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The relation of hearing-specific patient-reported outcome measures with speech
perception measures and acceptable noise levels in cochlear implant users

Gertjan Dingemanse (@ and André Goedegebure

Department of Otorhinolaryngology and Head and Neck Surgery, Erasmus Medical Center, Rotterdam, The Netherlands

ABSTRACT

Objective: To investigate the relation of a hearing-specific patient-reported outcome measure (PROM)
with speech perception and noise tolerance measurements. It was hypothesised that speech intelligibility
in noise and noise tolerance may explain a larger part of the variance in PROM scores than speech intelli-
gibility in quiet.

Design: This cross-sectional study used the Speech, Spatial, Qualities (SSQ) questionnaire as a PROM.
Speech recognition in quiet, the Speech Reception Threshold in noise and noise tolerance as measured
with the acceptable noise level (ANL) were measured with sentences.

Study sample: A group of 48 unilateral post-lingual deafened cochlear implant (Cl) users.

Results: SSQ scores were moderately correlated with speech scores in quiet and noise, and also with
ANLs. Speech scores in quiet and noise were strongly correlated. The combination of speech scores and
ANL explained 10-30% of the variances in SSQ scores, with ANLs adding only 0-9%.

Conclusions: The variance in the SSQ as hearing-specific PROM in Cl users was not better explained by
speech intelligibility in noise than by speech intelligibility in quiet, because of the remarkably strong cor-
relation between both measures. ANLs made only a small contribution to explain the variance of the
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SSQ. ANLs seem to measure other aspects than the SSQ.

Introduction

Cochlear implants (CIs) are currently an established treatment
for adults with post-lingual bilateral severe to profound sensori-
neural hearing loss. Substantial evidence exists that CIs improve
speech intelligibility and quality of life (QoL) in most CI users
(Gaylor et al. 2013; McRackan et al. 2018a).

The improvement in speech intelligibility due to the CI is
usually measured with standardised speech tests, varying from
Consonant-Vowel-Consonant (CVC) word lists to lists of senten-
ces. The Minimum Speech Test Battery (MSTB) for adult CI
users (Minimum Speech Test Battery, 2011) recommends assess-
ment of performance with CVC words in quiet and sentence
materials in quiet and in noise.

Improvements in QoL were examined by the use of health-
related QoL questionnaires or patient-reported outcome meas-
ures (PROMs) in many studies (see for systematic reviews
Gaylor et al. 2013; McRackan et al. 2018a, 2018b). The Nijmegen
Cochlear Implant Questionnaire (NCIQ) (Hinderink, Krabbe,
and Van Den Broek 2000) is a Cl-specific PROM that is often
used. It evaluates a CI users’ opinion on domains of auditory
perception, but also on speech production, social functioning
and self-esteem. Besides this ClI-specific PROM several hearing-
specific PROMs were used in CI outcome research, like the
Hearing Handicap Inventory in Adults/Elderly (HHIA/HHIE)
(Capretta and Moberly 2016; Park et al. 2011; Vermeire et al.

2005) and the Speech, Spatial and Qualities (SSQ) questionnaire
(Capretta and Moberly 2016; Ramakers et al. 2017; Zhang et al.
2015). Using one or more of these questionnaires, many studies
showed that a CI improves several aspects beyond speech recog-
nition, like social interaction (e.g. Klop et al. 2008; Looi,
Mackenzie, and Bird 2011) or emotional well-being (e.g. Park
et al. 2011; Vermeire et al. 2005).

Although an improvement in QoL is related to many aspects
of functioning, it is reasonable to hypothesise that better QoL
with respect to CI use is at least associated with better speech
recognition. However, literature does not provide clear evidence
for this association. McRackan et al. (2018a) reported in their
meta-analysis that negligible to moderate correlations were found
between speech recognition scores and QoL. This finding was
mainly based on correlations with overall NCIQ scores. They
stated that the improvement in NCIQ scores was mainly due to
the two sound processing domains (Basic sound perception and
Advanced sound perception).

The relation between PROM scores and speech recognition
scores may be influenced by at least three aspects of speech rec-
ognition, that may add variability. First, the extent to which the
speech material of the test is representative of everyday situations
may differ between speech materials. If the speech material is
highly predictable, the intelligibility score could be at maximum
for a significant amount of CI users, making it less representative
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for more difficult every day listening situations. This may result
in smaller correlation coefficients between speech scores and
PROMs. Second, measures of speech recognition in quiet may be
less representative for daily life situations than measures of
speech recognition in noise. Third, speech recognition is a highly
stochastic process and therefore speech recognition scores have
relatively low test-retest reliability (Bronkhorst, Bosman, and
Smoorenburg 1993; Thornton and Raffin 1978). Furthermore,
the relation between PROM scores and speech recognition scores
may be influenced by factors that are not related to auditory
functioning, but may influence the reported outcome. Given
these considerations, only moderate correlations between speech
recognition and PROMs are expected. This correlation may be
highest if ecologically valid speech material in noise is used in
combination with a hearing-specific questionnaire.

Some studies used hearing-specific questionnaires as a PROM
additionally to speech intelligibility measurements in CI users.
For example, for the SSQ questionnaire, significant correlations
were reported for phoneme identification scores and all SSQ
scales (Fuller et al. 2012), word scores and the Speech scale
(Zhang et al. 2015), or sentence scores and the Speech scale
(Capretta and Moberly 2016) or the Qualities scale (Heo, Lee,
and Lee 2013). Ramakers et al. (2017) reported correlations
between speech in noise measures and the SSQ Speech scale but
did not find a significant correlation for unilateral CI users.
Given that little published data on the relation of the SSQ scores
and sentence recognition in noise exist, it remains unclear if the
SSQ scores have a stronger association with speech in noise
scores than the NCIQ questionnaire. More in general, few stud-
ies looked to the correlation between sentence recognition in
noise and PROMs (McRackan et al. 2018b).

Although speech perception measurements are only weakly or
moderately correlated with PROMs, subjective judgment of
speech intelligibility in noise situations may have a more direct
relationship with PROMs, because other aspects like listening
comfort, experienced effort and noise tolerance may be taken
into account. The acceptable noise level (ANL) test (Nabelek,
Tucker, and Letowski 1991) is a good example of such a subject-
ive judgment. This test measures the noise acceptance of a lis-
tener while listening to running speech. The resulting ANL is the
minimum SNR that a listener tolerates during listening to speech
in noise. Originally, the purpose of the ANL test was to help
explain variance in hearing aid use between individuals (Nabelek,
Tucker, and Letowski 1991). However, after its introduction, it
has being used in hearing-aid studies as a kind of general meas-
ure for noise tolerance/acceptance when listening to speech
(Johnson, Ricketts, and Hornsby 2009; Mueller, Weber, and
Hornsby 2006; Peeters et al. 2009). A few studies examined the
ANL test in CI recipients. Plyler, Bahng, and von Hapsburg
(2008) studied the ANL test in a small group of nine CI recipi-
ents and reported that their ANL values were not significantly
different from ANL values of listeners with normal hearing.
Furthermore, the ANL was not correlated with measured Speech
Reception Thresholds in noise (SRTn) values and subjective out-
come measures, except the overall satisfaction with CI listening.
Donaldson et al. (2009) investigated to what extent the ANL and
SRTn values could predict perceived communication difficulties
as measured with the Abbreviated Profile of Hearing Aid Profile
(APHAB). They reported that ANL values of CI users were simi-
lar to those of normal hearing listeners and that ANL values
were not correlated to the SRTn value that was measured with
the Bamford-Kowal-Bench sentence-in-noise test (BKB-SIN).
Both SRTn and ANL accounted for more than one-third of the
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variance in self-rated communication difficulties of the CI users.
Dingemanse and Goedegebure (2015) confirmed that both ANL
and SRTn were significantly correlated with APHAB scores.
Further research is needed to confirm that ANL is indeed a fac-
tor in predicting the subjective outcome measures in CI listeners,
and if this finding of Donaldson and colleagues extend to other
questionnaires.

The objective of this study was to answer the following ques-
tions for unilateral CI users:

1. To what extent are hearing-specific patient-reported out-
comes as measured with the SSQ associated with measures
of speech intelligibility in noise and quiet?

2. Is noise tolerance as measured with the ANL test a contri-
buting factor in predicting SSQ results, in addition to meas-
ures of speech intelligibility in noise and quiet?

We hypothesise that speech intelligibility in noise and noise
tolerance may explain a larger part of the variance in SSQ scores
than speech intelligibility in quiet.

Materials and methods
Participants

Fifty adult CI recipients were selected for this study. All partici-
pants were Dutch native speakers and had a phoneme score with
their CI of at least 60% on clinically used Dutch CVC word lists
(Bosman and Smoorenburg 1995). Furthermore, participants had
post-lingual onset of hearing loss and at least 1 year CI use.

Two participants were excluded because they did not manage
to perform the ANL task reliably. The remaining 48 participants
were unilateral CI users with severe hearing loss in the other ear.
Twelve of them were wearing a contralateral hearing aid, but not
during the tests. Table 1 shows participant characteristics that
are known for their influence on speech perception outcomes
after implantation: Duration of severe-to-profound hearing loss
(SPHL) [pure tone average over 0.5, 1, 2, 4kHz > 80dB (HL) or
a hearing threshold >110dB (HL) for at least two frequencies or
aided phoneme score <75%], the number of years of hearing aid
use before CI implantation, and the age at CI implantation.
Free-field thresholds were better than 40 dB HL (average of 0.5,
1, 2 and 4kHz) for 92.5% of the participants.

Table 1. Characteristics of the Cl recipients.

N Mean SD Range
Gender
Female 17 (35%)
Male 31 (65%)
Duration of SPHL 57 0.48 0-21
Years of HA use before Cl 238 4.63 0-50
Age at test (years) 64.3 14.25 29-89
Age at implantation (years) 59.4 14.65 27-88
Cl use since implantation (years) 4.8 3.25 1-13
Free-field PTA with Cl 303 7.82 13-49

Contralateral HA 12 (25%)
Implant type
Advanced Bionics HiRes90K MS 01 (2%)
Advanced Bionics HiRes90K 1J 22 (46%)
Advanced Bionics HiRes90K Helix 04 (08%)
Cochlear CI24RE CA 21 (44%)
Speech processor type
Advanced Bionics Naida Q70 27 (56%)
Cochlear Nucleus 5 21 (44%)

Mean values, SD and range were given. Cl: cochlear implant; HA: hearing Aid;
SPHL: severe-profound hearing loss; PTA: pure tone average over 0.5, 1, 2,
and 4 kHz.
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Participants with an Advanced Bionics implant had at least 14
active electrode contacts and HiRes Optima S sound processing.
During the study, a T-mic microphone was used and all sound
enhancement algorithms were switched off. In the daily used
programme all but two participants had ClearVoice switched on
(near all in Medium setting). The input dynamic range setting
was 55-63 dB. Participants with a Cochlear Ltd implant had at
least 21 active electrode contacts and an “Everyday” Smartsound
programme with Autosensitivity and ADRO active.

Participants signed a written informed consent form and the
Erasmus Medical Centre Ethics Committee approved the study
protocols of the original studies whose data were taken.

Data of an age-matched reference group without hearing
problems (henceforth, NH group) was also used. These data
were taken from the study of Koch et al. (2016). In that study,
the participants (33 female, 22 male) ranged in age from 30 to
77 years with a mean of 60.7 years (SD = 11.0). The SRTn refer-
ence value is taken from Dingemanse and Goedegebure (2019)
who measured the SRTn in 16 normal hearing (NH) subjects,
with a mean age of 22 years (SD = 3.0; range 20-29 years).

Speech intelligibility tests

The proportion of correctly recognised words from sentences in
quiet (PCq) was measured with 26 Dutch female-spoken unre-
lated sentences (Versfeld et al. 2000). These sentences were rep-
resentative for daily-used communication and mainly selected
from a newspaper database. The sentences were pronounced in a
natural, clear manner with normal vocal effort and speaking rate.
The presentation level of the sentences was fixed at 70 dB (SPL).
This speech level is often reached in noisy situations (Pearsons,
Bennett, and Fidell 1977).

For measurement of SRTn, i.e. the signal-to-noise ratio that
yields 50% word intelligibility, a steady-state speech spectrum
noise was used. The noise level was varied following an adaptive
procedure to estimate the SRTn, using 26 sentences. An exten-
sive description of the SRTn measurement is given in
Dingemanse and Goedegebure (2015).

To estimate the psychometric function, the trials of the SRTn
measurement were sorted in three SNR groups and for each
group the average SNR and proportion correct was calculated.
These three means and the proportion correct in quiet were used
to fit a logistic function. It is known that the slope of the psy-
chometric function is biased if the function is fitted from adap-
tive staircase data. Therefore the slope was corrected with a
factor 0.8 (Brand and Kollmeier 2002; Smits and Houtgast 2006).

The perception of CVC words in quiet was measured with
the clinically used Dutch word lists for speech audiometry of the
Dutch Society of Audiology (Bosman and Smoorenburg 1995).
Word scores were obtained from a participants’ clinical record if
they were measured within 6 months before the visit or measured
just before the experiment otherwise. The word recognition score
was measured at 65 and 75dB (SPL) and these scores were aver-
aged to reduce variability and to obtain an estimate of the score
at 70dB (SPL).

Acceptable noise level test

The ANL is the difference between the most comfortable level
(MCL) for running speech and a background noise level (BNL)
that was adjusted by the participant in order to select the max-
imum BNL that the participant was willing to accept while fol-
lowing the speech. The listeners were given oral and written

instructions, which were Dutch translations of the instructions in
Nabelek et al. (2006). In these instructions, participants were
asked to find the MCL in three steps: to first adjust the level of
the speech until it was too loud, then to decrease the level until
it is too soft. Finally they were asked to carefully select the loud-
ness level that was most comfortable by making 2dB steps up
and down. Similarly the BNL was measured in three steps. With
the running speech presented at MCL, the task was to first set
the level of the noise too loud, then to decrease the noise level
until the speech became very clear and finally to adjust the noise
level carefully to the level that one would put up with for a long
time while following the running speech. For each test condition,
the MCL and BNL procedures were repeated three times and the
mean values were used for calculation of the ANL. To ensure
maximum similarity in speech and noise signals between the
speech in noise test and the ANL test, unrelated sentences of the
speech-in-noise test lists were connected with intervals of 500 ms
of silence between them to obtain running speech. The noise was
the same steady-state speech spectrum noise as used in the
speech in noise test.

S$5Q questionnaire

All participants were asked to complete the Speech Spatial and
Qualities of hearing questionnaire (SSQ) to assess the partici-
pants’ experience with CI use in everyday communication situa-
tions (Gatehouse and Noble 2004). The SSQ has three scales:
speech comprehension, spatial hearing and quality of sound. The
questions ask for abilities that relate to listening in more com-
plex and perceptually demanding environments. Only the speech
and quality scales were used, because participants were unilateral
CI users and test time was restricted. In addition, the speech and
quality scales were divided into a pragmatic set of subscales for
the SSQ, as proposed by Gatehouse and Akeroyd (2006). The
Dutch version 3.2.1 (2007) was used in this study and questions
were presented online with 10 cm VAS scales with a marker that
could be moved along the scale.

Test procedures

For this cross-sectional study, the data collection was part of
larger test protocols. (cf. Dingemanse and Goedegebure 2018;
Dingemanse, Vroegop, and Goedegebure 2018; Vroegop et al.
2017) In all test protocols, a practice run for the sentence-in-
noise test was performed to make the participants familiar with
the voice and the task and to obtain a first estimation of a par-
ticipants’ SRTn. This practice run was followed by a sentence
test in quiet, and a practice run for the ANL test to learn the
procedure and to follow the instruction carefully. Next, an ANL
test and SRTn test were performed, of which the outcomes were
used for the analysis in this study. After that, other tests were
performed, that were specific to the aforementioned studies. The
SSQ questionnaire was completed before or after the tests. The
CI was set in the most used daily life programme and volume
adjustments were not allowed during the test session.

The ANL test and the method of SSQ administration used
were exactly the same for theNH group.

Equipment

All testing was performed in a sound-treated room. Participants
sat 1 m in front of a loudspeaker. All tests were presented in a



custom application (cf. Dingemanse and Goedegebure 2015) run-
ning in Matlab. In the ANL test, a keyboard was used to increase
or decrease the sound level of the running speech in the MCL
task or the noise level in the BNL task. The step size was 2dB
per button press. The application showed the course of the pres-
entation level during the MCL and the BNL task, making it easy
to check if participants did the task in accordance with the
instructions.

Data analysis

Speech performance scores were transformed to rationalised arc-
sine unit (rau) scores in order to make them suitable for statis-
tical analysis, according to Studebaker (1985). For correlations
with SSQ non-parametric Spearman correlation coefficients were
used. In cases of multiple comparisons, we used the
Benjamini-Hochberg method to control the false discovery rate
at level 0.05 (Benjamini and Hochberg 1995). Regression curves
were fitted using the total least squares approach. Multiple
regression analyses were performed to examine to which extent
SRTn, PCq and ANL could predict the SSQ outcomes. In the
regression analyses adjusted R” values were reported as an indi-
cator of the proportion of variance explained in addition to the
regular R*, which tends to overestimate the explained variance.
Data analysis was performed with SPSS (IBM, Version 23,
Chicago, IL, USA) and Matlab (MathWorks, v9.4.0).

Results
Speech measures and ANLs

Figure 1 shows the mean SRTn and ANLvalues. Compared to
the NH reference, CI users had significantly higher SRTn values
(t test, t = 9.7, df = 62, p<0.001) and ANL values (f test, t =
5.2, df = 101, p<0.001). The difference in SRTn values is
greater than the difference in ANL values. The average MCL val-
ues of the CI group (60.2+5.8dB) and the NH group
(59.0+6.6dB) were comparable (¢ test, t=10, df =
101, p=0.31).

For the CI group, the proportion of correct CVC words
(PCcvc) had a mean value of 0.65 rau, an SD of 0.17 and a range
from 0.57 to 1.15 rau. The PCq of words from sentences was
somewhat higher with a mean value of 0.95 rau, an SD of 0.16
and a range of 0.61-1.19 rau.
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Figure 1. Speech reception thresholds in noise (SRTn) and Acceptable noise lev-
els (ANL) for Cl users and NH listeners. Lower SRTn and ANL values indicate bet-
ter performance. Error bars indicate the standard deviation. Numbers of mean
and SD are given below the bars.
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For the CI users, we checked whether patient characteristics
were associated with the outcome measures by calculating correl-
ation coefficients. Duration of severe-to-profound hearing loss
and years of hearing aid use before CI had no significant correla-
tions with any of the speech scores nor with ANLs. A higher age
at implantation was significantly associated with lower speech
scores if the sentence speech material was used (for PCq, p =
—0.42, p<0.001; for SRTn, p = —0.48, p<0.001). Free-field
pure-tone averages with CI were not significantly related to any
of the speech scores, nor to ANLs. The difference of the mean
SSQ scores (both Speech and Qualities) of the group with a
contralateral hearing aid and the group without a hearing aid
was smaller than 0.1 and not significant. Furthermore, the speech
scores of both groups (as measured with CI only) were not sig-
nificantly different. Given these findings, we did not expect any
influence of the use of a contralateral hearing aid on SSQ scores.

Table 2 provides Pearson correlation coefficients between
PCcvc, PCq, SRTn and ANL. The correlation analysis showed
that better CVC word scores were significantly correlated with
better scores for words from sentences (PCq). Furthermore,
lower (=better) speech in noise thresholds were significantly
related to higher speech scores in quiet, especially to PCq. This
relation was plotted in the left panel of Figure 2, showing the
data points together with a regression line. The shared variance
was 73%. We observed that even the CI participants with the
highest PCq scores (near maximum) had an SRTn that is higher
than the SRTn of the normal-hearing reference group. The
regression line indicates that a score of 100% correct words cor-
responds with an SRTn of —0.35dB. This is 5dB above the
SRTn of —5.5dB in the normal-hearing reference group.

To get more insight into the relationship between speech
intelligibility in quiet and in noise, individual psychometric func-
tions were fitted from the PCq and SRTn data. In three subjects
this did not result in a reliable fit. These subjects were excluded
from analyses with the psychometric curves involved. The indi-
vidual psychometric functions were sorted by their SRTn value
and then they were divided into four groups in such a way that
the mean SRTs of these groups were almost equally spaced. The
right panel of Figure 2 shows mean psychometric curves of these
four groups, illustrating the strong relation between SRTn and
PCq. The area with ecological SNRs (Smeds, Wolters, and Rung
2015) is shown in grey, and makes clear that subjects with PCq
< 0.7 have very limited speech understanding in background
noise at ecological SNRs.

Furthermore, Table 2 indicates that higher ANLs were associ-
ated with lower PCq values and higher SRTn values. No signifi-
cant correlation was found between ANLs and PCcvc. Figure 3
shows the relationship between SRTn and ANL. Because of the
strong relationship between PCq and SRTn (Figure 2), we plot-
ted ANL against SRTn only. From this figure it is clear that
most ANL values were above the diagonal, according to the
instruction of the ANL measurement, asking for the maximum
ANL “while following the speech”.

Table 2. Correlation matrix with Pearson correlation coefficients and corrected
significance levels for proportion of correct CVC words (PCcvc), proportion of
correct words from sentences in quiet (PCq), speech reception threshold in
noise (SRTn) and acceptable noise level (ANL) as measured in the CI group.

PCcvc PCq SRTn
PCq 0.56*
SRTn —0.56* —0.85*
ANL —0.23 —0.50* 0.51%

*The correlation is significant (<0.001) after correction for multiple testing.
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Figure 2. Proportion of correct words from sentences in quiet (PCq) plotted against the Speech Reception Thresholds in noise (SRTn), obtained with word scoring
(left panel), together with a regression line. The y-axis on the left shows the proportion correct in rau units and the y-axis on the right of the left panel gives the pro-
portion correct scores. The black square shows the normal-hearing reference value. The right panel shows the intelligibility function of four groups of Cl users and
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Figure 3. Acceptable noise levels (ANL) compared with Speech reception thresh-
olds in noise (SRTn), together with a regression line.

SSQ outcomes

Figure 4 shows the SSQ scores on different scales and subscales.
Higher values on the SSQ scale indicate fewer limitations in self-
reported activity due to hearing problems. Only a small differ-
ence was found between the SSQ Speech scale and the SS
Qualities scale. Both scales were strongly correlated
(p=0.70, p < 0.0001).

The highest scores were found for the “speech in quiet” sub-
scale, followed by “sound quality and naturalness”. The lowest
scores were obtained for subscale “Multiple speech-stream and
switching”. All SSQ scales and subscales were significantly
smaller in the CI group than in the NH group (Wilcoxon rank-
sum tests, p<0.001). In general, the variability was greater in
the CI group than in the NH group.

When investigating correlations between SSQ outcomes and
patient characteristics, we only found a significant correlation of
age at implantation and the SSQ Qualities scale (p =
—0.42, p<0.01).

Relation of SSQ with speech measures and ANL

Spearman correlation coefficients were calculated to examine the
relationships between the SSQ (sub)scales, the speech measures,
and ANL (Table 3).

The SSQ Speech scale and its subscales were not significantly
correlated with CVC word scores, except for the “Speech in qui-
et” subscale. In contrast, the scores for the sentence material
(PCq and SRTn) had significant weak to moderate correlations
with the SSQ Speech scale and its subscales, and were greater
than the correlations for the CVC words. The correlations of
SRTn and PCq with SSQ (sub)scales were very similar, as
expected from the strong correlation between SRTn and PCq
(Table 2; Figure 2). Figure 5 provides scatter plots of the SSQ
scales against the SRTn and ANL data, to gain insight into why
the correlations found were only moderate. Panel A of Figure 5
shows that SSQ Speech values had high variability, even for a
narrow range of SNRs. For example, for an SNR of about 4dB,
the SSQ Speech values varied from 2 to 8. Some CI users rated
their speech intelligibility among other sounds as low (SSQ
Speech <4), even if their SRTn value was smaller than 10dB.
Participants with a very high SRTn value (>10dB) tended to
rate their problems with speech understanding in noise as mod-
erate (SSQ Speech values around 5). Lower SSQ Speech values
tended to be related to higher ANLs (Figure 5, panel B), but the
correlation coefficient reached no sufficient significance (Table
3), except for the subscale “speech in noise”.

The SSQ Qualities scale and its subscales were significantly
correlated with CVC word scores and sentence scores in quiet,
except for the “Listening effort” subscale. Better speech intelligi-
bility in quiet was associated with better perceived sound quality.
Panel C of Figure 5 presents a scatterplot of SSQ Qualities scores
against SRTn scores, showing similar observations as in panel A:
There is a relation between SRTn and SSQ Qualities, but some
CI users with relatively good (=low) SRTn rated their speech
perception in noisy situations with relatively low SSQ
Qualities values.

The SSQ qualities scale and its subscales had significant mod-
erate correlations with ANLs. Smaller (better) ANLs were associ-
ated with better SSQ qualities scores (Figure 5, panel D). It is
noteworthy that higher ANLs were significantly correlated with
more listening effort (lower scores on the “Listening effort”
scale), while speech intelligibility measures did not.

Prediction of SSQ

Multiple regression analyses were conducted to examine the pre-
dictive value of the ANL variable in addition to the speech
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Figure 4. Mean values on the speech and qualities scales and pragmatic subscales of the Speech, spatial and qualities (SSQ) questionnaire for the CI group and the
NH group. Error bars indicate the standard deviation. Numbers of mean and SD are given below the bars.

Table 3. Correlation matrix with Spearman correlation coefficients for propor-
tion of correct CVC words (PCcvc), proportion of correct words from sentences
in quiet (PCq), speech reception threshold in noise (SRTn), and Acceptable noise
level (ANL) as measured in the CI group.

PC
(cve) PCq SRTn ANL
SSQ speech 0.27 039% —037% —0.31
Speech in quiet 0.44*  047%  —045% —0.31
Speech in speech contexts 0.24 032%  —-0.27 —0.25
Speech in noise 0.20 034* —-034* —-037*
Multiple speech-stream and switching ~ 0.17 0.39%  —040* —0.30
SSQ qualities 039* 0.51* —039*% —046*
Sound quality and naturalness 0.44*%  0.52%  —043*  —0.40*
Identification of sound and objects 035% 046 —036% —0.51*
Segregation of sounds 035% 047%  —040% —0.35%
Listening effort 0.09 0.23 —-0.10 —0.32*%

*The correlation is significant (< 0.05) after correction for multiple testing.

measures (PCcve, PCq, SRTn) with respect to both the SSQ
Speech and SSQ Qualities subscales. Assumptions of multiple
regression analysis were checked. No outliers were detected in
the standard residuals, tests for multicollinearity indicated that
the level of multicollinearity was low (VIF < 1.35), the assump-
tion of independent errors was not violated (Durbin-Watson
value < 2.1). The scatterplot of standardised predicted values
versus standardised residuals, showed that the data met the
assumptions of homogeneity of variance and linearity, and the
residuals were approximately normally distributed.

The results of the multiple regression analyses for the SSQ
Speech scale are shown in Table 4 as models Sa, Sb and Sc.
These analyses showed that the different combinations of speech
measures and ANL were significantly related to SSQ Speech, but
with a low predictive power (R’*adj values around 0.1-0.15).
ANL did not significantly contribute to the prediction of SSQ
Speech in addition to the speech measures of the sentences (PCq
and SRTn).

For SSQ qualities, an analysis of standard residuals was car-
ried out on the data to identify any outliers, which resulted in
removal of the data of participant 37. All assumptions were
checked and none was violated (VIF <1.4; Durbin-Watson value
< 2.3). The analyses show that the combination of PCcvc and
ANL and the combination of PCq and ANL predicted SSQ

Qualities significantly with an explained variance of 27 to 30%,
but SRTn had no additional predictive value to ANL. Regression
coefficients for both ANL and PCcvc or PCq were significant.

With ANL as the second predictor the adjusted R* (i.e. de
explained variance) value increased with 0.09 (PCq) to
0.15 (PCcvc).

In addition, we have included the use of a contralateral hear-
ing aid as a factor. In none of the models, this factor was statis-
tically significant and the predictive value of speech variables and
ANL hardly changed.

Discussion
Relation of speech measures and SSQ

In this study, the SSQ was used as hearing-specific PROM in the
domains of speech, with questions mainly focussed on speech
perception among other sounds, and qualities, with questions
about naturalness, identification, segregation of sounds and lis-
tening effort. As explained in the introduction, we expected a
significant relation between speech measures and the SSQ. This
relationship was clearly seen when comparing CI users with NH
listeners. The speech in noise thresholds of CI users were sub-
stantially poorer than those of the NH listeners and also the
mean SSQ scores of CI users were on average significantly
smaller than the mean scores of the NH group (Figure 4). The
mean SSQ scores of the CI group are comparable with values of
the speech and qualities domains reported by Mertens, Punte,
and Van de Heyning (2013), but greater than the values found
by Farinetti et al. (2015). Differences in the inclusion criteria are
the most likely explanation. Farinetti and colleagues had no
inclusion criterion based on speech perception, but we only
included participants with at least 60% phoneme score on clinic-
ally used Dutch CVC word lists. Figure 5 shows the relation of
the SSQ with SRTn and ANL. For the best performing CI partic-
ipants the SSQ values were in the range of older subjects with
minimal hearing loss [the NH reference group from Figure 4;
Banh, Singh, and Pichora-Fuller (2012)] to adults with mild
hearing difficulties (mean better ear pure-tone average of 39 dB
over 0.5-4kHz) (Gatehouse and Noble 2004). However, the
SRTn value of the best performing CI users is around 5dB below
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Table 4. Prediction of SSQ Speech and Qualities by proportion of correct CVC words (PCcvc), proportion of cor-
rect words from sentences in quiet (PCq), speech reception threshold in noise (SRTn) and acceptable noise

level (ANL) as measured in the Cl group.

Predicted Predictor B B F t p Value R? Adj. R?
SSQ speech
Model Sa 5,208 0.009 0.188 0.152
PCcvc 2512 0.270 1.952 0.057 0.114 0.095
ANL —0.090 0.280 —2.025 0.049 0.119 0.100
Model Sb 4.818 0.013 0.176 0.140
PCq 2.975 0.276 1.768 0.084 0.144 0.126
ANL —0.067 —0.207 —1.327 0.191 0.119 0.100
Model Sc 3.634 0.034 0.139 0.101
SRTn —0.065 —0.164 —1.020 0313 0.089 0.069
ANL —0.084 —0.261 —1.615 0.113 0.119 0.100
SSQ qualities
Model Qa 9.610 <0.001 0.304 0.272
PCcvc 2.467 0.269 2.075 0.044 0.137 0.118
ANL —0.133 —0.421 —3.249 0.002 0.239 0.222
Model Qb 9.880 <0.001 0310 0.297
PCq 3.086 0.307 2.130 0.039 0.225 0.208
ANL —0.101 —0.336 —2.330 0.024 0.239 0.222
Model Qc 7.563 0.002 0.256 0.222
SRTn —0.056 —0.153 —1.005 0.320 0.133 0.114
ANL —0.123 —0.410 —2.697 0.010 0.239 0.222

B: non-standardised regression coefficient; f§: standardised regression coefficient; F and t are the F and t statis-
tic, p value: significance level, R coefficient of determination, adj. R% adjusted R* values.

scores had SSQ values in the range of the values reported by
Farinetti et al. (2015). Regarding the subscales of the SSQ,
Dwyer, Firszt, and Reeder (2014) reported mean scores for 20 CI
users. Their scores were comparable to the values found in
this study.

the values of the NH reference group. This suggests that the best
performing CI users rated their abilities relatively high on the
SSQ. It may be that their reference of what performance is nor-
mal had changed, because they are used to their own speech
reception possibilities. The participants with the worst speech



In the CI group, more variation in SSQ scores is seen, com-
pared to the NH group. An explanation for this observation may
be the fact that speech understanding scores had also a greater
spread. In summary, the significant differences between the CI
group and the NH group for both speech measures and SSQ
scores, confirm that there is a relationship between hearing per-
formance and PROMs.

Within the CI group, we found that the SSQ Speech scale was
significantly correlated with the measures of the sentence mater-
ial but not with the CVC word scores. This suggests that speech
measures with more ecologically valid speech material may better
reflect the experienced limitations in daily life. A comparable
result was obtained by Moberly et al. (2018), who reported a cor-
relation coefficient of 0.18 for words in quiet in relation to the
Advanced Sound Perception scale of the NCIQ, and 0.49 for sen-
tences in quiet with the same NCIQ scale. On the other hand,
the regression analyses showed that CVC scores and scores of
words from sentences were not very different in predict-
ive power.

Another reason for the higher correlation with sentences may
be the fact that the proportion of correct words from sentences
had a smaller test-retest variability. The test-retest variance is
related to the number of sentences in a list (N=26) and the
number of statistically independent elements in a sentence. The
latter is around 2 Dingemanse and Goedebure, 2019), giving 52
independent elements. The CVC words test consisted of 22 inde-
pendent words. So, the accuracy of the mean word score for sen-
tences is 1.5 times better than the accuracy of the CVC words.

It is remarkable that the PCq scores had higher correlations
with the SSQ Qualities scale than with the SSQ Speech scale.
This is in accordance with an observation by Heo, Lee, and Lee
(2013) who reported correlations of 0.48 and 0.66 for recognition
of sentences and SSQ Speech and SSQ Qualities respectively in
their study of bimodal benefit in CI users. The finding suggests
that PCq scores and perceived sound quality were both partly
dependent to the quality of the sound cues in the CI signal.
Akeroyd et al. (2014) reported a factor analysis of the SSQ from
a large dataset and stated that the questions of the Qualities
domain represent mainly clarity, separation and identification of
sounds. So, there is good face validity of the relation between
SSQ Qualities and speech recognition in quiet.

In the introduction, we argued that SSQ scores may have a
stronger correlation with speech recognition in noise than with
speech recognition in quiet, because measures of speech recogni-
tion in quiet may be less representative for daily life situations
than measures of speech recognition in noise. Furthermore, most
questions in the SSQ Speech domain are related to speech in
other sounds. The underlying assumption of this argument is
that both speech recognition in quiet and in noise, are measures
of different aspects of auditory functioning.

However, the correlations between sentence recognition in
quiet and in noise and the SSQ Speech domain were very simi-
lar. This can be explained by the finding that speech intelligibil-
ity in steady-state speech noise (SRTn) was highly correlated
with speech intelligibility in quiet (PCq) in our CI group
(Figure 2). This high correlation is in accordance with the results
of Gifford, Shallop, and Peterson (2008) who reported a linear
relationship between SRTn scores of the BKB-SIN test and per-
formance on AzBio sentences in quiet in CI users. In our study,
the relationship between SRTn and PCq was even stronger,
because the same sentence material was used for both speech
measures. An explanation for this relationship might be that
even for speech in quiet the bottom-up information in the CI
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stimulation contains too little speech cues to reach an intelligibil-
ity score of 100% in most CI users. If noise is added, the amount
of bottom-up information is partially masked and intelligibility is
further reduced. The less bottom-up information available in
quiet, the lower the intelligibility score and the less noise is
allowed to reduce the intelligibility to 50%. Thus, the variation of
speech intelligibility in quiet and in noise among CI users origin-
ate from the same source (the available amount of bottom-up
information), resulting in a high correlation between the two
speech measures. The scarcity of bottom-up information may be
due to poor frequency resolution (Anderson et al. 2011;
Dingemanse and Goedegebure 2015; Won, Drennan, and
Rubinstein 2007) and the lack of temporal fine structure (Heng
et al. 2011) among other factors related to the electro-neural
interface of a CL

Even in the best performing CI recipients with a score near
100%, the bottom-up CI signal contains less information than
the sensory bottom-up information in NH listeners. This is illus-
trated by the observation from Figure 2 that CI users with a
near 100% score had SRTn values around the regression line that
was around 5dB worse than the NH group. This suggests that
the internal signal representation of a CI can have a loss of detail
equivalent with 5dB SNR loss if intelligibility in quiet is still
at 100%.

ANL measures in Cl users

We found that ANL values of the CI users were significantly
higher than that of the NH group. This is in contrast with the
findings of two other studies that measured ANL in CI users
and NH listeners (Donaldson et al. 2009; Plyler, Bahng, and von
Hapsburg 2008). Furthermore, these studies reported that ANLs
were not correlated with SRTn values, but we found a significant
moderate correlation (p=0.51) between ANL and SRTn scores.
An explanation for both differences between this study and the
findings of Donaldson et al. and Plyler et al. may be that in this
study the same speech material was used in the ANL test and
the SRTn test. That made it possible to compare the two meas-
ures, while the other studies used the original ANL speech (the
Arizona Travelogue passage) in 12-talker babble as ANL stimuli
and other speech materials for the SRTn measurement. The use
of different materials may have added variability due to differen-
ces in spectra of speech and noise or due to differences in avail-
able contextual information within the speech materials. A
second factor that may have played a role is related to the ANL
instruction. This instruction asks to “adjust the noise to the level
that would put up with for a long time while following the story
(or speech)”. It is reasonable to assume that “following the story”
requires that the speech intelligibility level is greater than 50%
correct, ie. greater than the SRTn. From the left panel of
Figure 4, it is clear that this holds for most participants. This
requirement, together with the large range of SRTn values, most
likely resulted in the correlation between ANL and SRTn. In the
studies of Donaldson et al. and Plyler et al., the mean ANL val-
ues were below the mean SRTn values, so the question is
whether the speech understanding of the ANL speech was suffi-
cient. Donaldson and colleagues reported ANL intelligibility rat-
ing with a mean value of 84%. This may indicate that the
Arizona Travelogue passage is very easy to follow, with many
familiar words and with a high degree of contextual information.
On the other hand, CI recipients are used to low intelligibility
levels and the usage of contextual information. This may have
influenced their ratings.
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The instruction of the ANL measurement turned out to be
difficult for participants to perform, because it contains two cri-
teria that must be used simultaneously. One has to follow the
speech and one has to maximise the noise with respect to that
level that would be acceptable. In CI users, a change in the noise
level also affects the intelligibility of the speech, linking the two
criteria. In the practice run, participants learned to use both cri-
teria simultaneously. Two participants that apparently used a dif-
ferent criterion, namely how much noise one was willing to
accept, without listening to the speech, were excluded from the
analyses. Other participants may have focussed too much on
“following the speech”, resulting in high ANL values. However,
if ANL values > 15dB were excluded, the correlations did not
change much and the regression analysis had similar results.
Therefore, we conclude that any incorrectly used ANL instruc-
tion did not have had major effects on the findings of this study.
In general, the dependence of the two criteria is a weakness of
the ANL test construct.

ANL as an additional factor in predicting the SSQ

In our study, ANL contributed around 10% to the explained
variance in the SSQ Qualities values and around 2% to that of
the SSQ Speech scale in addition to speech recognition measures.
The finding of Donaldson et al. (2009) that SRTn and ANL con-
tributed each around 30% to the explained variance in APHAB
scores, therefore, could not be reproduced for the SSQ. This dif-
ference between the studies may be due to the correlation
between SRTn and ANL found in this study and the difference
in speech materials used, as discussed above. An additional
explanation may be the difference in the questionnaire used.

A remarkable finding of this study was that ANL correlated
significantly with the “Listening effort” subscale, while speech
intelligibility measures did not. Participants that accepted a rela-
tively high noise level reported less listening effort. The Listening
effort subscale is based on three questions: on concentration
when listening, effort during a conversation, and the ability to
ignore competing sounds. These aspects fit well with the ANL
test in which ignoring noise and concentrating on speech also
play a role.

Limitations

The results of this study are limited to a subgroup of relatively
well-performing CI recipients, because we used an inclusion cri-
terion of 60% correct CVC phonemes. This was required because
use of an adaptive speech in noise test or ANL test for a max-
imum intelligibility below 60% has no validity.

In this study, we investigated relationships between a hearing-
specific PROM and speech measurements only at group level.
Use of intra-individual differences in the measures, for example
the difference of post- and pre-CI measures, may result in higher
correlations.

The noise in the speech in noise test was not a realistic noise,
but it was a steady-state noise with a speech-shaped spectrum. In
real life spectra of speech and noise often differ, giving a smaller
slope of the intelligibility curve as a function of SNR and an
SRTn that is dependent on the differences between the speech
and noise spectra. Therefore, it is difficult to generalise results if
SRTn values were measured with real life noises. The SRTn val-
ues obtained with a steady-state noise can be seen as an indica-
tion of an individual’s ability to understand speech in situations
with background noise.

We included unilateral CI users only, with some having a
contralateral hearing aid. In the speech test, this hearing aid was
switched off, while the use of a contralateral hearing aid
(bimodal hearing) may have influenced the SSQ scores.
However, the effect of a contralateral hearing aid was not statis-
tically significant in this study. This is in accordance with the
results of Farinetti et al. (2015). They reported outcomes of the
SSQ for a group with unilateral CIs (n=54) and a bimodal
group with a CI and a contralateral hearing aid (n=262). They
found no significant differences on the Speech and Qualities
scales, except for the “Sound quality and naturalness” subscale.

General discussion

The combination of PCq and ANL explained 14% of the variance
in the SSQ Speech scale and 30% of the variance in the SSQ
Qualities scale, leaving a substantial part of the variance in SSQ
scores unexplained. Factors beyond speech recognition may have
contributed to the SSQ scores, like the effect of audiovisual
speech recognition (Moberly et al. 2018; Stevenson et al. 2017).
Also we found that the age of implantation had a significant
effect on the SSQ scores.

Another factor that may explain a part of the variance in SSQ
scores is personality. SSQ scores reflect the opinion of the
patient. This opinion may be more positive or more negative
between persons with comparable speech perception if they judge
the same situation. The perception of one’s ability is likely to be
different from real ability. Huang et al. (2017) conducted a sys-
tematic review on the question if personality affects health-
related QoL scores. They reported that health-related QoL meas-
ures are related to personality characteristics. Aspects like greater
extraversion, agreeableness, openness, conscientiousness, opti-
mism, self-esteem and self-efficacy were related to higher health-
related QoL scores, while greater neuroticism, negative affectivity,
and type D (distressed) personality were related to lower health-
related QoL scores.

Conclusions

Hearing-specific patient-reported outcomes in adult CI users as
measured with the SSQ questionnaire were moderately associated
with measures of speech intelligibility in quiet and in noise. Also
SSQ scores of CI users were significantly below the scores of a
normal-hearing reference group. The same applied to speech
intelligibility in quiet and in noise. These findings show that
hearing-specific PROM scores were clearly related to sentence
intelligibility.

The variance in the SSQ as hearing-specific PROM in CI
users was not better explained by speech intelligibility in noise
than by speech intelligibility in quiet. This can be explained by
the remarkably high correlation between these two measures,
suggesting that, even in a quiet situation, CI recipients have to
rely on incomplete sensory information without redundancy.

Although the ANL is a subjective judgment of the level of
background noise a listener is willing to accept, ANLs made only
a small contribution to explaining the variance of the SSQ in
addition to speech perception, even though ANLs correlate sig-
nificantly with the SSQ subscale of listening effort and concen-
tration that was not addressed by speech measures.

The speech measures and ANL only explained a part of the
variability in SSQ scores, showing that use of a hearing-specific
PROM besides speech tests provides information not captured
by speech measures.
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