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Abstract: The Weber tuning fork test is a standard otologic examination tool in patients with unilat-
eral hearing loss. Sound should typically lateralize to the contralateral side in unilateral sensorineural
hearing loss. The observation that the Weber test does not lateralize in some patients with long-
standing unilateral deafness has been previously described but remains poorly understood. In the
present study, we conducted a retrospective analysis of the medical records of patients with unilateral
profound hearing loss (single-sided deafness or asymmetric hearing loss) for at least ten years. In this
patient cohort, childhood-onset unilateral profound hearing loss was significantly associated with
the lack of lateralization of the Weber tuning fork test (Fisher’s exact test, p < 0.05) and the absence of
tinnitus in the affected ear (Fisher’s exact test, p < 0.001). The findings may imply a central adaptation
process due to chronic unilateral auditory deprivation starting before the critical period of auditory
maturation. This notion may partially explain the poor outcome of adult cochlear implantation
in longstanding single-sided deafness. The findings may suggest a role for the Weber test as a
simple, quick, and economical tool for screening poor cochlear implant candidates, thus potentially
supporting the decision-making and counseling of patients with longstanding single-sided deafness.
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1. Introduction

Tuning fork tests have remained a mainstay of otologic examination for over a century.
The Weber tuning fork test has been mainly used in patients with unilateral hearing
loss to distinguish between sensorineural and conductive hearing loss [1-4]. In patients
with conductive hearing loss, the sound should typically lateralize to the affected side,
whereas in sensorineural hearing loss, it lateralizes to the contralateral side. The mechanism
of sound lateralization of the Weber test has intrigued hearing health professionals for
many decades [1-4]. Clinical and animal experiments have shown that bone conduction
stimulates the cochlea mainly through two routes: (1) through the vibration of the middle
ear ossicles and (2) vibrations of the skull itself (mainly of the cerebrospinal fluid) [4]. In
the case of unilateral sensorineural hearing loss, the intercochlear intensity and phase
differences lead to vibrations being perceived louder in the contralateral unaffected ear,
producing sound lateralization. The observation that some patients with longstanding
unilateral deafness fail to lateralize on the Weber test has been previously mentioned in the
literature but remains poorly understood [2,5,6]. To date, there is no explanation as to why
some patients with longstanding single-sided deafness lateralize and others do not. This
article reports on thirteen cases of patients with longstanding unilateral profound hearing
loss of various etiologies. These patients had different lateralization patterns on the Weber
tuning fork test, seemingly related to the age of onset of deafness.
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2. Materials and Methods

The study was approved by the ethics committee of Charité Medical University
(approval number EA1/015/21). The analysis involved the retrospective review of the
hospital records and audiograms of adult patients with profound unilateral hearing loss
(UHL) of at least ten years’ duration who presented to our outpatient department and/or
auditory implant clinic between 2018 and 2021. Pure tone audiograms (PTA) determined
the ipsilateral and contralateral hearing status. Profound hearing loss was defined by a
pure tone threshold average of 90 dB or higher, as described previously [7,8]. The pure
tone threshold average was considered the average threshold at four frequencies: 0.5, 1,
2, and 4 kHz. The Weber tuning fork test was performed using a standard 512 Hz tuning
fork for all patients. To meet the inclusion criteria, the patients had to have an audiometric
interaural asymmetry of at least 50 dB at the frequency of the tuning fork tone (512 kHz).
According to the status of the contralateral ear, the patients were divided into single-sided
deafness (SSD) or asymmetric hearing loss (AHL) groups. SSD was defined by contralateral
a PTA four-frequency average threshold below or equal to 30 dB, while AHL was defined
by a PTA four-frequency average threshold above 30dB [9,10]. Statistical analysis was
performed using JMP 15 Software (Statistical Analysis Systems “SAS” Institute, Cary,
NC, USA).

3. Results
3.1. Patient Cohort

Thirteen adult patients met the inclusion criteria. Their age ranged from 26 to 78 years
(median 54 £ 16.3 years); seven patients were male, and six were female. All patients were
diagnosed with profound unilateral hearing loss (UHL) of at least ten years” duration. The
patients” epidemiological, clinical, and medical history details are summarized in Table 1.
Of the 13 patients, 8 had childhood-onset UHL and 5 had adult-onset UHL. The duration
of UHL ranged from 10 to 73 years. According to the status of the contralateral ear, ten
patients had single-sided deafness (SSD), while three patients had asymmetric hearing loss
(AHL). Eight of thirteen patients reported having tinnitus in the poorer hearing ear.

Table 1. Patient characteristics of the study cohort. AHL: asymmetric hearing loss; SSD: single-sided
deafness; UHL: unilateral profound hearing loss. SSNHL: sudden sensorineural hearing loss. F:
female; M: male.

. Age of Duration
Age Weber  Residual SSD vs. . Onset —
(Years) Gender Test Hearing AHL Etiology Onset Classification of UHL  Tinnitus
(Years) (Years)
Infectious .

#1 78 g Nolater- g o AHL (scarlet 6 Childhood 72 No

alization onset
fever)

# 34 M Lateralized No ssp ~Infectious 4 Childhood 30 No
(meningitis) onset

#3 75 F Lateralized  No AHL Surgery 22 Adult onset 53 Yes

#4 54 M Lateralized  No SSD Surgery 37 Adult onset 17 Yes

#5 54 pm Nelate oy SSD Trauma 7 Childhood 47 No
alization onset

46 54 M N.O la.ter- No ssD Infect}ousl . 4 Childhood 50 No
alization (labyrinthitis) onset

#7 56 po Nolater oy SSD SSNHL 46 Adult onset 10 Yes

alization

#8 36 g Nolater- g SSD  Congenital 0 Childhood 36 No
alization onset

#9 54 p Nolater g SSD  Congenital 0 Childhood 54 No
alization onset

#10 51 M Lateralized  Yes ssp ~ Meniere’s 33 Adult onset 18 Yes

disease
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Table 1. Cont.
. Age of Duration
Age Weber  Residual SSD vs. . Onset S
(Years) Gender Test Hearing AHL Etiology Onset Classification of UHL  Tinnitus
(Years) (Years)

#11 44 F Lateralized  Yes SSD SSNHL 22 Adult onset 22 Yes

412 2% Nf) laFer— No ssD Infectious 3 Childhood 23 No
alization (mumps) onset

#13 78 F Nolater- —y o AHL  Infectious 5 Childhood 73 No
alization onset

3.2. Weber Test Lateralization Pattern and the Age of Onset

All but one patient with childhood-onset UHL (seven of eight patients) reported
hearing the tuning fork tone during the Weber test but without lateralization to one side.
In contrast, all but one patient with adult-onset UHL (four of five patients) reported
lateralization to the contralateral side, and no patients lateralized to the ipsilateral side
in this cohort. A contingency analysis showed a significant correlation between the age
of onset (adult vs. childhood) and the pattern of lateralization of the Weber test (Fisher’s
exact test, p = 0.0319). The patients” age, gender, and duration of UHL did not significantly
correlate with the Weber test result in this cohort.

Concerning tinnitus, 5 of 13 patients (38%) reported having tinnitus in the worse
hearing ear (ipsilesional tinnitus). No patients with childhood-onset UHL reported having
tinnitus, while all patients with adult-onset UHL reported having ipsilesional tinnitus. On a
statistical contingency analysis, the absence of tinnitus correlated significantly with the lack
of lateralization during the Weber test (Fisher’s exact test, p = 0.0008). Other factors such
as the ipsilateral residual hearing or the contralateral hearing status were not significantly
associated with the Weber test lateralization pattern in this patient cohort.

3.3. Case Presentations (Selected Cases)

Patient #1: 78-year-old woman who suffered from scarlet fever during childhood
(around the age of six), resulting in a profound hearing loss on the right side. The patient
reported having heard no sounds in the right ear since childhood, even in very noisy
environments. The patient also denied having tinnitus. The pure tone audiogram (PTA)
detected some measurable hearing in the right ear at very high intensities. The contralateral
left ear showed sloping sensorineural hearing loss. The Weber test, performed with a
512 Hz tuning fork, consistently failed to indicate lateralization, as the patient has reported
hearing the tone in the middle of the head. The PTA is shown in Figure 1.
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Figure 1. Pure tone audiogram of Patient #1 with right-sided profound hearing loss caused by scarlet
fever 72 years ago.
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Patient #3: 76-year-old woman who, at the age of 31, underwent a modified radical
mastoidectomy for an invasive middle ear cholesteatoma on the right side. As a result of
the cholesteatoma and the surgery, the patient had right-sided profound deafness and facial
palsy. No recurrence of her cholesteatoma occurred in the following decades. The patient
presented to the outpatient department with mastoid cavity problems. The PTA (Figure 2)
indicated a sloping hearing loss in the contralateral (left) side with a small air-bone gap
after a left-sided tympanoplasty decades ago. The Weber tuning fork test consistently
lateralized to the contralateral (left) side, despite the very long UHL duration (45 years).
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Figure 2. Pure tone audiogram of Patient #3 approximately 45 years after right-sided modified radical
mastoidectomy with partial labyrinthectomy for extensive middle ear cholesteatoma.

Patient #4: 54-year-old man who underwent a translabyrinthine surgery for right-
sided vestibular schwannoma 17 years ago. Immediately after the surgery, the patient
reported a right-sided profound hearing loss (PTA is shown in Figure 3) and facial palsy,
both of which have persisted to the present day. The contralateral side retained normal hear-
ing. The magnetic resonance follow-up scans determined no evidence of tumor recurrence,
and the Weber test lateralized to the contralateral (left) side.
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Figure 3. Pure tone audiogram of Patient #4 approximately 17 years after translabyrinthine surgery

for right-sided vestibular schwannoma.
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Patient #7: 56-year-old woman who suffered from an acute episode of right-sided
sudden sensorineural hearing loss (SSNHL) at 46 years. The contralateral side showed
normal hearing. Ten years later, the Weber tuning fork test does not lateralize, but instead,
it is heard in the middle of the head. The hearing loss and tinnitus did not recover. The
patient elected not to undergo cochlear implantation. The PTA is shown in Figure 4.
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Figure 4. Pure tone audiogram of Patient #7 approximately ten years after right-sided sudden
sensorineural hearing loss.

Patient #9: 54-year-old man with profound left-sided sensorineural hearing loss of
unknown etiology since birth. The PTA showed contralateral normal hearing (Figure 5).
The Weber tuning fork test consistently showed a failure of lateralization.
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Figure 5. Pure tone audiogram of Patient #9 with left-sided profound hearing loss since birth.

Patient #10 is a 52-year-old man with left-sided Meniere’s disease for over twenty
years. The disease progression had resulted in recurrent vertigo attacks, left-sided sen-
sorineural hearing loss, and tinnitus. After multiple intratympanic gentamicin injections,
complete control of the vertigo attacks was reached. However, the intratympanic gen-
tamicin treatment resulted in a left-sided profound UHL for over 18 years. The Weber
test lateralized to the contralateral (right) side. The patient was referred to the cochlear
implantation unit for auditory rehabilitation. The PTA is shown in Figure 6.
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Figure 6. Pure tone audiogram of Patient #10 with left-sided Meniere’s disease.

4. Discussion

In the present study, we analyzed the results of the Weber test in a small cohort
of patients with single-sided deafness (5SD) and asymmetric hearing loss (AHL). The
common features shared among all patients in the present study are the unilaterality and
long duration of the profound hearing loss, ranging from ten to over seventy years. Despite
the anticipated lateralization of the Weber test in the entire cohort, eight of thirteen patients
reported the sound heard equally on both sides (no lateralization).

We hypothesize that the longstanding auditory deprivation associated with profound
unilateral hearing loss (UHL) could lead to a central adaptation process, contributing to
the loss of lateralization of the Weber tuning fork test. This observation appears to apply to
both SSD and AHL. It is tempting to speculate that the loss of Weber test lateralization could
be attributed to central habituation. Observations from daily otologic practice support
such a notion. For instance, patients who underwent successful stapedotomies commonly
describe environmental sounds as uncomfortably loud for a short period immediately after
the surgery [1]. This observation can be explained by the central adaptation to a low-sound-
intensity input from that ear over a long time. Since this discomfort is generally transient,
this central adaptation appears to be reversible in those cases of chronic conductive hearing
loss [1]. After an acute unilateral vestibular loss, an equivalent central habituation process
is also well established [11-13]. It would be interesting to determine whether such an
adaptation process in the central auditory system influences the outcome of cochlear
implantation in patients with SSD.

The effects of unilateral auditory deprivation on the auditory cortex have been pre-
viously studied [14,15]. Children with SSD display neural plastic changes in the auditory
cortex, particularly cortical reorganization and interaural preference, which may be re-
versible after early cochlear implantation [15-18]. Interestingly, auditory cortex maturation
continues well into adolescence [19], which may explain the absence of tinnitus and lack
of Weber test lateralization observed in patients with postlingual childhood-onset SSD
in the present study. These cortical changes may explain the poorer outcome of cochlear
implantation in prelingual SSD compared to postlingual SSD [15]. However, animal mod-
els of SSD have also shown neuroplastic changes in the subcortical auditory centers [20],
making the model even more complex. This complexity renders it challenging to employ
specific electrophysiologic or radiological markers as predictors for the outcome of cochlear
implantation in patients with longstanding SSD. One potential approach would be to
use functional magnetic resonance imaging (fMRI) to evaluate the central reorganization
occurring after SSD [21,22]. Based on the current study’s findings, we suggest adding the
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Weber tuning fork test to the standard test battery to evaluate cochlear implant candidacy
in SSD patients.

SSD patients should be counseled about the alternatives to cochlear implantation,
including contralateral routing of signals (CROS) or bone conduction devices. While those
devices may abolish the head shadow effect, they do not restore binaural hearing [23,24].
In the well-selected motivated SSD patient, cochlear implantation may thus be an attractive
treatment option that allows binaural hearing with improved sound localization, tinnitus
relief, speech discrimination in noise, and quality of life [25,26]. In a recent randomized
controlled trial, cochlear implantation outperformed CROS and bone conduction devices
in SSD [26]. However, the auditory outcomes of cochlear implantation in congenital and
longstanding SSD still represent a challenge, which was the primary motivation behind
the present study, aiming to provide clinical predictors of cochlear implant performance in
longstanding SSD.

The lack of reliable electrophysiologic or radiological outcome predictors for cochlear
implantation in SSD patients may reflect the incomplete understanding of the neurobio-
logical changes associated with SSD. Indeed, the outcome of cochlear implantation in SSD
is variable and depends on several factors, most notably the duration of deafness [27-31].
A long duration of SSD has been associated with poor cochlear implant performance
and deficient postoperative speech discrimination [27-31]. As a result, many clinicians
do not recommend cochlear implantation in longstanding SSD. However, the outcomes
of auditory rehabilitation with cochlear implants vary among SSD patients, precluding
a consensus or guideline, since some patients still achieve some degree of benefit even
after long durations of deafness [32]. A systematic review of the literature identified a
statistically significant negative association between the SSD duration and postoperative
speech discrimination [27]. However, the effect size was not clear, thus not allowing for a
recommendation on the longest accepted period of SSD for cochlear implant candidacy [27],
especially considering the myriad of other confounding factors influencing the outcome. In
our own published data on implanted adults with SSD, there was a statistically significant
correlation between a longer duration of SSD and poorer postoperative implant perfor-
mance, with congenital SSD patients having zero speech discrimination in the implanted
ear one year after implantation [28,33].

In clinical and experimental studies, the association between tinnitus and SSD has been
well established [14]. Chronic subjective tinnitus may be regarded as a central response
to peripheral auditory deafferentiation [15,34]. Translational audiology experiments with
animal models of SSD have demonstrated the lack of tinnitus in congenital SSD [34,35]. This
finding has been confirmed by human clinical studies of congenital SSD patients, suggesting
that auditory experience is essential for the development of tinnitus [36]. Furthermore,
the duration of auditory experience must be sufficiently long for the development of
tinnitus [37]. Indeed, Lee and coworkers reported the absence of subjective ipsilesional
tinnitus in adult patients with SSD with onset before the age of 20 years [37]. These findings
suggest that the lack of tinnitus in SSD may be associated with irreversible neural plastic
changes if they persist after the critical point of auditory development in adolescence. As
such, the absence of tinnitus in adult patients with childhood-onset SSD may indicate
irreversible central changes. Future studies should investigate the potential usefulness of
central auditory processing evaluations in detecting those changes. In adult-onset SSD, the
role of tinnitus as a predictive factor is less clear. Previous studies have shown that the
severity of tinnitus associated with sudden sensorineural hearing loss (SSNHL) decreases
with time [38]. Some authors hypothesized that SSD patients with tinnitus might have
better auditory outcomes after cochlear implantation than those without tinnitus [39]. In
the present study, ipsilesional tinnitus was reported exclusively by patients with adult-
onset UHL, which is consistent with the findings of Lee et al. [37]. In the patients with
childhood-onset UHL, the absence of tinnitus correlated significantly with the lack of
Weber test lateralization. Since our data are only correlative and retrospective, the findings
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should still be confirmed in further prospective studies. The small sample size and the
heterogeneous patient cohort represent the main limitations of our research.

5. Conclusions

In patients with longstanding SSD referred for cochlear implantation, the poor postim-
plantation auditory performance can be partially explained by peripheral factors (such
as spiral ganglion neurite retraction or neuronal loss). However, a central habituation
component is also likely involved, as shown by electrophysiological and brain mapping
studies [14,17,40]. It is tempting to hypothesize that the lack of Weber test lateralization
could predict this central habituation process, possibly forecasting the auditory perfor-
mance of implanted SSD patients. Based on this hypothesis, we proposed a novel role
for the Weber test as a simple adjunct screening tool before cochlear implantation of SSD
patients. If confirmed, this phenomenon may have implications for otologic practice, poten-
tially supporting the decision-making and counseling of patients with longstanding SSD,
who seek auditory rehabilitation. Further, more extensive studies are needed to elucidate
the relation between the Weber tuning fork test result and the cochlear implant performance
in patients with SSD. In addition to clinical research, the reverse translational approach
(“bed-to bench”) is recommended for further studies to determine the precise cell biology-
and neurobiology-based mechanisms of the changes seen in clinical practice.
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