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Abstract
Previous research has demonstrated that remote testing of suprathreshold auditory function using distributed technologies
can produce results that closely match those obtained in laboratory settings with specialized, calibrated equipment. This work
has facilitated the validation of various behavioral measures in remote settings that provide valuable insights into auditory
function. In the current study, we sought to address whether a broad battery of auditory assessments could explain variance
in self-report of hearing handicap. To address this, we used a portable psychophysics assessment tool along with an online
recruitment tool (Prolific) to collect auditory task data from participants with (n= 84) and without (n= 108) self-reported
hearing difficulty. Results indicate several measures of auditory processing differentiate participants with and without self-re-
ported hearing difficulty. In addition, we report the factor structure of the test battery to clarify the underlying constructs and
the extent to which they individually or jointly inform hearing function. Relationships between measures of auditory process-
ing were found to be largely consistent with a hypothesized construct model that guided task selection. Overall, this study
advances our understanding of the relationship between auditory and cognitive processing in those with and without subject-
ive hearing difficulty. More broadly, these results indicate promise that these measures can be used in larger scale research
studies in remote settings and have potential to contribute to telehealth approaches to better address people’s hearing needs.
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Introduction
Although telehealth services and remote testing platforms
have been of interest to audiologists and researchers for
many years, clinical service limitations and social distancing
restrictions imposed during the COVID-19 pandemic led to
increased interest in these tools (Almufarrij et al., 2022;
Peng et al., 2022). Recent technological advances in con-
sumer grade electronics have also made it possible to use low-
cost, personal-owned devices to create and present accurate
and controlled audio signals, further advancing the develop-
ment of new portable and remote auditory testing platforms
(Almufarrij et al., 2022; Bright & Pallawela, 2016; Gallun
et al., 2018; Irace et al., 2021). Such tools can expand the
reach of hearing health services to rural settings with fewer
available resources or a lack of options for hearing healthcare,
and to patients lacking easy access to traditional clinical

services due to limited mobility or other health conditions.
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Even mild untreated hearing loss is linked with higher rates of
unemployment, social isolation, depression, and anxiety, as
well as a higher risk of dementia (Kannan et al., 2024;
Livingston et al., 2024). Increasing the ease of access to hear-
ing screening and assessment through remote testing plat-
forms may help address this important public health issue
through earlier detection of hearing difficulties and provision
of care to at-risk patient populations. Even basic research
studies may benefit from remote testing platforms with larger
and more diverse participant samples improving the general-
izability of research findings to the larger population.

While a number of app- and web-based tools for remote
auditory testing currently exist, information on the functional-
ity, validity, and reliability of these tools is often not well re-
ported (Almufarrij et al., 2022; Bright & Pallawela, 2016;
Irace et al., 2021; Peng et al., 2022). Our lab has been develop-
ing and testing a freely available app called PART (Portable
Automated Rapid Testing; https://ucrbraingamecenter.github.
io/PART_Utilities/) that supports work in this area with the
goal of making assessments that have traditionally been con-
fined to laboratory settings more accessible to researchers
and clinicians (Gallun, 2020). To date, a variety of audiological
and psychophysical assessments have been created in PART,
including suprathreshold measures of speech understanding
in quiet and in noise, measures of spectral and temporal pro-
cessing, measures of cognition, and self-report of experience
(e.g., surveys). Recent studies that used PART have aimed to
address the validity and reliability of these tests in different set-
tings and with different groups of people. For instance, Lelo de
Larrea-Mancera et al. (2020) validated a battery of PART as-
sessments across a range of environmental noise conditions
and confirmed consistency with previous laboratory tests
(Cherri et al., 2024a; Lelo de Larrea-Mancera et al., 2020).
Additionally, several studies confirmed that data collected via
PART is in many cases reliable even when administered on
participant-owned, uncalibrated devices (Lelo de
Larrea-Mancera et al., 2022; Rink et al., 2022). Transferring as-
sessments to languages other than English (Lelo de
Larrea-Mancera et al., 2023a; 2023b; Padilla-Bustos et al.,
2025) and successful tests of PART in clinical populations
such as those living with Parkinson’s disease, mild cognitive
impairment, or dementia (Lelo de Larrea-Mancera et al.,
2024a, 2025) further underscore the capabilities of this plat-
form to investigate the needs of different participant samples.
Recently, work has focused on making PART measurements
more efficient through methods that collect more data in a
shorter amount of time (Lelo de Larrea-Mancera et al.,
2023c, 2024b). This research demonstrates functionality and
usability of the PART testing platform and indicates a potential
opportunity to address the needs of research participants and
clinic patients.

While PART allows for accessible and efficient remote audi-
tory testing, to date research with the PART application has
mostly addressed participants with normal or near-normal hear-
ing thresholds. The primary aim of the current study was to

establish the validity of a remote testing procedure using
PART, identifying measures that can be useful to discriminate
between individuals with and without self-reported hearing dif-
ficulties. This aim is specific to further establishing PART as a
clinically relevant research tool. As a secondary aim, we sought
to better understand the factor structure of the testing battery and
the extent to which it could inform specific constructs that could
individually or in combination help us understand aspects of
self-reported hearing difficulties. This aim addresses an unre-
solved complexity in auditory clinical science (not specific to
PART) that concerns the inadequacy of any one measure to fully
establish whether someone will experience hearing difficulty
(Humes, 2021; Humes et al., 2012). Overall, results of this
work speak directly to the feasibility of conducting large-scale
studies remotely through an online platform, with a structured
hierarchy of auditory processing measures, accommodating in-
dividuals with varying ages and hearing sensitivities.

Methods

Participants
One hundred and ninety-two (192) participants were recruited
through the online platform Prolific (www.prolific.com).
They all provided signed informed consent as approved by
the University of California, Riverside Human Research
Review Board. Participants were preselected by Prolific to
balance the sample based on self-report of hearing status fol-
lowing the prompt: “Do you have any hearing loss or hearing
difficulties?”. The accuracy of this preselection question was
cross-checked by an additional question specific to the current
study: “Do you have hearing loss, reduced hearing, or hear-
ing difficulties (such as difficulty understanding when multiple
people are talking or when there is background noise)?”. The
Kendall correlation between these two dichotomous variables
was of τ= .58 which indicated the responses to these two sin-
gle questions were not the same. To achieve a more valid ap-
proach to classify the sample into hearing difficulty (HD) and
no difficulty (ND) groups, final group assignment was based
on a cutoff score on the Hearing Handicap Inventory for the
Elderly–Screening Version (HHIE-S) of ≥8 as suggested by
ASHA guidelines (1989). A comparison of the final group as-
signment to the Prolific preselection and to another single
question assessment of hearing status collected for this study
is provided in the Supplemental materials (Table S1).
Demographic information divided by final group assignment
is presented in Table 1. All participants provided informed
consent and received $12 an hour for their participation.

Construct Framework
We used a collection of measures thought to be sensitive to
different stages along the hierarchy of auditory processing
(see Figure 1). The selection of measures was based upon pre-
vious models in cognitive and auditory science (Bronkhorst,
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2015; Cowan, 1999; Stecker & Gallun, 2012; Vetter et al.,
2024). While this framework is not intended as a comprehen-
sive view of all human auditory activity, it is meant to eluci-
date potential constructs that can inform different dimensions
of hearing (Cherri et al., 2024b; Lelo de Larrea-Mancera et al.,
2020, 2022). We place at the base of this hierarchy the basic
ability to detect sound using a pure tone detection task.

Building upon this, measures of central auditory processing
are included, such as temporal fine structure (TFS; guides
sound spatialization), or spectrotemporal modulation (STM;
guides aspects important for speech intelligibility) (Gallun
& Best, 2020; Humes et al., 2012; Stecker & Gallun, 2012).
At a higher level we consider tasks that involve speech such
as the speech reception threshold (SRT) and the ability to dis-
criminate speech in competition (SiC) with other sources of
sound. While all auditory tasks require attentional control
and working memory to guide listeners behavior through
the task instructions, the speech related tasks are known to
rely significantly on these cognitive constructs (Cowan,
1999; Gallun & Jakien, 2019). Our primary hypothesis is
that all of these tests can contribute to account for self-
reported hearing difficulties. We place self-reported hearing
at the top of the hierarchy as it involves a meta-cognitive sub-
jective reflection or an integrated narrative episodic recollec-
tion guided by attention and working memory of past
perceptual performance. In the following section, we provide
more detail on each task utilized to understand these different
constructs.

Instruments
The measures employed are detailed below. In all cases, the
testing was performed on personally owned devices, follow-
ing the methods of Lelo de Larrea-Mancera et al. (2022),
who demonstrated high test–retest reliability as well as good
correspondence between results with calibrated equipment
in the laboratory and with personally owned equipment
at-home. Because of the lack of precise level measurement
in remote conditions with uncalibrated equipment, sound le-
vels are reported as nominal dB throughout (as reported by
PART).

Self-Reported Hearing Handicap. Self-reported hearing diffi-
culty was evaluated using the HHIE-S, developed by
Newman et al. (1990). This inventory includes 10 questions
addressing the social and emotional consequences of
hearing-related challenges, with participants responding on
a three-point scale: “no” (0 points), “sometimes” (2 points),
or “yes” (4 points). Total HHIE-S scores range from 0 to
40, where higher scores indicate a greater self-perceived hear-
ing handicap. According to ASHA guidelines (1989), a cutoff
score of 8 or above suggests the presence of hearing handicap.

Adaptive Tracking. The adaptive scan (AS) algorithm that com-
bines progressive and adaptive methods of psychophysical test-
ing (Lelo de Larrea-Mancera et al., 2023c, 2024b) was used to
vary the magnitude of an adaptive parameter (e.g., dB) speci-
fied for each of the auditory processing tasks described below
except pure tone detection and working memory tasks. Every
task included two consecutive runs of AS with three scans of
nine steps each. Each scan ended after the ninth trial or after
three errors. Details about the parameters used in the first

Figure 1. Construct Framework Organizing Instrument Selection
and Grouping of Assessments Into Constructs. The Color Indicates
Graded Relationships Between Constructs Rather Than Strict
Independence. SRT=Speech Reception Threshold;
STM=Spectrotemporal Modulation; TFS=Temporal Fine Structure;
WM=Working Memory.

Table 1. Demographic Information Split by Hearing Difficulty
Group.

ND HD

N 108 84
Gender, female N= 57 (52.7%) N= 36 (42.8%)
Age, years 38.5± 12.07 45.2± 13.63
HHIE-S 1.75± 2.09 18.95± 7.58
Education (grade)
High school N= 22 (20.3%) N= 28 (33.3%)
Junior college N= 18 (16.6%) N= 9 (10.7%)
Bachelor’s degree N= 52 (48.1%) N= 31 (36.9%)
Professional degree N= 2 (1.8%) N= 2 (2.3%)
Graduate school N= 12 (11.1%) N= 13 (15.4%)
Hispanic, yes N= 14 (13%) N= 10 (11.9%)
Ethnicity
White N= 70 (64.8%) N= 61 (72.6%)
Asian N= 12 (11.1%) N= 3 (3.5%)
Black N= 19 (17.5%) N= 13 (15.4%)
Native American N= 3 (2.7%) N= 2 (2.3%)
Other N= 3 (2.7%) N= 5 (6%)

HD=hearing difficulty; HHIE-S=Hearing Handicap Inventory for the Elderly–
Screening Version; ND=no difficulty.
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scan are provided below for each task. Placement of the second
and third scans was dependent (adaptive) on participant per-
formance and the cumulative estimate of threshold per scan.
Threshold was calculated with a simple heuristic
(hits − nTrials ∗ guess rate) / (1 − guess rate) shown to
be equivalent to more complex Bayesian threshold estimation
procedures (Lelo de Larrea-Mancera et al., 2023c, 2024b).
The result of the formula indicates the step number that serves
as a threshold estimate in a vector of trials ordered according to
the magnitude of the adaptive parameter. Every completed scan
was divided into three regions, if the scan threshold fell in ei-
ther the higher or lower regions, the next scan would slide in
that direction by half the range. Otherwise, if the threshold
fell in the center region, the next scan would be centered at
place and its step-sizes would be halved as described in Lelo
de Larrea-Mancera et al. (2023c, 2024b). The average thresh-
old calculated from each of two runs on each test constituted
the main outcome at the individual measure level.

Sound Detection. Pure-tones were presented to the left and the
right ear separately at 1000 Hz, and diotically at frequencies
of 500, 2000, and 4000 Hz to estimate detection thresholds,
representing an abbreviated digital version of the standard
pure-tone audiogram. This measure is intended to provide in-
formation about peripheral hearing, not to provide diagnostic
measures for hearing loss as the clinical audiogram would.
This is due to testing standards (ANSI, 2004) not being easily
achieved with uncalibrated participant-owned devices, which
can lead to increased variance overall with the greatest diffi-
culty being the high risk of inaccurately elevated thresholds
due to external factors such as environmental noise (see
Almufarrij et al., 2022).

Participants were presented with a series of three-to-four
100 ms tones initially presented at 70 dB. The question “did
you hear the tones” was displayed on screen along with a
green button with a check-mark that indicated “yes” and a
red button with an “X” on it that indicated “no.” Following
three consecutive “yes” responses, the tone level was reduced
in steps: first by 20 dB, then by 10 dB down to 10 dB, and fi-
nally by 5 dB, using an adapted Hughson-Westlake algorithm
(Carhart & Jerger, 1959). If three consecutive “no” responses
occurred or 0 dB was reached, the last correctly detected level
was recorded as the threshold. Each frequency-specific sec-
tion of the test lasted about 2 min, totaling approximately
10 min. The primary outcomes were the estimated thresholds
at each frequency (average of left and right 1000 Hz). The
peripheral hearing construct-level outcome was taken the
pure-tone average (PTA) detection threshold across all four
frequencies.

Temporal Fine Structure. Sensitivity to the fine structure of
sound was assessed with sinusoidal tones set up in three dif-
ferent tasks: (1) the detection of a silent gap placed between
two tone bursts; (2) the detection of frequency modulations
(FM) in two conditions described below. These assessments

employed a 4-interval 2-cue 2-alternative forced-choice
(2AFC henceforth) paradigm where the first and last intervals
are presented as cues that have the standard stimuli without
the target. It took participants around 12 min to complete
both AS runs on all three TFS assessments (described in detail
below).

The Gap detection task adapted from Gallun et al. (2014)
and Hoover et al. (2015, 2019) was used to measure auditory
temporal sensitivity. While both TFS and temporal envelope
cues are involved in this task, here it is considered as part
of the TFS construct. Each interval contained two diotically
presented tone bursts (2 kHz) at 80 dB, and target intervals
contained a silent gap placed between the two tone-bursts.
We adjusted the duration of the gap using AS (described
above). The first scan started at 128 ms and halved its value
on an exponential scale until reaching .5 ms on the last step
of the first scan unless interrupted.

FM detection tasks (2) adapted from Grose and Mamo
(2010, 2012) were used to measure phase-related temporal
sensitivity. Target stimuli involved detecting a sinusoidal
FM at 2 Hz. Every interval presented pure-tones with center
frequencies randomized between 460 and 550 Hz presented
at 75 dB. Target intervals contained FM that was either pre-
sented diotically to produce a monaural cue (monaural fre-
quency modulation, MFM) or presented dichotically with an
antiphasic relationship between the ears to produce a binaural
cue (binaural frequency modulation, BFM). The range of the
2 Hz FM was adapted using AS. The MFM started at 256 Hz
and halved its value on an exponential scale until reaching
1 Hz unless interrupted. The BFM task started at 64 Hz and
halved its value on an exponential scale until reaching
.25 Hz unless interrupted.

Spectrotemporal Modulation Sensitivity. Spectral, temporal,
and STM detection tasks (3) were used to measure sensitivity
to spectral, temporal, and spectrotemporal sinusoidal ampli-
tude modulations in broad-band noise through three different
tasks that also employed a 2AFC paradigm: (1) the detection
of temporal modulation (TM) at 4 Hz; (2) the detection of
spectral modulation (SM) at 2 cycles per octave; and (3) the
detection of the combined STM at 4 Hz and 2 cycles per oct-
ave (see similar stimuli in Bernstein et al., 2013; Lelo de
Larrea-Mancera et al., 2020; Sabin et al., 2012). The up/
down direction of the modulation was generated randomly
for each interval. Stimuli were presented at 65 dB for
500 ms. The adaptive parameter was modulation depth mea-
sured mid-to-peak on a logarithmic amplitude scale (dB) as
described in Stavropoulos et al. (2021) starting at 6 dB and
decreasing .7 dB until reaching .4 dB on the last step of the
first scan unless interrupted. These assessments took around
12 min to complete including both AS runs on all three
STM assessments (described in detail below).

Speech Reception Threshold. The Coordinate Response
Measure corpus (Bolia et al., 2000) was used to calculate

4 Trends in Hearing 29(29)



SRT. Participants listened to sentences spoken by a single
speaker following the structure: “target code name, go to
color, number, now.” (e.g., “Ready Charly, go to red one
now”). Participants were instructed to identify the color-
number combination they heard on a 4× 8 grid displayed
on the screen with four possible colors (white, green, blue,
and red) and eight possible numbers (1–8). The signal level
adapted starting at 65 dB and progressed in steps of 5 to
25 dB in the first scan unless interrupted.

Speech in Competition. The Spatial release from masking task
was used to evaluate the ability to understand speech under
competition with highly similar speech maskers (Gallun
et al., 2013; Lelo de Larrea-Mancera et al., 2020, 2022;
Marrone et al., 2008) and could be considered a measure of
auditory selective attention. Masker talkers spoke code-names
other than Charly which remained exclusive for target sen-
tences. The target sentence was presented at 65 dB in all trials.
Masker sentences were presented either colocated in simu-
lated space or separated by 45 degrees to each side. The mas-
kers in the colocated condition started at 13 dB
target-to-masker ratio (TMR) and decreased 2 dB on every
step until reaching −5 dB TMR in the first scan unless inter-
rupted. The maskers in the separated condition started at 8 dB
TMR and decreased 2 dB on every step until reaching −10 dB
TMR unless interrupted. It took about 6 min to complete both
runs of both conditions.

The Dichotic sentence identification test, adapted from
Fifer et al. (1983), was used to assess the ability to understand
speech in dichotic conditions where two speakers need to be
attended simultaneously, and could be considered a measure
of auditory divided attention. In each trial, two sentences
were presented simultaneously at 50 dB, with a different sen-
tence presented to each ear. Sentence pairs were drawn
pseudorandomly from a closed set of six seven-word, low-
predictability sentences from the Synthetic Sentence
Identification test (Speaks & Jerger, 1965), ensuring no repe-
tition within pairs. Participants selected the two sentences
they heard by choosing from six written sentence options
on a response list. Five trials were presented, and if partici-
pants did not achieve 100% accuracy, five additional trials
were given. The primary outcome was the percentage of cor-
rect responses, with the test taking about 2 min to complete.

Working Memory Capacity and Attentional Control. The audi-
tory visual divided attention task (AVDAT) was used to meas-
ure auditory and visual attentional control and working
memory capacity. This task has been previously shown to ac-
count for significant variance in auditory tests (Gallun &
Jakien, 2019). Participants started with a cued visual (V)
span task where they were briefly presented with an image
of an eye followed by a visual sequence of letters and were
asked to recall the letters. Then, participants completed a
cued auditory span (A) task where they were briefly presented
with an image of an ear followed by an auditory sequence of

numbers. In the final block, both auditory and visual stimuli
were presented simultaneously, and participants were either
cued in advance (Cued_AV) or at the end of the sequence
(Divided_AV) whether to respond to the auditory or visual
stream. Each section (A, V, Cued_AV, Divided_AV) started
at a sequence length of 3 stimuli and advanced to sequence
length of 5 stimuli irrespective of performance. Then se-
quence length adapted to a maximum of 9 stimuli depending
on each participant’s performance. Each sequence length con-
tained three trials of each type. A span score was calculated
for each condition which was defined as the last sequence
length at which there was at least one correct trial.
Modality-specific attentional control scores were calculated
from the span scores of the first two blocks (single-sensory
conditions) minus the span scores obtained in cued conditions
of the third block. Higher scores indicate dual streams of sen-
sory information worsen the capacity to store information due
to the increased attentional control required to ignore one
stream of information. Modality-specific WM capacity scores
were taken from the average span score of either visual or
auditory target trials in the third block (cued and uncued).

Composite Scores. The primary outcomes at the
construct-level of TFS, STM, SRT, SiC, attentional control,
and WM capacity were computed by normalizing each of
their constituting measures to a z-score (considering the entire
sample including both HD and ND groups) and averaging
across tasks for each individual. The pure tone tests (four fre-
quencies) were first averaged into a pure tone average and
then converted to a z-score (PTA). Visual and auditory scores
were averaged together for each of the attentional control and
WM capacity constructs.

Procedure
Participants were recruited through Prolific, which provided a
pseudorandom preselection of participants into balanced
groups of self-reported HD and ND including balanced demo-
graphics of sex, age, and education. After initial contact
through email, participants were assigned dates for three test-
ing sessions to be supervised through Zoom by a research as-
sistant. In the first session informed consent and demographic
forms were completed. Testing proceeded in a between-
participant counterbalanced manner across four possible or-
ders of tasks. Participants completed all tests using their
own equipment (i.e., headphones and mobile device or tablet)
across three remote sessions within 14 days of each other.
Participants were instructed to complete their sessions in a
quiet area with no distractions, to turn the volume of their de-
vices to the maximum value, and to ensure proper headphone
placement. Data was uploaded to Amazon Web Services
HIPAA compliant servers. Data were collected as part of a lar-
ger study that also included: (1) usability questionnaires about
each task; (2) an additional run of each task with alternative
stimulus delivery algorithms (up-down staircases and
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progressive tracking) aimed to further validate the adaptive
scan algorithm used here; and (3) Letter+Number WM
task to evaluate concurrent validity for the AVDAT task.
Evaluation of these additional data is beyond the scope of
this study and will be reported elsewhere.

Statistical Analysis
Descriptive statistics for each individual measure (Table 2)
are presented and discussed in reference to consistency
(mean alignment) with previous studies. Further, to address

the primary aim we evaluated the ability of each construct
to discriminate between the self-reported HD and ND groups
using robust multiple regression models that tested for the ef-
fect of participant group (HD vs. ND) and age on each con-
struct (Table 3). We used a robust regression approach with
a Huber weighting function (Huber, 1981) to account for
widespread violations of the normality assumption and pres-
ence of outlying values in the variables under study. This
method downweighs the influence of extreme values without
reducing them to zero. We deem this adequate as extreme va-
lues may be testing failures or real indices of poor perceptual

Table 2. Descriptive Statistics for All Measures Collected for This Study.

Measure Group N Units Mean SD Min Max

HHIE-S ND 102 Score 1.74 2.09 0 6
HD 84 18.95 7.58 8 38

PT .5kHz ND 104 dB 28.07 11.58 −5 65
HD 83 33.37 17.48 −15 85

PTL 1kHz ND 104 dB 26.34 14.28 −20 80
HD 83 34.21 18.53 −15 80

PTR 1kHz ND 104 dB 26.15 20.20 −20 80
HD 83 32.59 26.15 −20 85

PT 2kHz ND 104 dB 22.01 12.07 5 55
HD 83 30.06 19.66 −15 80

PT 4kHz ND 104 dB 21.01 13.04 −5 80
HD 83 30.78 23.94 −20 85

Gap ND 102 log2(ms) 0.31 2.07 −3.25 7.25
HD 81 0.99 2.29 −2.75 6.75

BFM ND 103 log2(Hz) −0.86 1.63 −4.50 5.50
HD 81 0.03 2.17 −3.50 6.50

MFM ND 103 log2(Hz) 2.20 1.09 −0.25 7.50
HD 81 2.62 2.21 0 6.50

TM ND 102 (M) dB 1.63 1.17 0.40 7.80
HD 82 1.77 1.36 0.25 9.15

SM ND 102 (M) dB 1.41 0.86 0.10 6.15
HD 81 2.12 1.80 0.60 10.80

STM ND 102 (M) dB 1.29 1.06 0.25 7.90
HD 81 1.77 1.51 0.25 7.85

SRT ND 102 dB 40.63 7.69 27.5 65.00
HD 82 45.67 12.17 27.5 87.50

Col ND 102 TMR dB 3.82 1.61 1.50 12
HD 82 5.51 5.38 1.00 31

Sep ND 102 TMR dB −0.12 4.58 −10.00 18
HD 82 2.31 5.71 −7.00 20

DSI ND 103 % 86.57 20.28 0 100
HD 83 72.60 31.14 0 100

Aud. WM ND 104 span 6.20 1.22 2.5 9
HD 82 5.60 1.68 0 9

Vis. WM ND 104 span 5.47 1.63 0 9
HD 82 4.89 1.69 0 8

Aud. Att. ND 104 score 0.64 1.22 −2 6
HD 82 0.51 1.27 −4 4

Vis. Att ND 104 score 0.68 1.56 −6 6
HD 82 0.59 1.53 −7 4

Att=attention; Aud=auditory; BFM=binaural frequency modulation; Col=colocated; DSI=dichotic sentence identification; HHIE-S=Hearing Handicap
Inventory for the Elderly–Screening Version; kHz=kilo-Hertz; Max=maximum; MFM=monaural frequency modulation; Min=minimum; ms=milliseconds;
n=sample size; PT=pure tone; PTL=pure tone left (monaural); PTR=pure tone right (monaural); Sep=separated; SRT=speech reception threshold;
SM=spectral modulation; STM=spectrotemporal modulation; TM=temporal modulation; TMR=target-to-masker ratio; Vis=visual; WM=working memory.
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performance. Significance on this family-wise set of eight
comparisons was controlled for false discovery rate
(Benjamini & Hochberg, 1995) as these analyses aimed to
confirm the utility of each construct to discriminate self-
reported HD. Similar analyses for each individual measure
are also provided in the supplemental materials without cor-
rection to facilitate exploration and avoid inflating type II er-
ror (Supplemental Table S2).

To address the secondary aim of understanding the test bat-
tery at the construct level, we examined the bivariate relation-
ship between measures (Table 4) (raw correlations for each
individual measure appear in Table S3 of the Supplemental
materials). False discovery rate was also considered for this
family of 36 correlations. Further, a principal component ana-
lysis (PCA) was conducted to evaluate the consistency of our
theory-driven dimensionality reduction into constructs with a
data-driven approach. All individual measures described
above were included in the PCA. The number of components
was selected based on a criterion of eigenvalue > 1. To in-
crease interpretability an oblique promax rotation method
based on the correlation matrix was employed to allow com-
ponents to be correlated. This analysis allowed for an evalu-
ation of whether the rotated components and their variable
loadings (Table 5) were similar to the construct framework
originally proposed (Figure 1).

Finally, to address whether the principled characterization
of the test battery at the construct level could discriminate HD,
logistic regression was used including participant age and per-
formance on each construct to predict participant group (HD
vs. ND). The accuracy, sensitivity, and specificity of the
model to discriminate HD as well as the area under the curve
(AUC) of a receiver operating characteristic (ROC) curve is
also reported. Accuracy, sensitivity, specificity and AUC for
the individual constructs is provided in Table S4 of the
Supplemental materials.

Results
Auditory processing measures were largely overlapping with
the reports of Lelo de Larrea-Mancera et al. (2022), who col-
lected data across both laboratory and remote conditions (see

Table 2). Importantly, the number of outlying cases (> 2 SD)
was under 8.5% for every test, which is similar to the reports
in Lelo de Larrea-Mancera et al. (2020) for young people
without hearing difficulties in laboratory conditions.
However, there were a few participants whose pure tone de-
tection and SRT scores were worse than 45 dB (20 partici-
pants), raising concern about the audibility of the test
stimuli for those participants. Figure S1 in the Supplemental
materials shows the distribution of scores for each measure
highlighting performance of people with possible audibility is-
sues. The scores of these participants in other measures, import-
antly on the SiC assessments, is evenly spread across
performance levels indicating some of these participants were
able to perform well in other auditory and cognitive tasks.

Bivariate Discriminability of Self-Reported Hearing
Difficulty
Here the ability of each construct to discriminate between
self-reported HD and ND groups is illustrated in Figure 2.
Because participant age was distributed unevenly across the
groups (mean difference of 6.69 years), and because it is
widely known to impact peripheral and central audition
(Humes et al., 2012), the effect of age was controlled for in
group comparisons. Table 3 shows a summary of the robust
beta coefficients for HD (average group differences) and the
covariate of age (change in the construct for every SD change
in age) on each construct. All lower-level auditory compos-
ite measures (PTA, TFS, and STM) were able to discriminate
between groups with small-to-medium size decrements for
the HD group, significant even after a correction for false-
discovery rate (corrected alpha= .0051). In contrast, mea-
sures of SRT, SiC, attentional control, and WM capacity
failed to discriminate between groups after correction for
multiple comparisons, although SRT and attentional control
showed a trending effect. Analyses were conducted on stan-
dardized scores in every construct and the age variable. All
constructs except for TFS and WM capacity showed a sig-
nificant effect of age. Group comparisons for all individual
measures can be found in the Supplemental materials
(Table S2).

Table 3. Robust Beta Coefficients for HD and the Covariate of Age on Each Multiple Regression Conducted for Each Construct (z-Scores).

PTA TFS STM SRT SiC Att. WM Age (years)

HD β= 0.26
t= 2.78
p= .005

β= 0.25
t= 2.86
p= .004

β= 0.202
t= 2.88
p= .004

β= 0.24
t= 2.01
p= .045

β= 0.108
t= 1.38
p= .16

β=−0.11
t=−1.72
p= .086

β=−0.01
t=−0.17
p= .86

β= 6.78
t= 3.43
p< .001

Age (z) β= 0.29
t= 6.28
p< .001

β= 0.03
t= 0.70
p= .48

β= 0.17
t= 4.87
p< .001

β= 0.26
t=4.41
p< .001

β=0.13
t= 3.32
p= .001

β= 0.47
t=13.69
p< .001

β=−0.04
t=−0.82
p= .41

-
-

Significant effects are indicated in bold and indicate group differences or age effects.
Att=attentional control; HHIE-S=Hearing Handicap Inventory for the Elderly–Screening Version; PTA=pure-tone average; SiC=speech in competition;
SRT=speech reception threshold; STM=spectrotemporal modulation; TFS=temporal fine structure; WM=working memory capacity.
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Bivariate and Multivariate Relationships Between
Measures
Bivariate Relations at the Construct Level. To gain a first intu-
ition about the multivariate structure of the collected

measures, Spearman correlations between constructs were
conducted and are shown in Table 4. Significant correlations
were corrected for false-discovery rate (corrected alpha<
.023). Auditory performance constructs correlated moderately
with one another from sound detection to SiC (r= 0.29–
0.708) such that better scores in one construct relate to better
scores in the others. The cognitive measures of attentional
control and WM capacity were also correlated (r=−0.32).
Of the auditory constructs, only SiC correlated with cognitive
measures of WM capacity and attentional control (r= 0.26
and −0.35, respectively). The correlations to WM are nega-
tive due to the scoring metrics, as better WM capacity is repre-
sented by a higher value while better performance on the rest
of the measures is represented by lower values. Results
showed that all the observed statistically significant correla-
tions followed the expected direction. The relationship be-
tween SiC and other auditory tasks was between r= 0.39
and 0.47, as well as an r= .202 for the relationship to self-
report (HHIE-S). The HHIE-S scores were correlated to all
auditory (r= 0.202–0.37) but not cognitive tasks. STM
showed the highest correlations to other auditory constructs
(r= 0.37–0.702) and TFS the lowest (r= 0.21–0.42). The
age of the participants was also correlated significantly with
most constructs (r= 0.11–0.68) except for TFS and WM cap-
acity. The Spearman correlations between all individual mea-
sures are presented in Table S3 of the Supplemental materials.

Multivariate Relations and Construct Framework Alignment. A
PCA using all individual measures was used to further under-
stand the multivariate relationships between measures and
provide a data-driven alternative to theory-driven composite
scores. Table 5 shows the rotated component loadings > .5
on each of the four resulting components with eigenvalues >

Table 4. Spearman Correlations (r and in Parenthesis Below, p) Between Construct Level Variables.

Variable HHIE-S PTA TFS STM SRT SiC WM Att

PTA 0.343 - - - - - - -
(< 0.001) - - - - - - -

TFS 0.218 0.311 - - - - - -
(0.003) (< 0.001) - - - - - -

STM 0.373 0.708 0.420 - - - - -
(< 0.001) (< 0.001) (< 0.001) - - - - -

SRT 0.235 0.297 0.392 0.472 - - - -
(<0.001) (< 0.001) (< 0.001) (< 0.001) - - - -

SiC 0.202 0.451 0.393 0.476 0.475 - - -
(0.006) (< 0.001) (< 0.001) (< 0.001) (< 0.001) - - -

WM −0.101 −0.107 −0.015 −0.032 −0.056 −0.352 - -
(0.173) (0.146) (0.835) (0.662) (0.453) (<0.001) - -

Att 0.151 0.166 −0.066 0.057 0.015 0.269 −0.321 -
(0.039) (0.023) (0.369) (0.446) (0.840) (< 0.001) (< 0.001) -

Age 0.272 0.401 0.063 0.309 0.188 0.244 −0.051 0.686
(< 0.001) (< 0.001) (0.396) (< 0.001) (0.011) (< 0.001) (0.492) (< 0.001)

Statistical significance is indicated in bold considering a correction for false-discovery rate (corrected alpha < .023).
Att=attentional control; HHIE-S=Hearing Handicap Inventory for the Elderly–Screening Version; PTA=pure-tone average; SiC=speech in competition;
SRT=speech reception threshold; STM=spectrotemporal modulation; TFS=temporal fine structure; WM=working memory capacity.

Table 5. Rotated Components (Oblique Promax) Obtained From
the Individual Measures Under Study With Eigenvalues > 1.

Variable RC1 RC2 RC3 RC4

HHIE-S
PT500Hz 0.900
PT1kL 0.762
PT1kR 0.841
PT2kHz 0.812
PT4kHz 0.614
Gap 0.672
BFM 0.650
MFM 0.793
TM 0.606
SM 0.883
STM 0.593
SRT 0.629
Col 0.959
Sep 0.777
DSI 0.574
Aud-Att −0.514 0.686
Vis-Att 0.525
Aud-WM 0.706
Vis-WM 0.744

Att=attention; Aud=auditory; BFM=binaural frequency modulation;
Col=colocated; DSI=dichotic sentence identification; HHIE-S=Hearing
Handicap Inventory for the Elderly–Screening Version; MFM=monaural
frequency modulation; PT=pure tone; Sep=separated; SRT=speech
reception threshold; SM=spectral modulation; STM=spectrotemporal
modulation; TM=temporal modulation; Vis=visual; WM=working memory.
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1. Component 1 consisted of the higher order central auditory
processing (CAP) tasks of STM, speech reception with and
without competition, and auditory attention. The rest of the
(lower-order) CAP tasks that constitute temporal fine struc-
ture sensitivity loaded into component 4. Component 2 was
constituted by pure-tone detection tasks, and component 3
by cognitive measures of auditory and visual attention and

WM. The self-reported measure (HHIE-S) did not load > .5
into any of the selected components (RC1= .44; RC2= .26;
RC3=−.01; RC4=−.16), which suggests that it is not corre-
lated with the other variables included and does not fit well
into the other constructs under study. In sum, this unsuper-
vised method of dimensionality reduction was able to account
for .62 of the total shared variance in the dataset (RC1= .239;
RC2= .186; RC3= .102; RC4= .102). This data-driven ap-
proach grouped measures in a way that largely confirmed
the construct framework under study (see Figure 1).

Multivariate Discriminability of Self-Reported Hearing
Difficulty
Table 6 summarizes the beta coefficients and associated
p-values from the multiple logistic regression model designed
to assess the ability of the full battery of tests to discriminate
HD. The model’s ability to discriminate HD in terms of accur-
acy, sensitivity, specificity, and ROC AUC was also evalu-
ated. Using a 0.5 threshold on the individual predicted
probabilities from the model for binary classification of HD,
the model was able to correctly identify 87 participants as
ND and 36 as HD (accuracy= 0.64), while also missing 48
cases of HD (sensitivity= 0.42) and falsely identifying 21
cases of ND as HD (specificity= 0.805). Overall, the model
showed a ROC AUC= 0.71 and explained a small proportion

Figure 2. Construct Level Scores for Both the Self-Reported HD and the ND Groups. The First Panel Indicates the Cutoff Value for
Group Assignment According to HHIE-S Scores With a Dotted Line. Robust Beta Coefficients of the z-Scores are Provided for Each
Construct. The False-Discovery Rate Corrected Alpha Level is 0.0051. HD= Hearing Difficulty; HHIE-S= Hearing Handicap Inventory for
the Elderly–Screening Version; ND= No Difficulty.

Table 6. Beta Coefficients for a Multivariate Logistic Model
Predicting HD From Each Construct Under Study and the Covariate
of Age (z-Scores).

Variable β Coeff SE t Statistic p Value VIF

Intercept −0.177 0.166 −1.067 .286 -
PTA 0.593 0.326 1.821 .069 2.30
TFS 0.389 0.288 1.352 .176 1.37
STM −0.219 0.395 −0.554 .58 2.53
SRT 0.362 0.352 1.031 .303 1.55
SiC −0.132 0.439 −0.3 .764 1.95
WM −0.298 0.263 −1.133 .257 1.33
Att −0.554 0.415 −1.336 .182 2.57
Age 0.608 0.27 2.257 .024 2.58

Att=attentional control; Coeff=coefficient; HHIE-S=Hearing Handicap
Inventory for the Elderly–Screening Version; PTA=pure-tone average;
SE=standard error; SiC=speech in competition; SRT=speech reception
threshold; STM=spectrotemporal modulation; TFS=temporal fine structure;
VIF=variance inflation factor; WM=working memory capacity.
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of HD variance (adjusted pseudo-R2= 0.11). In sum, the
multivariate approach does no better than the individual con-
structs in predicting HD classification. Accuracy, sensitivity,
specificity and ROC AUC for each construct is reported in
the Supplemental materials (Table S4).

We also assessed multicollinearity in the predictors by
computing variance inflation factors (VIFs) from the diagonal
of the inverse correlation matrix, as described by Belsley et al.
(1980). All VIFs were below 2.58, values below commonly
used threholds of 5 or 10 for problematic multicollinearity
(for discussion see Vatcheva et al., 2016). Specific values
are included in Table 6.

Discussion
In this study data from a principled set of auditory and cogni-
tive processing measures was collected from an online pool of
participants (Prolific) in which half self-identified as having
difficulty hearing (HD). The auditory measures used in previ-
ous studies on PART (Gap, MFM, BFM, TM, SM, STM, Col,
Sep, and spatial release) were within one SD of previous re-
ports at the group level. This indicated that data quality in on-
line testing settings using PART including those that
self-report HD is similar to that from laboratory settings.
Additionally, measures that were able to discriminate between
those that self-report HD and those that do not (ND) at the
group level were identified. This included a pure-tone detec-
tion average, temporal fine structure, and STM sensitivity
tasks. Contrary to our expectations, the speech-based mea-
sures such as the SRT and the SiC construct did not show
group differences. Within the construct, only the separated
condition of the speech-on-speech masking task
(Supplemental Table S2) showed significant group differ-
ences that would survive a correction for false discovery
rate (also see auditory WM capacity). However, even when
significant group differences in these tests indicate potential
utility to discriminate HD, the small differences observed
also indicate that the distributions of these scores are largely
overlapping and may lead to poor discrimination.

Although the cognitive measures of attentional control and
working memory capacity did not discriminate between
groups at a statistically significant level, their usefulness in ac-
counting for variance in other constructs and measures in the
correlation and PCA analyses is notable. In particular, the
measure of auditory WM capacity showed significant group
differences that would survive a correction for false discovery
rate. Interestingly, cognitive constructs only correlated with
the SiC construct while lower order auditory constructs only
correlated amongst themselves, including SiC. In this regard
SiC presents an interesting construct with participation of
all the levels of processing, yet it was not useful to discrimin-
ate HD in this sample (but see Lelo de Larrea-Mancera et al.,
2023b). It is possible that the relationship between what is
considered perceptual and cognitive is highly dependent on

task selection, sample characteristics, and grouping criteria
(for discussion and review see Vetter et al., 2024).

In this study, we selected a hierarchy of auditory and cog-
nitive processing measures following the structure of a con-
struct framework presented in Figure 1. This framework
was implicitly present in previous work (Gallun et al., 2022;
Lelo de Larrea-Mancera et al., 2020, 2022) but was explicitly
under study here. Results indicate that our theory-driven ap-
proach for using groupings of measures into constructs is con-
sistent with a data-driven unsupervised dimensionality
reduction technique. PCA grouped the individual measures
in a very similar manner than the construct framework
(Figure 1) in the first four rotated components. Pure tone tasks
grouped together in one component, TFS tasks in another,
STM and SiC tasks grouped together in another, and cognitive
measures grouped together. Auditory attentional control
loaded > .5 both in the cognitive and the higher order auditory
processing component. These results are taken as a confirm-
ation that the observed data distributes in a way consistent
with the construct framework.

Self-reported hearing ability stood-out as the most challen-
ging construct to understand as even the simple unitary ques-
tions used to divide groups did not produce identical results
(Supplemental Table S1). To establish a consistent and vali-
dated criterion, final group assignment was based on the
HHIE-S cutoff value of 8 for hearing handicap (ASHA,
1989). Although the whole range of measures of auditory pro-
cessing was significantly correlated to the HHIE-S scores, the
latter was not strongly correlated with the first four rotated
PCs. Also, the multivariate model was able to predict only a
small portion of the variance of the binary HD classification
(r2= 0.11) an accuracy of 0.64, low sensitivity (0.4) missing
more than half the HD cases, and moderate specificity (0.8)
mislabeling relatively fewer ND participants as HD. In gen-
eral terms, this indicates that self-reported measures address
a different source of variance that, although complex, remains
indispensable to understand an individual hearing profile. In
other words, no other measure or combination of measures
was able to substitute for self-report.

One aspect of self-report measures that is inherently differ-
ent from behavioral test results is that self-report requires an in-
dividual to reflect on their own abilities and evaluate whether
those self-perceptions are positive or negative. The HHIE
was initially developed as a tool for assessing “the effects of
hearing impairment on the emotional and social adjustment
of elderly people” (Ventry & Weinstein, 1982), which was
characterized as an introspective dimension of hearing loss
that was not inherently reflected in the audiogram. In the
case of the simple dichotomous question used here (“Do you
have any hearing loss or hearing difficulties?”), responses indi-
cate which participants would describe themselves as a person
with hearing difficulties. These self-perceptions were not al-
ways reflected in their performance data, which may have con-
tributed to the divergence of self-report measures from the
other factors in the multivariate analysis.
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In this work we were mainly interested in evaluating the
inter-relationships of a hierarchy of auditory and cognitive
performance tests as they related to self-reported classification
of HD. We did not intend to introduce a battery of tests that
would substitute the HHIE, and given the low accuracy at-
tained with the various models for classification of HD, we
are not at a stage to refine a discriminatory model and its cap-
acities including cross-validation to avoid overestimates.
Overall, there seems to be little relation between the self-
report of HD and the performance measures under study
here. Future work will be needed to close the gap between
“objective measures” of hearing and cognition and self-report
of hearing function. One of the main insights of this study is
that self-reported and performance measures might be ex-
plaining quite different aspects of a person’s ability to hear.

Study Limitations and Future Directions
PART has been proposed as an instrumental development to
address the increasing needs for prevention and care in the
aging adult populations around the world that may face in-
creased risk of sensory and cognitive decline (see Kannan
et al., 2024). Indeed, in this dataset we see significant effects
of age on almost all measures under study (except TFS and
WM capacity). However, it is important to note areas that
must be developed in future studies. For example, despite
growing evidence that perceptual and cognitive assessment
is the first step to achieve prevention and care (see Humes
et al., 2012), PART still lacks large-scale normative datasets
that would promote a link to treatment in terms of providing
care options or professional advice. To address this, a few
steps need to be taken.

As a first step, there is a question of the extent to which the
auditory measures in PART provide either convergent or
complementary information that informs diagnostics and
treatments. While other research groups have made progress
in this direction by connecting remote assessment with stand-
ard care (see Potgieter et al., 2016; Swanepoel et al., 2019;
Wasmann et al., 2022; Zou et al., 2024) further research
with PART will be required to create larger scale normative
datasets in clinical populations that address both detection
and monitoring of conditions. Further, it will be important
to understand the extent to which these tests help inform man-
agement strategies for auditory and cognitive processing dif-
ficulties. To this end, there is growing research indicating that
interventions with digital video games may provide benefits
in understanding speech-in-competition (Lelo de
Larrea-Mancera et al., 2021; Whitton et al., 2014, 2017).
Connecting assessment with training and care is an essential
future direction of this work.

In addition, it will be important to better determine both the
settings and supervisory structures required for test systems
like PART to provide informative results. While in the current
study we did test people remotely, this was done via supervi-
sion during a video-call. While this was appropriate to ensure

that participants understood task instructions and ensure that
the testing environment was appropriate to the study (e.g.,
not too much ambient noise or other distractions), it does po-
tentially limit the applicability of the current set of results. It
will be important for future work to evaluate the limits of ac-
ceptable testing situations, as well explore opportunities to
use technologies such as ambient sound monitoring or online
data analysis approaches that flag results that may be unreli-
able. Of note, for these types of tests it is generally a possibil-
ity that poor performance may be the outcome of confusion in
self-administered testing. In these cases, it would be appropri-
ate to do follow up in more controlled scenarios to confirm po-
tential indications of clinically relevant conditions.

In sum, this work advances current understanding of the re-
lationship between auditory and cognitive processing in those
with and without subjective hearing difficulties. Overall, the
study further validates remote testing using online pools of
participants as a feasible general methodology. However, at
the same time our data indicates that challenges remain in
clarifying self-report of hearing difficulties using psychophys-
ical tests of hearing function. It will be important to consider
the extent to which other tests will be needed to explain self-
report of hearing difficulty and more broadly what testing in-
struments will be most valuable to understand different hear-
ing conditions. This may inform different intervention
approaches that could be beneficial to people with hearing
needs.
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