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speech sound change processing changes as does the processing of children
with NH. Importantly, multisensory activities such as parental singing can lead
to improvement in the discrimination and attention shifting toward speech
changes in children with CIs. These novel results should be taken into account
in future research and rehabilitation.
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Introduction

Cochlear implants (CIs) provide hearing for congenitally
deaf children. The CI captures external sound with a
microphone, processes and changes it to electric signal, and
delivers the signal with the electrodes implanted in the inner ear
to the auditory nerve of the user. For most children hearing with
CIs, the ability to perceive speech is the most important change
post-implantation, as it allows oral communication with others.
The CIs, however, provide some speech cues well, whereas other
speech cues are underrepresented by the device, when compared
to the auditory system of normally hearing (NH) individuals.
In general, gross temporal changes, such as changes in duration
or insertion of gaps in the speech stream, are well delivered by
CIs (see Limb and Roy, 2014; Torppa et al., 2014a,b). Changes
in vowel duration signal in most languages prosodic word and
sentence stress, while gaps are sometimes inserted between
words and sentences, and thus these temporal changes can aid
in speech segmentation (Vavatzanidis et al., 2015). However,
in quantity languages such as Finnish, they can also indicate a
change in word meaning (see Suomi et al., 2008). For example,
inserting a gap before the /t/ in the Finnish word “muta” (mud)
changes it to “mutta” (but) and elongating the /u/ changes it
to “muuta” (other). Thus, Finnish CI users will have to use
temporal information to capture both semantic and prosodic
changes in the speech stream.

In contrast to the relatively well-preserved gross temporal
aspects, the signal delivered by CIs lacks detail in spectral and
�ne temporal information compared to that of typical human
hearing (Moore, 2003). This hampers the accurate perception
of pitch (fundamental frequency; F0) and timbre (Chatterjee
and Peng, 2008; Limb and Roy, 2014; Oxenham, 2018), and
the perception of changes in the vowels and consonants in
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children with CIs (Geers et al., 2003; Donaldson and Kreft,
2006; for a review, see Rødvik et al., 2018). Therefore, the
changes from “muta” (mud) to “muna” (an egg) or from “muuta”
(other) to “maata” (to lie down) are typically less easily perceived
by CI users than the semantic changes based on temporal
changes. Moreover, the dynamic range (the range between the
detection threshold of sound or electric current and the point
where the sensation becomes uncomfortable, Moore, 2003)
of CIs is limited compared to NH, harming the perception
of changes in intensity (Moore, 2003; Limb and Roy, 2014).
Poor pitch and intensity resolution further leads to di�culties
in the perception of speech prosody, which is important to
children's speech segmentation and language learning (word
and sentence stress: O'Halpin, 2010; Torppa et al., 2014a, 2020;
intonation: Chatterjee and Peng, 2008; Moein et al., 2017) and
the perception of emotions (Luo et al., 2007; Hopyan-Misakyan
et al., 2009; Chatterjee et al., 2015, 2019; Paquette et al., 2018).
The perceptual de�cits also lead to increases in listening e�ort
compared to NH, often leading to frustration and poor quality
of life in CI users (Dimitrijevic et al., 2019).

The evidence on where or how the cortical processing of
children with CIs might di�er from that of children with NH
is based mainly on indirect evidence, using degraded speech
with adults or children with NH. Speech of children is processed
by the bilateral temporal cortices and inferior frontal gyrus
(Lawrence et al., 2021). When listening of children or adults
comes more e�ortful (as for children with CIs compared to
children with NH), in adults, the brain activity seems to increase
in the prefrontal cortex, and in children, the speech processing
lateralizes more to the left hemisphere (Wild et al., 2012; Evans
and Davis, 2015; Lawrence et al., 2021). It thus possible that
when listening to speech e�ortfully, children with CIs utilize
cognitive auditory attention and working memory mechanisms,
as well as motoric representations of speech.

On the other hand, long-term, congenital sensory
de�ciencies have been shown to lead to cross-modal brain
plasticity, that is, to the recruitment of the auditory cortex
by visual or tactile (somatosensory) input, harming the
development of cortical networks for speech processing and
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