test results were negative.
A neonatal CMV test combined with genetic screening can improve the etiological diagnosis rate of
congenital deafness, and the direct evidence of neonatal CMV infection deserves further verification.

Keywords: cytomegalovirus; congenital hearing loss; screening; genetic testing

1. Introduction

Congenital hearing loss is the most common sensory deficit in children. It has been
reported that 1–2 per 1000 newborns have sensorineural hearing impairment [1]. More than
50% of cases of congenital hearing loss in children are attributed to genetic aetiologies [2].
To date, 218 genes causing deafness have been identified [3]. Among the non-genetic factors
associated with congenital hearing loss, cytomegalovirus (CMV) infection is one of the most
common, accounting for 10–20% of cases of sensorineural hearing impairment reported in
children [4]. Countries and regions with different economic conditions have different rates
of neonatal CMV infection. In general, the infection rate of human CMV in live newborns
is 0.3–2.4% [5]. In developing countries, the incidence can reach 1–5% of all live births [6].

CMV mainly invades the liver, followed by the brain, bone marrow, lung, heart, and
other organs, which can lead to neonatal birth defects and developmental disorders [7].
Approximately 85–90% of infected newborns have no symptoms at birth, and 10–15% of
infected newborns have obvious symptoms of clinical infection [8]. Clinical manifesta-
tions of CMV include foetal growth restriction, low birth weight, central nervous system
and multiple organ involvement with petechiae, hepatomegaly, splenomegaly, jaundice,
pneumonia, and encephalitis [9]. These manifestations are severe and can cause a high
perinatal mortality rate and major neurological sequelae in approximately 90% of surviving
infants with symptomatic CMV [10]. In addition, 10–15% of infants with asymptomatic
CMV develop long-term sequelae, including progressive sensorineural hearing difficulty
and mental retardation [11]. These sequelae add to the complexity of the diagnosis of
CMV infection.
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If children with sensorineural hearing loss do not receive timely intervention, the
development of their speaking ability, intelligence, and learning ability is seriously affected,
which substantially impacts their individual development and future. Although newborn
hearing screening is universal in most developed countries, screening for CMV in newborns
is not widespread [12]. Determining whether congenital CMV infection or genetic factors
are the cause of hearing loss in these newborns is important for early diagnosis and
intervention. To improve the aetiological diagnosis rate of congenital deafness, we recruited
children with congenital sensorineural disease and performed deafness genetic testing
and CMV testing. Due to the high cost of whole-genome sequencing, we adopted a low-
cost comprehensive genetic testing protocol. In this study, we identified several children
who were CMV-positive via CMV screening and did not carry genetic variants that cause
deafness. Although the CMV test results did not diagnose congenital CMV infection in
these children, we considered their congenital hearing loss to be linked to congenital CMV
infection based on their clinical symptoms. To more accurately diagnose the aetiology
of congenital deafness, provide a more optimized diagnosis and treatment strategy, and
improve the quality of life of children with congenital CMV, we propose adding high-
sensitivity and high-specificity CMV screening to newborn hearing screening.

2. Materials and Methods

2.1. Clinical Examination

We recruited 80 children with bilateral hearing loss to this study. All participating
children failed newborn hearing screening. Based on newborn hearing screening results,
auditory steady-state response results, and medical history, these participants were diag-
nosed with congenital hearing loss. The children were 24 months of age or younger at the
time of the testing. All children were physically examined, and their medical history was
collected to identify other systemic disorders or abnormalities.

2.2. Variant Detection and Analysis

The GJB2 and SLC26A4 genes were first analysed by a multiplex polymerase chain
reaction (PCR) amplicon sequencing assay. Low-pass genome sequencing was then used
to analyse GJB6 gene deletion. After excluding the aforementioned genes, STRC/OTOA
analysis was performed using a kit (SALSA® MLPA® P461 DIS probe mix kit, MRC-
Holland, Amsterdam, the Netherlands). Patients suffering from severe or profound hear-
ing loss or who had negative results from STRC/OTOA analysis were further referred
for exome sequencing. Exome sequencing was performed using KAPA HyperExome
Probes (Roche, Pleasanton, CA, USA) accompanied by 100 bp paired-end sequencing on an
MGISEQ-2000 platform (BGI-Wuhan, Wuhan, China). All detected sequence variants were
confirmed via Sanger sequencing (single nucleotide variants), quantitative PCR (qPCR;
exon-level copy number variations (CNVs)), or low-pass genome sequencing (subchromo-
somal CNVs). The sequencing results were all aligned to the reference human genome
(hg19) using the Burrows–Wheeler Aligner (BWA) Multi-Vision software package. Ac-
cording to the sequencing results of two probands, Sanger sequencing was performed to
confirm whether their parents had the same mutations. All SNVs and indels were refer-
enced and compared with multiple databases, including the National Centre for Biotech-
nology Information (NCBI) GenBank database (https://www.ncbi.nlm.nih.gov/nuccore,
accessed on 6 January 2021), the Database of Single Nucleotide Polymorphisms (dbSNP)
(http://www.ncbi.nlm.nih.gov/projects/SNP, accessed on 6 January 2021), and the 1000
Genomes Database (https://www.internationalgenome.org, accessed on 6 January 2021).

2.3. Test for CMV Infection

Quantitative detection of CMV DNA content was performed by BGI Genomics
(Wuhan, China). A total of 0.2 mL saliva and 2 mL urine was collected from each pa-
tient participating in the study for the detection of CMV infection. Specimens were stored
at 4 ◦C until they were processed in the virology laboratory. We used 0.2 mL of urine or
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saliva to prepare DNA for quantitative detection of CMV DNA content by real-time fluo-
rescence qPCR. A CMV test was considered positive when the saliva or urine samples were
confirmed to be positive for CMV DNA (CMV DNA ≥ 1 × 103 copies/mL). Term infants
with serum total bilirubin >220 μmol/L and preterm infants with serum total bilirubin
>256 μmol/L were diagnosed with pathological neonatal jaundice.

3. Results

3.1. Rate of CMV Infection

Of the 80 children with congenital bilateral hearing loss in the study, 59 (74%) were
found to have genetic variants that may cause congenital deafness, including 44 with GJB2
or SLC26A4 gene variant, 1 with STRC gene variant, and 14 with other genetic variants
that may cause deafness. No genetic variants that can cause deafness were detected
in the remaining 21 children. Among the 59 cases of children carrying a gene variant
that may cause deafness, 12 children carried deafness gene variants associated with a
syndrome; however, symptoms in addition to hearing loss were found in only five children
upon further examination, and no signs or symptoms associated with a syndrome were
observed upon subsequent clinical examination of the remaining seven children. CMV test
results revealed that in two children, the CMV DNA copy number in saliva was >1000/mL,
indicating that they were CMV-positive, and their genetic test results were negative, with no
variants identified in genes that are known to cause deafness. The medical history of these
two children included symptoms of congenital CMV infection, such as hyperbilirubinemia,
ventricular defects, and patent ductus arteriosus. We summarise the information of all
children with CMV-positive or CMV-false positive results in Table 1.

Table 1. Information on all children with CMV-positive or CMV-false positive results.

Subject
Age at the Time of
Sample Collection

(Months)

CMV DNA
Quantification in

Saliva Sample

CMV DNA
Quantification in

Urine Sample

Variants in Congenital Hearing
Loss–Related Genes

1 4 413,976.2 48,028.8 GJB2 c. 560_605dup/c. 235del C
2 7 114,985.0 negative -
3 6 93,588.6 negative SLC26A4 c. 919-2 A > G/c. 589 G > A
4 7 90,400.3 60,704.0 GJB2 c. 263 C > T
5 8 48,376.9 6928.1 KCNQ1 c. 1684 A > GT/EXON 8-9 DEL
6 7 37,786.3 negative -
7 3 14,382.9 negative GJB2 c. 299_300 del AT/c. 235del C
8 21 negative negative -
9 18 negative negative -
10 22 negative negative GJB2 c. 235del C/c. 235del C
11 12 negative negative MYO7A c. 6320 G > A/c. 612 C > G
12 22 negative negative -
13 20 negative negative GJB2 c. 235del C/c. 176_191del

3.2. Clinical Data

Auditory Brainstem Response (ABR) was used to detect the hearing thresholds of the
subjects. For Subject 2, the hearing threshold of the left ear was 55 dB, and the hearing
threshold of the right ear was 60 dB; for Subject 6, the hearing threshold of the left ear was
100 dB, and the hearing threshold of the right ear was 90 dB. The pure-tone average was
categorised as normal, mild (26–40 dB), moderate (41–55 dB), moderately severe (56–70 dB),
severe (71–90 dB), or profound (>90 dB).

Subject 2 suffered from bilateral congenital deafness. The parents of Subject 2 stated
that Subject 2 was born with neonatal hyperbilirubinemia, neonatal pneumonia, and
hypoalbuminemia. These were verified in Subject 2’s medical history and examination.
Subject 6 was born with congenital heart disease (congenital patent ductus arteriosus).
These are symptoms that may be observed in children with congenital CMV infection
(Figure 1).
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Figure 1. Graph of CMV screening and next-generation sequencing results.

4. Discussion

Numerous studies have reported that CMV infection can cause congenital SNHL in
children [13]; however, newborn CMV screening has not yet been established in routine
practice in most countries. TORCH tests are performed on women of childbearing age in
countries such as China [14]. Notably, many women around the world of reproductive
age are seropositive for CMV [15]. In addition, it has been reported that women who are
seropositive for CMV antibodies and may be immune may carry CMV-infected infants who
are also at significant risk of congenital SNHL [16].

In our study, we collected blood, saliva, and urine samples and clinical data from
80 children who failed newborn hearing screening and attempted to diagnose these chil-
dren with congenital deafness via next-generation sequencing and CMV screening. All
80 children were under 2 years of age at the time of the study. According to previous
reports, the detection rate of CMV in newborns’ serum samples is lower than in saliva and
urine samples. Serum samples were found to be positive in less than 40% of CMV-infected
neonates. This suggests that saliva and urine samples are more suitable for newborn CMV
screening. Saliva has a high detection rate but is prone to false-positive results; therefore,
further testing on urine samples must be conducted in patients with CMV-positive saliva.
In this study, CMV was detected in the saliva samples of 13 children and urine samples
of 11 children. However, we considered children to be positive for CMV infection only
when the CMV copy number detected in saliva or urine samples was >1000/mL. As shown
in Table 1, there were two CMV-positive cases. Whole-exome sequencing revealed that
they did not carry genetic variants that could cause hearing loss. In addition, the two
children had a history of other clinical symptoms similar to those caused by congenital
CMV infection. We believe that their congenital hearing loss may have been caused by
congenital CMV infection.

In our study, genetic factors were found to account for 59/80 (74%) cases of congenital
deafness. The proportion of children who are CMV-positive and do not carry the gene
variant site is 0.025%. This value is much lower than the infection rate of CMV in children
with SNHL [4,5]. This may be because the children we selected were all born with SNHL
and were younger than 2 years of age. However, a considerable proportion of the hearing
loss caused by congenital CMV infection is delayed hearing loss. Children who tested
positive for CMV may have had a congenital infection, perinatal infection, or postnatal
infection. However, we were not able to pinpoint the timing of CMV infection in the
children. Moreover, we can only determine that these children had CMV infection; we
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cannot conclude whether their congenital hearing loss is related to CMV infection. As
a result, diagnosis and treatment of these children is difficult. Notably, no association
between urine or saliva CMV viral content and hearing loss severity was observed in
our study. Of course, CMV virus levels in urine or saliva do not reflect the situation in
the cochlea.

Early diagnosis and provision of antiviral therapy can help children with CMV infec-
tion lead normal lives. The efficacy of antiviral therapy in neonates with isolated SNHL
due to CMV remains controversial. Because the replication of CMV in patients rebounds
immediately after cessation of antiviral therapy, and SNHL in infants with CMV is often
delayed; researchers question whether short-term antiviral therapy would have long-term
benefit in the progression of SNHL [17]. However, it is worth noting that some studies
have shown that infants born with isolated SNHL due to CMV were found to benefit from
prolonged antiviral treatment. Marian G Michaels et al. treated nine symptomatic CMV-
infected children with chronic intravenous or oral ganciclovir, seven had no progression
of hearing loss, and two had improved hearing thresholds [18]. The placebo-controlled
trial of valganciclovir therapy in neonates with symptomatic congenital CMV disease by
David W Kimberlin et al. found that total-ear hearing (i.e., hearing in one or both ears that
can be evaluated) was more likely to be improved or to remain normal at 12 months in the
6-month valganciclovir therapy group than in the 6-week valganciclovir therapy group [19].
The improvement in total-ear hearing was maintained at 24 months. In a retrospective
study, Yehonatan Pasternak et al. found that infants born with isolated SNHL due to CMV
showed significant improvement in hearing status and no deterioration of unaffected ears
at baseline after receiving long-term antiviral therapy (intravenous ganciclovir 5 mg/kg/d
for 6 weeks followed by oral valganciclovir or oral valganciclovir 17 mg/kg/dose in two
daily doses for 12 weeks, then one daily dose until completion of 12 months of treat-
ment) [20]. Although these antiviral treatments increase the risk of neutropenia, the benefit
of long-term antiviral therapy on hearing in congenital CMV-infected patients deserves
attention [19,20]. Antivirals should be started in the first month of life, and therapy must
be based on a definitive diagnosis of CMV infection [21]. Therefore, screening for CMV in
neonates is valuable.

Numerous studies have reported CMV screening combined with genetic testing for
deafness in newborns who did not pass newborn hearing screening tests [22]. However,
newborn CMV screening is not yet routinely performed in most countries. Foreign stud-
ies have shown that 68.3% of pregnant women have positive serum CMV IgG, of whom
approximately 0.8% have active CMV infection [23]. In the United States, approximately
20,000 to 30,000 newborns are born with congenital CMV infection each year, of whom
approximately 10–15% will suffer hearing impairment in childhood [24]. In China, ap-
proximately 95.3% of pregnant women are serum CMV-IgG positive [25]; among them,
3.5% were found to have acute or active CMV infection. Most newborns with congenital
CMV infection are asymptomatic. We emphasise that newborn CMV screening is essential
to identifying the aetiology of congenital deafness in newborns. The lack of newborn
screening for CMV makes the diagnosis of congenital deafness difficult. Furthermore, we
also propose including CMV screening in newborn hearing screening. However, there are
problems in neonatal CMV screening that should be taken into consideration.

At present, there are no technical difficulties in the general screening for CMV in
newborns, and a variety of samples and methods have been used to detect CMV. CMV
screening of neonatal saliva samples by CMV PCR assay and collection of neonatal urine
samples for further confirmation by PCR is an efficient and convenient method. However,
widespread investigations have substantial economic costs. We can further reduce the
risk of neonatal congenital CMV infection by developing CMV vaccines and reducing the
exposure risk of women of childbearing age; however, ambiguity in diagnosis can lead to
untimely interventions and antiretroviral treatment, causing children with SNHL to miss
the optimal period of treatment and seriously hinder their healthy growth and develop-
ment. We should calculate and balance the economic costs and social benefits of universal
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neonatal CMV screening. Studies have reported the potential cost-effectiveness and health
benefits of universal screening among Chinese newborns [12]. Given that congenital CMV
infection can cause progressive hearing loss, follow-up medical services such as hearing
tests, examinations for other systemic diseases, and mental health counselling should also
be provided, which increases the burden on the medical system. In any case, we need to
set goals and create detailed plans to act as soon as possible.

5. Conclusions

Neonatal CMV testing combined with genetic screening can improve the aetiological
diagnosis rate of congenital deafness, and direct evidence of neonatal CMV infection
warrants further verification.
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Abstract: Cochlear implantation is usually not recommended for prelingual profoundly deaf adults,
although some of these patients might benefit from it. This study aims to define the candidates for
cochlear implantation in this population. This retrospective study reviewed 34 prelingual profoundly
deaf patients who had received a cochlear implant at 32 ± 1.7 years old (16–55), with at least 1 year
of follow-up. Speech perception and quality of life were assessed before and 3, 6, and 12 months
after cochlear implantation, then every year thereafter. According to the word speech intelligibility in
quiet (WSI) 1 year after implantation, two groups were identified: good performer (GP) with WSI
≥ 50% (n = 15), and poor performer (PP) with WSI ≤ 40% (n = 19). At the 1 year mark, mean WSI
improved by 28 ± 4.6% (−20–100) (p < 0.0001). In GP, the intelligibility for words and sentences,
communication and quality of life scales improved. In PP, the communication scale improved,
but not auditory performance or quality of life. GP and PP differed pre-operatively in speech
production, communication abilities, and WSI in best-aided conditions. In prelingual profoundly
deaf adults, a dramatic auditory performance benefit could be expected after cochlear implantation if
the patients have some degree of speech intelligibility in aided conditions and have developed oral
communication and speech production.

Keywords: cochlear implant; prelingual profound hearing loss; speech perception; quality of life

1. Introduction

Cochlear implantation is a well-established treatment to restore communication in
patients with post-lingual severe-to-profound hearing loss regarding their age, and in
prelingually deaf infants [1–3]. Because of the short sensitive period for language develop-
ment in infants, the shorter the auditory deprivation, the better the auditory performance
and oral language acquisition that would be achieved after cochlear implantation [4,5].
Indeed, late cochlear implantation (after 5 years of age) is usually not recommended for
non-progressive congenital or prelingual profound hearing loss [6,7], as prelingual pro-
foundly deaf patients implanted when adults achieved lower auditory performance with
their cochlear implant than those of post-lingual cochlear implanted users [8,9], although
several studies have emphasized some benefits in auditory scores [8,10–15], quality of
life [16,17], or self-esteem [11] in these late-implanted prelingual profoundly deaf patients.
However, some patients implanted when adult who achieved poor performance after
cochlear implantation have been reported to abandon the device [13], raising the question
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of who would be the prelingual profoundly deaf adult candidates to achieve sufficient
benefit for a daily use. In a recent systematic review of the literature, there were not enough
data to predict the auditory performance and analyze the prognosis factors of cochlear
implantation outcomes in this population [18,19]. Most of the studies were small and
heterogenous, including late-implanted prelingually and/or perilingually deaf patients,
presumably because of the few validated indications to date for cochlear implantation in
these populations.

The aim of the present study is to analyze cochlear implantation outcomes in a popu-
lation of prelingual profoundly deaf adults to define the putative candidates who would
attain a real benefit in daily life.

2. Materials and Methods

2.1. Patients

A monocentric retrospective cohort study was conducted in a tertiary referral center
and included patients with unilateral or bilateral cochlear implant for a prelingual bilateral
profound hearing loss, which were implanted over 15 years old without an upper age
limit, between 2004 and 2019. The decision for a cochlear implantation was made after
a multidisciplinary evaluation that included clinical, audiometric, speech, psychological
and radiological assessments, and in accordance with the national guidelines for cochlear
implantation [6,7,20], i.e., a speech discrimination ≤50% at 60 dB for disyllabic words in
silence in the best-aided conditions. Patients were selected among a cohort of all cochlear
implant recipients operated on in our department and noted as “congenital hearing loss”
(Figure 1). Selection criteria were: (1) prelingual hearing loss diagnosed before the age
of 4 years old, reported as severe to profound at diagnosis according to the medical
file; (2) postoperative follow-up of at least 1 year; and (3) preoperative audiometric data
available. Unilateral or bilateral, either simultaneous or sequential, cochlear implantations
were performed with 3 different cochlear implant brands from Cochlear™, Med-El™,
and Oticon™. Decision making for a bilateral cochlear implantation was dependent on
deafness history, patient’s request and motivation. All surgeries and devices were covered
by government funds. Sequential bilateral cochlear implantation was performed with the
objective of achieving a better performance, especially in noisy conditions.

Figure 1. Flowchart of patient inclusion.
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All patients or parents of teenagers provided written informed consent allowing
the analysis of their data in accordance with the reference methodology of the National
Commission for Data Protection and Liberties (CNIL-France, N◦2040854). The study
complies with the Declaration of Helsinki code (“World Medical Association Declaration of
Helsinki. Recommendations Guiding Physicians in Biomedical Research Involving Human
Subjects”, 1997).

Data were collected on demographics, characteristics of hearing loss, pre-operative
audiometric measurements, pre- and postoperative speech evaluation, and communication
skills assessment. According to the medical charts, etiology, age and degree of hearing loss
at diagnosis, age of first hearing aid fitting, and duration of hearing aid use were collected.
A genetic cause of hearing loss was either proved by molecular analysis (Sanger), in the case
of a bi-allelic mutation of GJB2 (CONNEXIN 26 gene), or assumed to be a genetic-related
hearing loss because of a familial history of similar hearing loss in a first-degree relative, or
because of characteristic inner ear malformation (bilateral enlarged vestibular aqueduct).
Socio-professional categories were classified into seven classes according to the main stages
of French education (Poitrenaud’s scale—Table S1) [21].

2.2. Auditory Performance and Communication Evaluations

Hearing was evaluated in a soundproof booth first with headphones and then in
free field in quiet. Before implantation, pure tone average (PTA) and speech intelligibility
without hearing aid using disyllabic words (Fournier lists) were measured with headphones.
Speech intelligibility without and with lip-reading was evaluated in free field with a signal
presented at 60 dB HL from the front, in best-aided conditions (with either uni- or bilateral
hearing aids) before implant, and with cochlear implant alone after implantation. The
following tests were systematically conducted in quiet: speech intelligibility using disyllabic
words (Word Speech Intelligibility, WSI) and speech intelligibility for sentences (Marginal
Benefit for Acoustic Amplification, MBAA). The results are expressed as the percentage of
correct words for disyllabic lists, and as the percentage of correct words and sentences for
the MBAA sentences.

The main outcome was WSI with cochlear implant alone 1 year after implantation.
For simultaneous or sequential bilateral implantations, the evaluation was performed
unilaterally on the best ear or first implanted ear, respectively. Patients were divided in
two groups according to WSI with cochlear implant alone at 1 year: good performer (GP)
when WSI ranged between 50% and 100%, and poor performer (PP) when WSI was less
than 50%. A WSI below 50% was considered as a poor performance as it corresponds to the
25th percentile of all cochlear implant adult recipients in our center during the same period
(n = 612, unpublished data).

Before implantation, auditory tests in noisy conditions were not performed because
of the severity of hearing loss. In some instances, speech intelligibility achieved sufficient
level 1 year after implantation to be tested in noisy conditions, which was performed
with a speech-to-noise ratio of 10 dB (SNR10), and subsequently each year. For patients
with a sequential bilateral implantation, a complementary analysis compared the auditory
performance in best-aided conditions before and 1 year after the second implantation.

Communication skills were assessed before and after implantation using the Cate-
gory of Auditory Performance scale (CAP, Table S2) [22], scaled from 1 (no awareness of
environmental sound) to 9 (can use the telephone with an unfamiliar talker). The usual
mode of communication used before implantation was noted (code, sign language or oral).
Moreover, the scores obtained with the APHAB (Abbreviated Profile of Hearing Aid Ben-
efit) questionnaire were also studied, expressed from 0 (no difficulty) to 100% (maximal
impact of hearing loss on communication) [23]. The language assessment was performed
before implantation using the Speech Intelligibility Rating (SIR, Table S3), scaled from
1 (pre-recognizable words in spoken language) to 5 (connected speech intelligible to all
listeners; the patient is easily understood in everyday contexts) [24]. After implantation, the
follow-up protocol was standardized, and results were assessed using speech intelligibility
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for disyllabic words and MBAA scores at 3, 6, 12, and 24 months, APHAB and CAP at
1 year, and every year thereafter.

2.3. Statistical Analysis

Statistical analysis was performed using GraphPad Prism® (version 8.2.0, San Diego,
CA, USA). Values were expressed as mean ± standard error of mean (SEM) (min–max).
Two-way ANOVA, Wilcoxon, and Mann–Whitney tests were used to compare quantitative
data, and Fisher’s and chi-squared tests were used for qualitative data. A p value < 0.05
was considered to be significant.

3. Results

3.1. Population

Thirty-four patients were included in the study (Table 1). Hearing loss was diagnosed
at 21 ± 2.2 months (1–46), as severe and profound in 15 cases (44%) and 19 cases (56%),
respectively. At the age of implantation (32 ± 1.7 years (16–55)), all patients were profoundly
deaf (non-aided auditory thresholds >90 dB for both ears), and the mean preoperative WSI
in best-aided conditions was 12 ± 2.4% (0–50). A confirmed or presumed genetic cause of
hearing loss was found for 50% of patients (n = 17), including 12 patients with a confirmed
mutation of GJB2 (CONNEXINE 26 gene). The other etiologies were unknown for 11 (32%),
intra-uterine infection for 4 (12%), a neonatal meningitis for 1 (3%), and a prematurity for 1
(3%). Implantation was unilateral for 18 patients (53%), bilateral sequential for 9 (26%), and
bilateral simultaneous for 7 (21%). All preoperative data are detailed in Table 1.

3.2. Cochlear Implant Outcomes

Post-implantation follow-up was 4 ± 0.5 years (1–10). The mean WSI at 1 year was
36 ± 5.1% (0–100), and the median was 35% (interquartile range (7.5–60)). Compared to the
preoperative scores, the mean WSI improved by 28 ± 4.6% (−20–100) (p < 0.0001, n = 34,
Wilcoxon test). At 1 year post-implantation, 15 patients (44%) achieved a WSI of at least
50%, and the 19 others (56%) inferior to 50%; they were considered as good (GP) and poor
(PP) performers, respectively (Table 1).

As shown in Figure 2A, WSI increased as early as 3 months post-implantation for
GP to reach 65 ± 4.1% (50–100) at 1 year (p < 0.0001, two-way ANOVA, n = 15, Table 2).
Excellent WSI scores ranging from 70 to 100% were achieved in seven cases, four being
unilaterally implanted and the other three being contra-laterally operated on later (Table 1).
For PP, no significant improvement was observed with a difference of +10 ± 3.3% (0–20)
1 year after implantation compared to preoperative scores (p = 0.052, two-way ANOVA,
n = 19) (Table 2). Moreover, no word recognition was obtained in eight cases, half of them
having been bilaterally and simultaneously implanted (Table 1). Whatever the auditory
performance achieved after 1 year, WSI remained stable up to 10 years (Figure 2B).
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Figure 2. Post-operative evolution after cochlear implantation. (A) Speech intelligibility without
lipreading for disyllabic words in silence in the 2 groups. Compared to the preoperative scores,
an improvement was observed for the good performer group at 3 months (p = 0.015), 6 months
(p = 0.0002), 1 year (p < 0.0001), and 2 years (p = 0.0005) post-implantation. For the poor performer
group, no significant improvement was found. n = 15, 11, 11, 15, 8 for the good performer group, and
19, 10, 10, 19, 11 for the poor performer group, respectively at 0, 3, 6, 12, and 24 months after cochlear
implantation. (B) Evolution of speech intelligibility for disyllabic words over time in the 2 groups. (n)
are the number of patients at each time point. (C) Speech intelligibility without lipreading for MBAA
sentences in the 2 groups. Compared to the preoperative scores, an improvement was observed
for the good performer group at 6 months (p = 0.024), 1 year (p = 0.0007), and 2 years (p = 0.011)
post-implantation. For the poor performer group, no significant improvement was found. n = 12, 11,
10, 14, 7 for the good performer group, and 9, 7, 8, 13, 10 for the poor performer group, respectively
at 0, 3, 6, 12, and 24 months after cochlear implantation. (D) Mean ± SEM of APHAB scores before, 1
and 2 years after implantation in the 2 groups, showing an improvement only for the good performer
group (p < 0.0001). APHAB, Abbreviated Profile of Hearing Aid Benefit. Data are mean ± SEM; a
two-way ANOVA with a Tukey multiple comparisons test was performed for statistical analysis.
* p < 0.05; *** p < 0.0005, **** p < 0.0001, ns: non significant.
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Table 2. Auditory performance in quiet with cochlear implant alone (best or first implanted ear for
bilateral simultaneous or sequential implantation, respectively) and communication performance
before and 1 year post-implantation in the two groups.

Poor Performers Good Performers

Preoperative 1 Year Post-CI p-Value Preoperative 1 Year Post-CI p-Value

Speech intelligibility

Disyllabic words 4 ± 1.9 (0–30),
n = 19

14 ± 3.4 (0–40),
n = 19 0.052 ¥ 11 ± 4.6 (0–50),

n = 15
65 ± 4.1 (50–100),

n = 15 <0.0001 ¥

Words in sentences 2 ± 1.6 (0–14),
n = 9

30 ± 8.6 (0–77),
n = 12 0.13 ¥ 20 ± 8.9 (0–92),

n = 12
75 ± 6.7 (30–100),

n = 14 0.001 ¥

Sentences 0 ± 0 (0–0),
n = 9

15 ± 6.2 (0–60),
n = 13 0.25 ¥ 13 ± 7 (0–80),

n = 12
64 ± 5.2 (33–100),

n = 14 0.0007 ¥

CAP
1 2 0

0.015 ∞

0 0

0.0003 ∞

2 1 1 1 0
3 4 0 1 0
4 2 6 1 0
5 8 4 8 2
6 0 3 2 3
7 0 2 1 2
8 0 1 0 3
9 0 0 0 4

Good and poor performers had a speech intelligibility for disyllabic words in quiet ≥ and <50% at 1 year,
respectively. CAP: Communication Auditory Performance; CI: cochlear implant. Data are given as mean ± SEM
in % (range), and n for the intelligibility scores, and n for the CAP scores. ¥: two-way ANOVA; ∞: chi-squared test.

Speech intelligibility for sentences without lipreading increased as early as 6 months
post-implantation for GP achieving 64 ± 5.2% (33–100) at 1 year (p = 0.0007, two-way
ANOVA, n = 12), but not for PP (Figure 2C, Table 2).

The addition of lip-reading did not change the WSI in the two groups: 74 ± 9.3%
(0–100) (n = 14) vs. 98 ± 2.0% (90–100) (n = 5) for GP (p > 0.9, Wilcoxon test) and 58 ± 7.9%
(0–90) (n = 17) vs. 56 ± 10.9% (0–100) (n = 13) for PP (p = 0.8, Wilcoxon test) before and
1 year after implantation, respectively.

Communication evaluated using the CAP score improved at 1 year post-implantation
in both PP and GP (respectively p = 0.015 and p = 0.0003, chi-squared test, Table 2). At 1 year
post-implantation, all patients of the GP group improved the CAP score, and 86% of them
(n = 12/14 patients) reached a CAP ≥ 6, being able to understand common phrases without
lip-reading. For PP, an improvement of the CAP score was achieved in 11/16 patients
(69%), for whom CAP was available preoperatively and 1 year post-implantation, reaching
a CAP ≥ 6 in only 35% of them.

Compared to the preoperative score, the APHAB score decreased 1 year after implan-
tation for GP (−28 ± 3.6 (−38 to −18), n = 10, p < 0.0001), showing an improvement of their
quality of life, and remained stable up to the second year of follow-up. No change on the
APHAB score was observed for PP (Figure 2D).

Among the 34 implanted patients, 32 (94%) were all day long users, and time to time
for the 2 others who were in the PP group. No patient has abandoned the device in the
long term.

3.3. Analysis of Preoperative Factors

The 2 groups were similar in terms of age at diagnosis of hearing loss (p = 0.5, Mann–
Whitney test), etiology of hearing loss (p = 0.2, chi-squared test), preoperative PTA (p = 0.3
and p = 0.08, respectively, for ipsi- and contralateral ear, Mann–Whitney test), age at
first implantation (p = 0.7, Mann–Whitney test), and socio-professional categories (p = 0.2,
chi-squared test) (Table 1). However, in best-aided conditions, preoperative speech intelli-
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gibility for disyllabic words without and with lip-reading was higher for GP compared to
PP (p = 0.022 and p = 0.012, respectively, Mann–Whitney test, Figure 3A).

Figure 3. Preoperative assessments in the 2 groups. (A) Preoperative speech intelligibility for
disyllabic words evaluated in optimal listening condition (i.e., with the 2 hearing aids if used) without
and with lip-reading. Good performer group (GP) obtained better scores compared with to the
poor performer group (PP) for the speech intelligibility without and with lip-reading (respectively
p = 0.022, n = 15 for GP and 18 for PP, and p = 0.012, n = 13 for GP and 18 for PP, Mann–Whitney test).
(B) Preoperative Speech Intelligibility Rating (SIR) scores. GP (n = 15) had better scores compared
with PP (n = 16) (p = 0.003, chi-squared test, 3 missing values in PP). (C) Preoperative Category
of Auditory Performance (CAP) scores. GP (n = 14) had better scores compared with PP (n = 17)
(p = 0.032, chi-squared test, 1 missing for GP and 2 for PP). Data are mean ± SEM (A) and n (B,C).
* p < 0.05; ** p < 0.005.

All patients except eight were equipped with a bilateral hearing aid at the time of
diagnosis of deafness, with no significant difference between the two groups for age of
the first hearing aid (p = 0.7 and p = 0.4, respectively, for ipsi- and contralateral ear, Mann–
Whitney test, Table 1). Among the eight remaining patients (24%), six were PP: one patient
did not use any hearing aid before cochlear implantation, two were equipped in only one
ear at the time of diagnosis, and three were equipped several years after diagnosis. The
last two were GP: one patient had a bilateral hearing aid at the age of 5 years, and one was
equipped in only one ear at the time of diagnosis (Table 1). At the time of implantation,
29 patients (85%) used their hearing aid in the implanted ear up to surgery, except for PP, a
patient who never used a hearing aid, and 3 who had abandoned their hearing aid, and
for GP, 1 patient had abandoned the hearing aid 5 years before implantation. There was
no difference in the duration of hearing loss without hearing aid between the two groups
(p = 0.8, Mann–Whitney test, Table 1).

All patients, apart from 2 in PP, used oral communication before implantation, alone
(20/34 patients, 59%) or in combination with sign language in (12/34 patients, 35%)
(Table 1). More patients used only oral communication in GP compared to PP (87% vs.
37%, p = 0.005, Fisher’s test). Additionally, the preoperative SIR scores in GP were higher
compared to PP (p = 0.003, chi-squared test, Figure 3B), 93% of GP patients having a con-
nected speech intelligible to a listener who had no experience (score of 5) or little experience
(score of 4) of a deaf person’s speech. Finally, the preoperative CAP scores in GP were high
compared to PP (p = 0.03, chi-squared test, Figure 3C).

3.4. Benefits of Bilateralisation in the Case of Sequential Cochlear Implantation

A total of 9 patients (26%) had a sequential implantation, 5/15 and 4/19 in GP and
PP, respectively, with a mean delay between the 2 implantations of 3 ± 0.9 (0.5–7.8) years.
All these patients were still using their hearing aid in the non-implanted ear until the
contralateral implantation. When comparing the auditory performance in best-aided
conditions, no difference was found for WSI or for sentences intelligibility in quiet and in
noise before and 1 year after the second cochlear implantation (Table 3). Additionally, there
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was no difference for APHAB score, nor for CAP score (Table 3). Although no difference
was objectified, all sequential bilaterally implanted patients whatever the performance
group used both cochlear implant processor all day long, and speech intelligibility scores
in noisy conditions for sentences and words in sentences improved by more than 20% in
GP (not significant), but not in PP (Table 3).

Table 3. Evolution in good and poor performers groups before and 1 year after the second implanta-
tion in bilateral sequential implantation patients (n = 9). Good (n = 5) and poor (n = 4) performers had
a speech intelligibility for disyllabic words in quiet ≥ and <50% at 1 year after the first implantation,
respectively (see Table 1).

Poor Performers (n = 4) Good Performers (n = 5)

Before the 2nd 1 Year Post-2nd p-Value Before the 2nd 1 Year Post-2nd p-Value

SI in quiet

Disyllabic words 33 ± 16.5 (10–70),
n = 4

50 ± 13.5 (30–90),
n = 4 0.4 ¥ 82 ± 11.1 (50–100),

n = 5
88 ± 6.3 (70–100),

n = 4 0.9 ¥

Words in sentences 48 ± 21.2 (0–94),
n = 4

66 ± 13.0 (44–89),
n = 3 0.9 ¥ 83 ± 9.3 (51–100),

n = 5
89 ± 10.5 (68–100),

n = 3 0.7 ¥

Sentences 33 ± 17.7 (0–80),
n = 4

49 ± 17.4 (20–80),
n = 3 0.8 ¥ 69 ± 13.6 (33–100),

n = 5
80 ± 16.6 (47–100),

n = 3 0.5 ¥

SI in noise

Words in sentences 25 ± 18.4 (0–78),
n = 4

38 ± 14.4 (11–60),
n = 3 0.9 ¥ 55 ± 18.6 (3–91),

n = 5
78 ± 11.7 (56–100),

n = 4 0.1 ¥

Sentences 15 ± 15.0 (0–60),
n = 4

20 ± 7.5 (7–33),
n = 3 0.9 ¥ 41 ± 17.4 (0–80),

n = 5
62 ± 20.1 (27–100),

n = 4 0.07 ¥

APHAB 45 ± 4.8 (33–57),
n = 4

45 ± 4.7 (37–57),
n = 4 >0.9 ‡ 48 ± 7.1 (33–67),

n = 5
39 ± 8.6 (15–57),

n = 4 0.6 ‡

CAP
5 1 1

0.8 ∞

1 0

0.09 ∞
6 0 0 1 0
7 0 1 1 0
8 2 1 1 2
9 1 1 1 2

SI: Speech intelligibility; CAP: Communication Auditory Performance. Data are mean ± SEM (range) in % for the
intelligibility scores and the APHAB score, and n for the CAP score. ¥: two-way ANOVA; ∞: chi-squared test;
‡: Wilcoxon test.

4. Discussion

In the present retrospective study, 34 adult patients with profound prelingual hearing
loss were included and demonstrated a dramatic increase in auditory performance as
evaluated 1 year after cochlear implantation with 1 cochlear implant alone using disyllabic
words in quiet, regardless of whether patients were unilaterally or bilaterally implanted,
although scores ranged from none to 100%. This is in line with other studies on series
of patients demonstrating improvements for words [10,11,16], phonemes [10,13,25], and
sentence recognition scores in quiet [10–13,16,17,26–28], although prelingual and peri-
lingual hearing loss were in most cases mixed. This study reports among the largest cohorts
of prelingually deaf adults cochlear implant recipients in the literature and analyzes the
outcomes in terms of speech intelligibility for words and sentences, as well as in terms of
quality of life and communication skills.

In this series, 44% of patients experienced a dramatic increase in auditory performance
with a mean speech intelligibility in silence of 65 ± 4.1% (GP), similar to post-lingually
implanted profoundly deaf adult scores (67% to 76% depending on the test used [1,29,30]).
Accordingly, the speech intelligibility for disyllabic words in quiet of all the patients in
the French cohort recently implanted at adult age reached 67% [30]. Having such good
performance after a delayed cochlear implantation is a surprising fact, as it is commonly
accepted that auditory performance after cochlear implantation in adults is significantly
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lower in patients with prelingual hearing loss compared to post-lingually acquired hearing
loss, and that the duration of auditory deprivation is a major prognostic factor [8,9,31].
However, some prelingually deaf patients, who did not have a cochlear implant at an early
stage, could really benefit from a cochlear implantation even if delayed, and obtain better
speech intelligibility, as well as improved communication skills and quality of life.

For the other 56% of prelingually deaf patients with poor auditory performance (PP),
a slight or no improvement was observed for disyllabic word intelligibility 1 year after the
cochlear implantation with no further improvement, at variance with previously reported
by others [32–34]. However, the everyday communication, as evaluated with the CAP score,
was improved, and most of the recipients, except two, are all day long users. Moreover,
some of them asked for a second cochlear implant on the other ear. Thus, judging the
input of the cochlear implantation only on auditory performance does not give a complete
picture of the individual benefit in this population.

Concerning subjective evaluation, the APHAB questionnaire, specific to hearing loss,
quantifies the trouble experienced in communicating in everyday life situations, and
is routinely used to evaluate post-lingual deaf adults. Prelingually deaf adults have a
long history of coping with their hearing handicap and have developed communication
strategies so that they are not as dramatically affected in their social communication as post-
lingually deaf adults. In this study, they obtained better scores in the APHAB questionnaire
compared to post-lingual hearing-impaired adults before implantation [30]. Therefore, this
questionnaire is probably insufficient to highlight the benefit of cochlear implantation in
the particular cases of prelingual poor performers. Other studies have shown that the main
improvements for this deaf population were on primary sound processing, sense of safety,
and self-confidence [11,16]. If the cochlear implant does not provide enough improvement
for speech perception without lip-reading, it could be a real help in audiovisual conditions,
processing environmental sounds, or at least as an alert device. The subjective benefit and
preoperative expectations have to be taken into account to assess the real input of cochlear
implantation in this population.

Based on this study, multiple preoperative factors could predict good auditory per-
formance after cochlear implantation. First, preoperative speech perception in best-aided
conditions, with or without lip-reading, appears to be a good preoperative prognostic
factor, as already reported [10,15,28,35]. Second, preoperative communication, referring
to the type of language used by the patient (code, sign language, or oral) and to the CAP
score, appeared to be a major prognostic factor, as already mentioned in several stud-
ies [15,16,25,26,28]. In this study, most patients used oral communication, alone or in
combination with signed language, showing probably some benefit of their hearing aid and
a history of intensive speech therapy in childhood. Preoperative communication is probably
an indicator of whether the auditory cortex has a quite normal organization or not, as it
has been proved that visual processing causes a functional shift of the auditory cortex into
the visual processing pathway [36]. In addition, the intelligibility of the patient’s speech
appears to be a prognostic factor in this study as in others [15,16,25,35], suggesting that the
better the patient’s speech was, the better their oral and auditory skills were developed in
childhood. Third, hearing aid use until the day of cochlear implantation should also be
taken into consideration before making the decision for cochlear implantation in an adult
prelingually deaf patient, even though it does not appear to be a significant prognostic
factor in this study, since the great majority of included patients wore their hearing aid until
the cochlear implantation. However, most of the patients who did not wear hearing aids
for a long period of several years did not achieve any word recognition. Finally, patient’s
motivation has to be deeply analyzed before cochlear implantation. In this study, patients
came with a request for improved communication, often in the context of a change in
their everyday life, such as starting higher education, new work, family, of after meeting
cochlear implant recipients. Based on these results, we propose a decision algorithm for
cochlear implantation in adulthood in the case of prelingual deafness (Figure 4). A bilateral
simultaneous implantation should be discussed with great caution even in front of an ex-
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press demand of the patient and/or his/her family. Alternatively, the benefit of a bilateral
sequential implantation has to be made on a longer period of follow-up than 1 year after
the contralateral procedure to evidence better performance in noisy conditions than with a
unilateral cochlear implant [37]. Whether a contralateral implantation should be restricted
to good performers or to all the patients is still a matter of debate.

Figure 4. Decision algorithm for cochlear implantation in the case of an adult patient with prelin-
gual severe-to-profound hearing loss. HA: hearing aid; SIR: Speech Intelligibility Response; CAP:
Communication Auditory Performance.

This study has some limitations, as it was a retrospective analysis, with some missing
data, making the power of the study weaker. Additionally, a selection bias is possible
since the diagnosis of hearing loss was made many years ago. In addition, some patients
who were operated on several years earlier, especially patients using sign language alone,
were lost to follow-up, or were not evaluated properly before implantation, and were not
included in this study (Figure 1). Finally, it would be interesting to evaluate the duration
of post-operative speech therapy reeducation, which is probably longer for patients with
prelingual hearing loss compared to post-lingual ones.

5. Conclusions

Cochlear implantation could be considered an adequate option for adults with prelin-
gual onset profound hearing loss who request it, after an exhaustive evaluation of speech
intelligibility, communication, speech production and expectations of the patient. For
patients with developed oral communication, good speech production, and some degree of
speech intelligibility with their hearing aid, a dramatic benefit should be expected, making
these patients good candidates for cochlear implantation at the adult age. For those who
experienced no measurable benefit on speech perception, the use of the cochlear implant
processor might improve their communication skills. A proper assessment, adapted to
these non-conventional cochlear implantation candidates, is thus needed pre- and post-
operatively for this particular population of prelingual profoundly deaf adults.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11071874/s1, Table S1: Socio-professional levels according
to Poitrenaud’s scale. Table S2: The Category of Auditory Performance (CAP) scale. Table S3: The
Speech Intelligibility Rating scale (SIR) scale.
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Abstract: Background: Hearing-related quality of life (QoL) after cochlear implantation (CI) is as
important as audiological performance. We evaluated the functional results and QoL after CI in
a heterogeneous patient cohort with emphasis on patients with long-term deafness (>10 years).
Methods: Twenty-eight patients (n = 32 implanted ears, within n = 12 long-term deaf ears) implanted
with a mid-scala electrode array were included in this retrospective mono-centric cohort study.
Speech intelligibility for monosyllables (SIM), speech reception thresholds (SRT50) and QoL with
Nijmegen Cochlear Implant Questionnaire (NCIQ) were registered. Correlation of SIM and QoL
was analyzed. Results: SIM and SRT50 improved significantly 12 months postoperatively up to
54.8 ± 29.1% and 49.3 ± 9.6 dB SPL, respectively. SIM progressively improved up to 1 year, but
some early-deafened, late implanted patients developed speech understanding several years after
implantation. The global and all subdomain QoL scores increased significantly up to 12 months
postoperatively and we found a correlation of SIM and global QoL score at 12 months postoperatively.
Several patients of the “poor performer” (SIM < 40%) group reported high improvement of hearing-
related QoL. Conclusions: Cochlear implantation provides a benefit in hearing-related QoL, even in
some patients with low postoperative speech intelligibility results. Consequently, hearing-related
QoL scores should be routinely used as outcome measure beside standard speech understanding
tests, as well. Further studies with a prospective multi-centric design are needed to identify factors
influencing post-implantation functional results and QoL in the patient group of long-term deafness.

Keywords: cochlear implants; long-term deafness; mid-scala electrode; Freiburger speech intelligibil-
ity test for monosyllables; Nijmegen Cochlear Implant Questionnaire; quality of life

1. Introduction

The standard outcome measure of cochlear implants (CIs) is the speech intelligibility
test. However, quality of life (QoL) after cochlear implantation is as important as audiologi-
cal performance. Several studies have evaluated the impact cochlear implantation on QoL
and demonstrated significant postoperative improvements in hearing-related quality of
life questionnaires [1–5], or in hearing-related domains of general health status question-
naires [2,5]. The Nijmegen Cochlear Implant Questionnaire (NCIQ) is a disease-specific
questionnaire, which was adapted to different languages and is widely used to evaluate
health-related QoL after cochlear implantation [2,6–14]. The NCIQ, developed 22 years
ago, is still recommended as first-line measurement tool of QoL in patients after CI [15]
and is used as a “legacy” patient-reported outcome measure for comparison of newer
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QoL measurement tools; for example, the Cochlear Implant Quality of Life (CIQOL)-35
Profile instrument and CIQOL-10 Global measure [16]. At the same time, the majority of
NCIQ subdomains and the global QoL score have a poor construct validity in confirmatory
factor analysis, only the basic sound performance and activity limitation show strong
psychometric properties [16].

1.1. Hearing Outcome and QoL of Late Implanted Patients

A high proportion of late implanted (after >10 years deafness) patients has poor func-
tional results [17], but little is known about the hearing-related QoL in this patient group.
High user satisfaction rates have consistently been reported in studies on early-deafened
late implanted CI users, even in subjects with almost negligible gain in auditory perfor-
mance [17–22]. Early-deafened, late implanted patients can show significant postoperative
improvements measured with the NCIQ [2,5,17,23] despite minimal gain in speech under-
standing. In 2011, van Dijkhuizen et al. only found a significant correlation between speech
perception outcomes and the subdomain “advanced sound perception” of the NCIQ [4],
whereas both Peasgood et al. [20] and Straatman et al. [5] found no significant correlations
between auditory outcome measures and scores on the Glasgow Benefit Inventory. Addi-
tionally, Straatman et al. found no significant correlations between phoneme benefit scores
and the generic Health Utilities Index 3, or the postoperative changes on the NCIQ [5]. The
authors hypothesized that prelingually deafened adults, in contrast to postlingually deaf-
ened adults, might be satisfied with just minimal improvements in hearing abilities. The
hearing outcome with CI relates significantly in early-deafened and late implanted patients
with preoperative speech intelligibility [23], communication mode as a child [17,24–26],
and preoperative speech-understanding scores [17,24,26,27]. However, no correlation was
found with duration of deafness [17,23,24,27] or with etiology [25,27] in this patient group.
Whereas post-lingually deafened patients generally reach their maximum performance
between 6 to 12 months [28], early-deafened patients may continue improving their hearing
performance over 1 year postoperatively [29]. However, other studies found no further
improvement after 1 year of follow-up [23]. One may argue that poor performers have
no benefit of cochlear implantation as their speech understanding remains under 40%.
However, patients with early-onset hearing loss and poor speech discrimination may be
able to understand suprasegmental cues after implantation [17]. Moreover, the integration
of visual speech information with auditory information provided by the CI allows higher
scores in audio-visual condition [30]. Consequently, the evaluation of the real gain of CI in
prelingually deafened patients should enclose suprasegmental and audio-visual cues [23].
The factors determining the large inter-individual differences in speech intelligibility post-
operatively seen in this patient group are mainly unknown, but a recent study identified
the preoperative consonant-nucleus-consonant (CNC) word recognition score and the
preoperative pure tone averages of the implanted ear as the factors explaining 63.5% of the
variation in postoperative speech understanding with CI [31]. Indeed, significant study
results can be found about the influence of other preimplantation factors, such as patients’
speech-understanding scores and preoperative hearing aid use [17,23,31].

1.2. The HiFocus Mid-Scala Electrode Array

The Cis HiRes 90K Advantage and the HiRes Ultra were commercially introduced
2012 and 2016, respectively. A new cochlear electrode array designed for the placement
in the middle portion of the scala tympani, the HiFocus Mid-scala electrode (MSE) is the
array used with these types of Cis since 2013 [32]. The MSE sits adjacent to the medial wall
of the Scala tympani and is not in contact with the sensitive structures of the cochlea [33],
minimizing the frictional forces on the lateral or medial wall during insertion [34]. The
mean insertion force of MSE is less than 10 mN, corresponding to about 10% of the force
expected for a normal straight electrode array with a similar insertion depth [34]. The MSE
has a lower probability of dislocation into the scala vestibuli (scalar shift) than lateral or
perimodiolar electrode arrays [35,36]. The functional advantages of the mid-scalar position
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are lower electrical thresholds, higher dynamic ranges and lower channel interaction
compared to electrodes that are usually placed more peripherally in the Scala tympani [37].
The degree of hearing preservation is also higher with the MSE [38–40]. A comparison with
the HiFocus 1J lateral wall electrode showed no difference in speech perception outcomes,
despite the shallower insertion depth of MSE [41]. Additionally, MSE achieved a more
consistent insertion depth than HiFocus 1J [39,41]. Battmer et al. compared the MSE with
the Helix perimodiolar electrode array and they found that cochlear implantation with
MSE led to significantly better postoperative SIM in quiet at each control interval from 3
to 12 months, at the same time, performance of both electrodes was in noise similar [42].
However, the biggest study to date with n = 328 participants comparing the outcome of
MSE, lateral wall (LW) and perimodiolar (PM) electrodes showed no significant differences
in hearing results [43]. However, studies dealing with quality of life (QoL) outcomes of
MSE are lacking.

Taken together, the aim of this mono-centric retrospective cohort study was to evaluate
the hearing performance and the QoL in a heterogenous patient group regarding duration
and cause of deafness, but all implanted with the same CI electrode array (MSE). An
emphasis was put on the performance and QoL of implantees with a long history (>10 years)
of deafness, as controversial study results can be found on these subjects in the literature.
The development of speech recognition and QoL scores should be analyzed over the follow-
up period of one year and the relation of these two measures should be examined in this
study, either.

2. Materials and methods

2.1. Patient Population

Epidemiological data are summarized in Table 1.

Table 1. Summary of the epidemiological data.

Operated
Patients

Operated Ears
Age at Implantation

(Years)
Contralateral Ear Cause of Deafness

Duration of
Deafness (Years)

n = 28 n = 32

54.2 ± 15.85
(range: 23–82)

normal hearing n = 5 (15.6%)
moderate hearing loss n = 5 (15.6%)

severe hearing loss n = 4 (12.5%)
profound hearing loss n = 16 (50.0%)

congenital deafness n = 2 (6.3%)
bilateral implantation n = 4 (12.5%)

SIHL n = 6 (18.8%)
SSD n = 5 (15.6%)

PSHL n = 11 (34.4%)
congenital n = 4 (12.5%)

genetic n = 1 (3.13%)
surgery n = 1 (3.13%)
surgical removal of

vestibular schwannoma
n = 1 (3.13%)

<10 years: n = 20
(62.5%)

>10 years: n = 12
(37.5%)

Women
n = 18

(64.3%)
left ears n = 15

(46.9%)
Men

n = 10
(35.7%)

Bilaterally implanted
n = 4

(14.3%)

right ears
n = 17

(53.1%)

The cochlear implantations were carried out from December 2013 to November 2017
using the Advanced Bionics HiRes 90K Advantage (n = 27, 84.4%) or HiRes Ultra (n = 5,
13.6%) with the HiFocus Mid-scala electrode. The Naída Q70 or 90 sound processor was
used in every patient.

2.2. Surgical Technique

All patients were operated by using a minimal retroauricular incision, extended
antrotomy and regular posterior tympanotomy. All presented cases had an electrode
insertion through the round window (RW) after intratympanic injection of dexamethasone
and hyaluronic acid to the RW. Electrode insertions were carried out with consistent use
of the insertion tool of AB after extended RW approach and with an insertion depth of
1 1/4 turns. Electrode tip fold over or kinking were ruled out by postoperative Stenvers
view radiograph. The implantations have been performed by two operating surgeons
(JEM, ON).

2.3. Postoperative Care

The first fitting of the cochlear implant was 2–4 weeks after surgery. All CI-recipients
of this study went through an in-patient rehabilitation process in a specialized after-care
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center for cochlea implantees and received regular implant fittings at 3, 6, 9, 12, 18 and 24
months after activation of the CI. Depending on the hearing development of the patients,
additional fittings were included, if necessary. After this period, yearly controls were
carried out. Additionally, patients were motivated to train independently using CDs and
Apps developed for auditory training.

2.4. Assessment of Audiological Performance

The audiometric protocol involved the following test battery: the Freiburger speech
recognition test (monosyllables, numbers) was carried out routinely at each hearing mea-
surement, preoperatively using headphones, with hearing aid and with CI postoperatively
in free-field condition (signal on the implanted side, 45◦ azimuth, S45).

The HSM (Hochmair–Schulz–Moser) sentence-test with and without noise consists
of three training lists and 30 test lists with each 20 daily life sentences in German. The
measurements in noise were performed S0N0 at two levels (65 dB/65 dB or 65 dB/55 dB).
The HSM sentence-test was introduced during the study and is not available for each
participant of the study. The HSM sentence-test was utilized preoperatively, at 3 and
6 months postoperatively.

The OLSA (“Oldenburger Satztest”) or Oldenburger sentence-test with and without
noise contains 40 test lists with 30 sentences (alternatively 25 test lists with each 20 sen-
tences) uses an inventory of 50 words which can be randomly selected in a fixed order of
noun/verb/number/adjective/grammatical object. The sentences are this way just par-
tially meaningful; thus, not easy to retain and the test can be repeated. The OLSA measures
the threshold at which test persons understand the 50% of the sentences in noise (S0N-90).
However, if test persons do not achieve at least 80% speech understanding without noise,
the measurements in noise are not rational. Additionally, patients having another native
language as German have difficulty to understand the test sentences. Consequently, not all
participants of the study could be tested preoperatively and at 12 months postoperatively.

The data of HSM und OLSA were not included in the analysis due to the incom-
plete dataset.

If masking of the better or normal hearing ear of the contralateral side was necessary,
it was performed with a headphone and noise covering the speech frequencies.

Preoperative unaided speech reception thresholds (SRT50) and speech understanding
for monosyllables (SIM) at 70 dB SPL using the Freiburger speech recognition test were
compared with the postoperative aided thresholds at 1, 3, 6 and 12 months after cochlear
implantation.

2.5. Measurements of the Quality of Life (QoL)

The Nijmegen Cochlear Implant Questionnaire (NCIQ) was used to assess the devel-
opment of patients’ basic and advanced sound perception, speech production (so-called
physical domains), self-esteem (psychological domain), activity limitations and social in-
teractions (social domains) [2]. Each of the six subdomains of NCIQ contains ten items
covering a total of 60 questions, prepared in a 5-point Liker scale. The first 55 questions can
be answered with “never” (1), “sometimes” (2), regularly (3), “usually” (4) and “always”
(5), and the last five items with “no” (1), “poor” (2), “moderate” (3), “good” (4) and “fairly
good” (5). Participants can choose a sixth answer category “not applicable” in the case the
item is not suitable. The total score for each subdomain is calculated as 1 = 0, 2 = 25, 3 = 50,
4 = 75 and 5 = 100, then the scores of each subdomain are summed and divided by the
number of answers. The global score is the mean of the scores of the six subdomains. A
higher score means a better QoL.

2.6. Statistical Analysis

Quantitative variables were expressed as means (±standard deviations). Data were
summarized by descriptive statistics and normality was confirmed by the D′Agostino-
Pearson test. Multiple comparisons were performed by one-way ANOVA (repeated mea-
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sures, Tukey’s post-hoc test). Relationships between variables (QoL/SIM and deafness
duration/SIM) were analyzed by correlation analysis (Pearson). Results were considered
significant for p < 0.05. All calculations were performed using Microsoft Excel (version
15.29, Microsoft Corporation, Redmond, WA, USA) and GraphPad Prism8 (GraphPad
Software, San Diego, CA, USA).

3. Results

Individual epidemiological data, hearing results and quality of life scores are presented
in Table 2.

3.1. Audiological Outcome

The functional results are presented in Table 2. The wearing time of the cochlear
implant was less than 1 year in n = 2 (6.3%) ears, between 1 and 2 years in n = 22 (68.8%)
ears and more than 2 years in n = 8 (25%) ears.

3.2. Freiburger Speech Recognition Test for Monosyllables (SIM) at 70 dB SPL

The SIM values were as follows: preoperative (pre) 3.1 ± 7.0% (n = 32), at 1 month
(1M) postoperatively 8.3 ± 15.43% (n = 32), at 3 months (3M) 29.7 ± 25.0%, at 6 months (6M)
48.5 ± 27.9% (n = 30) and at 12 months (12M) 54.8 ± 29.1% (n = 29). There was a significant
and continuous improvement of SIM in Tukey’s multiple comparisons test, from 3 to 12
months with the use of the cochlear implant (pre vs. 3M: p < 0.0001, 95% CI −38.16 to 13.72;
pre vs. 6M: p < 0.0001, 95% CI −58.71 to −31.10; pre vs. 12M: p < 0.0001, 95% CI −66.16 to
−37.90; 1M vs. 3M: p < 0.0001, 95% CI −30.87 to −10.06; 1M vs. 6M: p < 0.0001, 95% CI
−52.94 to −25.93; 1M vs. 12M: p < 0.0001, 95% CI −60.37 to −32.75; 3M vs. 6M: p = 0.0006,
95% CI −30.91 to −7.026; 3M vs. 12M: p < 0.0001, 95% CI −39.39 to −12.79; 6M vs. 12M:
p = 0.0319, 95% CI −13.80 to −0.4468) (Figure 1). Only the preoperative SIM and the values
at one month postoperatively did not significantly differ (pre vs. 1M: p = 0.1825, 95%
CI −12.45 to 1.512).

For the group of patients with long-term (>10 years) deafness (n = 12, 42.9%) and for
the cohort with short-term (<10 years) deafness (n = 16.57.1%) the following SIM values
were measured: pre-OP 1 ± 3.2% and 4.4 ± 8.38% (p = 0.99), 1M 6.7 ± 15.4% and 8.9 ± 16.1%
(p = 0.99), 3M 27.1 ± 30.7% and 30 ± 21.3% (p = 0.99), 6M 40.8 ± 32.1% and 51.8 ± 24.4%
(p = 0.68), 12M 47.9 ± 33.6% and 57.1 ± 25.3% (p = 0.82), respectively. No significant
differences were found between the groups.

For the group of patients having single-sided deafness (SSD n = 5, 17.9%) with normal
hearing on the contralateral side and for the rest of the patients were the following SIM
values measured: pre-OP 7.5 ± 15% and 2.5 ± 5.11% (p = 0.99), 1M 2 ± 4.5% and 9.2 ± 16.8%
(p = 0.97), 3M 23 ± 19.2% and 30 ± 26.2% (p = 0.97), 6M 40 ± 22.9% and 48.8 ± 28.8%
(p = 0.94), 12M 51 ± 27.9% and 54 ± 29.3% (p = 0.99), respectively. No significant differences
were found between the groups.

3.3. Speech Reception Thresholds (SRT50)

If the SRT50 was not measurable due to patient´ deafness, the value was calculated
with 120 dB. The following speech reception thresholds were measured: preoperative
113.6 ± 12.8 dB SPL (n = 32, measurable: n = 9, 28.1%), at 1 month postoperatively
82.4 ± 26.8 dB (n = 32, measurable: n = 22, 68.7%), at 3 months 63.5 ± 21.1 dB (n = 32,
measurable: n = 30, 93.8%), at 6 months 55.1 ± 16.4 dB (n = 30), at 12 months 47.5 ± 7.8 dB
(n = 29). (Figure 2). The SRT50 decreased significantly after 1 month postoperatively (pre vs.
1M: p < 0.0001, 95% CI 16.93 to 45.47), after 3 months (1M vs. 3M: p < 0.0001, 95% CI 6.212
to 31.60; pre vs. 3M: p < 0.0001, 95% CI 38.33 to 61.88) and up to 12 months (pre vs. 6M:
p < 0.0001, 95% CI 47.89 to 69.17; pre vs. 12M: p < 0.0001, 95% CI 55.84 to 72.63; 3M vs. 6M:
p = 0.1844, 95% CI −2.354 to 19.20; 3M vs. 12M: p = 0.0007, 95% CI 5.172 to 23.08; 6M to
12M: p = 0.1135, 95% CI −0.8647 to 12.27).
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Figure 1. Aided (HA) speech understanding at 70 dB (Freiburger monosyllable test) preoperatively
(with hearing aid), at 1, 3, 6 and 12 months postoperatively (with CI) in the whole patient cohort.
Significant differences (p < 0.05) are indicated in comparison with * vs. Pre-OP, # vs. 1 month, $
vs. 3 months, § vs. 6 months. Significance levels are indicated as **/##/$$/§§ if p < 0.005 and as
***/###/$$$/§§§ if p < 0.0001.

Figure 1 Speech intelligibility for monosyllables.

Figure 2. Speech reception thresholds (Freiburger speech test) preoperatively, at 1, 3, 6 and 12
months postoperatively in the whole patient cohort. Significant differences (p < 0.05) are indicated in
comparison with * vs. Pre-OP, # vs. 1 month, $ vs. 3 months, § vs. 6 months. Significance levels are
indicated as **/##/$$/§§ if p < 0.005 and as ***/###/$$$/§§§ if p < 0.0005.
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For the group of patients with long-term (>10 years) deafness and for the cohort
with short-term (<10 years) deafness the following SRT50 values were measured: pre-OP
not measurable and 94.3 ± 12.6 dB, 1M 64.2 ± 12.8 dB and 66.3 ± 7.4 dB (p = 0.97), 3M
60.7 ± 14.7 dB and 56.5 ± 7.6 dB (p = 0.75), 6M 57.0 ± 13.9 dB and 51.1 ± 8.8 dB (p = 0.46),
12M 52.6 ± 11 dB and 48.2 ± 7.7 dB (p = 0.72), respectively. No significant differences were
found between the groups.

For the group of patients having single-sided deafness (SSD, n = 5, 17.9%) with
normal hearing on the contralateral side and for the rest of the patients were the following
SRT50 values were measured: pre-OP 102.5 ± 10.6 dB and 91.6 ± 12.8 dB (p = 0.18), 1M
68.5 ± 6.6 dB and 65.1 ± 9.1 dB (p = 0.97), 3M 58.4 ± 7.5 dB and 57.9 ± 11.3 dB (p = 0.99),
6M 53 ± 9.1 dB and 53.5 ± 11.9 dB (p = 0.99), 12M 49.4 ± 4.7 dB and 50 ± 9.9 dB (p = 0.99),
respectively. No significant differences were found between the groups.

Figure 2 Speech reception thresholds.
There were n = 3 (10.1%) patients with a long history (>20 years) of deafness who had

no speech intelligibility 12 months postoperatively. However, all three patients had SIM at
the last control (patient 6: 45% SIM after 5 years, patient 7: 10% SIM after 4 years, and first
implanted ear of patient 15: 40% SIM after 3 years of CI use, respectively). If these patients
with long-time deafness excluded, SIM and SRT50 reached 12 months postoperatively
60.5 ± 24.1% and 47.5 ± 7.8 dB, respectively. No correlation between deafness time and
SIM was found. Looking at the distribution of the whole cohort, n = 13 (40.6%) ears achieved
a SIM of at least 70% after 12 months of CI wearing time. Five ears (15.6%) developed a
SIM of 55–65%, another n = 5 (15.6%) ears 40–45%, respectively. Nine ears (28.1%) had a
SIM of less than 40% (Table 2).

3.4. Measurements of Quality of Life

The hearing-related quality of life was registered with the Nijmegen Cochlear Implant
Questionnaire (NCIQ). Preoperatively, n = 24 (85.7%) patients (n = 28, 87.5% of implanted
ears) filled out the NCIQ. Nineteen patients (67.9%; n = 20 ears, 62.5%) and eighteen patients
(64.3%; n = 20 ears, 71.4%) were eligible at the control at 6 and 12 months, respectively.

3.5. NCIQ Subdomain Scores

In general, QoL subdomain scores significantly improved between the preoperative
and postoperative period (Figure 3). We observe a progressive and significant improvement
of QoL up to 12 months in the basic sound perception subdomain (pre vs. 6M: p = 0.0082,
95% CI −31.91 to −4.261; pre vs. 12M: p < 0.0001, 95% CI −45.40 to −19.27; 6M vs. 12M:
p = 0.0011, 95% CI −22.08 to −6.057), in speech production (pre vs. 6M: p = 0.0307, 95% CI
−26.02 to −1.176; pre vs. 12M: p < 0.0001, 95% CI −36.35 to −14.51; 6M vs. 12M: p < 0.0001,
95% CI −16.76 to −6.905) and in social interactions (pre vs. 6M: p = 0.0057, 95% CI −21.78
to −3.667; pre vs. 12M: p < 0.0001, 95% CI −29.62 to −12.72; 6M vs. 12M: p = 0.0410, 95%
CI −16.55 to −0.3299).in The advanced sound perception reached its plateau at 6 months
postoperatively (pre vs. 6M: p = 0.0094, 95% CI −18.00 to −2.444, pre vs. 12M: p = 0.0455,
95% CI −25.81 to −0.23336M vs. 12M: p = 0.7822, 95% CI −13.66 to 8.067), similar to the
self-esteem (pre vs. 6M: p = 0.0055, 95% CI −20.91 to −3.557, pre vs. 12M: p < 0.0001,
95% CI −28.89 to −12.24, 6M vs. 12M: p = 0.0693, 95% CI −17.27 to 0.6097). The activity
score showed a slow but significant increase up to 12 months postoperatively (pre vs. 6M:
p = 0.0944, 95% CI −20.70 to 1.431, pre vs. 12M: p < 0.0001, 95% CI −33.06 to −11.37, 6M vs.
12M: p = 0.0097, 95% CI −22.06 to −3.107).
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Figure 3. Results of Nijmegen Cochlear Implant Questionnaire before and 6 or 12 months after
cochlear implantation in the whole patient cohort. Asterisks indicate a significant difference: * p < 0.05,
** p < 0.005, *** p < 0.0005.

Figure 3 NCIQ QoL subdomain scores.

3.6. NCIQ Global Score

The preoperative global QoL score (45.6 ± 17.2) increased progressively at both 6
months (58.6 ± 16.5, pre vs. 6M: p = 0.0014, 95% CI −21.32 to −5.241) and 12 months
(68.6 ± 15.8, pre vs. 12M: p < 0.0001, 95% CI −30.73 to −15.33, 6M vs. 12M: p = 0.001, 95%
CI −15.26 to −4.234) postoperatively in our patient group (Figure 4).

Figure 4. NCIQ global QoL scores preoperatively, and at 6 and 12 postoperative months. Asterisks
indicate a significant difference in comparison with pre-OP: ** p < 0.005, *** p < 0.0005. Hashes
indicate a significant difference in comparison with 6M: ### p < 0.0005 (for exact values see text).

In the patient group with long-term deafness, out of 12 participants n = 9 (75%) filled
out the NCIQ, in the patient cohort with short-term deafness out of 16 n = 14 (87.5%).
The following global QoL scores were measured (long vs. short-term deafness): pre-OP
46.4 ± 20.4 and 45.1 ± 15.9 (p = 0.99), 6M 62.8 ± 20.6 and 55.1 ± 12.6 (p = 0.63), 12M
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69.5 ± 17.8 and 67.8 ± 14.7 (p = 0.99), respectively. No significant differences were found
between the groups.

In the patient group of SSD, out of five n = 4 participants (80%) filled out the NCIQ,
in the rest of the patient cohort out of 23 participants n = 15 (65.2%). In the latter cohort,
patients 5 and 15 filled out the NCIQ twice (sequential bilateral implantation). The following
global QoL scores were measured (SSD vs. rest of the patient cohort): pre-OP 54.1 ± 18.2 and
44.0 ± 17 (p = 0.63), 6M 64.1 ± 14.4 and 56.8 ± 17 (p = 0.82), 12M 68.8 ± 15.6 and 68.5 ± 16.3
(p = 0.99), respectively. No significant differences were found between the groups.

Figure 4 NCIQ global QoL scores.
The global QoL score correlated with the SIM of the whole patient cohort (Pearson

correlation analysis, r = 0.3821, p = 0.0482) (Figure 5).

Figure 5. Correlation of global Quality of Life (QoL) scores of the Nijmegen Cochlear Implant
Questionnaire with the CI-aided (HA) speech understanding at 70 dB SPL (Freiburger monosyllable
test) postoperatively at 12 months.

Figure 5 Correlation of SIM and NCIQ global QoL scores.
All data of this study are available as Supplementary Material (File S1, Excel-table).

4. Discussion

4.1. Summary of the Goals and Main Results of the Study

In this study, the development of speech recognition and QoL scores should be ana-
lyzed over time and the relation of these two measures should be examined. We found
that in this patient cohort speech understanding for monosyllables (SIM) developed pro-
gressively up to one year after cochlear implantation. Some patients with a long history of
deafness and with no speech recognition after one year follow-up developed a usable SIM
after several years. All subdomain scores of the NCIQ increased significantly up to the end
of the follow-up period of 12 months and the NCIQ global score increased significantly at
both 6 and 12 postoperative months, either. We demonstrated a low correlation of SIM and
global QoL score after 12 months CI wearing time in the whole patient cohort. Hearing-
related QoL after cochlear implantation was in some cases high despite poor results of
standard speech understanding tests.

4.2. Audiological Outcomes and Quality of Life after Cochlear Implantation

Eighteen (56.3%) ears in our study achieved a SIM of at least 50% after 12 months of
CI wearing time. Nevertheless, nine ears (28.1%) underperformed having less than 40%
SIM after 1 year of CI use. Looking closer at the cause of deafness and at the hearing of the
contralateral side in this patient group, we can observe that three patients had a congenital
or early-onset deafness and one patient had a removal of a vestibular schwannoma on the
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implanted side. These conditions are usually associated with a slower post-implantation
hearing development and often result in a poor hearing performance after one year of CI
use [17]. Interestingly, two patients of the congenital deafness group developed a usable
speech understanding with the CI only after several years. High motivation and consequent
CI use may have contributed to this hearing performance. Contrary to these cases, two
patients in the underperforming group had single side deafness (patients 1 and 24, SIM at
12 months postoperatively 30 and 25%, respectively; Table 2). The latter patients may more
rely on the contralateral side with a good hearing and therefore are less motivated to train
with the CI, a possible reason for their poor speech understanding scores on the implanted
ear. According to Muigg et. al, patients with SSD and long-term deafness are at higher risk
to abandon the CI but if they do not discontinue CI use, they can have equal QoL benefit
measured with NCIQ as implanted SSD patients with short-term (<10 years) deafness [44].
However, there is a bias in analyzing QoL results of patients with single-sided deafness as
NCIQ measures QoL of both ears at the same time. Accordingly, patients with SSD having
poor performance on the implanted ear and with normal contralateral hearing could have
a good quality of life. In our study, those five patients with SSD (1, 8, 13, 20 and 24) were
compared with the rest of the cohort and they had actually no difference regarding SIM at
12 months postoperatively (51 ± 27.9% vs. 54 ± 29.2% in the other 23 patients, p = 0.99) or
global QoL score at 12 months (68.8 ± 15.6 vs. 68.5 ± 16.3, p = 0.99). We hypothesize that
the masking of the normal hearing ear may be used during hearing training with the CI to
achieve better audiological results on the implanted side, but we are not aware of a study
that analyzed this theory.

The subgroup of early-deafened, late implanted patients in our cohort (n = 6) shows, in
accordance with the literature, very heterogeneous audiological results postoperatively [17,29,31].
Three patients had usable (45 to 65%) SIM, the remaining three patients had no measurable benefit
in terms of speech understanding after one year of CI wearing time. Nevertheless, two initial
poor performer patients of this group achieved 40% and 45% SIM after 3 and 5 years, respectively.

Comparing the patient groups with long-term (>10 years) and short-term (<10 years)
deafness, the latter showed by tendency a better SIM after 12 months CI wearing time
(47.9 ± 33.6% vs. 57.1 ± 25.3%, p = 0.82), but the global QoL scores were after 1 year
follow-up very similar (69.5 ± 17.8 vs. 67.9 ± 14.7). Accordingly, patients with a long-term
deafness in our study had similar subjective benefit of the use of their cochlear implant as
patients with short-term deafness.

With the use of CI, QoL scores increased significantly at the last measurement at
12 months in our whole patient group in all six subdomains of the NCIQ. The improvement
of the global QoL score was in our study significant at both 6 and 12 months, either.
Hirschfelder et al. published significant improvements in the global score and in all
subdomain scores using NCIQ in 56 adult CI users [7]. The improvement of QoL concerns
not only audiological aspects such as sound perception and speech production, but also
psychosocial aspects such as self-esteem, activity level and social interaction. A significant
improvement of QoL scores except for “activity” can be seen already after a wearing
period of six months (Figures 3 and 4). Furthermore, QoL scores at 12 months improved
significantly in comparison with both preoperative and 6 months postoperative values,
except for “sound perception advanced” and “self-esteem”, which reached their plateau
after 6 months. Accordingly, the mean activity level and social interaction rose after
implantation, which reinforces the thesis of postoperative re-socialization. In 2015, Mosnier
reported in their study using the NCIQ a significant improvement of the QoL scores in
all six subdomains after 6 months of CI use in elderly (65–85 years) patients. In contrast
to our data, they measured stable results in QoL between 6 to 12 months after cochlear
implantation [45]. Mean age at implantation of our cohort was 54.2 ± 15.9 years (range:
23–82) but the significant improvement of QoL scores in our study cannot be explained
by implantees’ age alone. Notably, Plath et al. published recently their results of patients
with a very similar age distribution (mean 55.3 ± 16.9 years, n = 100) at implantation and
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they reported no significant improvement of both global QoL score and NCIQ subdomain
scores between 6 and 12 months postoperatively [15].

It would be interesting to determine the benefits of bilateral cochlear implantation
compared to unilateral ones. Rader et al. reported that QoL measured with NCIQ increased
by 23.7% after second CI in their patient cohort [46]. Unfortunately, there were only
four bilaterally implanted patients in this study and only three of them filled out the
NCIQ. Interestingly, the intrapersonal comparison demonstrated that two patients in our
cohort who had been implanted sequentially showed gradual improvement of QoL scores
after each cochlear implantation (patients 5 and 15, Table 2). This result is in line with
the literature data and indicates the higher benefit of bilateral over unilateral cochlear
implantation in patients with profound bilateral hearing loss or deafness [11,46].

Our data showed a low correlation of Freiburger SIM and global QoL score after
one year CI wearing time (r = 0.384). Similarly, Hirschfelder et al. found a correlation of
NCIQ total score, advanced sound perception, speech production subscore and speech
recognition using the Freiburger SIM and HSM sentence-test [7]. Using the NCIQ and
postoperative sentence or word recognition in quiet, Capretta found no broad correlation of
hearing outcome and QoL in adult postlingually deafened CI users, significant correlations
were only in speech related subscales of QoL measures [8]. A recent meta-analysis of
QoL improvement after CI and associations with speech recognition abilities showed a
very strong improvement of all hearing-related QoL measures, but the positive correlation
was low between hearing-specific QoL and word recognition in quiet (r = 0.213), sentence
recognition in quiet (r = 0.241), or sentence recognition in noise (r = 0.238) [47]. Apparently,
traditional open-set speech tests may not fully capture the self-perceived benefit of a so-
called poor performer CI-recipient. A good example in our cohort for this ambiguity is the
patient 15 who had one year postoperatively 0% SIM on the first implanted ear but showed
a considerable improvement of QoL scores which were near to (advanced sound perception)
or higher than the mean scores of the subdomains in the cohort. In contrast, patient 7
with no measurable SIM 1 year postoperatively showed just minimal improvement of QoL
scores. Our data appears to indicate that in early-deafened CI users, the benefit in terms
of QoL scores is generally independent of auditory gains. Therefore, the assessment of
subjective experiences after CI should be an integral component of the evaluation protocol,
given that an individually experienced benefit is not fully captured by the auditory tests.

4.3. Strengths and Limitations of the Study

To our knowledge, our study is the first to demonstrate the audiological results
together with the benefit on hearing-related QoL of the MSE. Furthermore, it is of advantage
that data were collected with a specific CI to reduce the confounding effect of different CI
systems using different algorithms, speech processors, or electrode arrays in performance
analysis. The drawback of the study is the retrospective design, the incomplete QoL
database and the low number of patients included. Further limitation of the study is the
assessment of QOL which records the quality of life regarding both ears at the same time.

5. Conclusions

In our patient cohort, both hearing performance and hearing-related QoL scores
improved progressively up to the last control at 12 months postoperatively. Early-deafened,
late implanted patients may need several years for speech understanding development.
Further studies with a prospective multi-centric design are needed to identify factors
influencing post-implantation functional results and QoL in this special patient group. As
self-perceived benefits of patients with CI can be high despite poor results of standard
speech understanding tests, hearing-related QoL should also be routinely used as an
outcome measure.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm11175156/s1, File S1: Dataset of the study title.
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Abstract: Although idiopathic sudden sensorineural hearing loss (ISSNHL) is uncommon, recurrent
ISSNHL is even rarer. The knowledge about factors associated with patient recovery from recurrent
episodes is needed to counsel and treat the patients. Medical records of patients admitted for high
dose oral steroid therapy for recurrent ISSNHL between January 2009 and December 2021 were
reviewed. Their demographic and clinical characteristics, co-morbid symptoms, and audiologic
results were analyzed. The 38 patients admitted for treatment of recurrent ISSNHL included 14 men
and 24 women. Recovery rates after the first and recurrent episodes of ISSNHL were 78.9% and
63.2%, respectively. Patients who recovered after recurrent episodes showed significantly higher rates
of ear fullness symptoms and early treatment onset than those who did not recover (p < 0.05 each). Of
the 30 patients who recovered after the first episode, those who had ear fullness symptoms (p < 0.05,
odds ratio (OR) 0.1, 95% confidence interval (CI) 0.01–0.76) and who showed a lower initial hearing
threshold (p < 0.05, OR 1.06, 95% CI 1.01–1.12) during the recurrent episode showed significantly
better or similar recovery than after the first episode. Ear fullness symptoms and less initial hearing
loss were associated with a more favorable prognosis after intial than after recurrent ISSNHL.

Keywords: sudden; idiopathic sensorineural hearing loss; recurrent

1. Introduction

Idiopathic sudden sensorineural hearing loss (ISSNHL) is typically defined as a sen-
sorineural hearing loss greater than 30 dB over at least three consecutive frequencies within
three days [1]. Its incidence is 5 to 20 per 100,000 people per year [2]. Studies analyzing
long-term outcomes of ISSNHL have found that recurrence rates vary widely, ranging
between 0.8% and 47% [3–8].

There is no known single cause of ISSNHL, but factors may include viral infection,
vascular disturbance, cochlear membrane rupture, immune-mediated mechanisms, tu-
mor, autonomic nervous disease, ototoxic drugs, and congenital anomaly, or it may be
idiopathic [9]. Although many studies have assessed the causes, pathogenesis, diagnostic
criteria, treatment, and prognostic factors of ISSNHL [10–12], few have analyzed the clinical
features and prognostic factors associated with recurrent ISSNHL. Furthermore, to our
knowledge, no study has compared the clinical features or factors associated with recovery
from initial and recurrent episodes of ISSNHL. This study retrospectively analyzed 38 pa-
tients with recurrent ISSNHL and compared the clinical features and prognostic factors
associated with recovery from initial and recurrent episodes of ISSNHL.
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2. Subjects and Methods

2.1. Study Design

This retrospective study included patients with recurrent ISSNHL who visited the ear,
nose, and throat (ENT) clinic at Kyung-Hee Medical Center and Gang-dong Kyung-Hee
Medical Center for SSNHL and were admitted for high dose steroid therapy between
January 2009 and December 2021. Patients were excluded if they had vertigo, chronic otitis
media, a history of middle ear cavity surgery, disorders of the central nervous system,
tumors, or progressive sensorineural hearing loss.

The medical records of the patients were reviewed, and their demographic and clinical
characteristics were recorded, including age, sex, body mass index, medical history, comor-
bid symptoms, days from onset to treatment, time to recovery, and duration of recurrence.
Only current alcohol use and smoking were considered, respectively. Following admission,
all patients underwent daily pure tone audiometry (PTA) tests in a sound-treated audiology
booth in the ENT clinic by qualified and experienced audiologists, with hearing thresholds
calculated using the six-division method ((500 Hz + (1000 Hz × 2) + (2000 Hz × 2) +
4000 Hz)/6).

High dose steroid therapy consisted of 1 mg/kg/day oral methylprednisolone for
four days, followed by tapering. Patients were discharged after tapering and followed in
the outpatient clinic. Hearing threshold at recovery was defined as the threshold observed
when PTA tests showed no improvement for two weeks. Hearing recovery was assessed
using Siegel’s classification [13], with patients categorized as experiencing complete, partial,
slight, and no recovery for both episodes of ISSNHL. Complete, partial, and slight recovery
were grouped as the recovery group. Factors were compared in patients who did and
did not recover after both episodes (Table 1). To analyze factors associated with poorer
outcomes after the recurrent than after the first episode of ISSNHL, patients who recovered
after the first episode were divided into those who experienced similar or better recovery
and those who experienced poorer recovery after the recurrent than after the first episode.
In this analysis, patients who did not recover after the first episode were excluded (Table 2).

Table 1. Characteristics of patients who did and not recover after the first and recurrent episodes of
idiopathic sudden sensorineural hearing loss.

Variables

First Episode Recurrent Episode

Recovery
(n = 30)

No Recovery
(n = 8)

p-Value

Recovery
(n = 24)

No Recovery
(n = 14)

p-Value
n (%) or

Mean ± SD
n (%) or

Mean ± SD
n (%) or

Mean ± SD
n (%) or

Mean ± SD

Age (year) mean ± SD 48.90 ± 16.40 48.75 ± 18.11 0.7489 53.63 ± 14.13 51.00 ± 19.52 0.9880

Sex
Male 12 (40.00%) 2 (25.00%) 0.6836 8 (3.33%) 6 (42.86%) 0.7293

Female 18 (60.00%) 6 (75.00%) 16 (66.67%) 8 (57.14%)
BMI (kg/m2), mean ± SD 22.89 ± 2.57 22.42 ± 2.78 0.6605 22.78 ± 2.75 22.80 ± 2.37 0.8373

Alcohol 4 (13.33%) 3 (37.50%) 0.1461 5 (20.83%) 2 (14.29%) 1.0000
Smoking 8 (26.67%) 2 (25.00%) 1.0000 5 (20.83%) 5 (35.71%) 0.4485

HTN 5 (16.67%) 2 (25.00%) 0.6236 3 (12.50%) 4 (28.57%) 0.3870
DM 7 (23.33%) 1 (12.50%) 0.6600 6 (25.00%) 2 (14.29%) 0.6836

Tinnitus 19 (63.33%) 6 (75.00%) 0.6893 16 (66.67%) 12 (85.71%) 0.2685
Ear fullness 20 (66.67%) 8 (100.00%) 0.0821 22 (91.67%) 4 (28.57%) 0.0001 *

Treatment onset (days), mean ± SD 7.17 ± 16.07 5.50 ± 5.01 0.5193 5.58 ± 11.99 16.71 ± 20.73 0.0361 *
Recovery time (months), mean ± SD 0.95 ± 1.04 4.57 ± 10.29 0.2630 1.31 ± 2.04 3.01 ± 5.07 0.0303 *

Hearing level of the affected ear
before treatment (dB), mean ± SD 48.44 ± 25.45 47.60 ± 16.27 0.8588 44.58 ± 21.94 49.17 ± 11.92 0.5686

Hearing level of the affected ear after
treatment (dB), mean ± SD 21.00 ± 14.87 41.56 ± 15.88 0.0023 * 23.13 ± 13.60 53.39 ± 15.35 <0.0001 *

Time to recurrence (days), mean ± SD - - - 43.22 ± 54.31 44.86 ± 37.84 0.3697

Abbreviation SD, standard deviation; BMI, body mass index; HTN, hypertension; DM, Diabetes mellitus.
* p < 0.05.
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Table 2. Distribution of patients according to types of recovery after the first and recurrent episodes
of idiopathic sudden sensorineural hearing loss. Complete, partial, slight and no recovery were
determined according to the Siegel’s criteria [13].

Recurrent Episode

Recovery
Type

Complete Partial Slight No Total

First
episode

Complete 15 0 1 5 21
Partial 1 2 2 3 8
Slight 0 0 0 1 1

No 2 1 0 5 8
Total 18 3 3 14 38

2.2. Statistical Analysis

Categorical variables were compared using Fisher’s exact tests and continuous vari-
ables were compared using Wilcoxon rank sum tests. Factors associated with recovery were
assessed by multiple ordinal logistic regression analysis, adjusted by age and sex. All statis-
tical analyses were performed using the SAS9.4 (Statistical Analysis System version, SAS
Institute, Cary, NC, USA) software, with a p-value < 0.05 defined as statistically significant.

2.3. Research on Recurrent ISSNHL

This systematic review was performed in accordance with the Primary Reporting
Items for Systematic Review and Meta-analyses (PRISMA) statement [14]. Studies were
included if (a) they were retrospective or prospective investigative studies; (b) all patients
had been diagnosed with recurrent idiopathic sudden sensorineural hearing loss, with those
having other causes of hearing loss excluded; and (c) the studies were published in English.
Studies were excluded if they were (a) unpublished data; (b) review articles; (c) grey
literature; (d) case reports; or (e) duplicates of published research. Studies published before
1 September 2021 were retrieved by one of the investigators (S.Y.J.) from three electronic
databases: SCOPUS, PubMed and the Cochrane Library. Search terms included “recurrent
sudden hearing loss”.

3. Results

During the study period, 38 patients with recurrent ISSNHL were treated for recurrent
ISSNHL; their demographic, audiometric, and other clinical characteristics are summarized
in Table 1. The 38 patients consisted of 14 (36.8%) men and 24 (63.2%) women. Their
mean age at the first episode was 48.9 years (range 7–69 years), and their mean age at
the recurrent episode was 52.7 years (range 12–76 years). Recurrences were ipsilateral
in thirty-five (92.1%) patients and contralateral in three (7.9%). Thirty (78.9%) patients
recovered after the first episode, whereas eight (21.1%) did not. In comparison, 24 (63.2%)
patients recovered after the recurrent episode, whereas 14 (36.8%) did not.

A comparison of demographic and clinical characteristics of the patients who did
and did not recover after the first episode showed no significant differences. In contrast, a
comparison of patients who did and did not recover after the recurrent episode showed
that the symptom of ear fullness (91.7% vs. 28.6%; p < 0.05) was significantly more frequent,
time to treatment onset significantly shorter (5.6 days vs. 16.7 days, p < 0.05) and recovery
time significantly shorter (1.3 months vs. 3.1 months, p < 0.05) in patients who did rather
than did not recover after the recurrent episode (Table 1).

Of the 30 patients who recovered after the first episode, 18 (60.0%) showed better or
similar recovery after the recurrent episode, whereas 12 (40.0%) showed poorer recovery
after the recurrent rather than after the first episode (Table 3). Ear fullness symptoms were
significantly less frequent (50% vs. 88.9%, p < 0.05) and mean initial hearing threshold
significantly higher (57.2 dB vs. 40.1 dB, p < 0.05) in patients who did rather than did not
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experience poorer recovery after the recurrent rather than after the first episode of ISSNHL
(Table 3).

Table 3. Characteristics of patients who did and did not experience a poorer recovery after a recurrent
episode than after the first episode of idiopathic sudden sensorineural hearing loss.

Variables

No Worse than
after the First

Episode (n = 18)

Worse than
after the First

Episode (n = 12)
p-Value

n (%) or Mean
± SD

n (%) or Mean
± SD

Age (year), mean ± SD 52.33 ± 13.81 53.00 ± 20.78 0.5855

Sex
Male 7 (38.89%) 5 (41.67%) 1.0000

Female 11 (61.11%) 7 (58.33%)
BMI (kg/m2), mean ± SD 22.70 ± 2.71 23.18 ± 2.42 0.3645

Alcohol 3 (16.67%) 1(8.33%) 0.6315
Smoking 5 (27.78%) 3 (25.00%) 1.0000

HTN 1 (5.65%) 4 (33.33%) 0.1282
DM 4 (22.22%) 3 (25.00%) 1.0000

Tinnitus 12 (66.67%) 10 (83.33%) 0.4192
Ear fullness 16 (88.89%) 6 (50.00%) 0.0342 *

Treatment onset (days), mean ± SD 5.67 ± 13.69 8.33 ± 10.74 0.1721
Recovery time (months), mean ± SD 1.26 ± 2.25 1.47 ± 1.29 0.0992

Hearing level of the affected ear before
treatment (dB), mean ± SD 40.05 ± 20.17 57.22 ± 12.92 0.0357 *

Hearing level of the affected ear after
treatment (dB), mean ± SD 18.29 ± 8.47 52.36 ± 12.08 <0.0001 *

Time to recurrence (days), mean ± SD 34.65 ± 37.54 53.35 ± 37.46 0.1139
Abbreviation SD; standard deviation, BMI; body mass index, HTN; hypertension, DM; diabetes mellitus.
* p < 0.05.

Based on the results of preliminary simple linear regression analysis to determine the
factors associated with poorer recovery after the recurrent rather than after the first episode
of ISSNHL, multiple regression analysis was performed with adjustment for age and sex
(Table 4). Ear fullness symptoms at the time of ISSNHL recurrence were associated with a
lower risk of poorer recovery after the recurrent episode (p < 0.05, odds ratio (OR) 0.1, 95%
confidence interval (CI)] 0.01–0.76). Higher hearing loss at the time of ISSNHL recurrence
was associated with a higher risk of poorer recovery after the recurrent episode (p < 0.05,
OR 1.06, 95% CI 1.01–1.12).

Following ISSNHL recurrence, 23 patients underwent temporal bone MRI scans to
rule out brain tumors or other ear abnormalities. None of these patients showed evidence
of cerebellopontine angle tumors.

Using the search term “recurrent sudden hearing loss”, 35 papers were identified
from the three databases. Only nine (25.7%) of these studies fulfilled the inclusion criteria
and were reviewed and these are shown in Figure 1. The characteristics of the included
studies are shown in Table 5. This review especially focused on recovery rate from recurrent
ISSNHL, although two of these studies [7,8] only provided data on the recurrence rate.
The nine previous studies reported that the rate of recovery in patients with recurrent
ISSNHL ranged from 43.4% to 78.6%. Only one study reported the second recurrence
rate, which was 21.4%. In most studies, the proportion of females and males was almost
the same. These studies utilized different tests, including electrocochleography (ECohG)
and vestibular-evoked myogenic potential (VEMP), and analyzed different parameters,
including neutrophil to lymphocyte ratio (NLR) and platelet to lymphocyte ratio (PLR), to
identify prognostic factors associated with recurrent ISSNHL.
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Table 4. Adjusted risk factors for poorer recovery after a recurrent rather than after the first episode
of ISSNHL.

Variables
Simple Logistic Model Multiple Logistic Model *

OR 95% CI p-Value OR 95% CI p-Value

Age (year) 1.00 0.96–1.05 0.9128 adj.
Female (ref. Male) 0.89 0.20–3.95 0.8791 adj.

BMI 1.08 0.80–1.45 0.6213 1.01 0.69–1.47 0.9703
Alcohol 0.46 0.04–4.98 0.5185 0.44 0.04–4.89 0.4997
Smoking 0.87 0.16–4.58 0.8662 0.69 0.09–5.67 0.7323
HTN † 6.18 0.69–55.18 0.1032 10.03 0.82–123.31 0.0717

DM 1.17 0.21–6.48 0.8602 1.17 0.17–8.2 0.8761
Tinnitus 2.50 0.41–15.23 0.3203 2.58 0.42–16.04 0.3092

Ear fullness 0.13 0.02–0.80 0.0280 0.10 0.01–0.76 0.0262 **
Treatment onset

(days) 1.02 0.96–1.09 0.5032 1.03 0.96–1.11 0.4077

Recovery time
(months) 1.06 0.72–1.56 0.7698 1.06 0.72–1.57 0.7546

Hearing level of the
affected ear before

treatment (dB)
1.06 1.01–1.11 0.0263 1.06 1.01–1.12 0.0210 **

Time to recurrence
(days) 1.02 1.00–1.03 0.0442 1.02 0.99–1.04 0.1569

Abbreviation OR; odds ratio; BMI; body mass index; HTN; hypertension; DM; diabetes mellitus. † Logistic
regression with Firth’s method (reference: patients not experiencing poorer outcomes after recurrence). * Logistic
regression of patients with poorer outcomes after the recurrent than after the first episode (reference: patients not
experiencing poorer outcomes after recurrence). * Adjusted by age, gender. ** p < 0.05.

 

Figure 1. PRISMA flow diagram. Abbreviation: PRISMA: Primary Reporting Items for Systematic
Review and Meta-analyses.
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Table 5. Studies assessing recurrent ISSNHL.

Reference Country Study Design
Number of

Patients with
Recurrence

Recovery Rate
from Recurrence

M:F Conclusions

Seo et al. [9] South
Korea Retrospective

First recurrence:
16

Second
recurrence: 16

First recurrence:
78.6%

Second recurrence:
21.4%

8:8
8:8

NLR and PLR higher in patients
with both recurrent and
non-recurrent ISSNHL.

Park et al. [5] South
Korea Retrospective 11 72.7% 6:5

Hearing outcomes were poorer
after a recurrent than after the

first episode, with SSNHL
almost always recurring in the

same ear.

Ohashi et al. [6] Japan Retrospective 23 69.5% NA

Favorable prognostic factors in
patients with recurrent ISSNHL
included an enhanced SP/AP

ratio of ECohG, a low initial AP
threshold, a low initial hearing
level, and an up-sloping type of

audiogram.
Initial vertigo was associated
with unfavorable outcomes in

patients with recurrent ISSNHL.

Kuo et al. [15] Taiwan Retrospective Ipsilateral: 7
Contralateral: 9

50%
(Ipsilateral type:

71.4%
Contralateral type:

33.3%)

3:4
5:4

Normal VEMPs in the affected
ear of patients with recurrent

sudden deafness may indicate a
good hearing outcome.

† Fushiki et al. [7] Japan Retrospective 33

* Recurrence rate
1 year: 29%
5 years: 47%

(45% of recurrences
occurred within 6
months of the first

episode)

-

Recurrence rate higher in
patients with elevated SP/AP
and spontaneous nystagmus
(78.6%) than in patients with

normal SP/AP and absence of
spontaneous nystagmus (31.8%)

Furuhashi et al.
[3] Japan Retrospective 14 78.5% 9:5

Recurrence of sudden deafness
rare during long-term follow-up

The degree of hearing
deterioration on the first

affected side was not
significantly different from that

on the non-affected side

† Wu et al. [8] Taiwan Retrospective
2281

(Data from the
Taiwan NHI)

* Recurrence rate
5 years: 4.99% 1252:1029

Factors associated with relapse
included age 35–64 years,

diabetes mellitus, and
hypercholesterolemia

Pecorari et al. [16] Italy Retrospective 73

63%
* Recurrence rate

2 years: 5.6%
5 years: 10.34%

30:43
Recurrence correlated only with
the presence of tinnitus during

follow-up

Wu et al. [17] Taiwan Retrospective 30
43.44%

(First episode:
53.55%)

16:14

Hearing recovery after a
recurrent episode correlated

significantly with hearing
outcome after the initial episode.

Abbreviation: NLR, neutrophil to lymphocyte ratio; PLR, platelet to lymphocyte ratio; ISSNH, idiopathic sudden
sensorineural hearing loss; SP, summating potential; AP, action potential; ECohG, electrocochleography; VEMP,
vestibular-evoked myogenic potential; NHI, National Health Insurance program * Recurrence rate: cumulative
recurrence rate. † These studies only reported about relapse rate.

4. Discussion

Many patients who experience recurrent ISSNHL report significant stress relative to
the recurrence and are more concerned about recovery than during the first episode of
ISSNHL. Clinicians also express concern about the likelihood of recovery relative to the
first episode and about the possibility that recurrent ISSNHL is caused by a tumor.
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Most cases of SSNHL are idiopathic; other causes, however, can include vestibular
schwannoma, acoustic neuroma, stroke, malignancy, Meniere’s disease, trauma, autoim-
mune disease, syphilis, Lyme disease, and peri-lymphatic fistula [1,18]. The prevalence of
vestibular schwannomas in patients with SSNHL has been reported to be 3.0% [19].

This study assessed 38 patients with recurrent ISSNHL, focusing on the factors associ-
ated with recovery. The control group of the present study consisted of patients who did
not recover from recurrent ISSNHL. If the process of relapse consists of a series of clinical
steps, then the factors among patients who recovered after the first episode may differ
between those who did and did not experience poorer recovery after the recurrent episode.
ISSNHL is an uncommon disease, and recurrent ISSNHL is very rare; hence, knowledge
about the factors associated with patient recovery from recurrent episodes may help in
counseling and treating patients.

In general, patients with ISSNHL are advised to start treatment with oral steroids
within two weeks [1], and starting treatment after 10 days is a negative prognostic factor [20].
Among patients who experienced recurrent episodes in the present study, those who
recovered started their treatment at a mean 5.6 days, whereas those who did not recover
started their treatment at a mean 16.7 days, further indicating that delayed treatment was
associated with a decreased recovery rate (p < 0.05). During the first episode, however, the
mean time to treatment onset was similar in patients who did and did not recover (7.2 days
vs. 5.5 days). Patients with previous experience of ISSNHL may delay visits to the hospital
because they become empirically accustomed to symptoms such as sudden ear fullness,
tinnitus, and hearing loss. This may delay the diagnosis and treatment of recurrent ISSNHL.
The present findings indicate that patients who experience symptoms of recurrent ISSNHL
should seek treatment as soon as possible.

The present study also showed that the ear fullness symptoms and the initial hearing
level of the affected ear differed significantly between patients with and without poorer
recovery after the recurrent episode than after the first episode of ISSNHL. Recovery of
hearing after the first episode was shown to be prognostic for the subsequent hearing
outcomes after the recurrent episode [17]. The present study found that the initial hearing
loss of the affected ear at the time of recurrence was significantly higher in poorer recovery
after the initial episode, as well as being a risk factor for poorer recovery after the recurrent
than after the first episode (OR 1.06, 95% CI 1.01–1.12, p < 0.05) after adjustment for age and
sex. Initial profound hearing loss was previously shown to be negatively prognostic for
recovery from non-recurrent ISSNHL [20]. Similarly, the present study found that higher
initial hearing loss at the time of the recurrent episode was prognostic for poorer recovery
after the recurrent than after the first episode.

Ear fullness was experienced by six (50.0%) of the twelve patients who experienced
poorer recovery after recurrence than after initial ISSNHL and 16 (88.9%) of the 18 patients
who did not. Ear fullness is a subjective symptom, expressed as feelings of blockage,
plugging, or pressure, that occurs frequently in patients with acute sensorineural hearing
loss. For example, the incidence of ear fullness has been reported to be 63.5% in patients
with acute low tone sensorineural hearing loss [18], 40.2% in patients with ISSNHL [1], and
61.0% in patients with Meniere’s disease [21]. Ear fullness in acute sensorineural hearing
loss was not associated with auditory function on audiograms but was associated with
the low-frequency region [21]. This association disappeared after the hearing threshold
stabilized, and the disappearance of ear fullness has been associated with hearing prognosis.
Ear fullness observed in patients with endolymphatic hydrops or Meniere’s disease has
been associated with a pressure imbalance between the round and oval windows [17,22,23].
Although the mechanisms underlying these associations have not yet been determined,
these findings suggest that ear fullness may be due to a functional factor rather than to
an anatomical impairment of the cochlea. The mechanism responsible for ear fullness in
patients with sensorineural hearing loss needs to be clarified [21,24].

In this study, patients who showed better or similar recovery from the recurrent rather
than from the first episode of ISSNHL had more frequent symptoms of ear fullness than
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those who showed poorer recovery from recurrent ISSNHL. Although the ear fullness
symptom was associated with the low-frequency region, however, none of the six patients
with poorer recovery after the recurrent episode and only four of the sixteen patients
without poorer recovery after the recurrent episode who presented with ear fullness showed
a low tone loss pattern, indicating that ear fullness symptom is not present only in patients
with low tone sudden sensorineural hearing loss. In some respects, patients with poorer
recovery after the recurrent episode showed a higher initial hearing loss and more frequent
ear fullness symptom at the same time than did patients without poorer recovery after the
recurrent episode, suggesting that ear fullness affected the remaining or early stages of
loss of hearing function. Taken together, these findings suggest that ear fullness may be
prognostic of recovery from recurrent ISSNHL.

ISSNHL has been reported to be associated with a history of hypertension (HTN),
chronic kidney disease, diabetes mellitus (DM), hypercholesterolemia, and stroke [25–29].
Analysis of data from the US National Nutrition Survey showed a link between hearing
loss and high blood pressure [30]. HTN can cause hemorrhage in the inner ear, reducing
capillary blood flow and oxygen supply, and resulting in progressive or sudden sensorineu-
ral hearing loss [31]. Moreover, older age and HTN are significant negative prognostic
factors for recovery from ISSNHL [20,32]. In the present study, however, HTN was not a
statistically significant risk factor for poorer recovery after a recurrent rather than after the
first episode of ISSNHL. However, our finding, that HTN was more frequent in patients
with poorer recovery after a recurrent than after a first episode, suggests that HTN may be
a risk factor for poorer recovery from recurrent ISSNHL. Moreover, acquired and inherited
cardiovascular risk factors were found to be associated with an increased risk of developing
ISSNHL [33]. The management of cardiovascular diseases, including HTN, is therefore
important in preventing the recurrence of ISSNHL.

The rates of DM in patients showing better or similar recovery compared to poorer
recovery after a recurrent episode rather than after a first episode were 22.22% and 25.00%,
respectively. Several studies have reported an association between ISSNHL and DM [25–29],
although one previous study [34] found no difference in the outer hair cell (OHC) damage,
represented by evoked otoacoustic emissions (e-OAEs), between DM patients and healthy
subjects in an acute hyperglycemic clamp study which is assumed as a sudden hazardous
condition. Sensorineural hearing loss in DM patients has been shown to be associated with
longer duration and poor control of DM; however, a higher compromise is observed in
DM patients in an acute hyperglycemia condition [34], so it is hard to find the correlation
between the acute hyperglycemia condition and ISSNHL. However, it is clear that DM has
an effect on hearing loss in the long term, and must be managed appropriately.

The recovery rate of recurrent ISSNHL of our study was 63.2% and it ranged in
between the previous studies in the systematic review (43.4~78.6%). Similar to our study,
hearing outcomes were found to be poorer after the recurrent rather than after the initial
episode [5,17]. A previous study reported that 45% of recurrences occurred within 6 months
from the first episode [7]. In comparison, the present study found that the mean times
to recurrence were 43.2 days in patients who recovered from the recurrent episode and
44.9 days in those who did not recover. The cumulative relapse rates in studies included in
the systematic review ranged from 4.9% to 47% [7,8,16].

Those studies found that statistically significant factors associated with recurrence
included diabetes mellitus, hypercholesterolemia, and tinnitus. ISSNHL has also been
associated with a history of HTN, chronic kidney disease, and stroke. Although the present
study found that HTN was not a statistically significant risk factor for recurrent ISSNHL,
its prevalence was higher in patients with than without poorer recovery after the recurrent
rather than after the first episode of ISSNHL. Both the neutrophil to lymphocyte ratio (NLR)
and platelet to lymphocyte ratio (PLR) were found to be higher in patients experiencing both
the first and recurrent episodes of ISSNHL than in a normal control group [9]. Similar to our
findings, electrocochleography (ECohG) showed that low initial hearing level is prognostic
for recovery from ISSNHL [6]. Moreover, a more normal vestibular-evoked myogenic
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potential (VEMP) [15] and better hearing outcome after the initial episode [17] were found
to be associated with better hearing outcomes in patients with recurrent ISSNHL.

Although few studies to date have assessed prognosis in patients with recurrent
ISSNHL, various clinical, serologic, and audiologic factors have been analyzed. Large
population studies have failed to identify factors that are prognostic or predictive of the
degree of recovery from recurrent ISSNHL, but in general the factors associated with
recurrent ISSNHL have been found not to differ significantly from the factors associated
with primary ISNSHL. The present study found that the degree of recovery was associated
with treatment onset. A lower initial hearing level and presence of ear fullness symptom
were associated with better recovery from the recurrent than from the first episode of
ISSNHL. Although further research is needed on the mechanisms responsible for ear
fullness, ear fullness can likely be recognized during early stages of functional loss, allowing
earlier treatment and improved prognosis.

This study had several limitations. First, this study only analyzed patients who
experienced recurrent ISSNHL. To more comprehensively analyze factors prognostic of
recurrent ISSNHL, the characteristics of patients who experienced ISSNHL once and
those who experienced recurrent ISSNHL should be compared. Second, this study was
retrospective in design, which may have introduced a potential selection bias. Third,
longer-term serial follow up of patients after recovery from recurrent ISSNHL is needed
to specifically classify the patients who might experience additional recurrence. Fourth,
a small number of subjects were studied and there was a higher proportion of females
compared to males.

5. Conclusions

Earlier treatment in patients with recurrent ISSNHL is associated with better hearing
outcomes. In addition, ear fullness was associated with a more favorable prognosis,
whereas higher initial hearing loss was predictive of a poorer recovery after recurrent than
after initial ISSNHL.
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20. Edizer, D.T.; Çelebi, Ö.; Hamit, B.; Baki, A.; Yiğit, Ö. Recovery of idiopathic sudden sensorineural hearing loss. J. Int. Adv. Otol.

2015, 11, 122–126. [CrossRef]
21. Sakata, T.; Esaki, Y.; Yamano, T.; Sueta, N.; Nakagawa, T. A comparison between the feeling of ear fullness and tinnitus in acute

sensorineural hearing loss. Int. J. Audiol. 2008, 47, 134–140. [CrossRef] [PubMed]
22. Gorga, M.P.; Kaminski, J.R.; Beauchaine, K.L. Effects of stimulus phase on the latency of the auditory brainstem response. J. Am.

Acad. Audiol. 1991, 2, 1–6. [PubMed]
23. Tonndorf, J.; Tabor, J.R. Closure of th cochlear windows: Its effect upon air- and bone-conduction. Ann. Otol. Rhinol. Laryngol.

1962, 71, 5–29. [CrossRef] [PubMed]
24. Sakata, T.; Kato, T. Feeling of ear fullness in acute sensorineural hearing loss. Acta Oto-Laryngol. 2006, 126, 828–833. [CrossRef]

[PubMed]
25. Chang, S.L.; Hsieh, C.C.; Tseng, K.S.; Weng, S.F.; Lin, Y.S. Hypercholesterolemia is correlated with an increased risk of idiopathic

sudden sensorineural hearing loss: A historical prospective cohort study. Ear Hear. 2014, 35, 256–261. [CrossRef] [PubMed]
26. Lin, C.; Lin, S.W.; Lin, Y.S.; Weng, S.F.; Lee, T.M. Sudden sensorineural hearing loss is correlated with an increased risk of acute

myocardial infarction: A population-based cohort study. Laryngoscope 2013, 123, 2254–2258. [CrossRef] [PubMed]
27. Lin, S.W.; Lin, Y.S.; Weng, S.F.; Chou, C.W. Risk of developing sudden sensorineural hearing loss in diabetic patients: A

population-based cohort study. Otol. Neurotol. 2012, 33, 1482–1488. [CrossRef]
28. Lin, C.; Hsu, H.T.; Lin, Y.S.; Weng, S.F. Increased risk of getting sudden sensorineural hearing loss in patients with chronic kidney

disease: A population-based cohort study. Laryngoscope 2013, 123, 767–773. [CrossRef]
29. Lin, H.C.; Chao, P.Z.; Lee, H.C. Sudden sensorineural hearing loss increases the risk of stroke: A 5-year follow-up study. Stroke

2008, 39, 2744–2748. [CrossRef]
30. Agrawal, Y.; Platz, E.A.; Niparko, J.K. Prevalence of hearing loss and differences by demographic characteristics among US adults:

Data from the National Health and Nutrition Examination Survey, 1999–2004. Arch Intern. Med. 2008, 168, 1522–1530. [CrossRef]
31. Siegelaub, A.B.; Friedman, G.D.; Adour, K.; Seltzer, C.C. Hearing loss in adults: Relation to age, sex, exposure to loud noise, and

cigarette smoking. Arch Environ. Occup. Health 1974, 29, 107–109. [CrossRef] [PubMed]
32. Lionello, M.; Staffieri, C.; Breda, S.; Turato, C.; Giacomelli, L.; Magnavita, P.; Marioni, G. Uni-and multivariate models for

investigating potential prognostic factors in idiopathic sudden sensorineural hearing loss. Eur. Arch. Otorhinol. 2015, 272,
1899–1906. [CrossRef] [PubMed]

33. Lin, R.J.; Krall, R.; Westerberg, B.D.; Chadha, N.K.; Chau, J.K. Systematic review and meta-analysis of the risk factors for sudden
sensorineural hearing loss in adults. Laryngoscope 2012, 122, 624–635. [CrossRef] [PubMed]

34. Sasso, F.C.; Salvatore, T.; Tranchino, G.; Cozzolino, D.; Caruso, A.A.; Persico, M.; Torella, R. Cochlear Dysfunction in Type 2
Diabetes: A complication Independent of Neuropathy and Acute Hyperglycemia. Metabolism 1999, 48, 1346–1350. [CrossRef]

92



Citation: Kang, D.-W.; Kim, S.;

Sunwoo, W. Correlation of

Neutrophil-to-Lymphocyte Ratio and

the Dilation of the Basilar Artery

with the Potential Role of Vascular

Compromise in the Pathophysiology

of Idiopathic Sudden Sensorineural

Hearing Loss. J. Clin. Med. 2022, 11,

5943. https://doi.org/10.3390/

jcm11195943

Academic Editor: George Psillas

Received: 19 August 2022

Accepted: 5 October 2022

Published: 8 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Correlation of Neutrophil-to-Lymphocyte Ratio and the
Dilation of the Basilar Artery with the Potential Role of
Vascular Compromise in the Pathophysiology of Idiopathic
Sudden Sensorineural Hearing Loss

Dae-Woong Kang 1, Seul Kim 2 and Woongsang Sunwoo 2,*

1 Department of Otorhinolaryngology, Seoul National University Hospital, Seoul National University College
of Medicine, Seoul 03080, Korea

2 Department of Otorhinolaryngology, Gil Medical Center, Gachon University College of Medicine,
Incheon 21565, Korea

* Correspondence: sunwoowoongsang@gmail.com or sunwoow@gachon.ac.kr

Abstract: Idiopathic sudden sensorineural hearing loss (SSNHL) currently lacks a clear etiology, as
well as an effective treatment. One of the most probable explanations for SSNHL is impairment of the
cochlear blood flow. However, dissimilar to a fundoscopic examination, direct observation of cochlear
blood vessels is not possible. To indirectly support an ischemic etiology of SSNHL, we investigated
whether the degree of initial hearing loss is associated with two atherosclerotic risk factors: dilatation
of the basilar artery (BA) and a chronic subclinical inflammatory status measured by the neutrophil-
to-lymphocyte ratio (NLR). This retrospective study collected data from 105 consecutive patients
diagnosed with idiopathic SSNHL. Then, the patients were divided into two groups according to
their NLR as “abnormally high NLR (>3.53, n = 22)” and “NLR within the normal range (0.78–3.53,
n = 83)”. The BA diameter and severity of initial hearing loss were significantly correlated with each
other in the abnormally high NLR group (p < 0.001). However, there was no significant correlation
between initial hearing loss and the BA diameter in the normal NLR group (p = 0.299). Therefore, the
NLR may serve as a marker for SSNHL of vascular etiology and a rationale for magnetic resonance
imaging examinations based on the pathophysiology.

Keywords: sudden sensorineural hearing loss; neutrophil-to-lymphocyte ratio; etiology; basilar
artery

1. Introduction

Sudden sensorineural hearing loss (SSNHL) is defined as sensorineural hearing loss
of 30 dB or more at three consecutive frequencies within 3 days and is often accompa-
nied by tinnitus, dizziness, ear fullness, nausea, and vomiting [1]. Although the annual
prevalence of sudden hearing loss has been reported to be 5–20 per 100,000, the actual
prevalence is expected to be higher, considering that the spontaneous recovery rate is
approximately 32–65% [2,3]. Viral or bacterial infection, vascular disturbance, microcir-
culatory failure, trauma, autoimmune disease, and neoplasm are possible etiologies of
SSNHL [4,5]. However, most cases of SSNHL have no identified etiology and are commonly
termed idiopathic.

Circulatory disturbance has been speculated to be a possible cause of SSNHL, because
the cochlea receives a limited blood supply without collateral circulation. The inner
ear is an end organ supplied only by the cochlear artery, which branches out from the
internal auditory artery (IAA). As expected from this vulnerable anatomical condition, the
occurrence of unilateral SSNHL has been reported as an early presentation of ischemic
stroke of the anterior inferior cerebellar artery (AICA), where the IAA is branched [6,7].
Consistent with these case reports, animal studies have shown that disruption of the
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cochlear blood flow can immediately lead to cochlear dysfunction [8,9]. In addition, several
studies have suggested that defibrinogenation therapy or adjuvant heparin therapy could
be more beneficial than steroid monotherapy in some patients with profound hearing
loss [10–12]. Accordingly, these previous findings indicate the importance of considering
the vascular etiology when evaluating SSNHL of an unknown cause.

Recently, the neutrophil-to-lymphocyte ratio (NLR) has been widely used not only
as an inflammatory marker but also as a predictive marker in various diseases, including
diabetes mellitus, chronic pulmonary disease, autoimmune disease, and cardiovascular
disease [13–16]. Several studies have also investigated the association between NLR and
SSNHL. These studies revealed that a high NLR is associated with the development and
poor prognosis of SSNHL [17–20]. However, the reason a high NLR is correlated with a
higher risk in patients with SSNHL remains unknown. To the best of our knowledge, the
detailed role of the NLR in the pathogenesis of SSNHL has not yet been studied. Therefore,
there is a need for evidence to elucidate the role of an elevated NLR in the high incidence
and poor outcome of SSNHL. Based on the relationship between an elevated NLR and
atherosclerotic events in cardiovascular disease, it has been postulated that endothelial
dysfunction caused by chronic subclinical inflammatory conditions may play a role in
the initiation and progression of atherosclerosis [13,21]. Thus, we hypothesized that an
elevated NLR may be related to a diminished cochlear blood flow or cochlear ischemia
caused by endothelial dysfunction or microvascular inflammation in the blood vessels
supplying the cochlea.

To investigate the etiological role of an elevated NLR in SSNHL, we focused on the
vascular etiology and evaluated the radiological findings of the basilar artery (BA) as
the origin of the AICA using magnetic resonance imaging (MRI). It has been suggested
that morphological deformation of the BA, including angulation and dilatation, may be
associated with atherogenesis in the vertebrobasilar system and contribute to the develop-
ment of SSNHL by decreasing blood flow to the cochlea and generating microemboli or
microthrombi [22–25]. Therefore, we aimed to investigate whether a high NLR in SSNHL is
associated with BA dilatation. Specifically, we hypothesized that if the etiology of SSNHL
is vascular, the degree of reduction in the cochlear blood flow may be associated with the
degree of initial hearing loss.

2. Materials and Methods

The Institutional Review Board of Gachon University Gil Medical Center approved
this study (IRB No. GFIRB2021-243) and waived the need for informed consent owing to
the retrospective nature of the study and the use of anonymous clinical data for analysis.
This study complied with the Declaration of Helsinki and was performed according to
ethics committee approval.

This retrospective single-center study included patients diagnosed with idiopathic
SSNHL at the Gachon University Gil Medical Center between January 2014 and December
2018. Patients were included if they had undergone (1) pure-tone audiometry, (2) laboratory
tests including a complete blood count (CBC) with differential, and (3) an MRI of the
temporal bone within 2 weeks of hearing loss onset. Patients meeting any of the following
criteria were excluded: age ≤ 18 years, white blood cell (WBC) count >10,000 cells/mm3,
and lesions on the MRI causally or potentially related to hearing loss. After exclusion,
105 patients (54 men and 51 women aged 27–81 years) were included in the final analysis.

The initial hearing levels were measured using pure-tone audiometry at the time of
diagnosis. Using the average hearing threshold level at speech frequencies (500, 1000, 2000,
and 4000 Hz) in the affected ear, we computed the pure-tone average (PTA) to estimate the
hearing loss. The pure-tone audiogram shapes were classified as follows: “up-sloping” or
“down-sloping” (minimum difference of 20 dB between the 500-Hz and 4000-Hz thresholds),
“flat” (difference between the 500-Hz and 4000-Hz thresholds <20 dB), and “profound”
(PTA >90 dB) [26,27].
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The CBC with differential reported counts for five main types of WBCs, either as
percentages or as the absolute number of cells (cells/mm3). The NLR was calculated
by dividing the absolute neutrophil count by the absolute lymphocyte count. Based on
the normal NLR values for healthy adults reported by Forget et al., an NLR > 3.53 was
considered abnormal [28]. Patients were classified into two groups: those with normal
NLR (≤3.5) and those with abnormally high NLR (>3.5).

All MRI data were acquired using a 3-Tesla MRI scanner (Skyra; Siemens Medical
System, Erlangen, Germany). The diameter of the BA was measured at the mid-pons
level on the axial view of a 3-dimensional (3D) T2-weighted image. The parameters of the
T2-weighted sampling perfection with application-optimized contrasts using different flip
angle evolutions sequence were as follows: repetition time, 1000 ms; echo time, 140 ms;
flip angle, 120◦; field of view, 208 × 230; matrix size, 384 × 345; and slice thickness,
0.8 mm. When the BA displays angulation in its course, its longitudinal axis can be tilted
to the measured plane. Thus, the short axis of the elliptical BA at the level of entry of the
trigeminal nerve into the anterolateral aspect of the pons was considered the diameter of
the BA (Figure 1). The MRI scans were analyzed while blinded to all clinical information.

Figure 1. Measurement of the short axis of the basilar artery (BA) diameter (double arrow) on the
axial T2-weighted magnetic resonance image at the mid-pons level; the level of the trigeminal nerve
(arrow) emerging from the anterolateral aspect of the pons (a). Coronal T2-weighted image shows
the tortuous BA that courses transversely at the mid-pons level (dotted line) (b).

Descriptive data were reported as the median (range) or count (percentage). The chi-
square test or Fisher’s exact test were used to compare categorical variables. Continuous
variables were compared using the Student’s t-test, and groups for skewed variables were
compared using the Mann–Whitney U test. A one-way analysis of variance (ANOVA) was
performed to compare the effect of four different audiometric curves on the NLR values.
Audiometric types were compared between the normal NLR and abnormally high NLR
groups using a linear-by-linear association test. The Spearman rank correlation coefficient
was used to evaluate the correlation between the BA diameter, NLR, and initial PTA. To
test whether the effect of the initial PTA on the NLR is dependent on the value of the BA
diameter, a multiple linear regression was calculated, including the interaction terms of
the initial PTA and BA diameter. Statistical significance was set at p < 0.05. All statistical
analyses were performed using IBM SPSS software (IBM Corp., Armonk, NY, USA).
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3. Results

The demographic and general characteristics of the study population are summarized
in Table 1. The mean age of the 105 patients (54 men and 51 women) in the study population
was 52.1 ± 11.6 years. The mean WBC count was 6.73 ± 1.36 × 103 cells/mm3, and the NLR
value ranged from 0.8 to 11.75 (median, 2.05). The median PTA at diagnosis was 68.8 dB
(range: 20–120 dB). The flat type (n = 38, 36.2%) was the most common configuration of the
audiogram, followed by the up-sloping (n = 23, 21.9%) and down-sloping (n = 18, 17.2%)
types. Twenty-six patients with PTA > 90 dB (24.8%) were classified as the profound type.
There were no statistically significant differences in the NLR values between groups, as
determined by one-way ANOVA (F(3, 101) = 0.508, p = 0.678). The median BA diameter
was 3.44 mm (range, 2.29–5.16 mm). There were only five cases (4.8%) of BA dolichoectasia
in which the diameter of the BA was >4.5 mm.

Table 1. General characteristics of the study groups.

Total (N = 105) NLR ≤ 3.53 (n = 83) NLR > 3.53 (n = 22) p

Age (years) 52 (27–81) 52 (27–79) 51.5 (34–81) 0.816 1

Sex (male/female) 54/51 45/38 9/13 0.267 2

Body mass index (kg/m2) 24.8 (17.4–51.0) 24.8 (17.4–51.0) 24.2 (19.1–35.2) 0.634 3

Hypertension 27 (25.7%) 62 (74.7%) 6 (27.3%) 0.851 2

Diabetes mellitus 17 (16.2%) 15 (18.1%) 2 (9.1%) 0.515 4

Cardiovascular disease 6 (5.7%) 5 (6.0%) 1 (4.5%) 1.000 4

Affected side (right/left) 56/49 48/35 8/14 0.073 2

Initial PTA (dB) 68.8 (20.0–120.0) 70.0 (20.0–118.8) 67.5 (37.5–120.0) 0.595 3

Vertigo 21 (20%) 13 (15.7%) 8 (36.4%) 0.040 4

Audiometric curves
Up-sloping type 23 (21.9%) 17 (20.5%) 6 (27.3%)

1.000 5Down-sloping type 18 (17.1%) 16 (19.3%) 2 (9.1%)
Flat type 38 (36.2%) 30 (36.1%) 8 (36.4%)
Profound 26 (24.8%) 20 (24.1%) 6 (27.3%)

BA diameter (mm) 3.44 (2.29–5.16) 3.44 (2.29–4.83) 3.50 (2.58–5.16) 0.850 3

BA dolichoectasia 5 (4.8%) 4 (4.8%) 1 (4.5%) 1.000 4

WBC (×103 cells/mm3) 6.73 (3.57–9.72) 6.57 (3.57–9.40) 7.35 (4.64–9.72) 0.015 1

Neutrophil (×103 cells/mm3) 4.21 (1.46–8.02) 3.78 (1.46–6.44) 5.83 (3.37–8.02) <0.001 3

Lymphocyte (×103 cells/mm3) 1.96 (0.50–4.00) 2.17 (1.26–4.00) 1.15 (0.50–1.88) <0.001 3

Platelet (×103 cells/mm3) 250.5 (130–522) 250.3 (130–522) 251.4 (148–329) 0.471 3

MPV (fL) 10.1 (6.6–12.6) 10.2 (7.5–12.6) 9.8 (6.6–12.0) 0.125 1

Values are presented as the median (range) or count (%). PTA, pure-tone average of the thresholds at 500, 1000,
2000, and 4000 Hz; BA, the basilar artery; NLR, neutrophil-to-lymphocyte ratio; WBC, white blood cell; and MPV,
mean platelet volume. The p-values are computed from the 1 Student’s t-test, 2 chi-square test, 3 Mann–Whitney
U test, 4 Fisher’s exact test, and 5 linear-by-linear association.

There was no correlation between the NLR and initial PTA and BA diameter (Figure 2).
Specifically, the Spearman correlation coefficient of the NLR with the initial PTA and BA
diameter was rS = −0.003 (p = 0.976) and rS = −0.027 (p = 0.781), respectively.

Patients were divided into two groups according to their NLR. Twenty-two patients
had an abnormally high NLR value (NLR > 3.53), and eighty-three had an NLR value
within the normal range (NLR between 0.78 and 3.53) [28]. A comparison of the general
data between the two groups is shown in Table 1. In the univariate analysis, patients
with vertigo showed a higher probability of having an abnormally high NLR (p = 0.040).
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None of the other clinical characteristics, including the initial PTA and BA diameter, were
statistically associated with the NLR.

Figure 2. Scatter plots showing the correlation between the neutrophil-to-lymphocyte ratio (NLR)
and the initial pure-tone average of the thresholds (PTA) (a) and the basilar artery diameter (b).
Spearman’s correlation coefficient (rs) and corresponding p-value are reported alongside the
regression lines.

A multiple linear regression was run to predict the NLR from age, sex, initial PTA,
BA diameter, and the two-way interaction term of the initial PTA and BA diameter. These
variables statistically significantly predicted the NLR, F(5, 99) = 1.44, p = 0.216, R2 = 0.068.
Age and sex did not significantly predict the NLR (p = 0.9 and 0.2, respectively). The
initial PTA and BA diameter were significant predictors of the NLR (p = 0.044 and 0.049,
respectively). It was found that the interaction between the initial PTA and BA diameter
was significant (p = 0.042). This means that the effect of the initial PTA on NLR depends on
the BA diameter and vice versa.

Assuming that the increased risk of atherosclerotic events and cochlear ischemia
would be better described by the combination of the NLR and BA diameter, we analyzed
the etiological value of the NLR/BA diameter combination in idiopathic SSNHL. First, we
assessed the relationship between the BA diameter and the initial PTA level for each group
separately. As shown in Figure 3, a significant positive correlation was observed between
the initial PTA and BA diameter in the high NLR group (rs = 0.702, p <0.001), suggesting that,
for idiopathic SSNHL of vascular etiology, a dilated BA would increase susceptibility to an
insufficient cochlear blood supply and increase the initial level of hearing loss. However,
there was no significant link between the initial PTA and BA diameter in the normal NLR
group (rs = 0.115, p = 0.299).

Spearman’s correlation coefficient was used to examine the cutoff of NLR in predicted
cases of vascular etiology based on our hypothesis. Figure 4 illustrates Spearman’s rho
values between the BA diameter and the initial PTA level in the high NLR group as the NLR
cutoff value varies from 1.0 to 6.0. The Spearman’s correlation coefficients were between
0.70 and 0.82, which indicate a high degree of correlation, when the NTR cutoff values
of 3.44–4.60 were applied. Since there were only twelve patients with values of the NLR
higher than 4.61 in this study, the higher the NLR cutoff value at 4.60 or more, the lower
the degree of correlation. In addition, 3.69 was the lowest NLR value among patients
with NLRs higher than 3.44, so applying 3.53 as the NLR cutoff value was considered to
be appropriate.
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Figure 3. Scatter plots showing the relationship between the basilar artery diameter and the initial
pure-tone average of the thresholds (PTA) in the normal neutrophil-to-lymphocyte ratio (NLR) group
(a) and the high NLR group (b). Spearman’s correlation coefficient (rs) and the corresponding p-value
are shown alongside the regression lines.

Figure 4. Scatter plots showing the Spearman’s correlation coefficient between the basilar artery
diameter and the initial pure-tone average of the thresholds in the high neutrophil-to-lymphocyte
ratio group according to the NLR cutoff value. Dark gray marks represent statistical significance
(p < 0.05).

4. Discussion

Various potential etiological factors and a lack of helpful etiological markers in idio-
pathic SSNHL make a pathophysiology-based approach to the treatment of SSNHL difficult.
Recently, the NLR has been proposed as an easily accessible and reliable biomarker of
vascular etiology in a variety of diseases. In this study, we investigated the association
between the severity of the initial hearing loss and BA diameter using temporal bone MRI
and investigated the etiological value of the NLR by classifying patients with SSNHL into
two groups based on normal NLR reference values. The main findings of the present study
were as follows: (1) neither the degree of BA dilatation or the severity of the initial hearing
loss showed a quantitative relationship with the NLR itself, and (2) in SSNHL patients with
abnormally high NLR values, the initial hearing loss was more severe as the BA diameter
increased, a significant correlation that was not observed in SSNHL patients with normal
NLR values.
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Table 1 shows the demographic and clinical characteristics of the patients with SSNHL
included in this study. We obtained not only sociodemographic factors such as age and
sex but also conventional risk factors associated with vascular occlusion and circulatory
disturbances, including hypertension and diabetes mellitus. These factors can contribute to
the vascular etiology of SSNHL, regardless of the NLR, by accelerating the prothrombotic
events in the BA [22]. As presented in Table 1, because there were no significant differences
in the risk factors between the high NLR group and the normal NLR group, they were
not adjusted for in further analyses. In this study, the proportion of patients with vertigo
was higher in the high NLR group. Since the inner ear has a blood supply from the
labyrinthine artery, which branches into the anterior vestibular artery and the common
cochlear artery, vestibular symptoms can occur frequently in AICA infarctions [29]. In
addition, previous studies have interpreted vertigo symptoms in SSNHL to result from an
ischemic etiology [30,31]. Therefore, considering that both SSNHL with vertigo and SSNHL
with high NLR are related to a poor prognosis, we believe that a higher proportion of
vertigo symptoms in the high NLR group arises from dysfunction of the audio–vestibular
system due to vascular causes [17,32].

The severity of the initial hearing loss, measured by the initial PTA as an indicator
of vascular dysfunction, was used to evaluate the vascular etiological value of the NLR
in this study. Electrophysiological studies have revealed that the extent of cochlear blood
flow reduction during circulatory blockage in the BA system correlates with cochlear
dysfunction [9]. Based on these experiments, we assumed that the more severe the reduc-
tion in cochlear blood flow, the greater the initial PTA. Consistent with this assumption,
clinical studies have reported that patients with a higher initial PTA, which means more
severe hearing impairment at the time of diagnosis, had a poor response to conventional
steroid therapy, resulting in poorer hearing outcomes [27,33]. Considering the possible
action of steroids to reduce inflammation and edema in the hearing organs, the admin-
istration of steroids to treat patients with SSNHL caused mainly by vascular pathology
may not be effective. In addition, other treatment modalities proposed to improve cochlear
microcirculation based on vascular pathogenesis, including defibrinogenation, adjuvant
heparin, and hyperbaric oxygen therapy, have shown potential benefits in patients with
severe or profound initial hearing loss [10–12,34]. We believe that revascularization of the
ischemic cochlea could help improve hearing in patients whose steroid treatment alone
was ineffective.

The BA that supplies blood to the inner ear arises from the intersection of the two
vertebral arteries (VAs). Since only 6–26% of people have both VAs with the same diameter,
the BA receives an unbalanced mechanical force from the VAs on both sides [35]. This
unstable and unbalanced mechanical force causes angulation and dilatation of the BA
through shear stress on the vessel wall. This dilatation of the BA can cause an ischemic
effect by reducing blood flow to the AICA. In addition, increased prothrombotic states
in the vessel wall of the dilated BA can cause microemboli and lead to ischemia of the
AICA territory [36]. Furthermore, an increased BA diameter is associated with cerebral
small-vessel diseases, as well as large-vessel atherosclerosis, such as intracranial arterial
stenosis [24]. Therefore, it can be expected that the BA diameter may be associated with the
blood supply to the cochlea. Based on the above findings, we hypothesized that the BA
diameter would be correlated with the severity of the initial hearing loss in cases of SSNHL
of vascular etiology.

In the group of all subjects, significant correlations between either the BA diameter
or initial PTA and the NLR were not observed. The pathophysiological heterogeneity of
SSNHL may have contributed to these negative results. The inclusion of patients with
SSNHL not caused by a vascular etiology may potentially render this biomarker analysis
invalid. Another possible reason is the high proportion of subjects within the normal
range of the NLR (83/105, 79%). In general, the prognostic and diagnostic efficacy of a
marker depends on the established cutoff, which determines its effectiveness, specificity,
and sensitivity. However, the optimal NLR cutoff value has not been clarified in patients
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with SSNHL. In previous studies, the suggested cutoff values of the NLR for predicting
prognoses varied between 3.42 and 6.66 [37,38]. Accordingly, we classified all SSNHL
patients into a high NLR group and a normal NLR group based on the commonly used
normal reference NLR values for further analysis. However, similar to the results in the
overall study population, neither the BA diameter or the initial PTA individually correlated
significantly with the NLR values in either subgroup.

To improve the diagnostic efficacy of the NLR as an etiological marker in SSNHL, we
used a combination of a dilated BA diameter with a high NLR value, which individually
had no significant correlations with the initial hearing loss level. Interestingly, the severity
of the initial hearing loss showed a significant positive correlation with the BA diameter
only in the group of patients with abnormally high NLR values (Figure 3). These findings
support our hypothesis that the combination of BA dilatation and an elevated NLR could
indicate vascular pathogenesis in idiopathic SSNHL, such as atherosclerotic events and
cochlear ischemia. As mentioned above, dilatation of the BA can reduce the blood flow
through the AICA and cause ischemic damage to the cochlea. Similarly, hearing loss has
been reported as one of the main symptoms in patients with BA dolichoectasia, whose BA
diameter is excessively dilated by vascular remodeling [39,40]. Wang et al. suggested that
mural thrombi and atherosclerotic plaques generated by slowed blood flow and turbulence
in dilated and tortuous vessels could cause changes in the hemodynamics of the posterior
circulation [41]. By indirectly proving the etiological value of the NLR in this study, we
believe that it could be helpful to interpret the results of previous and future studies of
NLR values in idiopathic SSNHL in terms of the vascular etiology.

This study had several limitations. First, our study suggests only presumptive evi-
dence that indirectly supports the etiological value of NLR as a vascular origin in idiopathic
SSNHL. To measure changes in the hemodynamics or demonstrate ischemic effects, the
blood flow must be directly measured and analyzed. However, as there is still no imag-
ing modality that can directly measure cochlear blood flow, we used an indirect method
that can reflect the blood flow. Recently, several studies have reported that the use of 3D
fluid-attenuated inversion-recovery MRI can provide information on pathologic condi-
tions in the cochlea, especially intracochlear hemorrhage, a common pathological finding
observed after vascular occlusion in SSNHL [8,42,43]. Therefore, further analysis of 3D
fluid-attenuated inversion-recovery MRI findings combined with NLR in future studies
may contribute to the elucidation of the etiological value of the NLR. Second, because
the aim of this study was to evaluate the etiological value of the NLR related to vascular
causes, the treatment outcomes were not analyzed. The vascular pattern in the BA system
has been reported to have various anastomoses between the AICA and collateral blood
vessels [44,45]. In addition, the severity of degenerative changes in the cochlea caused
by vascular occlusion is affected by the presence of collateral blood vessels or anatomical
variations of the IAA [8]. Therefore, this anatomical variation and the presence of collateral
circulation can affect the prognosis of SSNHL of vascular etiology. Since it may not be
possible to distinguish whether the outcome of hearing recovery is a response to steroid
treatment or due to collateral circulation in the case of partial occlusion, analyses of the
prognostic efficacy of the NLR were not conducted in the current study.

5. Conclusions

Idiopathic SSNHL currently lacks a clear etiology, as well as an effective treatment.
One of the most probable explanations for SSNHL is impairment of the cochlear blood
flow. However, dissimilar to a fundoscopic examination, direct observation of the cochlear
blood vessels is not possible in patients with SSNHL. Our results indirectly support an
ischemic etiology of SSNHL originating in branches of the BA and is associated with two
atherosclerotic risk factors: dilatation of the BA and a chronic subclinical inflammatory
status measured by the NLR. In this study, the BA diameter and severity of the initial
hearing loss, which reflects the degree of reduced cochlear blood flow, were significantly
correlated with each other only in patients with abnormally high NLR values. Therefore,
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the NLR may serve as a marker for SSNHL of vascular etiology and a rationale for an MRI
examination based on the pathophysiology.

Author Contributions: Conceptualization, W.S. and S.K.; methodology, W.S.; formal analysis,
D.-W.K.; investigation, S.K.; data curation, D.-W.K.; writing—original draft preparation, D.-W.K.
and S.K.; writing—review and editing, W.S.; visualization, D.-W.K.; supervision, W.S.; and funding
acquisition, W.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2020R1C1C1005488); by the Gachon University Gil
Medical Center (No. FRD2022-04); and the Korea Medical Device Development Fund grant funded
by the Korea government (MSIT, MOTIE, and MFDS) (KMDF-PR-20200901-0147). The APC was
funded by the Korea government (MSIT, MOTIE, and MFDS).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Gachon University Gil Medical Center
(protocol code GFIRB2021-243, approved 6 July 2021).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the
study and the use of anonymous clinical data for analysis.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We would like to thank Zarathu (www.zarathu.com, accessed on 30 September 2022)
for the statistical consulting.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hughes, G.B.; Freedman, M.A.; Haberkamp, T.J.; Guay, M.E. Sudden sensorineural hearing loss. Otolaryngol. Clin. N. Am. 1996,
29, 393–405.

2. Stachler, R.J.; Chandrasekhar, S.S.; Archer, S.M.; Rosenfeld, R.M.; Schwartz, S.R.; Barrs, D.M.; Brown, S.R.; Fife, T.D.; Ford, P.;
Ganiats, T.G.; et al. Clinical practice guideline: Sudden hearing loss. Otolaryngol. Head Neck Surg. 2012, 146, S1–S35. [CrossRef]

3. Schreiber, B.E.; Agrup, C.; Haskard, D.O.; Luxon, L.M. Sudden sensorineural hearing loss. Lancet 2010, 375, 1203–1211. [CrossRef]
4. Masuda, M.; Kanzaki, S.; Minami, S.; Kikuchi, J.; Kanzaki, J.; Sato, H.; Ogawa, K. Correlations of inflammatory biomarkers with

the onset and prognosis of idiopathic sudden sensorineural hearing loss. Otol. Neurotol. 2012, 33, 1142–1150. [CrossRef]
5. Merchant, S.N.; Durand, M.L.; Adams, J.C. Sudden deafness: Is it viral? ORL J. Otorhinolaryngol. Relat. Spec. 2008, 70, 52–60.

[CrossRef]
6. Ito, H.; Hibino, M.; Iino, M.; Matsuura, K.; Kamei, T. Unilateral hearing disturbance could be an isolated manifestation prior to

ipsilateral anterior inferior cerebellar artery infarction. Intern. Med. 2008, 47, 795–796. [CrossRef]
7. Amarenco, P.; Rosengart, A.; DeWitt, L.D.; Pessin, M.S.; Caplan, L.R. Anterior inferior cerebellar artery territory infarcts.

Mechanisms and clinical features. Arch. Neurol. 1993, 50, 154–161. [CrossRef]
8. Belal, A., Jr. Pathology of vascular sensorineural hearing impairment. Laryngoscope 1980, 90, 1831–1839. [CrossRef]
9. Ito, H. Effects of circulatory disturbance on the cochlea. ORL J. Otorhinolaryngol. Relat. Spec. 1991, 53, 265–269. [CrossRef]
10. Suzuki, H.; Furukawa, M.; Kumagai, M.; Takahashi, E.; Matsuura, K.; Katori, Y.; Shimomura, A.; Kobayashi, T. Defibrinogenation

therapy for idiopathic sudden sensorineural hearing loss in comparison with high-dose steroid therapy. Acta Oto-Laryngol. 2003,
123, 46–50. [CrossRef]

11. Kim, J.; Jeong, J.; Ha, R.; Sunwoo, W. Heparin therapy as adjuvant treatment for profound idiopathic sudden sensorineural
hearing loss. Laryngoscope 2020, 130, 1310–1315. [CrossRef]

12. Shiraishi, T.; Kubo, T.; Okumura, S.; Naramura, H.; Nishimura, M.; Okusa, M.; Matsunaga, T. Hearing recovery in sudden
deafness patients using a modified defibrinogenation therapy. Acta Otolaryngol. Suppl. 1993, 501, 46–50. [CrossRef]

13. Balta, S.; Celik, T.; Mikhailidis, D.P.; Ozturk, C.; Demirkol, S.; Aparci, M.; Iyisoy, A. The Relation Between Atherosclerosis and
the Neutrophil-Lymphocyte Ratio. Clin. Appl. Thromb./Hemost. Off. J. Int. Acad. Clin. Appl. Thromb./Hemost. 2016, 22, 405–411.
[CrossRef]

14. Chollangi, S.; Rout, N.K.; Patro, S. A Study on Correlation of Neutrophil to Lymphocyte Ratio and Red Cell Distribution Width
with Microalbuminuria in Type 2 Diabetes Mellitus. J. Assoc. Physicians India 2022, 70, 11–12.

15. Zinellu, A.; Zinellu, E.; Pau, M.C.; Carru, C.; Pirina, P.; Fois, A.G.; Mangoni, A.A. A Comprehensive Systematic Review and
Meta-Analysis of the Association between the Neutrophil-to-Lymphocyte Ratio and Adverse Outcomes in Patients with Acute
Exacerbation of Chronic Obstructive Pulmonary Disease. J. Clin. Med. 2022, 11, 3365. [CrossRef]

101



J. Clin. Med. 2022, 11, 5943

16. Buonacera, A.; Stancanelli, B.; Colaci, M.; Malatino, L. Neutrophil to Lymphocyte Ratio: An Emerging Marker of the Relationships
between the Immune System and Diseases. Int. J. Mol. Sci. 2022, 23, 3636. [CrossRef]

17. Ni, W.; Song, S.P.; Jiang, Y.D. Association between routine hematological parameters and sudden sensorineural hearing loss:
A meta-analysis. J. Otol. 2021, 16, 47–54. [CrossRef]

18. Chen, L.; Zhang, G.; Zhang, Z.; Wang, Y.; Hu, L.; Wu, J. Neutrophil-to-lymphocyte ratio predicts diagnosis and prognosis of
idiopathic sudden sensorineural hearing loss: A systematic review and meta-analysis. Medicine 2018, 97, e12492. [CrossRef]

19. Guo, Y.; Liu, J. The Roles Played by Blood Inflammatory Parameters in Sudden Sensorineural Hearing Loss. Ear. Nose Throat J.
2021. ahead of print. [CrossRef]

20. Lee, J.S.; Hong, S.K.; Kim, D.H.; Lee, J.H.; Lee, H.J.; Park, B.; Choi, H.G.; Kong, I.G.; Song, H.J.; Kim, H.J. The neutrophil-to-
lymphocyte ratio in children with sudden sensorineural hearing loss: A retrospective study. Acta Oto-Laryngol. 2017, 137, 35–38.
[CrossRef]

21. Bhat, T.; Teli, S.; Rijal, J.; Bhat, H.; Raza, M.; Khoueiry, G.; Meghani, M.; Akhtar, M.; Costantino, T. Neutrophil to lymphocyte ratio
and cardiovascular diseases: A review. Expert Rev. Cardiovasc. Ther. 2013, 11, 55–59. [CrossRef]

22. Kim, C.; Sohn, J.H.; Choi, H.C. Vertebrobasilar angulation and its association with sudden sensorineural hearing loss. Med.
Hypotheses 2012, 79, 202–203. [CrossRef]

23. Hong, J.M.; Chung, C.-S.; Bang, O.Y.; Yong, S.W.; Joo, I.S.; Huh, K. Vertebral artery dominance contributes to basilar artery
curvature and peri-vertebrobasilar junctional infarcts. J. Neurol. Neurosurg. Psychiatry 2009, 80, 1087–1092. [CrossRef]

24. Tanaka, M.; Sakaguchi, M.; Miwa, K.; Okazaki, S.; Furukado, S.; Yagita, Y.; Mochizuki, H.; Kitagawa, K. Basilar artery diameter is
an independent predictor of incident cardiovascular events. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2240–2244. [CrossRef]

25. Kim, C.; Sohn, J.-H.; Jang, M.U.; Hong, S.-K.; Lee, J.-S.; Kim, H.-J.; Choi, H.-C.; Lee, J.H. Ischemia as a potential etiologic factor in
idiopathic unilateral sudden sensorineural hearing loss: Analysis of posterior circulation arteries. Hear. Res. 2016, 331, 144–151.
[CrossRef]

26. Huy, P.T.; Sauvaget, E. Idiopathic sudden sensorineural hearing loss is not an otologic emergency. Otol. Neurotol. 2005, 26,
896–902. [CrossRef]

27. Kuhn, M.; Heman-Ackah, S.E.; Shaikh, J.A.; Roehm, P.C. Sudden sensorineural hearing loss: A review of diagnosis, treatment,
and prognosis. Trends Amplif. 2011, 15, 91–105. [CrossRef]

28. Forget, P.; Khalifa, C.; Defour, J.P.; Latinne, D.; Van Pel, M.C.; De Kock, M. What is the normal value of the neutrophil-to-
lymphocyte ratio? BMC Res. Notes 2017, 10, 12. [CrossRef]

29. Lee, H.; Sohn, S.I.; Jung, D.K.; Cho, Y.W.; Lim, J.G.; Yi, S.D.; Lee, S.R.; Sohn, C.H.; Baloh, R.W. Sudden deafness and anterior
inferior cerebellar artery infarction. Stroke 2002, 33, 2807–2812. [CrossRef]

30. Pogson, J.M.; Taylor, R.L.; Young, A.S.; McGarvie, L.A.; Flanagan, S.; Halmagyi, G.M.; Welgampola, M.S. Vertigo with sudden
hearing loss: Audio-vestibular characteristics. J. Neurol. 2016, 263, 2086–2096. [CrossRef]

31. Murofushi, T.; Tsubota, M.; Suzuki, D. Idiopathic acute high-tone sensorineural hearing loss accompanied by vertigo: Vestibulo-
cochlear artery syndrome? Consideration based on VEMP and vHIT. J. Neurol. 2019, 266, 2066–2067. [CrossRef]

32. Vofo, G.; de Jong, M.A.; Kaufman, M.; Meyler, J.; Eliashar, R.; Gross, M. The impact of vestibular symptoms and electronys-
tagmography results on recovery from sudden sensorineural hearing loss. J. Basic Clin. Physiol. Pharmacol. 2021, ahead of print.
[CrossRef]

33. Sajid, T.; Ali, S.M.; Shah, M.I.; Hussain, A.; Zaman, A.; Qamar Naqvi, S.R.; Sajid, Z. Oral Corticosteroid Therapy for Sudden
Sensorineural Hearing Loss and Factors Affecting Prognosis. J. Ayub Med. Coll. Abbottabad JAMC 2021, 33, 279–282.

34. Eryigit, B.; Ziylan, F.; Yaz, F.; Thomeer, H. The effectiveness of hyperbaric oxygen in patients with idiopathic sudden sensorineural
hearing loss: A systematic review. Eur. Arch. Otorhinolaryngol. 2018, 275, 2893–2904. [CrossRef]

35. Jeng, J.S.; Yip, P.K. Evaluation of vertebral artery hypoplasia and asymmetry by color-coded duplex ultrasonography. Ultrasound
Med. Biol. 2004, 30, 605–609. [CrossRef]

36. Cunningham, K.S.; Gotlieb, A.I. The role of shear stress in the pathogenesis of atherosclerosis. Lab. Investig. A J. Tech. Methods
Pathol. 2005, 85, 9–23. [CrossRef]

37. Wu, S.; Cao, Z.; Shi, F.; Chen, B. Investigation of the prognostic role of neutrophil-to-lymphocyte ratio in Idiopathic Sudden
Sensorineural Hearing Loss based on propensity score matching: A retrospective observational study. Eur. Arch. Oto-Rhino-
Laryngol. 2020, 277, 2107–2113. [CrossRef]

38. Kang, J.W.; Kim, M.G.; Kim, S.S.; Im, H.I.; Dong, S.H.; Kim, S.H.; Yeo, S.G. Neutrophil-lymphocyte ratio as a valuable prognostic
marker in idiopathic sudden sensorineural hearing loss. Acta Oto-Laryngol. 2020, 140, 307–313. [CrossRef]

39. Huh, G.; Bae, Y.J.; Woo, H.J.; Park, J.H.; Koo, J.W.; Song, J.J. Vestibulocochlear Symptoms Caused by Vertebrobasilar Dolichoectasia.
Clin. Exp. Otorhinolaryngol. 2020, 13, 123–132. [CrossRef]

40. Gilbow, R.C.; Ruhl, D.S.; Hashisaki, G.T. Unilateral Sensorineural Hearing Loss Associated with Vertebrobasilar Dolichoectasia.
Otol. Neurotol. 2018, 39, e56–e57. [CrossRef]

41. Wang, Y.; Huang, J.; Qian, G.; Jiang, S.; Miao, C. Study on the Correlation between different Levels of Patients with Vertebrobasilar
Dolichoectasia and Posterior Circulation Blood Perfusion. J. Stroke Cerebrovasc. Dis. 2022, 31, 106378. [CrossRef]

42. Berrettini, S.; Seccia, V.; Fortunato, S.; Forli, F.; Bruschini, L.; Piaggi, P.; Canapicchi, R. Analysis of the 3-dimensional fluid-
attenuated inversion-recovery (3D-FLAIR) sequence in idiopathic sudden sensorineural hearing loss. JAMA Otolaryngol. Head
Neck Surg. 2013, 139, 456–464. [CrossRef]

102



J. Clin. Med. 2022, 11, 5943

43. Gao, Z.; Chi, F.L. The clinical value of three-dimensional fluid-attenuated inversion recovery magnetic resonance imaging in
patients with idiopathic sudden sensorineural hearing loss: A meta-analysis. Otol. Neurotol. 2014, 35, 1730–1735. [CrossRef]

44. Hassler, O. Arterial pattern of human brainstem. Normal appearance and deformation in expanding supratentorial conditions.
Neurology 1967, 17, 368–375. [CrossRef]

45. Nishijima, Y. Anatomical analysis of the basilar artery and its branches with special reference to the arterial anastomosis, and its
course and distribution on the pontine ventral surface. Nihon Ika Daigaku Zasshi 1994, 61, 529–547. [CrossRef]

103





Journal of

Clinical Medicine

Article

Clinical and Cytokine Profile in Patients with Early and Late
Onset Meniere Disease

Maria-Del-Carmen Moleon 1,2,3,†, Estrella Martinez-Gomez 1,3,†, Marisa Flook 1,3, Andreina Peralta-Leal 1, Juan

Antonio Gallego 4, Hortensia Sanchez-Gomez 5, Maria Alharilla Montilla-Ibañez 6, Emilio Dominguez-Durán 7,

Andres Soto-Varela 8, Ismael Aran 9, Lidia Frejo 1,3,‡ and Jose A. Lopez-Escamez 1,2,3,10,*,‡

Citation: Moleon, M.-D.-C.;

Martinez-Gomez, E.; Flook, M.;

Peralta-Leal, A.; Gallego, J.A.;

Sanchez-Gomez, H.; Montilla-Ibañez,

M.A.; Dominguez-Durán, E.;

Soto-Varela, A.; Aran, I.; et al. Clinical

and Cytokine Profile in Patients with

Early and Late Onset Meniere Disease.

J. Clin. Med. 2021, 10, 4052. https://

doi.org/10.3390/jcm10184052

Academic Editor: George Psillas

Received: 5 August 2021

Accepted: 3 September 2021

Published: 7 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Otology and Neurotology Group CTS495, Department of Genomic Medicine, GENYO—Centre for Genomics
and Oncological Research—Pfizer/University of Granada/Junta de Andalucía, PTS, 18016 Granada, Spain;
mcarmenmoleon@gmail.com (M.-D.-C.M.); estrella.martinez@genyo.es (E.M.-G.);
marisa.flook@genyo.es (M.F.); andreina.peralta@genyo.es (A.P.-L.); lidia.frejo@genyo.es (L.F.)

2 Department of Otolaryngology, Instituto de Investigación Biosanitaria ibs.Granada, Hospital Universitario
Virgen de las Nieves, Universidad de Granada, 18014 Granada, Spain

3 Sensorineural Pathology Programme, Centro de Investigación Biomédica en Red en Enfermedades Raras,
CIBERER, 28029 Madrid, Spain

4 Department of Neurology, Hospital Universitario Virgen de las Nieves, Universidad de Granada,
18014 Granada, Spain; jagaza16@correo.ugr.es

5 Otoneurology Unit, Department of Otorhinolaryngology, University Hospital of Salamanca, IBSAL,
37007 Salamanca, Spain; hortensiasanchez1@hotmail.com

6 Department of Otorhinolaryngology, Complejo Hospitalario de Jaén, 23007 Jaen, Spain;
alharillamontilla@gmail.com

7 Department of Otolaryngology, Hospital Virgen Macarena, 41009 Sevilla, Spain;
emiliodominguezorl@gmail.com

8 Division of Neurotology, Department of Otorhinolaryngology, Complexo Hospitalario Universitario,
15706 Santiago de Compostela, Spain; andres.soto@usc.es

9 Department of Otolaryngology, Complexo Hospitalario de Pontevedra, 36071 Pontevedra, Spain;
ismaelaran2000@yahoo.com

10 Department of Surgery, Division of Otolaryngology, Facultad de Medicina, Universidad de Granada,
18006 Granada, Spain

* Correspondence: jalopezescamez@ugr.es; Tel.: +34-958-715-500-160
† M.-D.-C.M. and E.M.-G. shared co-first authorship.
‡ L.F. and J.A.L.-E. should be considered joint senior authors.

Abstract: Background: Meniere disease (MD) is an inner ear disorder associated with comorbidities
such as autoimmune diseases or migraine. This study describes clinical and cytokine profiles in
MD according to the age of onset of the condition. Methods: A cross-sectional study including
83 MD patients: 44 with early-onset MD (EOMD, <35 years old), and 39 with late-onset MD (LOMD,
>50 years old), 64 patients with migraine and 55 controls was carried out. Clinical variables and
cytokines levels of CCL3, CCL4, CCL18, CCL22, CXCL,1 and IL-1β were compared among the
different groups. Results: CCL18 levels were higher in patients with migraine or MD than in controls.
Elevated levels of IL-1β were observed in 11.4% EOMD and in 10.3% LOMD patients and these levels
were not dependent on the age of individuals. EOMD had a longer duration of the disease (p = 0.004)
and a higher prevalence of migraine than LOMD (p = 0.045). Conclusions: Patients with EOMD have
a higher prevalence of migraine than LOMD, but migraine is not associated with any cytokine profile
in patients with MD. The levels of CCL18, CCL3, and CXCL4 were different between patients with
MD or migraine and controls.

Keywords: hearing loss; vertigo; migraine; cytokines; inflammation; vestibular disorders

1. Introduction

Patients with acute vertigo and a history of episodic vestibular symptoms represent a
diagnostic challenge for clinicians [1,2]. Particularly, Meniere disease (MD), an inner ear
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disorder characterized by sensorineural hearing loss (SNHL), attacks of episodic vertigo, is
usually associated with tinnitus [3]. Some patients with MD also have migraine headaches
and they usually show an early onset of auditory and vestibular symptoms [4,5].

Although the majority of MD patients are considered sporadic [3], familial clustering
has been reported in 8% and 6% of cases in the Spanish [6] and South Korean populations [7].
Several genes have been identified in familial MD by exome sequencing, the most common
being OTOG, found in 30% of familial cases [8]. Familial cases usually show early age of
onset, but some non-familial cases (sporadic) may also develop the disease in the third
decade of life. The mechanisms leading to this early onset of symptoms are not well
understood and they may involve genetic, epigenetic, and environmental factors.

The epidemiological association of MD with migraine and some autoimmune diseases,
supports the hypothesis of a wide clinical spectrum with a cochleo-vestibular phenotype.
However, the effect of autoimmunity or migraine on the onset of the condition has not
been investigated. Previous studies have shown that MD can be classified according to few
clinical predictors, and it is possible to define subsets within unilateral MD (UMD) and
bilateral MD (BMD) patients (Table 1) [4,5].

Table 1. Clinical subgroups of patients with unilateral and bilateral Meniere disease. Modified from
Frejo et al. [4,5].

Unilateral Ménière’s Disease (UMD)

Type 1: Sporadic and classical MD.
Type 2: Delayed MD
(hearing loss precedes vertigo attacks in months or years).
Type 3: Familial MD
(at least two individuals with MD related in the first or second degree).
Type 4: Sporadic MD with migraine
(temporal relationship not required).
Type 5: Sporadic MD plus an autoimmune disease.

Bilateral Ménière’s Disease (BMD)

Type 1: Unilateral hearing loss becomes bilateral.
Type 2: Sporadic, simultaneous hearing loss (usually symmetric).
Type 3: Familial MD
(most families have bilateral hearing loss, but unilateral and bilateral cases may coexist in the
same family).
Type 4: Sporadic MD with migraine.
Type 5: Sporadic MD with an autoimmune disease.

The age of onset in patients with MD may differ according to the clinical subgroup.
Interestingly, patients with MD and migraine (type 4) and individuals with MD with a co-
morbid autoimmune condition (type 5) have an earlier age of onset than MD type 1 or 2 [5].
Moreover, it was also observed that MD types 4 and 5 have more vertigo attacks than the
other groups [5]. Thereby, individuals with BMD showed an earlier age of onset, associated
with a worse score in the AAO-HNS functional scale than patients with UMD among
familial cases [6].

Previous studies have reported that basal levels of proinflammatory cytokines may
be increased in some patients with MD [9], but the relationship between cytokine levels
with the age of onset, migraine, or autoimmunity has not been investigated. The cytokine
profile may represent two subgroups of MD patients with intrinsic differences in the
immune response or two functional states of the immune system in patients with MD [9,10].
The studies mentioned before had defined different clinical subgroups in patients with
UMD or BMD, but patients with MD and increased basal levels of cytokines and negative
autoantibodies may be considered as an autoinflammatory condition of the inner ear [11].

The aim of the study is to characterize the clinical and cytokine profile, according to
the age of onset in MD.
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2. Experimental Section

2.1. Patient Assessment and Selection

A cross-sectional study was designed to recruit a total of 83 patients with MD. Eighteen
of them were also included in a previous study [10]. Forty-four patients were considered
as early-onset MD (EOMD, age of onset < 35 years old), 39 patients were classified as
late-onset MD (LOMD, age of onset > 50 years old). We also recruited 64 migraine patients
and 55 healthy controls that were selected from the MeDiC database to compare clinical
and cytokine profiles among the different groups. All patients with MD were diagnosed
according to the diagnostic criteria for MD described by the International Committee for
the Classification Vestibular Disorders of the Barany Society [3], and a clinical evaluation
was performed after obtaining informed consent. Patients with migraine were diagnosed
according to the diagnostic criteria for migraine of the International Headache Society [12].
Patients with diagnostic criteria for vestibular migraine [13] were excluded from this study.

The experimental protocol of this study was approved by the Institutional Review
Board in all participating hospitals, and each participant signed a written informed consent
before donating blood samples (PE-0356-2018). The study was carried out according to the
principles of the Declaration of Helsinki revised in 2013 for investigation with humans.

A complete audiological and vestibular assessment was carried out in all MD cases,
including the following variables, sex, age, age of onset, duration of the disease, type of
MD (uni/bilateral), main associated comorbidities (migraine, autoimmune disorders), and
cytokine levels in peripheral venous blood. Serial pure-tone audiograms were retrieved
from clinical records to assess hearing loss since the initial diagnosis. Clinical features of
migraine patients recruited in the study are included in Table S1.

2.2. Peripheral Blood Mononuclear Cell (PBMC) Isolation and Incubation

Peripheral blood was diluted 1:1 with 1× PBS and disposed carefully into the corre-
sponding 20:12 volume of Lymphosep, lymphocyte separation media (Biowest, Nuaillé,
France). Samples were centrifuged for 20 min at 2000 rpm to separate blood content.
PBMCs were collected and washed with 1× PBS twice and cultured in RPMI 1640 sup-
plemented with 10% (v/v) fetal bovine serum (Biowest, Nuaillé, France) and plated at a
concentration of 1 × 106 cells/mL in 6-well plates. PBMCs were incubated overnight at
37 ◦C in 7% CO2. After the incubation, PBMCs were centrifuged, and supernatants were
collected and stored at −80 ◦C until enough samples were acquired.

2.3. Cytokine Measurement

Frozen samples were thawed immediately prior to analysis and none of the samples
underwent more than two freeze–thaw cycles prior to analysis. One cytokine (IL-1β) and
five chemokines (CCL3, CCL4, CXCL1, CCL22, and CCL18) were measured using the
commercially available Multiplex Bead-Based Kits (EMD Millipore, Billerica, MA, USA).
The measurements were performed in accordance with the kit-specific protocols provided
by Millipore, using a Luminex 200 platform (Luminex Corp., Austin, TX, USA) and read
with Luminex x PONENT 3.1 software (Luminex Corp.). Two quality controls for each
cytokine were run in duplicate.

2.4. Statistic and Data Analysis

A descriptive analysis was conducted using GraphPad Prism v8.0 (GraphPad Soft-
ware, San Diego, CA, USA) for the clinical and cytokine data. Quantitative variables
were displayed as the mean and standard deviation (SD). Qualitative variables were
compared using Chi-square and Fisher exact test. Quantitative variables were compared
using U Mann–Whitney test and the Pearson correlation coefficient. Analysis of variance
(ANOVA) was used to compare the three groups of the study (MD, migraine patients, and
healthy controls). The level of significance considered was p < 0.05. To find and remove the
cytokines outlier values, we considered outlier values that were:
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1.5 × IQR > Q3

1.5 × IQR < Q1,

where Q1 is the median of the lower half of the data set, Q3 is the median of the upper half
of the data set, and IQR is the interquartile range, the difference from Q3 to Q1, [14]. Thus,
from the total cytokines’ measures of 61 MD patients, 64 migraine patients, and 55 control,
we used 56, 59, and 42 measures respectively.

3. Results

3.1. Clinical Profile in Early and Late Onset MD

Table 2 includes all patients with EOMD. Twenty-three patients had been diagnosed
as unilateral MD (54.5%) and 21 were considered bilateral MD (45.5%). Twenty-six (59%)
were women and 18 (41%) were men.

Table 2. Clinical features and basal levels of IL-1β cytokine in patients with EOMD (n = 44). Elevated levels of IL-1β are
highlighted in bold type.

Patient Gender Ear
Age of
Onset

Duration of
Disease (y)

FMD Migraine
MD

Subgroup
IL-1β
Level

1 Woman Bilateral 34 8 Yes Yes 3 3.68
2 Woman Bilateral 33 8 Yes Yes 3 1.24
3 Woman Unilateral 28 12 No Yes 4 0.82
4 Man Unilateral 29 9 No No 1 1.57
5 Woman Bilateral 33 24 No Yes 4 3.20
6 Woman Bilateral 18 34 Yes No 3 4.74
7 Woman Unilateral 28 27 No X 4 1.41
8 Woman Unilateral 20 1 Yes Yes 3 18.64
9 Woman Unilateral 28 8 No No 2 3.69
10 Woman Unilateral 29 20 Yes Yes 3 2.79
11 Man Bilateral 27 16 No No 2 2.64
12 Woman Bilateral 33 8 No Yes 4 2.10
13 Woman Bilateral 24 15 No Yes 4 28.45
14 Woman Bilateral 33 17 No No 5 1.66
15 Woman Bilateral 23 18 No Yes 4 1.59
16 Man Bilateral 31 15 No Yes 1 1.25
17 Man Unilateral 34 8 No No 1 0.49
18 Woman Unilateral 27 17 No No 1 2.11
19 Man Bilateral 35 16 No No 1 0.92
20 Woman Bilateral 34 20 No No 1 3.68
21 Woman Unilateral 35 20 Yes No 3 0.01
22 Man Bilateral 29 15 No No 2 0.18
23 Man Unilateral 29 11 No No 1 0
24 Man Unilateral 24 1 No No 1 1.84
25 Man Unilateral 30 27 No Yes 1 46.41
26 Man Bilateral 27 22 No No 1 0
27 Man Unilateral 32 3 No No 1 2.77
28 Man Bilateral 22 23 Yes Yes 1 0.44
29 Woman Bilateral 31 5 No Yes 1 1.14
30 Man Bilateral 22 22 No No 1 1.57
31 Man Bilateral 25 25 No No 1 0.31
32 Man Bilateral 34 34 No No 1 1.14
33 Man Bilateral 28 18 No No 1 18.18
34 Woman Unilateral 28 25 No No 5 2.19
35 Woman Unilateral 23 50 No No 1 3.14
36 Woman Unilateral 29 30 No No 5 6.66
37 Woman Unilateral 23 50 No No 1 3.07
38 Man Unilateral 27 5 No No 1 1.79
39 Woman Unilateral 18 18 Yes Yes 3 4.68
40 Woman Unilateral 35 20 No No 1 0
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Table 2. Cont.

Patient Gender Ear
Age of
Onset

Duration of
Disease (y)

FMD Migraine
MD

Subgroup
IL-1β
Level

41 Woman Unilateral 21 2 Yes No 3 0
42 Man Unilateral 24 28 Yes No 3 0.80
43 Woman Unilateral 18 9 Yes Yes 2 0.69
44 Woman Unilateral 24 28 No Yes 4 1.37

Table 3 shows all individuals with LOMD. Twenty-six (67%) had been diagnosed
as unilateral MD and 13 had bilateral MD (33.3%). Twenty-one (54%) were women and
18 (46%) men.

Table 3. Clinical features and basal levels of IL-1β cytokine in patients with LOMD (n = 39). Elevated levels of IL-1β are
highlighted in bold type.

Patient Gender Ear
Age of
Onset

Duration of
Disease (y)

FMD Migraine
MD

Subgroup
IL-1β
Level

1 Man Bilateral 55 20 No No 2 0.83
2 Woman Unilateral 65 8 Yes No 3 1.23
3 Man Unilateral 50 13 No No 1 1.56
4 Man Bilateral 55 30 No No 2 2.24
5 Man Unilateral 61 16 No No 1 2.64
6 Woman Unilateral 50 23 Yes No 3 2.10
7 Man Bilateral 53 16 No No 2 3.14
8 Woman Unilateral 50 8 No No 1 2.67
9 Man Bilateral 53 30 No No 2 4.34
10 Man Unilateral 50 14 Yes No 3 6.93
11 Man Unilateral 62 1 No Yes 4 0.01
12 Woman Unilateral 52 17 No Yes 4 0.57
13 Woman Bilateral 56 24 No No 2 2.27
14 Woman Unilateral 55 10 No No 1 2.06
15 Woman Unilateral 63 13 Yes Yes 3 1.07
16 Man Bilateral 56 5 No No 2 0.58
17 Man Unilateral 53 2 Yes Yes 3 0.01
18 Man Bilateral 54 3 No No 2 1.03
19 Woman Bilateral 53 4 No Yes 4 2.67
20 Man Bilateral 55 17 Yes No 3 1.27
21 Woman Unilateral 50 20 Yes No 3 1.73
22 Woman Bilateral 55 9 Yes Yes 3 5.95
23 Woman Unilateral 50 8 No No 1 3.07
24 Woman Bilateral 52 6 No No 2 1.03
25 Man Bilateral 53 2 Yes Yes 3 3.68
26 Woman Unilateral 56 2 No No 1 0.83
27 Man Unilateral 57 2 No No 1 1.66
28 Man Bilateral 53 7 No No 2 0.39
29 Woman Unilateral 65 1 No Yes 4 4.96
30 Man Unilateral 69 2 No No 1 0.76
31 Man Unilateral 66 5 No No 1 2.33
32 Woman Unilateral 51 5 No No 1 4.67
33 Woman Unilateral 63 6 No No 1 3.94
34 Woman Unilateral 61 6 No No 1 1.25
35 Man Unilateral 51 7 No No 1 1.52
36 Woman Unilateral 50 8 No No 1 5.79
37 Woman Unilateral 54 1 Yes No 3 1.32
38 Woman Unilateral 57 6 Yes No 3 1.47
39 Woman Unilateral 54 7 No Yes 1 3.47
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There was no difference in the frequency of FMD between patients with EOMD
(11 patients, 25%) and LOMD (11 patients, 28%). Eighteen years was the mean duration of
the disease in EOMD patients, whereas in LOMD patients the mean was 9.8 years old. In
our series, elevated levels of IL-1β (>4.78 pg/mL) were observed in 5 of 44 (11.3%) patients
with EOMD and in 4 of 39 (10.3%) patients with LOMD.

3.2. EOMD Has a Higher Prevalence of Migraine Than LOMD Patients

Table 4 compares the clinical features of patients with EOMD and LOMD. Patients
with EOMD had a longer duration of the disease, defined as the time since the onset of the
symptoms than patients with LOMD (p = 0.004). As expected, both groups of MD patients
had similar hearing loss thresholds, familial history of hearing loss, and prevalence of
vascular risk factors. However, EOMD patients presented a higher frequency of migraine
than LOMD patients (p = 0.045), but no differences were found for any type of headache
between both groups.

Table 4. Clinical features of patients with EOMD and LOMD included in the study. Migraine was
more frequently observed in patients with EOMD.

Variable
EOMD
(n = 44)

LOMD
(n = 39)

p-Value

Duration of the disease (mean ± SD) 18.0 ± 11.4 9.8 ± 7.9 0.0004
Age of onset (mean ± SD) 27.7 ± 4.9 55.6± 5.2 <0.0001

Sex (% female) 59.0 53.8 0.195
Bilateral hearing loss (%) 45.5 33.3 0.545

Hearing loss (% synchronic) 29.5 12.8 0.338
MD type 0.589

1 21 15
2 4 9
3 9 4
4 7 3
5 3 0

Hearing loss (%) 0.357
High frequency 61.4 69.2
Low frequency 38.6 30.8

Family History of hearing loss (%) 25.0 28.2 0.999
Any Headache (%) 59.0 56.4 0.440

Migraine (%) 38.6 23.0 0.045
Arterial Hypertension (%) 22.7 25.6 0.948

Smoking (%) 13.6 10.3 0.532
Dyslipidemia (%) 18.2 28.2 0.400

Diabetes Mellitus (%) 25.0 25.6 0.854
Significant differences (p < 0.05) are highlighted in bold.

3.3. Cytokine Levels Do Not Allow to Distinguish between EOMD and LOMD Patients

Cytokines were measured in 56 MD patients (40 EOMD and 16 LOMD). We did not
observe any differences between the levels of IL-1β or any of the chemokines CCL3, CCL4,
CXCL1, CCL22, CCL8 (all p-values > 0.1, (Figure S1). However, when we performed a
sex-specific analysis, there were significant differences in EOMD for IL-1β, with higher
values in men (p = 0.039), and for CXCL1 with higher values in women (p = 0.007, Figure 1).
Moreover, CCL3 levels were significantly higher in LOMD women than men (p = 0.04).

3.4. Cytokines Levels Do Not Differ between Patients with and without Migraine in MD

Since patients with EOMD presented a higher prevalence of migraine than LOMD
(p = 0.045), we compared cytokines levels considering migraine as a clinical covariable.
However, none of the cytokines or chemokines measured showed significant differences
between patients with and without migraine in MD (Figure 2). Interestingly, the prevalence
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of a comorbid autoimmune disease was significantly higher in patients with MD and
migraine compared to patients without migraine (p < 0.001).

We also separated MD patients according to IL-1β levels into two groups: MD with
high levels of IL-1β (MDH) and low levels of IL-1β (MDL) (Figure 3). However, we found
no difference in the relative frequency of patients according to the clinical subgroups and
IL-1β levels (Table 5).

Table 5. Frequency distribution of patients with MD according to the clinical subgroup and IL-
1β levels.

Variable
MDH
(n = 9)

MDL
(n = 74)

p-Value

MD type (%) 0.9924
1 3 (33.3) 33 (44)
2 0 (0) 13 (14.6)
3 3 (33.3) 17 (22.9)
4 2 (22.2) 9 (12.1)
5 1 (11.1) 2 (2.7)

Figure 1. Scatter plots showing medians and IQRs for IL-1β (A), CXCL1(B), CCL18 (C), CCL22 (D),
CCL3 (E), CCL4 (F), levels measured in PBMC’s supernatant in patients with EOMD and LOMD.
Cytokine and chemokine levels were compared between men and women by the Mann–Whitney
test and p-values are shown for each comparison. Significant differences (p < 0.05) are highlighted
in bold.
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Figure 2. Scatter plots showing cytokine and chemokines levels in patients with MD (A–F), stratified
according to the presence of migraine.

 
Figure 3. MD patients separated according to their IL-1β levels (MDH (>4.78 pg/mL) and MDL
(<4.78 pg/mL)).
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3.5. Cytokines Levels Do Not Differ between Familial (FMD) and Sporadic (SMD) MD Patients

We observed that the IL-1β levels were not different between familial and sporadic MD,
however, significant differences were found in CXCL1 (p = 0.024) and CCL22 (p = 0.012),
(Figure 4). Moreover, CXCL1 and CCL22 levels showed a higher correlation in FMD
(r = 0.62) than in sporadic cases (r = 0.37).

Figure 4. Cytokines and chemokine levels in patients with familial or sporadic MD (A–F). FMD:
Familial Meniere disease Significant differences; SMD: Sporadic Meniere disease; (p < 0.05) are
highlighted in bold.

3.6. CCL18, CCL22, and CCL4 Levels Are Different between Patients with MD, Migraine, and Controls

Levels of IL-1β, CCL3, CCL4, CXCL1, CCL22, and CCL8 were also measured in
55 healthy controls and 64 migraine patients. Significant differences were found in the
levels of CCL18 (p = 0.001), CCL22 (p = 0.03), and CCL4 (p = 0.02) when we compared MD,
migraine, and controls; however, no differences were found in IL-1β or CCL18 levels of
MD vs. migraine patients (Figure 5).

We could observe that the levels of CCL18 were higher in patients with MD or migraine
when they were compared to controls. However, CCL18 levels did not allow to distinguish
between MD and migraine (p = 0.74). Moreover, no correlation was found in CCL18 levels
and the age of the patients, either in controls (p = 0.59), patients with MD (p = 0.43), or
migraine (p = 0.23) (Figure S2).
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Figure 5. Scatter plots showing cytokines with the concentrations of IL-1β (A), CXCL1 (B), CCL18 (C),
CCL22 (D), CCL3 (E), and CCL4 (F) in healthy controls, patients with MD, and migraine. Significant
differences (p < 0.05) are highlighted in bold.

4. Discussion

This study analyzes the clinical profile and the levels of several cytokines and chemokines
(IL-1β, CCL3, CCL4, CCL22, CCL18, and CXCL1) in patients with MD, according to the
age of onset of the disease. The age of onset in MD follows a normal distribution [4,5] with
a mean of ~43 years old. We selected Spanish MD patients < 35 and >50 years from the
Meniere Disease Consortium to investigate clinical features in patients with early- and
late-onset, respectively. The time of onset was confirmed from the medical records

The main finding is that migraine is more frequently observed in patients with EOMD
than in LOMD, but the levels of cytokines are not related to the age of onset in MD.

Previous studies have reported that ~20% of patients with MD show high levels of pro-
inflammatory cytokines, including IL-1β, TNF-α, and IL-6 [9]. Moreover, Flook et al. (2019)
revealed significant differences in several cytokines and chemokines between patients
with MD and vestibular migraine, suggesting that this set of protein biomarkers could
distinguish MD and vestibular migraine [10].

The findings in this study do not support the hypothesis that the peripheral profile
of immune molecules is related to the age of onset in MD or the presence of migraine.
Therefore, we measured the levels of IL-1β, CCL3, CCL4, CXCL1, CCL22, and CCL18 in a
cohort of 83 patients with MD, which included 44 EOMD and 39 LOMD, and 64 patients
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with migraine without vestibular symptoms to control the effect of migraine itself on
cytokine levels.

We tested the hypothesis that activation of IL-1β signaling contributes to maintaining
an autoinflammatory response in MD, however, this response is not age-dependent. Con-
sidering that we observed a cytokine increase in PBMCs extracted from peripheral blood,
this could indicate that a subgroup of patients with MD has a systemic pro-inflammatory
response, which could explain some patient’s responses to anti-inflammatory drugs [15,16].
Our study shows that IL-1β concentrations are not age-dependent, neither in MD patients
nor healthy controls. Of note, we also found that IL-1β levels are higher in a subgroup of
patients with migraine, suggesting a pro-inflammatory state in these patients.

We observed that EOMD patients have a higher prevalence of migraine as a comorbid
condition compared to LOMD. This finding confirms the observation reported by Frejo
et al. that patients with MD and migraine (type 4) presented an earlier onset than the rest
of patients with MD [4,5].

In addition, the clinical association between autoimmunity and MD suggests the
possibility of an autoimmune endophenotype according to the immune role of the en-
dolymphatic sac or the synthesis of cytokines [17]. There are two different endotypes of
MD patients, according to the pathology of the endolymphatic sac: one endotype charac-
terized by the epithelial degeneration of the endolymphatic sac and a second endotype
showing hypoplasia of the endolymphatic sac [18]; however, the cytokine profile or the
association with migraine with the hypoplastic or degenerative endolymphatic sac has not
been investigated.

To our knowledge, this is the first study in which inflammatory biomarkers and
clinical phenotypes were simultaneously assessed both in adult men and women with
early-onset as well as late-onset MD. We found an overall reduction in the systemic levels
of inflammatory markers in men with EOMD or LOMD, where significant differences were
observed for IL-1β, CXCL1, and CCL3. Moreover, we observed no significant differences
in other inflammatory biomarkers between groups.

Familial MD has an earlier onset than sporadic cases, suggesting that early-onset
patients might have a higher genetic burden, including patients with a potential recessive
inheritance. Previous studies have shown that there is an enrichment of rare missense
variants in some genes related to hearing loss, such as: GJB2, USH1G, SLC26A, USH1G,
ESRRB, and CLDN14, as well as in some genes implicated in the “axonal guidance signal-
ing” signaling pathway such as NTN4 and NOX3, in patients with sporadic MD [19]. This
excess of missense variants in some genes may increase the risk of developing hearing loss
in MD [20]. We have found higher levels of CXCL1 and CCL22 in familial MD, but the rele-
vance of this finding is unclear. The chemokine CXCL1 recruits and activates neutrophils
to the site of infection [21], and it is essential for the expression of pro-inflammatory media-
tors, activation of NF-kB, and MAPKs [22]. CCL22 is a macrophage-derived chemokine
and a potent chemoattractant for chronically activated T-lymphocytes [23,24]. CCL22 is
thought to be involved in several conditions, including allergy, autoimmunity, and tumor
growth [24], and increased CCL22 expression has been reported in autoinflammatory skin
diseases [25].

There are several mechanisms that may drive the onset of MD. A persistent inflam-
matory response may affect one or both ears and local factors could be involved. The
accumulation of endolymph is the result of inner ear damage usually associated with
sensorineural hearing loss [26].

The autoinflammatory disease of the inner ear might include an innate immune
response mediated by monocytes, IL-1β, and non-specific autoantibodies [27]. In healthy
individuals, IL-1 RA is detectable in plasma and IL-1β levels are usually not detectable.
IL-1 RA levels were more elevated in most patients with MD regardless of the levels of
IL-1β [9]. It was also observed that only 58 genes were differentially expressed in MD
patients with high basal levels of IL-1β, supporting the hypothesis that this abnormal
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response may facilitate the identification of a subgroup of MD patients with a specific gene
expression profile [9].

Cytokines are considered as pain mediators in neurovascular inflammation, and
therefore, they may cause the generation of migraine pain [28]. Changes in inflammatory
activity in migraine patients may be one of the main causes of endothelial dysfunction. The
increase in endothelial cell permeability leads to an increase in the paracellular leakage of
plasma fluid and proteins [29].

Different findings have been reported in the clinical studies measuring cytokine
levels in migraine patients [30–33]. These studies have indicated that immunological
changes could play a role in the pathophysiology of migraine. We can speculate that
increased release of CCL18 observed in patients with migraine in combination with other
pro-inflammatory mediators is likely to contribute to a persistent inflammatory state that
may trigger the onset of MD in susceptible individuals. This subgroup of patients with
MD and migraine may have an earlier onset and higher risk of autoinflammation.

In addition, the lack of correlation between age and IL-1β plasma levels, regardless of
the important role of aging in the immune response, suggests that genetic or epigenetic
factors are needed to develop MD in patients with migraine [34].

Our study shows that a better understanding of how the immune mediators could
influence the age of onset in MD disease is of great relevance to provide clues on potential
strategies to delay the onset of MD in susceptible individuals in an increasingly aged
population.

5. Limitations of the Study

The main limitation of our study is that the number of investigated patients was
low (n = 83), and further patients will be needed to validate our findings. Our study is
limited by the cross-sectional design and the small number of cytokines and clinical data
collected, so it may be not enough to classify patients with MD according to the age of onset.
Moreover, the lack of correlation between the age of individuals and IL-1β or CCL18 levels
suggest inter-individual differences associated with multiple factors, including migraine.

6. Conclusions

1. Patients with EOMD have a higher prevalence of migraine than patients with LOMD.
2. The levels of IL-1β or chemokines were not dependent on the age of the individuals

or the presence of migraine in patients with MD.
3. The levels of CCL18, CCL22, and CCL4 were different between patients with MD or

migraine and controls.
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Abstract: Meniere’s disease is a progressive hearing–disabling condition. Patients can benefit from
strict clinical management, including lifestyle and dietary counseling, and medical treatment. A
prospective cohort study was carried out with 154 patients with definite Meniere’s disease, with an
average age of 43.53 ± 11.40, and a male to female ratio of 0.97:1. The pure-tone thresholds of all
165 affected ears, over a one-year clinical management period, were analyzed. After one year,
87.27% of patients had improved or preserved their hearing at a low frequency, and 71.51% at a high
frequency. The hearing threshold at frequencies from 250 Hz to 2000 Hz had improved significantly
(p < 0.001, p < 0.001, p < 0.001, p < 0.01), and deteriorated slightly at 8000 Hz (p < 0.05). Of all
the patients, 40.00% had a hearing average threshold that reached ≤25 dB HL after the clinical
management period, among whom 27.27% were patients in stage 3. The restoration time was 2.5 (1.0,
4.125) months, with a range of 0.5–11.0 months, and the restoration time was longer for stage 3 than
for stages 1 and 2 (u = −2.542, p < 0.05). The rising curves improved the most (p < 0.05), with most
becoming peaks, whereas most peaks and flats remained the same. Patients who were initially in the
earlier stages (95% CI 1.710~4.717, OR 2.840, p < 0.001), have an increased odds ratio of hearing by an
average of ≤25 dB HL. Age (95% CI 1.003~1.074, OR 1.038, p = 0.031), peak curve (95% CI 1.038~5.945,
OR = 2.484, p = 0.041), and flat curve (95% CI 1.056~19.590, OR = 4.549, p = 0.042), compared with the
rising curve, increase the odds ratio of hearing on average by >25 dB HL. Most patients can have their
hearing preserved or improved through strict clinical management, and sufficient follow-up is also
essential. Stage 3 patients also have the potential for hearing improvement, although the restoration
time is longer than in the early stages. The initial hearing stage, age, and audiogram pattern are
related to the hearing benefits.

Keywords: Meniere’s disease; sensorineural hearing loss; clinical management; pure-tone audiometry

1. Introduction

Meniere’s disease (MD) is a chronic unique inner ear disease associated with endolym-
phatic hydrops by histopathology, and is characterized by recurrent spontaneous vertigo,
fluctuating sensorineural hearing loss (SNHL), tinnitus, and aural fullness [1]. Though
not curable, patients with Meniere’s disease can experience symptom relief and prevent
permanent damage to their hearing through clinical management.

The Bárány society defines Meniere’s disease as episodic vestibular syndrome in the
International Classification of Vestibular Disorders (ICVD) [2]. The lesions of the auditory
and vestibular system occur either simultaneously, or some precede others [3]. The effects
of vertigo are always taken seriously; however, part of vertigo is the fluctuating and
gradual decline in the hearing, which can potentially develop into a hearing disability.
Hearing loss was included in the original description of this disease and is still considered
a necessary criterion by the current international consensus. It is generally known that the
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audiogram has characteristic features and specific fluctuation patterns [4]. The hearing loss
usually occurs at low frequencies and is accompanied by hearing fluctuations, which are
characteristic of the early stages of Meniere’s disease [5–7]. In this period, most patients’
hearing loss is reversible; therefore, as the disease progresses, hearing tends to present
full-frequency, moderate-to-severe hearing loss, and loss becomes permanent [8]. Those
who have poor hearing often give up hopes of recovery. Nevertheless, residual hearing
is vital. Progressive and occult hearing loss will often confuse patients and be ignored by
doctors who have no complete knowledge system.

The treatment for Meniere’s disease consists of reducing attacks, relieving symptoms,
and preventing permanent damage to hearing. Lifestyle changes, diuretics, vasodilators,
corticosteroids, intratympanic therapy, and surgical treatment methods are preferred. Al-
though there is currently no complete cure for Meniere’s disease, clinical management,
which includes lifestyle and dietary changes, medical treatment, psychological counsel-
ing, or minimally invasive procedures, such as intratympanic steroid therapy, helps most
patients [4,9,10]. Clinically, fluctuating and progressive sensorineural hearing loss is rel-
atively refractory to treatment, whereas episodic vertigo is usually quite responsive [11];
however, the prevention of hearing disabilities is as important as the control of vertigo.
The World Report on Hearing 2021 [12] revealed that nearly 1.5 billion people worldwide
live with some degree of hearing loss, and nearly 430 million have moderate to severe
hearing loss. Many studies have shown that more than half of Meniere’s patients had
hearing loss at an advanced stage, as they are either at stage 3 or 4 [13,14]. Control of the
hearing lesion is the main aim of the management of Meniere’s disease due to its great
importance for the patients’ quality of life, whether for symptom control, hearing disability
prevention, functional rehabilitation, and even a reduction in the economic burden on
patients and society.

The repeated attack, fluctuation, and progression of Meniere’s disease are consistent
with the modality of chronic disease; therefore, it also needs to be managed according to the
clinical practice of chronic diseases. The importance of lifestyle adjustment is put forward
in the guidelines for MD. We conducted a study with a small series of patients and found
that the hearing restoration of MD patients takes months; however, that observation period
was only three months. A more extended observation was needed. During this observation
period, strict clinical management and close follow-ups were needed for practice. In this
study, the term “clinical management”, in its broadest sense, refers to the management of
the core components of lifestyle adjustment and medical treatment.

Moreover, hearing features have rarely been studied and reported in recent years
after the treatment and criteria were updated; there is no clear consensus among different
studies regarding the characteristics and evolution of audiometric thresholds and the
morphology of the audiogram of patients at different stages of Meniere’s disease. In 1995,
the American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS) devised a
staging system based on the average hearing threshold of pure-tone audiometry (PTA) [15].
This staging system provides a relatively objective basis for the clinical classification of
severity and emphasizes the importance of understanding the progression of hearing loss
in this disease. According to previous studies, four main audiometric patterns have been
described in patients with Meniere’s disease: (1) the ascending type with low-frequency
decline, (2) the descending type with high-frequency decline, (3) the peak type with low-
frequency and high-frequency decline, and (4) the flat type with total frequency decline [16].
An audiogram and its changing regularity [17–19] provide the recognizable audiological
features of the disease. Our study is based on the above practical staging system and
audiometric patterns; therefore, we followed up with a group of patients with Meniere’s
disease, we analyzed and reported their hearing benefits after one year of strict clinical
management, and investigated any hearing-related information that may be crucial for
determining hearing prognosis in patients with Meniere’s disease.
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2. Materials and Methods

2.1. Study Participants

This is a prospective cohort study with pre- and post- intervention comparisons with
the same group of patients. These patients were diagnosed with definite Meniere’s disease
for whom audiological data were collected in the Hearing and Vestibular Clinic of the
Department of Otorhinolaryngology of the tertiary hospital from August 2017 to November
2020. All procedures carried out in studies involving human participants were consistent
with the ethical standards of the Ethics Committee of the Hospital.

Inclusion criteria: (1) all patients were diagnosed with definite Meniere’s disease
according to the diagnostic criteria approved by the Classification Committee of the Bárány
Society (2015) [1]: (a) two or more spontaneous episodes of vertigo, each lasting 20 min
to 12 h; (b) audiometrically documented low-to-medium frequency sensorineural hearing
loss in one ear, defining the affected ear on at least one occasion before, during, or after
one of the episodes of vertigo; (c) fluctuating aural symptoms in the affected ear; and
(d) symptoms not better accounted for by another vestibular diagnosis. (2) Subjects also
met the following hearing loss criteria: low-frequency hearing of the affected ear is defined
as greater increases in pure-tone thresholds (i.e., worse) than the contralateral ear by at least
30 dB HL at each of the two contiguous frequencies below 2000 Hz. In cases of bilateral
hearing loss, the absolute low-frequency thresholds must be 35 dB HL or higher at each of
the two contiguous frequencies below 2000 Hz. (3) All the patients consented to receive
continuous follow-ups for one year or longer.

Exclusion criteria: (1) the specified conditions to be excluded include, including
vestibular migraines, superior semicircular canal dehiscence syndrome, sudden hearing
loss, labyrinthitis, drug-induced deafness, posterior circulation ischemia, schwannoma,
definite autoimmune inner ear disease, delayed endolymphatic hydrops, and intracranial
tumor. (2) Patients with Meniere’s disease who had received an intratympanic gentamicin
injection, endolymphatic sac surgery, semicircular canal occlusion, vestibular neurectomy,
or cochlear implant surgery were excluded.

Ultimately, a total of 156 patients were enrolled in the study, for two of whom follow-
up data were lost for not coming back on time. Finally, the hearing of 165 ears in 154 patients
was analyzed. There was unilateral Meniere’s disease in 143 ears and bilateral Meniere’s
disease in 22 ears, with an average age of 43.53 ± 11.40 (19–70 years old), consisting of
76 males (49.35%) and 78 females (50.65%), with a male-to-female ratio of 0.97:1 (Table 1).

Table 1. Overview of the patients with definite Meniere’s disease.

Clinical Features Unilateral MD Bilateral MD p-Value

Age (year) (mean ± SD) 43.24 ± 11.56 47.27 ± 8.60 0.260 •
Sex (n)
Male 70 6

0.764 †
Female 73 5

Sides (n)
Right 67 11

0.822 †
Left 76 11

Comorbidities (n)
Migraine 36 1 0.403 ◦

Familial Meniere’s history 2 0 1.000 *
Autoimmune disease 6 2 0.190 ◦

Duration of the disease (months)
(Median, IQR) 16 (6, 27) 36 (6, 48) 0.293 #

Initial hearing average (dB HL) 41.84 ± 15.76 40.15 ± 12.90 0.632 •
Initial stage (n)

1 24 4

1.000 *
2 46 7
3 69 11
4 4 0

• Student’s t-test; † Chi-square test; * Fisher’s test; ◦ Continuity Correction; # Mann–Whitney U test.
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2.2. Procedures

All the patients registered clinical information in detail, including sex and age. Medical
histories were recorded in detail. Examination of otology was routinely performed. Pure
tone audiometry was taken routinely. MRI of the internal auditory canal and posterior fossa
was taken to exclude other diseases which can present vertigo and audiometrically verified
asymmetric sensorineural hearing loss. Caloric and head impulse tests were used for the
evaluation of the vestibular system’s status. The audiograms were analyzed as evidence.

Regarding clinical management, when they received the diagnosis, all patients re-
ceived education regarding a low-sodium diet, avoidance of particular foods and products,
such as alcohol, caffeine, monosodium glutamate, excessive tea, and so on. Healthy lifestyle
modifications and psychological counseling are needed, such as quitting smoking, avoiding
allergy triggers, getting plenty of sleep, maintaining a good mood, taking part in appropri-
ate physical activities, and so on. Patients were encouraged to make notes relating to their
health. During the treatment course, patients were provided pharmacologic treatment with
necessary steroids, betahistine, diuretics, or ginkgo preparation for the days or months of
the trial, in order to control symptoms and maintain a stable state. When patients experi-
enced an acute attack, systemic steroid therapy or local steroid injection were options for
treating patients’ hearing loss. The systemic steroid was given prednisone 5 mg/kg/d as an
initial dosage, for approximately 10–14 days with a slow tapering dose, and a local steroid
injection was performed instead if there were contraindications with the systemic use of
the steroid or when used as a supplementary treatment. Moreover, the patients temporarily
used vestibular inhibitors during acute vertigo attacks and used betahistine with other
medications for vertigo control at other times. We used betahistine 36 mg/d, for the attack
and interval therapy. The treatment duration depends on patients’ symptoms, including
vertigo and hearing loss. Hence, some patients used betahistine for several months, usually
3 to 6. Hydrochlorothiazide 25 mg/d as diuretics were used when patients were refractory
to steroids and betahistine. Ginkgo biloba preparations at 57.6 mg/d, were not opposed to
if needed. Vestibular rehabilitation exercise was performed during the non-acute period if
needed. Patients were encouraged to keep a health diary. In addition, a one-year clinical
follow-up was conducted.

2.3. Audiometric Measurement

The pure-tone audiometric data were collected by professionals with a GSI 61 au-
diometer in a standard soundproof room, which limited the background noise to below
18 dB A. The audiometric thresholds for 250, 500, 1000, 2000, 4000, and 8000 Hz were
determined by air and bone conduction, and narrow-band noise was used for masking.

The poorest audiogram within six months of the interval before entering the study
determined the patients’ onset hearing level, and their poorest audiogram at the one-year
point (12 months ± 0.5 months) was taken as the hearing level after the one-year follow-up.
For the criterion of clinical hearing improvement or deterioration, a greater than 5 dB
change was used as an outcome measure [5,20]. The pure-tone threshold results were
analyzed using two groups of frequencies: (1) low frequency (the average threshold value
of 250, 500, and 1000 Hz) and (2) high frequency (the average threshold value of 4000 and
8000 Hz). As the Bárány Society (2015) [1] and the AAO-HNS Committee on Hearing
and Equilibrium criteria for Meniere’s disease (1995) [15] have recommended, we finally
staged the hearing from stage 1 to stage 4 using the average threshold corresponding to
≤25 dB HL, 26–40 dB HL, 41–70 dB HL, and >70 dB HL, respectively. In this study, staging
was applied to evaluate the status of patients before treatment. During the one year of
follow-up, the patients’ hearing was re-evaluated in order to draw comparisons.

To classify different types of the audiometric curve objectively, we referred to the
function that Mateijsen and his colleagues [16] used to classify the curves, and made fine-
tuning corrections according to the methods of other studies found in the literature [21,22].
Two professionals performed the fine-tuning. If the advice reached an agreement, the
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correction was made; however, if there was no consensus, the final result was based on
the formula.

2.4. Statistical Analysis

The database was established using Excel 2016, and statistical analysis was conducted
using IBM SPSS Statistics for Windows, Version 24.0 (IBM Corp., Armonk, NY, USA).
MATLAB was used for visualization. The data presented a normal distribution using
the Kolmogorov–Smirnov test and are expressed as the mean and standard deviation;
Student’s t-test and a chi-square test were used for comparisons between groups. Nonnor-
mally distributed data were represented by quartile spacing and the Wilcoxon signed-rank
test, whereas Spearman’s rank–order correlation test was used for comparisons between
groups. Binary logistic regression was used to analyze risk factors. p < 0.05 was considered
statistically significant.

3. Results

3.1. Initial Hearing

Affected ears at stage 3, and with a peak curve, represented the greatest proportion
of all the collected hearing data. Table 2 showed the distribution of different stages and
audiometric curves of these patients. The proportion of patients at stage 3 reached their
highest at 49% (80/165); the rest were 17% (28/165) at stage 1, 32% (53/165) at stage 2, and
2% (4/165) at stage 4, respectively. The peak curves accounted for the greatest proportion in
each stage. Moreover, the proportion of flat curves rose from stage 1 to stage 4. There was
no difference in the composition of the curve type of each stage (χ2 = 14.064, p = 0.08). There
was a significant correlation between the average threshold of low and high frequencies
(r = 0.433, p < 0.001), and the coefficient of high frequency:low frequency was 0.676:1.

Table 2. The number and proportion of each stage and curve type (n (%)).

Rising Falling Peak Flat Total

Stage 1 10 (36) 2 (7) 16 (57) 0 (0) 28 (100)
Stage 2 14 (26) 11 (21) 25 (47) 3 (6) 53 (100)
Stage 3 23 (29) 16 (20) 28 (35) 13 (16) 80 (100)
Stage 4 1 (25) 0 (0) 2 (50) 1 (25) 4 (100)
Total 48 (29) 29 (18) 71 (43) 17 (10) 165 (100)

3.2. Hearing Benefits after Clinical Management
3.2.1. Hearing Benefits and Hearing Restoration

Of the affected ears, 87.27% had improved or preserved hearing at a low frequency
(66.06% improved and 21.21% preserved), and 71.51% at a high frequency (24.24% improved
and 47.27% preserved). In Figure 1, a clear, steady hearing improvement can be seen at
250 Hz (z = −8.330, p < 0.001), 500 Hz (z = −7.391, p < 0.001), 1000 Hz (z = −5.856, p < 0.001),
and 2000 Hz (z = −2.845, p = 0.004). Notably, at 4000 Hz, there is no significant difference
(z = −0.263, p = 0.792). In contrast, the 8000 Hz threshold showed a slight deterioration
(z = −2.001, p = 0.045).

The most striking result that emerged from the data is that 66 affected ears (40.00%)
were restored to, or preserved at, a normal hearing level (average threshold ≤ 25 dB HL).
The restoration time was 2.5 (1.0, 4.125) months, with a range of 0.5–11.0 months. The
restoration time of the advanced stages (stages 3 and 4) (3.0 (1.75, 6.25 months)) was longer
than that of the early stages (stages 1 and 2) (2.0 (0.56, 3.00 months)), and the differences
were statistically significant (u = −2.542, p = 0.011). The patients with hearing thresholds
that reached ≤25 dB HL were younger than those with a hearing average >25 dB HL.
Whether the hearing reached ≤25 dB HL or not had no relationship to sex, but there was a
significant difference with regard to the initial audiometric curve patterns (Table 3).

123



J. Clin. Med. 2022, 11, 3131

Figure 1. The medium audiogram at onset and after one year.

Table 3. The comparison between different hearing results of the patients after clinical management.

Group
Restored Average

Thresholds ≤ 25 dB HL
Restored Average

Thresholds > 25 dB HL
p-Value

N 66 99
Age (year) 40.05 ± 10.70 46.26 ± 11.01 <0.001 •
Sex (n)

male 30 52
0.428 †

female 36 47
Initial stage (n)

1 19 9

<0.001 *
2 29 24
3 18 62
4 0 4

Initial curve (n)
rising 28 20

0.007 †falling 8 21
peak 27 44
flat 3 14

• Student’s t-test; † Chi-square test; * Fisher’s test.

3.2.2. Hearing Benefits for Different Stages

The advanced stages still have potential for improvement. Figure 2 reveals that
there were steady hearing benefits in the most affected ears after the one-year clinical
management period. At the low frequency, the hearing at stage 2 (t = 4.945, p < 0.001) and
stage 3 (t = 8.349, p < 0.001) improved significantly, whereas at stage 1 (t = 1.166, p > 0.05)
and stage 4 (t = 2.818, p = 0.067), it did not show a significant difference. At 2000 Hz, at
stage 1 (t = −2.228, p = 0.034), hearing deteriorated, and at stage 3 (t = 4.518, p < 0.001), it
improved, whereas the changes in the other two stages did not show a significant difference
(p > 0.05). At the high frequency, at stage 1 (t = −2.273, p = 0.031), hearing deteriorated,
and at stage 4 (t = 4.371, p = 0.022), it improved significantly, whereas the change in the
other two stages did not show a significant difference (p > 0.05). In terms of average
hearing threshold value, at stage 2 (t = 3.283, p = 0.002), hearing deteriorated slightly, and
at stage 3 (t = 7.436, p < 0.001), it improved slightly. The hearing of patients at advanced
stages (stages 3 and 4) improved more both at low (t = 3.409, p = 0.001) and high (t = 2.333,
p = 0.021) frequencies than that of patients at an early stage (stages 1 and 2).
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Figure 2. The mean low-frequency and high-frequency hearing thresholds at onset and after one year
for each stage.

What stands out in Figure 3 is that the majority of the affected ears had an improved or
preserved hearing level. For the individuals, the hearing of the majority (67.86%) at stage 1
was still ≤25 dB HL, whereas a small proportion had progressed to stage 2 (21.43%) or
stage 3 (10.71%); nearly half (54.72%) of the affected ears at stage 2 improved their hearing to
≤25 dB HL, 26.42% remained at 26–40 dB HL, and 18.87% progressed to 41–70 dB HL; half
(50.00%) of the stage 3 patients remained at 41–70 dB HL, 22.50% improved to <25 dB HL,
26.25% improved to 26–40 dB HL, and 1.25% progressed to >70 dB HL. Of the four affected
ears at stage 4, two improved to 41–70 dB HL, and the other two remained at >70 dB HL.

Figure 3. The changes in patients’ average hearing thresholds over one year.
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3.2.3. Hearing Benefits for Different Audiometric Curves

Figure 4 shows that there were steady hearing benefits in most patients with different
audiometric curves. At the low frequency, all types improved significantly (i.e., from
50.49 dB HL to 30.63 dB HL (t = 9.688, p < 0.001), 42.41 dB HL to 35.29 dB HL (t = 2.390,
p = 0.024), 44.79 dB HL to 35.49 dB HL (t = 4.555, p < 0.001), and 56.67 dB HL to 47.35 dB HL
(t = 2.336, p = 0.033)) by means of rising, falling, peak, and flat curves, respectively. At
the high frequency, there was a slight deterioration in the rising (t = −2.032, p = 0.048)
and peak curves (t = −1.215, p > 0.05), and a slight improvement in the falling (t = 1.333,
p = 0.193) and flat curves (t = 1.065, p = 0.303), but there was no significant difference
between various types (F = 2.539, p = 0.058).

Figure 4. The mean of the low- and high-frequency hearing thresholds at onset and after one year of
each type of curve.

What can be clearly seen in Figure 5 is the general pattern of the changes in the
audiometric curves. For 46.48% of individuals, the rising curves at onset were likely to turn
to peak curves after one year; for 14.58%, rising curves were maintained as rising curves;
14.58% showed a change to falling curves; and 29.17% showed a change to flat curves. The
majority (89.66%) of the falling curves maintained the same type of curve. Nearly half
(46.48%) of the peak curves were maintained as peak curves, 30.99% became falling curves,
18.31% became flat curves, and 4.23% became rising curves. Nearly half (47.06%) of the flat
curves remained flat, whereas 29.41% became falling curves, 17.65% became peak curves,
and 5.88% became rising curves.
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Figure 5. Changes in patients’ curve types over one year.

3.2.4. Multiple Factors Analysis of Hearing Benefits Based on Pure-Tone Audiometry

The dependent variable was defined as whether the average thresholds reached
≤25 dB HL after clinical management, and the independent variables and covariates
included sex (male, female), age, audiometric curve (four types), and the initial stage
(stage 1, 2, 3, and 4). Patients at an earlier stage initially (95% CI 1.710~4.717, OR 2.840,
p < 0.001) had an increased odds ratio of hearing, on average, ≤ 25 dB HL. Age (95% CI
1.003~1.074, OR 1.038, p = 0.031) increased the odds ratio of hearing to an average of > 25
dB HL. Compared with the rising curve, the peak curve (95% CI 1.038~5.945, OR = 2.484,
p = 0.041) and flat curve (95% CI 1.056~19.590, OR = 4.549, p = 0.042) increased the odds
ratio of hearing to an average threshold of >25 dB HL. There was no relationship between
sex and hearing restoration.

4. Discussion

In this study, we proposed a practical clinical management plan. Clinical and lab-
oratory studies have indicated that Meniere’s disease is the clinical expression of inner
ear changes caused by the progressive dysfunction of the accumulated endolymph and
can progress to hearing disability. Although initial treatment includes lifestyle changes
and pharmacologic therapy, many individuals eventually progress to hearing loss, but
few lose hearing entirely, even in the later stages [23]; therefore, it is necessary to preserve
the patient’s hearing as early as possible. The treatment is complicated since hearing,
vertigo control, tinnitus, and suppression are all intertwined, and thus, are tricky to treat
separately. Both pharmacologic and surgical treatment may be effective for some patients
and ineffective for others [24,25]; however, there is no current cure for Meniere’s disease,
which is especially crucial for sensorineural hearing loss. For surgical therapy, patients
and doctors sometimes find a clinical course difficult to decide on. This does not mean an
opposition to surgery, but we need to determine when and how to choose. Preserving the
structure appropriately is of the same importance. Nevertheless, most patients will benefit
from criterial clinical management.

In this study, pure-tone audiometry is used for data collection and deep analysis.
The treatment of hearing in Meniere’s disease consists of a series of practical methods,
which needs efficient management. High-efficiency diagnosis and evaluation are the
key points; however, high-efficiency diagnosis and management remain challenging for
clinicians. During the past decade, magnetic resonance imaging, electrocochleography, and
many other techniques have been developed for the inner ear, leading to advancements
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in diagnosing Meniere’s disease; however, we still require a non-invasive, cost-effective,
and universally available test with high sensitivity and specificity for Meniere’s disease.
Pure-tone audiometry meets these requirements. The hearing loss pattern can provide
information for future efforts to slow down its progress [26].

In our series of patients with definite Meniere’s disease, nearly half of the patients
had moderate to severe hearing loss, and their average hearing thresholds displayed a
predominance of stage 3 and stage 4. This observation was similar to that of others, which
is noted in the literature [8]. The proportion of patients with moderate to severe hearing
loss in this study was less than that previously published [14]. This may be due partly
to the increased attention and improvement of the early diagnosis of Meniere’s disease.
Furthermore, a focus on patient education could enable more patients to be aware of their
symptoms and to see a doctor at an earlier stage.

Encouragingly, after one year of strict clinical management, most patients improved
their hearing at a low frequency and/or maintained their hearing at a high frequency. Only
a few had their hearing deteriorate at low and high frequencies. Thus, most patients benefit-
ted from criterial clinical management and sufficient observation. This result is better than
that of a former study, which suggested that the percentage of patients who experienced
fluctuations resulting in hearing deterioration ranged from 58% to 67% [5]. Additionally, a
slightly higher value than Molnár A’s result of intratympanic steroid therapy of 68.6% [27]
was achieved. The different length of the follow-up period and the development of the
criteria of the disease are possible reasons for the different results.

What is surprising, is that 40% of patients had their hearing thresholds reach ≤25 dB HL,
even the 18 patients in stage 3. A long period, comprising months, was required for patients
to restore their hearing. Their hearing did not always improve rapidly after the treatment,
but it was gradually restored after months of waiting. This has not been reported before,
and it subverts our inherent understanding of this issue; however, it provides essential
data on the timing of hearing restoration. The restoration time of the advanced stage was
longer than that of the earlier stages. The longest time was 11 months, the middle time for
advanced stages was 3 months, and for the early stages, it was 2 months. According to this
result, we recommend a hearing observation period for patients of Meniere’s disease of at
least one year. Furthermore, compared with early stages (stages 1 and 2), patients’ hearing
in advanced stages (stages 3 and 4) improved more at low and high frequencies. Patients
in advanced stages should not be neglected, nor should they give up on rescuing their
hearing. Instead, we emphasize that more attention should be paid to their symptoms, and
they should attend follow-up appointments with their clinician to maintain their residual
hearing. The hearing changes associated with Meniere’s disease need further observation
to determine when to carry out an artificial hearing intervention or surgery, as irreversible
hearing loss may occur.

The importance of examining individual frequency thresholds is emphasized as one
evaluates and monitors patients with Meniere’s disease over time [28]. The proportion
of patients with low-frequency hearing improvements was the highest. Low-frequency
hearing in stages 1 to 4 improved, and the improvements in stages 2 and 3 were signifi-
cantly different; however, few studies have focused on high-frequency hearing loss. Some
studies [17] have suggested that high-frequency hearing is related to presbycusis and that
the effect of age is greater than the effect of the duration of the disease, which means that
an audiogram shows an ascending curve when age correction is carried out; however, we
report here that the decline in the high-frequency hearing was not due to age. We found a
correlation between the average threshold of low- and high-frequency hearing. As the low
frequencies declined, the high frequencies also declined relatively slowly. After one year,
the high frequency deteriorated at stages 1 and 2, especially in stage 1, with a significant
difference; it improved at stages 3 and 4, especially at stage 4. This outcome indicates that
the decline in high frequency is somewhat associated with changes in the pathological
progress of the disease itself, instead of aging. This argument is similar to that of Albre [29]
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and colleagues, who concluded that age does not influence the course of hearing loss of a
pure-tone average threshold in patients with Meniere’s disease.

The proportion of the peak curve was the greatest, which is similar to the findings of
Paparella [18] and Lee [19], who reported a significant prevalence of the peak curve of 42.9%
and 50.26%, respectively. The ascending-type curve is generally considered to be charac-
teristic of Meniere’s disease; however, it is usually not the most common type of curve in
practice. Some studies observed a predominantly flat audiometric curve [13,22,30], even
in very early times [22]. Enander [22] and colleagues observed that flat curves accounted
for 60% of all patients. Thomas [30] and colleagues found that flat curves accounted for
44.5–45.9%. Other studies observed that the peak curve is the most common, represented
by hearing loss at low and high frequencies and an audiogram peak at approximately
2 kHz [18,19]. There is no consensus regarding the standard of curve type in previous
studies. In our research, we referred to the classification and calculation method in the
literature when judging the curve type to make the decision objectively. Moreover, we
manually reviewed and corrected the calculation results, which made the judgment of the
audiogram curve more unified and standardized to reduce bias. This is the virtue of this
essay when studying the audiometric curve. All four types improved significantly for dif-
ferent curves, utilizing rising, falling, peak, and flat types for the low frequency. Although
there was no significant difference for the high frequency, it still surprisingly showed a
slight deterioration in the rising and peak curves, and showed a slight improvement in
the falling and flat curves. Patients who had rising curves at onset were most likely to
have a peak after one year. This may have contributed to the percentage of the rising curve
being the highest, and the decrease in the hearing of high-frequency patients at stage 1.
Most patients with the falling curve still had this type (89.66%). Approximately half of
the patients with a peak curve maintained a peak curve (46.48%). Most patients with flat
curves remained flat (47.06%). Savastano [21] and colleagues reported that with disease
development, an audiometric pattern tends to develop from the peak shape to the flat
shape in a long-term follow-up (i.e., for ten years). After 15 years of follow-ups, the rate of
the appearance of the flat type of audiogram increased from 21% to 75% [13].

We speculate that hearing loss appears in the low frequency initially, then in the high
frequency, and then in the entire frequency, gradually deteriorating in this way. New
studies report that the hearing loss profile does not only affect the low frequency in the
early stages; however, a flat sensorineural hearing loss was observed in patients with
familial Meniere’s disease and mutations in OTOG and MYO7A [31]. In our group only
three patients exhibited a flat pattern in stages 1 and 2, potentially related to the fact that
there were only two patients with familial histories of Meniere’s disease. More specifically,
although our results show that patients had satisfactory hearing improvement, in the long
term, the hearing improvement might not necessarily be the result of any treatment but
rather the result of fluctuation in Meniere’s disease itself. The allelic variant may associate
with the progression of hearing loss in patients with MD, such as major histocompatibility
complex class I chain-related A (MICA) [32] and Toll Like Receptor 10 (TLR10) [33]. The
beginning of high-frequency hearing loss often occurs in the early stage, which is also
part of the hearing fluctuation and the process of Meniere’s disease. Changes in different
frequencies may provide suggestive information regarding the prognosis. High-frequency
hearing loss in the first audiogram, age of onset, and migraine can help to assess the risk
of bilateral SNHL in MD [34]. In our group, there were a few bilateral MD cases with
no familial histories, and with an increasing number of patients, further investigations
will be conducted. The improvement of sensorineural hearing loss is strongly associated
with the prognosis of tinnitus [35], which argues for future research on aural symptoms in
patients. The characterization of the manifestation of hearing loss is essential for appropriate
counseling and an improved understanding of the disease. Sufficient longitudinal follow-
up and hearing evaluation are cardinal when making clinical practice decisions.

More long-term follow-up studies are needed to investigate the progressive patterns
of different patients and different treatment outcomes with Meniere’s disease. The hearing
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of the patients fluctuates alternatively between improvement and deterioration. The results
of a five- or ten-year follow-up are expected in the future for more clinical information.
Although vestibular migraines are excluded from the study, migraine symptoms are usually
complex, and the influencing factors should be strictly limited when observing Meniere’s
disease hearing changes. In the future, research needs to include more details. The
influencing factors should be more strictly limited. Further in-depth comparative analysis
should be conducted when the case numbers increase. Future research directions may also
be highlighted in terms of predictive factors of listening outcomes.

5. Conclusions

Most patients can have their hearing preserved or improved through strict clinical
management, and sufficient follow-up time is also essential. Stage 3 patients also have
potential for improvement, and their restoration time is longer than in the early stages.
Initial hearing stage, age, and audiogram pattern are related to the hearing benefits.
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Abstract: Benign paroxysmal positional vertigo (BPPV) is one of the most common peripheral
vestibular dysfunctions encountered in clinical practice. Although the treatment of BPPV is relatively
successful, many patients develop recurrence after treatment. Our purpose is to evaluate the mean
recurrence rate and risk factors of BPPV after treatment. A review of the literature on the risk factors
of BPPV recurrence was performed. A thorough search was conducted using electronic databases,
namely Pubmed, CINAHL, Academic Search Complete and Scopus for studies published from 2000
to 2020. Thirty studies were included in this review with 13,358 participants. The recurrence rate of
BPPV ranged from 13.7% to 48% for studies with follow-up <1 year, and from 13.3% to 65% for studies
with follow-up ≥2 years. Pathophysiologic mechanisms and implication of each of the following
risk factors in the recurrence of BPPV were described: advanced age, female gender, Meniere’s
disease, trauma, osteopenia or osteoporosis, vitamin D deficiency, diabetes mellitus, hypertension,
hyperlipidemia, cardiovascular disease, migraine, bilateral/multicanal BPPV, cervical osteoarthrosis
and sleep disorders. Patients with hyperlipidemia and hypertension had the highest recurrence rates
of BPPV, 67.80% and 55.89%, respectively, indicating that vascular comorbidities increase the risk of
BPPV recurrence. In addition, more than half of patients (53.48%) with diabetes mellitus and BPPV
experienced recurrence of BPPV. Knowledge and awareness of risk factors for recurrence of BPPV
are essential for the assessment and long-term prognosis of patients. Identification of these relapse
risk factors may enhance the ability of clinicians to accurately counsel patients regarding BPPV and
associated comorbidities.

Keywords: BPPV; BPPV recurrence; risk factors

1. Introduction

Benign paroxysmal positional vertigo (BPPV) is the commonest peripheral vestibular
condition encountered in a neurotology clinic and it accounts for about 20% to 30% of all
the vestibular complaints [1–3]. The mechanism of BPPV has been based on dislodged
otoliths that leave the utricle and freely float in the semicircular canals or attach to the
cupula, making the labyrinth sensitive to gravitational forces. BPPV is characterized by
recurrent and brief vertigo with corresponding nystagmus when extending or turning the
neck, getting up or lying down, or rolling over in bed. In most cases, BPPV is idiopathic, but
also can be secondary (following head trauma, viral infection, Meniere’s disease, migraine,
otologic and non-otologic surgery, prolonged bed rest [4,5].

It was reported that using canalith repositioning therapy (CRT), such as Epley’s
maneuver, otoliths are moved from the semicircular canal to the vestibule where they are
absorbed. Complete recovery with resolution of symptoms and disappearance of positional
nystagmus after a single maneuver is achieved in about 50–60% of the patients, and after
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repetitive maneuvers in more than 90% [6]. Posterior semicircular canal involvement is
the most common form in BPPV (90–91%), but lateral and anterior canals can also be
involved [7].

The BPPV recurrence has been defined as the reappearance of positional vertigo
and nystagmus after at least one month from the execution of an effective CRT [8]. The
frequent recurrence of BPPV may cause great inconvenience in the daily life of patients
with reoccurring BPPV. Many recent studies found that BPPV can be associated with other
comorbidity diseases, including hypertension, diabetes, thyroid disorders, hyperlipidemia,
and osteoporosis and may be responsible for increased frequency of recurrence of BPPV
following treatment [2]. If such a correlation between common comorbidities and BPPV
exists, appropriate treatment of these conditions may be useful in limiting chronicity and
reducing the frequency of recurrence.

The purpose of this review is to assess the recurrence rate and the time interval, as
well as to identify the etiologic factors that may contribute to the recurrence of BPPV. Thus,
our aim is to provide an overview of the literature in an area that is still unclear, direct
physician’s attention to what factors should assess when encountering patients with BPPV
as well as contribute to the knowledge on the mechanisms of the risk factors implicated.

2. Materials and Methods

2.1. Literature Search

A review of the literature on the risk factors of BPPV recurrence was performed.
The articles were identified using MeSH descriptors in the Pubmed database, for studies
published until December 2020 (Figure 1); the electronic databases of CINAHL, Academic
Search Complete and Scopus were also used for the same period. After combining specific
keywords, “BPPV”, “Benign paroxysmal positional vertigo”, “Recurrence”, “Recurrent”,
410 articles were identified. Each title was screened for eligibility according to the prede-
termined requirements by first author (IS), followed by an independent screening of the
abstract and full text by all authors (PB, PK, GGD, GP). All the full texts were verified by
the assigned authors. Any discrepancies between the authors’ decisions were addressed
through dialogue until a decision was reached.

2.2. Eligibility and Exclusion Criteria for Study Selection

The eligibility criteria for inclusion in the analysis were the following:

• Retrospective or prospective studies on the recurrence of BPPV.
• BPPV diagnosis according to clinical practice guideline [9]
• Assessment of the demographics (sex, age) of recurrent BPPV patients and the poten-

tial risk factors of BPPV recurrence.
• Articles published in English.

The exclusion criteria in the analysis were the following:

• Systematic reviews, case reports, book chapters.
• Experimental studies.
• Studies not based on outcomes of canalith repositioning procedure (CRP).
• Studies with insufficient data for analysis.
• Diagnosis, treatment, or definition of recurrence of BPPV was not clear.
• Follow-up time less than 6 months or unstated.
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Figure 1. Flowchart of data search and studies selection.

2.3. Data Extraction

Studies were initially identified on the basis of title and abstract and then assessed for
eligibility by full text, in order to establish the final set of studies included. The following
data were extracted and evaluated: First author, year of publication, type of study design,
population size, mean age, gender, location of BPPV, follow-up time, recurrence rate, time
to recurrence, location of recurrence, risk factors assessed.

3. Results

3.1. Study Selection

A total of 403 articles were initially retrieved from databases (Figure 1). Of these,
352 articles were excluded by title, abstract, type of study and language. Of the remaining
51 articles, after further, full-text evaluation, 21 were excluded according to the abovemen-
tioned criteria. Finally, 30 articles met the eligibility criteria for the study (Table 1).

135



J. Clin. Med. 2021, 10, 4372

T
a

b
le

1
.

A
ss

es
se

d
ch

ar
ac

te
ri

st
ic

s
of

th
e

in
cl

ud
ed

st
ud

ie
s.

A
u

th
o

rs
Y

e
a

r
S

tu
d

y
P

a
ti

e
n

ts
(M

/F
)

M
e

a
n

A
g

e
L

o
ca

ti
o

n
o

f
B

P
P

V
F

o
ll

o
w

u
p

R
e

cu
rr

e
n

ce
R

a
te

T
im

e
to

R
e

cu
rr

e
n

ce
L

o
ca

ti
o

n
o

f
R

e
cu

rr
e

n
ce

R
is

k
F

a
ct

o
rs

A
ss

e
ss

e
d

D
el

R
io

et
al

.[
10

]
20

04
R

10
4

(3
5/

69
)

64
.3

y
PS

C
6–

15
m

o
22

.6
%

(2
1/

93
)

11
8

d
N

/A
R

F3
*:

7/
16

**
R

F4
:1

/1
2

K
or

re
s

et
al

.[
11

]
20

06
R

14
3

(6
2/

81
)

59
.9

y
3S

C
bi

la
te

ra
l

m
ul

ti
ca

na
l

24
m

o
13

.3
%

(1
9/

14
3)

N
/A

PS
C

H
SC

bi
la

te
ra

l
2-

ca
na

ls

R
F1

*:
19

/1
24

R
F2

:1
1/

81
R

F4
:1

/4
R

F1
2

*:
5/

8

K
an

su
et

al
.[

7]
20

10
R

11
8

(4
4/

74
)

51
.8

y
PS

C
53

–7
8

m
o

33
.1

%
(3

9/
11

8)

53
.8

%
w

ith
in

2
y

33
.1

%
w

ith
in

5
y

PS
C

bi
la

te
ra

l

R
F1

:3
9/

79
R

F2
:2

5/
74

R
F3

*:
3/

8
R

F4
*:

12
/2

5
R

F1
1:

5/
16

R
F1

2:
2/

5

C
ho

ie
ta

l.
[1

2]
20

12
R

12
0

(4
3/

77
)

50
.4

y
PS

C
H

SC
6–

29
m

o
10

%
(1

2/
12

0)
N

/A
PS

C
H

SC
R

F3
*:

2/
2

R
F4

*:
2/

8

Ya
m

an
ak

a
et

al
.

[1
3]

20
13

R
61

(0
/6

1)
63

.7
y

N
/A

12
m

o
56

%
(9

/1
6)

N
/A

N
/A

R
F5

*:
9/

16

W
eb

st
er

et
al

.[
14

]
20

14
P

72
(N

/A
)

N
/A

N
/A

41
m

o
36

.1
%

(2
6/

72
)

N
/A

N
/A

R
F7

*

D
e

St
ef

an
o

et
al

.
[1

]
20

13
R

10
92

(4
07

/6
85

)
72

.9
y

3S
C

m
ul

ti
ca

na
l

6–
24

m
o

50
.5

%
(5

51
/1

09
2)

N
/A

PS
C

(3
6.

8%
)

R
F5

:1
/

13
R

F7
*:

10
/1

6
R

F8
*:

10
0/

16
3

R
F1

3
*:

8/
13

Ba
ba

c
et

al
.[

15
]

20
14

P
40

0
(1

19
/2

81
)

58
.7

y
3S

C
bi

la
te

ra
l

m
ul

ti
ca

na
l

12
m

o
15

.5
%

(6
2/

40
0)

48
.4

%
w

it
hi

n
3

m
o

ip
si

la
te

ra
lP

SC
(6

1.
29

%
)

co
nt

ra
la

te
ra

l
PS

C
(3

0.
65

%
)

m
ul

ti
ca

na
l

ip
si

la
te

ra
l

(1
ca

se
)

R
F1

(>
50

y)
:

51
/2

54
R

F2
:4

8/
28

1
R

F4
:4

/1
8

R
F5

:1
2/

65
R

F1
1:

6/
55

R
F1

0:
36

/2
24

R
F1

2:
0/

5

136



J. Clin. Med. 2021, 10, 4372

T
a

b
le

1
.

C
on

t.

A
u

th
o

rs
Y

e
a

r
S

tu
d

y
P

a
ti

e
n

ts
(M

/F
)

M
e

a
n

A
g

e
L

o
ca

ti
o

n
o

f
B

P
P

V
F

o
ll

o
w

u
p

R
e

cu
rr

e
n

ce
R

a
te

T
im

e
to

R
e

cu
rr

e
n

ce
L

o
ca

ti
o

n
o

f
R

e
cu

rr
e

n
ce

R
is

k
F

a
ct

o
rs

A
ss

e
ss

e
d

Su
et

al
.[

3]
20

16
R

24
3

(4
7/

19
)

57
.5

y
PS

C
24

m
o

18
.9

%
(4

6/
24

3)

R
F1

(>
65

y)
:1

5/
58

R
F2

*:
42

/1
96

R
F4

:2
/1

1
R

F1
0:

20
/8

0
R

F1
4

*:
14

/4
0

K
im

et
al

.[
8]

20
17

R
19

8
(5

9/
13

9)
62

.9
y

3S
C

≥1
2

m
o

33
.8

%
(6

7/
19

8)
m

ea
n

pe
ri

od
of

11
.6

m
o

16
%

in
di

ff
er

en
tS

C

R
F1

:6
7/

13
1

R
F2

:4
9/

13
9

R
F5

:7
/1

4
R

F7
*:

14
/1

7
R

F8
*:

27
/3

2

Lu
ry

ie
ta

l.
[1

6]
20

18
R

11
05

(3
15

/7
90

)
64

.8
y

3S
C

bi
la

te
ra

l
60

2
d

37
%

76
%

w
ith

in
2

y
28

%
in

th
e

sa
m

e
ea

r

R
F1

(>
60

y)
:2

67
/7

00
R

F2
*:

31
9/

79
0

R
F3

:3
1/

10
3

R
F4

:2
7/

82
R

F7
:4

7/
13

4

N
un

ez
et

al
.[

17
]

20
00

P
15

1
(4

4/
10

7)
63

.0
y

PS
C

15
.9

m
o

26
.8

%
(3

7/
13

8)

15
%

pe
r

ye
ar

40
%

w
it

hi
n

40
m

o
PS

C
R

F4
:1

0/
27

Br
an

dt
et

al
.[

6]
20

09
R

12
5

(4
9/

76
)

55
.1

y
PS

C
10

.3
y

50
%

80
%

w
ith

in
1

y
94

%
w

ith
in

5
y

R
F1

:3
7/

54
*

R
F2

*:
44

/7
6

R
F4

:7
/1

7
R

F1
1:

8/
15

Pe
re

z
et

al
.[

5]
20

12
P

69
(2

5/
44

)
62

.0
y

3S
C

bi
la

te
ra

l
m

ul
ti

ca
na

l
47

m
o

27
%

(1
9/

69
)

50
%

w
it

hi
n

6
m

o

7/
19

co
nt

ra
la

te
ra

le
ar

5/
7

ot
he

r
ca

na
l

6/
12

ot
he

r
ca

na
l

R
F1

:1
9/

69
R

F2
R

F4
*:

3/
6

R
F1

2
*:

8/
17

137



J. Clin. Med. 2021, 10, 4372

T
a

b
le

1
.

C
on

t.

A
u

th
o

rs
Y

e
a

r
S

tu
d

y
P

a
ti

e
n

ts
(M

/F
)

M
e

a
n

A
g

e
L

o
ca

ti
o

n
o

f
B

P
P

V
F

o
ll

o
w

u
p

R
e

cu
rr

e
n

ce
R

a
te

T
im

e
to

R
e

cu
rr

e
n

ce
L

o
ca

ti
o

n
o

f
R

e
cu

rr
e

n
ce

R
is

k
F

a
ct

o
rs

A
ss

e
ss

e
d

Z
hu

et
al

.[
18

]
20

19
R

10
12

(3
16

/6
96

)
54

.6
y

PS
C

H
SC

m
ul

ti
ca

na
l

12
m

o
33

,7
%

(2
55

/7
57

)
12

m
o

R
F1

(>
60

y)
:

91
/3

15
R

F2
*:

18
7/

69
6

R
F3

*:
16

/2
4

R
F7

:2
4/

87
R

F8
*:

89
/2

76
R

F9
*:

84
/2

66
R

F1
0:

77
/2

58
R

F1
1

*:
14

/2
9

M
es

si
na

et
al

.[
19

]
20

17
R

26
82

(1
00

8/
15

71
)

59
.3

y
3S

C
≥6

m
o

52
.5

%
(1

38
6/

26
38

)

1–
5

ep
is

od
es

pe
r

ye
ar

(8
4.

3%
)

49
.2

%
sa

m
e

ca
na

l

R
F7

*:
26

1/
41

3
R

F8
*:

84
4/

14
01

R
F9

*:
14

01
/1

90
6

R
F1

0
*:

82
/2

65

Sr
ee

ni
va

s
et

al
.[

2]
20

19
R

71
(3

1/
40

)
49

.0
y

N
/A

6–
12

m
o

22
.5

%
(1

6/
71

)

R
F1

(>
60

y)
*:

5/
11

R
F6

:1
2/

56
R

F7
*:

5/
8

R
F8

:8
/2

1
R

F9
:1

0/
33

R
hi

m
et

al
.[

20
]

20
16

R
23

2
(6

3/
16

9)
50

.3
5

y
3S

C
bi

la
te

ra
l

m
ul

ti
ca

na
l

10
.2

m
o

17
.7

%
(4

1/
23

2)
N

/A
N

/A

R
F1

:4
1/

19
1

R
F2

:3
1/

16
9

R
F6

*:
41

/1
91

R
F1

2:
6/

28

Ba
la

ts
ou

ra
s

[2
1]

20
12

R

26
2

(9
7/

16
5)

23
3

iB
PP

V
29

m
BP

PV

53
.4

y
3S

C
bi

la
te

ra
l

m
ul

ti
ca

na
l

12
m

o

44
.4

%
(i

BP
PV

)
13

.3
%

(m
BP

PV
)

N
/A

N
/A

R
F3

*:
12

/2
7

Ta
la

at
et

al
.[

22
]

20
14

P
80

(2
8/

52
)

47
.6

y
3S

C
≥1

2
m

o
45

%
(3

6/
80

)
N

/A
N

/A

R
F1

:3
6/

44
R

F2
:2

7/
52

R
F5

*:
22

/4
8

R
F6

*:
34

/7
2

138



J. Clin. Med. 2021, 10, 4372

T
a

b
le

1
.

C
on

t.

A
u

th
o

rs
Y

e
a

r
S

tu
d

y
P

a
ti

e
n

ts
(M

/F
)

M
e

a
n

A
g

e
L

o
ca

ti
o

n
o

f
B

P
P

V
F

o
ll

o
w

u
p

R
e

cu
rr

e
n

ce
R

a
te

T
im

e
to

R
e

cu
rr

e
n

ce
L

o
ca

ti
o

n
o

f
R

e
cu

rr
e

n
ce

R
is

k
F

a
ct

o
rs

A
ss

e
ss

e
d

Ya
ng

C
Je

ta
l.

[2
3]

20
17

R
13

0
(3

0/
10

0)
54

.9
y

3S
C

12
m

o
48

%
(6

3/
13

0)
N

/A
N

/A

R
F1

*:
63

/6
7

R
F2

:5
0/

10
0

R
F5

:3
9/

68
R

F6
:6

3/
67

W
ei

et
al

.[
24

]
20

18
R

12
7

(4
6/

81
)

53
.9

y
3S

C
6

m
o

14
.1

7%
6

m
o

N
/A

R
F1

(>
60

y)
R

F2
R

F7
R

F8
R

F9
R

F1
1

R
F1

3

Fa
ra

lli
et

al
.[

25
]

20
06

R
56

6
(2

04
/3

62
)

56
.8

y
3S

C
6

m
o

13
.7

%
(7

7/
56

0)
N

/A
N

/A
R

F1
(>

50
y)

:
64

/3
96

R
F1

0
*:

22
/1

11

Pi
cc

io
ti

et
al

.[
4]

20
16

R
47

5
(1

88
/2

87
)

61
.9

y
PS

C
H

SC
30

m
o

23
.4

%
(1

39
/4

75
)

N
/A

N
/A

R
F1

*:
13

9/
47

5
R

F2
*:

95
/2

87
R

F4
:1

3/
42

R
F7

*
R

F8
*

R
F9

*
R

F1
0

*

Ta
n

et
al

.[
26

]
20

16
R

88
(3

3/
55

)
47

i-
BP

PV
41

h-
BP

PV

53
.4

4
y

(h
-B

PP
V

)
51

.6
4

y
(i

-B
PP

V
)

3S
C

≥1
2

m
o

12
.7

%
(6

/4
7,

i-
BP

PV
)

31
.7

%
(1

3/
41

,
h-

BP
PV

)

N
/A

N
/A

R
F8

*:
13

/4
1

Pr
ok

op
ak

is
et

al
.[

27
]

20
12

P
96

5
(4

81
/4

84
)

N
/A

3S
C

74
m

o
15

.5
%

(1
39

/8
95

)
N

/A
N

/A
R

F1
(>

70
y)

*
R

F4
*

139



J. Clin. Med. 2021, 10, 4372

T
a

b
le

1
.

C
on

t.

A
u

th
o

rs
Y

e
a

r
S

tu
d

y
P

a
ti

e
n

ts
(M

/F
)

M
e

a
n

A
g

e
L

o
ca

ti
o

n
o

f
B

P
P

V
F

o
ll

o
w

u
p

R
e

cu
rr

e
n

ce
R

a
te

T
im

e
to

R
e

cu
rr

e
n

ce
L

o
ca

ti
o

n
o

f
R

e
cu

rr
e

n
ce

R
is

k
F

a
ct

o
rs

A
ss

e
ss

e
d

R
as

ha
d

et
al

.[
28

]
20

09
P

10
3

(4
5/

58
)

48
.2

y
PS

C
5

y
65

%
(6

7/
10

3)
46

.3
m

o
N

/A
R

F1
( ≥

40
y)

*:
49

/8
2

R
F2

:3
4/

58

H
ilt

on
et

al
.[

29
]

20
20

R
14

81
(3

89
/1

09
2)

63
.3

y
N

/A
≥6

m
o

33
.8

%
(2

67
/7

91
)

N
/A

N
/A

R
F1

1:
80

/2
09

Is
hi

ya
m

a
et

al
.

[3
0]

20
00

R
24

7
(9

3/
15

4)
N

/A
PS

C
≥6

m
o

68
.4

%
(1

69
/2

47
)

N
/A

N
/A

R
F1

1
*:

48
/6

2

G
or

do
n

et
al

.[
31

]
20

04
R

21
t-

BP
PV

(1
0/

11
)

42
i-

BP
PV

(1
0/

32
)

56
.3

y
(t

-B
PP

V
)

61
.1

y
(i

-B
PP

V
)

PS
C

H
SC

bi
la

te
ra

l
6–

42
m

o

57
%

(1
2/

21
,

t-
BP

PV
)

19
%

(8
/4

2,
i-

BP
PV

)

N
/A

N
/A

R
F4

*:
12

/2
1

*
St

at
is

ti
ca

lly
si

gn
ifi

ca
nt

R
is

k
Fa

ct
or

s.
R

F1
:A

d
va

nc
ed

ag
e,

R
F2

:F
em

al
e

ge
nd

er
,R

F3
:M

en
ie

re
’s

d
is

ea
se

/
H

yd
ro

ps
,R

F4
:H

ea
d

tr
au

m
a,

R
F5

:O
st

eo
pe

ni
a/

O
st

eo
po

ro
si

s,
R

F6
:V

it
am

in
D

de
fic

ie
nc

y
R

F7
:D

ia
be

te
s

m
el

lit
us

/H
yp

er
in

su
lin

is
m

/H
yp

er
gl

yc
em

ia
,R

F8
:H

yp
er

te
ns

io
n,

R
F9

:H
yp

er
lip

id
em

ia
,R

F1
0:

C
ar

di
ov

as
cu

la
r

di
se

as
e,

R
F1

1:
M

ig
ra

in
e,

R
F1

2:
Bi

la
te

ra
l/

M
ul

tic
an

al
B

P
P

V,
R

F1
3:

C
er

vi
ca

lo
st

eo
ar

th
ro

si
s,

R
F1

4:
Sl

ee
p

d
is

or
d

er
s.

N
/

A
:N

ot
av

ai
la

bl
e,

R
:R

et
ro

sp
ec

ti
ve

st
u

d
y,

P
:P

ro
sp

ec
ti

ve
st

u
d

y,
P

SC
,H

SC
:p

os
te

ri
or

,h
or

iz
on

ta
ls

em
ic

ir
cu

la
r

ca
na

l,
SC

:
se

m
ic

ir
cu

la
r

ca
na

ls
,y

:
ye

ar
s,

m
o:

m
on

th
s,

d
:

d
ay

s,
t-

B
P

P
V,

i-
B

P
P

V
:t

ra
u

m
at

ic
,i

d
io

p
at

hi
c

be
ni

gn
p

ar
ox

ys
m

al
p

os
it

io
na

lv
er

ti
go

.
**

In
th

e
la

st
co

lu
m

n,
th

e
nu

m
be

r
of

p
at

ie
nt

s
w

it
h

re
oc

cu
rr

in
g

BP
PV

is
sh

ow
n

am
on

g
th

e
to

ta
ln

um
be

r
of

pa
ti

en
ts

ha
vi

ng
th

e
co

rr
es

po
nd

in
g

ri
sk

fa
ct

or
.

140



J. Clin. Med. 2021, 10, 4372

3.2. Findings

Thirty articles examined 14 risk factors for recurrence of BPPV and they included
12,585 participants (Table 2). Twenty-three were retrospective studies [1–4,6–8,10–13,16,18–
21,23–26,29–31] and seven were prospective cohort studies [5,14,15,17,22,27,28]. In all
studies, the diagnosis of BPPV was established by positive positional tests (Dix-Hallpike,
roll tests). Twenty-nine of the thirty studies provided data on gender of which 7912 of
the 12,513 patients were female (62.9%). In one study [14] the proportion of gender was
not stated. The mean age of the participants in twenty-seven of the thirty studies was
57.5 years; three studies did not provide sufficient information on the mean age of their
participants [14,27,30].

Table 2. Analysis of each included risk factor for BPPV recurrence in this review.

N of Studies
Assessed

N of Studies with
Statistical Significance

Recurrence/
Non-Recurrence

(Cases)
Recurrence (%)

Advanced Age 18 6 976/2069 32.05%
Female gender 15 5 962/2037 32.08%

Meniere’s disease 6 5 71/109 39.44%
Trauma 12 4 94/176 34.81%

Osteopenia/Osteoporosis 6 2 90/134 40.18%
Vitamin D deficiency 4 2 150/236 38.86%

Diabetesmellitus/Hyperisulinism/Hypergl-
ycemia 9 6 361/314 53.48%

Hypertension 8 6 1081/853 55.89%
Hyperlipidemia 5 3 1495/710 67.80%

Cardiovascular disease 6 3 237/701 25.27%
Migraine 7 2 161/225 41.71%

Bilateral/multicanal BPPV 5 2 21/42 33.33%
Cervical osteoarthrosis 2 1 8/5 61.54%

Sleep disorders 1 1 14/26 35.00%

N: Number.

Initial semicircular canal involvement. Seven studies [3,6,7,10,17,28,30] examined cases
of unilateral posterior canal BPPV; eight studies [8,19,22–27] analyzed unilateral BPPV
cases involving the three semicircular canals (posterior, horizontal, anterior) and nine
studies [1,5,11,15,16,18,20,21,31] reported cases of bilateral or multiple-canal BPPV.

Follow-up time. Nine studies [2,13,15,18,20,21,23–25] had a follow-up duration greater
than 6 months to less than a year, reporting a recurrence rate (RR) in the range of 13.7% [25]
to 48% [23]. Furthermore, ten studies [3–7,11,14,27,28,31] had a follow-up time ≥2 years
with a recurrence rate varying from 13.3% [11] to 65% [28].

Time to recurrence. The majority of the studies -nine out of twelve- found that most
of the recurrent episodes developed within the first year [5,6,8,10,15,16,18,19,24]. In par-
ticular, Perez et al. [5] reported that 50% of the recurrent episodes occurred within the
first 6 months. Luryi et al. [16] and Brandt et al. found [6] that 56% and 80% of recur-
rences, respectively, developed within the first year and Kim et al. [8] reported that the
mean period of recurrence was 11.6 months. On the contrary, Kansu et al. [7] found that
most of the patients (53%) experienced recurrence within the first two years whereas two
studies [17,28] found that the majority of the recurrent episodes occurred within 4 years
after the initial treatment. Specifically, Nunez et al. [17] reported that by 40 months the
overall incidence of recurrent episodes approached 50% and Rashad et al. [28] found that
the overall mean time to recurrence was 46.3 months.

Location of recurrence. Compared to the initial location of BPPV, ipsilateral side was
the most affected side in the range of 63% [5] to 76% [16] of the recurrences, while
Messina et al. [19] found that 49.2 % of the recurrent episodes developed in the same
canal. In addition, Babac et al. [15] reported that 30.65% of the recurrences affected the
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posterior canal of the contralateral side and Kim et al. [8] found that 16% of the patients
suffered recurrence in a different semicircular canal from the one initially involved.

Analysis of each included risk factor for BPPV recurrence (Table 2). Patients with hyper-
lipidemia and hypertension had the highest recurrence rates of BPPV, 67.80% and 55.89%,
respectively. Moreover, it seems that more than half of patients (53.48%) with diabetes
mellitus and BPPV experienced recurrence of BPPV. In addition, it appears that migraine is
also a contributor to the recurrence of BPPV as BPPV recurs in 41.71% of the cases. The rate
of BPPV recurrence among the patients who also suffer from osteopenia/osteoporosis and
vitamin D deficiency is 40.18% and 38.86%, respectively. Furthermore, our study showed
that BPPV recurs in 39.44% of the cases that are comorbid with Meniere’s disease and in
34.81% of the posttraumatic cases of BPPV. Lower recurrence rates have been observed
in cases of bilateral/multicanal BPPV (33.33%), in cases of patients with advanced age
(32.05%) and in the female patients (32.08%). Sleep disorders and cervical osteoarthro-
sis had been studied in a small sample size of patients suffering from BPPV recurrence,
therefore the conclusions are ambiguous.

4. Discussion

4.1. Age

Progressive demineralization with advancing age leads to degradation, fragmentation
and detachment of utricular otoconia, resulting in BPPV [32]. Additionally, the higher
number of recurrences in the elderly patients might be explained by the reduction in daily
activities, limited mobility, fatigue and increase in falls [11,15,18]. Whether age represents
an independent prognostic factor is controversial. Contrary to studies [7,25] the recurrence
rate was demonstrated to be increased with advancing age [4,11]. In studies with large
samples, it has been shown that patients older than 40 years [28], or 50 years [15], or
65 years [6] or in the sixth [6] or mainly seventh decade of age [2] were more likely to
relapse. Piccioti et al. [4] supported that the risk for recurrence of BPPV was found to be
1.6 times more in patients older than 65 years compared to younger than 65 years; they also
noted that the presence of comorbidity (hypertension, diabetes, vascular diseases) might
increase the rate of recurrence in aged patients.

4.2. Gender

BPPV is frequent in females older than 50 years old [13]. This trend could be at-
tributed to the increased prevalence of osteoporosis and osteopenia in postmenopausal
women [33,34], due to the decrease in estrogen secretion (as discussed below). In contrast
to age, fewer studies [3,18] have supported that females were more likely to exhibit recur-
rences of BPPV compared to studies in which the recurrence was shown to not significantly
relate to gender [11,28]. However, according to a very recent meta-analysis [33], females
were more prone to relapse. Brandt et al. [6] reported higher rate of recurrence in women
with a quoted female-to-male ratio 3:2.

4.3. Meniere’s Disease

Meniere’s disease is commonly associated with BPPV. However, this association is still
ambiguous and could be attributed to the repeated distention of the membranous labyrinth
due to hydrops, which may lead to otoconia detachment, loss of resilience and partial
collapse of the semicircular canal; the resulted partial obstruction prevents the otoliths
from returning to vestibule during the repositioning maneuvers, increasing the rate of
treatment failure [35]. Partial obstruction may also be due to a dilated saccule or adhesion
of otoliths to the membranous labyrinth [21]. It has been reported that BPPV patients with
Meniere’s disease have a 6.009-fold higher risk of recurrence compared to those without
Meniere’s disease [18], or a 35% recurrence rate when endolymphatic hydrops and BPPV
were associated [10]. However, Luryi et al. [16] did not support the association between
BPPV recurrence with pre-existing Meniere’s disease, reporting that signs and symptoms
of Meniere’s disease may be conflated with symptoms of concurrent BPPV. Patients with
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BPPV and Meniere’s disease required more canal repositioning maneuvers than those with
idiopathic BPPV without Meniere’s disease [10].

4.4. Trauma

Trauma is considered one of the most common causes of secondary BPPV [31,36].
The nature and severity of traumas are diverse and include head trauma, whiplash in-
jury, head and neck surgery. Traumatic BPPV (t-BPPV) has certain distinctive clinical
characteristics. In particular, it is associated with a higher incidence of bilateral or mul-
ticanal involvement, a greater number of repositioning maneuvers for resolution and a
higher recurrence rate [5,12,31,36]. Regarding the persistence of t-BPPV, there is a general
consensus that posttraumatic BPPV is more difficult to cure than the idiopathic type (i-
BPPV) [4,5,10,12,15,31]. However, there has been a lot of controversy over the recurrence
of t-BPPV. Gordon et al. [31] reviewed the clinical records of 21 patients with t-BPPV and
compared the outcome with the results of 42 patients with i-BPPV. They found that, during
a mean follow-up of 22 months, recurrence was significantly more common in t-BPPV
patients (57%) than in idiopathic cases (19%). They also suggested a possible pathogenetic
mechanism according to which posttraumatic otoconial detachment and associated micro-
scopic hemorrhage or tissue impairment, resulting in biochemical changes that enhance
the reformation of otoconial clots. Kansu et al. [7] in a retrospective study with a long-term
follow-up period, found that patients with BPPV caused by head traumas are more likely to
relapse compared to i-BPPV patients. In the same line, Choi et al. [12] found that persistent
and recurrent BPPV had a higher incidence rate in patients with secondary BPPV including
BPPV caused by trauma. Prokopakis et al. [27] in a large prospective study with a mean
follow-up of 74 months, also indicated that head trauma, among other causes, increases the
risk of recurrence significantly (p < 0.001). Perez et al. [5] suggested that cases of traumatic
BPPV are considered complex and therefore tend to relapse more often, but found no
significant difference in the rate of recurrence. They also suggested that it is the BPPV
syndrome that relapses rather than BPPV affecting a particular side or canal. On the other
hand, most of the studies in our review did not find a significant correlation between
trauma and BPPV recurrence [3,4,6,10,15–17].

There are certain difficulties in assessing trauma as a risk factor of recurrence. Firstly,
there is high heterogeneity in the type and the severity of trauma, as well as on the intervals
between the traumatic event and the diagnosis of BPPV due to other possible medical
issues that patients experience after the event. In addition, the repositioning maneuvers in
patients with severe traumas could cause pain and discomfort; therefore, in some cases, they
are avoided. In most studies of our review, the cohort size was small, and the information
provided about the nature of trauma was insufficient. Thus, more prospective studies with
more precise data about the history and the clinical characteristics of traumatic BPPV are
necessary, in order to clarify the role of trauma in BPPV.

4.5. Osteoporosis

Otoconia are a result of inorganic calcium carbonate deposited onto an organic matrix
core composed of glycoproteins, mainly otoconin 90 [22,23,37]. Otoconia are in a dynamic
state and calcium is required for their mineralization and turnover [38,39]. Calcium and
carbonate levels in the endolymph should be kept at a critical level to initiate and maintain
the mineralization of the otoconia protein matrix but also avoid unnecessary mineraliza-
tion [40,41]. This critical balance is achieved by pore-like openings located on the crystalline
surface of otoconia, playing an important role in the control of homeostasis [41]. It is spec-
ulated that disturbance of calcium metabolism induced by osteoporosis/osteopenia can
lead to BPPV by different mechanisms. Vibert et al. [40] found that in ovariectomized
osteopenic/osteoporotic female adult rats, otoconia were modified, regarding size and
density, suggesting two possible mechanisms. Firstly, they assumed that the reduction in
estrogen level can decrease fixation of calcium and subsequently, generate failures in the
remodeling of the internal structure of the otoconia as well as in their attachment on the
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gelatinous matrix. Secondly, an increased concentration of free calcium in the endolymph
might induce a reduction in its capacity to dissolve dislodged otoconia and also disturb
electromechanical transduction of the sensory epithelium [40,42]. Furthermore, it has been
suggested that osteopontin, a bone matrix protein that is considered to form a complex with
calcium carbonate crystals at the otolith margin, is reduced in patients with osteoporosis,
leading to an impaired otolith formation [43]. Thus, in patients with BPPV and osteoporo-
sis, calcium metabolism failure may be present as a common pathogenesis, leading to the
synthesis of atrophic fragile otoliths [13].

There has been controversy about the implication of osteoporosis on the recurrence of
BPPV. Babac et al. [15] found that osteoporosis is a potential risk factor for poor treatment
results but not for recurrence. Kim et al. found [8] that decreased mineral density (BMD)
did not show significant association with BPPV recurrence but showed a significant relation
with BPPV occurrence. As a study result similar to Kim et al., Yang et al. [23] found BMD in
women is associated with the occurrence of BPPV, though a low BMD and age correlate with
the recurrence of BPPV. De Stefano et al. [1], in a multicenter observational study, found
that osteoporosis was related to an increased risk of relapse when it was in combination
with other comorbidities and defined “groups of risk”. Contrary to the above, a few studies
have demonstrated an apparent association between BPPV recurrence and BMD score.
Yamanaka et al. [13] did not find a clinical association between BPPV and osteoporosis but
the results of his study suggest that osteoporosis is a risk factor for BPPV recurrence and
that the prognosis of the BPPV might be clinically predicted by BMD reduction. Talaat
et al. [22] in their study found that there was an association between reduced BMD and
development/recurrence of BPPV. In a retrospective chart review, Mikulec et al. [44] found
a significant negative association between BPPV and treated osteoporosis in women aged
51 to 60 years suggesting the possibility that anti-osteoporotic medication may provide
protection against BPPV.

These controversies may be explained by different methodologies to measure osteo-
porotic changes (location for measuring BMD, bone turnover markers), different definitions
of BPPV recurrence and follow- up and various distributions of age or gender in study
populations. In particular, most of the studies included women, especially older women
because BPPV is more common in women between 41 to 61 years old. In addition, most of
the studies are retrospective studies where it is difficult to elucidate causal relationships
between the recurrence of BPPV and variables including BMD.

4.6. Vitamin D

Vitamin D plays a crucial role in the homeostasis of calcium and phosphorus. Normal
serum level of vitamin D is essential for the development of normal otoconia through keep-
ing the calcium concentration in the vestibular endolymph at a normal critical level [45,46].
The epithelial Ca2+ channel transport system, Na+/Ca2+ exchangers, and plasma mem-
brane Ca2+ pumps expressed in the inner ear contribute to this critical balance of calcium
levels by transepithelial absorption of Ca2+ from the endolymph of the inner ear [47]. Vita-
min D receptors in the epithelial cells of the inner ear regulate the expression of some Ca2+

binding proteins [20,22,23]. Therefore, it has been suggested that vitamin D deficiency also
contributes to the development and recurrence of BPPV by abnormal calcium metabolism
in the inner ear [23]. Rhim et al. [20] found that vitamin D affects BPPV as a recurrence fac-
tor independent of age, gender, follow-up period and type of BPPV. Talaat et al. [22] found
that low levels of Vitamin D were related to the development of BPPV while very low levels
were associated with recurrence of BPPV. Hence, in the following study, Talaat et al. [48]
analyzed the effect of treatment of severe vitamin D deficiency on the recurrence rate of
BPPV and found that improvement of serum 25-hydroxyvitamin D3 levels is associated
with a substantial decrease in recurrence of BPPV. On the contrary, Yang et al. [23] found
that the levels of vitamin D are significantly decreased in men with idiopathic BPPV but
they are not associated with the recurrence of BPPV. Similarly, Sreenivas et al. [2] found that
the recurrence among patients with vitamin D deficiency was not statistically significant.
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They assumed that there are significant differences between bone and otoconia formation
and this could be partially explained by the fact that the calcium for otoconia formation
comes from the endolymph; therefore they speculated that serum markers of turnover are
not directly involved in the pathogenesis of BPPV [2].

In most of the studies, blood samples were not obtained at a constant time. Given
that there is seasonality of vitamin D, it is critical that future studies should take more
parameters into account that affect vitamin D levels such as season, country’s climate,
lifestyle and skin color.

4.7. Diabetes Mellitus/Hyperinsulinism/Hyperglycemia

Changes in glucose metabolism have been associated with a high prevalence of inner
ear disorders, hence with BPPV occurrence and recurrence [14,49,50]. These metabolic
disorders can act as a principal etiologic factor in vestibular dysfunction, as well as an
aggravating factor of a pre-existing vestibular disorder [51]. Yoda et al. [50] reviewed
temporal bones of patients with type 1 diabetes and found that they exhibit a much higher
prevalence of migration of otocone debris coming from the utricle, compared to healthy
patients. In addition, they found that this difference was associated with the duration of the
disease. D’ Silva et al. [52] reported a higher prevalence of BPPV in patients with type 2 dia-
betes and found that this association was mediated by hypertension. The pathophysiologic
mechanism for this correlation is still elusive. Hyperglycemia increases vascular resistance
by inhibiting nitric oxide-related vasodilation, thus a combination of hypertension and
diabetes may lead to tissue hypoxia and cochleovestibular degeneration [52]. In diabetes
the histopathological changes of microangiopathy and vestibular neuropathy are present.
Therefore, diabetes-associated neuropathy and vasculopathy as well as microvascular
damage, including atherosclerosis, contribute to otoconial degeneration and thus precipi-
tate BPPV [2,19]. In addition, diabetic patients have a poorer capacity for recovery from
mild insults, such as viral infections or mild trauma, making these insults more severe [2].
Furthermore, these patients present mutations in the BETA2/NeuroD1 gene which is es-
sential for the normal development of the sensory epithelia of the cochlea, utricle, saccule,
and crista ampullaris [53]. On the other hand, hyperinsulinism may disrupt inner ear
homeostasis and alter the ionic and metabolic characteristics of the stria vascularis, which
is responsible for maintaining endocochlear potential through potassium secretion in the
endolymphatic space [49,51]. The inner ear is also affected by hyperinsulinism due to a
large number of the insulin receptors present in the endolymphatic sac [14].

In our review, Webster et al. [14] in a prospective study, found that both hyperinsulin-
ism and hyperglycemia behaved as a risk factor for recurrence of idiopathic BPPV and also
that a normal glucose tolerance test acted as a protective factor. De Stefano et al. [1] and
Messina et al. [19] conducted multicenter observational studies with a large number of
subjects. They evaluated the correlation between comorbidities and recurrent episodes of
BPPV and found, among other things, that the presence of diabetes is associated with a
statistically significant increased risk of recurrence. Piccioti et al. [4] also found that diabetes
was associated with the recurrence of BPPV and that in the recurrent group, patients with
more than one comorbidity were significantly more numerous compared with patients
with one comorbidity. In line with the abovementioned studies, Kim et al. [8] in a smaller
study group, found that comorbidities of diabetes and hypertension were associated with
recurrence of BPPV. On the other hand, Sreenivas et al. [2] found a significant association
between recurrence of BPPV and diabetes mellitus but not hypertension. However, there
are few recent studies that found no significant rate of recurrence among diabetic patients.
Specifically, Luryi et al. [16] and Zhu et al. [18] in two large single-institution studies
of recurrence of BPPV, found no association between recurrence and diabetes mellitus.
Wei et al. [24] in a smaller retrospective study, also did not find a correlation between
the presence of comorbidities in general and diabetes mellitus in particular and increased
recurrence rates of BPPV.
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It seems that diabetes mellitus, as with other comorbidities, plays an important role
in BPPV occurrence and recurrence. However, most studies were observational studies
that did not investigate whether the patients had a good glucose control (hemoglobin A1C
levels), or provide information about subcategories of diabetes (Type 1 versus Type 2),
resulting in a limitation of potential therapeutic guidance. Therefore, further studies should
be conducted in order to evaluate the possibility that proper treatment may reduce the
prevalence and recurrence of BPPV.

4.8. Vascular Comorbidities (Hypertension, Hyperlipidemia, Cardiovascular Disease)

Numerous epidemiological studies have shown a possible association between BPPV
and cardiovascular risk factors [1,4,8,19,26]. These studies support the hypothesis of a
vascular role in the aetiopathogenesis of BPPV and its recurrence. Specifically, otoconial
detachment from the otolith membrane might be facilitated by microvascular modification
and ischemia, further enhanced by hypertensive peaks [4,54]. Furthermore, the blood
supply to the inner ear is a terminal circulation, thus any occlusion of the AICA (anterior
inferior cerebellar artery) or VBA (vertebrobasilar artery) can cause an ischemic event,
leading to audio-vestibular disorders [1,19]. The vestibular system is degraded with
age and as a result of changes caused by hypertension and atherosclerosis, resulting in
progressive detachment of otoconia from the otolithic membrane [26]. Therefore, multiple
systemic diseases increase the recurrence rate [1,4,19].

In this review, most of the studies found that patients with BPPV comorbid with
hypertension had an increased recurrence rate of BPPV [1,4,8,18,19,26]. Tan et al. [26]
divided the patients into two groups, a group of patients with idiopathic BPPV and hyper-
tension and the second group of patients with idiopathic BPPV. They found a statistically
significant difference in the recurrence rate, thus the presence of hypertension is significant
for the prognosis of BPPV. De Stefano et al. [1] defined “groups of risk” in order to evaluate
whether the combination of multiple conditions further increased the risk of recurrence
and found that the combination of hypertension, diabetes, cervical osteoarthrosis and
osteoporosis had the highest risk of relapse (HODo risk group). Zhu et al. [18] analyzed
the clinical characteristics and risk factors for the recurrence of BPPV in different ages and
found that hypertension and hyperlipidemia exhibit a higher risk of recurrence compared
to age-matched patients without these diseases. Messina et al. [19] found that among
patients with BPPV, 64.5% of patients with hypertension had recurrence; adding that
cardiovascular risk factors expose the patients suffering from BPPV to a risk of relapse
(OR > 2). Piccioti et al. [4] and Faralli et al. [25] also found that the presence of vascular
factors increases the incidence of relapse. On the other hand, Sreenivas et al. [2] found
that the presence of hypertension in patients with recurrence of BPPV was not statistically
significant (p = 0.085). In the same line, Su et al. [3] and Babac et al. [15] did not find an asso-
ciation between recurrence of BPPV and cardiovascular disorders. Similarly, Wei et al. [24]
did not detect a correlation between vascular comorbidities and recurrence commenting
that this could be due to the short follow-up period of six months.

The role of vascular comorbidities in the recurrence of BPPV is still questionable.
There are certain difficulties in quantifying clinical data, especially in observational studies,
due to the diversity of comorbidities and the plurality of treatments. Moreover, the
follow-up period in most of the studies does not provide the time to detect all events
of recurrence. In addition, a lot of patients fail to attend follow-up visits or experience
a transient recurrence with a rapid resolution of symptoms. However, it seems that
hyperlipidemia and hypertension have a significant association with the recurrence of
BPPV. Therefore, appropriate treatment of these conditions may be useful in limiting the
frequency of recurrence.

4.9. Migraine

Migraine has long been associated with vertigo, with studies suggesting that patients
suffering from migraine are two to three times more likely to suffer from vertigo, compared
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to the headache-free controls [55–57]. Moreover, migraine was found to be three times more
common in patients with BPPV of an unknown cause than in those with BPPV secondary
to trauma or surgical procedures [30]. The mechanisms by which this association arises
are not well understood. One of the proposed theories suggests that migraine causes
vasospasm of the labyrinthine arteries and the subsequent ischemic damage leads to the
release of otoconia from the utricle [30]. Recurrent vasospasm is also associated with the
oxidative stress of endothelial cells, which is a possible pathogenetic mechanism common
to both migraine and BPPV [58,59]. Therefore, it is speculated that patients with migraines
have a recurrent vascular damage in the inner ear that disposes to recurrent BPPV [30,55].
In addition, trigeminal nerve stimulation, an underlying pathophysiologic mechanism of
migraine, induces fluid extravasation in the cochlea leading to the detachment of otoconia
from the otolith organs [60]. Lastly, it has been reported that certain mutations in a Ca2+

channel gene, detected in familial hemiplegic migraine, affect the ion channels of the brain
as well as those found in the inner ear, causing imbalance of the resting potentials [30,61].

There are few articles in the literature that address the epidemiological relationship
between migraine and the occurrence and recurrence of BPPV, despite the fact that there is
a well-recognized association with vertigo. Ishiyama et al. [30] found increased recurrence
rates (77%) in the BPPV with migraine group compared to 66% in the group of BPPV
without migraine. Zhu et al. [18] in a large study analysis, also reported that BPPV
recurrence was associated with migraine (p = 0.005). However, Hilton et al. [29], in a large
BPPV cohort, compared the recurrence rates between the BPPV with migraine group and
the BPPV without migraine group and found no significant difference (38.3% versus 32.1%).
In relatively smaller studies, Babac et al. [15] Kansu et al. [7] and Brandt et al. [6] did not
find a significantly higher recurrence of BPPV in patients with BPPV and migraine. It
is worthwhile to mention the age distribution of patients with BPPV and migraine. In
particular, Ishiyama et al. [30] showed that the age of onset in patients with BPPV without
migraine was recorded mostly in older age groups, with a peak in the eighth decade. On
the contrary, nearly half (47%) of the patients with onset of BPPV before the age of 50 years
old had migraines. Similarly, Hilton et al. [29] found that patients over 60 years old had
a lower likelihood of having concurrent BPPV and migraine, whereas younger age was
independently associated with concurrent comorbidity of BPPV and migraine.

There is a complex relationship between BPPV and migraine due to the high preva-
lence of vertigo in migraine patients. Vestibular migraine has been recognized as one of the
most common causes of recurrent vertigo occurring in migraine patients [62]. In several
cases, vestibular migraine may be episodic and appears to be a BPPV reoccurrence, espe-
cially when the patients present with central positional nystagmus. Positional nystagmus
is of central type and not due to BPPV when a) it has no latency and beats in a direction not
aligned for the plane of a particular semicircular canal (e.g., no difference in the nystagmus
vector with right versus left Dix-Hallpike), and b) there was no crescendo-decrescendo pat-
tern to the nystagmus and lack of fatigability [62,63]. Distinguishing between the migraines
and BPPV is crucial, because multiple maneuvers for misdiagnosed BPPV in a patient with
migraines are uncomfortable, distressing and unnecessary if nystagmus is resulting from a
migraine. In this case, the treatment should be targeted in the management of migraine
episodes [62].

4.10. Bilateral/Multicanal BPPV

Bilateral and multiple-canal BPPV are less frequent forms of BPPV that typically
require a larger number of maneuvers. Korres et al. [11] found increased recurrence rates
in BPPV patients with bilateral canal involvement. Perez et al. [5] defined complex BPPV
in cases of either BPPV affecting more than one canal or requiring a large number of
maneuvers and found that these patients were at higher risk of recurrence. Moreover, they
suggested that the labyrinths of patients with complex BPPV underwent inflammatory
changes leading to recurrent episodes of BPPV [5]. Babac et al. [15], in a small group of
patients with bilateral and multicanal BPPV, did not detect a negative impact of these
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factors on BPPV recurrence. Similarly, according to other studies [7,20], a significant
correlation between bilateral/multicanal involvement of BPPV and BPPV recurrence was
not found. Noticeably, the small number of patients suffering from bilateral/multicanal
BPPV is a limitation of reaching reliable conclusions on the impact of these variables on
BPPV recurrence, thus further investigation is required.

4.11. Cervical Osteoarthritis (Spondylosis)

Cervical spondylosis, also defined as osteoarthritis of the cervical spine, is a common
age-related condition. More than 85% of people over the age of 60 are affected by cervical
spondylosis [64]. It arises as a result of age-related dehydration of the nucleus pulposus
and its collapse, causing bulging of the annulus fibrosus. As the disks dehydrate and
shrink, signs of osteoarthritis develop, including bony projections along the edges of bones
called osteophytes. These osteophytes cause cord space narrowing [64,65]. As it is reported,
the vertebrobasilar circulation in patients with cervical spondylosis is insufficient [65,66].
Therefore, considering the fact that the blood supply to vestibulocochlear organ is an end
artery, it is reasonable to assume that reduced blood flow to the labyrinth contributes to the
dislodgement of otoconia from the macula of otolith organs [33]. In the literature, there is a
deficit of studies examining the effects of cervical spondylosis on BPPV. De Stefano et al. [1]
evaluated the relationship between recurrent episodes of BPPV and the most common
comorbidities in the elderly population and found that the risk of relapsing BPPV in
patients with cervical osteoarthritis increases 3 times; this association became statistically
significant when related to the number of recurrences. On the contrary, Wei et al. [24]
in a smaller study group with a relatively shorter follow-up period of 6 months, did not
detect a correlation between cervical osteoarthritis and increased recurrence rates of BPPV.
Li et al. [33] in a systematic review of the risk factor-associated recurrence of BPPV, found
that cervical spondylosis, among other systemic diseases, could increase the recurrence of
BPPV (p < 0.05).

It is possible that cervical spondylosis may favor the recurrence of BPPV. This could
be explained by the fact that canalith repositioning procedure (CRP) on patients with
dysfunction of the cervical spine is very difficult to be performed, thus leading to improper
treatment or early recurrence of BPPV. Martelucci et al. [67] investigated the impact of
reduced cervical mobility on CRP efficacy and suggested three pathophysiological mecha-
nisms: (1) Debris could remain in the canal lumen and then return to the ampullary arm,
causing the failure of the maneuver. (2) Part of debris could leave the canal while the
rest could sprinkle in the endolymph and then accumulate again. Therefore, a transient
regression of symptoms followed by an early relapse can occur. (3) The otoconial could
relocate into the superior or horizontal semicircular canals, leading to a canal switch.

4.12. Sleep Disorders

Sleep disorders, especially insomnia, are associated with numerous physical and
psychiatric health problems [68]. The pathophysiological link between BPPV and sleep
disorders is still unclear. It is suggested that bad sleep leads the patients to multiple head
movements during the night, therefore dispose them to a higher risk of BPPV relapse [3].
Other potential mechanisms include neuroendocrine dysfunction, caused by increased
cortisol levels, as well as activation of inflammation of the nervous system, including
vestibular neurons [69]. In addition, about 40% of individuals with insomnia have a
comorbid psychiatric condition like anxiety and depression [69], which is known that
may serve as the primary cause of vestibular symptoms as well as a risk factor for BPPV
recurrence [70,71].

Only one study [3] analyzed the relationship between insomnia and BPPV recurrence;
in this study, Su et al. [3] found that 30.4% of the participants in the recurrence group
reported sleep disorders, the majority of which suffered from chronic insomnia and were
under medication. Respectively, in the non-recurrence group, 13.2 % exhibited sleep
disorders. The difference between the two groups was found to be significant.
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5. Limitations

There are several limitations in our review. First of all, there was a high degree of
heterogeneity between the studies. In particular, there were differences in the design of the
studies such as duration of follow-up and cohort size. In addition, there was a diversity
of the risk factors concerning diagnostic criteria of the comorbidities, quantification of
their clinical data, as well as evaluation on disease control. Additionally, there was a small
number of studies for some risk factors (bilateral/multicanal BPPV, cervical spondylosis,
sleep disorders), which might have limited the reliability and validity of our results.
Another important limitation was that most of the studies were retrospective studies, thus
it was more difficult to elucidate causal relationships between the recurrence of BPPV and
the risk factors. Last but not least, our review was a descriptive review and we did not
assess the quality of the articles, nor did we use systematic review tools. Our intention was
to avoid complex methods that in many cases are difficult to be interpreted by physicians
and provide a clinical perspective on the recurrence of BPPV.

6. Conclusions

This comprehensive review evaluated some possible risk factors for BPPV recurrence
as there is no general consensus in the literature concerning their significance. Our principal
aim was to direct physician’s attention to what factors should be assessed when encounter-
ing patients with BPPV. Therefore, a clinical practitioner should, first of all, take a good
medical history. Patients with cardiovascular comorbidities, especially hyperlipidemia and
hypertension, as well as patients with diabetes mellitus have an increased risk of BPPV
recurrence. Thus, good control of these comorbidities should always be under considera-
tion in these patients. In addition, osteoporosis and vitamin D deficiency should be probed
when treating postmenopausal women with recurrent episodes of BPPV. Additionally, a
typical blood test could be useful in order to provide information on a patient’s lipidemic
and glycemic profile as well as to reveal a possible vitamin D deficiency. Migraine and
Meniere’s disease have a complex relationship with BPPV; therefore, it is crucial for a
physician to distinguish BPPV from these conditions in order to avoid unnecessary and
distressing maneuvers. Trauma, advanced age and female gender do not seem to play an
important role in BPPV recurrence, unless they are combined with other comorbidities,
as mentioned above. Bilateral/multicanal BPPV, cervical spondylosis and sleep disorders
are interesting, underestimated risk factors that need further investigation. In conclusion,
identification of these risk factors contributes to the evaluation of BPPV patients, in order
to establish a long-term prognosis, and helps physicians counseling patients regarding
their expectations for the follow-up period.

In the future, more large-scale prospective studies are needed in order to clarify the
role of these factors as well as pave the way for new therapeutic strategies.
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Abstract: The aim of this study was to evaluate gain and refixation saccades (covert and overt) using
a video head impulse test (vHIT) in the horizontal and vertical planes in patients after the onset of
unilateral acute vestibular neuritis (AVN). Thirty-five patients were examined in the acute stage of
AVN and at follow-up (range, 6–30 months); a control group of 32 healthy subjects also participated.
At onset, the mean gain was significantly lower on the affected side in all of the semi-circular canal
planes, mainly in the horizontal canal plane, and saccades (covert and overt) were more prevalent in
the horizontal compared to the vertical canal planes. Multi-canal affection occurred more frequently
(80% for gain, 71% for saccades) than isolated canal affection. At follow-up, which ranged from 6
to 30 months, the gain was recovered in all of the canals (anterior in 50%, horizontal in 42.8%, and
posterior canal in 41.1% of cases), while covert and overt saccades were reduced in the horizontal and
vertical planes. However, covert saccades were still recorded in a greater proportion (69%) than overt
saccades (57%) in the horizontal plane and at a lower rate in the vertical planes. The compensatory
mechanisms after AVN mainly involve the horizontal canal, as the refixation saccades—especially
covert ones—were more frequently recorded in the horizontal than vertical canals.

Keywords: video head impulse test; saccades; vestibular gain; vestibular neuritis; vestibuloocular
reflex; semicircular canal

1. Introduction

Acute vestibular neuritis (AVN) is a clinical condition characterized by acute, pro-
longed vertigo of peripheral origin with nausea and vomiting followed by a period of
unsteadiness [1]. AVN accounts for 3.2–9% of patients visiting a dizziness center and
has an incidence of 3.5 per 100,000 population [2]. The leading theory for the etiology of
AVN is viral inflammation processes, with the herpes simplex virus being most commonly
implicated [3].

AVN involves both the superior and inferior vestibular nerves and may affect them
separately. The superior vestibular nerve innervates the horizontal or lateral semi-circular
canal (HC), the anterior or superior canal (AC), and the utricle of the labyrinth, while the
inferior vestibular nerve innervates the posterior or inferior canal (PC) and the saccule.

The vestibulo–ocular reflex (VOR) is an important reflex that aims to ensure gaze
stability to provide stable vision during rapid head rotations [4]. This is assessed by asking
a patient to maintain their gaze on a target while an operator applies unpredictable and
abrupt but small head turns in the horizontal and vertical planes [5,6]. If the VOR function
is intact, the subject maintains fixation on the target during head rotations by generating
eye movements that are equal and opposite to the rotation of the head; however, if their
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VOR function is deficient (i.e., during AVN with unilateral reduced horizontal or vertical
canal function), the eyes of the patient can fail to fix on the target, and the patient must
make corrective refixation saccades (eye movements) back to the target. The saccades
that can be detected by the operator following the end of the head movements are known
as overt saccades, while those that occur during the head impulses are known as covert
saccades [4–6]. Covert saccades are invisible to the clinician; fortunately, the video head
impulse test (vHIT) can recognize covert saccades and measure the VOR gain [7]. The VOR
gain is the ratio of the size of the slow-phase eye movement response to the size of the
passive head movement stimulus, which is decreased in peripheral vestibular disorders [8].
Thus, the vHIT allows for objective analysis of VOR gain, VOR gain asymmetry (analogous
to caloric canal paresis), and refixation saccades of all six semi-circular canals [9].

In this study, we aim to prospectively evaluate the VOR gain and refixation saccades
(covert and overt) in AVN from the acute stage to the follow-up (ranging from 6 to 30
months). Although previous studies have assessed, through the use of vHIT, the VOR gain
in the horizontal and vertical semi-circular canals in patients suffering from AVN [10–13],
there has been no study analyzing the VOR gain and refixation saccades for AVN in both
the horizontal and vertical planes.

2. Materials and Methods

Thirty-five patients, including 28 men and 7 women (age range, 24–77 years; mean
age, 52.25; SD, ±13.23 years), participated in our study. The patients were admitted consec-
utively after diagnosed with acute vestibular neuritis (AVN), according to the following
criteria [1,10]: (a) sudden rotatory vertigo lasting more than 24 h (accompanied by nausea
and vomiting), (b) unidirectional horizontal-torsional spontaneous nystagmus towards the
unaffected side, (c) a positive Unterberger test, where the patient was asked to undertake
stationary stepping for one minute with their eyes closed and a positive test was indi-
cated by rotational movement of the patient towards the side of the lesion, (d) unilateral
affection, and (e) normal hearing.

The exclusion criteria were age under 18 years old, pregnancy, auditory or neurological
disorders, history of psychiatric disorder, patients suffering from diabetes, patients with
neck stiffness, a history of taking CNS depressants, excessive blinking, and a history of
recent eye surgery. All patients were treated with intravenous corticosteroids during their
stay at the hospital and, on discharge, they performed a vestibular rehabilitation program
for 3 weeks. We had a long-term follow-up period (mean, 14.37; SD, ±7.69 months) that
ranged from 6 to 30 months.

In addition, all of patients were required to complete the Greek version of the Dizziness
Handicap Inventory (DHI) questionnaire (25 questions) during the acute phase and at
the follow-up examination. For each item, the following scores were assigned: no = 0,
sometimes = 2, yes = 4. A DHI score of 16–35 points indicates mild disability, 36–53 points
indicates moderate disability, and more than 54 points indicates severe disability [14]. Pre-
and post-treatment would have to differ by at least 18 points (95% CI for a true change)
before the interaction could be said to have effected a significant change in a self-perceived
handicap [15].

2.1. Control Group

The control group consisted of 32 healthy adults, including 13 men and 19 women
(age range, 22–74 years; mean age, 45.18; SD, ±15.15 years), who were evenly dis-
tributed in all age groups. None of them had any history of vestibular, auditory, and/or
neurological disorders.

Written informed consent was obtained from all subjects participating in this study.
This study was approved by the ethics committee of the Aristotle University of Thessaloniki.
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2.2. vHIT

vHIT was performed on all subjects using an EyeSeeCam system (Interacoustics,
Middelfart, Denmark) at the time of the initial presentation, within 10 days of the onset
of symptoms, and was repeated at the follow-up visit. All six semi-circular canals were
evaluated. The system consists of a pair of lightweight goggles with a high-speed camera
for recording eye movements and a sensor that measures head velocity. Participants were
instructed to fixate on a target on the wall 1.2 m away, while the examiner stood behind
them and performed ten unpredictable, low amplitude (10–20◦) head impulses for all three
canal planes (horizontal, right anterior/left posterior, left anterior/right posterior) and for
each side; in general, the horizontal head velocities were higher (150–250 ◦/s) than the
vertical head velocities (50–150 ◦/s). For the horizontal plane, the examiner placed their
hands on the patient’s jaw while, for the vertical plane, the dominant hand was placed
on the top of the head and the other under the chin. For the right/left horizontal canal
plane, horizontal head turns were performed to each side, always starting from the center
(Figure 1). For the right anterior/left posterior canal testing, the subject turned 45◦ to the
left and the impulses were delivered by either rotating the head forward or backward
(always asking the patient to fixate on the target) while, for the left anterior/right posterior
canal testing, the subject turned 45◦ to the right and the impulses were delivered by rotating
the head either forward or backward.

Figure 1. In the middle, affected HC (horizontal canal) plane, the head movements (circle black
arrow) for left affected (red) HC/contralateral unaffected right (purple) HC, as viewed from above.
On the left, affected AC (anterior canal) plane, the head movements (black arrow) for left affected (red)
AC/contralateral unaffected right (purple) posterior canal (PC). On the right, affected PC plane, the
head movements (white arrow) for left affected (purple) PC/contralateral unaffected right (red) AC.
Inversely, on the left, affected PC plane, the head movements (white arrow) for right affected (purple)
PC/contralateral unaffected left (red) AC. On the right, affected AC plane, the head movements (black
arrow) for right affected (red) AC/contralateral unaffected left (purple) PC (with the permission of
Curthoys IS). LARP: left anterior & right posterior canal, LAT: lateral or horizontal canals, RALP:
right anterior & left posterior canal.

Each examined plane was described as: (a) Affected HC plane as affected HC/contralateral
unaffected HC plane, (b) affected AC plane as affected AC/contralateral unaffected PC
plane, and (c) affected PC plane as affected PC/contralateral unaffected AC plane (Figure 1).

The system’s software calculates the VOR gain as the ratio of eye to head peak velocity
from the average of head impulses and gain asymmetry (%) between the affected and
unaffected canals for each plane, according to the following equation: GA = ((Gc − Gi)/(Gc
+ Gi)) × 100%, where GA: gain asymmetry, Gi: gain for ipsilateral canal and Gc: gain for
contralateral canal. The EyeSeeCam system uses the regression method for VOR gain and
gain asymmetry, which allows for graphical data analysis over the entire velocity range of
head impulses; following the test completion, it provides the average regression plot slope
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(a best-fit line through data points at different head velocities with accompanying gain
values). The instantaneous median VOR at 60 ms was used for measuring the horizontal
gain. A perfect VOR gain is a gain of 1.0 (eye movement is exactly equal and opposite
to head movements); while a VOR gain lower than 0.80 has been proposed as cut-point
between normal and abnormally low VOR gain [16]. The gains measured in each plane are
referred to as HC gain, AC gain, and PC gain, respectively. Depending on which ear was
involved, the gain of the affected and the unaffected side was compared to the gain of the
right and left ear of the healthy subjects (control group), respectively.

Pathological saccades were considered in a patient when their peak velocity was
>100 ◦/s and their repeatability was observed in more than 50% of total impulses for
each plane. The presence of pathological saccades in each plane was described as HC
overt or covert saccades, AC overt or covert saccades, and PC overt or covert saccades,
accordingly (Figure 2). In our study, the frequency of pathological saccades was counted in
each patient for all the canals and the incidence of patients with pathological saccades was
also calculated.

Figure 2. Patient with right acute vestibular neuritis (A,B) and affected posterior canal (PC) plane:
pathological covert saccades (1) were present in the right PC (A). Covert saccades occurred during the
head impulses and their peak velocity was more than 100 ◦/s; no saccades were observed in the left
unaffected anterior canal (B). Patient with right acute vestibular neuritis (C,D) and affected horizontal
canal (HC) plane: pathological overt saccades (2) were present in the right HC (C) following the end
of the head movements; the saccades found in the left HC (D) were not pathological (peak velocity
<100 ◦/s, repeatability <50% of total impulses).

3. Statistical Analysis

Continuous variables are reported as mean and standard deviation, after being checked
for regularity with the Kolmogorov–Smirnov test. Categorical variables were reported to
as frequencies and relative frequencies (%). Student’s t-test (for two categories) or one-
way ANOVA (for three or more categories) were used to compare the mean values of the
continuous variables, with respect to the categories of a qualitative variable. Bonferroni
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correction was used for post hoc analysis. Pearson’s correlation coefficient was also used
to investigate the correlations between continuous variables. In all cases, we considered
the results to have statistical significance when the p-values were less than 0.05. The SPSS
v.25.0 software (IBM Corp., Armonk, NY, USA) was used for statistical analysis.

4. Results

In the 35 patients with AVN, at the acute stage, the mean gain was significantly lower
(compared to control group) on the affected side in all of the canal planes, but mainly in the
horizontal canal plane (Table 1). In the HC plane, the gain was abnormal in 28 (80%) out of
35 patients while, at the follow-up, the gain was normal in 12 (42.8%) out of 28 patients.
In the AC plane, the gain was also abnormal in 28 (80%) out of 35 patients while, at the
follow-up, the gain was normal in a greater proportion (50%, 14/28). In the PC plane, the
gain was abnormal at a lower rate, compared to the other canals (48.5%, 17/35) while, at
the follow-up, the gain was normal in 7 (41.1%) out of 17 patients. Interestingly, on the
unaffected side, the mean gain at acute stage was found to be smaller than that of the control
group in all the canal planes (Table 1). Moreover, according to vHIT measurements on the
affected side, the gain improved at the follow-up in all the canal planes, but significantly in
the HC (p < 0.01) and AC (p < 0.001) canal planes, respectively (Table 1). On the affected
side, the mean gain asymmetry was decreased at the follow-up in all of the canal planes,
but was more significant in the affected AC/unaffected PC planes (Table 2).

Table 1. Gain values of vHIT in vestibular neuritis at the acute stage and follow-up during head
movements towards the affected and unaffected side, respectively, in horizontal (HC), posterior (PC)
and anterior (AC) plane (see also Figure 1). *** p < 0.001, ** p < 0.01, * p < 0.05. SD: standard deviation,
C.I.: confidence interval.

Gain Mean ± SD Significance 95% C.I. for Mean

Affected HC
Acute stage 0.54 ± 0.36 Acute—control ***

Acute—follow-up **

0.41–0.67
Follow-up 0.77 ± 0.31 0.66–0.88

Control 0.86 ± 0.19 0.80–0.93

Unaffected HC
Acute stage 0.84 ± 0.36

Acute—control **
0.72–0.97

Follow-up 0.98 ± 0.32 0.86–1.09
Control 1.10 ± 0.28 1.00–1.20

Affected AC
Acute stage 0.64 ± 0.16 Acute—control *

Acute—follow-up ***

0.62–0.74
Follow-up 0.83 ± 0.15 0.77–0.88

Control 0.78 ± 0.10 0.74–0.82

Unaffected AC
Acute stage 0.79 ± 0.16

Acute—control *
0.73–0.85

Follow-up 0.84 ± 0.18 0.77–0.90
Control 0.90 ± 0.10 0.86–0.94

Affected PC
Acute stage 0.78 ± 0.17

Acute—control *
0.72–0.84

Follow-up 0.83 ± 0.16 0.77–0.89
Control 0.87 ± 0.12 0.83–0.92

Unaffected PC
Acute stage 0.77 ± 0.15

Acute—control *
0.72–0.83

Follow-up 0.85 ± 0.14 0.80–0.90
Control 0.86 ± 0.10 0.82–0.90
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Table 2. Gain asymmetry values of vHIT in vestibular neuritis at the acute stage and follow-up in the
affected horizontal canal (HC), posterior canal (PC) and anterior canal (HC) plane. * p < 0.05.

Gain Asymmetry Mean ± SD Significance 95% C.I. for Mean

Affected HC
Acute stage 17.86 ± 28.50 8.07–27.65
Follow-up 9.83 ± 21.10 2.58–17.08

Control 12.81 ± 10.78 8.92–16.7

Affected AC
Acute stage 7.80 ± 11.16

Acute—Follow-up *
3.97–11.63

Follow-up 1.60 ± 8.45 −1.30–4.50
Control 5.97 ± 6.31 3.69–8.24

Affected PC
Acute stage 0.46 ± 11.42

Follow-up—control *
−3.47–4.38

Follow-up 0.11 ± 11.13 −3.71–3.94
Control 5.94 ± 5.32 4.02–7.86

Initially, the incidence of pathological covert saccades in all planes (94% in the HC,
57% in the AC, and 31% in the PC plane) was somewhat higher than that of overt saccades
(86%, 49% and 26%, respectively); see Table 3. At the follow-up examination, the occurrence
of covert saccades was significantly decreased in the HC (94% vs. 69%; p < 0.05) and AC
planes (57% vs. 17%; p < 0.01). Similarly, the overt saccades were also significantly reduced
in the HC (86% vs. 57%; p < 0.05) and AC planes (49% vs. 11%; p < 0.01). At the follow-up,
regarding the total rate of covert and/or overt saccades for each canal plane, a relatively
high incidence of saccades (90%) was found in the HC, compared to in the other canal
planes (Table 3).

Table 3. Incidence of pathological covert and overt saccades during vHIT in patients suffering from
vestibular neuritis at the acute stage and follow-up affected side. HC: horizontal canal plane, AC:
anterior canal plane, PC: posterior canal plane. *** p < 0.001, ** p < 0.01, * p < 0.05.

Covert Overt
Total (Covert

and/or Overt Saccades)

Affected
Side

Acute
Stage

Follow-Up
Acute
Stage

Follow-Up
Acute
Stage

Follow-Up

N % N % p-Value N % N % p-Value N % N % p-Value

HC 33 94% 24 69% * 30 86% 20 57% * 34 97% 28 90%
AC 20 57% 6 17% ** 17 49% 4 11% ** 24 69% 8 23% ***
PC 11 31% 5 14% 9 26% 5 14% 13 37% 6 17%

At the acute stage, based on either gain values or incidence of saccades, the number
of patients with multi-canal affection was greater than that with isolated canal affection
(Table 4). More specifically, in terms of gain, 80% (28/35) showed multi-canal affection vs.
14% (5/35) for isolated canal affection. In terms of saccades (overt and covert), 71% (25/35)
showed multi-canal affection vs. 28.5% (10/35) for isolated canal affection. Regarding
gain values, the HC was involved in 28 patients, the AC in 28 patients, and the PC in
17 patients; notably, in two patients suffering from AVN, the gain was normal in all the
canals. Refixation saccades were registered in the HC plane of 34 patients, in the AC plane
of 24 patients, and in the PC plane of 13 patients (Table 4).
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Table 4. Isolated and multi-canal involvement according to vHIT parameters (gain, covert saccades,
and overt saccades) at the acute stage of vestibular neuritis (affected side). HC: horizontal canal
plane, AC: anterior canal plane, PC: posterior canal plane.

Isolated Canal Involvement Multi-Canal Involvement

HC AC PC
HC +
AC

HC + PC AC + PC
HC +

AC + PC
Normal Total

Gain 2 2 1 12 2 2 12 2 35
Saccades 10 - - 12 1 1 11 - 35

According to the DHI (acute stage), 5 (14.2%) patients had mild disability, 12 (34.2%)
had moderate disability, and 18 (51.4%) patients had severe disability; the mean total DHI
was 52.17 ± 13.23. At the follow-up, almost all the patients presented a normal DHI score,
except for 5 (14.2%) patients who had mild disability; the mean total DHI was 7.94 ± 9.52. In
the initial stage, the gain values and the gain asymmetry of each semi-circular canal on the
affected and unaffected sides were not statistically correlated with the DHI measurements.
At the follow-up, no statistical correlations were performed, as all of the DHI scores were
below 35 and no clinical significance was expected.

5. Discussion

According to our results, the majority of patients (80%) with AVN had lower VOR
gain in the HC and AC planes, compared to the PC plane (48.5%). The cause of this high
affection of both HC and AC planes could be attributed to anatomical particularities of
the bony channel of the superior vestibular nerve, as it is seven times longer, narrower,
and has much more spicules along its course, compared to that of the inferior vestibular
nerve; this makes the superior vestibular nerve more susceptible to compressive injury and
ischemia [17].

In the period after AVN, a progressive restoration of the semi-circular canal gain
was observed in our patients, mainly regarding the HC and AC gain (Table 1). A central
compensation process, based on synaptic and neuronal plasticity, has been reported to be
responsible for the gain improvement across all the canal planes [18]. Central mechanisms
have also been implicated in the upregulation of the unaffected side [19]; at the acute stage,
our lower gain values were effectively compensated as, otherwise, the lack of disinhibitory
input through commissural pathways would cause a greater gain reduction at higher
accelerations on the unaffected side [19]. The gain asymmetry decreased on the affected
side, mainly in the affected AC/unaffected PC plane (Table 2). However, Allum and
Honegger [20] reported that the mean gain asymmetry change between onset and 5 weeks
was greater (p < 0.001) in the horizontal canal plane (from 36.9% to 19.4%) than in the
other planes.

Although it has been reported that 3–6 months are necessary to observe a stabilization
of the gain [21], a time of more than one year and a half may be required for higher
horizontal head velocities [22]. In our study, our follow-up period was extended up
to 30 months, and we found that the gain was best recovered in the affected AC plane
(50%) compared to in the affected HC (42.8%) and PC (41.1%) planes. Büki et al. [23]
showed that normal HC gain occurred in 55%, AC gain in 38%, and PC gain in 38% of
40 patients, supporting the idea that vertical canals recover less effectively. Furthermore,
Magliulo et al. [13] reported that the PC gain was better normal in 42.1% (8/19), HC gain
in 37.1% (13/35), and AC gain in 25.8% (8/31). The discrepancy between these findings
could be attributed to the short-term follow-up of the two abovementioned studies: two
months [23] and three months [13], respectively.

Despite the fact that the VOR gain was not fully recovered in all cases, the majority
of patients returned to their daily living activities. The question was how, after AVN,
can inadequate recovery of slow phase eye velocity compensate for the VOR deficit to
natural head accelerations. Previous studies [8,24] have suggested that the presence of
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refixation saccades may play a very important role in stabilizing the gaze in space during
head rotations. In patients with unilateral vestibular loss, these saccades may act to
minimize the effect of the dynamic VOR deficit, and could also be considered as part of
a compensatory mechanism to overcome the loss of peripheral vestibular function [4].
In our study, at the acute stage, the saccades were more obviously detected in the HC
plane (covert 94%, overt 86%, mixed 97%; Table 3), compared to in vertical canal planes.
It has been demonstrated [25] that averaged VOR speed gains were greater in the HC
plane, compared to those of vertical canals, in normal subjects; therefore, it is possible that
the saccade recordings are better produced during head rotational accelerations on the
horizontal plane.

As mentioned previously, no other report in the literature has assessed the refixation
saccades for AVN in the vertical planes. According to our results (Table 4), at the follow-
up, both covert and overt saccades—especially those on the affected AC plane—were
significantly reduced in all of the planes. It is worth noting that, in long-term re-examination,
HC covert saccades were recorded at a greater proportion in our patients, compared to
HC overt saccades (69% vs. 57%). Fu et al. [5] also registered, six months after AVN 87%
covert vs. 59% overt saccades. It has been reported [6] that, as vestibular compensation
is promoted, there is an evolution in the saccade pattern from overt to covert saccades.
However, a higher percentage of overt compared to covert frequency has been observed
15 days after AVN (54.6% overt vs. 13.3% covert) [4], 87% overt vs. 43% covert at 1 month
after AVN [26], and 73.4% overt vs. 14.7% covert at 4 months after AVN [27]. The role
of covert and overt saccades after AVN has not yet been clarified. It has been proposed
that covert saccades may contribute to the compensation of inadequate VOR response and
to symptom-associated recovery [5]. Conversely, a high prevalence of overt saccades has
been related to a worse prognosis after acute AVN [28]. Wettstein et al. [29] reported that
patients suffering from AVN and higher percentage of covert saccades had better dynamic
visual acuity; on the contrary, patients with few covert saccades and/or high amplitude of
cumulative overt saccades had poor dynamic visual acuity. Navari et al. [27] supported
the idea that residual disability after acute unilateral vestibulopathy was related with
lower high-velocity VOR gain, increased gain asymmetry, and increased overt saccades
number and amplitude. It seems that the presence of covert saccades is more essential for
the vestibular compensation process and would faster facilitate the recovery, taking into
account that almost all of our patients had a favorable outcome after AVN.

Due to the clinical application of the vHIT, the interpretation of the results was based
on the gain value, which was used to determine whether the vestibular function could be
classified as either normal or pathological. It has also been reported that it is advisable
to check both gain and refixation saccades when performing vHIT to detect vestibular
hypofunction [26]. However, patients suffering from vestibular disorders in which the gain
was normal on vHIT testing have been reported, where only the presence of refixation
saccades indicated the existence of peripheral vestibulopathy [30]. Thus, the occurrence
of saccades could be more reliable than the gain value for the evaluation of vestibular
function [31]. Two of our patients with AVN showed normal gain in all canals, raising a
question regarding the pathophysiology of this disease; however, both of these patients
showed refixation saccades (Table 4). Unlike the gain results (Table 4), and based on
the saccade findings, there was no AC- or PC-isolated AVN, but more HC-isolated AVN
(10 cases).

According to our results, multi-canal affection occurred more frequently (80% for gain,
71% for saccades) than isolated canal affection (see Table 4). Thus, at least two canals were
usually implicated in the pathogenesis of AVN. We have retrieved reports that assessed
the semi-circular canal involvement (horizontal and verticals) through vHIT in patients
suffering from AVN, and found five studies measuring the gain in these canals (but not the
presence of saccades). Multi-canal affection was reported in 60% [11], 62.5% [27], 68.9% [12],
75% [10], and 80% of cases [13], respectively; in almost all of these studies, both the HC and
AC gain, or the gain of all three canals (HC + AC + PC), were more frequently found to be
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abnormal. However, only sporadic cases with isolated horizontal or anterior canal AVN
have been described in the literature [10,23]. It seems that, in most AVN cases, the damage
is extensive rather than selective; as, for example, both superior and inferior vestibular
nerve AVN is more frequent than superior or inferior vestibular nerve AVN alone [10,13,27].

The DHI is the most widely used self-reported measurement of patients with dizzi-
ness [32]. Our long-term mean total DHI after AVN was 7.94, indicating a complete recovery.
Other studies assessing long-term DHI results after AVN have presented comparable val-
ues, such as 12.51 (follow-up: 5.3 y) [33] and 18.3 (follow-up: 3 y) [11]. In our study, at the
acute stage, no statistically significant correlation between the vHIT parameters and the
DHI values was found. Similarly, Riska et al. [4] also did not find a significant difference
in DHI score as a function of saccade group (DHI score: 48 for covert, 47 for overt, 54 for
mixed saccades) less than one month after AVN. Patel et al. [11] reported that 10% of their
patients, 3–36 months after AVN, showed DHI scores more than 35, but they did not find a
correlation between ipsilesional high velocity VOR gain or gain asymmetry of the single or
combined HC, AC, and PC with the DHI scores. However, Manzari et al. [6] observed a
statistical correlation between the HC gain and DHI values six weeks after AVN. Fu et al. [5]
compared two groups of patients at 6 months after UVN—28 patients without or with
mild disability (according to DHI) to 19 patients with moderate to severe disability—and
reported that the proportion of patients with presence of covert saccades in the first group
was significantly higher than that in the latter group.

6. Conclusions

In the relatively long follow-up period after AVN, the vHIT gain was found to be
increased on the affected side in all of the three semi-circular canals, mainly in those
innervated by the superior vestibular nerve (i.e., HC and AC canals). The vHIT gain was
recovered in all canals, and both covert and overt saccades were reduced in all the canal
planes—notably, they were more significantly in the affected AC/unaffected PC plane. The
compensatory mechanisms after AVN mainly involved the HC, as the refixation saccades—
especially the covert compared to overt saccades—were more frequently detected in the
HC plane than in the vertical canal planes. In AVN, multi-canal affection occurred more
frequently than isolated semi-circular canal affection, indicating that the vestibular nerve
damage is usually more extensive than selective.
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