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ABSTRACT

Spectro-temporal modulation (STM) detection sensitivity has been shown to be associated with speech-in-noise
reception in hearing-impaired (HI) individuals. Based on previous research, a recent study [Zaar, Simonsen, Dau,
and Laugesen (2023). Hear Res 427:108650] introduced an STM test paradigm with audibility compensation,
employing STM stimulus variants using noise and complex tones as carrier signals. The study demonstrated that
the test was suitable for the target population of elderly individuals with moderate-to-severe hearing loss and
showed promising predictions of speech-reception thresholds (SRTs) measured in a realistic set up with spatially
distributed speech and noise maskers and linear audibility compensation. The present study further investigated
the suggested STM test with respect to (i) test-retest variability for the most promising STM stimulus variants, (ii)
its predictive power with respect to realistic speech-in-noise reception with non-linear hearing-aid amplification,
(iii) its connection to effects of directionality and noise reduction (DIR+NR) hearing-aid processing, and (iv) its
relation to DIR+NR preference. Thirty elderly HI participants were tested in a combined laboratory and field
study, collecting STM thresholds with a complex-tone based and a noise-based STM stimulus design, SRTs with
spatially distributed speech and noise maskers using hearing aids with non-linear amplification and two different
levels of DIR+NR, as well as subjective reports and preference ratings obtained in two field periods with the two
DIR+NR hearing-aid settings. The results indicate that the noise-carrier based STM test variant (i) showed
optimal test-retest properties, (ii) yielded a highly significant correlation with SRTs (R>=0.61) exceeding and
complementing the predictive power of the audiogram, (iii) yielded significant correlation (R2:0.51) with the
DIR+NR-induced SRT benefit, and (iv) did not provide significant correlation with subjective preference for
DIR+NR settings in the field. Overall, the suggested STM test represents a valuable tool for diagnosing speech-
reception problems that remain when hearing-aid amplification has been provided and the resulting need for and
benefit from DIR+NR hearing-aid processing.

1. Introduction

discrimination challenges that remain when audibility has been restored
by means of amplification, or even exist in older -clinically

Hearing loss is currently defined, in a clinical sense, using the pure-
tone audiogram, which describes the sound level needed for detection of
pure tones at a range of frequencies (cf. Jerger, 2018). While this defi-
nition may lead to interpreting hearing loss as a simple
frequency-specific reduction of sound-level sensitivity, it is well-known
that reduced audibility is not the only problem that elderly
hearing-impaired (HI) individuals face, especially when listening to
speech in noise (cf. Plomp, 1986; Lopez-Poveda, 2014). The sound
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normal-hearing individuals (cf. Regev et al., 2023a, Regev et al., 2023c),
are here referred to as supra-threshold hearing deficits.

Conceptually, Plomp (1986) introduced the idea of a “distortion
component” in hearing loss, which manifests itself in an effective
reduction in the signal-to-noise ratio (SNR) when listening to speech in
noise and can therefore not be mitigated by means of amplifying both
speech and noise (leaving the SNR unchanged). A number of psycho-
acoustic studies have investigated supra-threshold hearing deficits
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focusing mainly on aspects of temporal processing, loss of compression,
and reduced frequency selectivity (e.g., Strelcyk and Dau, 2009;
Johannesen et al., 2014; Thorup et al., 2016; Regev et al., 2023a, 2023b,
2023c). Recently, a series of studies centering around auditory profiling
have suggested a comprehensive battery of auditory tests focusing on
various aspects of auditory processing (Sanchez-Lopez et al., 2020;
2021), with one important data-driven finding being that the audiogram
may contain more information about supra-threshold hearing deficits
than traditionally assumed. Despite the audiogram being fundamentally
a measure of pure-tone sensitivity, this indicates that the pure-tone
thresholds may nonetheless be connected to other, supra-threshold, as-
pects of hearing loss.

Hearing-aid (HA) processing is typically adjusted on the basis of the
audiogram, where the pure-tone thresholds are translated into a
frequency-specific amplification, typically showing a level-dependent
(compressive) behavior to account for the abnormal loudness growth
resulting from loss of compression in HI individuals (e.g., Keidser et al.,
2011). In addition, modern HAs provide a range of advanced sound
processing capabilities that go far beyond amplification. Several such
advanced HA processing approaches are designed to enhance the SNR, e.
g., by selectively amplifying sounds from certain (typically frontal) di-
rections while attenuating other sounds or by applying noise-reduction
processing. Recently, directionality and noise reduction (DIR+NR) ap-
proaches have increasingly been combined, yielding very powerful SNR
enhancement under certain assumptions of directionality (Le Goff et al.,
2016; Andersen et al., 2021). Since DIR+NR processing not only im-
proves the SNR but can also limit access to spatial cues and the overall
perceived naturalness of the sound scene, it should be provided only to
the extent that a given user needs it. However, in contrast to the
audiogram-based amplification rationales, there is currently no estab-
lished connection between a diagnostic measure and the optimal level of
such types of advanced HA processing for the individual.

It can be argued that the most reasonable diagnostic to base the
prescription/personalization of DIR+NR settings on is performance in a
realistic speech-in-noise test, with HA amplification provided (i.e.,
supra-threshold). However, it appears unrealistic to obtain such a
measure as part of a regular clinical workflow due to limited resources.
An auditory test that is easy to measure and associated with aided
speech-in-noise reception could thus be highly useful as a clinical proxy
measure for speech-reception deficits and, by extension, for the need for
advanced HA processing. The audiogram has been shown to be limited
in predicting speech reception in noise when both speech and noise are
audible (Vermiglio et al.,, 2020; 2022), such that a dedicated
supra-threshold auditory test, complementary to the audiogram, would
be required for the described purpose.

An excellent candidate for such a test can be found in the family of
spectro-temporal modulation (STM) detection tests. First introduced by
Chi et al. (1999), the STM stimulus typically consists of a broadband
carrier noise that is modulated by a moving-ripple pattern with a
spectral modulation along the logarithmic frequency axis, measured in
cycles/octave (c/0), and a temporal modulation measured in cycles/-
second (Hz). STM sensitivity is typically measured in an adaptive
tracking procedure with the modulation depth of the STM pattern
serving as the tracking variable. While the initial study by Chi et al.
(1999) focused on normal-hearing (NH) listeners, Bernstein et al. (2013)
systematically compared NH and HI listeners in terms of their STM
detection performance for multiple spectral and temporal modulation
frequencies and identified the combination of 2 ¢/0 and 4 Hz as the most
promising stimulus variant as it yielded the greatest performance dif-
ference between the NH and HI groups. They demonstrated a very strong
relationship between STM thresholds and speech-in-noise scores
measured with stationary speech-shaped noise at a very high sound
pressure level (SPL) of 92 dB. Moreover, the STM thresholds (R%=0.61)
were found to be both superior and complementary to an
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audiogram-based predictor (R?=0.4) of speech intelligibility. In a
follow-up study, Bernstein et al. (2016) assessed the predictive power of
their STM test in a large (n = 154) population of HI listeners, using a
band-limited noise carrier (354-2000 Hz) and the 2-c/o and 4-Hz STM
pattern. STM thresholds were compared to the average across multiple
speech-reception thresholds (SRTs), measured in different noise condi-
tions (speech-shaped noise and 4-talker babble) with individualized
amplification and different simulated HA processing conditions (linear,
noise reduction, fast compression). In that study, the connection be-
tween STM thresholds and SRTs was less pronounced (R?>=0.28) as
compared to Bernstein et al. (2013), and the audiogram-based predictor
yielded a slightly stronger relationship (R>=0.31) with SRTs than the
STM thresholds, while both predictors remained complementary
(R2:0.44 when combined). An additional analysis revealed that the
STM test did not provide significant predictive power for the oldest (>65
years) and most severely hearing-impaired subset of the population. This
was potentially related to the difficulty of the STM task, as about a third
of the population could not obtain a threshold in the adaptive tracking
procedure and their threshold was instead inferred via extrapolation
from a percent-correct score obtained in a full-modulation vs.
no-modulation procedure.

In our previous study (Zaar et al., 2023), we explored a number of
STM stimulus variants, including two novel variants employing a
complex-tone carrier, using a modified measurement paradigm and
individualized audibility compensation. The main goals were to facili-
tate the test such that all populations of interest (including elderly and
severely HI individuals) could do the task and to investigate to what
extent STM sensitivity was related to speech-in-noise performance in
realistic settings (including spatial cues, speech interferers, and
non-compromising audibility compensation). The results indicate that
(i) all tested elderly HI listeners could do the task with the modified
measurement paradigm and audibility compensation, (ii) the
noise-carrier based STM stimulus used by Bernstein et al. (2016) and a
novel complex-tone based stimulus (both with 2 ¢/o and 4 Hz) were
similarly promising SRT predictors, and (iii) SRTs measured in a realistic
setting with spatialized speech and noise maskers and linear individu-
alized amplification were significantly correlated with STM thresholds.
However, due to its explorative nature and small sample size, the Zaar
et al. (2023) study left several questions open as it did not establish
which of the STM stimulus variants yielded the best properties with
regard to test-retest reliability, and was inconclusive with respect to the
significance of the relative contributions of the audiogram and the STM
thresholds to predicting SRTs. Furthermore, the study did not address
any questions related to HA processing, instead making use of a linear
amplification approach optimized for controlled laboratory settings.

The present study was thus designed to further evaluate the sug-
gested STM test with respect to (i) test-retest variability for the noise-
carrier and tone-carrier based STM stimulus variants, (ii) its predictive
power with respect to realistic speech-in-noise reception with non-linear
HA amplification, (iii) its connection to effects of DIR+NR HA pro-
cessing, and (iv) its relation to DIR+NR preference in the field. The
overarching hypotheses were that subjects with poor aided speech
reception would (a) show poor STM sensitivity, (b) benefit most from
DIR+NR, and therefore (c) prefer strong DIR+NR (and vice versa). The
research questions and hypotheses were addressed by means of a com-
bined laboratory and field study with 30 elderly HI participants, col-
lecting STM thresholds with a complex-tone based and a noise-based
STM stimulus design, SRTs with spatially distributed speech and noise
maskers using HAs with amplification and two different levels of
DIR+NR, as well as subjective reports and preference ratings obtained in
two field periods with the two DIR+NR HA settings. The data were
analyzed using standard test-retest assessment methods, group-level
statistical analyses, as well as correlation and regression analyses.



J. Zaar et al.

2. Method
2.1. Participants and hearing-aid settings

Thirty HI participants (9 female) aged between 45 and 81 years
(mean: 70 years; standard deviation: 9 years) were recruited. Twenty of
them were registered in the test-person database of the Hearing Systems
Section at the Technical University of Denmark. Ten of the participants
were newly recruited after the project had been advertised at Special-
center Roskilde Kommunikation, which offers services for HA users who
are in need of support and counselling beyond that offered by the regular
HA clinics in Denmark. All participants were native speakers of Danish
and regular HA users. They underwent standard clinical audiometry
with pure-tone thresholds measured at 0.125, 0.25, 0.5,1, 1.5, 2, 3, 4, 6,
and 8 kHz. The individual and average audiograms for the right and left
ear, respectively, are shown in the two panels of Fig. 1. The participants
exhibited a range of mild to severe/profound hearing losses, which were
largely symmetric: 29 participants showed thresholds within 15 dB be-
tween ears for a minimum of 9 out of the 11 test frequencies, one
participant for 7 of the 11 test frequencies. In addition to pure-tone
sensitivity, working memory capacity was tested using the reversed
digit span (RDS) test (Blackburn and Benton, 1957), which measures the
ability to repeat sequences of Danish digits in reverse order. The RDS test
was administered using binaural presentation of spoken digits via
headphones at self-adjusted most comfortable level, as described in
Fuglsang et al. (2020). The average RDS score was 11.9 (standard de-
viation: 3.4), with individual participants reaching scores between 6 and
19 (maximum possible score: 28).

All participants were provided with Oticon Opn HAs for the duration
of the study. The HAs were fitted based on the individuals’ audiograms
using the standard prescription offered by the fitting software (voice-
aligned compression — VAC; Le Goff, 2015). Three different DIR+NR
settings were defined: “NRog” (DIR+NR algorithm inactive, HA direc-
tivity pattern in omni-directional mode), “NRyjjq” (moderate standard
parameterization of the DIR+NR algorithm); “NRsyong” (customized
strong DIR+NR setting). All participants provided informed consent and
were offered financial compensation. All experiments were approved by
the Science-Ethics Committee for the Capital Region of Denmark
(reference H-16036391).
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2.2. Spectro-temporal modulation detection

Spectro-temporal modulation detection sensitivity was measured
using an STM test from our previous study (Zaar et al., 2023), which
considered six different stimulus variants. Two stimulus variants that
showed promising results in Zaar et al. (2023) were considered here:
“Noisy-LPy./,” was based on a noise carrier consisting of 2499 compo-
nents logarithmically spaced between 354 and 2000 Hz (also used by
Bernstein et al., 2016), whereas “Tonalp.,,” was based on a
complex-tone carrier within the frequency band between 354 Hz and
5654 Hz using 54 random-phase sinusoidal components with equidis-
tant (100-Hz) spacing along the linear frequency axis and 1/f-weighting
to obtain a “pink” spectrum. Both stimulus variants had a similar spec-
tral modulation frequency of 2 ¢/o and temporal modulation rate of 4 Hz
(upward moving ripples). An auditory-inspired time-frequency repre-
sentation of the stimulus variants, obtained using a gammatone filter
bank and Hilbert envelope extraction, is provided in Fig. 2.

The STM test was administered as described in Zaar et al. (2023),
using adaptive threshold tracking by means of a 3-alternative
forced-choice (AFC) procedure with a 1-up/2-down tracking rule
(using the AFC framework by Ewert, 2013; for details on the tracking
procedure and experimental set up see Zaar et al., 2023). As in Zaar
et al. (2023), the nominal broadband level was set at 65 dB SPL at the
center-of-head position in a virtual diffuse field and linear amplification
was applied to ensure a minimum of 15 dB sensation level in each
3rd-octave frequency band within the stimulus frequency range (cf.
Humes, 2007). The amplification was applied in an ear-specific fashion
in the present study, whereas it was based on the across-ear average in
Zaar et al. (2023). The participants provided their responses using a
touch screen, a computer keyboard, or a computer mouse, according to
their preference. They received visual feedback after each response
(correct/incorrect). At the beginning of a test session, a short training
run was provided by means of a simple temporal amplitude-modulation
detection task (using broadband noise with a 4-Hz sinusoidal temporal
modulation) to familiarize the participants with the procedure. For
each stimulus variant, three adaptive measurements were conducted
and the mean of the resulting three thresholds was considered as the
final result.
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Fig. 1. Pure-tone thresholds obtained for the right and left ear of the 30 individual listeners (thin lines) along with mean and standard deviation across listeners

(thick lines and shaded area, respectively).



J. Zaar et al.

Noisy-LP,/,

Frequency [kHz]

Hearing Research 443 (2024) 108949

Tonalyg/,

0 0.2 0.4 0.6 0.8 1
Time [s]

Fig. 2. Auditory spectrograms of the two considered STM stimulus variants with full modulation. Band-limited random-noise carrier (left) and 4-octave wide 100-Hz
complex-tone carrier (right), both modulated with 2 ¢/o and 4 Hz (upward moving).

2.3. Speech-in-noise test

Speech intelligibility was measured using the Danish Hearing In
Noise Test (HINT, Nielsen and Dau, 2011) using a spatial loudspeaker set
up in a quiet but slightly reverberant room corresponding to a typical
living-room environment (reverberation time T3y of about 0.5 s; size
7.52 x 4.74 x 2.76 m; designed according to IEC 1985). Three Dynaudio
(Skanderborg, Denmark) BM6 loudspeakers were positioned along a
circle with a diameter of 2.5 m at azimuth angles of 0° and +£100° (see
Fig. 3). The participants wore their HAs and were seated in a chair
equipped with a headrest such that their viewing direction was 0° azi-
muth, their center of head was in the center of the loudspeaker
arrangement and their ears were at the same height as the loudspeakers.
They were instructed to use the headrest to maintain a static head po-
sition and asked to verbally repeat the target-sentence words they had
understood into a microphone placed in front of them, slightly below the
head. The responses were manually scored by an audiologist (the 2™
author) who is a native speaker of Danish. The speech test was run using
a dedicated software under Matlab (Mathworks, Natick, Massachusetts,

Fig. 3. Sketch of speech-test set up. T refers to the target speech, M; and M, to
the masker signals.

USA) on a PC. All sound was processed by an RME (Haimhausen, Ger-
many) Fireface UCX soundcard at a sampling rate of 44.1 kHz and a
resolution of 16 bits. The speech-test stimuli were amplified using
customized Bang & Olufsen (Struer, Denmark) amplifiers and the talk-
back microphone was routed to the soundcard’s headphone output such
that the audiologist could listen to the responses on Sennheiser (Wede-
mark, Germany) HDA200 headphones. The target speech, consisting of
5-word meaningful, grammatically correct Danish sentences uttered by
a male speaker (Nielsen and Dau, 2011), was presented from the front
(see “T” in Fig. 3) at 65 dB SPL(C) relative to the center-of-head position.
Running speech maskers, spoken by two different male talkers and
mixed with low-level speech-shaped noise (—6 dB relative to the running
speech level), were played from the sides (see "M;" and "My" in Fig. 3).
SRTs at the 50%-sentences-correct level were tracked by adjusting the
masker levels (and thus the SNR) according to sentence-correct scoring
(see Nielsen and Dau, 2011), where the first sentence was presented at a
low SNR and repeated in increasing SNR steps of 4 dB until it was
correctly identified (all five words). For sentences 2-4, the SNR was
increased/decreased by 4 dB after an incorrect/correct response,
respectively. Then, an average across the SNRs used in the previous 4
presentations was made and the SNR was adjusted from there in steps of
2 dB.

A first training run was conducted with 20 sentences (one training
list), starting at an SNR of —4 dB. A second training run was conducted
with 40 sentences (two training lists), starting at an SNR 7 dB below the
SRT measured in the first training run. In both training runs the HAs
were in NRog setting. Next, the SRT measurement for the NRog setting
was conducted, using 40 sentences and starting at an SNR 7 dB below the
SRT measured in the second training run. Next, the SRT for either the
NRuiig or NRstrong Setting (balanced across participants) was obtained,
using 40 sentences and starting at an SNR 12 dB below the SRTNgoft.
Lastly, the SRT measurement for the other setting (NRsgong O NRyi1q)
was conducted, using 40 sentences and starting again at an SNR 12 dB
below the SRTngofr. The SRT measurements for settings NRog, NRyiig,
and NRsiong Were obtained using HINT lists 5/6, 7/8, and 9/10 (order
balanced across participants). The precision of the SRT estimate, which
is ordinarily calculated as the mean across SNRs presented for sentences
5-40, was refined based on the words-correct scores using the procedure
described in Rgnne et al. (2017) and also used in Zaar et al. (2023).
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2.4. Experimental protocol and field testing

The study was structured in three separate sessions of approximately
2 h and two field periods (each 3-5 weeks) in between the three sessions.

In the first session, the participants were briefed on the different
parts of the experiment and signed a consent form. An otoscopy was
conducted and listeners with more than two-thirds occlusion due to
earwax in either ear were re-scheduled and asked to see their doctor for
ear cleaning. After passing the otoscopy check, an audiogram was
measured using an Interacoustics (Middelfart, Denmark) AC40 clinical
audiometer, unless a recent audiogram (no older than 1 year) was
available. Participants were fit with Oticon Opn HAs using the standard
fitting rationale (VAC; Le Goff, 2015). The DIR+NR setting of the HAs
was set to either NRyjiq or NRgtrong (balanced across participants) for the
first field period. The participants and the audiologist were unaware of
the choice of setting. The Danish SSQ12 questionnaire (Noble et al.,
2013) was handed out and participants were instructed to expose
themselves to the scenarios mentioned in the questionnaire and to fill in
the questionnaire directly before the next session. The STM test was run,
consisting of a short training followed by three runs with one stimulus
variant, a short break, and three runs with the other stimulus variant.
The order of the stimulus variants (Noisy-LPy/, and Tonalyc/,) was
balanced across participants.

In the second session, the SSQ12 questionnaire for the first field
period was collected. The HAs were programmed such that the three
DIR+NR settings NRogt, NRyjlg, and NRgyong Were selectable using a
phone app controlled by the experimenter. The speech-in-noise test was
run as described above. When the participants left for the second field
trial, the DIR+NR setting of the HAs was set to NRgyong for those par-
ticipants who had had NRyjjq in the first field period and vice versa. The
participants and the audiologist were again unaware of the choice of
setting. The Danish comparative version of the SSQ12 questionnaire
(SSQ12-C; Jensen et al., 2009) was handed out and participants were
again instructed to expose themselves to the mentioned scenarios and to
fill out the questionnaire directly before the next session. The STM retest
was conducted using the exact same procedure as in the first session but
with the order of the STM stimulus variants (Noisy-LP2/, and Tonaly o)
flipped.

In the third session, the SSQ12-C questionnaire for the second field
period was collected. Next, the participants were asked to rate their final
preference comparing between the settings from the two field periods on
a 5-point scale (-2, —1, 0, 1, 2), where the extremes indicated strong
preference for either of the two settings and the midpoint indicated no
preference. In addition, the participants were asked to indicate their
level of certainty regarding their preference on a scale from 0 (very
uncertain) to 10 (very certain). Another speech test was conducted at
pre-selected fixed SNRs to measure listening effort via pupillometry
(results not reported here). Lastly, the RDS test was conducted and the
participants were de-briefed.

3. Results and analysis
3.1. Spectro-temporal modulation detection

Fig. 4 shows the STM thresholds in dB full scale (dB FS; relative to 1)
obtained with the two considered stimulus variants (test and retest
separately) in terms of group averages (black lines), standard deviations
(gray shaded areas), and individual thresholds (gray dots). All partici-
pants were able to complete the task in each of the three runs underlying
the plotted thresholds (cf. Section 2.2), for both stimulus variants. The
Noisy-LPs./, stimulus variant yielded higher thresholds (corresponding
to greater difficulty) than the Tonaly./, variant, whereas group results
obtained with a given stimulus variant did not differ significantly

Hearing Research 443 (2024) 108949
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Fig. 4. STM thresholds measured in test and retest for the considered stimulus
variants Noisy-LP,./, (left) and Tonaly./, (right). The black lines depict the
group average, the shaded areas represent +1 standard deviation around the
mean, and the gray dots show the individual results (with a slight horizontal
offset for better visibility). The black horizontal lines in the top part indicate the
result of a two-way ANOVA (with n.s.: not significant and ***: p<0.001).

between test and retest (although a slightly lower average threshold was
found in the Tonaly./, retest as compared to the test). The variability
across listeners was similar for the two variants. A two-way ANOVA
accordingly revealed a significant effect [F(1, 116)=33.77, p<0.001] of
stimulus variant, whereby Tonaly./, yielded 4.7 dB lower thresholds
than Noisy-LPy./, on average. No significant effect of test/retest [F(1,
116)=0.28, p = 0.6] and no interaction between stimulus variant and
test/retest [F(1, 116)=0.1, p = 0.75] was found.

Fig. 5 provides a detailed overview of the test-retest reliability found
for the two stimulus variants. The top panels show the STM thresholds
measured in the second session (retest) as a function of the STM
thresholds measured in the first session (test) for the Noisy-LPy/, (left)
and Tonaly./, variants (right). It can be observed that the thresholds
obtained with the Noisy-LPy/, stimulus variant were more aligned be-
tween test and retest than those obtained with the Tonaly./, stimulus
variant. This is confirmed by the Intraclass Correlation Coefficients (ICC;
Koo and Li, 2016) shown in the respective panels, which were computed
between test and retest using a single rating, absolute agreement,
one-way random effects model, and indicate “excellent” (ICC>0.9)
reliability for Noisy-LPyc/, and “good” (0.75<ICC<0.9) reliability for
Tonalgc/o. The bottom panels of Fig. 5 show Bland-Altman plots that
support this difference in test-retest reliability as the confidence in-
tervals of test-retest differences are almost doubled for Tonaly./, as
compared to Noisy-LPs./,. Furthermore, a slight positive bias can be
observed for Tonaly./,, indicating that participants performed slightly
better in the retest for this variant (see also Fig. 4), albeit not signifi-
cantly so according to the ANOVA reported above.

Based on the above observations and analyses, the STM thresholds
obtained with the Noisy-LPa./, stimulus variant were considered to be
more reliable and thus selected for further analysis. The average across
thresholds measured with Noisy-LPy./, in test and retest was used to
represent STM sensitivity in the remaining analyses reported in this
article.
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Fig. 5. Top: scatter plots of STM thresholds measured in test vs. retest for Noisy-LP,, (left) and Tonaly./, (right). The dashed lines represent regression lines. The
corresponding Intraclass Correlation Coefficient (ICC) is shown in the respective panels. Bottom: Bland-Altman plots of STM thresholds for Noisy-LP»/, (left) and
Tonaly./, (right). The difference between test and retest is plotted as a function of the mean of test and retest. The red solid and dashed lines show the mean and the

confidence intervals, respectively.

3.2. Speech-in-noise reception

Fig. 6 shows the SRTs measured in the speech-in-noise test with the
three considered HA settings in terms of group averages (black lines),
standard deviations (gray shaded areas), and individual SRTs (gray dots
connected by dashed lines for each participant). It can be observed that,
on average, the NRog setting yielded the highest SRT (3.6 dB), the
NRyilq setting a 1.8-dB benefit, and the NRsyrong setting a 4.4-dB benefit.
A large variability across participants was found, especially for NRog
and NRyjg, with some participants exhibiting very poor performance
(SRTs above 10 dB). A trend of decreasing SRTs with increasing DIR+NR
strength (from left to right in Fig. 6) was present for all participants (see
dashed lines), apart from some minor deviations. A two-way ANOVA
with HA setting as a fixed effect and participant as a random effect
revealed a significant [F(2, 58)=54.48, p<0.001] effect of HA setting. A
Tukey-Kramer post-hoc test indicated significant differences [p<0.001]
between the SRTs measured for all HA settings.

3.3. Predicting aided speech-in-noise reception performance

The predictive power of the audiogram and the STM thresholds with
regard to aided speech-in-noise reception was assessed by means of
correlation and linear regression analyses. For that purpose, the 4-fre-
quency better-ear pure-tone average (henceforth referred to as PTA)
was obtained by averaging the ear-specific pure-tone thresholds
measured for 0.5, 1, 2, and 4 kHz and then selecting the lower value
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Fig. 6. SRTs measured with the three different HA settings NRog, NRyig, and
NRstrong- The black lines depict the group average, the shaded areas represent
+1 standard deviation around the mean, and the gray dots show the individual
results (with a slight horizontal offset for better visibility), which are connected
by a dashed line for each participant. The black horizontal lines in the top part
indicate the result of a two-way ANOVA (with ***: p<0.001).
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Table 1

Correlation matrix comparing SRT measured in the NRqg condition (SRTngoff),
4-frequency better-ear pure-tone average (PTA), STM thresholds, and RDS
scores. Correlation coefficients are shown followed by the corresponding p-
values in parentheses. The asterisks indicate significant correlation according to
Bonferroni-corrected significance levels (*: <0.05; **: <0.01; ***: <0.001).

PTA STM RDS
SRTnRoff 0.713%** (<107°) 0.780%** (<107°) —0.511* (0.004)
PTA 0.627** (<1073) —0.233 (0.22)
STM —0.550* (0.002)

across the two ears. Table 1 shows an initial assessment of the correla-
tion structure between SRTs measured with the NRog HA setting
(SRTnRoff), the PTA, the STM thresholds, and the RDS scores (assumed to
represent working memory capacity). Significant positive correlations
were found between all pairwise combinations of SRTngof, PTA, and
STM, where high values indicate poor performance. RDS, where high
values indicate good performance, was instead moderately negatively
correlated with SRTngrosf and STM, but not with PTA.

For the following considerations on SRTngoff Variance explained it
should be noted that the upper bound of predictable SRT\goff Variance
was found to be 96% (limited by test-retest variability; calculated by
comparing the results of the NRog measurement run with those of the
second training run, which was also conducted with the NRog HA
setting). Fig. 7 shows the SRTs measured with the NRog HA setting as a
function of, respectively, PTA (left), STM (middle), and a linear
regression model with PTA and STM as predictors (right). A highly
significant positive correlation (see Table 1) was found for the PTA,
which accounted for 51% of SRTngroff Variance. An even stronger positive
correlation (see Table 1) was found for the STM thresholds, which
accounted for 61% of SRTNgoff variance. The linear regression model
with PTA and STM as predictors accounted for 69% of the SRTNRoff
variance [p<10°], with both PTA [p = 0.012] and STM [p<10~3]
contributing significantly. When adding RDS as a third predictor, PTA
and STM remained significant predictors whereas RDS did not
contribute significantly [p = 0.17]. The PTA added 8% of SRTngroff
variance explained as compared to using STM as the sole predictor. The
STM thresholds added 18% of SRTngoff Variance explained as compared
to using the PTA as the sole predictor. When factoring out the PTA-based
prediction from the SRTngofs, the residual was still significantly corre-
lated with the STM thresholds [r = 0.48, p = 0.008], whereas the PTA
could not reliably account for the residual when factoring out the STM-
based prediction from the SRTNgoff [r = 0.36, p = 0.052].

As one of the test participants exhibited an extremely high SRTNRoff
of 23.5 dB (more than 2.7 times the interquartile range above the third
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quartile) and since the analysis results may be biased by such extreme
outliers, the same analysis as described above was repeated without this
participant. The results revealed that removal of this participant slightly
reduced the predictive power of the PTA [49% of variance explained; r
= 0.7, p<10~*], whilst substantially increasing the predictive power of
STM [68% of variance explained; r = 0.82, p<10’7] and of the two-
predictor regression model [75% of variance explained, Pmodel<1077,
prra=0.012, pSTM<IO’4]. In the regression model, PTA added 7% of
variance explained as compared to using STM as the sole predictor and
the STM thresholds added 26% of variance explained as compared to
using the PTA as the sole predictor.

3.4. Predicting speech-reception performance benefit due to DIR+NR

A second analysis was conducted to determine whether the SRT-
benefit induced by strong compared to mild DIR+NR (NRsyong and
NRyilg, respectively) was related to PTA and STM. For that purpose, an
SRT difference measure was defined as ASRT = SRTxgrmila — SRTNRstrong»
such that the expected benefit (i.e., lowering) in SRT due to NRsong
resulted in positive values and vice versa. The amount of SRT benefit
(ASRT) was positively correlated with the SRTgoff [r = 0.71, p<10’5],
indicating that poor speech-in-noise performers benefitted more from
NRstrong than good speech-in-noise performers.

Fig. 8 depicts the ASRT measure as a function of, respectively, PTA
(left), STM (middle), and a linear regression model with PTA and STM as
predictors (right), in analogy with the analysis shown in Fig. 7. As ex-
pected, ASRT was mostly positive, indicating that most participants
benefitted from NRstong relative to NRyjq in terms of SRT (by up to 7
dB; see also Fig. 6) whereas some participants did not benefit from
NRstrong, With ASRT values around zero and slightly below. A highly
significant correlation [r = 0.73, p< 107°] between ASRT and PTA was
found, which accounted for 54% of the ASRT variance. A slightly smaller
positive correlation [r = 0.71, p<10’5] was found for the STM thresh-
olds, which accounted for 51% of the ASRT variance. The linear
regression model with PTA and STM as predictors accounted for 64% of
the ASRT variance [p<10’6], with both PTA [p = 0.004] and STM [p =
0.009] contributing significantly. The PTA added 13% of ASRT variance
explained as compared to using STM as the sole predictor. The STM
thresholds added 10% of ASRT variance explained as compared to using
the PTA as the sole predictor.

3.5. Subjective evaluation of DIR+NR settings

The subjective preference for the DIR+NR settings NRsiong and
NRyilg was assessed by means of the SSQ12-C questionnaire and by
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means of a preference rating. The distribution of preference ratings,
shown in Fig. 9, indicates an almost even split of preference for NRy1q
(11 participants), no preference (9 participants), and preference for
NRstrong (10 participants).

For correlation analyses, the raw preference ratings were weighted
by multiplication with the corresponding certainty ratings. The SSQ12-C
questionnaire data were considered as an average across all 12 questions
(SSQ12-Ca11) and as subscale-specific averages (SSQ12-Cgpeech, SSQ12-
Cspatial, S8Q12-Cquality). Table 2 shows the correlations between the
preference ratings and the SSQ12-C scores. The preference ratings were
very highly correlated with the SSQ12-C scores, except for the spatial
subscale (SSQ12-Cspatian), indicating that the preference ratings were
mainly driven by speech understanding and sound quality.

Due to the virtual interchangeability of the SSQ12-C scores and the
preference ratings, only the preference ratings were considered for
further analyses. Table 3 shows the results of a correlation analysis
conducted to establish whether the preference ratings were related to (i)
performance in the speech task with no DIR+NR (i.e., SRTngoff), (ii)
SRT-benefit induced by NRsyong relative to NRyjig (i.e., ASRT), pure-
tone thresholds (PTA), and (iv) STM sensitivity. For the full data set of
30 participants, these comparisons showed correlational trends in the
expected positive direction but no significant relationship between the
preference ratings and any of the other variables was found (see left
column of Table 3). For a subset of 23 participants, obtained by dis-
carding five participants for whom the HA logging data indicated little
exposure to non-quiet acoustical scenarios' and two participants with
technical problems related to the HA fitting, some stronger positive
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Fig. 9. Histogram of preference ratings for DIR+NR settings provided after the
second field period.

! Only participants who had spent more than 30% of the HA use time in
sound environments that were not classified as “quiet” and had sound levels
above 50 dB SPL according to the HA logging data were retained.

Table 2

Correlations between preference ratings (PREF) and SSQ12-C questionnaire
results averaged across all questions (SSQ12-Cay1) and across the questions
related to the Speech, Spatial, and Quality subscales (SSQ12-Cgpeech, SSQ12-
Cspatial, SSQ12-Couality)- Correlation coefficients are shown followed by the
corresponding p-values in parentheses. The asterisks indicate significant corre-
lation according to Bonferroni-corrected significance levels (*: <0.05; **: <0.01;

**%: <0,001).
SSQ12-Cppy SSQ12-Cspeech SSQ12- $5Q12-Couality
CSpatial
PREF 0.890%** 0.874%** 0.483* 0.845%**
(<10719 (<1079 (0.008) (<1077)
Table 3

Correlations between preference ratings (PREF) and SRTngofr, ASRT, PTA, STM
for the full data set of 30 participants (left column) and for a subset of 23 par-
ticipants (right column). Correlation coefficients are shown followed by the
corresponding p-values in parentheses. All p-values are above the 0.05 level
when correcting for multiple comparison (i.e., above 0.0125).

PREF (full data set, n = 30) PREF (subset, n = 23)

SRTnRoff 0.204 (0.28) 0.343 (0.11)
ASRT 0.219 (0.24) 0.388 (0.07)
PTA 0.267 (0.15) 0.386 (0.07)
STM 0.240 (0.20) 0.483 (0.02)

correlations emerged, especially between STM sensitivity and the pref-
erence ratings (see right column of Table 3). However, given the number
of comparisons, these correlations fell slightly short of reaching statis-
tical significance, considering a Bonferroni correction by division of the
most lenient commonly used significance level of 0.05 by the number of
variables (0.05/4 = 0.0125).

4. Discussion
4.1. Summary of main findings

The main findings of the study can be grouped in four categories.
First, the two most promising STM stimulus variants identified in our
previous study (Zaar et al., 2023) were compared with respect to their
test-retest reliability. The bandlimited noise-based variant with 2 c/o
and 4 Hz (introduced by Bernstein et al., 2016) was found to yield
substantially better test-retest reliability than the complex-tone based
variant with the same modulation parameters and was thus chosen to
represent STM sensitivity for the remaining analyses (Fig. 5). Second,
STM thresholds were significantly correlated with realistic SRTs
measured with HAs (NRog condition), accounting for 61% of the SRT
variance, while the PTA accounted for 51% and a combined linear
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regression model with STM and PTA as inputs accounted for 69% of the
SRT variance (Fig. 7). Third, STM thresholds and PTA were significantly
correlated with the SRT benefit (ASRT) provided by NRsong relative to
NRyild, accounting for, respectively, 51% and 54% of the ASRT variance
and for 64% jointly in a linear regression model (Fig. 8). Fourth, the
subjective preference for DIR+NR settings was not significantly associ-
ated with any of the laboratory measures (SRT, ASRT, STM, PTA),
indicating that participants did not necessarily prefer what their test
performance would suggest (Table 3); however, there were observable
trends in the hypothesized direction, indicating that poor performers
may prefer a stronger DIR+NR setting than good performers.

The overarching hypotheses were postulated as follows: “Subjects
with poor aided speech reception (a) show poor STM sensitivity, (b)
benefit most from DIR+NR and therefore (c) prefer strong DIR+NR (and
vice versa)”. While (a) and (b) were confirmed, (c) could neither be
confirmed nor refuted.

4.2. STM test and stimulus variants

The choice of the two STM stimulus variants (Noisy-LPs., and
Tonalye,) tested was motivated by the results of our previous study
(Zaar et al., 2023), where the Noisy-LPy, stimulus (referring to the
bandlimited noise-carrier based stimulus with 4 Hz and 2 c/o introduced
by Bernstein et al., 2016) and the complex-tone based Tonal;., and
Tonalyc, stimuli (with 4 Hz and 1 c/o and 2 c/o, respectively) showed
significant correlations with SRTs. The Tonaly., variant was selected
over the Tonal;, variant as 2 c/o has been established as a meaningful
choice for predicting speech intelligibility in various STM studies
(Bernstein et al., 2013; Mehraei et al., 2014, 2016). Our binaurally
administered STM test procedure was identical to that established in
Zaar et al. (2023), with one difference: while identical audibility
compensation (according to the sufficiently audible approach suggested
by Humes, 2007) based on the across-ear average audiogram was used in
Zaar et al. (2023), the present study instead applied ear-specific
amplification based on the corresponding audiogram. This was done
in analogy to the amplification provided in the respective speech tests,
as linear amplification based on the across-ear average audiogram was
applied to the speech-test stimuli in Zaar et al. (2023), whereas the
current study used ear-specific (non-linear) HA amplification. However,
the difference between these two approaches in the tested population
was small given the largely symmetric hearing losses considered.

The population of 30 participants tested in the present study showed
similar performance trends for the two stimulus variants as observed in
Zaar et al. (2023), with Noisy-LPy¢, yielding higher thresholds than
Tonalye,. However, the average thresholds in the present study were
higher, indicating a more poorly performing population as compared to
Zaar et al. (2023). Nonetheless, all participants were able to obtain a
threshold in each measurement, confirming the finding from Zaar et al.
(2023) that the proposed STM test design is suitable for the target
population of elderly listeners with moderate-to-severe hearing loss (as
opposed to the STM test paradigm used by Bernstein et al., 2016).

In contrast with the Zaar et al. (2023) study, the present study
assessed the test-retest reliability of the STM test (measured across
days/sessions). The analysis revealed a clearly superior test-retest reli-
ability of the Noisy-LPy., stimulus variant, as compared to the Tonaly,
variant, which showed both a larger spread (lower ICC) and a slight bias
due to lower thresholds in the retest (see Figs. 4 and 5). The
complex-tone carrier was assumed to provide the advantage of not
having low-frequency intrinsic fluctuations (around 4 Hz) that could
interfere with the imposed modulation pattern (cf. Dau et al., 1999),
which is consistent with the lower thresholds obtained for the Tonals.,
variant. Another motivating factor for considering this variant was the
fact that speech signals are dominated by periodic carrier/source signals
and that such periodic carrier signals may be crucial for the auditory
processing and perception of speech (Steinmetzger and Rosen, 2015;
Carney et al., 2015; Carney, 2018; Scheidiger et al., 2018; Steinmetzger
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et al., 2019; Zaar and Carney, 2022). However, the test-retest variation
observed with the Tonaly, variant appears problematic and suggests an
influence of aspects such as listening strategy and fatigue. Therefore, the
Noisy-LPg., variant was selected as the best representative of STM
sensitivity, in line with Bernstein et al. (2016).

4.3. STM and speech reception with hearing aids

The present study found a very strong relationship between speech
reception with HA amplification and STM sensitivity (61% of shared
variance, see Fig. 7), which substantially exceeds the relationship (28%
of shared variance) found in the related study by Bernstein et al. (2016)
that also used (albeit simulated) HA amplification. Due to multiple
methodological differences with regard to the STM- and speech-test
designs between the two studies, the contributions of the various
design differences to these results cannot be disentangled here. It may be
speculated that the present study’s STM test design, which allows for
convergence of the adaptive measurement procedure even for the
poorest performers, and the realistic speech-test design with open-set
sentences and spatially distributed speech interferers have contributed
to the strong relationship found here. It was demonstrated in Zaar et al.
(2023) that a realistic speech-test set up akin to the one used in the
present study revealed significantly more variation across subjects than
a more artificial set up with a co-located speech-shaped noise masker,
and that it also tended to lead to greater STM-SRT correlations. How-
ever, it should be mentioned that the present study used a diverse
population with large speech-reception performance differences and
that the PTA also accounted for a large amount of SRT variance (51%),
which was substantially larger than the 31% found by Bernstein et al.
(2016) for their high-frequency PTA. Consistent with Bernstein et al.
(2016), STM and PTA were complementary in predicting SRTs (69% of
variance explained), which furthermore confirmed trends found in Zaar
et al. (2023) that did not reach statistical significance due to the small
number of participants in that study. Finally, the strong correlations
reported here may be considered a conservative account of the data, as a
single participant with a very poor SRT of 23.5 dB SNR negatively
affected the predictive power of STM and positively affected that of the
PTA. Without this participant, STM accounted for 68%, PTA for 49%,
and STM and PTA combined for 75% of the SRT variance (with an upper
limit of 96% explainable SRT variance based on test-retest variation).

The DIR+NR HA processing conditions used in the speech test
showed the expected effects of SRT improvements as a function of the
strength of the processing, i.e., more improvement for NRstong than for
NRpilq (see Fig. 6; cf. Le Goff et al., 2016; Andersen et al., 2021). The
SRT benefit (ASRT) induced by NRsiong relative to NRyjq differed
substantially across participants, with some benefitting strongly and
others not at all. The amount of ASRT was associated with the SRT
measured in the NRog condition and thus also strongly correlated with
STM and PTA, which accounted for 51% and 54% of the ASRT variance,
respectively, and again yielded complementary contributions in a linear
regression model that explained 64% of the ASRT variance (Fig. 8). The
amount of SRT benefit is likely related to multiple factors, including the
amount of amplification (related to the audiogram), the acoustic
coupling (cf. Cubick et al., 2022), as well as the interaction of the
adaptive DIR+NR processing with the speech-test stimuli, which are
influenced by the participants’ performance levels, especially in terms of
SNR. The observed connections between SRT benefit and SRTngefr, PTA,
and STM are well in line with these considerations.

4.4. Preference for hearing-aid settings

The subjective evaluation of the two tested DIR+NR settings NRstrong
and NRyjjqg was conducted by means of questionnaires and preference
ratings in the field. The comparison between SSQ12-C scores and pref-
erence ratings indicated a very strong alignment between the two, with
the preference ratings being mainly driven by aspects represented in the
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speech- and quality-related questions of the SSQ12-C questionnaire (see
Table 2). Despite the fact that NRgiong Was a customized, quite aggres-
sive parameterization of the algorithm behind the Oticon “Open Sound
Navigator” (Le Goff et al., 2016), the DIR+NR preferences of the 30
participants were evenly distributed (see Fig. 9), i.e., about a third of the
participants appreciated the strong DIR+NR setting. However, the hy-
pothesized connection between poor speech-test performance, strong
SRT benefit, high PTA, and poor STM performance (which are partially
interchangeable given the above-discussed connections between them)
did not emerge in a statistically significant sense. In other words, par-
ticipants did not necessarily prioritize support with speech intelligibility
in difficult scenarios in their preference ratings (assuming that the
speech-test results are indicative of the experienced difficulty with
speech reception in the field). Correlational trends in the expected di-
rection can be observed (Table 3), especially when excluding 7 partici-
pants who did not expose themselves very much to noisy conditions or
had technical issues with the HA fitting. However, there were clearly
other sources of variation contributing to the individual preferences that
were not represented by any other measure considered in the present
study. Furthermore, the test-retest reliability of the subjective evalua-
tion is unknown for the considered method and it is thus unclear how
reliable the employed measure of preference is. The reasons that par-
ticipants provided when discussing their choices were in many cases
completely unrelated to the expected DIR+NR effects, casting doubt on
the precision of the measurement method.

4.5. Limitations of the study

While this study has much to offer in terms of strongly significant and
expected effects, there are also a number of limitations. First and fore-
most, the assessment of DIR-+NR preference in the field yielded incon-
clusive data. While subjective real-life preference is generally difficult to
measure reliably and affected by many non-auditory aspects (Jensen
et al.,, 2013; Naylor et al., 2015), methodological improvements are
likely possible. For instance, the participants only used one HA setting in
a given field period and had to decide after both field periods were
completed, comparing not only between settings but also between
different field periods. This could be overcome by offering the HA set-
tings simultaneously, such that A/B comparisons can be conducted and
preferences can be reported in an on-going fashion. Additionally,
advanced tracking of acoustical parameters and program choice over
time may help reveal use patterns as well as situational preferences,
allowing to focus on, e.g., noisy situations where DIR+NR algorithms
are expected to be useful/appreciated (Christensen et al., 2021; Pasta
et al., 2022).

Secondly, we observed a substantial correlation between the RDS
scores and the SRTs, as well as between the RDS scores and STM
sensitivity (Table 1). STM thresholds and PTA provided much stronger
correlations with SRTs than RDS and RDS did not explain substantial
SRT variance beyond STM. Nonetheless, it appears reasonable to suspect
aspects of working memory (supposedly represented by RDS scores) to
affect speech reception as well as STM detection when the latter is
measured in a 3-AFC procedure. However, the fact that the RDS-test
stimuli were administered via the auditory modality (at most comfort-
able level) casts doubt on whether a poor RDS score comes about as a
result of a generally limited working-memory capacity or due to a
temporary working-memory limitation induced by the cognitive load
resulting from the need to simultaneously decode the acoustic stimuli
through an impaired auditory system (cf. Fiillgrabe and Oztiirk, 2022).
The latter interpretation appears equally plausible, as the RDS scores
were correlated with the ability to understand speech (SRT), which is
connected to STM sensitivity. It remains an open question to what extent
working memory and, more generally, cognitive ability affect measures
of auditory function such as audiogram and PTA, whereas there is evi-
dence for cognitive ability being associated with speech-reception
ability (Lunner and Sundewall-Thorén, 2007; Petersen et al., 2016).
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Finally, while the proposed STM test appears to yield powerful pre-
dictions of aided speech-reception performance, it is not fit for clinical
use in its current form: Firstly, this is due to the duration of the test,
which took about 20 min (using a short training and three measurement
runs). Secondly, the use of a computer display and interface (computer
mouse, keyboard, or similar) to conduct the 3-AFC decision procedure
requires substantially more equipment than available in a simple
audiometric headphones-and-pushbutton set up in a typical clinic.
Further investigations on shortening the test duration and simplifying
the test set up, whilst maintaining a high test-retest reliability and pre-
dictive power with respect to aided speech reception, are well motivated
by the present study.

5. Conclusion

The present study evaluated a previously suggested STM detection
test paradigm (Zaar et al., 2023) with respect to (i) test-retest reliability
of the two most promising STM stimulus variants (using a noise carrier
and a complex-tone carrier, respectively), (ii) its predictive power
relative to realistic speech-in-noise reception with non-linear hear-
ing-aid amplification, (iii) its connection to effects of DIR+NR
hearing-aid processing, and (iv) its relation to DIR+NR preference in the
field. It was hypothesized that subjects with poor aided speech reception
would (a) show poor STM sensitivity, (b) benefit most from DIR+NR,
and therefore (c) prefer strong DIR+NR (and vice versa).

The results, obtained in a combined laboratory and field study with
thirty elderly HI participants allow the following conclusions:

e The noise-carrier based STM stimulus variant (cf. Bernstein et al.,
2016) showed far superior test-retest reliability as compared to the
complex-tone carrier based STM stimulus.

Speech-reception thresholds (SRTs) measured in a realistic setting
with spatially distributed speech and noise maskers using hearing
aids with non-linear amplification were very well predicted by STM
sensitivity (R?=0.61), to a lesser extent by the 4-frequency better-ear
pure-tone average (PTA, R?=0.51), with STM and PTA providing
complementary information (R?=0.69 in a two-predictor regression
model). Hypothesis (a) was hereby confirmed.

SRT benefit induced by strong DIR+NR relative to mild DIR+NR was
correlated with the SRTs measured with amplification only (R2=0.5),
as well as with STM (R?>=0.51) and PTA (R2:0.54), with STM and
PTA providing complementary information (R?=0.64 in a two-
predictor regression model). Hypothesis (b) was hereby confirmed.
Despite trends in the hypothesized direction, subjective preference
for DIR+NR settings in the field were not significantly correlated
with any of the laboratory measures (SRT, SRT benefit, STM, PTA),
suggesting that participants did not necessarily prioritize speech
perception in their preference ratings. Hypothesis (c) was thus
neither confirmed nor refuted.

Overall, the suggested STM test represents a valuable tool for diag-
nosing speech-reception problems with hearing aids and the result-
ing need for and benefit from DIR+NR hearing-aid processing.
Future work should focus on optimizing the test for clinical practice
and further investigating the relationship between subjective pref-
erence and objective benefit.
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