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Abstract

Background/Objectives: Hearing assessment may be challenging in individuals of very
advanced age when cognitive or physical limitations restrict participation in behavioural
testing or access to clinic-based hearing care. This study evaluated the suitability of auditory
steady-state responses (ASSRs) as a clinical method for assessing peripheral hearing in
individuals of very advanced age by examining its agreement with pure-tone audiometry
(PTA) thresholds and its feasibility in a home setting among individuals aged 88-95 years.
Methods: Home visits were conducted for 91 individuals, of whom 71 completed the
behavioural and electrophysiological test protocol and were included in the analyses. ASSR
thresholds at 0.5, 1, 2, and 4 kHz were compared with corresponding PTA thresholds for the
right and left ears. Agreement was assessed using Bland—Altman analyses, with differences
within £15 dB considered clinically acceptable. Reasons for unobtained ASSR thresholds
were systematically recorded. The Mini-Mental State Examination (MMSE) was adminis-
tered, and PTA-ASSR threshold differences were compared using a cut-off score of <26 for
cognitive impairment. Results: ASSR thresholds were within +15 dB of the corresponding
PTA thresholds in 92% of right ears and 85% of left ears. Mean differences were close to 0 dB
at most frequencies, although greater differences were observed at 0.5 and 1 kHz in the left
ear. The mean ASSR test duration was 21.5 min. ASSR thresholds were unobtainable in 31%
of PTA-ASSR comparisons, most commonly because of high rejection rates related to EEG
and/or myogenic activity and participant discomfort. PTA-ASSR threshold differences did
not differ significantly between MMSE groups (<26 vs. >26). Conclusions: ASSR offers a
promising alternative for hearing assessment in individuals of very advanced age who may
have difficulty participating in behavioural testing. Furthermore, the results suggest that
ASSR can be performed in home settings, including nursing homes and residential care
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facilities. Participant comfort and positioning are important for reducing muscular artefacts
and improving measurement feasibility.

Keywords: oldest old; nonagenarians; objective hearing measurement; auditory steady-state
response; auditory brainstem response; age related hearing loss; electrophysiological test

1. Introduction

Hearing health is an essential part of maintaining functional ability throughout the
lifespan. As global life expectancy increases, so too does the number of people with hearing
loss. In high-income countries such as Sweden, those aged 90 years and older constitute the
fastest-growing age group [1]. In a previous study, we observed that nearly all individuals
aged 89 to 95 years in a Swedish population had some degree of hearing loss, with more
than 80% having hearing loss of a degree likely to warrant intervention [2]. In addition to
affecting social interaction and increasing the risk of psychosocial problems, such as social
isolation and depression, hearing loss has been associated with an increased risk of falls,
frailty, and cognitive decline in advanced age [3,4].

Hearing interventions based on amplification, such as hearing aids, aim to address
sensory impairment and its effects on everyday functioning. In populations where cogni-
tive decline is prevalent, other technical listening devices, communication strategies, and
environmental adjustments are also recommended [5]. One barrier to hearing intervention
for older adults is declining mental and/or physical health, which can make hearing as-
sessments such as pure-tone audiometry (PTA) challenging in a clinical setting. Cognitive
decline can hinder the ability to understand and follow instructions during testing, while
physical limitations may restrict access to hearing healthcare outside the home [5,6]. This
is an important consideration, as age-related conditions such as dementia are common in
the oldest age groups. In population-based studies the prevalence of dementia has been
reported to be over 20% among individuals aged 88 years [7] and close to, or above, 50%
among those aged 95 years [8].

Electrophysiological tests using an auditory evoked response, such as auditory brain-
stem response (ABR) and auditory steady-state response (ASSR), are routinely used and
have been validated as alternatives for individuals who cannot participate in behavioural
measurements such as PTA [9]. Click-evoked ABR is widely used to estimate hearing
function and to diagnose disorders affecting the cochlea, auditory nerve, or central auditory
pathways. It is also used in standard clinical practice to exclude neural pathology prior to
ASSR. However, previous studies have shown that high-frequency hearing loss, commonly
associated with ageing, can result in distorted ABR waveforms [10,11], potentially reducing
the reliability of click-evoked ABRs for detecting retrocochlear pathology in individuals
with age-related hearing loss.

ASSR is based on a continuous registration of activity in the brainstem and auditory
cortex. This activity is phase- and time-locked to a periodically modulated stimulus, most
often at around 40 or 80 Hz, slow enough to cause neural activity synchronous with the
modulation frequency (MF). Neural activity is monitored at progressively lower sound
levels to determine hearing threshold levels at the corresponding carrier frequency (CF),
most commonly across CFs of 0.5, 1, 2, and 4 kHz. Compared with ABR, ASSR has the
advantage of simultaneously recording activity at multiple test frequencies and testing both
ears at the same time, resulting in shorter test times [12,13]. Higher intensity levels can
also be used with ASSR, allowing assessment of more advanced degrees of hearing loss
than is possible with ABR [9]. Previous studies have shown that ASSR can predict hearing
thresholds in paediatric and adult populations [13-15]. However, research suggests that
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age-related changes in the brain may affect the function of the neural pathways involved
in ASSR [16,17]. Despite this, we are aware of only a few studies examining how ASSR
thresholds compare to PTA thresholds in older adults. One such study, conducted by
Tarawneh et al. [18], investigated ASSR in adults aged 61 to 84 with normal hearing or
mild hearing loss and found that ASSR and PTA thresholds were significantly correlated,
with differences within 15 dB in most cases. However, measurements were performed
in an electrically shielded and sound-attenuated room. To our knowledge, no previous
studies have evaluated the feasibility of performing ASSR in non-clinical settings among
individuals over 80 years of age with varying degrees of hearing loss.

Considering the global demographic shift towards ageing populations, combined with
the high prevalence of hearing loss and physical and cognitive impairment in this demo-
graphic, there is a need to expand the audiological test battery to include measurements
that do not rely on active participation and are feasible in a home setting. In light of this, the
overarching aim of this study was to evaluate whether ASSR could be accurately measured
in individuals aged 88 to 95 years in a home setting, including nursing homes and residential
care facilities.

Our specific research questions were:

e  Whatis the agreement between ASSR-estimated hearing thresholds and PTA thresholds
in individuals aged 88 to 95 years?

e  What practical, technical, and participant-related challenges affect the feasibility of
using ASSR in a home setting in this age group?

2. Materials and Methods
2.1. Study Population

Home visits were conducted among 91 individuals aged 88-90 and 95-96 years (born
in 1930 and 1923/24), derived from the epidemiological Gothenburg H70 Birth Cohort
Study (H70). The H70 studies aim to be representative of same-aged individuals living
in Gothenburg Municipality, Sweden. Participants in the H70 studies are systematically
selected based on birth dates, and the studies include extensive assessments of physical
and mental health [19]. In conjunction with the general H70 multidisciplinary examination,
participants were asked to take part in additional hearing examinations. The only exclu-
sion criterion was an inability to understand spoken Swedish. Of the eligible individuals,
256 of 301 born in 1930 (85%) agreed to participate, as did 82 of 87 individuals born in
1923/24 (94%). Due to the community spread of COVID-19 in March 2020, all hearing
examinations were abruptly halted. Consequently, only 42 participants from the 1930 cohort
and 49 from the 1923/24 cohort were enrolled in the hearing study.

Several specific measures were taken to enhance participation. Following the recom-
mendations of Davies et al. [20], all hearing examinations were conducted in the participants’
homes, including nursing homes and residential care facilities. Prior to the visits, partici-
pants were informed about the study both orally and in writing. Written informed consent
was obtained from the participants themselves, or from a representative if the participant
was unable to provide consent. As no prior information regarding participants’ physical or
cognitive capacity was available, ample time was allocated for each home visit to allow for
flexibility and rest as needed. Participants were also offered the option of having a family
member or another close person present during the visit. Detailed sociodemographic char-
acteristics, representativeness and sample procedures have been described in a previously
published study [2].

All 91 individuals enrolled in the study underwent PTA. However, on 20 occasions,
electrophysiological measurements (ABR and ASSR) could not be performed. The reasons
were as follows:
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e  Thirteen individuals were excluded due to excessive cerumen in one or both ears,
which prevented the use of insert transducers. Removal of occluding cerumen was
not possible within the scope of the study, and participants were advised to consult a
primary care provider.

e  Three individuals chose to discontinue the measurements due to discomfort and/or
anxiety caused by the electrodes and/or insert transducers.

e In three cases, measurements were aborted by the tester because participants” invol-
untary movements or vocalisations were judged to make reliable electrophysiological
recording impossible.

e In one case, the presence of individuals in and around the test environment caused
interfering acoustic noise which could not be avoided.

Consequently, data from 71 participants (36 aged 88-90 years and 35 aged 95-96 years)

were included in this study, representing a subpopulation of the cohort described by Winzell
Juhlin et al. [2] (Figure 1).

The Gothenburg H70
Birth Cohort Study
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Figure 1. Flowchart of participation.
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2.2. Hearing Examination

All hearing measurements were performed by the same two experienced audiologists
and were preceded by otoscopy and tympanometry. Tympanometry was performed us-
ing a hand-held Titan tympanometer (Interacoustics A/S, Middelfart, Denmark) with a
226 Hz probe tone and a pump speed of 400 daPa/s, with pressure swept from positive to
negative. PTA was carried out using the modified Hughson-Westlake ascending method,
in accordance with International Organization for Standardization (ISO) 8253-1 [21], and
using an Aurical Aud Type 1081 audiometer (Natus Medical Denmark ApS, Taastrup, Den-
mark). Air-conduction (AC) PTA was conducted at 0.25,0.5, 1, 2, 3,4, 6, and 8 kHz. The
maximum stimulus level was set at 90 dB hearing level (HL) to avoid potentially uncom-
fortable sounds. Bone-conduction (BC) PTA was measured at 0.5, 1, 2, 3, and 4 kHz with
the maximum stimulus set at 70 dB HL (60 dB HL at 0.5 kHz). Contralateral masking was
applied when necessary. Sound-level measurements were performed to assess ambient
noise levels, and circumaural headphones (HDA200; Sennheiser electronic GmbH & Co.
KG, Wedemark, Germany) were used to reduce the impact of excessive ambient noise.
Maintenance and calibration of audiometric equipment were performed in accordance with
Stage A and Stage B in ISO 8253-1 [21], and ISO 389-8 [22] to ensure test reliability. The
tympanometer was checked daily using a 2-cc test cavity supplied by the manufacturer.

Type of hearing loss was categorised as sensorineural or mixed. No purely conductive
hearing loss was present. Mixed hearing loss was defined as BC thresholds >25 dB HL and
>15 dB better than the corresponding AC thresholds at three consecutive frequencies, and/or
>20 dB better than the corresponding AC threshold at any frequency in combination with
either otoscopic or tympanometric findings consistent with middle-ear pathology. Abnormal
tympanometric results were defined as a negative middle-ear pressure (<—100 daPa) and/or
low middle-ear compliance (<0.3 mmho). The degree of hearing loss was categorised as
recommended by the World Health Organization [23], based on the pure-tone average at 0.5,
1, 2, and 4 kHz in the better ear as mild (20 to <35 dB HL), moderate (35 to <50 dB HL),
moderately severe (50 to <65 dB HL), severe (65 to <80 dB HL), or profound or complete
hearing loss/deafness (>80 dB HL). High-frequency hearing loss was defined as a threshold
of >70 dB HL at 3 or 4 kHz, or a mean threshold of >70 dB HL across 3 and 4 kHz.

2.3. Electrophysiological Tests

The procedure for the electrophysiological tests was designed with consideration for
potential physical and/or cognitive impairment among participants. Shorter test sessions
and participant comfort were therefore prioritised. Measures were taken to reduce ex-
ternal disturbances, and participants were seated in a comfortable chair or reclined in a
bed. Participants were instructed to relax but remain awake during the test. All ABR
and ASSR measurements were performed using the Eclipse system (Interacoustics A/S,
Middelfart, Denmark) by the same audiologist, who had extensive experience conducting
electrophysiological tests in older adults.

Calibration was carried out prior to, during and after the study by the same expe-
rienced technical engineer, following the manufacturer’s instructions. The stimulus was
calibrated at a dB normalised hearing level (nHL) and presented via insert transducers
(ER-3A). All stimulus levels were also verified using the correction values in the Eclipse
technical specification, which are in accordance with ISO 389-6 [24] and International Elec-
trotechnical Commission 60645-3 [25]. An analysis of the ASSR signal was also performed
using a fast Fourier transform, and no apparent artefacts were found in the signal. As the
exact frequencies of the test signal were not disclosed by the manufacturer, a thorough
re-examination was performed by the manufacturer’s technical team, and no errors or
deviations were reported.
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The same electrodes and equipment were used for both ABR and ASSR, and the
measurements were performed in succession. Single-use, Ag/AgCl pre-wired electrodes
were placed on the left and right mastoids (negative-inverting) and on the vertex (positive-
noninverting). A ground electrode was placed on the cheek. Gentle skin abrasion using fine
sandpaper was performed prior to electrode placement to optimise electrode—skin contact
while minimising skin irritation. Skin—electrode impedance was checked prior to testing for
each respective electrode, as well as for the inter-electrode impedance difference.

ABR was performed using an 80 dB nHL click stimuli, delivered monaurally with
alternating polarity at a rate of 22.1/s. The number of sweeps was set to 2000, and each
ear was measured twice at the same level to assess waveform reproducibility. To avoid
prolonged test sessions and potentially uncomfortably loud sounds, stimulus levels were
not increased following a no-response outcome. The signal was filtered using a 0.1-3 kHz
bandpass filter (6 dB/octave), and the rejection level was set to £40 V. Interpretation
of waves I, III, and V was performed by three experienced observers, each blinded to the
assessments of the others. Waveforms were classified as either present or unclear/absent.
ASSR was performed regardless of whether ABRs were present or absent.

ASSR was carried out using narrowband CE-chirps with the phases of their frequency
components adjusted to compensate for cochlear travelling-wave delays, as described
by Stiirzebecher et al. [26]. Stimuli were presented binaurally and simultaneously in
four frequency bands at CFs of 0.5, 1, 2, and 4 kHz. Each CF had a unique MF close to 40 Hz,
as MFs around 40 Hz have been shown to elicit larger responses in adults than those around
80 Hz [16,17,27]. Considering that the 40 Hz MF can be affected by state of arousal [28],
all participants were monitored to ensure that they remained awake throughout the test.
Detection of ASSR was based on an automatic analysis algorithm [29] with a statistical
certainty of 95%. The noise rejection level was set to 80 pV, given that the test was conducted
outside a controlled clinical environment and myogenic artefacts were expected.

All ASSR measurements followed the same predetermined test protocol designed
to obtain ASSR thresholds adequate for assessing hearing intervention needs, while also
minimising test duration. Consequently, the minimum test level used was 40 dB nHL,
estimated to be equivalent to 30 dB HL. This corresponded to a hearing level better than
the degree of hearing loss at which an intervention is likely to be warranted [30]. Given the
high prevalence of hearing loss in this population, the initial presentation level was set to
80 dB nHL. In cases of self-reported sensitivity to loud sounds, the starting level was set
to 70 dB nHL. The stimulus level was then decreased in 20 dB steps following a detected
response and increased in 10 dB steps if no response was detected. To avoid potentially
uncomfortably loud sounds, the maximum test level was set to 90 dB nHL, in line with the
maximum level used for PTA. At each test level, the artefact-free test time was limited to
6 min, or 4 min if the probability of a response was below 50% at that point. The mea-
surement was aborted after a maximum total test time of approximately 25 min. Figure 2
presents a flowchart providing a more detailed overview of the stimulus levels, step sizes,
and response-detection methods. Thresholds, artefact-free and actual test durations for each
CF, as well as the total test time, were carefully registered, along with any participant-related
issues or other disturbances.

All ASSR thresholds presented in this study are expressed as estimated hearing levels
(dB eHL) to enable comparison with PTA measurements. Conversion from dB nHL to
dB eHL was performed in accordance with the manufacturer’s (Interacoustics) correction
values for adults (Table 1). PTA thresholds at 0.5, 1, 2 and 4 kHz were used as the reference
when assessing the accuracy of the corresponding ASSR thresholds.
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Initial level
80 dB nHL

40 Hz Test Protocol

Response detection
criterion 95%

Artefact-free test time
limit/level: 6 minutes

4 min if the response
probability was <50%

Total test time limit ~25 min

Response at
80 dB nHL?

Yes:
20 dB
decrease

Response at
60 dB nHL?

Yes:
20 dB
decrease

Response at
40 dB nHL?

Yes

Lowest recorded
response: 40 dB nHL
(Screening level)

No: No response at
10 dB Rnee 2 >—No maximum level
increase ) 90 dB nHL
Yes
| Lowest recorded
response: 90 dB nHL
No:
10 dB Response at No Lowest recorded
n .
increase 70 dB nHL? response: 80 dB nHL
Yes
| Lowest recorded
response: 70 dB nHL
No:
10 dB Response at No Lowest recorded
> .
increase 50 dB nHL? response: 60 dB nHL

Yes

Lowest recorded
response: 50 dB nHL

Figure 2. Flowchart presenting the pre-determined step sizes and stimulus levels (dB nHL) for the
auditory steady-state response (ASSR) test protocol used in this study.

Table 1. Manufacturer-provided correction values that were subtracted from the auditory steady-state
response (ASSR) dB normalised hearing level (nHL) threshold at each test frequency to calculate the
estimated hearing level (dB eHL).

ASSR Correction Value by Test Frequency
dB nHL 0.5 kHz 1kHz 2kHz 4 kHz
40 10 10 10 10
50 10 10 10 5
60 5 5 5 5
70 5 5 5 5
80 5 5 5 0
90 0 0 0 0
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2.4. Mini-Mental State Examination

A Swedish version of the Mini-Mental State Examination (MMSE) [31] was adminis-
tered by psychiatric nurses or medical doctors as part of the general H70 multidisciplinary
examination. Participants were instructed to use any necessary aids, such as hearing aids,
during the examination. The MMSE is a widely used screening tool for assessing cognitive
function in adults. It consists of 11 items and has a maximum score of 30. In this study, a
cut-off score of <26 was used to indicate cognitive impairment [32].

2.5. Statistical Analysis

Normally distributed continuous variables were presented as means and standard
deviations (SDs), whereas non-normally distributed continuous variables were presented as
medians and interquartile ranges (IQRs). Categorical variables were presented as numbers
and percentages.

Bland—Altman plots were used to examine the agreement between PTA and ASSR
thresholds by illustrating the differences between the two measurements in relation to
their mean values, allowing assessment of systematic bias and variability [33]. The plots
were created by calculating the difference between the corresponding PTA threshold and
the ASSR threshold (PTA-ASSR) in the same ear and at the same test frequency, as well
as the mean of the corresponding PTA and ASSR thresholds. If a threshold was missing
from either measurement (i.e., PTA or ASSR), the comparison for the corresponding ear
and frequency was excluded from the analysis. The PTA—ASSR difference was plotted on
the y-axis and the mean threshold level on the x-axis. The spread of the difference was
calculated as 1.96 SD, corresponding to the 95% limits of agreement. In accordance with
Tarawneh et al. [18], a difference of 15 dB or less was considered to be within clinically
acceptable limits.

PTA-ASSR differences were compared between participants with MMSE
scores <26 and >26. Given the non-normal distribution of the data and the relatively
small number of participants in the lower-MMSE group, between-group comparisons were
performed using the Mann—-Whitney U test. The Holm method was used to adjust p-values
for multiple comparisons. All statistical analyses were performed using R version 4.5.3
(11 March 2026).

3. Results
3.1. Participants

All 71 participants were tested in their own homes. The majority (85%) lived in their
own house or apartment, while 15% lived in nursing facilities or residential care facilities.
External disturbances and noise levels in the test environment were systematically monitored
prior to and during testing. The mean ambient noise level across all 71 measurements was
37.2dB(A) (SD = 3.4), which was well within the limits for PTA measurements at 20 dB HL,
and in most cases, even lower. The degree of hearing loss in the better ear corresponded to
moderate or more severe levels in 85% of the participants. Tympanometric results indicated
normally functioning middle ears in all but 10 right ears (14%) and 14 left ears (19%), where
results indicated negative middle-ear pressure. The type of hearing loss was sensorineural
in most cases, except for five right ears (7%) and six left ears (8%), which either had mixed
hearing loss or could not be classified due to missing data. MMSE scores were available for
63 participants (89%) and ranged from 17 to 30 (median 29; IQR = 27-29). Scores were
missing for eight participants. Thirteen participants (18%) had a score <26, indicating
cognitive impairment. Of the total sample, 50 participants (71%) had a score >26. Further
characteristics of the study population are presented in Table 2.
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Table 2. Characteristics of the study population (N = 71).

Characteristic Total Sample n (%)

Age, years !

88-90 36 (51%)
95-96 35 (49%)
Sex: Female 47 (66%)

Housing:

Own house or apartment 60 (85%)
Nursing homes 11 (15%)

MMSE score
30 7 (10%)

27-29 43 (61%)
<26 13 (18%)
Missing data 8 (11%)

Degree of hearing loss 2
None 1 (1%)

Mild 10 (14%)
Moderate 30 (42%)
Moderately severe 28 (39%)
Severe 2 (3%)
Profound or o

total/deafness 0 (0%)

Type of hearing loss 3 Right ear Left ear
Sensorineural 66 (93%) 65 (92%)
Mixed 5 (7%) 2 (3%)
Inconclusive 0 (0%) 4 (6%)

Percentages are rounded to the nearest integer. ! One individual had recently turned 96 years
old. Age is reported as 88-95 years elsewhere in the paper for consistency and readability. 2 De-
gree of hearing loss based on the pure-tone average of 0.5, 1, 2, and 4 kHz in the better ear: mild
(20 to <35 dB HL), moderate (35 to <50 dB HL), moderately severe (50 to <65 dB HL), severe
(65 to <80 dB HL), profound, or total hearing loss/deafness (>80 dB HL) [23]. 3 Mixed hearing loss
was defined as BC thresholds >25 dB HL and >15 dB better than the corresponding AC thresholds
at three consecutive frequencies, and/or >20 dB better than the corresponding AC threshold at any
frequency in combination with either otoscopic or tympanometric findings consistent with middle-ear
pathology. Inconclusive results were due to missing or unmasked bone-conduction thresholds.

3.2. Auditory Brainstem Responses

All 71 participants completed ABR measurements prior to ASSR. However, ABR data
from one participant were lost due to technical issues and could not be recovered. Thus,
all subsequent ABR analyses were based on 70 participants. Skin-to-electrode impedance
was below 3 k(), and inter-electrode balance was below 2 k() in all participants except one,
whose ABR results were of poor quality.

Due to the variable quality of ABR waveforms, only wave V was evaluated. Wave V
was present in 38 right ears (54%) and 39 left ears (56%), with a mean latency of 5.90 ms
(SD = 0.31). Bilateral wave V responses were obtained from 30 participants (43%). The
mean wave V interaural time difference was 0.11 ms (SD = 0.09 ms) and all interaural
differences were less than 0.4 ms.

Wave V was assessed as unclear or absent in 32 right ears (46%) and 31 left ears (44%).
Of these, 14 right ears and 11 left ears had high frequency hearing loss. Of note, wave V
was present in four right ears and 11 left ears despite high-frequency hearing loss.

Furthermore, in 26 right ears (37%) and 23 left ears (32%) with an unclear or absent
wave V, ASSR thresholds were obtained at one or more frequencies in the same ear. In
contrast, no ASSR threshold could be obtained in six right ears (8%) and four left ears (6%),
despite the presence of wave V.
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3.3. Auditory Steady-State Response in Relation to Pure-Tone Audiometry

The mean total test time for the ASSR measurements was 21.5 min (tests were aborted
if exceeding approximately 25 min). ASSR measurements from 71 participants (142 ears)
were analysed and compared with PTA thresholds. As all 142 ears were tested at four
frequencies, there were 568 possible PTA-ASSR threshold comparisons. However, no
response was obtained for 11 PTA thresholds at the maximum test level of 90 dB HL, leaving
557 PTA thresholds for the final comparison. Across the corresponding frequencies and
ears, 384 ASSR thresholds were obtained, corresponding to 69% of the 557 PTA thresholds
available for comparison.

The proportion of unobtained ASSR thresholds was similar between ears, with corre-
sponding ASSR thresholds unavailable for 93 of 278 PTA thresholds in the left ear (33%)
and 80 of 279 in the right ear (29%). As shown in Table 3, the most common reason for
unobtained thresholds was high rejection rates (i.e., excessive EEG and/or myogenic ac-
tivity), which occurred in 65 of the 557 PTA-ASSR comparisons (12%). The second most
common reason was participant discontinuation due to discomfort, occurring in 6% of the
measurements. Together, these accounted for 58% of all unobtained thresholds.

Table 3. Unobtained auditory steady-state responses (ASSRs) in relation to registered pure-tone
audiometric (PTA) thresholds in 71 participants.

Total Number of Registered PTA Thresholds

Across all 71 Participants

Left Ear Right Ear Both Ears
278 279 557

Reasons for unobtained ASSR thresholds, n (%)
(Percentages calculated relative to the number of registered PTA thresholds)

Test aborted due to:

Maximum test level being reached !; 2 (1%) 5 (2%) 7 (1%)

Test time exceeding 25-min limit. 4 (1%) 4 (1%) 8 (1%)
Participant discontinuation due to:

Test level too loud (max. 70 dB nHL); 5 (2%) 3 (1%) 8 (1%)

Test level too loud (max. 80 dB nHL); 12 (4%) 7 (3%) 19 (3%)

Discomfort due to sitting still. 16 (6%) 19 (7%) 35 (6%)
High rejection rates (EEG or myogenic activity) 37 (13%) 28 (10%) 65 (12%)
Outer/middle-ear issues 6 (2%) 0 (0%) 6 (1%)
Software-related issues 4 (1%) 5 (2%) 9 (2%)
External electromagnetic interference 7 (3%) 9 (3%) 16 (3%)
Total 93 (33%) 80 (29%) 173 (31%)

nHL: Normalised hearing level. Percentages rounded to the nearest integer. ! 90 dB nHL was the
maximum test level for this study.

For nine participants, no ASSR thresholds could be obtained at any frequency in either
ear. Of these, four were categorised as having high rejection rates, three discontinued
before completing any threshold recordings, one could not be measured due to external
electromagnetic interference, and a software-related issue caused total data loss for one
participant.

In the eleven PTA thresholds where no response was found at the maximum test
level of 90 dB HL, three had recorded ASSR thresholds (all at 90 dB eHL), and no ASSR
thresholds were obtained for the remaining eight.

The analyses presented in Figures 3 and 4 comparing ASSR and PTA thresholds
included 62 of the 71 participants (87%). This subgroup comprised participants for whom
both ASSR and PTA thresholds were obtained at one or more test frequencies. Figure 3
presents the median thresholds for this subgroup. PTA thresholds better than 30 dB HL
were adjusted to a level of 30 dB HL, equivalent to the lowest ASSR test level of 30 dB eHL
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(40 dBnHL). At 0.5 and 1 kHz, the results indicated closer correspondence between ASSR
and PTA thresholds in the right ear than in the left ear. At 2 and 4 kHz, the degree of
correspondence was more similar in both ears.

Right ear Left ear

201 20

30+ 30

40 F40
5 501 r50 e AsSR
© 60 60 A+ PTA

70+ r70

80+ r80

90+ ' 1 ] r90

025 05 1 2 4 8 025 05 1 2 4 8
Frequency (kHz)

Figure 3. Median and interquartile range of auditory steady-state response (ASSR) and pure-tone
audiometry (PTA) thresholds in 62 participants. Only thresholds with both ASSR and PTA thresholds
recorded are included. * PTA thresholds are reported in dB hearing level (dB HL) and ASSR thresholds
as dB estimated hearing level (dB eHL). PTA thresholds better than 30 dB HL were adjusted to 30 dB
HL to correspond to the lower ASSR test limit of 30 dB eHL.

Right ear Left ear
0.5 kHz 0.5 kHz

50 50
2851 . -0 - g @ - @ - me e 25

0 o dr. I Y I 1
P e e [ . e . 25

- o® ° )
-0 n=52 n=52 -0
-75 75

1 kHz 1 kHz

50 50

Difference in dB between pure-tone audiometry and ASSR

-50 -50

-75 -75
25 50 75 100 25 50 75 100

Mean of pure-tone audiometry (dB HL) and ASSR (dB eHL)

Figure 4. Bland-Altman plots comparing pure-tone audiometry (PTA) thresholds in dB hearing
level (dB HL) with auditory steady-state response (ASSR) thresholds expressed as dB estimated
hearing level (dB eHL) in 62 participants. The exact number of threshold comparisons is indicated in
each panel. Dashed lines indicate the 95% limits of agreement (£1.96 SD) in relation to the mean
difference, indicated by the solid line. The grey area represents +15 dB relative to a difference of 0 dB.
Dot size indicates the number of overlapping data points.
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The Bland-Altman plots in Figure 4 show that the mean differences between PTA and
ASSR thresholds were close to 0 dB at most frequencies. However, at 0.5 and 1 kHz in the
left ear, the mean differences were —5.3 dB and —10.3 dB, respectively, indicating lower
thresholds for PTA than for ASSR. In comparison, the mean differences at 2 and 4 kHz in
the left ear and at all frequencies in the right ear ranged from —1.8 to —0.7 dB.

Figure 4 also shows that the ASSR thresholds were within 15 dB of the corresponding
PTA thresholds for most comparisons, although the 95% limits of agreement extended
slightly beyond this range. The left-ear comparison at 1 kHz stood out as having the largest
variability, with an SD corresponding to 14.9 dB. For the other comparisons, the SD ranged
from 8.3 to 11.0 dB. Furthermore, Figure 4 shows the expected floor effect at the minimum
test level of 30 dB eHL, which was visible in both ears, mainly at 0.5 kHz. In the right
ear, 92% of the obtained ASSR thresholds were within 15 dB of the corresponding PTA
thresholds (0.5 kHz: 88%, 1 kHz: 96%, 2 kHz: 92%, 4 kHz: 89%), while in the left ear, the
percentage was 85% (0.5 kHz: 88%, 1 kHz: 68%, 2 kHz: 90%, 4 kHz: 93%).

3.4. MMSE Score and Threshold Measurements

Of the 63 participants with available MMSE scores, six had no recorded ASSR thresh-
olds at any frequency in either ear, and all six had MMSE scores > 29. For the comparison
of threshold differences by dichotomised MMSE score, the analysis was restricted to the
subgroup of 62 participants with both PTA and ASSR thresholds recorded at one or more
test frequencies. Of these, 57 (92%) had available MMSE scores. Among these, 13 (23%)
had an MMSE score < 26, indicating cognitive impairment, while 44 (77%) had an MMSE
score > 26.

The median difference between PTA and ASSR thresholds was 0 dB at all frequencies
in both ears among participants with an MMSE score > 26, except at 1 kHz in the left ear,
where the median difference was —7.5 dB. Among participants with an MMSE score < 26,
median differences in the right ear remained close to 0 dB across frequencies, whereas the
left-ear median differences varied more across frequencies, ranging from —10.0 to 2.5 dB.
No statistically significant differences between MMSE groups were observed in either ear
or frequency after Holm correction (Table 4).

Table 4. Median and interquartile range (IQR) of the differences between pure-tone audiometry
(PTA) and auditory steady-state response (ASSR) thresholds for the right and left ears, grouped by
Mini-Mental State Examination (MMSE) score (>26 and <26). Only observations with both PTA
and ASSR thresholds available were included. The number of participants contributing data to each
group at each frequency is indicated by n. Between-group comparisons were performed using the
Mann-Whitney U test, with Holm correction for multiple comparisons.

MMSE Score > 26 MMSE Score < 26
(n=44) (n=13)
Ear f (kHz) Median dB (IQR) n Median dB (IQR) n p
Right 0.5 0.0 (—5.0 to 0.0) 36 0.0 (7.5 t0 5.0) 11 1.0
1 0.0 (=5.0t05.0) 37 0.0 (=12.51t0 3.8) 10 1.0
2 0.0 (=5.0 t0 10.0) 35 0.0 (=5.0t07.5) 11 1.0
4 0.0 (=5.0t05.0) 30 -25 (—13.81t08.8) 10 1.0
Left 0.5 0.0 (-10.0t00.0) 35 ~10.0 (=113 to 0.0) 12 1.0
1 ~7.5 (=25.0t00.0) 30 ~5.0 (~15.0 to 0.0) 9 1.0
2 0.0 (—10.0 to 5.0) 33 25 (—8.8 t0 10.0) 10 1.0
4 0.0 (=5.0t0 5.0) 29 —10.0 (=12.5to0 —2.5) 7 0.7
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4. Discussion

The results of this study show that ASSR, when performed in a home setting, is a feasible
tool for estimating hearing loss that may warrant hearing rehabilitation in individuals aged
88-95 years.

4.1. Auditory Steady-State Response in Relation to Pure-Tone Audiometry

Our results indicate that ASSR can provide sufficiently accurate estimates of hearing
thresholds in this age group based on its agreement with PTA thresholds at 0.5, 1, 2,
and 4 kHz. The observed PTA-ASSR agreement was within +15 dB for 92% of the right-
ear comparisons, and 85% of the left ear PTA-ASSR threshold comparisons. A similarly
acceptable level of PTA-ASSR agreement was observed in the Bland—Altman plots for
most frequencies in both ears. Furthermore, the mean threshold differences were generally
close to 0 dB, indicating little systematic bias between the two methods and supporting
the validity of the applied correction values for this age group down to at least 40 dB nHL
(30 dB eHL). Agreement between the two measurements might, however, have been even
greater if the same dB step sizes had been used.

Notably, although our findings showed a similar degree of PTA—ASSR agreement to that
reported by Tarawneh et al. [18], their study found corrected ASSR thresholds generally
higher than corresponding PTA thresholds, unlike in the present study. One possible
explanation is the difference in hearing loss prevalence between the cohorts. Whereas 78%
of their participants had normal hearing, hearing loss in our cohort was predominantly
moderate or moderately severe. Previous studies have reported closer PTA-ASSR agreement
in individuals with hearing loss than in those with normal hearing [12], even after applying
correction values. This difference in hearing status may therefore have contributed to the
more balanced distribution of threshold differences observed in our study. Furthermore,
differences in equipment, threshold correction values, and MF (80 Hz versus 40 Hz in the
present study) may also have influenced threshold estimations.

A noteworthy finding was the poor PTA-ASSR threshold agreement at 1 kHz in the
left ear. This was evident in the Bland—Altman plot, where the 95% limits of agreement
were considerably wider than those observed for the other frequencies, and only 68% of the
threshold comparisons were within +15 dB. This contrasts with the right ear where 96%
of the threshold comparisons at 1 kHz were within £15 dB. At the remaining frequencies,
>88% of the threshold comparisons in both ears met the +15 dB criterion. Because of
this single-frequency deviation, a thorough check of all equipment—including software,
hardware, transducers, and amplifiers—was performed by the research team as well as
the manufacturer, but no errors were found. To our knowledge, this type of deviation has
not been reported in any previous study. As prior research on ASSR has not specifically
included individuals aged 88 years or older, we cannot rule out that this represents a genuine
finding that may be more evident in very old populations.

4.2. MMSE Score and Threshold Differences

In the present study, median PTA-ASSR threshold differences varied more across
frequencies in the left ear among participants with an MMSE score < 26, whereas differences
in the right ear remained close to 0 dB. However, no statistically significant differences
between MMSE groups were observed in either ear or at any frequency after Holm correction.
This lack of association between lower MMSE scores and reduced PTA-ASSR agreement is
consistent with Villeneuve et al. [34], who found no significant association between MMSE
scores and PTA-ASSR threshold differences in patients with cognitive impairment.
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These findings do not, however, exclude the possibility that cognitive impairment or
dementia affects characteristics of the ASSR itself. Previous studies have reported alterations
in 40 Hz auditory responses in individuals with Alzheimer’s disease and mild cognitive
impairment [35,36]. However, it remains unclear whether such alterations reduce the
accuracy of ASSR-based hearing-threshold estimation.

The results of the present study should nevertheless be interpreted with caution given
the small proportion of participants with lower MMSE scores. Of the 57 participants
included in this comparison, only 13 had an MMSE score < 26, with 7 to 12 participants
contributing data at each ear and frequency in this group. In addition, MMSE scores in
the cohort were relatively high, with a median score of 29. The limited representation of
participants with more pronounced cognitive impairment may therefore have reduced our
ability to detect an influence of cognitive impairment on PTA-ASSR agreement.

4.3. Feasibility of Performing ASSR in a Home Setting

Our findings suggest that ASSR measurements are feasible in a home setting, with
acceptable agreement with PTA for most obtained ASSR thresholds. This is in line with a
previous study involving older adults, conducted under more controlled conditions [18].
That study also reported unobtained ASSR thresholds in around one third of the possible
PTA-ASSR threshold comparisons, which is consistent with our results.

When we examined the reasons for unobtained ASSR thresholds (Table 3), the most
common reason was high rejection rates, mainly associated with elevated background EEG
and/or myogenic activity, rather than external technical disturbances such as electromag-
netic interference. This suggests that participant-related factors contributing to elevated
EEG or myogenic activity may have posed a greater challenge than the home environment
itself. As muscular stiffness and pain are common in older adults, difficulty maintaining a
relaxed position could potentially contribute to such activity. Nevertheless, the possibility
that practical conditions in the participants” homes affected testing cannot be ruled out. In
some older buildings, earthed sockets were available only in the kitchen, restricting where
measurements could be performed and making it more difficult to provide an optimal
seating position.

Taken together, ASSR performed in a home setting appears feasible for many individu-
als in this age group, particularly when an optimal seating position and suitable technical
conditions can be established.

ABR measurements were performed prior to ASSR, as is standard practice to assess
possible neural pathology. However, almost half of the absent or unclear wave V responses
may have been related to severe high-frequency hearing loss, which is common in this
age group, combined with the limited low-frequency contribution inherent to click-evoked
ABR [10]. In addition, we found that approximately one third of the measurements with
an absent or unclear wave V yielded one or more ASSR thresholds. Therefore, in this
population, ASSR may still yield thresholds despite an absent ABR, indicating that ABR
was an unreliable indicator of whether ASSR thresholds could be obtained.

4.4. Methods, Strengths, and Limitations

One major strength of this study was the relatively large study population, given the
age group. In addition, all tests were conducted during home visits, and no participants
were excluded due to limited mobility. We believe this increases the likelihood that the study
participants were representative of the target population. Although representativeness
was not a formal criterion for this study, it still remains important to consider the potential
selection bias that is common in studies involving individuals of advanced age because of
cognitive and/or physical impairment.
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That said, in this study, only 23% of participants had an MMSE score of <26, suggesting
that the study population may have been cognitively healthier than typically reported for
this age group [7,8]. We also acknowledge the limitations of the MMSE as a single tool for
identifying cognitive impairment and dementia [37], as well as the potential confounding
effect of hearing loss, which has been associated with lower MMSE scores [38]. We therefore
categorised participants only according to the predefined cut-off and interpreted the results
with these limitations in mind. MMSE data were missing for eight participants, and the
reasons for these missing data were not recorded. However, all eight participants had
sufficient cognitive capacity to complete the hearing test included in the study.

Even though the study was conducted in the participants” homes, including nursing
homes and residential care facilities, we cannot exclude the possibility that individuals
with physical impairments were underrepresented, as assessment of physical function was
beyond the scope of this study.

In the present study, all 71 participants were able to undergo standardised PTA, allow-
ing comparison with ASSR thresholds. Our results suggest that ASSR may be a valuable
alternative for individuals who are unable to participate in behavioural hearing assessments.
However, we consider PTA generally preferable when reliable behavioural responses can
be obtained.

In this study, PTA-ASSR threshold differences within +15 dB were considered clin-
ically acceptable. We consider this level of agreement sufficient to identify individuals
who could benefit from hearing rehabilitation, although it is not necessarily sufficient for
hearing aid fitting. The accuracy required for hearing aid fitting was not evaluated in the
present study.

Stimulus levels, step sizes, and total test duration—including maximum and minimum
stimulation levels—were all predetermined in the ASSR test protocol (Figure 2). However,
when testing is conducted in clinical practice, a more flexible approach to the test method-
ology may be adopted. For instance, we believe that slightly prolonging the artefact-free
test time for some frequencies and stimulus levels would have yielded additional ASSR
thresholds. Furthermore, a rejection level of 80 uV was used in this study due to potentially
high EEG noise. It cannot be ruled out that this contributed to elevated ASSR thresholds
and prolonged test times [39].

In the current study, MFs around 40 Hz were used. These MFs were chosen because
responses at faster stimulation rates are generally associated with lower amplitudes [16,27],
and 40 Hz ASSRs have been shown to yield estimated thresholds closer to PTA thresholds
than ASSRs obtained using MFs around 80 Hz [40].

However, as the 40 Hz ASSR is sensitive to changes in arousal state, participants were
required to remain awake throughout the test session. In some cases, allowing participants
to sleep and instead using a higher MF that is less affected by arousal state might have been
advantageous [28]. This may have been particularly beneficial for participants who had
difficulty remaining still and quiet during testing due to involuntary movements or verbal
noises. In light of these considerations and given the previously reported alterations in
40 Hz auditory responses associated with Alzheimer’s disease and mild cognitive impair-
ment [35,36], future studies in very old adults could assess the feasibility of ASSRs using
MFs at around 80 Hz and whether it provides any practical or methodological advantages
over 40 Hz.

We were unable to use contralateral masking during the ASSR measurements. However,
more than 90% of the participants had symmetrical sensorineural hearing loss, making
it unlikely that cross hearing affected the results. Previous studies have reported that air
conduction ASSR measurements are generally unaffected by conductive hearing loss [41].
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Nevertheless, we cannot rule out the possibility that undetected middle-ear pathology may
have influenced the results.

5. Conclusions

We found ASSR to be a promising alternative for hearing assessment in individuals
of very advanced age who may have difficulty participating in behavioural hearing tests.
Furthermore, ASSR appears to be feasible in home settings, including nursing homes and
residential care facilities. The thresholds obtained during ASSR were sufficiently accurate to
identify degrees of hearing loss likely to warrant hearing rehabilitation and were generally
in agreement with the corresponding PTA thresholds. In cases where no ASSR threshold
was obtained, the most common cause was interference from muscular activity, highlighting
the importance of comfortable seating and a reclined position during testing.
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Abbreviations

The following abbreviations are used in this manuscript:

ABR Auditory brainstem response
ASSR Auditory steady-state response
CF Carrier frequency

dB HL Decibel hearing level
dBeHL Decibel estimated hearing level
dBnHL Decibel normalised hearing level

1SO International Organization for Standardization
MF Modulation frequency
PTA Pure-tone audiometry
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