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Abstract

Objective: An at home-test for differentiating between conductive and sensorineural

hearing loss remains elusive. Our goal was to validate the novel cell-phone vibration

test (CPVT) against the Weber tuning fork test (WTFT) and to assess if the CPVT can

be self-administered by patients reliably.

Study design: Cross-sectional.

Methods: The CPVT involves placement of a vibrating cellphone on the center of the

forehead to determine which ear perceives the sound louder. 40 consecutive adult

patients with an audiogram within 6 months and no report of recent hearing changes

were recruited. Group 1 consisted of 20 patients who were examined by the provider

with the CPVT and WTFT using various tuning forks (256, 512, and 1024 Hz). Group

2 consisted of an additional 20 patients who received instructions on self-

administering the CPVT. Kappa statistics were calculated to assess the strength of

concordance between the CPVT, WTFT, and audiometric findings for group 1 and

between patient self-administered and provider administered CPVT and WTFT for

group 2.

Results: Concordance between CPVT and WTFT in the entire cohort was substantial

(Kappa coefficient: 0.81 for 256 Hz, 0.73 for 512 Hz, and 0.62 for 1024 Hz) with

similar concordances between actual and expected results based on audiogram

(Kappa coefficient: 0.52 for CPVT and 0.52 for WTFT). Concordance between

patient-administered and provider-administered CPVT showed almost perfect agree-

ment (Kappa coefficient: 0.92).

Conclusions: The CPVT provides consistent results when compared to a formal WTFT

and can be reliably self-administered by patients with appropriate instructions.

Level of evidence: 4
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1 | INTRODUCTION

As a consequence of the global COVID-19 pandemic, an acceleration

in the implementation of telemedicine occurred in order to better tri-

age patients while maintaining medical resources and promoting social

distancing. Concurrent improvements in video conferencing technol-

ogy and the convenience afforded by telemedicine have allowed vir-

tual health practices to persist even after many clinics have begun

returning to in-person practice. Nevertheless, a primary disadvantage

of telemedicine remains its relative inability to perform a complete

physical examination, at least not in the same manner one would in

clinic. In particular, an effective otologic exam remains elusive.

The ability to rapidly and effectively identify sudden sensorineural

hearing loss (SSNHL) is essential. SSNHL—with an incidence in the

United States of 5 to 27 per 100 000 people1—is one of the few true

otologic emergencies requiring expedited evaluation. Current guide-

lines recommend the initiation of oral or intratympanic steroids within

14 days of symptom onset.2,3 Although 32% to 65% of SSNHL cases

recover spontaneously,4 delay in management may lead to residual

tinnitus, vertigo, and permanent hearing loss as well as significant neg-

ative impacts on quality of life.2,5,6

Audiometry is the gold standard for diagnosing SSNHL; however, this

requires appropriately trained staff and equipment which may not be

readily available. Thus, the first step in evaluating a patient with suspected

SSNHL begins with a history and physical examination to exclude conduc-

tive hearing loss (CHL).2,3 Tuning fork tests remain a fundamental part of

the otologic examination. Lateralization of the Weber turning fork test

(WTFT) to the affected ear has historically differentiated CHL from

SNHL.7 Alternatives to the WTFT such as the hum test and the bandage

scratch test have been proposed, but neither of these methods have been

appropriately validated for general otology patients. The overall clinical

data base studying these alternative tests is thin and external validity was

limited as they were performed on patients with normal hearing with sim-

ulated CHL or solely on postoperative patients.8,9

Given the ubiquity of cellphones, utilization of the native vibra-

tion function of a mobile phone as a surrogate for a tuning fork is a

newer proposed alternative. One study demonstrated the use of

smartphone vibration as a replacement to the WTFT on an inpatient

ward, but the external validity of this study was limited as it was per-

formed only on patients with a simulated CHL.10 Another study per-

formed on 60 consecutive patients presenting to the emergency

department with unilateral sudden hearing loss found smartphone

vibration as an adequate substitute when a provider may not have

access to a tuning fork.11 Further demonstrating the cell phone vibration

test's (CPVT) utility for effective and accurate patient self-administration

at home would dramatically enhance the telemedicine encounter for

patients with SSNHL. Not only would it reduce COVID-19 exposure

risk, but it may also assist clinicians in resource scarce settings triage

which patients will need expedited, in-person care.

The aim of this study, therefore, is to validate the CPVT as an

adequate replacement to the WTFT on actual otology patients. An

audiogram was used as the gold standard against which to compare

accuracy for both the CPVT and the WTFT. Furthermore, we assessed

whether patients could accurately self-administer the CPVT when

given appropriate instructions.

2 | MATERIALS AND METHODS

Institutional review board approval was obtained through the Walter

Reed National Military Medical Center Department of Research Pro-

grams (WRNMMC-EDO-2020-0553). After informed consent was

given prior to participation, 40 consecutive adult patients presenting

to a tertiary care otology practice were assessed. Inclusion criteria

required that patients had a pre-existing comprehensive pure-tone

audiogram performed within the past 6 months and no reported sub-

jective changes in hearing. Patient demographics and ICD-10 coded

diagnosis were recorded. Patients who were under the age of 18, had

pre-existing implant devices, or had a recent subjective change in

hearing of either ear within the past 6 months were excluded.

The CPVT consists of using a standard smart phone without a

phone case and placing it on a continuous vibration setting. A corner

of the vibrating smartphone is placed firmly on the anterior midline

forehead (Figure 1A). The patient is then asked in which ear the vibra-

tion is heard loudest (or if it is equal on both sides), and the vibration

is continuously replayed until the patient feels confident in their

F IGURE 1 (A) Cell phone vibration test and (B) traditional Weber tuning fork test, respectively
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answer. The WTFT is similarly performed on the same point of the

anterior midline forehead (Figure 1B).

Patients were separated into two groups. Group 1 consisted of

the first 20 patients who were subjected to the CPVT performed by

the provider. Formal WTFTs were also performed utilizing 256, 512,

and 1024 Hz tuning forks. The results of the CPVT were compared to

the formal WTFT. Group 2 consisted of the subsequent 20 patients.

These individuals were provided verbal instructions and a visual hand-

out on how to self-administer the CPVT (Figure 2). After patients

F IGURE 2 Visual handout for instructions on self-administering the cell phone vibration test

TABLE 1 Interpretation of Cohen's kappa (from Landis and Koch12)

Value of Kappa Interpretation

<0 Poor agreement

0.0-0.20 Slight agreement

0.21-0.40 Fair agreement

0.41-0.60 Moderate agreement

0.61-0.80 Substantial agreement

0.81-1.00 Almost perfect agreement
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performed the CPVT on themselves and the results were

recorded, the test was repeated by the provider along with the

aforementioned WTFTs. The results of the patient's self-

administered CPVT were compared to that of the provider

administered CPVT for concordance. Strength of agreement

between all categorical responses were assessed using a Kappa

statistic12 with 95% confidence intervals. Table 1 outlines the

interpretation of Cohen's Kappa statistic.

TABLE 2 Patient demographics, audiometric diagnosis, and CPVT and 512 Hz WTFT results

Patient Gender Age

Worse
hearing
ear

AC PTA
difference between
ears (dB)

ABG in
worse
ear (dB)

Audiometric
diagnosis

Expected
lateralization based
on audiogram CPVT

Weber
512 Hz

1 F 67 R 7.5 10.0 Unilateral CHL R R R

2 F 60 L 66.3 41.3 Unilateral CHL L L L

3 M 78 R 22.5 4.2 Unilateral SNHL L M L

4 M 41 L 15.0 2.5 Unilateral SNHL R M M

5 F 48 L 81.3 0.0 Unilateral SNHL R R R

6 M 44 L 10.0 23.8 Unilateral CHL L L L

7 M 42 L 37.5 23.8 Unilateral CHL L L L

8 M 70 L 20.0 13.8 Unilateral CHL L L L

9 M 67 R 12.5 17.5 Unilateral CHL R R R

10 F 57 L 8.8 2.5 Bilateral SNHL M L L

11 F 28 L 30.0 33.8 Unilateral CHL L L L

12 M 75 R 26.3 36.3 Unilateral CHL R M M

13 F 31 L 1.3 2.5 None M L L

14 M 54 L 27.5 35.0 Unilateral CHL L L L

15 M 47 R 12.5 18.8 Unilateral CHL R R R

16 F 59 R 2.5 8.8 Bilateral SNHL M L L

17 F 39 L 6.3 7.5 None M M M

18 M 48 R 11.3 16.3 Unilateral CHL R R R

19 M 77 R 6.3 5.0 Bilateral SNHL M L L

20 M 39 R 27.5 30.6 Unilateral CHL R R R

21 M 53 L 5.0 0.0 None M L M

22 F 22 R 6.3 5.6 None M R R

23 M 73 R 3.8 0.0 Bilateral SNHL M R R

24 M 65 L 3.8 11.9 Bilateral CHL L L R

25 M 32 L 72.5 51.3 Unilateral CHL L L L

26 M 30 L 3.8 3.1 None M L L

27 M 48 N/A 0.0 0.0 None M M L

28 M 64 L 15.0 11.9 Unilateral CHL L L L

29 M 19 R 9.4 10.6 Unilateral CHL R R R

30 F 30 L 30.0 25.0 Unilateral CHL L L L

31 M 52 R 18.8 26.3 Bilateral CHL R R R

32 F 38 R 16.3 16.3 Unilateral CHL R M R

33 M 74 L 3.8 0.0 Bilateral SNHL M M R

34 F 63 R 3.8 8.8 Bilateral CHL M M M

35 M 51 R 5.0 15.0 Bilateral CHL R R R

36 M 56 N/A 0.0 0.0 None M M M

37 F 60 L 45.6 30.6 Unilateral CHL L L L

38 F 49 R 28.8 30.0 Unilateral CHL R R R

39 M 59 L 8.8 12.5 Bilateral CHL L M R

40 M 31 R 52.5 17.5 Unilateral CHL R R R

Abbreviations: ABG, air bone gap; AC, air-conduction; CHL, conductive hearing loss; L, left; M, midline; PTA, pure tone average; R, right; SNHL,
sensorineural hearing loss.
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The expected lateralization for the CPVT and 512 Hz WTFT was

determined by assessing the pure tone audiogram for CHL, SNHL, or

no hearing loss. Air conduction (AC) and bone conduction (BC) pure

tone averages (PTA) were calculated using data at 0.5, 1, 2, and 3 kHz.

If 3 kHz was not recorded, the mean of 2 and 4 kHz was used

according to the guidelines from the Committee on Hearing and Equi-

librium.13,14 CHL was defined as the presence of at least a 10 dB air

bone gap. If the patient had bilateral CHL, lateralization was expected

to the ear with the larger air bone gap. Asymmetric SNHL was deter-

mined by the presence of at least 10 dB difference between ears

without an associated air bone gap. If the patient met neither of these

conditions, then it was expected the CPVT and WTFTs would remain

midline. Strength of agreement between actual and expected laterali-

zation was assessed using a Cohen's Kappa with 95% confidence

intervals, comparing provider CPVT and Weber 512 Hz tests with

audiogram results.

3 | RESULTS

Forty patients were included in this study of which 33 patients pres-

ented with hearing loss diagnosis. Gender distribution was skewed with

62.5% of subjects being male and the median age was 52.5 years. Indi-

vidual patient demographics, audiometric diagnosis, and physical exami-

nation findings are listed in Table 2. Two patients in group 1 had non-

hearing loss complaints, including BPPV and unspecified right ear

otalgia. Additionally, eight patients were long-term post-operative

patients including both external and middle ear surgeries. Kappa statis-

tics indicated substantial agreement between provider CPVT and across

all WTFT frequencies; Kappa values are displayed in Table 3. Compared

to the patient's formal audiograms, Kappa between actual and expected

lateralization was moderate for both tests: percent agreement and

Kappa (95% CI) was 65%, 0.47 (0.17, 0.76) for the CPVT and 70%, 0.54

(0.26, 0.81) for the 512 Hz WTFT.

Five patients in group 2 had non-hearing loss complaints, includ-

ing vestibular migraine, parapharyngeal paraganglioma, and Eustachian

tube dysfunction. Three patients were postoperative evaluations.

Kappa statistics demonstrated near perfect agreement (95%, 0.92

[0.78, 1.0]) between the patient self-administered and provider

administered CPVTs. Only one patient failed to demonstrate concor-

dance. No patient expressed significant difficulty with the verbal and

visual instructions provided. Concordance was lower between pro-

vider administered CPVT and WTFTs in group 2 (Table 3); however,

the percent agreement and kappa values between actual and

expected lateralization of the CPVT and 512 Hz WTFT remained com-

parable: 70%, 0.54 (0.26, 0.81) vs 65%, 0.47 (0.17, 0.76).

To increase power, kappa statistics for both groups 1 and 2 com-

bined were calculated to compare provider administered CPVT and

WTFTs. Cohen's Kappa (95% CI) for agreement remained substantial

in the combined cohort. We were also interested in calculating the

diagnostic accuracy of the CPVT among the subgroup of patients who

were expected to lateralize, since patients who present with SSNHL

would presumably lateralize based off the audiometric diagnostic cri-

terion in hearing loss of ≥30 dB affecting at least three consecutive

frequencies.2,3 Thus, a subgroup of patients was stratified who had

audiometric results which would be expected to lateralize on the

WTFT. Concordances for this subgroup (n = 26) between the CPVT

and WTFTs increased (Table 3). Concordance with audiograms also

increased to 81%, 0.68 (0.46, 0.89) and 88%, 0.78 (0.57, 1.00) for the

CPVT and 512 Hz tuning fork test, respectively. A summary of the

concordances between actual and expected lateralization based off

the formal audiograms are displayed in Figure 3. Of note, percent

agreement for both the CPVT and 512 Hz WTFT with the expected

lateralization in the CHL patients was 88%, whereas for the SNHL

patients it was 25%.

4 | DISCUSSION

The present study demonstrates that the CPVT is similar in accuracy

to the WTFTs in differentiating type of hearing loss and more

TABLE 3 Percent and Cohen's kappa
statistic (95%) for agreement between
provider administered CPVT and weber
tuning fork tests

Patient subgroup 256 Hz 512 Hz 1024 Hz

Group 1 85%, 0.76 (0.51, 1.00) 95%, 0.92 (0.76, 1.00) 85%, 0.76 (0.51, 1.00)

Group 2 90%, 0.85 (0.65, 1.00) 75%, 0.54 (0.26, 0.82) 65%, 0.47 (0.18, 0.76)

All 88%, 0.81 (0.65, 0.96) 83%, 0.73 (0.55, 0.90) 78%, 0.62 (0.42, 0.81)

Lateralized 92%, 0.88 (0.72, 1.00) 88%, 0.81 (0.62, 1.00) 81%, 0.69 (0.46, 0.92)

F IGURE 3 Cohen's kappa for agreement between actual and
expected lateralization of the CPVT, 512 Hz WTFT, and formal
audiograms. Error bars represent 95% confidence interval. CPVT, cell
phone vibration test; WTFT, Weber tuning fork test
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importantly, that patients appear fully capable of self-administering

the CPVT with the same degree of accuracy as providers. The utility

of developing and validating a simple at-home test for differentiating

SNHL and CHL remains relevant in the current environment. Although

widespread vaccinations have allowed for a recent return to in-person

practice, concerns for virus variants and vaccine breakthrough infec-

tions makes telemedicine an attractive option once again.15 Otolaryn-

gology practices are at a higher theoretical risk of transmission since a

complete evaluation involves the upper aerodigestive tract and aero-

sol generating procedures such as nasal endoscopy and flexible

fiberoptic laryngoscopy are frequently performed in office.16,17

Otolaryngologists have continued to embraced telemedicine in

accordance with ongoing recommendations made by the American

Academy of Otolaryngology. Tele-otolaryngology was already of par-

ticular interest to the military, given the need to provide tertiary level

care to patients in austere or remote locations. Retrospective studies

performed at the Vermont Veteran Affairs Medical Center and Naval

Medical Center San Diego found up to 62% of otolaryngology

encounters would be eligible for telemedicine visits and that 64% of

telemedicine patients were able to receive a preliminary diagnosis and

plan, respectively.19,20 More recent studies found high levels of both

patient and provider satisfaction with respect to tele-otolaryngology,

though there remains some concern regarding the lack of physical

examination.21 Virtual physical examination maneuvers help address

this practice gap, but the most apparent barrier is the ability and confi-

dence of the patient to perform a maneuver on themselves.

The CPVT breaks down this major challenge to oto-telemedicine

and confers several significant advantages relative to the WTFT for at

home use. First, nearly all patients have access to a cellular phone

with vibration function. Second, the continuous vibration setting of

cell phones is consistent, whereas proper technique is more important

when utilizing a tuning fork to avoid the generation of non-

fundamental sound frequencies that are produced when the fork is

struck incorrectly, a fact that may confound patient interpretation.22

The primary disadvantage to this, or any at home physical exam

maneuver that requires patient cooperation, is that patients must fol-

low instructions correctly. Emphasis on the need to firmly press the

smartphone onto the center of the forehead, for example, is impor-

tant. The ability to properly follow directions is especially important in

patients with hearing loss who have previously been demonstrated to

have decreased health literacy relative to typical hearing individuals.23

Having a validated virtual exam maneuver for the differentiation

of CHL and SNHL has significant diagnostic utility in the telemedicine

management of SSNHL. Even in normal in-person clinical settings,

there is a considerable amount of variability and delay in workup. A

Department of Defense study on SSNHL found that 75% of patients

presented to their primary care manager (PCM) or the emergency

department (ED) within 5 days of symptom onset, yet they were not

seen by an otolaryngologist until an average of 15 days post-onset.

Only 19% of patients were prescribed oral steroids by their PCM or

the ED, which means a significant number of patients were not ade-

quately treated within the ideal 14-day window recommended by the

SSNHL clinical practice guideline.24 Although it does not replace gold

standard audiometry, the CPVT clearly provides clinicians performing

virtual health examinations an additional tool to assist in the prompt

recognition and diagnosis of SSNHL.

The diagnostic accuracy of the CPVT and WTFTs as compared to

a formal audiogram appears less than optimal and is somewhat

expected given the controversy behind WTFT accuracy. Sensitivity

and specificity vary widely amongst a handful of heterogenous stud-

ies, and the Weber has been shown to lateralize even with modest

hearing asymmetries (2.5–4 dB) lower than our defined 10 dB thresh-

old, which may explain the low accuracy amongst the SNHL patient

cohort.25 Nevertheless, we believe that the CPVT and WTFTs become

a more reliable predictor of the audiogram in SSNHL patients as they

are much more likely to present with significantly abnormal hearing

examinations, comparable to other studies that have also measured

WTFT accuracy in SNHL.11,26 The relatively high accuracy amongst

the CHL patient cohort also supports that these bedside hearing tests

help exclude CHL from the standard initial workup of SSNHL. Again,

the CPVT is not meant to replace the audiogram, but rather serve to

expedite care in the telemedicine setting where tuning forks are often

unavailable. Patients for whom SSNHL is suspected using the CPVT

should undergo formal comprehensive audiometry and, if confirmed,

appropriate imaging to rule out retrocochlear lesions.

Limitations to this study include small sample size, non-randomized

study design, and being performed at a single institution with a primarily

active-duty military and military retiree patient population. Because

some of the cohort were follow up patients, some individuals likely were

aware of their diagnosis, a fact that may have biased their interpretation

of the CPVT and WTFT. Additionally, the CPVT seemed to share the

highest overall agreement with the 256 Hz tuning fork rather than the

more commonly used 512 Hz tuning fork in the present study. This may

be a logical finding given the cell phone's fundamental frequency to be

measured at 148.9 Hz using Praat Software (version 6.1.42), a free com-

puter program that analyzes phonetics, but results could vary with utili-

zation of different cell phone types as the fundamental frequency of

various vibrations were not assessed. Other studies, however, have

measured a similar frequency in different makes and models of cell

phones, indicating that the frequency of vibration is relatively consistent

across samples.11,27 Future directions of our work include blinding pro-

vider and subject to the audiogram or audiometric diagnosis, inclusion

of more patients with SNHL, and studying the CPVT in a true telemedi-

cine environment.

5 | CONCLUSIONS

The CPVT is a virtual physical exam maneuver similar to a WTFT that

can be self-administered by patients to help differentiate CHL and

SNHL. The addition of this at home physical exam maneuver to the

telemedicine encounter has the capacity to expedite care for those

patients most at need for additional testing.
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