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Linnaeus Centre HEAD, Department of Behavioural Sciences and Learning, Linképing University,
Linkdping, Sweden

Purpose: Individuals with acquired hearing impairment often experience
declines in phonological processing abilities, a phenomenon thought to
be mediated by working memory capacity (WMC). However, the role of hearing
aid use in this context remains underexplored. Therefore, in the current study,
we aimed (1) to tease apart the effect of hearing impairment and hearing aid
use on phonological processing performance, and (2) to investigate the effect
of hearing aid use on phonological processing in more detail, while considering
the involvement of WMC.

Method: Using mixed effect models, we investigated rhyme judgment
performance and its reliance on WMC among three groups of participants: a
group of hearing aid users (n = 202), a group of hearing-impaired individuals
without hearing aid (n = 54), and a group of normal hearing controls (n = 201).
We also examined how years of hearing aid use was associated with rhyme
judgment performance and its reliance on WMC in hearing aid users.

Results: We found that hearing impairment was associated with increased
dependence of rhyme judgment performance on WMC regardless of the use of
hearing aids. Furthermore, hearing aid use was overall positively associated with
rhyme judgment performance, with this relationship influenced by variations in
WMC.

Conclusion: WMC influences the effectiveness of hearing aids for phonological
processing. This role may result from working memory’s involvement in the
processing of output signals from hearing aids, as well as in the strategies
hearing aid users implement to deal with phonological processing tasks.

KEYWORDS

rhyme judgment, hearing impaired, language skill, hearing aid use, cognitive
performance

Introduction

Hearing loss causes disadvantages in many aspects of life beyond the direct impact on
auditory perception. A plethora of recent studies pointed to the association between age-related
hearing loss and cognitive decline (Bucholc et al., 2022; Lin et al., 2013, 2023; Livingston et al.,
2017; Maharani et al., 2019; Ronnberg et al., 2011, 2014). Hearing loss appears as a risk factor
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for cognitive impairment such as dementia (Lin et al., 2013; Livingston
etal,, 2017), mild cognitive impairment (MCI) (Bucholc et al., 2022),
and memory-related problems (Maharani et al., 2019), as well as a
negative effects on non-auditory encoding conditions in episodic
verbal free recall tasks (Ronnberg et al., 2011, 2014). This implies that
the negative effect rests with memory system, independent of
encoding modality, and that especially long-term memory systems are
affected (Ronnberg et al., 2011).

Hearing aid use is a prevalent hearing rehabilitative strategy to
reduce the adverse effects of hearing impairment. Growing evidence
from observational studies shows that hearing aid use is associated
with better cognition and reduced risk of dementia (Amieva et al.,
2015; Dawes et al., 2015; Lin et al., 2023). Research on the effect of
hearing aid use on language production and comprehension is more
limited. While several studies have examined the effect of short-term
(under 1 year) hearing aid use on language tests, they found no
significant improvement (for a review, see Sanders et al., 2021).
However, few studies have examined the effect of hearing aid use on
the underlying cognitive abilities important for language production
and comprehension (but see, e.g., Ng and Ronnberg, 2020). This study
aimed to examine the relationship between hearing loss, hearing aid
use, and phonological processing—a cognitive process involved in
language production and recognition—with a focus on the moderating
effect of working memory (cf. Homman et al., 2023; Ronnberg et al.,
2013, 2022).

The processing of phonological information—using the mental
representation of the spoken sounds and combinations of sounds of
the words stored in long-term memory—is involved in spoken and
written language production and perception (Goswami, 2012;
Ronnberg et al,, 2016). The rhyme judgment task, where participants
judge whether two written items rhyme or not, is often used to
examine phonological processing. When the two items are presented,
the participants need to access, store, and manipulate the phonological
representations to perform the task (Classon et al., 2013a; Oakhill and
Kyle, 2000). Presented visually as printed words or pictures, the task
has the advantage of examining phonological processing without
auditory or verbal output, making it a useful tool in populations with
hearing or speech impediments.

Individuals with hearing impairment have been shown to perform
worse in rhyme judgment tasks than individuals with normal hearing
(Andersson and Lyxell, 1999; Andersson, 2002; Classon et al., 2013a;
Lazard and Giraud, 2017; Lyxell et al., 1994, 1998; MacSweeney et al.,
2013). Congenitally deaf individuals (MacSweeney et al., 2013) and
post-lingually deafened individuals (Lazard and Giraud, 2017; Lyxell
etal., 1994, 1998) showed a lower accuracy in rhyme judgment task
compared to individuals with normal hearing. Individuals with
acquired moderate-to-severe hearing impairment also showed lower
accuracy (Andersson, 2002; Classon et al., 2013a) and longer reaction
times (Andersson, 2002) in rhyme judgment task compared to
individuals with normal hearing. Several studies also found that the
decrease in accuracy correlated with the duration of hearing
impairment (Classon et al., 2013a; Lyxell et al., 1994, 1998). These
findings imply that hearing impairment has a detrimental effect on
phonological processing ability, probably caused by auditory
distortion and auditory deprivation (for a review, see Lyxell
etal., 2003).

Notably, in individuals with acquired hearing loss, working
memory seemed to play a more important role in rhyme judgment
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task than in individuals with normal hearing (Andersson, 2002;
Classon et al., 2013a). Working memory is responsible for temporarily
holding and processing information during ongoing cognitive
processes (Baddeley, 1992). Classon et al. (2013a) found that rhyme
judgment accuracy was independent of working memory capacity
(WMC) measured with the reading span test (RST, Ronnberg et al.,
1989) in normal-hearing participants. However, rhyme judgment
accuracy was predicted by WMC in participants with moderate-to-
severe hearing loss. Similarly, rhyme judgment accuracy correlated
with verbal WMC measured with the word span test (Baddeley et al.,
1975) in participants with hearing impairment but not those with
normal hearing (Andersson, 2002). A closer look at individuals with
hearing impairment found that individual differences in rhyme
judgment reaction times were also explained by WMC measured with
the Reading Span Task (RST) (Rudner et al., 2019). These findings
demonstrate that, when performing the rhyme judgment task,
individuals with hearing impairment compensate for the deterioration
of phonological processing through strategies that require working
memory. Findings from an electroencephalographic study also
suggests that individuals with hearing impairment relied more on
compensatory top-down strategy such as articulatory recoding and
grapheme-to-phoneme conversion procedures to enhance the
precision of phonological/orthographical information held in working
memory (Classon et al., 2013b).

Nevertheless, in the studies reporting a correlation between
rhyme judgment performance and WMC in individuals with hearing
impairment, it is worth noting that the hearing-impaired participants
were all experienced hearing aid users (Andersson, 2002; Classon
etal, 2013a, 2013b; Rudner et al., 2019). This brought a complicating
factor into the findings: it was possible that hearing aid use was
associated with the differences in performance, especially the
enhanced involvement of WMC in rhyme judgment performance.
This would put into question the argument that it was hearing
impairment alone that led to the enhanced involvement of WMC.

In fact, very little attention has been paid to the effect of hearing
aid use on phonological processing. Rudner et al. (2019) reported that
hearing aid experience did not account for a significant amount of
variance in the visual rhyme judgment task beyond lexical access
speed and WMC. However, this study did not consider the possible
interaction between hearing aid experience and WMC. It was possible
that the moderating effect of WMC contributed to this null outcome
because the effect of hearing aid use may change for individuals with
different WMC, and hearing aid use may change how task
performance relies on WMC (Lunner et al., 2009). A moderating
effect of WMC has been found when investigating the effect of hearing
aid use on speech perception in noise, showing that even after long
periods of hearing aid use some conditions never seem to reach
complete independence of WMC (Ng and Ronnberg, 2020). This may
in turn imply that some conditions which are sufficiently dynamic in
their matching to stored long-term memory representations are too
variable to create entirely reliable prototypical representations that
capture dynamic stimuli in the long-term (Ronnberg et al., 2022).

Therefore, as highly relevant to the current literature, we aimed to
(1) distinguish the effect of hearing impairment on phonological
processing from the influence of hearing aid use, and to (2) investigate
the relationship between hearing aid use and phonological processing
in more detail, while considering the involvement of WMC. Taking
advantage of available data from the n200 project (Ronnberg et al.,
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2016), we compared the rhyme judgment accuracy and speed among
three groups of participants: a group of hearing aid users, a group of
hearing-impaired individuals without hearing aid, and a group of
normal hearing controls. We predicted that hearing impairment,
irrespective of hearing aid use, would be associated with a greater
reliance on WMC for phonological processing. Specifically,
we expected the association between WMC and rhyme judgment
performance to be stronger in both groups with hearing impairment
(hearing aid users and non-users) compared to the normal-hearing
control group. This prediction is based on prior findings suggesting
that individuals with hearing impairment implement compensatory
cognitive strategies that involve WMC (Andersson, 2002; Classon
et al.,, 2013a). We further explored whether hearing aid use interacts
with WMC in predicting rhyme judgment performance among
hearing aid users. This interaction would reflect the complex
relationship between cognitive resources and the processing of
auditory signals from hearing aids.

Method
Participants

The data presented in this study is part of the n200 database
(Ronnberg et al., 2016). In this database, a total of 504 individuals is
included, of which 215 were hearing-aid users with bilateral,
symmetrical sensorineural hearing loss in the range mild-to-severe
(the HA group, 91 females, mean age = 60.76), 71 had bilateral,
symmetrical sensorineural hearing loss in the range mild-to-severe
but had not used hearing aids (the noHA group, 25 females, mean
age = 69.09), and 218 were normal hearing non-hearing aid users (the
NH group, 107 females, mean age = 61.53). The HA group was
recruited from the patient population at the Linkoping University
Hospital, and the NH group was recruited via mail based on
information from SCB (Statistics Sweden). Some participants
recruited as the NH group turned out to have hearing loss, and were
thus identified as the noHA group. All participants gave informed
consent and were native Swedish speakers with normal or corrected-
to-normal vision, and no reports of neurological diagnoses. The study
was approved by the Linkoping regional ethical review board (Dnr:
55-09 T122-09).

Procedure

As a part of the n200 project, participants underwent a battery of
tests regarding hearing, cognitive, and executive functions distributed
in three testing sessions. Tasks relevant to the current study were
carried out in the first and the second session (for details, see
Ronnberg et al., 2016).

Tasks

Rhyme judgment task
The visual rhyme judgment task is commonly used to test
phonological skills, especially in individuals with hearing impairment
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(e.g., Booth et al., 2004; Classon et al., 2013a; Classon et al., 2013b;
Lazard et al., 2010; Pillay et al., 2014; Rugg and Barrett, 1987). In each
trial of the rhyme judgment task, the participant was presented with
two printed words on a computer screen, and asked to indicate
whether or not they rhymed with each other by pressing buttons (the
green button on the right to indicate Thyme’ and the red button on the
left to indicate ‘not rhyme’). There were 32 word pairs in total, of
which 16 were rhyming (R+) pairs and 16 were non-rhyming (R-)
pairs. Within the set of both rhyming and non-rhyming pairs, there
were an equal number of orthographically similar (O+) and
orthographically dissimilar (O-) pairs. Therefore, word pairs in the
following four categories were included:

1 R+ O+. Words that rhyme and are orthographically similar,
e.g., FRITT/VITT (i.e., free/white).

2 R+ O-. Words that rhyme but are not orthographically similar,
e.g., KURS/DUSCH
pronounced [kuf/duf]).

3 R-O+. Words that do not rhyme but are orthographically
similar, e.g., TAGG/TUGG (i.e., thorn/chew).

4 R-O-. Words that neither rhyme nor are orthographically
similar, e.g., HAST/TORN (i.e., horse/tower).

(i.e., course/shower in Swedish

We then grouped the four categories into two types to capture the
effect of difficulty on task performance: the mismatching (R + O-and
R-O+) trials, in which the orthographic information was a wrong
indicator of rhyming, were expected to be harder to solve than the
matching (R + O+ and R-O-) trials, in which the orthographic
information was a correct indicator of rhyming (Andersson, 2002;
Classon et al., 2013a; Rudner et al., 2019). The accuracy and response
time for each trial were recorded.

WMC measures

With the intention to extract a general WMC factor, we included
three measures of WMC: reading span, semantic word pair, and visual
spatial working memory. These are all visually based complex span
tests which were used to measure the ability to process and to store
information simultaneously (see Ronnberg et al., 2016 for details).

Reading span

A Swedish version of Daneman and Carpenter (1980) Reading
Span test was used to assess WMC (Ronnberg et al., 1989). The test
consists of lists of sentences, each of which comprises 2-5 sentences.
The sentences were presented in a word-by-word fashion on a
computer screen at a rate of one word per 800 ms. After each sentence
participants were asked to report whether the sentence was absurd or
sensible. After being presented with a list of sentences, participants
were asked to report either the first or the last words of each sentence
in the list, in their correct serial presentation order. A total of 28
sentences were presented. The test was scored by the total number of
items correctly recalled irrespective of recall order.

Semantic word pair

A Semantic word pair Test (see Maki, 2007, for materials) is a
working memory test that does not include syntactic elements. The
test consists of lists of word-pairs, each of which comprises 2-5
word-pairs. The word pairs were presented in a word-pair by
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word-pair fashion on a computer screen. For each word-pair the
participants were asked to identify which word in a word-pair was
a living object and give response by pressing buttons. After being
presented with a list of word-pairs, the participants were asked to
orally recall the word on either the left- or right-hand side in the
pair, in their correct serial presentation order. A total of 42 word-
pairs were presented. The test was scored by the total number of
words correctly recalled irrespective of recall order.

VSWM

A Visuo-Spatial Working Memory test is a working memory
test that does not include verbal elements. The test consists of a
series of trials, each of which comprises 2-5 comparisons. In each
trial, a 5 x 5 grid was presented on the screen, and a pair of ellipses,
of either identical or different shapes, were presented in one square
in the grid. In each trial the participants were asked to judge
verbally whether the ellipses were identical or not. After being
presented with a series of trials, the participants were asked to note
on a sheet of paper with an empty grid the squares in which the
ellipses had been presented, in their correct serial presentation
order. A total of 42 trials were presented. The test was scored by the
total number of squares (where the ellipses had been presented)
correctly recalled irrespective of recall order.

Data analysis

To address the two research questions of this study, we conducted
two sets of analysis, one focusing on the group difference among the
three groups (group analysis), and another focusing on hearing aid
experience in the HA group (hearing-aid experience analysis).

Missing data and imputation

Participants that did not complete the rhyme judgment test
(n =27) or all of the three working memory tests (n = 8), or did not
provide age data (n = 2) were excluded from further analysis. Single
trials with reaction time shorter than 100 ms were also removed, for
such quick reaction times in the population being tested usually
result from mistakes in button pressing. As a result, 8 trials by 7
participants were removed. As a result, a total of 467 participants
from the three groups were included in the group analysis (the HA
group: n = 212, of which 91 were females; the noHA group: n = 55,
of which 25 were females; the NH group: n = 202, of which 107 were
females). Table 1 shows the mean age, hearing level, weighted WMC
score, and rhyme judgment performance for each group. Of the 212
participants in the HA group that were included in the group
analysis, an additional 16 participants were excluded from the
hearing-aid experience analysis because of missing data on
hearing-aid experience or PTA, resulting in 196 participants for the
hearing-aid experience analysis.

We used the R package ‘MICE’ (van Buuren and Groothuis-
Oudshoorn, 2011) to impute missing data in working memory
measures. Imputation was performed for the three working memory
variables based on the same three variables, in order to keep the
imputation results consistent across the group analysis and the hearing
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TABLE 1 The descriptive statistics of age, hearing level, weighted WMC
score, and rhyme judgment performance in each group.

Total HA noHA NH

(n=467) (n=212) (n=54) (n=201)
Age(year)
Mean (SD) | 62.01 (+8.83) = 60.70 (+8.81) = 68.96 (£7.39) = 61.53 (+8.36)
Better-ear PTA (dB HL)
Mean (SD) = 24.89 (+15.57) | 37.57 (+ 11.14) | 28.66 (+6.30) | 10.40 (+6.22)
Missing 5 (1.1%) 2 (0.9%) 0 (0%) 3 (1.5%)
Hearing aid use (year)
Mean (SD) NA 6.79 (+ 6.71) NA NA
Missing NA 15 (7.1%) NA NA

Rhyme judgment (% correct)

Mean (SD) ‘ 87.82 (+ 11.46) ‘ 87.74 (+ 11.35) ‘ 83.89 (+ 14.46) ‘ 88.98 (+ 10.44)

Rhyme judgment (response time, ms)

Mean (SD) ‘ 1,641 (+ 379.7) ‘ 1,646 (+ 385.3) ‘ 1706 (+ 358.4) ‘ 1,619 (+ 378.9)

Weighted WMC (z-score)

Mean (SD) ‘ 0.00 (+0.83) ‘ —0.08 (+ 0.80) ‘ —0.42 (+ 0.76) ‘ 0.20 (+0.82)

aid experience analysis. Because individuals with missing values in all
three tests (n = 8) had been excluded, the remaining participants had
at least one valid score in the three variables. In total, 58 values from
35 participants (13 in the HA group, 11 in the noHA group, and 11 in
the NH group) were imputed. The imputation generated five data sets.
All following analyses were performed on all five data sets, and the
outcomes were generated from pooled results of five analyses.

Weighted WMC score

We calculated one weighted WMC score for each participant and
included it in the models for the following two reasons: (a) we were
interested in the concept of working memory as a latent factor rather
than each working memory measure individually, and (b) the three
working memory measures were similar in terms of overall design and
test procedure. An Exploratory Factor Analysis (EFA) with a
one-factor solution was performed on the three working memory
measures for each of the five data sets.

For all five data sets, one factor with eigenvalues greater than 1 was
obtained, explaining on average 0.41 of shared variance [KMO > 0.59,
Barlett: x*(3) = 208.6, p < 0.001] with the three tests having mean factor
loadings of 0.7, 0.72, and 0.46 for reading span, semantic word-pair
and VSWM, respectively. We used the factor score estimated based on
the factor loading with the Thurstone method (from the R package
‘psych’: Revelle, 2023) as the weighted WMC score for each participant.

GLMM models

Accuracy and reaction times were analyzed separately in both the
group analysis and the hearing aid experience analysis. Generalized
linear mixed models (GLMMs), instead of linear mixed models, were
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used in both analyses, but for different reasons. It was used in the
accuracy analyses because we used a binary (correct or incorrect)
dependent variable, and it was used in the reaction times analyses
because of positively skewed (skew = 1.62) dependent variable. As
suggested by Lo and Andrews (2015), a Gamma distribution was used
for the reaction time GLMM to avoid a non-normal distribution
and heteroscedasticity.

The group analyses were designed to investigate the group
difference in the dependence of rhyme judgment performance on
WMC. Two models were fitted using the accuracy of all rhyme
judgment trials and the reaction time of correct rhyme judgment
trials as the dependent variables, respectively. Group, WMC, word-
pair type (mismatching or matching), and their interactions were
included as fixed effects. Age was also included as a fixed effect.
Participant ID and word-pair ID were included as random effects for
the intercept.

The hearing-aid experience analyses were designed to
investigate the effect of hearing aid experience on rhyme judgment
performance in the HA group with the putative moderation of
WMC. Two models were fitted using accuracy of all rhyme
judgment trials and reaction time of correct rhyme judgment trials
as the dependent variables, respectively. Years of hearing aid use,
WMC, word-pair type, and their interactions were included as fixed
effects. PTA and age were also included as fixed effects to take the
severity of hearing loss and aging into account. Participant ID and
word-pair ID were included as random effects. In both models,
years of hearing aid use was transformed using inverse hyperbolic
sine transformation to correct for the right-skewed distribution.
Independent variables that were continuous (WMGC, age, PTA, and
transformed years of hearing aid use) were scaled and centered
before entering the model. Distributional assumptions for the
within-group errors and random effects in the GLMM were met
(Pinheiro and Bates, 2006).

The GLMMs were fitted using the Ime4 package (Bates et al.,
2015) in R with default ‘bobyqa’ optimizer. For each GLMM, type-III
ANOVA (from the package ‘car’: Fox and Weisberg, 2019) was carried
out to examine the fixed effects. To better understand the significant
interactions, simple effects were examined using the package
‘emmeans’ (Lenth et al., 2023).

10.3389/fnins.2025.1519934

Results

For obvious reasons, the HA groups average better-ear
air-conduction pure tone audiometry at 0.5, 1, 2, and 4 kHz (PTA) was
significantly higher than that of the NH group (t = 31.11, p < 0.001).
The noHA group’s average better-ear PTA was significantly higher
than that of the NH group (t = —13.49, p < 0.001) but significantly
lower than that of the HA group (¢ = 6.63, p < 0.001). Moreover, the
mean age of the noHA group was higher than both the NH and the
HA group (t <-5.73, p < 0.001), while the NH and HA groups did not
differ in age (t = —1, p = 0.580). The NH group’s weighted WMC score
was significantly higher than that of the other two groups (¢ > 3.49,
p <0.001), while the HA group had higher weighted WMC than the
noHA group (t =2.75, p = 0.02).

Group analyses

To examine the effect of hearing impairment and hearing aid use
on the reliance of rhyme judgment performance on WMC,
we analyzed the effects of group, WMC, word-pair type, and their
interactions on rhyme judgment task performance when controlling
for age, both for accuracy and reaction times.

Accuracy

WMC and word pair type (matching vs. mismatching) had
significant main effects on the accuracy of rhyme judgment [See
Table 2: WMC: x*(1) = 45.8, p < 0.001; word pair type: x*(1) = 160.53,
p <0.001]. The three-way interaction among group, WMC, and word
pair type was significant [x*(2) = 8.34, p = 0.050].

Further analysis on the three-way interaction showed that, when
controlling for age, an increasing WMC led to increasing rhyme
judgment accuracy for all groups in mismatching trials (Figure 1 left
panel; HA: slope = 0.11, p < 0.001; noHA: slope = 0.11, p < 0.001; NH:
slope = 0.07, p < 0.001), but only for the two groups with hearing
impairment in matching trials (Figure 1 right panel; HA: slope = 0.01,
P <0.001; noHA: slope = 0.01, p = 0.008; NH: slope = 0, p = 0.188).
This effect could have been caused by the ceiling effect in the matching
trials. No slope difference was found among groups in each trial type.

TABLE 2 Group analyses: ANOVA table for the GLMER on accuracy and reaction time.

Accuracy

Reaction time

(Intercept) 102.74 1 <0.001 392,884.37 1 <0.001
Group 0.08 2 0.96 82.52 2 <0.001
WMC 45.8 1 <0.001 3,833.74 1 <0.001
Word pair type 160.53 1 <0.001 11,536.64 1 <0.001
Age 2 1 0.16 42.02 1 <0.001
Group: WMC 4.75 2 0.10 1,259.61 2 <0.001
Group: Word pair type 291 2 0.35 612.69 2 <0.001
WMC: Word pair type 1.27 1 0.28 58.73 1 <0.001
Group: WMC: Word pair type 8.34 2 0.05 231.27 2 <0.001
Frontiers in Neuroscience 05 frontiersin.org
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FIGURE 1
The three-way interaction among group, WMC, and word pair type when predicting rhyme judgment accuracy. Note that the predicted value (y axis)
has been transformed to reflect accuracy. An increasing WMC led to increasing rhyme judgment accuracy for all groups in mismatching trials, but only
for the two groups with hearing impairment in matching trials [HA (red) and noHA (blue)]. The width of the shaded area represents 95% Confidence
Interval.

Thus, this pattern shows that WMC was, in general, positively
associated with rhyme judgment accuracy, especially for mismatching
trials and individuals with hearing impairment. This interpretation,
however, should be approached with caution due to the ceiling effect.

Reaction time

Group, WMC, word pair type, and age all had significant main
effects on the reaction time of rhyme judgment (See Table 2:
X> > 42.02, p < 0.001). The three-way interaction among group, WMC,
and trial type was significant [x*(2) = 231.27, p < 0.001], as were all
two-way interactions [x* > 58.73, p < 0.001].

Further analysis on the three-way interaction among group,
WMC, and trial type showed that, when controlling for age, an
increasing WMC was associated with faster rhyme judgment reaction
time in both trial types for all groups (Figure 2; slope < -43.68,
z < -7.34, p <0.001). The rate in which the reaction time decreased
was greater in the two groups with hearing impairment (HA and
noHA) than the NH group in both trial types (diff > 59.23, z > 12.8,
P <0.001). The rate was even greater in the HA group than the noHA
group in mismatching trials (Figure 2 left panel; diff = —46.65,
z =—13.32, p <0.001). This pattern shows that WMC was more
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strongly associated with rhyme judgment speed in individuals with
hearing impairment, and that this association was even stronger in
hearing aid users than non-hearing aid users in mismatching trials.

Hearing aid experience analyses

To examine the relationship between hearing aid experience and
rhyme judgment with the moderation of working memory,
we analyzed the effects of years of hearing aid experience, WMC, word
pair type, and their interactions on the rhyme judgment task
performance while controlling for hearing level (better-ear PTA) and
age in the HA group.

Accuracy

In the HA group, years of hearing-aid use, WMC, word pair type,
and PTA had significant main effects on the accuracy of rhyme
judgment [see Table 3: x*(1) >5.7, p< 0.017]. The three-way
interaction among years of hearing-aid use, WMC and word pairs
type was also significant [x*(1) > 6.42, p <0.012].
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FIGURE 2
The three-way interaction among group, WMC, and word pair type when predicting rhyme judgment reaction time. An increasing WMC led to faster
rhyme judgment reaction time in both trial types for all groups. The rate in which the reaction time decreased was greater in the two groups with
hearing impairment [HA (red) and noHA (blue)] than the NH group (black) in both trial types. The rate was even greater in the HA group than the noHA
group in mismatching trials. The width of the shaded area represents 95% Confidence Interval.

Result showed that when controlling for all other variables,
increasing years of hearing-aid use was associated with increasing
rhyme judgment accuracy (slope=0.02, z=2.53, p =0.011),
suggesting that hearing-aid experience was positively associated with
rhyme judgment accuracy overall.

Further analysis following the three-way interaction showed that,
when controlling for age and hearing threshold, in mismatching trials,
hearing aid users tended to show increased accuracy with longer
hearing aid use regardless of WMC, albeit only the average WMC
individuals reached significance (Figure 3 left panel; slope = 0.29,
z=2.7, p =0.007). In matching trials, hearing aid users with below-
average WMC showed decreasing accuracy with hearing aid use
(Figure 3 right panel; hearing aid users with WMC 2 SD below the
mean: slope = —1.1, z= —2.56, p = 0.011), while hearing aid users with
above-average WMC showed increasing accuracy (hearing aid users
with WMC 2 SD above the mean: slope = 1.51,z = 2.7, p = 0.012). This
pattern shows that, overall, hearing aid use was positively associated
with rhyme judgment accuracy, but for individuals with below-
average WMC, the association was negative in matching trials. This
interpretation should be approached with caution due to the ceiling
effect especially in the matching trials.
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Reaction time

WMC, word pair type, age, and PTA had significant main effects
on the reaction time of rhyme judgment [see Table 3: x*(1) > 7.68,
p< 0.013]. The interaction between hearing aid use and WMC was
significant [x*(1) = 54, p < 0.001], as well as for the other two-way
interactions [x*(1) > 20.78, p < 0.001].

Further analysis on the interaction between years of hearing aid
use and WMC, and word pair type showed that, when controlling for
age and hearing threshold, the way that hearing aid experience and
WMC interacted were similar in both word pair types (Figure 4). In
both word pair types, increasing years of hearing aid experience was
associated with faster rhyme judgment reaction time in participants
with above-average WMC (Figure 4; slope < -93.88, z< -4.89,
P <0.001). Longer hearing aid use was associated with slower reaction
time in participants with below-average WMC in mismatching word
pairs (slope = 86.84, z = 6.1, p < 0.001) and marginally so in matching
word pairs (slope = 37.1, z = 1.82, p = 0.086). Individuals with average
WMC showed faster in reaction time with longer hearing aid use in
matching (slope = —32.75, z=-3.97, p =0.005) but not in
mismatching word pairs (slope = —3.52, z = —0.57, p = 0.582). This
pattern shows that working memory moderated the relationship
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TABLE 3 Hearing aid experience analyses: ANOVA table for the GLMER on accuracy and reaction time.

Accuracy

Reaction time

(Intercept) 87.52 1 <0.001 101,600.21 1 <0.001
HA years 7.30 1 0.01 0.41 1 0.58

WMC 38.45 1 <0.001 1,261.23 1 <0.001
Word pair type 131.40 1 <0.001 4,761.43 1 <0.001
Age 0.17 1 0.68 7.68 1 0.01

PTA 5.70 1 0.02 59.52 1 <0.001
HA years: WMC 0.52 1 0.47 54 1 <0.001
HA years: Word pair type 0.19 1 0.67 33.4 1 <0.001
WMC: Word pair type 0.93 1 0.36 20.78 1 <0.001
HA years: WMC: Word pair type 6.42 1 0.01 3.01 1 0.12

HA years, years of hearing aid use.

between hearing aid use on rhyme judgment reaction time: above-
average WMC was associated with a positive relationship between
hearing aid use and rhyme judgment speed, while below-average
WMC was associated with a negative relationship.

Discussion

To investigate how hearing impairment and hearing aid use is
associated with phonological processing with the moderating effect of
working memory capacity (WMC), we first examined rhyme
judgment accuracy and speed while taking WMC into account and
controlling for age in the three groups: a group of hearing aid users, a
group of hearing-impaired non hearing aid users, and a group of
normal hearing controls. We then examined the relationship between
years of hearing aid use and rhyme judgment while accounting for
WMC and controlling for age and hearing thresholds.

We found that the association between WMC and rhyme
judgment performance was stronger in the two groups with
hearing impairment regardless of hearing aid use. This is
consistent with previous reports (Andersson, 2002; Classon et al.,
2013a; Rudner et al., 2019). Moreover, hearing aid use was
associated with rhyme judgment performance, interacting with
WMC. In the HA group, hearing aid use was not only positively
associated with rhyme judgment accuracy, but also interacted with
WMC to affect both accuracy and speed. Specifically, better WMC
was associated with stronger positive relationship between hearing
aid use and rhyme judgment: participants with average and above-
average WMC showed better rhyme judgement performance with
increased hearing aid use, while participants with lower WMC did
not. These findings, though correlational in nature, may suggest
that hearing aid use potentially leads to improvements on visual
rhyme judgment, a non-auditory task that reflects phonological
processing. Additionally, these findings also highlight the role of
working memory as a moderator in shaping the effect of hearing
aid use.
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The effect of hearing impairment on
phonological processing

The current finding suggests that individuals with hearing
impairment rely more on working memory for phonological
processing tasks (cf. Classon et al., 2013a; Classon et al., 2013b), as
evidenced by the greater positive effect of WMC in the HA and noHA
groups compared to the NH group. With the group that were hearing
impaired but did not use hearing aids (noHA), we were able to rule
out the possibility that hearing aid use alone contributed to the
increase in the involvement of WMC in rhyme judgment. This finding
aligned with the proposal that hearing impairment led to deterioration
in phonological processing and that individuals with hearing
impairment compensate for this deterioration by employing strategies
that heavily rely on working memory (Classon et al, 2013a;
Andersson, 2002). Curiously, in the current study, the groups with
hearing impairment showed no disadvantage in rhyme judgment
accuracy or reaction time compared to the NH group when WMC
and age was controlled at average. This was different from previous
studies that reported lower accuracy and longer reaction time in
individuals with hearing impairment (Andersson and Lyxell, 1999;
Andersson, 2002; Lyxell et al., 1994, 1998). It was possible that age and
WMC contributed to the differences found in previous studies. In
addition, and perhaps the most likely explanation, is that those studies
employed participants with higher degrees of hearing impairment,
which in turn affected phonological representations to a larger extent
(Ronnberg et al., 2013).

The effect of hearing aid use on
phonological processing

We found that hearing aid use was positively associated with
rhyme judgment performance, controlling for age and hearing level.
Years of hearing aid use had a positive main effect on accuracy.
Furthermore, hearing aid use also was associated with rhyme
judgment speed, albeit moderated by WMC: for hearing aid users with
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The three-way interaction among years of hearing aid use, WMC, and word pair type when predicting rhyme judgment accuracy. Note that the
predicted value (y axis) has been transformed to reflect accuracy. In mismatching trials, hearing aid users showed increased accuracy with longer
hearing aid use regardless of WMC, albeit only the average WMC individuals reached significance. In matching trials, hearing aid users with below-
average WMC showed decreasing accuracy with hearing aid use, while hearing aid users with above-average WMC showed increasing accuracy. The

average and above-average WMC, hearing aid use had a positive
assoication with speed, while for hearing aid users with below-average
WMC, the association was negative. Though correlational in nature,
these findings may be interpreted to suggest that longer use of hearing
aids lead to better performance in phonological processing.

The current study, to the best of our knowledge, is the first to link
hearing aid use with better phonological processing. This finding
could have clinical relevance and potential implications for the
hearing aid industry. In a previous study that solely examined hearing
aid users (Rudner et al., 2019), no effect of hearing aid use on rhyme
judgment performance was found. This difference could be caused by
the different statistical model structure between studies. For example,
Rudner et al. included lexical access speed as an independent variable
to examine the underlying mechanism of phonological processing,
while in the present study the focus was on the interaction between
hearing aid use and WMC. The interaction was found to be significant,
as WMC was shown to greatly influence how hearing aid use predicts
rhyme judgment reaction time. Provided that, it remains to be seen
whether lexical access speed was what was facilitated by hearing aid
use in a phonological processing task.

Frontiers in Neuroscience

It may appear surprising that there was a negative relationship
between hearing aid use and rhyme judgment speed in individuals with
below-average WMC. Because we have controlled for hearing
thresholds and age, it was unlikely that worse hearing and older age—
factors likely associated with slower speed—was contributing to this
effect. One factor that may have contributed to this effect was the
duration of hearing impairment, which has been shown to correlate
with phonological skill deterioration in deafened individuals (Classon
etal,, 2013a; Lyxell et al., 1994, 1998). The duration of impairment was
not controlled because we encountered challenges in verifying the
reliability of related data at the time of analysis. As a result, long hearing
aid use in the current study was often accompanied by long hearing
impairment, and the negative effect of long hearing impairment might
outweigh the positive effect of long hearing aid use, leading to the net
worsening in rhyme judgment speed in some participants. If this is the
case, then the rhyme judgment speed in those participants should
be faster than if they had not used hearing aid. Future studies that
compare the rhyme judgment speed between hearing aid users and
non-hearing aid users with hearing impairment controlling for the
duration of hearing impairment should be able to provide evidence for
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FIGURE 4
The interaction between WMC and hearing aid use in reaction time. Hearing aid users with above-average WMC (yellow) showed faster rhyme
judgment with longer hearing aid use; while those with below-average WMC (black) showed slower rhymer judgment with longer hearing aid use. A
similar pattern was observed for both mismatching and matching trials. The width of the shaded area represents 95% Confidence Interval.

this argument. Furthermore, the duration of hearing impairment
should have also affected hearing aid users with average and above-
average WMC, which indicated that for them, the benefit they obtained
from hearing aid use outweighed the worsening caused by longer
hearing impairment. In sum, the current result pattern leads to the
speculations that WMC protects against the negative effects of hearing
impairment when technical intervention such as hearing aid is
implemented (cf. Ng and Ronnberg, 2020).

WMC seemed to be an important moderator as to the effect of
hearing aid use on phonological processing speed. One possibility is
that WMC affects how effectively hearing aid users utilize the signal
processing capabilities of their hearing aids: those users with above-
average WMC may utilize hearing aid signal processing to a fuller
extent which benefited their updating of phonological representation,
especially with more advanced signal processing in the hearing aid
(Lunner et al., 2009; Ronnberg et al., 2022). Thus, WMC would
compensate for the worsening caused by longer hearing impairment,
showing faster speed in phonological processing tasks with better
WMC. The benefit of WMC could not outweigh the worsening caused
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by longer hearing impairment, showing slower rhyme judgment (but
still faster than if they had not used hearing aids).

Nevertheless, the slower speed in rhyme judgment may not
necessarily be unfavorable for hearing aid users with below-average
WMC. There has been evidence that, when phonological
representation weakens, as is the case with individuals with hearing
impairment, some individuals may resort to a lexical-semantic
strategy in reading or rhyme judgment task performance, bypassing
the ‘normal’ route that accesses phonological information (Classon
etal,, 2013b; Lazard et al., 2010). The lexical strategy, albeit faster and
less WMC-dependent, is presumably accompanied by a series of
functional reorganizations of the brain which in, e.g., CI candidates
have been found to predict poor speech perception performance after
CI (Lazard et al., 2011). Thus, we speculate that the slowing of rhyme
judgment speed with longer hearing aid use in those with below-
average WMC indicates that they may have kept using the slower and
WMC-dependent phonological strategy, avoiding the functional
reorganizations that have a negative impact on speech perception in
hearing rehabilitation. Additional neuroimaging studies involving the
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population are needed to provide stronger evidence supporting
this possibility.

The dependence of phonological
processing on WMC

Interpreting the current results from a different perspective,
hearing aid use seemed to increase reliance on WMC in rhyme
judgment performance. This was seen in the stronger association
with WMC in the HA than the noHA group in mismatching trials
(Figure 2) and the larger impact of WMC on longer hearing aid
users (Figure 4). This finding contradicts a previous study that also
reported an interaction between WMC and hearing aid use. Ng and
Ronnberg (2020) found that reliance on WMC was stronger for
relatively less experienced (2-5 years) hearing aid users compared
to more experienced (5+ years) users in a speech recognition task
in stationary noise. The key difference between this and the current
finding may have been caused by the different nature of the tasks.
In the speech perception in noise task, the enhanced involvement
of working memory signals less automatic and more effortful
processing (Ng and Ronnberg, 2020; Ronnberg et al., 2013).
However, in visual rhyme judgment, the enhanced involvement of
working memory may also show a different strategy. As in the
previous section, the increase in dependence on WMC for
prolonged use of hearing aids may not be unfavorable, because it
may hint at the preservation of the phonological strategy, thereby
indicating the avoidance of the functional organizations of the
brain related to poor speech perception outcomes. This contrast
suggests that the involvement of WMC in task performance differs
according to the characteristics of the task and requires
careful interpretation.

Moreover, the current study showed that hearing impairment was
associated with increased WMC dependency in phonological
processing, and hearing aid use seemed to strengthen this dependency
even further. This finding may suggest that hearing aid use did not
simply revert the influence of hearing impairment, but led users with
different WMC to adapt to the changes in environment in different
ways with an overall positive effect.

Mismatching and matching trials in rhyme
judgment

In the rhyme judgment task, whether orthographic information
matched with rhyme or not affected performance accuracy and speed
together with hearing impairment, hearing aid use, and WMC. To
begin with, the matching trials showed no change with WMC in NH
participants but revealed a positive effect of WMC in groups with
hearing impairment, while in mismatching trials all groups showed a
positive effect (Figure 1), driving the significant three-way interaction
in the group analysis.

Regarding hearing aid use, its interaction with WMC had a larger
impact on rhyme judgment speed for mismatching than matching
trials. This is shown in the difference in WMC-reliance between the
noHA group and HA group in mismatching but not matching trials
(Figure 2). The interaction had a greater impact on accuracy for
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matching than mismatching trials, as seen in the different influence
hearing aid use had on accuracy depending on WMC in matching but
not mismatching trials (Figure 3). In other words, in mismatching
trials, speed was sensitive to differences in hearing aid use and WMC,
while in matching trials, accuracy was sensitive to differences in
hearing aid use and WMC.

In the literature, mismatching trials were thought to require more
phonological processing than matching trials. However, Rudner et al.
(2019) argued that both trial types required phonological processing
because when they were presented randomly, the participant would
need to access phonological information for all trials no matter the
orthographical similarity to reach optimal performance. In their
research, Rudner et al. (2019) found that rhyme judgment speed in
matching but not mismatching trials was predicted by working
memory over and beyond lexical access speed. The current study did
not find a similar outcome, likely because lexical access speed was not
included in the model.

Limitations and future directions

One limitation of the current study is its cross-sectional and
observational nature, which makes it difficult to establish causal
relationships. For example, we interpreted the interaction between
WMC and hearing aid use to suggest that individuals with above-
average WMC benefit more from hearing aid use in terms of
phonological processing, but the interaction may also be caused by
individuals with better phonological processing and above-average
WMC being more likely to use hearing aid for longer. Future studies
could employ longitudinal designs to explore how the relationship
between hearing aid use, WMC, and phonological processing evolves
over time. These studies could determine whether the cognitive
benefits of hearing aid use accumulate with prolonged use and
whether these benefits vary based on the severity and duration of
hearing impairment, potentially providing causal evidence for the
benefit of hearing aid use.

Another potential limitation is that the groups differed
significantly in their age, hearing levels (especially between the noHA
and HA groups), and WMC scores. While the difference in age was
controlled by including it as a covariate in the model, the degree of
hearing loss might still affect the outcomes of the group analysis.
However, our key comparison between the noHA and NH groups
showed that the noHA group, even with relatively mild hearing loss,
exhibited a greater reliance on WMC. This finding underscores the
robustness of the observed effects despite these differences. The
variation in WMC scores across groups also raises concerns. The
observed group-by-WMC interaction in predicting rhyme judgment
performance could partly reflect underlying group differences in
mean WMC rather than a purely interaction-driven relationship.
Although the inclusion of WMC as a covariate in the model helps
control for these differences statistically, it does not fully eliminate the
potential influence of baseline differences. Future studies with larger
sample sizes could address this limitation by matching participants
across groups on age, degree of hearing loss, and WMC to minimize
baseline differences.

Previous studies showed that the processing of a R + O-trial is
likely to differ from that of a R + O-trial, even though they are both
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mismatching trials, and the same is true for the two types of matching
trials (e.g., Andersson, 2002). In this study, the small number of trials
in each category precluded analyses in this aspect. Thus, future
research investigating the effect of hearing aid use and WMC on each
category of rhyme judgment trials would refine our understanding of
how these factors interact to influence psycholinguistic abilities
including phonological processing.

Future research could also explore the underlying mechanisms
that facilitate the interaction between WMC and hearing aid use
in phonological processing. As previously discussed, the current
findings could be interpreted to suggest that WMC affects how
effectively hearing aid users utilize the signal processing
capabilities of their devices, or that hearing aid use increases
reliance on WMC in phonological performance, reflecting a shift
in cognitive strategy. Future neuroimaging studies could
investigate these possibilities by examining brain activity patterns
associated with rhyme judgment performance. Such studies would
help clarify whether WMC enables more efficient use of hearing
aid signal processing or whether hearing aid use fosters
compensatory cognitive strategies.

Understanding the interaction between WMC and hearing aid use
has practical implications for designing interventions to promote
phonological skills in hearing aid users. These skills are vital for
language processing across modalities. Tailored rehabilitation
programs could focus on optimizing hearing aid settings to support
phonological processing. For example, users with lower WMC might
benefit from simplified signal processing.

Conclusion

In conclusion, this study contributes to the understanding of the
intricate relationship among hearing impairment, hearing aid use,
and cognitive functions (especially working memory capacity, WMC)
in influencing phonological processing—a linguistic ability beyond
the auditory domain. Our findings suggest that hearing impairment
exacerbates the reliance on WMC for phonological processing tasks
(cf. the ELU model, 2013, 2022). This suggests that cognitive
compensatory mechanisms may be at play to mitigate the challenges
posed by auditory distortions and deprivations. Notably, the study
also sheds light on the role of hearing aids in this context. Hearing
aid use might generally facilitate phonological processing
performance, with the effectiveness moderated by the user’s
WMC. This underscores the necessity of considering cognitive factors
when evaluating the benefits of hearing aids, as individuals with
lower WMC may not experience the same level of improvement as
those with higher WMC.
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