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determine whether SARS-CoV-2 may affect auditory function in clinically ill COVID-19 patients.
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Materials and methods: COVID-19 patients with moderate-severe disease and without prior history of
hearing abnormalities were enrolled from a tertiary referral center, and matched with controls. Partic-
ipants performed an audiometric evaluation, and thresholds were compared.

Results: 120 ears from 60 patients were enrolled. Patients with COVID-19 showed worse mean auditory
thresholds starting from 1000 Hz through higher frequencies, when compared to controls (1000 Hz:
18.52 + 5.49 dB HL in controls vs 25.36 + 6.79 dB HL in COVID-19, p < 0.001; 2000Hz: 17.50 + 5.57 dB HL
in controls vs 21.96 + 7.05 dB HL in COVID-19, p = 0.010; 3000Hz: 17.97 + 8.07 dB HL in controls vs
25 +9.38 dB HL in COVID-19, p = 0.003; 4000 Hz: 20.16 + 10.12 dB HL in controls vs 29.55 + 11.26 dB HL
in COVID-19, p = 0.001; 8000 Hz: 31.09 + 12.75 dB HL in controls vs 40.71 + 19.40 dB HL in COVID-19,
p = 0.030; Pure Tone Average: 20.42 + 4.29 dB HL in controls vs 24.85 + 5.62 dB HL in COVID-19,
p = 0.001). Statistical significance persisted after adjusting for confounders such as age, gender and
various comorbidities (p < 0.05).

Conclusions: SARS-CoV-2 may affect hearing in COVID-19 patients with moderate-severe disease. Results
are in line with the previous suggested effects of COVID-19 on auditory system. This study is expected to

encourage further research on this topic.
© 2021 PLA General Hospital Department of Otolaryngology Head and Neck Surgery. Production and
hosting by Elsevier (Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coronavirus disease 2019 (COVID-19) pandemic is an enormous
public health challenge implying an outrageous number of in-
fections and casualties worldwide. A lot is still unknown about the
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possible short-term and long-term effects of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection on the human
physiology (Wiersinga et al., 2020). Reported symptoms such as
fever, fatigue, dry cough or dyspnea may reflect the respiratory
affection (Berlin et al., 2020; Carfi et al., 2020; Gandhi et al., 2020).
Nevertheless, there are various case reports relating to the
involvement of cranial nerves by the SARS-CoV-2, as it seems to be
a reasonable neurotropic entity (Pezzini and Padovani, 2020;
Yachou et al., 2020). The reported cranial mononeuropathies range
from the prevalent anosmia (Vaira et al., 2020) to rarer isolated
facial palsy (Lima et al., 2020) or ophthalmoparesis (Dinkin et al.,
2020), but there are also descriptions of concomitant/multiple
cranial neuropathies on the same patient (Gutiérrez-Ortiz et al.,
2020). The vestibulocochlear system seems to be no exception,
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with reports concerning vestibular neuritis, disequilibrium,
tinnitus and sudden hearing loss (Koumpa et al., 2020; Malayala
and Raza, 2020; Viola et al., 2020).

It is well established that several viral infections may lead to
hearing loss through different mechanisms, such as direct damage
to the inner ear structures or indirect lesion by eliciting inflam-
matory responses (Cohen et al., 2014). In the particular case of
SARS-CoV-2, it is still unclear whether the auditory system may be
a target, although the virus has already been isolated within middle
ear and mastoid tissue (Frazier et al., 2020). Interestingly, a study by
Mustafa showed poorer pure-tone thresholds in high-frequencies
as well as worse Transient Evoked Otoacoustic Emissions (TEOAE)
amplitudes in asymptomatic COVID-19 individuals (Mustafa, 2020).
To date, no studies are found regarding audiological evaluation of
symptomatic or hospitalized COVID-19 patients. Thus, the objective
of this study was to contribute to the fulfillment of that gap in
scientific evidence: describing the hearing function of hospitalized
patients with documented moderate-severe COVID-19 illness (test
group), while comparing them to controls. Additionally, hypothe-
sized predictors for hearing function on COVID-19 patients were
explored. This study ultimately aims to address the impact SARS-
CoV-2 may have on the hearing function of clinically ill patients.

2. Materials and Methods

The study was conducted during November and December
2020, at the peak of Portugal’s COVID-19 second wave. A total of 60
patients and 120 ears were enrolled. Twenty-eight patients (56
ears) hospitalized in the infectious diseases’ COVID-19 Unit at
Centro Hospitalar Universitario do Porto were eligible for the test
group. Patients enrolled at the COVID-19 unit were either on iso-
lated rooms or alone in a wider shared room. Eligibility criteria
were as follows: 1) SARS-CoV-2 diagnostic confirmation by nasal
swab and Polymerase chain reaction method (PCR); 2) hospitali-
zation for moderate-severe SARS-CoV-2 disease; 3) clinical stability
that would allow collaboration in the realization of the audiogram;
4) age < 75 years. Patients with respiratory distress signs, cognitive
impairment, metabolic-infectious encephalopathy or previous re-
ported hearing loss were excluded.

A parallel investigation using the very same method was per-
formed at a primary care center (Unidade de Satide Familiar Garcia
de Orta, Porto) to recruit thirty-two individuals (64 ears) from the
general population attending medical appointments (control
sample). The audiogram was performed with the patient alone in a
selected calm doctor’s office away from the waiting room. The
eligibility criteria for the control group were as follows: 1) absence
of known previous positivity for SARS-CoV-2 PCR, antibody or
antigenic tests; 2) absence of clinical signs suggesting COVID-19
during the pandemic (anosmia, ageusia, fever, dyspnea, cough,
myalgias, headache); 3) clinical stability that would allow collab-
oration in the realization of the audiogram; 4) age < 75 years. Pa-
tients with cognitive impairment or previously reported hearing
loss were excluded.

All patients were evaluated through a simplified audiogram
method using an ®Apple device running an audiogram application
(app). Various papers have confirmed that these apps, when
administrated in a controlled setting, can provide results that are
comparable to those of conventional audiometry and can be used as
a valid screening tool (Bright and Pallawela, 2016a; Masalski et al.,
2018; Saliba et al.,, 2017; Whitton et al., 2016). There are various
audiogram apps for iOS and Google-Android systems; a pre-study
selection was performed testing multiple apps to fit the purposes
- reasonable acuity, user-friendly interface and duration of the
exam. The 2.1.5 version of “hearing test-Audiometry, Tone” from
©IT4You was chosen using the “Advanced hearing test” mode. The
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algorithm for audiometry used by its developer has proven to be
useful in Petralex® hearing aid application technology using
various types of headphones (Roe, 2018; Vashkevich et al., 2017).
Although the application was designed for self-assessment, an
adaptation was made to reduce either bias and device contamina-
tion, such that the patient would be in contact solely with the on-
ear headphones and make a hand signal when hearing any sound;
the investigator was the one operating the app to check for the
audiometric thresholds. ®Sony WH-CH510 supra-aural head-
phones were chosen due to wireless bluetooth mode (facilitating
transport and disinfection), light weight, long battery autonomy,
echo cancellation and noise suppression specifications. Pure-tone
auditory thresholds at 125 Hz, 250 Hz, 500 Hz, 1000 Hz, 2000 Hz,
3000 Hz, 4000 Hz and 8000 Hz were registered. An effort was made
to minimize environmental noise at the Hospital and Primary care
settings in order to maximize the exam acuity. In both scenarios,
ambient noise level was checked prior to the examination by using
®NIOSH Sound Level Meter application by Centers for Disease
Control and Prevention (CDC) since it showed high accuracy
(Brown et al., 2020). Audiogram was performed when instanta-
neous levels were <60 dB(A).

Verbal consent was preferred due to the risk of contamination
by droplets if paper was used. The audiogram was only performed
after careful explanation about the characteristics, non-
invasiveness and aim of the study. The study design complies
with the Declaration of Helsinki ethical standards and was
approved by the Scientific Investigation Department, Bioethical
Committee and Administrative Board of Centro Hospitalar Uni-
versitario do Porto.

Statistical analysis was performed using SPSS (IBM SPSS Statis-
tics 26). In the descriptive analysis, categorical variables are pre-
sented as percentages, and continuous variables as means and
standard deviations, or medians and interquartile range for vari-
ables with skewed distributions. Normal distribution was checked
using both skewness and kurtosis and Kolmogorov-Smirnov tests.
The bivariate associations were analyzed using either independent
t-test (parametric analysis) or Mann-Whitney test (non-parametric
analysis) depending on the tests for normality, Pearson Chi-square/
Fisher's tests (95% confidence intervals) for categorical variables
and Spearman’s test for continuous variables. In order to adjust for
potential confounders linear regression models and ANOVA were
performed to increase statistical validity. All reported p values are
two-tailed, with a p value < 0.05 indicating statistical significance.

3. Results
3.1. Study population

3.1.1. COVID-19 test group

All patients had registered radiological signs of pneumonia
before performing the audiogram, with only 3 patients (10,7%)
showing a Pa02/Fi02 > 300 at Hospital admission. While per-
forming audiometry, 75% of patients had oxygen delivery by nasal
cannula, and 25% were without supplemental oxygen. Relevant
descriptive results are shown in Table 1. Note that male gender
predominated, with hypertension, obesity, dyslipidemia and dia-
betes being the most frequent associated comorbidities in this
subpopulation of COVID-19 (Table 1). Dexamethasone and remde-
sivir were offered to most individuals prior to the audiogram
(Table 1).

3.2. Primary care control group

A quality analysis was performed to check for differences be-
tween test and control groups. No significant differences were
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Table 1
Descriptive analysis of COVID-19 patients (test group).
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Continuous variables Mean

Categorical variables Frequency (%)

(+ Standard deviation)

Age (years) ¢ 63+ 6.80
PO2/FiO2 admission ¢ 276.44+54.98
Sedimentation rate (mm; 1st hour)? 70.67 +26.45

Fibrinogen (mg/dl; clauss)®
D-Dimers (ng/mL)*

597.56 +134.24
352.78 £105.12

Activated Partial thromboplastin time (seconds) ° 33.93+3.23
Prothrombin time (seconds) ¢ 13.46 +1.10
Ferritin (ng/mL) ¢ 1715 +466,79
Reactive C protein (mg/L) ¢ 90.82 +40.90
Procalcitonin (ng/mL)? 0.25 +0.21
HbAI1C (%) 6.922 +1.49
Symptoms-to-audiogram (days) 11 +4.24
PO2/FIO2 audiogram® 229.67 +85.79
Length-of-stay (days) © 11.56 +3.17

Gender(male) 78.6
Obstructive sleep apnea 143
Autoimune disease 10.7
Diabetes Mellitus 28.6
Hypertension 42.9
Dyslipidemia 393
Chronic Pulmonary disease 71

Asthma 3.6

Smoking 179
Rhinosinusitis 10.7
Obesity 393
Previous chemotherapy 7.1

Dexamethasone treatment ¢ 92.7
Remdesivir treatment? 75

- Measured at hospital admission.
- same day or most recent value from the audiogram day.

a
b
¢ - from admission to hospital discharge.
d

found concerning gender, age or concurrent comorbidities in the
primary care and the COVID-19 samples (p > 0,05) as shown in
Table 2. The age distribution across both groups is shown in Fig. 1.

3.3. Audiometric analysis: COVID-19 vs controls

In order to evaluate the main hypothesis of the study a bivariate
analysis was first used comparing dB threshold values for each
frequency in both groups. In the Independent t-test there were
significant statistical higher values for auditory thresholds in
COVID-19 patients beginning at 1000 Hz when compared to con-
trols (Table 3). At 125 Hz an inverse relation existed with COVID-19
patients showing better outcome.

To confirm this trend, age categories were created and the In-
dependent t-test was run inside those categories for finer com-
parison (see Fig. 2), at the cost of having a limited sample size for
each category (Fig. 1). In the [40—50] years category COVID-19
patients showed higher thresholds in the 500 Hz (23,21 + 4.73 dB
HL in controls vs 32.50 + 8.90 dB HL in COVID-19, p = 0.047),
1000 Hz (19.64 + 4.43 dB HL in controls vs 30.62 + 2.39 dB HL in
COVID-19, p < 0.001) and pure tone average (PTA) (18.81 + 3.66 dB
HL in controls vs 27.71 + 4.58 dB in COVID-19, p = 0.020). In the
[50—60] years category COVID-19 patients showed higher thresh-
olds in the 125 Hz (32.71 + 3.10 dB HL in controls vs 27.95 + 4.98 dB

Table 2

- at the time of audiogram performance; Note: All values shown are valid percent and exclude missing values from the equation.

HL in COVID-19, p = 0.015), 1000 Hz (18.75 + 5.17 dB HL in controls
vs 2545 + 4.85 dB HL in COVID-19, p = 0.004), 3000 Hz
(16.67 + 4.44 dB HL in controls vs 24.77 + 8.62 dB HL in COVID-19,
p = 0.009) and 4000 Hz (19.79 + 7.03 dB HL in controls vs
28.64 + 8.61 dB HL in COVID-19, p = 0.0015). In the [60—70] and
>70 years group no significant differences were registered
although there was a trend towards significance in higher fre-
quencies. Fig. 2 illustrates the pure-tone threshold distribution
across age categories for both COVID-19 and control groups.

A linear regression was performed for multivariate analysis
considering age, gender and the multiple comorbidities as potential
confounders. The outcome was defined as the pure-tone threshold
mean in each of the various frequencies. Pure-tone thresholds were
significantly worse in COVID-19 patients beginning at 1000 Hz even
after confoundment adjustment methods (Table 4). There was also
a significant difference between the two groups concerning pure
tone average (PTA) with COVID-19 patients showing worse out-
comes. At 125 Hz an inverse relation existed with COVID-19 pa-
tients showing better outcome.

A repeated measures ANOVA comparison using the Bonferroni
correction confirmed that patients with COVID-19 had significantly
higher auditory thresholds starting from 1000 Hz through higher
frequencies, when compared to the control group (see Fig. 3). In
fact, the auditory affection in COVID-19 patients directly increased

Descriptive analysis of Primary care patients (control group) and comparison with COVID-19 sample (test group).

Variable Control group
Primary care

(mean + standard deviation for age)

Gender (male) 59,4 %
Age (years) 56.03+9.28
Obstructive sleep apnea 31%
Autoimune disease 6.3%
Diabetes Mellitus 9.4%
Hypertension 40.6%
Dyslipidemia 37.5%
Chronic Pulmonary disease 9.4%
Asthma 0%
Smoking 28.1%
Rhinosinusitis 9.4%
Obesity 25%
Previous chemotherapy 3.1%

Test group p value (1)
COVID-19 Unit (for differences between groups)
(mean + standard deviation for age)

78.6% 0.111

63+ 6.80 0.431
14.3% 0.119
10.7% 0.533
14.3% 0.055
42.9% 0.861
39.3% 0.887

7.1% 0.755

3.6% 0.467
17.9% 0.348
10.7% 0.863
39.3% 0.235

7.1% 0.594

1- Independent t-test used for comparing age between groups and Chi-Square/Fisher’s test for the other variables. Note: All values shown are valid percent and exclude

missing values from the equation.
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Fig. 1. Number of patients across age categories for control and test populations.
Table 3
Descriptive analysis of Audiometric Thresholds: Primary care (control group) vs COVID-19 patients (test group).
Pure-tone audiometric thresholds Control group Test group p value (1)
(Hz)1 Primary care COVID-19 Unit (for differences between groups)
(mean + standard deviation (mean + standard deviation
dB) dB)
125 30.47+6.27 25.71+ 8.07 0.015
250 27.66+5.35 28.66+6.29 0.511
500 25.23+0.83 27.23+6.29 0.166
1000 18.52+ 5.49 2536+ 6.79 <0.001
2000 17.50+ 5.57 21.96+7.05 0.010
3000 17.97+ 8.07 25+9.38 0.003
4000 20.16+ 10.12 29.55+11.26 0.001
8000 31.09+ 12.75 40.71+19.40 0.030
PTA? 20.42+4.29 24.85+5.62 0.001

1- Left + right ear mean was calculated for each patient for analysis. 2- Pure tone average calculated with left + right ear mean values of 500, 1000 and 2000 Hz. Independent ¢t-
test used for comparing subgroups. Statistically significant p values are highlighted in bold.

with frequency. From this model results, COVID-19 explains at least
12.3% of the audiological variance registered between test and
control groups (F (1,58) = 8.477, p = 0.005). In order to definitely
confirm that age (presbycusis) did not interfered with this model,
an additional between-subjects factorial ANOVA was performed to
account for age categories. Results sustained that COVID-19 had
deleterious effects on hearing even when age was considered (F
(1,50) = 7.836, p = 0.007). No synergic interaction effect was noted
between COVID-19 and age on hearing loss (F (1,50) = 0.360,
p = 0.836).

3.4. Predictors of hearing loss in COVID-19

After meeting the primary objective of the study in the previous
section, a wide analysis was made in order to search for predictors
of worse auditory thresholds in this population of COVID-19 pa-
tients. Fibrinogen levels at admission were related to worse audi-
tory thresholds at 4000 Hz (p = 0.015), and so did D-dimers at
admission (p 0.017) after performing the Spearman’s test.
Importantly, no impact was found on auditory thresholds in the
various frequencies for patients treated with remdesivir compared
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to patients not receiving that treatment (p > 0.05 in the T-test for
the all frequencies). The same was true for patients receiving or not
receiving dexamethasone (p > 0.05). No associations were found
between PO2/Fi02 at admission, PO2/Fi02 at audiogram, sedi-
mentation rate, activated partial thromboplastin time, prothrombin
time, reactive C protein, procalcitonin, HbA1C, symptoms-to-
audiogram time or final length of hospital stay and auditory
thresholds (p > 0.05).

4. Discussion

There is a lack of discussion on the relationship between COVID-
19 and hearing, despite the plethora of literature on COVID-19.
Hearing loss and tinnitus are symptoms that have been seen in
patients with COVID-19 (Degen et al., 2020; Koumpa et al., 2020;
Sriwijitalai and Wiwanitkit, 2020; Viola et al., 2020). However,
affection of hearing by COVID-19 may not be limited to a clinically
perceived loss, as recently suggested by Mustafa (Mustafa, 2020).
Many COVID-19 patients present with remarkable disconnect be-
tween profound hypoxemia yet without proportional signs of res-
piratory distress i.e. “happy” hypoxemia (Dhont et al., 2020). Will in
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Fig. 2. Pure-tone audiometric thresholds across multiple age groups: COVID-19 vs controls.
Table 4
Results from linear regression model with all the comorbidities, age and gender as potential confounders taken in count.
COVID-19 as an independent variable predicting Pure-Tone threshold B1 SE B2 Beta 3 t4 P value
125 Hz —4.591 2.141 —0.308 —2.145 0.037
250 Hz 1.306 1.685 0.477 0.114 0.442
500 Hz 1.031 1.570 0.093 0.656 0.515
1000 Hz 6.053 1.753 0.436 3.453 0.001
2000 Hz 3.625 1.691 0.275 2.143 0.037
3000 Hz 6.249 2.048 0.337 3.052 0.004
4000 Hz 9.173 2.264 0.398 4.052 <0.001
8000 Hz 8.542 3.906 0.256 2.187 0.034
PTA® 3.569 1.410 0.333 2.532 0.015
1) B stands for unstandardized regression coefficient; 2) Standard error for unstandardized regression coefficient; 3) Standardized Regression coefficient; 4) t = %; 5) Pure

tone average calculated with left + right ear mean values of 500, 1000 and 2000 Hz. Statistically significant p values are highlighted in bold.

fact COVID-19 also be able to elicit an “happy hypoacusis” sub-
clinical hearing loss? Despite the need for large scale studies, it
seems reasonable to consider the possibility of a relationship be-
tween COVID-19 and hearing loss. SARS-CoV-2 is believed to bind
to the ACE-2 receptor which was recently seen to be expressed in
epithelial cells of the middle ear, as well as the stria vascularis and
spiral ganglion in mice (Uranaka et al., 2020). Furthermore, SARS-
CoV-2 infection causes an inflammatory response and an increase
in cytokines known to be potentially harmful to cochlear structures
(Koumpa et al., 2020; Tan et al.,, 2013; Vallamkondu et al., 2020).
Both a direct entry into the cochlea or secondary inflammation are
possible mechanisms that could occur in the setting of SARS-CoV-2
infection (Koumpa et al., 2020). Other potential mechanism already
documented in some viruses is the ability to affect brainstem,
especially considering SARS-CoV-2 neurotropic character
(Machado et al., 2020; Mustafa, 2020). Because COVID-19 is mainly
a respiratory tract disease, its potential to affect Eustachian tube
function and middle ear mucosa leading to conductive hearing loss
should also be considered.

The primary objective of evaluating hearing function of COVID-
19 hospitalized patients by matching them with general population
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was met. Our results point to a pure-tone loss beginning at 1000 Hz
and extending through 2000, 3000, 4000 and 8000 Hz when
compared to controls. The study conducted by Mustafa in asymp-
tomatic COVID-19 patients had significant differences beginning
only at 4000 and extending to 6000 and 8000 Hz (Mustafa, 2020).
Hence, our study is partly in line with the asymptomatic COVID-19
counterpart by supporting the idea that COVID-19 infection can
have deleterious effects on cochlear hair cell functions(Mustafa,
2020). The difference however is that in COVID-19 hospitalized
patients significance was also found further beyond between 1000
and 8000 Hz. The latter may be due to the fact that: 1) viral load is
greater in symptomatic patients — when direct damage is consid-
ered as a causal mechanism to cochlear system structures; 2) Im-
mune system activation is greater in our study’s population —
eliciting moderate-severe disease and concomitant greater attack
to inner ear structures; 3) Our sample size is slightly larger and this
difference reflects a pre-existent statistical tendency.

After exploring the disparity between test and control groups,
an effort was made to look for marker predictors of poor auditory
outcomes in the COVID-19 hospitalized group. A relationship was
found between D-Dimer and fibrinogen values and Pure-Tone
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Fig. 3. Pure-tone audiometric thresholds means for both test and control groups.

thresholds at 4000 Hz. Microangiopathic events were already re-
ported in COVID-19 (Kirschenbaum et al., 2020). In theory, a
vascular event could contribute to cochlear dysfunction in these
patients, especially in the case of sudden hearing loss in symp-
tomatic patients (Kirschenbaum et al., 2020). Nevertheless, our
findings relate to an isolated frequency, making us favor a direct
viral/inflammatory/brainstem modulation explanation for the
findings. Literature also refers to remdesivir as a potential ototoxic
drug. No significant effect of remdesivir treatment was observed in
auditory thresholds in this study (Ciorba et al., 2020).

The tonal audiogram is a commonly used tool to measure a
subject’s self-perception of sound, being an instrument for evalu-
ation of the cochlear system. The routinely used material to
perform the examination would imply a soundproof cabin and
clinically calibrated headphones. One can understand that patient
transferring for audiology facilities could endanger feasibility due
to potential exposure of other professionals to SARS-CoV-2, costs of
disinfection and the need for additional organizational circuits. The
creation of this simplified method allowed the testing of isolated
patients and made possible an otherwise arduous design. These
kind of assessments are not expected to replace clinical audiom-
etry; however, they may prove useful in difficult scenarios (Bright
and Pallawela, 2016b; Masalski et al., 2018; Saliba et al., 2017;
Wang et al., 2014). Measuring of bone conduction thresholds and
tympanograms were not performed due to technical limitations,
making difficult to assure that cochlear or neural hearing loss
explain the results. Further studies are needed contemplating
alternative methods, a larger sample size or comparing different
COVID-19 subpopulations.

5. Conclusions

To our Knowledge this is the first original study to address the
auditory function of hospitalized COVID-19 patients. Our findings
suggest that SARS-CoV-2 may elicit unnoted hearing loss in
symptomatic COVID-19 patients with moderate-severe disease,
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irrespectively of age. Importantly, it is in line with the previous
suggested effect of COVID-19 on auditory function. Anecdotal re-
ports of sudden hearing loss exist, but a more silent way of hearing
impingement may ensue. The relationship between COVID-19 and
hearing loss as well as the mechanism involved require further
research.
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