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Abstract.
Background: Research indicates that people with Parkinson’s disease (PwPs) may experience challenges in both peripheral
and central auditory processing, although findings are inconsistent across studies. Due to the diversity of auditory measures
used, there is a need for standardized, replicable hearing assessments to clarify which aspects of audition are impacted in
PWPs and whether they are linked to motor and non-motor symptoms.
Objective: To characterize auditory processes and their possible alteration in PwPs. To address this, we collected a com-
prehensive set of standardized measures of audition using PART, a digital testing platform designed to facilitate replication.
Additionally, we examined the relationship between auditory, cognitive, and clinical variables in PwPs.
Methods: We included 44 PwPs and 54 age and education matched healthy controls. Assessments included detection of
diotic and dichotic frequency modulation, temporal gaps, spectro-temporal broad-band modulation, and speech-on-speech
masking.
Results: We found no statistically significant differences in auditory processing measures between PwPs and the comparison
group (ps > 0.07). In PwPs, an auditory processing composite score showed significant medium size correlations with cognitive
measures (0.39 < r<0.41, ps < 0.02) and clinical variables of motor symptom severity, quality of life, depression, and caretaker
burden (0.33 < r<0.52, ps < 0.03).
Conclusions: While larger datasets are needed to clarify whether PwPs experience more auditory difficulties than healthy
controls, our results underscore the importance of considering auditory processing on the symptomatic spectrum of
Parkinson’s disease using standardized replicable methodologies.

Plain Language Summary
It is unknown whether there exists a relationship between Parkinson’s disease (PD) and hearing ability. While some studies
have found hearing difficulties to be associated with PD, other studies failed to replicate these effects. We suggest that a
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possible reason for these differing findings are differences in how hearing is measured. To clarify the literature, we tested a
group of people with Parkinson’s (PwPs) on several aspects of hearing using a freely available tablet-based app. We compared
PwPs hearing tests to those of an age and education matched group of people without PD. While we found no clear differences
among the groups, we did find better hearing abilities were related to less motor symptom severity and depression, better
reported quality of life, and less reported burden of the disease experienced by the caretaker. We conclude that while there is
no solid evidence showing the hearing is necessarily impaired in PD, that measuring hearing in PwPs can provide valuable
clinical information. This can inform new approaches to treatment for people living with PD such as those related with
improving hearing.

Keywords: Psychometrics, hearing, auditory processing, Parkinson’s disease, digital assessment, cognition, non-motor symp-
toms, Mexico

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative
illness that affects approximately 1.6 million peo-
ple around the world [1]. While motor symptoms are
the formal axis of PD diagnosis and lead conven-
tional treatment, non-motor symptoms are profuse
and may have a similar or even stronger impact on
patients’ quality of life [2]. Cognitive and sensory
impairment in PD are increasingly reported [3–5],
indicating important risk factors for decreased quality
of life in these patients [6].

Research suggests that people with PD (PwPs)
may experience more auditory processing difficulties
than matched controls. Studies with large samples
[7] describe an increased risk to develop PD in peo-
ple with untreated hearing loss, similar to what has
been observed for Alzheimer’s disease [8, 9]. A
recent review focused on measures of peripheral hear-
ing in PD [10], indicated that most studies show
worse pure tone detection thresholds in PwPs in
some of the frequencies tested [7, 11–13]. Differ-
ences in central auditory processing have also been
reported in PwPs, including reduced spatial hear-
ing sensitivity [14], worse temporal sensitivity [15,
16], worse speech reception thresholds [17], and
reduced ability to understand speech-in-competition
[18]. However, other studies have failed to observe
differences in either peripheral or central audition
using similar measures [15, 19, 20]. These mixed
results in the extant literature preclude strong con-
clusions and suggest a need for new research using
more comprehensive, and easily replicable, measures
of auditory processing measures that can be related
to cognition and relevant clinical variables.

To address this need, in this study we tested PwPs
on a wide range of auditory tests and compared
their performance with an age- and education-
matched comparison group without PD. Hearing was

measured using PART (Portable Automated Rapid
Testing), a validated, free-access, mobile, cross-
platform, laboratory-grade auditory testing app [21,
22] that facilitates replication and the posterior aggre-
gation of datasets across studies [23]. Using PART,
we characterized auditory processing in PwPs in
comparison to controls, as well as relationships
between auditory performance and demographic,
cognitive, and clinical variables in PwPs.

METHODS

Participants

PwPs were recruited at the Parkinson’s Disease
and Movement Disorders Clinic at the Instituto
Nacional de Neurologı́a y Neurocirugı́a Manuel
Velasco Suárez (INNNMVS). The diagnosis of PD
was made by at least one neurologist expert in abnor-
mal movements following the clinical criteria of the
Movement Disorder Society [24]. Two neurologists
conducted a clinical interview in which sociode-
mographic and clinical information was obtained.
The type and quantity of medication taken by each
participant in the PwPs group was converted to
an L-Dopa equivalent daily dosage (LEDD) [25].
Additionally, the neurologists estimated the sever-
ity of the disease using the Hoehn and Yahr Scale
[26] and the motor impairment degree through the
Movement Disorder Society United Parkinson’s Dis-
ease Rating Scale, section III (MDS-UPDRS-III)
[27, 28].

The study was previously approved by the
INNNMVS ethics committee. All the experimental
procedures followed the guidelines provided by the
Declaration of Helinsiki. Participants who agreed to
participate signed an informed consent which guar-
anteed the confidential treatment of their data. The
following inclusion criteria were used: 1) diagno-
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sis of idiopathic PD with Hoehn & Yahr scores ≤ 3;
2) undergoing stable pharmacological treatment for
PD; and 3) having education greater than 6 years.
Only early and middle-stage PwPs were included
for three reasons. First, the feasibility of data col-
lection with the automatic digital measures included
in this study had not been shown in PwPs and so
this study represents a first step in demonstrating
automated assessment feasibility in early-stage PD.
Second, auditory deficits have been proposed as early
markers of risk to develop dementia [8, 9] and PD
[7], and so they may be expressed early in PD.
Third, since around 46% of PwPs with more than 10
years of disease duration show dementia [3], we tried
to reduce the chance of getting unreliable auditory
scores due to severe cognitive decline in our sample.
The education criterion was included to ensure par-
ticipants were able to read automated instructions on
their own.

Participants were excluded if they 1) had a history
of neurosurgery except for deep brain stimulation
(DBS) placement, 2) used a sound amplification
device, 3) showed uncorrected visual impairment, 4)
had a diagnosis of another neuropsychiatric condi-
tion, except for mild anxiety or depression disorders
or 5), did not complete at least 75% of the assessments
in the session. After demographic data was collected,
10 participants from the PwPs group were excluded
from the study: 3 were falling asleep and 2 became
exhausted during the evaluation and decided to stop
their participation, 3 persons could not complete the
entire test due to lack of time, and another 2 responded
randomly, so the results of their evaluation were not
considered valid. The demographic information of
the final sample is reported in Table 1. The perfor-
mance scores of the people with DBS (n = 5) did not
show a differential pattern, as detailed in Supplemen-
tary Figure 4.

As a healthy control comparison, we used previ-
ously collected data from middle aged adults who
were tested with the same methods and experimental
conditions, including the lab setting [29]. In addi-
tion to these participants, we recruited 10 additional
healthy older adults between 60 and 80 years old to
better match the groups’ age distributions. They ful-
filled the same inclusion criteria, in addition to not
having any neurological or psychiatric diagnosis at
the moment of the study. These participants followed
the procedures of Lelo de Larrea et al. [29], with the
addition of the clinical scales, assessment of visual
selective attention (UCancellation) and dichotic sen-
tence identification (DSI).

Instruments

Assessments were divided into two main batter-
ies: an auditory battery which both groups completed
for comparison (except DSI); and a cognitive bat-
tery of which the comparison group only completed
the Montreal Cognitive Assessment (MoCA). Addi-
tionally, a set of clinical and neuropsychiatric scales
were collected in the PwPs group (all measures are
described below).

Auditory assessment

For most measures of central auditory processing,
a two-cue two-alternative forced choice paradigm
(2AFC) was used (with exception of pure-tone
thresholds and spatial release from masking, whose
methods are described below). In the 2AFC four
squares are displayed horizontally and sequentially
associated with three standard sounds and one tar-
get sound. The first and last stimuli are always paired
with a non-target sound (cue), and participants choose
which of the 2nd or 3rd squares were associated with
the target sound (described below for each task).
Task difficulty was adapted with a 2-up 1-down stair-
case with unequal step-sizes (1.5 : 1) that estimates a
threshold at around 77.5% accuracy [21]. Each stair-
case contained two stages, with larger step-sizes for
three reversals in the first stage, and smaller steps
in the second stage for six reversals. Specific details
about the parameters used in each task are described
below.

Pure-tone audiogram

Pure-tone audiometry was performed diotically (to
both ears) at frequencies of 500, 1000, 2000, and
4000 Hz. Participants first indicated whether they
heard a series of three-to-four 100 ms pure tones
presented at an initial level of 70 dB. After obtain-
ing three consecutive “yes” responses indicating
tone detection, the level of tone presentation was
decreased; first by a step of 20 dB, then by steps of
10 dB until a level of 10 dB was reached, and finally
by 5 dB. The procedure concluded when three con-
secutive “no” responses were recorded or when the
value of 0 dB was reached. The threshold was deter-
mined by the level at which the last correct response
was made. Because this test was applied diotically,
the reported thresholds correspond to sensitivity of
the better ear.
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Table 1
Sociodemographic and clinical features in both groups. Comparisons between PD and

control groups are also provided for relevant variables

Control PD Statistic p

N 54 44
Gender, female N = 37 (69%) N = 17 (39%) 8.75b 0.003
Age, y 60.31 ± 10.35 58.5 ± 11.61 0.817a 0.41
MoCA, total score 25.26 ± 2.94 24.75 ± 3.63 0.75a 0.45
Manual dexterity, right N = 50 (92%) N = 42 (95%) 2.50b 0.28
HHIE-S 6 ± 4.43 3.65 ± 4.48 2.41a 0.018
PTA, nominal dB 20.86 ± 9.54 22.35 ± 12.26 –0.67a 0.5
Education (grade) 2.13b 0.71

Elementary N = 6 (11%) N = 8 (18%)
Middle N = 8 (15%) N = 9 (20%)
High school N = 11 (20%) N = 6 (14%)
University N = 20 (37%) N = 15 (34%)
Master’s N = 9 (17%) N = 6 (14%)

Disease duration – 8.09 ± 5.14 – –
MDS-UPDRS-III – 25.02 ± 12.26 – –
Hoehn & Yahr

1 – N = 6 (15%)
2 – N = 30 (77%)
3 – N = 3 (8%)

Left motor symptom onset N = 22 (50%)
LEDD, mg 596.5 ± 374.7
HRSD – 9.2 ± 5.06
HRSA – 8.7 ± 5.23

MoCA, Montreal Cognitive Assessment; HHIES, Hearing Handicap Inventory for the Elderly in Span-
ish; PTA, pure-tone average; LEDD, L-Dopa Equivalent Daily Dose; HRSD, Hamilton Rating Scale
for Depression; HRSA, Hamilton Rating Scale for Anxiety. aT-test; bChi-square.

Frequency modulation detection (Dichotic &
Diotic FM)

To assess monaural and binaural sensitivity to the
fine temporal structure of sounds [30], we used two
tasks involving detection of frequency modulations
(FM) on narrowband tones adapting on the range
of modulation. Pure-tone stimuli were delivered at
75 dB, with a duration of 400 ms. The frequency of
the narrowband was roved between 460 and 540 Hz,
for each of the four tones per trial. Target stimuli had
a sinusoidal FM of 2 Hz either in-phase between the
ears to assess monaural sensitivity (diotic FM task)
or phase-inverted between the ears to assess the bin-
aural sensitivity (dichotic FM task). The FM range
(e.g. how far was frequency modulated by the 2 Hz
FM) was adapted on an exponential scale starting at
6 Hz. FM range was reduced in steps of 21/2 Hz after
two correct responses (down) and 23/4 Hz after each
incorrect response (up) in the first stage, while in the
second stage the range adapted in steps of 21/10 Hz
and 23/20 Hz, respectively, with a minimum of 0 and
a maximum of 10 kHz.

Temporal gap detection

To assess sensitivity to temporal gaps, we used a
task where target stimuli adapted on duration of a
silent gap between tone bursts starting at 20 ms. The
standard stimuli were two 2 kHz tone bursts presented
diotically at 80 dB [31–33]. In the first stage of the
staircase, the stimuli adapted exponentially in steps
of 2½ ms (down) after two correct responses, and
by 23/4 ms (up) after every incorrect response. In the
second stage of staircase the gap was adapted by steps
of 21/10 ms (down) and 23/20 ms (up).

Spectro-temporal modulations (TM, SM, and
STM)

A set of three tasks was used to evaluate the
detection of sinusoidal amplitude spectro-temporal
modulations over broadband noise (from 400 Hz to
8 kHz). Stimuli were presented at a level of 65 dB
with a duration of 500 ms. Target stimuli consisted
of either temporal modulation (TM) at rate of 4 Hz;
spectral modulation (SM) at a rate of 2 cycles/octave;
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or a combination of both spectral and temporal mod-
ulation (STM) [21, 34, 35]. The modulation depth
(expressed in dB) measured from the middle to the
peak of the amplitude range [36] was the adaptive
parameter. All tasks started with targets containing
6 dB modulation depth and adapted (down) by 0.5 dB
steps every two correct responses and by 0.75 dB
(up) after each incorrect response (upward). The sec-
ond stage had modulation adapting by.1 dB (down)
and.15 dB (up), with a minimum value of 0 dB and a
maximum of 10 dB.

Spatial release from masking (SRM)

To assess the identification of speech targets in the
presence of two competing speech maskers we used
the spatial release from masking task (SRM) [37],
employing stimuli from the Spanish version of the
coordinate response measure (CRM) [23]. On each
trial, participants had to listen to instructions given
to the code-name “Carlos” (e.g., “Listo Carlos, ve
al dos azul ahora.” or ‘’Ready Charlie, go to blue
two now.”) and respond on a grid presented on the
screen showing four rows of colored squares (white,
green, blue, and red) with a number inside (from 1
to 8). Target sentences were delivered in presence
of another two competing talkers uttering different
instructions for other code-names (e.g., “Listo Delta,
ve al cinco verde ahora.” Or “Ready Delta, go to
green five now”). While the target level was fixed
at nominal level of 65 dB, the level of two masker
speakers progressed from 55 dB by 2 dB every two
responses until reaching two trials at 73 dB. This task
was delivered in two conditions that differed accord-
ing to the spatial localization of the masker speakers.
In the colocated condition, target and maskers are
simulated to be directly in front of the participant,
in the separated condition maskers are presented in
the left and right (–/+45 degrees) of the target. Sim-
ulated auditory space was performed following the
methods developed and validated by Gallun et al.
[37], using a generic set of head-related transfer func-
tions (HRTFs). The difference between separated and
colocated thresholds was used as a measure of the
SRM.

Dichotic Sentence Identification

The Dichotic Sentence Identification (DSI) test
was used to assess divided attention and dichotic
hearing [38]. Here, two sentences are presented
simultaneously (at 50 dB) with a different sentence in

each ear. Sentence pairs were chosen randomly from
a set of 6 seven-word, third-order sentences from the
Synthetic Sentence Identification (SSI) test. Partici-
pants responded by selecting the two sentences from
a list of 6 written sentences. Five trials were pre-
sented; if performance was not 100%, an additional
five trials were presented. The main outcome was the
percentage of correct responses (accuracy). The DSI
was included in the PwPs group to further charac-
terize auditory function and its relationship to other
clinically relevant measures following the findings of
Gates et al. [39], and Mohammed et al. [40] that indi-
cated poor performance on this measure increased
the risk of developing dementia in later years. Thus,
the DSI may be useful in characterizing the rela-
tionship between auditory and cognitive function
in PwPs.

Self-reported hearing difficulty

Hearing Handicap Inventory for Adults
The Hearing Handicap Inventory for the Elderly

(HHIE-S) [41], was used to evaluate self-reported
hearing difficulty. We used a version previously
described in Lelo de Larrea-Mancera et al. [29] that
is based on prior work [42, 43]. Scores range from
0 to 40, with higher scores indicating greater self-
perceived hearing handicap. A cutoff value of 8 is
provided by ASHA guidelines to determine hearing
loss [44].

Cognitive assessment battery

UCancellation
Selective and sustained attention was measured

using Ucancellation [45], a user-friendly version of
more typical cancellation tests such as the d2 Test of
Attention [46]. Participants sequentially search for
3–5 target stimuli (a sitting dog and an upside-down
monkey) among a row of 8 pictures of dogs and mon-
keys, which vary either in the color distribution (same
color palette) or orientation (horizontal and vertical).
Participants have up to 6 s to complete each row with
1 s screen between rows. The task is divided into
three blocks, first the dog images are searched for
60 seconds, then the monkey images are searched
for 60 seconds, and finally both stimuli are searched
for 120 seconds. Similar cancellation tests have
shown to be sensitive to attentional deficits associated
to PD [47].
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Montreal cognitive assessment (MoCA)

To assess global cognitive functioning, we
employed the total score of the MoCA test (ver-
sion 8.1) which includes the cognitive sub-domains
of short-term memory, visuospatial ability, executive
function, attention and working memory, language,
and orientation [48] validated in Mexican population
[49] as well as in PwPs [50]. The MoCA is among
the most widely used cognitive screening test in PD
[51]. In this study we treat the MoCA total score as
a continuous variable to estimate general cognitive
ability. This measure was originally included in Lelo
de Larrea-Mancera et al. [29] (control group) to afford
sample matching in future studies with different clin-
ical populations (e.g. this study). Thus, our main
objective with this measure was to ensure groups are
matched in general cognitive terms.

Clinical scales

In addition to the clinical scales described in the
participants section that address motor symptoms
(Hoehn & Yahr, and MDS-UPDRS-III) and medi-
cation (LEDD), we included the following clinical
measures.

Hamilton rating scale for depression

The HRSD [52] is a 17-item questionnaire, admin-
istered by an expert clinician, which assesses severity
of depression [53]. Each item is scored from 0 to 4 in
a total scale from 0 to 51 with higher scores indicating
more severe depressive symptoms [53].

Hamilton rating scale for anxiety

The HRSA is a clinician-rated evaluation designed
to assess severity of anxiety symptoms in adults [54].
This scale is composed of 14 items scored from 0
to 4 in a total scale from 0 to 56 with higher scores
indicating more severe anxiety symptoms [55].

Parkinson’s disease questionnaire-39

The PDQ-39 is a 39 item self-report questionnaire
that provides a comprehensive view of the impact
of PD symptoms across eight dimensions of daily
living [56, 57]. Scores range from 0 to 100, with 100
representing more severe impact [56, 58].

Zarit burden interview (ZBI)

The ZBI is a 22-item self-report questionnaire that
assesses perceived impact of providing care, where
higher scores indicate greater caregiver burden. The
ZBI is sensitive to changes in caregiver burden over
time [59, 60]. We included this measure as com-
plementary to the clinical picture of the sample,
and because auditory difficulty may have a negative
impact on communication and the social life of people
affected [61, 62] that may represent increased burden
in caretakers.

MDS-UPDRS-III

The Movement Disorder Society Unified Parkin-
son’s Disease Rating Scale (MDS-UPDRS) is one of
the most widely used scales to assess progression of
PD symptoms [27]. Section III of the MDS-UPDRS
allows to quantify the severity of motor symptoms,
with higher scores indicating worse motor function
[63].

Hoehn & Yahr scale

The Hoehn and Yahr scale (H&Y) [26] is a clinical
assessment tool commonly used to measure symptom
severity in PwPs [64]. H&Y classifies the stage of PD
and provides a general overview of the progression
of motor symptoms from Stage 0 to 5, with higher
stages indicating more severe symptoms [65].

Procedure

Patients who attended their routine consultation at
the Movement Disorders Clinic at the INNNMVS
were invited to participate in the present study by
two qualified neurologists. We confirmed partici-
pants took their antiparkinsonian medication 30 to
60 minutes prior to the start of the evaluation, to
ensure that they were in an ON state. Participants
were directed to a quiet room and seated in a com-
fortable chair where they were tested using an iPad
(Apple, Inc., Cupertino, CA) and Sennheiser 280
Pro headphones (Sennheiser electronic GmbH & Co.
KG, Wedemark, Germany) by a trained psycholo-
gist. Assessment lasted about 50 minutes. Test order
was counter-balanced using three different orders
of administration across participants. After finish-
ing the PART evaluation and taking a short break, a
neuropsychologist and a neurologist applied the cog-
nitive and neurological scales. At the end of the study,
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participants were presented with the results of each
task and feedback was provided on their performance.

Statistical analysis

To compare auditory processing of PwPs and an
age- and education-matched healthy controls, we
conducted a number of analyses. Pure tone audiogram
detection thresholds across 4 frequencies were com-
pared using a 4-by-2 repeated measures ANOVA with
within-subject factor Frequency (4 levels: 0.5, 1, 2,
and 4 kHz) and between-subject factor Group (2 lev-
els: PwPs and control). A MANOVA was conducted
including all auditory processing measures as depen-
dent variables, and the between-subject factor Group.
Post hoc ANOVAs were planned to determine indi-
vidual dependent variables with significant results.
As a complementary analysis, we compared self-
report measures of hearing handicap (HHIE-S) using
an independent samples t-test. The study was suffi-
ciently powered (>80%) to find differences between
groups greater than 0.5 SD which fits well with pre-
vious reports of effect sizes between 0.5 and 1 SD
[16, 17].

We also examined relationships between auditory
measures collected in the PwPs group and variables
indicating cognitive performance and clinical state.
To this end, we created a subject-specific auditory
composite score from the average of the z-scored
auditory processing measures. The auditory com-
posite was subjected to correlation analyses with
cognitive, clinical and demographic variables in the
PwPs group. This post hoc analysis was intended
to determine possible associations of hearing with
important PwPs features that could be a target for
later study.

Lastly, considering that the auditory composite
combines measures that are sensitive to different lev-
els of processing along the auditory pathway that
might carry different information, and to further
characterize the relationship between auditory mea-
sures and clinically relevant variables in PwPs, we
computed three different composite scores with sub-
groups of assessments: 1) low-level (four-frequency
PTA; mainly sensitive to peripheral function); 2)
mid-level (Gap, FMs, and STMs; sensitive to central
function); and 3) high-level (SRM colocated, SRM
separated, and DSI; intimately linked to cognitive
function). The same set of correlations conducted for
the general auditory composite were repeated for the
three additional composite scores.

RESULTS

Demographic and clinical variables

The final sample was made up of 44 PwPs and
55 matched controls. Demographic variables for both
groups are shown in Table 1. There were no signif-
icant differences between the PwPs group and the
comparison control group in terms of age, educa-
tion, or global cognition (MoCA total score; see
Table 1).

Was there any evidence of auditory processing
alterations in PwPs?

We first examined pure tone audiometry and self-
reported hearing handicap. Figure 1 (left panels)
shows audiometric thresholds of each participant of
each group. Average performance was very sim-
ilar between groups. The 4x2 repeated measures
ANOVA with frequency (0.5, 1, 2, 4 kHz) and
group factors showed neither a significant main
effect of group (F(1 ,93 ) = 0.45, p = 0.5) nor a signif-
icant interaction group*frequency (F(3 ,279 ) = 0.19,
p = 0.9), failing to replicate group-level differ-
ences in pure-tone audiometry between PwPs and
controls.

Figure 1 (right) shows mean self-reported hear-
ing difficulties of each group. There were significant
differences in self-reported hearing (t(89 ) = 2.72,
p = 0.008, Cohen’s d = 0.57, Mean diff. = 3.1) with
PwPs reporting fewer hearing difficulties (M = 6.76,
SD = 6.1) than controls (M = 3.61, SD = 4.4). How-
ever, mean scores of both groups were below the
suggested cutoff value to determine hearing loss (i.e.,
8 points) [45].

We next examined central auditory processing
and speech in competition measures. The MANOVA
indicated no significant differences between groups
across the additional 8 measures of central auditory
processing (Pillai’s trace = 0.072, Fapprox . = 0.78,
p = 0.61). Figure 2 shows distributions of thresholds
for each auditory processing measure. For descriptive
purposes, an independent samples t-test is displayed
on each sub-test to provide a notion of individ-
ual task-level comparisons. Figure 2 indicates small
qualitative differences between groups, but these do
not reach statistical significance. In sum, there is
no statistical evidence of auditory processing alter-
ations associated to PD in the sample investigated
here.
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Fig. 1. Left and middle panels show pure tone detection thresholds across the four frequencies tested in each group. The solid black line
represents the mean detection threshold. The right panel shows the mean self-reported hearing loss in each group. The error bars represent
the standard deviation.

Fig. 2. Violin plots showing probability density functions to compare control and PD distributions of threshold values across the set of 8
auditory processing measures taken and the spatial release from masking metric. Red dotted lines inside the violins indicate median and solid
black lines the mean of each distribution. Each assessment includes the result of an independent samples t-test calculated for descriptive
purposes only and are not corrected for multiple comparisons. FM, frequency modulation; STM, spectro-temporal modulation; SRM, spatial
release from masking.
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What is the relationship between auditory,
cognitive, and clinical variables in PwPs?

We next addressed extent to which auditory pro-
cessing measures might relate to cognition and
clinical aspects of PD. Figure 3 shows correlations
between the auditory processing composite (lower
scores reflect better audition) and clinical, cognitive,
and demographic variables.

Within the PwPs group, there were statisti-
cally significant correlations between the auditory
composite and the clinical variables MDS-UPDRS-
III (r(40 ) = 0.33, p = 0.03), depression (r(39 ) = 0.37,
p = 0.01), quality of life (r(39 ) = 0.52, p = 0.001),
and caregiver burden (r(39 ) = 0.41, p = 0.008). These
results indicate that worse auditory processing
is related to worse motor and depressive symp-
toms, increased difficulties in daily living activities,
and higher burden for the caregivers. No statisti-
cally significant correlations were found between
auditory processing and measures of anxiety, dis-
ease duration (years), or levodopa intake (LEDD)
(ps ≥ 0.16).

For cognitive measures, better auditory pro-
cessing was associated with better scores in the
MoCA (r(39 ) = 0.41, p = 0.007) and UCancellation
(i.e., Selective attention, r(32 ) = 0.39, p = 0.024).
Further, auditory processing showed a trending
relationship with HHIE-S (r(38 ) = 0.30, p = 0.062)
where participants reporting more hearing hand-
icap trended to show worse auditory processing.
Finally, we observed a statistically significant cor-
relation between auditory processing and education
(r(42 ) = 0.47, p < 0.001), but not with the age of the
participants (r(42) = 0.24, p = 0.11).

To further characterize relationships between audi-
tory, cognitive, and clinical variables in PwPs, we
computed three auditory composite scores grouped
by their association to auditory processing hierarchy
(see Table 2). The low-level composite was signifi-
cantly correlated to PD duration, HHIE-S, and age.
The mid-level composite showed a trending correla-
tion with MDS-UPDRS-III and UCancellation, and
statistically significant correlations to clinical vari-
ables of depression, quality of life, caregiver burden,
and education. The high-level auditory composite
showed only a significant correlation with the MoCA
total score, and a trending relationship to HHIE-S.
Scatter plots for the three additional composite scores
with sub-groups of assessments can be found in Sup-
plementary Figures 1–3).

DISCUSSION

In this study, we collected a wide scope of auditory
processing measures to investigate what aspects of
auditory processing might be compromised in PwPs.
We used PART, a validated, freely available, cross
platform, mobile laboratory-grade auditory testing
app, which provides easy opportunity for replica-
tion. We found no evidence of alterations in auditory
processing in PwPs compared to an age-, education-
and general cognition-matched control group with-
out PD. Only self-reported hearing handicap, which
was in the normal range for both groups, showed a
significant difference between groups, however this
measure indicated lower hearing handicap for PwPs
in this study. Notably, we did find significant associa-
tions between overall auditory processing and clinical
scales of cognitive state, motor symptom severity,
depression, quality of life, and burden of the care-
giver.

These results suggest that in early and middle
stages of PD, auditory processing may play an impor-
tant role in dealing with the inherent difficulties of
the illness. Therefore, auditory measures may serve
as behavioral biomarkers that provide information
about the non-motor symptoms of PD. Even in the
absence of additional auditory difficulties inherent
to PD, auditory difficulty in PwPs may contribute to
disease burden in several aspects including motor,
affective, functional, and cognitive domains. These
data, combined with other research suggesting that
hearing difficulty can increase the risk of expressing
PD [7] and dementia [8, 9, 39, 40] in persons without
PD, provides good reason to adopt measures of cen-
tral auditory processing more broadly in this clinical
population.

We further analyzed the relationship between audi-
tory processing scores and cognitive measures which
have become essential to describe the non-motor
spectrum of PD [3, 66]. We found a medium size
correlation between auditory processing and the
UCancellation test, which evaluates sustained and
selective visual attention under highly similar dis-
tractors [45]. The association indicates that visual
attention and auditory processing share a portion of
variance in this sample, but also, have the poten-
tial to be differentially informative. We also found
a moderate correlation between the auditory pro-
cessing composite and the MoCA total score. The
MoCA is typically used as a general screen test
for cognitive decline and it measures several cog-
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Fig. 3. Scatter plots and Pearson correlations showing clinical, cognitive, and demographic measures as a function of the auditory processing
composite score within the PD group. The categories for the education variable are: 0 = elementary; 1 = middle-school; 2 = high-school;
3 = university; 4 = graduate school.

Table 2
Correlations between the auditory composite scores and clinical, cognitive, and demographic variables

of interest in the PD group

Gral. composite r (p) Low-level r (p) Mid-level r (p) High level r (p)

Age 0.24 (0.11) 0.45 (0.003)* 0.12 (0.42) 0.18 (0.23)
Education –0.47 (0.001)* –0.16 (0.30) –0.48 (0.001)* –0.04 (0.80)
Disease duration –0.05 (0.76) –0.38 (0.028)* –0.03 (0.85) 0.18 (0.29)
MDS-UPDRS-III 0.33 (0.032)* –0.02 (0.88) 0.33 (0.036)* 0.10 (0.51)
LEDD 0.13 (0.4) –0.04 (0.80) 0.19 (0.22) –0.08 (0.62)
HRS depression 0.37 (0.018)* –0.03 (0.84) 0.42 (0.007)* –0.01 (0.96)
HRS anxiety 0.22 (0.16) –0.17 (0.31) 0.25 (0.11) 0.10 (0.51)
MoCA total score –0.41 (0.007)* –0.14 (0.39) –0.19 (0.22) –0.59 (<0.0001)*
UCancellation –0.39 (0.026)* –0.28 (0.11) –0.35 (0.049)* 0.02 (0.92)
HHIE-S 0.3 (0.062) 0.53 (0.001)* 0.12 (0.45) 0.3 (0.059)
Quality of life (PDQ-39) 0.52 (<0.001)* –0.04 (0.80) 0.51 (0.001)* 0.18 (0.25)
Caregiver burden (ZBI) 0.41 (0.008)* –0.13 (0.44) 0.39 (0.013)* 0.16 (0.31)

HHIES, Hearing Handicap Inventory for the Elderly in Spanish; HRS, Hamilton Rating Scale; MoCA,
Montreal Cognitive Assessment. Note p-values are not corrected for multiple comparisons.

nitive sub-domains including executive processes,
attention and working memory [48]. The corre-
lation with the MoCA assessment indicates that
the auditory measure scores share a common vari-

ance with general cognitive performance, in line
with previous reports [67, 68]. Overall, PwPs that
showed reduced cognitive capacity also struggled
with the auditory assessment. These results indicate
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that auditory processes could contribute to construct
a more detailed understanding of non-motor, specif-
ically cognitive symptoms of PwPs at the individual
level.

To further characterize the observed relationship
between the general auditory processing composite
and the clinical and cognitive measures, we computed
three sub-composites: 1) low-level (four-frequency
PTA; mainly sensitive to peripheral function); 2)
mid-level (Gap, FMs, and STMs; sensitive to cen-
tral function); and 3) high-level (SRM collocated,
SRM separated, and DSI; intimately linked to cog-
nitive function). Starting from the top, this analysis
indicated that the high-level composite was the main
driver of the correlation with the MoCA. Therefore,
SRM measures might be incorporated as part of tra-
ditional neuropsychological batteries for cognitive
assessment of PwPs. Whether speech in competi-
tion might represent a reliable predictor of cognitive
decline and future dementia in PD remains to be
explored. The correlation with motor symptoms
(MDS-UPDRS-III), depression (HRSD), quality of
life (PDQ-39), caregiver burden (ZBI), the cogni-
tive measure of UCancellation, and the demographic
variable of years of education were mainly driven
by the mid-level composite. This result indicates that
middle-level auditory processing, mainly composed
here of the spectral and temporal features of sound,
is the one more strongly related to the severity and
impact of motor and non-motor symptoms. From a
neurological perspective, assessment of middle-level
processes might become informative of potential
worsening of PD symptomatology due to hearing
impairment. Lastly, the low-level composite was the
main driver of the correlation with self-reported
hearing (HHIE-S) with a likely contribution by the
high-level composite which showed a marginally sig-
nificant relationship. Further, the low-level composite
showed a significant correlation with the variables of
disease duration and age of the participant. This asso-
ciation opens the question about whether low-level
auditory processing better indexes the progressive
decline of the auditory pathway associated with
aging, compared to superior processing. The associa-
tion observed for disease duration was in the opposite
direction than expected, where people with longer
disease durations had worse hearing thresholds. This
relationship is difficult to explain and will need to
be confirmed in other samples. Overall, although
our observations on the sub-composites should be
taken as post hoc and preliminary as they are not
controlled for multiple comparisons, our results sug-

gest that measures of central auditory processing
may carry important differential clinical information
for PD.

Limitations

PwPs in our study were instructed to participate
while being ON their medication as in [12, 14, 15,
17] and so our findings are limited to the medicated-
ON state. This is important to note since dopamine
receptors are found all along the auditory pathway
except for the superior olivary complex [69], and
cochlear activity has been shown to be affected by
dopamine agonists [11, 15]. We did not find a sta-
tistically significant relationship between LEDD and
auditory processing performance in this sample, how-
ever, further exploring this relationship with PwPs
OFF medication still represents an important aspect
to test this relationship.

Further, the vast majority PwPs in our sample
showed low or middle motor symptom severity, with
92% of them having a score lower than 3 in the
Hoehn and Yahr scale, and the mean disease duration
was 8 ± 5. Importantly, we specifically recruited peo-
ple without severe cognitive or auditory complaints.
PwPs with cognitive and/or auditory complaints as
well as those with more severe motor symptoms and
disease duration might manifest differences that were
not yet expressed in the sample under investigation
here. We note that other studies that found significant
auditory difficulty in PwPs included participants with
longer disease durations [16].

It is thus important to recognize that while we
failed to find evidence of differences in hearing
between PwPs and controls, this could be due to
many factors, including the sample size, medication,
early and middle stage of disease progression, selec-
tion criteria, etc. Also, we did not collect clinical
scale measures on the comparison control group, and
we cannot say whether the observed relationships
between auditory processing measures and clinical
scale variables would also be present in those without
PD. However, we might expect restricted score ranges
in some scales (e.g., MDS-UPDRS-III and Hoehn
& Yahr scale) that would prevent meaningful anal-
ysis. While our findings are broadly consistent with
the extant literature, where a number of other studies
failing to find differences among similar groups and
sample sizes as this study [15, 19, 20], studies with
similar groups and sample sizes that found differ-
ences in peripheral [11, 12, 17], and central [14–16]
auditory measures serve to indicate there is complex-
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ity to unveil before we are able to answer conclusively
whether there is auditory processing challenge in
PwPs beyond what can be expected for matched con-
trols and in what measures.

Conclusion

This study demonstrates feasibility of use of a
freely available testing platform (PART) to better
understand auditory processing in PwPs. While our
findings suggest that auditory processing may be pre-
served in PwPs with recent disease onset and low
to middle severity of the disease, further research
is needed to undertand the extent to which auditory
processing may manifest heterogeneously and be a
moderator of motor and non-motor symptoms in the
PwPs population. Further, our findings of significant
differential relationships between hearing with clin-
ical variables of motor symptom severity, cognitive
decline, depression, quality of life and caregiver bur-
den within the PwPs group indicates that collecting
auditory measures from PwPs may have potential
clinical value for prognostic purposes.

Importantly, the PART app is a free-to-use app that
can be employed by other research groups to promote
collection of larger-samples in more diverse partic-
ipants and contexts. Replication and meta-analysis
with a diversity of standardized measures may be
what is necessary to better answer what type of alter-
ations in auditory processing can occur with PD. As
such, this study represents just a first step towards bet-
ter understanding of auditory processing alterations
in PwPs and the diversity in which they may mani-
fest. Current clinical guidance on PD is largely silent
on the auditory alterations that can occur [70] and the
way they relate to other motor and non-motor symp-
toms of the disease. Additional research is needed
to study the relationship between auditory, cognitive,
and clinical variables in PwPs, and ultimately pave
a path towards improving clinical care provided for
PwPs.
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