www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Auditory sequence learning with
degraded input: children with
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compared to children from low and
high socio-economic backgrounds
(‘nurture effect’)
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Implicit sequence learning (SL) is crucial for language acquisition and has been studied in children with
organic language deficits (e.g., specific language impairment). However, language delays are also
seen in children with non-organic deficits, such as those with hearing loss or from low socioeconomic
status (SES). While some children with cochlear implants (Cl) develop strong language skills, variability
in performance suggests that degraded auditory input (nature) may affect SL. Low SES children
typically experience language delays due to environmental deprivation (nurture). The purpose of this
study was to investigate nature versus nurture effects on auditory SL. A total of 100 participants were
divided into normal hearing (NH) children, young adults, Cl children from high-moderate SES, and

NH children from low SES who were tested with two Serial Reaction Time (SRT) tasks with speech

and environmental sounds, and with cognitive tests. Results showed SL for speech and nonspeech
stimuli for all participants, suggesting that SL is resilient to degradation of auditory and language
input and that SL is not specific to speech. Absolute reaction time (RT) (reflecting a combination of
complex processes including SL) was found to be a sensitive measure for differentiating between
groups and between types of stimuli. Specifically, normal hearing groups showed longer RT for speech
compared to environmental stimuli, a prolongation that was not evident for the Cl group, suggesting
similar perceptual strategies applying for both sound types; and RT of Low SES children was the
longest for speech stimuli compared to other groups of children, evidence of the negative impact of
language deprivation on speech processing. Age was the largest contributing factor to the results
(~50%) followed by cogpnitive abilities (~10%). Implications for intervention include speech-processing
targeted programs, provided early in the critical periods of development for low SES children.

Abbreviations
CI Cochlear implant
NH  Normal hearing

RT Reaction time
SES Socioeconomic status
SL Sequence learning

SRT Serial reaction time

Implicit sequence learning (SL) is the ability to automatically detect sequential patterns in the environment
and subsequently make predictions about future events without conscious awareness' ™. It is fundamental to
the general cognitive system and particularly to language acquisition. While there is ongoing debate about
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whether SL is a general learning mechanism or a domain-specific process, it is conventionally presumed that
the linguistic system provides an optimal context for studying SL. Therefore, most studies explored SL within
the linguistic domain in populations with innate deficits in speech and language processing, such as specific
language impairment (SLI)*~, dyslexia’%, and developmental apraxia®!?. These studies showed partial, delayed,
or absent SL%%°, as well as reduced memory consolidation to the learned sequence and higher susceptibility to
interference!l.

There are, however, other special populations, such as the hearing impaired and normal-hearing children
from low socioeconomic status (SES), that exhibit language impairment due to deficits in the quality and
quantity of either the acoustic input or the linguistic input, respectively. These two groups represent distinct
cases of deficits in auditory input due to ‘nature’ (damaged auditory system in the hearing impaired) versus
‘nurture’ (poor linguistic input from low SES environment), both of which impact language performance. To
our knowledge, this is the first study to systematically compare auditory sequence learning in children with
cochlear implants and children with low SES. Thus, the purpose of the present study was to investigate the effect
of acoustic and linguistic deprivation on auditory SL by testing SL in deaf children who gained their hearing via
cochlear implants (CI) and low SES children, respectively. Such information has both theoretical and clinical
implications. Theoretically, the results will provide important insight as to whether degraded auditory input
(of any type) influences SL, and if yes- whether it is influenced differently by the type of the degraded input
(linguistic versus acoustic). Clinically, the findings could help identify vulnerable or impaired processes within
special populations, allowing for targeted intervention to be applied accordingly.

To date, SL was investigated in hearing infants and children mostly in the visual modality'»'’, under the
assumption that SL is a general learning mechanism that testing in one modality is sufficient'*!>. There are,
however, several arguments in favor of testing SL in the auditory modality. One argument is that SL should be
tested in the modality through which language is primarily acquired, that is, the auditory modality'®!”. Another
argument relates to the sequential temporal nature of SL, and therefore, the auditory modality is the appropriate
environment in which to test it'®. These arguments have been strengthened by the fact that significant correlations
were reported between auditory SL and language abilities, whereas no such correlation was found with visual
SL tasks within the same tested cohort'®. Furthermore, auditory SL tasks (and not visual SL tasks) were found to
discriminate between children with specific language impairment and typically developing peers*. Noteworthy
is an ongoing debate as to whether auditory SL is a specific language-processing module due to the rule-
governed structures and sequential patterns in the linguistic system or whether it reflects an ability that is not
limited to speech sounds. van der Kant, Mannel, Paul, Friederici, Hohle & Wartenburgerﬂ, for example, showed
a developmental shift in young children when learning sequences of words in a foreign language, but not when
learning tone sequences, as was demonstrated by fNIRS (functional near-infrared spectroscopy) responses, thus
supporting a language-specific module. Others, however, showed an effect of repeated sequential tones or noises
on participants’ behavioral and electrophysiological responses?*?®, suggesting that SL reflects a general ability.
Thus, whether SL in the auditory modality is specific to speech sounds or reflects a more general learning ability
has yet to be determined.

12,13

Language and learning in hearing-impaired children with cochlear implants

Cochlear implants are the preferable auditory prostheses for children with severe-to-profound hearing loss who
show little or no gain from hearing aids. The CI device includes an outer microphone and processor, which
transforms the auditory signal into electrical pulses and delivers them to the inner part (the receiver) and to the
auditory nerve via an array of electrodes implanted in the cochlea. Thus, the CI bypasses the damaged cochlea
by directly stimulating neurons in the auditory nerve from which information is delivered to the auditory
cortex. Each electrode delivers specific spectral information, and its location within the cochlea approximates
the tonotopic mapping of frequencies of normal hearing??°. Although the spectral and temporal capabilities of
ClI are considerably limited, especially in noise, compared to that of the healthy auditory system, some congenital
deaf children who are implanted under 12 months of age can demonstrate language and speech abilities
that are close to those of their normal-hearing peers thus allowing them to fully integrate into the hearing
society?®?”. However, not all children show good language abilities>**® due to various factors, including age at
implantation, use and gain from hearing aids before implantation, residual hearing, educational approaches,
implant characteristics, duration of CI use, cognitive abilities, and maternal education®%-32, These factors explain
50%-60% of the variability in CI performance, leaving considerable unknown sources of variability that have
yet to be explained!®3**. Some researchers believe the underlying source of spoken language problems in CI
children mostly relates to their limited perceptual abilities®>. Others, however, suggested that children with CI
may use different learning strategies and memory processes compared to their normal-hearing peers to cope
with the peculiar cognitive demands due to their hearing loss and CI device®.

Most studies investigated SL and other implicit learning processes in CI in the visual modality. Some reported
intact SL ability in CI and hearing-impaired children in general®’* while other studies showed reduced ability
of visual SL*~*%. These findings led to “the auditory scaffolding hypothesis”, which suggests that SL deficit shown
in CI children in the visual modality indicates that the auditory system plays a significant role in developing
the general ability to process sequential input'®. Following this hypothesis, it's expected that HI children with
cochlear implants will show poor SL when tested in the auditory modality. This, however, has yet to be empirically
confirmed.

Language and learning in low SES children

Normal-hearing children from low SES fundamentally differ from those in the CI group because they have an
intact auditory system but lack sufficient linguistic exposure through meaningful interactions with their main
caregivers**%, This lack of linguistic exposure is further exasperated due to reduced parental responsivity, lack

Scientific Reports |

(2025) 15:7872 | https://doi.org/10.1038/s41598-025-92454-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

of enrichment activities, and poor family companionship?’. Therefore, despite normal hearing sensitivity and a
typically functioning auditory system, most studies that investigated language performance showed language
deficiencies in almost all linguistic domains. These include poor lexical knowledge and limited vocabulary
usage®°0-53, Jow levels of grammatical understanding and grammatical complexity in expression®>°*>*, delayed
acquisition of pragmatic skills and a lack of pragmatic sophistication®?, and low scores on morphology tasks
requiring morphological analysis and analogies®. The acquisition of phonological awareness and sensitivity in
late development stages is delayed in low SES children®”%, although no SES effect on production accuracy was
found®. Cognitive processes that were found to contribute to poor language performance in low SES children
include poor executive functions, such as low inhibitory control, limited cognitive flexibility, and reduced
working memory®-62,

While there is mounting evidence as to the damaging effects of poor linguistic input on language outcomes,
little is known about their underlying learning processes. To date, we are aware of only one study that addressed
implicit learning processes via statistical learning in the visual modality?® (another implicit learning process
based on tracking probabilistic patterns in the input rather than sequential patterns as in SL), and none in the
auditory modality. Using behavioral and event-related potential measures in a visual learning task of 13 low SES
children (as measured by maternal education) compared to 11 high SES children aged 8-12 years, statistical
learning was found to be a significant mediator in the association between parental education and two language
measures.

In sum, very little is known regarding auditory SL in prelingually deafened children with cochlear implants
and typically hearing children from low SES families. Both populations demonstrate language difficulties that
stem from impoverished inputs but for different reasons—nature versus nature, respectively. In addition, no
study has tested SL with linguistic and non-linguistic sounds. Children with language difficulties may have
specific difficulties in SL with linguistic stimuli but not in non-speech learning sequences. On the other hand,
testing SL with non-linguistic sounds that are unfamiliar, such as pure tones®®*, may have a negative effect on
SL, especially in children®>%. In addition, testing with the two types of stimuli may help answer the ongoing
debate as to whether auditory SL is specific to language stimuli. Such information will help support or negate the
hypothesis of SL as a general learning ability and not a language-specific one. Therefore, in the current study, two
types of stimuli were used: familiar environmental sounds (non-speech sounds) and syllables (speech sounds).

The goals of the present study were: (1) to explore and compare SL in the auditory domain using a serial
reaction time task (SRT) in prelingually deaf children using CI from high-medium SES, hearing children from
low SES homes, and normal-hearing children and young adults from high SES who served as controls; (2) to
examine SL with speech sounds and environmental sounds to determine the specificity of the learning processes;
(3) to determine whether age is a confounding factor on the SRT task; and (4) to test the association of cognitive
abilities, such as working memory, attention and non-verbal intelligence on auditory SL.

Results

Group average medians of reaction time (RT) to the 108 stimuli in each of five blocks (nine repetitions of a 12
stimuli sequence in each block) for speech sounds and environmental sounds were calculated to create learning
curves for the CI children from HSES homes (CI group), normal-hearing children from low SES homes (low SES
group), and normal-hearing children and young adults from high SES homes (NH high SES).

Figure 1 shows learning curves for the CI group, the low SES group, and separate curves for the adults and
the children from NH high SES group. The performance of NH high SES adults and children was separated in
this graph to demonstrate developmental differences. However, further data analysis refers to the three defined
groups (CI, low SES, NH high SES). It can be seen that all groups with both stimuli (with the exclusion of low
SES with environmental sounds) show typical learning curves. That is, an expected decrease in RT from block
1 to block 3 (for the learned sequence A), an increase in RT in block 4 (when the new sequence B is presented),
and another decrease in RT in block 5 (back to the previously learned sequence A).

Figure 1 also shows that the RTs were shorter for the NH high SES adults compared to children regardless of the
type of stimulus. Also, for all NH participants, RT for speech sounds was prolonged compared to environmental
sounds with the longest RT for speech in the low SES. In contrast, no prolongation for speech sounds (compared
to environmental sounds) is observed for the CI group. Interestingly, the RTs of the environmental sounds are
similar to all three groups of children regardless of hearing loss or economic status. These observations were
further confirmed in the following statistical analyses.

Levene testing was used to assess the homogeneity of variances across the different groups. No significant
difference in variance was found between the three groups in the SRT task with speech sounds. However, with
environmental sounds, the variance differed between the three groups [F(2,97)=6.1, p=0.003], with higher
variance in the two NH groups (low SES and high SES) than in the CI group. Therefore, reaction time data were
log-transformed to reduce skewness. Negative values were treated by adding a constant to the data prior to
transformation. Table 1 presents the results of the repeated measures ANCOVA on the log-transformed RT data,
with Block and Stimulus Type as within-subject variables, the Group as a between-subject variable, and age as
covariant. The ANCOVA included calculations of the main effects and all possible interactions. The significant
interaction of Stimulus Type*Block followed by contrast analyses with Bonferroni correction showed that while
for speech sounds the RT reduction between block 1st and block 3rd was significant (mean difference =108.85
ms; p<0.001) and evident of learning, RT difference of blocks 1-3 was not significant for the environmental
sounds (mean difference =48 ms; p=0.18). This interaction confirmed a non-typical learning curve compared to
a typical learning curve for speech sounds as shown in Fig. 2a. A second interaction that was found significant is
Stimulus Type*Group. Contrast analyses with Bonferroni corrections showed significant differences in the mean
RTs (across blocks) between the speech sounds and the environmental sounds in the hearing groups (mean
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Fig. 1. Group learning curves showing the average median reaction times and standard error for each block
of 108 stimuli sequence, and for each type of stimuli: speech sounds (solid line) and environmental sounds
(broken line); for normal-hearing adults (n=19) marked in >, normal-hearing children (n=41) marked in O,
CI (n=15) marked in (O, and low SES (n=25), marked in A.

95% confidence interval

Mean | SE Lower limit | Upper limit | p-value | df F n?
Block 1 631.18% | 20.15 | 591.17 671.19 0.8 3,384 | 0.2 |0.002
2 593.47* | 21.19 | 551.41 635.53
3 554.76* | 23.1 508.91 600.61
4 666.53* | 21.28 | 624.3 708.76
5 544.39* | 22.46 | 499.795 588.98
Stimulus type Speech | 695.34* | 24.51 | 646.68 743.99 0.002 1,96 | 10.58 | 0.1
env 500.79* | 22.07 | 456.98 544.6
Group NH 530.15* | 22.76 | 484.99 575.31 0.02 2,96 | 3.93 |0.08
CI 559.79* | 46.95 | 470.11 657.09
LSES 704.25* | 36.37 | 748.59 893.42
Stimulus type*block 0.01 4,342 | 3.95 0.04
Stimulus type*group <0.001 | 2,96 12.61 0.2
Block*group 0.66 7,96 | 0.58 0.01
Stimulus type * block * group 0.78 7,96 | 0.5 0.01

Table 1. The results of the repeated-measures ANCOVA on the log-transformed RT data. Covariates
appearing in the model are evaluated at the following values: age = 11.72.
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Fig. 2. Graphic description of the two significant interactions (p <0.01): (a) Stimulus Type*Block (average over
all participants); and (b) Stimulus Type*Group (averaged over the 5 blocks).

differences of 201.74, 356.97 ms, for high SES and low SES, respectively), but with no significant difference in the
CI group (mean difference of 24.91 ms) as shown in Fig. 2b.

The ANCOVA analysis also showed a main effect of the covariate variable age [F(1,96)=105.6, p<0.001,
n?=0.52]. Figure 3a and b show the individual medians in block 5 (as a measure of the processing time in the
final learned sequence) as a function of age for speech sounds and environmental sounds, respectively. The
best-fit regression line for speech sounds was exponential (R*=0.56), and for environmental sounds was linear
(R?=0.53). The correlation of block 5 with age was also explored separately for the CI, low SES, and NH high SES
groups. In the NH high SES group (adults and children), significant and high correlations between the variables
were shown for both types of stimuli, speech sounds and environmental sounds (r=-0.77; <0.001 and r=-0.79,
Pp<0.001, respectively). Significant but lower correlations were found between age and SRT of block 5 for the CI
group and the LSES group for speech stimuli only (r=-0.6, -0.56; p=0.018, 0.004, respectively).
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Fig. 3. Individual data showing median RT in block 5 as a function of age (on a log10 scale) (a) for speech
sounds and (b) for environmental sounds, in NH group (marked in O, n=60), CI group (marked in O, n=15),
low SES group (marked in A, n=25). Regression lines and R values are marked according to best fit.

Associations between SL and background variables in the CI group
No significant associations were found between the processing time in the final learned sequence (median RT
of block 5) of the CI group and the duration of implant use or HAB word recognition score (p>0.05). Similarly,
t-tests for independent samples revealed no difference in processing time as reflected in RT of Block 5 between
CI who were congenitally deaf to those with progressive hearing loss (p > 0.05).
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Associations between SL, cognitive skills, hearing status, and SES

Pearson correlations controlled by age were conducted between cognitive test scores and block 5 RTs for each
stimulus type for all the participants. One participant from the CI group was excluded from the analysis since
she was a Yiddish speaker. The results of the correlations are presented in Table 2.

It can be seen that medium significant correlations were found between all three cognitive tests and the
learning measure with speech sounds. However, with environmental sounds, only TMT showed a significant
correlation with RT of block 5.

A hierarchical linear regression model was conducted to examine the relationships between the median RT in
block 5 with speech sounds and environmental sounds and the three cognitive test scores across all participants.
In the first step, age was entered into the analysis, and in the second step, the three cognitive scores were entered.
The regression model for speech sounds was statistically significant for both steps [F(1,244.9) =32.6; p<0.001
for age only, and F(4,214.2) =35.8; p <0.001 for cognitive scores]. Age alone explained 46.5% of the variance in
block 5 RT, and 60.3% of the variance was explained by the combined effect of age and the three cognitive scores.
Hence, the addition of the cognitive scores explained an additional 13.8% of the variance. The TMT and digit
span scores were significant predictors (p=0.21, -0.23; p=0.005, 0.008, for TMT and digit span, respectively).
However, the Raven scores did not significantly contribute to the prediction of the block 5 RT. The regression
model for environmental sounds was also statistically significant for both steps [F(1, 97)=103.9, p<0.001 for
age only, and F(4, 94) =36.3, p <0.001 for cognitive scores]. Age alone explained 51.7% of the variance in block 5
RT, and 60.7% of the variance was explained by the combined effect of age and the three cognitive scores. Hence,
the addition of the cognitive scores explained an additional 9% of the variance. Digit span and TMT scores
were significant predictors of block 5 RT (p=-0.41, 0.33; p<0.001,<0.001 respectively), while Raven was not a
significant predictor.

A second hierarchical linear regression model was conducted to examine the relationships between block 5
RTs with speech sounds and environmental sounds and the two categorical variables, hearing (NH vs CI) SES
(high SES vs low SES). In the first step, age and TMT scores (as representing cognitive skills) were entered into
the analysis as control variables; in the second step, the hearing status variable was entered, and in the third step
the SES variable was entered. For the speech sounds, the model with the control variables alone was statistically
significant [F(2,97)=59.02; p<0.001], explaining 54.9% of the variance in the dependent variable (R?=0.549).
Hearing status did not significantly improve the model [F(1,96)=0.97, p=0.33, AR?=0.004]. Adding the SES
variable significantly improved the model [F(1,95)=12.49, p<0.001, A R?=0.052, p= —0.26], explaining 5.2%
of the variance. The final model explained 60.5% of the variance. For the environmental sounds, with the
control variables the model was statistically significant [F(2,97) =65.89, p<0.001], and explained 57.6% of the
variance. In contrast with the speech sounds model, adding hearing status to the model significantly improved
it [F(1,96)=11.29, p=0.001, AR*=0.05], increasing the explained variance to 62.1%, and showing a significant
negative effect of longer RTs with environmental sounds (f = —0.232). Adding SES did not significantly impact
the model (p=0.5).

Discussion
This study is the first to systematically explore the effects of degradation in auditory input due to ‘nature’ versus
‘nurture’ deficits on auditory SL by testing hearing-impaired children with CI and children from low SES homes
representing each of the deficits, respectively, in comparison to normal hearing high SES group. This is also the
first study to investigate the effect of type of stimulus (speech versus nonspeech) on auditory SL by comparing
speech and environmental sounds within the same participants. The data support the following novel findings:
(1) All groups of participants demonstrated learning curves for both speech and nonspeech stimuli, suggesting
that SL is a robust process resilient to degradation of auditory input and that it is not specific to speech; (2)
Reaction time was found to be the sensitive measure for differentiating between groups and between types of
stimuli. Specifically, normal hearing groups showed longer RT for speech compared to environmental stimuli,
a prolongation that was not evident for the CI group; and, RT of low SES children was the longest for speech
stimuli compared to other groups of children (including CI); (3) SES was a significant predictor to RT for speech
sounds, with lower SES associated with poorer performance, but hearing status did not add to the speech sounds
hierarchical model regression. In contrast, hearing loss negatively predicted performance with environmental
sounds, but SES had no effect on the model; (4) RT of SL for speech sounds and environmental sounds is age
dependent; and (5) auditory memory span, visual attention, and nonverbal intelligence together contributed
to reaction time in a SL task beyond the influence of age. Age explained 46.5% and 51.7% of the RT variance
(speech sounds and environmental sounds, respectively), and cognitive skills explained an additional 13.8% and
9% of the variance (speech sounds and environmental sounds, respectively).

The first of our findings that all groups of participants demonstrated learning curves, suggests that auditory
SL, as tested in this study, is a robust process resilient to the long-term negative effects of the degraded linguistic or
acoustic input. This was based on the relative RT results showing shorter RTs for the repeated (learned) sequence

Stimulus type TMT | Raven | Digitspan
Speech sounds 0.39%* | -0.35%* | -0.34**
Environmental sounds | 0.35** | 0.08 -0.07

Table 2. Coefficient values (r) of Pearson correlations between cognitive test scores and the RT of block 5 for
each stimulus type (n=99). Significant correlations are marked with asterisks. **p <0.001.
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compared to longer RTs for the new sequence in all tested groups and stimuli. One possible explanation for the
finding that auditory SL was evident in all tested groups, including the CI group and children from low SES, is
related to the SL task used in the present study. Specifically, our participants were requested to press a key after
each stimulus in the sequence, which is considered low-demanding on working memory. In contrast, studies
where participants were requested to remember the entire sequence and then key what they heard is more
difficult to perform because it is more cognitively demanding. In such studies, any prolongation of processing
time for each individual sound may also create overlap and interference in the processing of the entire sequence
at various perceptual and cognitive levels. Support for this explanation can be found in studies that showed intact
visual SL in hearing-impaired individuals when requested to respond following a single stimulus®”* but not
when the task required repetition of sequences varying in length%41:43,

The finding that degraded auditory input did not negatively affect auditory SL in CI children is in keeping with
the findings of Hall et al.¥’, who showed SL in hearing-impaired and CI participants using the visual SRT task.
Our findings are also in keeping with studies that showed that many CI children achieve remarkable speech and
language outcomes despite limited auditory input provided by the device and the period of auditory deprivation
prior to implantation?®?’. These achievements are probably due to neural compensatory mechanisms that
help them adapt and make the most of the auditory signals they receive. An example of such a compensatory
mechanism is brain plasticity for those implanted under 2 years old, which is considered a critical period of
auditory and language development, during which the brain is most receptive to learning and adapting to
auditory stimuli®’. This period is also sensitive to the development of some executive functions, such as learning,
attention, sequential processing, and factual and working memory®®%°. In the present study, 8/14 (57%) of the
CI group were implanted under the age of 2 years, an age when the brain adapts well to new and different
information. Therefore, it may not be surprising that these children showed learning on the auditory sequence
task. The remainder of this group was implanted considerably later (>3 years old) because they had residual
hearing and were able to benefit from hearing aids. Early access to speech sounds, even if limited, contributes
significantly to brain organization and neural connectivity between areas of the brain in the critical period of
auditory, speech, and language development®”. Thus, the audiological background of these children may explain
their good SL. Note that this finding does not support the 'auditory scaffold hypothesis, which suggests that
the auditory system plays a significant role in developing the general ability to process sequential input'® and,
therefore, predicts poor SL in CI users'®. This hypothesis was based on the finding of poor visual statistical
learning in CI children. Hence, it is also possible that differences in the implicit learning task and tested modality
contributed to the different outcomes of such studies. This should be investigated in future studies.

The second finding of longer RT for speech compared to environmental sounds for the normal hearing groups
can be explained by the notion that the process of speech identification, processing, and reading the correct
key on the keyboard is either more demanding or requires more stages toward decision-making compared to
environmental sounds. Assuming RT reflects the accumulated processing time of these processes (including SL),
it has been suggested that shorter RTs indicate more efficient neural processing, while longer RTs may suggest
delays in processing including decision-making’®’!. Why would processing speech stimuli on the SL task result
in longer processing times? One possibility may be related to the fact that the SL with speech sounds involves
reading the letters on the keyboard, adding complexity due to phonology-orthography coding. This symbolic
sound-to-sign coding does not occur in responses to environmental sounds, which involve semantic processing
when coding the sound to its source’”3. Another possible explanation is that the perception of syllables activates
top-down processes in anticipation of a meaningful unit (e.g., a word)’*7®. Such activation of additional
processes aims to optimize and promote speech perception but may add to processing time. In contrast, no extra
top-down anticipation processes are expected to occur when listening to an environmental sound. Thus, based
on this explanation, it is possible that the auditory SL of environmental and speech sounds is mostly similar’’
and that the additional prolongation for speech sounds may be related to post-stimulus processes. To resolve this
issue, it would be of interest to select meaningful monosyllabic words that can be expressed in pictures.

A third possible explanation for the prolongation of RT for speech sounds may be the shorter time required
to identify environmental sounds compared to speech sounds even though both types of stimuli are similar in
duration (500 ms). Research suggests that differentiating between the vowels (e.g., /sa/ vs /si/ and /ta/ vs /ti/
would require identifying the transition to the vowels and formants and reported to be about 150 ms of auditory
input for reliable discrimination’®. The differentiation between the fricative and stop consonants (e.g., /sa/ vs /ta/
and /si/ vs /ti/) may require an even shorter duration of approximately 40-50 ms of auditory input. This period
provides critical information on aspiration and the frequency patterns of the initial fricative noise allowing a
confident distinction between phonemes”. In contrast, the time required for differentiating between known
environmental sounds, such as a dog barking or bird chirping, typically falls within a range of 100 to 300 ms.
Studies on auditory perception suggest that while rapid recognition of familiar sounds may take approximately
100-150 ms more accurate recognition may occur around 250-300 milliseconds®*8!. Based on this information,
one would expect RT for environmental sounds to be longer than those of speech sounds and not shorter as
found in the present study. Although this explanation is not substantiated, future studies should test the duration
of sound required to identify stimuli similar to those used in the present study.

The finding of similar RT between speech and environmental sounds for the CI children is interesting,
considering the above explanations for the prolongation of speech compared to environmental sounds in the
hearing groups. Moreover, average RTs for speech and environmental sounds of CI did not differ significantly
from the NH group. These findings can be explained by different listening strategies used by CI compared to
NH for the environmental sounds. It is suggested, for example, that NH children may have relied on an implicit
conceptual process of the sound source when responding to environmental sounds (based on memorization
of acoustic patterns due to repeated exposure to these sounds). In contrast, the CI group may have relied on
a more explicit strategy of inner speech of the words for the sound source (the words: dog, bird, door, bell).
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Thus, activating such phonological processes increases processing time, manifested in longer RT. The possibility
that CI children may have used explicit learning strategies is further supported by our findings of significantly
smaller variance in the RT data for environmental compared to speech sounds. It has been shown that explicit
learning strategies generally yield lower variance rates among learners®?, while implicit learning processes
can vary widely among individuals®>. Also, studies reported that hearing-impaired children use more explicit
strategies compared to implicit ones in NH34-%, For example, CI children demonstrated the use of explicit
serial clustering strategies for word learning compared to NH, who used implicit strategies*. Using yet another
different learning strategy, CI children may have relied on specific acoustic features for the categorization of
environmental sounds (as a basis for identification), whereas NH peers relied on semantic contexts®’. The
hypothesis that CI children use different listening strategies for recognizing environmental sounds compared to
NH requires further investigation.

The finding of significantly prolonged RT for speech SL in the low SES group compared to the other groups
emphasizes the negative effect of language deprivation (and not acoustic deprivation) on the processing time
of linguistic tasks in this group®®. Low SES children have insufficient input of speech both in quality and
quantity**~*¢48 in contrast to unrestricted exposure to general auditory input of non-speech sounds. This
may explain why RTs for environmental sounds of the low SES were similar to their high SES peers. For SL of
environmental sounds, all NH children, regardless of SES, may have activated implicit processing relying on
acoustic pattern memorization. However, in the speech SL task, listeners were also forced to activate phonological
processes, possibly triggering related top-down processes at the conceptual-lexical level, in anticipation of a
further meaningful speech context, as was explained previously. It is possible that these latter linguistic levels of
processing may be insufficient and slower in low SES children. This hypothesis is supported by studies showing
unclear boundaries of phonological categories and difficulties in the central processing of speech sounds in
the late stages of perception® in low SES children®”>?!, Furthermore, research has consistently shown that
low SES children often experience difficulties in phonological awareness®*~*4, which were found to be highly
associated with speech perception skills. Children who demonstrated low scores in phonological awareness
tasks, such as syllable counting, initial consonant recognition, and phoneme deletion, were at high risk of poor
performance on speech perception tasks, such as categorical perception of speech sounds, speech perception
in noise, and minimal pairs discrimination®>~*”. Because speech perception skills are considered a prerequisite
for normal language development!’, the RT prolongation for speech sounds in low SES may provide important
insight into the underlying processes, specifically learning processes, that influence language development in
this population. To date, studies offer limited information regarding the means by which learning processes may
influence language acquisition®®. It has been suggested that linguistic input is translated into language acquisition
through the learning processing systems®*!%. Hence, a slow, unsuccessful, and inefficient learning process may
result in delayed and/or prolonged acquisition of a language skill and a higher rate of linguistic errors. It should
be noted that longer RTs were also found in behavioral and neural responses to different SL tasks in children with
specific language impairment (SLI), suggesting slower, inefficient, and interfered IL processes in children with
intrinsic innate language deficit!"!%1. This data supports the possibility that SLI and low SES share a common
ground of difficulties in IL related to language difficulties.

The evidence of SL for both speech and non-speech stimuli in all tested groups supports the hypothesis that
SL reflects a more general learning mechanism!®!712 and not a specific one unique to a speech module!%*104,
However, the greater difference in the relative RT change in the first three blocks for the speech compared to the
environmental sounds indicates faster learning that is unique to speech. One explanation for this finding may be
related to the fact that processing speech sounds activates more cognitive processes resulting in faster learning,
suggesting that environmental sounds require longer learning time. To test this hypothesis, future studies should
include more blocks of training to the learned sequence prior to the exposure to the new sequence. It may
be that after more training, SL with environmental stimuli will show learning similar to speech SL. Another
possible explanation is that throughout their lifetime, participants had more exposure and general purposeful
SL experience to speech sounds (for language development) compared to SL of non-speech sounds. Nonetheless,
when the repeated pattern was violated (block 4), a strong and significant SL effect was demonstrated for both
types of stimuli. It should be noted that studies that supported specific speech modules in implicit learning!%*1%4
did not deny the existence of a general mechanism that is less tuned to non-speech stimuli. Following this
notion, recent studies reframed a compromised approach, suggesting that components and constraints of general
cognitive and auditory mechanisms shape basic processing, which is also specifically tuned for speech sounds!®.

The fourth finding of the present study, that the RT measurement in the simple SRT task varies with age, is
in alignment with the notion that RT reflects the accumulating effect of a combination of processes, including
SL, auditory categorization, decision-making, motor preparation, and motor execution speed, all known to
be developmental'®®!%7. The RT reduction throughout childhood and young adulthood, particularly in the
context of SL, can be attributed to general interrelated factors of neurodevelopmental processes and cognitive
maturation. For example, maturational decrease in glutamate levels in the cerebral cortex and synaptic pruning
refine the cortical networks and improve the efficiency of neural pathways!. The cognitive maturation effect
may relate to developmental changes in cognitive control mechanisms that underpin RT, and exhibit a U-shaped
trajectory across the lifespan, peaking during young adulthood!®. The significant correlations between age
and the scores for each of the cognitive tests in this study (r=-0.26, 0.47, 0.62; p=0.006,<0.001,<0.001 for
TMT, Raven, and digit span, respectively) support the association between cognitive maturation and RT. The
finding of developmental changes in RTs in SL with speech sounds, but not with environmental sounds, in the
CI group is of interest. For speech sounds, CI children showed a decrease in RT with age, as expected from the
developmental trajectory (Fig. 3a). This finding supports the notion that the CI device provides appropriate
acoustic input that allows the development of age-appropriate SL processing. The lack of a developmental decline
of RT with age for the environmental sounds may be explained by the fact that most auditory training protocols

Scientific Reports |

(2025) 15:7872 | https://doi.org/10.1038/s41598-025-92454-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

for CI children utilize speech material. The exception is non-speech stimuli for auditory awareness training!!°.
Thus, it may be that the RT for environmental sounds was more influenced by acoustic degradation, as CI
children fail to develop a more immediate response to the acoustic patterns of the sounds, which may change as
they grow older and accumulate listening experience. This notion can be tested by measuring the children’s RT
for environmental sounds at an older age.

The last of our findings is that cognitive abilities (non-verbal intelligence, visual attention, and auditory
working memory) explained 13.8% and 9% of the RT variance in the last SRT block (for speech and environmental
sounds, respectively), in addition to the influence of age which explained 46.5% and 51.7% of the variance
(for speech and environmental sounds, respectively). These findings emphasize the notion that SL is influenced
by cognitive capabilities, as reported previously!!1~!16. Our findings do not support the lack of involvement of
higher cognitive skills in SL as reported by others!!”!18, Although cognitive skills were found to contribute to RT
performance with both types of stimuli, they were stronger predictors of speech than environmental sounds. This
finding supports our explanations related to the influence of higher levels of brain activation and processing in
SL with speech sounds!''®1%°. The findings also imply that speech SL may rely more heavily on working memory
and executive functions, while SL with environmental sounds depends more on executive functions and fluid
intelligence. Research indicates that auditory working memory plays a significant role in speech perception,
which requires holding and manipulating sound patterns, especially under adverse listening conditions!?!. In
contrast, while environmental sounds also engage in auditory memory, the processing demands may not be as
high as those required for speech sounds.

The findings of the present study have theoretical and clinical implications. Theoretically, our findings
support the notion that auditory SL is a basic ability of the cognitive system, as shown by its strong associations
with other auditory and non-auditory cognitive tasks, as well as its resistance to the negative impact of degraded
acoustic input. This is further supported by the findings that the negative impact of “nurture” factors was more
pronounced than that of “nature” factors based on significant prolongation of the RTs for speech stimuli in the
low SES group compared to other groups. This latter finding suggests that there is a potential overlap between
SES-related delays in language development and auditory processing and that other more complex processes
(e.g., categorization, decision-making, etc.) are specific to speech tasks. Clinically, the findings of the present
study suggest that for low SES children, language intervention programs should also target speech sounds from
the initial perceptual-phonological stages in order to improve auditory perceptual processing time. In addition,
intervention and language support for low SES should begin much earlier than documented!?? and preferably
within the critical period for language development. Recent studies show that low SES infants have delayed early
vocal and communicative behaviour (babbling, joint attention, first words) already in their first year of life!23-12°,
Thus, there is a need to offer large-scale intervention programs for infants from low-SES families as early as
possible!?6. The contribution of cognitive skills to SL performance suggests that cognitive training may enhance
the improvement of learning processes. There is some evidence of cognitive training programs that positively
influence language skills'>”12%, However, it is not clear whether cognitive training is associated with improved
SL. This should be explored in future studies.

There are several limitations to this study. First, the sample size of the CI group was relatively small and
heterogeneous in its background factors. This may have contributed to the lack of significant difference between
the RT of speech and environmental sounds. Therefore, it is difficult to conclude whether the lack of such a
difference in CI is due to atypical listening strategies for environmental sounds, for speech sounds, or both.
Secondly, future studies should investigate SL in relation to language and speech perception skills. The third
limitation is related to the lack of controlling for background parental factors which could impact the quantity
and quality of the interactions and the linguistic input in CI and low SES children. These include parental stress
levels, parental sensitivity skills, and parental communication style. Finally, SL should be explored through other
learning tasks involving different levels of cognitive demands and methodology in order to be able to tease apart
the possible effect of such variables on the results.

In summary, SL, via a simple auditory SRT task, was found to be resilient to the negative impact of deprived
auditory and linguistic input caused by hearing impairment (nature effect) or by low SES environment (nurture
effect), as evidenced by shorter RTs for a repeated sequence and higher RTs for a novel sequence. The effects of
degraded auditory and linguistic input were evident through the RT values of the learning curves, which reflect
a combination of processes including sequence learning but not limited to it. Thus, the simple SRT auditory
allows the identification of SL ability separately from other cognitive abilities. The effect of CI was demonstrated
by similar RT for speech and environmental sounds, whereas the effect of low SES was demonstrated through
the significantly longer RT for speech sounds. The findings shed light on the specific processing and learning
strategies in each special group and, hence, the specificity of the impact of the deficit. Thus, we propose that
the relative RTs between blocks that demonstrated the SL and the RT values in the last block, indicating brain
processing time, are two complementary SRT measurements. Integrating the information resulting from both
measurements provides sensitivity to the occurrence of SL, together with specific features of SL in different
populations and different types of stimuli. Finally, it should be noted that one cannot exclude the possibility
that CI children may reflect more than “nature” deficits and low SES children more than “nurture” deficits.
Both groups may be influenced by other factors. For example, CI children are also deprived of environmental
auditory input during their first year of life and are at high risk of being influenced by maternal depression'? (a
“nurture” effect). Similarly, low SES children may suffer from reduced maternal sensitivity'*° and are at high risk
of the negative effects of epigenetic factors'*!. Thus, comparing performance between CI and low SES children as
representing the effects of 'nature vs nurture’ is more complex than originally thought and should be investigated
in future studies.
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NH (n=60)
Children (n=41) | Adults (n=19) | CI (n=15) LSES (n=25)
Age (years) 6.5-10.2 22-29 7.9-16.9 6.5-8.3
M=8.04+0.97 M=253£23 M=11.6+£2.5 | M=7.5+0.43
Gender (female, male) 21,20 11,8 9,6 12,13
Maternal education (children); education (adults) (years) | 14-21 13-18 13-18 10-12
M=16.1%£2 M=14.7+1.2 M=14.9+1.6 | M=11.48+0.85
Table 3. Demographic details of the 3 groups of participants.
HAB* in
Quiet (%
Age at testing Age at implantation words
(years) HI type Age at first hearing aid fitting | (years) Type of implant device correct)
1 |10.17 ?jaundice 6m 1.1 Cochlear C512 (R+L) 95
2 | 156 Genetic 3m 1.11 Cochlear Freedom (R+L) 75
3 | 126 Genetic 3m 1 Cochlear Freedom (R+L) 85
4 9.5 Genetic 4m 1.5 Cochlear C512 (R+L) 75
5 [13.2 Genetic 7 m 1 Cochlear Freedom (R), C512 (L) | 65
6 9.1 Unknown 7 m 1 Cochlear C512 (R+L) 75
7 127 Suspect CMV 6m 111 Cochlear C512 (L) + HA (R) 80
8 |123 Unknown 3m 0.74%¢ Medel Concerto medium (R+L) | 65
9 9.3 Genetic** - 8.9 Cochlear C512 (R)+HA (L) 95
10 | 95 Genetic** - 3.6 Cochlear C512 (R+L) 95
11 | 10.6 genetic** 3 yrs, at diagnosis 6.9 Medel Rondo (L) + HA (R) 90
12 | 11.2 Hematologic disease** | 3 yrs, at diagnosis 3.8 Cochlear C512 (R+L) 40
13 | 12.1 Unknown** - 6.2 Cochlear Freedom (R) +C512 (L) | 90
14 | 16.9 Unknown** 5 yrs, at diagnosis 15.5 Cochlear C512 (R)+HA (L) 60
14| 79 Genetic** 3 yrs, at diagnosis 6.1 Cochlear Freedom (R) +C512 (L) | 80

Table 4. The demographic and audiological information of the children with cochlear implants (CI).

m =months; yrs =years; L =left; R=right. *HAB = Hebrew Arthur Boothroyd test. A monosyllabic
isophonemic-word list recognition test. Each score is based on 20 words!**. **Progressive hearing impairment,
otherwise congenital. **Simultaneously implanted, otherwise sequential. When sequential, age at
implantation relate to the first implantation.

Method

The present study was conducted following the ethical approval granted by the Institutional Review Board
(IRB) at Tel Aviv university and at Shaare Zedek medical center under protocol number 0258-17-SZMC. All
experimental procedures adhered to the guidelines and regulations set forth by the Declaration of Helsinki
and the institutional policies governing human subjects’ research. Informed consent was obtained from all
participants prior to their involvement in the study, and in cases where participants were minors, consent was
provided by their parents.

Participants

A total of 100 children and adults participated in this study. They were divided into 3 groups: the first group
included 15 CI children from medium-high SES homes (CI group), a second group included 25 normal-hearing
children which were recruited from low SES homes (low SES group), and a third group included 60 normal-
hearing (NH) participants from two age groups: 41 children and 19 young adults (NH group). The demographic
background information of the three groups is detailed in Table 3. Based on a developmental and educational
questionnaire (for the adult participants or the children’s parents), all participants reported typical development
of speech and language, and no other developmental difficulties currently or in the past. Participants in the
NH group and the low SES group were tested for hearing prior to performing the learning tasks to confirm
hearing levels within the acceptable normal hearing range for each ear separately (pure-tone air-conduction
thresholds < 20dBHL at octave frequencies of 500Hz, 1000Hz, 2000Hz, 4000Hz; bilaterally. ANSI, 1996)!32. The
CI children were all orally habilitated, and all but one child used bilateral (CI) or bimodal [CI +hearing aids
(HA)] devices. Detailed background information of the individual CI participants is presented in Table 4. Note
that CI children 1-8 were congenitally deaf and were implanted at a mean age of 1.06 years (SD=0.23), whereas
CI 9-15 had progressive hearing loss and were diagnosed by 3-5 years of age and were therefore implanted later
(mean age 7.3 years, SD=4 for this group). Also, with the exclusion of CI8 who was implanted with both Cls
simultaneously, all other CI children had two devices implanted sequentially.
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Participants from the NH and CI groups lived in medium-high SES homes. In this study, years of maternal
education was used as a criterion for SES**!3, Specifically, maternal education of 12 years and below indicated
low SES, whereas above 12 years indicated high SES. In addition, participants in the low SES group were recruited
from a school in a disadvantaged neighborhood, which was ranked highly (7.5 points) in the socioeconomic
index for schools defined by the Ministry of Education (http://edu.gov.il/sites/Shaar/Pages/madad_tipuach.asp
x), indicating low SES of the students.

Stimuli

SL was investigated with two types of natural auditory stimuli: speech sounds and environmental sounds, which
are meaningful and familiar to the children. The speech sounds included the syllables /sa/, /ta/, /si/ and /ti/. These
were natural productions of three native Hebrew female speakers digitally recorded at a 41,000 Hz sampling rate.
All sounds were identified correctly and immediately by five naive listeners. These syllables were chosen as they
contained frequent phonemes and were easy to perceive and discriminate (fricative versus plosive in consonants
and low-mid versus high-front positioning of the tongue in the vowels) by CI users as well. The non-linguistic
environmental stimuli set consisted of a dog barking, a bird singing, a knocking on a door, and a bell ringing.
These were natural recordings, downloaded from a free- downloadable site (http://soundbible.com/about.php).
These ES were also chosen as they were easily recognized and distinguished (high-frequency sounds vs low-
frequency sounds, and animate vs inanimate sources of sounds). The duration of each stimulus, speech sounds
or environmental sounds, was set to 500 ms (+ 10 ms), and the stimuli was intensity normalized (RMS), using
the Sony Sound Forge program, version 7.0 (2003). The four sounds in each set of sounds (environmental and
linguistic) were used to create two sequences of 12 signals (template A and template B). These sequences were
generated according to a specific arbitrary order following Nissen & Bullemer!*® (see also Gofer-Levi, Silberg,
Brezner, & Vakil, 2014; Lum et al., 2014)!3¢137, Each template was multiplied nine times to generate sequences
of 108 sounds (two sequences of speech sounds and two sequences of environmental sounds). The sequence
created from template A (“sequence A”) was presented repetitiously to participants in the learning task, and the
sequence created from template B (“sequence B”) was presented once, as a novel sequence. Templates A and B
are shown in Appendix 1.

Procedure
The Serial reaction time (SRT) task was similar to several previous studies!3>13813%, The tasks with environmental
and speech sounds were tested in two separate learning sessions. All participants were presented with identical
sequences for each of the tasks. One session included five blocks, where in each block participants were presented
with a sequence of 108 signals (as described in the stimuli subsection), depending on the type of stimuli (speech
sounds or environmental sounds). Prior to each session, each participant was presented with the stimuli (3
presentations for each stimulus) to ensure correct and immediate recognition of the sounds. In the first three
blocks of the session, participants were presented with sequence A. In the fourth block they were presented with
sequence B. In the fifth block, participants were presented again with sequence A, to which they were exposed
in the initial blocks. Participants were asked to press a matching key on the keyboard after the presentation of
each signal, as accurately and as quickly as possible. A 750 ms interval separated between each response and the
next sound. For each session, the five medians (one for each block) were connected to create a learning curve!.
A typical learning curve included reduced RT from blocks 1-3 (reflecting learning of sequence A), increased
RT from block 3 to block 4 (confirming that learning was not transferred to a new sequence- sequence B) and
reduced RT from block 4 to block 5 when sequence A was introduced again (confirming again the learning of
sequence A). A diagram of the procedure and an illustration of a typical learning curve are presented in Fig. 4.
Each participant completed both sessions, with the order of presentation of environmental sounds and
speech sounds counter-balanced between the participants. That is, about half of the participants completed first
the speech sounds and then proceeded to the environmental sounds, while the other half completed the tasks
in reverse order. In addition, all participants completed three cognitive tests assessing nonverbal intelligence
using the Raven test, auditory capacity and working memory (using digit span), and visual attention using the
trail making test (TMT). The Raven test (the modified version for children, Raven Manual, Sect. 1, 1998)!40
consists visual patterns (60 and 36 patterns in the adult’s version and children’s version, respectively) with a
missing piece, which is divided into three sets of 12. Participants were required to select one of six patterns to
complete a visual display correctly, and the percentage correct was the dependent variable. Auditory capacity and
working memory were examined using the forward digit span and backward digit span subtests of the ”Wechsler
intelligence scale for children” (Wechsler, 1991). Participants heard pre-recorded sequences of numbers and
were asked to repeat them in the same or the reverse order, respectively'*!. The criterion to continue to the next
longer sequence was set at one successful repetition of the digit sequence, and the number of correctly repeated
digits was the dependent variable. Visual attention span was examined by Trial Making test (TMT)!4%143,
Participants were asked to connect 25 numbers (1-25) scattered on a sheet of paper in ascending order as quickly
as possible, without lifting the pencil from the paper. The time span of the task implementation (in seconds) was
the dependent variable.

Apparatus

Testing was conducted in quiet rooms. Specifically, the two youngest groups of participants (from high SES and
from low SES) were tested at their schools, the CI participants were tested at the hospital clinic, and the remaining
participants were tested at their homes. Auditory signals were presented through a GSI-61 audiometer, and
via THD-50 headphones for all NH participants, and via speakers for CI participants, at 45-50 dB sensation
level, depending on their comfortable hearing level. SRT testing was controlled by a computer application
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Fig. 4. (a) Illustration of the procedure design. Each rectangle represents one block with 108 stimuli which are
made of 9 repetitions of a 12-stimulus sequence. Half of the participants were presented with speech sounds
first (marked SS in the illustration), and the other half were presented with environmental sounds first (marked
ES). (b) typically expected learning curves. That is RTs decrease in 1-3 block, increase in the 4 block, and
increase in the 5%

developed for specific implicit learning studies purposes. The application collected the participants’ responses
and calculated accuracy and reaction times. RTs were measured from the beginning of the stimulus presentation.

Statistical analysis

For each participant, accuracy rates and RTs were collected. In order to reduce the possibility that reaction times
of children with CI may be influenced by their inability to correctly identify the stimuli via the auditory modality
and those of low SES may be influenced by poor phoneme-to-grapheme coding, inclusion criteria included 85%
accuracy. Based on this criterion, one CI participant and two children from low SES were excluded from the
study, and their data was not analyzed. Thus, all 100 participants of the present study had accuracy scores above
85%.

Reaction times for the correct responses were recorded for each block separately for the speech sounds
and environmental sounds sessions. Responses that were received in RT of 10 s and above were excluded, and
the median of RT was calculated for each block for the correct responses only. Levene’s test was conducted
to examine the variance in each group. The age variable was controlled as a covariate through a repeated-
measured ANCOVA, which was performed on the log-transformed RT data to reduce skewness. The ANCOVA
was defined with group variable as a between-subject variable, stimulus type (speech sounds vs environmental
sounds), and block (1-5) as within-subject variables. ANOVA analysis with the order of session (speech sounds
or environmental sounds first) as a between-subject variable, in addition to the group variable and block
and stimulus type within-subjects variables), revealed no main effect of the order of session, but a significant
interaction of stimulus type*block*order of session [F(3,67)=3.23, p=0.018, n?=0.05]. Bonferroni analysis
showed that the effect of the order of presentation was evident only in a slight reduction of the RTs in blocks 1 and
2 with SS when environmental sounds SRT was presented first. Accordingly, the variable 'order of presentation’
was excluded from the ANCOVA. The results suggest that absolute RT and not the relative RT between blocks
was a differentiating factor between groups. Block 5 RT represents the final achievement of the absolute RT in
the SRT task. It should also be noted that this measure was not found to be affected by the order of presentation.
Pearson correlations were conducted between age and the median RTs of block 5 (SS and ES, separately) for all
participants together and separately for each of the three groups (NH, CI, and low SES). Pearson correlation
was also used to associate RT of block 5 with cognitive abilities and background variables. According to the
correlation results, a linear multiple regression was conducted separately for speech and environmental sounds,
to explain the variance in RT of block 5 by the three cognitive test scores. Another linear multiple regression
model for speech and environmental sounds was conducted to explain variance in RT of block 5 by the two
categorical variables of hearing status and SES in addition to age and cognition.

Data availability
Averaged SRT response data are included in this published article. All other data generated or analysed during
this study are available upon request from S.C..

Appendix 1

Repeated sequences in the SRT task:
Grammar A: bell- door-dog- bird- bell- dog- door- bird- dog- bell- bird- door/ ti-ta-sa-si-ti-sa-ta-si-sa-ti-si-ta.
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Grammar B: door- bell- dog- bell- bird- bell- bird- door- bell- door- dog- bird/ ta-ti-sa-ti-si-ti-si-ta-ti-ta-sa-si.
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