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S U M M A R Y

In the recent two decades it became possible to compensate severe-to-profound hearing loss using cochlear 
implants (CIs). The data from implanted children demonstrate that hearing and language acquisition is well- 
possible within an early critical period of 3 years, however, the earlier the access to sound is provided, the 
better outcomes can be expected. While the clinical priority is providing deaf and hard of hearing children with 
access to spoken language through hearing aids and CIs as early as possible, for most deaf children this access is 
currently in the second or third year of life. We review the findings on neural development during the first year of 
life, including language development, multimodal interactions between sensory and motor systems, as well as 
brain connectivity. Some irreversible consequences of early auditory deprivation within the first year are 
exacerbated when the auditory system is not developed in synchrony with the other sensory and motor systems, 
incorporating hearing into other sensory and motor representation. The key role of the motor system (sensori
motor contingencies) in development of sensory representations is discussed. We propose that the first year 
includes critical developmental steps that should be exploited to provide the framework for optimal functional 
connectivity of language and cognitive networks.

1. Introduction

Thirty-two million children world-wide are deaf or hard of hearing 
(DHOH). Suggested best practice today is to provide hearing aids and 
cochlear implants within the critical period for therapy, ending near 3 
years (Manrique et al., 1999; Niparko et al., 2010; Kral et al., 2019). 
Many professionals consider critical periods as a deadline to which we 
need to comply to, rather than a period of decreasing therapeutic po
tential with a final endpoint. Consequently, even in high-income coun
tries where newborn hearing screening allows for early diagnosis of 
hearing loss, cochlear implant (CI) fitting typically does not occur until 
the second or third year of life, i.e. close to the end of the critical period 
(Kleijbergen et al., 2022). Current FDA criteria may contribute to it by 
defining the minimum age for cochlear implantation of 9-12 months (Lieu 
et al., 2020). Thus, cochlear implantation for those with severe to 

profound hearing loss is uncommonly performed before 12 months of 
age (Mathew et al., 2021; Bruijnzeel et al., 2017).

Sales data from the three major CI companies (Fig. 1A,B), thus 
including the majority of all cochlear implantations globally, indeed 
demonstrate that less than 20% of profoundly deaf infants implanted 
within the first 3 years receive the CI in the first year. Even the countries 
with the highest proportion of implanted children in the first year, 
Australia and Germany, do not exceed 40% implanted in the first year. 
The proportion of the children implanted in the first year globally did 
not change from 2017 to 2024, nor did the proportion of children 
implanted in the second year change (one-way ANOVA, F(6,68)=0.39, 
p=0.88). Around 30% of these infants do not meet the expectations of 
the clinicians, and 50% of the variance remains unexplained (Boons 
et al., 2012). However, many studies demonstrated that effective hear
ing restoration before 9-12 months of age is beneficial for language 
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Fig. 1. A: Distribution of cochlear implants within children that obtained the first implant in the first 3 years of life (assumed perilingual deafness). Included are 11 
countries: USA, Australia, Germany, UK, France, Spain, Brazil, Argentina, China, India, Sweden and years 2017-2023, representing the vast majority of globally 
implanted children. B: Change in the proportion of first year implantation over the years is not significant (one-way ANOVA, F(6,68)=0.39, p=0.88). C: Normal 
development includes an ordered sequence of developing motor and sensory organs (based on Stein et al., 2014). We suggest that this process happens against a 
background of motor development (grey color) that shapes sensory stimulation by motor action. T=touch; H=hearing; S=sight. D: Sensory deprivation with later 
sensory restoration cause a delay or a delay and a compression of the developmental sequence. Numbers correspond to different stages in the development of the 
given system, grey arrow indicates a shift of the developmental sequence. E: Under the assumption of a delay & compression, hearing loss during development 
desynchronizes a significant part of auditory development from sensorimotor development, and e.g. stage 3 coincides with stage 4 in the other systems. Grey arrows 
indicate the delay and compression of the auditory sequence.
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acquisition (Ching et al., 2017; Hoff et al., 2019; Karltorp et al., 2020; 
Chweya et al., 2021; Illg et al., 2024). Recently, it has been further 
shown that early communication, quantified by verbal turn-taking, 
promotes different aspects of brain development (Romeo et al., 2021; 
Romeo et al., 2018a; Romeo et al., 2018b). Hearing and communication, 
including prelinguistic communication, involves all sensory-motor mo
dalities and executive function already in the first months of life. Thus, 
although sound can stimulate the brain as early as during intrauterine 
life, and may contribute to its maturation (Kral et al., 2016), it is active 
hearing and communicative interaction that provide critical input for 
brain development. As we argue here, the key developmental period of 
the first 9-12 months should not be passed without sufficient access to 
sound.

2. Multisensory and sensorimotor contingencies during 
development

A plethora of developmental processes take place simultaneously 
within the first months of life in a hearing child (Table 1). These include 
communication involving multimodal inputs (understood here as 
including motor and all sensory systems). The “cascading” processes 
during this period are dependent on each other (review in Lickliter, 
2011). The pace of development and the co-dependence of the processes 
are influenced by the infants’ innate abilities, including near-sighted 
vision, limited ability to walk or crawl, grasp only what is at arm
length, absence of information on the meaning of sound and conse
quently limited representation of the environment. The gradual 
development of these abilities is essential for developing the represen
tation of the outside world, much of which is driven by sensory inputs 
and their behavioral consequences. Gradual attainment of motor func
tions allows increasing the action radius incrementally and is itself 

related to cognitive progress (Oudgenoeg-Paz et al., 2017) including 
executive functioning. Hearing is a part of this process, where all com
ponents need to act together in a developmental sequence so that the 
infant can build appropriate sensory representations and cognitive 
constructs of the environment (see below). These in turn serve as 
building blocks for higher-level cognitive skills such as language and 
communication.

The notion of a strong relationship between the developing body, 
multimodal (multisensory and motor) experiences and the development 
of language and cognition has been also addressed by the embodied 
cognition theory (Varela et al., 2016; Craighero, 2024). Language as a 
higher-order cognitive process depends on several sub-processes such as 
sensory perception, memory, attention, inhibition, and problem-solving 
skills. Therefore, spoken language development also depends on timely 
multimodal and cognitive mechanisms in a cascading developmental 
process (Fig. 1C-E).

The brain constructs a virtual internal model of the current envi
ronment (Johnson-Laird, 1983; Johnson-Laird & Byrne, 2002; John
son-Laird, 2005) which combines information from many separate brain 
networks and is neuronally defined by the actual brain state (Duncan, 
2025). The metaphorical concept of such a “mental model” or a 
“cognitive map” refers the representations of the external environment 
(or imagination) at the given moment that humans use when they 
interact with the environment and systems within it (Furlough & Gillan, 
2018; Duncan, 2025). An internal model includes all 
subjectively-relevant aspects of the environment that one is currently 
embedded in and the knowledge we have about the objects in it 
(Duncan, 2025). Such an internal model can be used to predict future 
events (Furlough & Gillan, 2018). Predictive processing (Friston, 2010) 
postulates that the active representations of the scene (context or mental 
model) provide predictions of sensory input that is compared to actual 

Table 1 
Development of the infant within the first 24 months. Shown are individual behavioral stages related to expected perceptual development and to communication 
changing from dyadic to triadic at 9 months. The transition at 9 months is considered critical by many studies (for review, see e.g. Tomasello et al., 2005). Sound 
discrimination ability is inborn (Cheour-Luhtanen et al., 1995; Kujala et al., 2004), but the ability for discrimination improves further with experience (Bishop et al., 
2011). While data from the visual system suggest that categorial perception is achieved in the 4th month (Baillargeon & DeVos, 1991; Soska & Johnson, 2008; Soska 
et al., 2010), auditory studies suggest that these can be traced down to the first months of life already (Eimas et al., 1971; Jusczyk et al., 1983).

Age 
[mo.]

Behavior Reference Communication Reference

0 Preference for mother 
language and voice

DeCasper & Fifer, 1980; Gervain et al., 2008; Mehler et al., 
1988; Moon et al., 1993; Locke 1997

Dyadic Egeren et al., 2001;Striano & Berlin, 2004; 
Bornstein et al., 2008; Striano & Rochat, 1999; 

Waxman et al., 1996
3 Cooing Coplan & Gleason, 1990

Imitation of the caregiver - 
motherese

Snow and Hoefnagel-Höhle, 1977; Snow 1981; Kuhl et al. 1997; 
Kuhl 2000

4 Categorization, sensory 
objects

Eimas et al., 1971; Jusczyk et al., 1983; Specke & Kenstenbaum, 
1986; Baillargeon & deVos 1991; Soska & Johnson, 2008; 

Soska et al., 2010

6 Top-down interaction 
(visual)

Kouider et al., 2013; Emberson et al., 2015; Zhang et al., 2018

Canonical babbling 
(auditory)

Oller & Eilers, 1988; Oller et al., 1999; Juszyk et al., 2002

7 Loss of discrimination of 
foreign phonemes

Werker et al., 1981; Werker & Tees, 1984; Werker & Tees, 1992

9 Segmentation of speech 
stream into words

Ferry & Guellai, 2021 Triadic and 
beyond

Bruner, 1975; Carpenter et al., 1998; Striano & 
Rochat, 1999; Tomasello et al., 2005; Blythe 

et al., 2010
12 Object constancy (visual) Xu & Carey, 1996; Xu et al., 1999

Word-level comprehension, 
semantics (auditory)

Golinkoff et al., 1987; Skeide & Friederici, 2016

13 Lexicon built-up; Vocabulary 
spurt 13 - 24 months

Goldfield & Reznik, 1990; Segbers & Schroeder 2017

15 50 words reached Benedict 1979
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input. The resulting prediction error drives brain plasticity and provides 
information for an update of the inner model to re-match external world 
(Kral et al., 2017).

Newborns, however, have yet to develop the internal representations 
that serve as the foundation for constructing models of the external 
world. The formation of such representations solely from sensory input 
is a complex process influenced by numerous factors. For example, 
interpreting a visual scene from a specific viewpoint requires implicit 
knowledge of spatial organization, principles of perspective (variance of 
size depending on distance), object occlusion and reappearance with 
changes in viewing angle, and lighting effects like shadow formation. 
Because sensory input is inherently variable, and newborns lack prior 
knowledge about the structure of the world, the task of constructing an 
accurate internal model is underdetermined. In other words sensory input 
alone is too ambiguous to yield a stable and coherent representation of 
reality.

The elements that may instruct the development of an internal model 
of the environment and provide key a priori information are sensori
motor contingencies (O’Regan & Noë, 2001), defined as structured, 
lawful relationships (consistencies) between the organism’s motor ac
tions and the resulting sensory changes that occur due to these actions. 
In the above example, we might see our hands moving within the visual 
images and at the same time have neural information about the motor 
commands that moved the hands. Having information of the motor 
commands with proprioceptive feedback, together with the sensory 
impression of the movements we make, together with the soundscape 
caused by our motor act, allow to identify our action on the visual and 
auditory scene and thus deconstruct the scene. By that we can addi
tionally fuse the individual sensory representations into one, 
higher-order internal model of the environment.

Sensorimotor contingencies thus allow to transform development of 
representations into a determined process: the brain not only possesses the 
information on how the infant moves its body (through proprioception, 
vestibular inputs, and efference copy of the motor program), but it also 
feels the contact with objects through touch (particular touching its own 
body) and seeing the moving body parts with the eyes. In addition, the 
child hears the sounds of objects manipulated with their hands, associ
ating the caregivers voice with movement of the mouth with facial ex
pressions in temporal synchrony. Sensorimotor contingencies, therefore, 
provide powerful cues for the developing brain to anchor and implement 
the rules that allow faithful sensory and subsequently high-level repre
sentations (Varela et al., 2016). Already in their first weeks of life infants 
follow active exploratory efforts rather than passive reflexive behavior 
(Gibson, 1988). Infants thus actively explore the environment. To sup
port this, it is recommended to give them toys within reach, visual 
displays within eyesight, and correspondingly near-distance human in
teractions as well as salient auditory communication.

Information on sensorimotor contingencies indeed reaches the sen
sory cortex: Neural correlates of sensorimotor interactions have been 
described within the auditory cortex (Schneider & Mooney, 2018; Kral & 
Sharma, 2023). Consistent with the suggested role, secondary auditory 
areas have been implicated in action timing, which is disrupted by 
auditory deprivation (Cook et al., 2022; Hidalgo et al., 2020). Many 
developmental processes in the auditory cortex are considered “experi
ence-expectant”, shaped by genetic programming and experience (Kral 
et al., 2017). Even gene expression itself is experience-dependent 
through (epigenetic) modifications (Traniello & Robinson, 2021).

In the developmental sequence of the cerebral cortex, sensory areas 
are bottlenecks: they develop earliest in a defined developmental 
sequence (Fig. 1C) starting with touch, followed by hearing and then 
vision (cats: Stein et al., 2014; humans: Lickliter, 2011; Craighero, 
2024). This sequence, which in humans begins in utero, ensures that the 
earlier developing systems can establish foundational processing 
without initial interference of the later developing systems. Only 
following this developmental step they can be mutually integrated 
together into multimodal representations. Touch, the 

earliest-developing system, is uniquely interwoven with the motor sys
tem through direct connections between the somatosensory and primary 
motor cortices, along with parallel proprioceptive input to both regions 
(Gómez et al., 2021). At birth, all human sensory systems are rudi
mentarily functional and capable contributing to the formation of early 
multimodal representations (Craighero, 2024).

Multisensory interactions appear after the initial developmental 
steps in the sensory systems have been taken, and are critically shaped 
by sensory experience (Stein et al., 2014; Bean et al., 2022). Newborns 
can effectively learn to integrate different sensory inputs in the sensory 
cortex (Dall’Orso et al., 2020). Learning of multisensory interactions 
takes place in the first 3 months of life (Baillargeon & DeVos, 1991). 
Slow synaptic transmission (with long-duration postsynaptic potentials) 
in the juvenile brain (Aramakis et al., 2000) facilitates detection of 
roughly coincident inputs. The resulting strong excitation facilitates the 
“penetration” of sensory input deeply through the brain network of 
different cortical areas, up to the multisensory association areas. Active 
interaction assures the engagement of attention in learning (Seitz & 
Dinse, 2007). In early infancy, attribution of attention has been related 
to multisensory stimulation (Lickliter, 2011; Craighero, 2024). Thus, 
learning, attention, and multimodal integration are tightly linked.

3. Sensory features and sensory objects

Perception involves both continuous dimensions (such as pitch, 
loudness, and brightness which are perceptual correlates of sensory 
input) and categorical dimensions, as exemplified by speech perception, 
where small changes in specific acoustic cues can shift perception from 
one phoneme to another (McMurray, 2022). A well-studied example is 
the perception of voicing, a distinctive feature in phonology that distin
guishes phonemes like /b/ and /p/. Although voicing is a binary 
phonological category (voiced vs. voiceless), it is signaled by the 
continuous acoustic cue of voice onset time (VOT). Neural processing 
must learn to map this continuous phonetic dimension onto categorical 
phonological representations, a task that is language-specific and de
velops over time. For instance, English and Spanish both use the voicing 
contrast, but they differ in where the categorical boundary for VOT is 
placed. Categorical perception is marked by discontinuities in the 
perceptual response to acoustic continua: listeners show heightened 
sensitivity across category boundaries and reduced sensitivity within 
them (Eimas et al., 1971). This phenomenon can be modeled within a 
multidimensional feature space as defining a boundary, where changes 
within the boundary (a category) produce the same percept, while 
crossing a boundary yields a new one. However, not all aspects of speech 
are perceived categorically; non-categorical perception also plays a role, 
even in spoken language (Apfelbaum et al., 2022; Rizzi & Bidelman, 
2024). Thus, categorical and non-categorical perception together sup
port the mapping from continuous sensory input to discrete linguistic 
representations (for review, see Chomsky and Halle, 1968; Stevens, 
1998).

However, from a neuroscience perspective, “sensory” or “acoustic” 
features refer to the neurophyphiologiccal aspects of sound processing. 
Different acoustic features (like frequency, intensity, temporal modu
lation, frequency modulation, binaural relations and similar) are rep
resented in the auditory system, often topologically (Schreiner & Winer, 
2007). Such topological maps in the auditory system often represent 
continuous gradients and depend on experience with the given acoustic 
features (de Villers-Sidani & Merzenich, 2011; Weinberger, 2015). 
Sensory features can be grouped into a sensory object (category), 
defined as a neuronal representation of a delimited pattern of features 
that is subjects to figure-background distinction (Kral et al., 2017). 
Sensory objects are thus the result of grouping (categorization) of fea
tures into stable perceptual units (Bizley & Cohen, 2013). The grouping 
of speech sounds can be at different levels (in language e.g. phoneme, 
syllable, morpheme) and the critical level depends on behavioral 
context (Goldinger & Azuma, 2003). Categorization ability is linked to 

A. Kral et al.                                                                                                                                                                                                                                     Hearing Research 467 (2025) 109401 

4 



additional behavioral consequences, like increased sensitivity to novel 
stimuli in a stimulus stream or similar responsiveness to clear and 
degraded features of the same stimulus.

To the best of our current knowledge, there is no empirical evidence 
supporting the existence of innate sensory categories in humans. New
borns are believed to acquire the capacity to categorize stimuli through 
experience and the active exploration of their surroundings. Conse
quently, sensory objects (categories) emerge after birth and are refined 
by sensory experience and active exploration of the environment. 
Categorization is closely linked to the behavioral significance of stimuli 
for an individual.

The newborn auditory brain has an innate capability to differentiate 
between sensory stimuli (Aslin & Pisoni, 1980; Cheour-Luhtanen et al., 
1995; Kujala et al., 2004). This is an important precondition for subse
quent grouping of stimuli into different meaningful sensory categories 
(or objects). Along with further improvement of refinement of feature 
sensitivity (Sanes & Woolley, 2011), the brain learns to determine fea
tures that are relevant and to ignore the nonrelevant ones, focusing on 
discriminating sounds of behavioral relevance. Thereby, sensory objects 
are established as representations extracted from multiple instances of a 
similar stimulus. Signs of categorical perception, reflecting the organi
zation of sensory features into discrete perceptual sensory objects, and 
thus categorical perception, typically emerges within 1-6 months after 
birth, depending on task and sensory system (Eimas et al., 1971; Bail
largeon & DeVos, 1991; Segal et al., 2016, see Table 1). By 4 and 6 
months, infants also begin to construct three-dimensional representa
tions of objects in their environment (Soska & Johnson, 2008). Consis
tent with the proposed role of sensorimotor contingencies in perception, 
motor development plays a cardinal role for the emergence of 
object-level representations (Soska et al., 2010).

Such object-level representation is also connected with appearance 
of Bayesian-type inference and top-down interactions. Top-down mod
ulations (e.g. from object-level to feature-level) start shaping neuronal 
responses at the age of 6 months (Emberson et al., 2015). As a side-effect 
of developing categorial perception in spoken language, hearing infants 
stop differentiating phonemes by acoustic features that fall within one 
native phonetic category. It supports perceiving different realizations of 
the same native phonemes as the same sounds. This phenomenon ap
pears at around 7-8 months after birth (Werker & Tees, 1984; Pons et al., 
2009). A hearing infant can identify the same acoustic “label” (word) in 
speech signal in different contexts around 9 months of age (Ferry & 
Guellai, 2021; Bergelson & Swingley, 2015). Discrimination of speech 
sounds is likely further refined throughout the development in the sense 
of perceptual narrowing (Pons et al., 2009; Lewkowicz & Ghazanfar, 
2009), crystallizing the phonological system as the vocabulary is 
increasing (during the second year of life). The first discriminations 
likely relate to linguistic categories larger than a phoneme (Nittrouer, 
2006; McMurray et al., 2022), but articulation of the infant, and thus 
motor program, requires auditory feedback and a corresponding 
phonetic-level of representations.

Taken together, the development of object-level representation takes 
place within the first months of life, alongside with the emergence of the 
ability to categorize speech cues already at the age of 7-9 months of age.

4. Role of top-down control and the motor system

Categorization involves the individual calibration of representations 
by their subjective importance. Historic evidence shows that the expe
rience shaping this process must be active to assure that sensorimotor 
contingencies can instruct the emerging sensory representations (Held & 
Hein, 1963; Levi & Li, 2009). Sensorimotor abilities of infants open and 
close environments for learning (Smith et al., 2018), consistent with 
brain development: already in the first year of life, active auditory 
experience is more effective in shaping sensory responses compared to 
passive exposure (Benasich et al., 2014). For hearing infants, active 
communication with their caregivers is influencing later development 

(Goldstein et al., 2009; Feldman, 2007). Even in infants with intact 
sensory organs, the quantity and quality of adult-infant interactions 
extensively affect language development and language-related cortical 
development (Romeo et al., 2018a; Levin-Asher et al., 2022; Kuhl, 
2004). It is, therefore, the combined effect of early access to sound and 
active listening within a communication context (involving sensori
motor integration) that determines the development of age-appropriate 
cognitive abilities and language (Kuhl, 2011; Kuhl, 2004). It has been 
argued that the active communication with a partner (social interaction) 
is a key factor that promotes plasticity and thus permits language 
learning (Kuhl, 2011).

Correspondingly to the extensive behavioral development in the first 
9 months of life, the development of long-range functional connectivity 
in the brain accelerates within the first year (Damaraju et al., 2014), 
integrating the sensory systems into the large-scale networks (e.g. 
default mode network) from 6 months on (Gao et al., 2017). Hemi
spheric asymmetry of language representation appears already at 11.5 
months (Emerson et al., 2016). Functional connectivity analyses suggest 
that the newborn brain follows the architecture of a 
small-world-network (with predominantly local connectivity and less 
abundant long-distance connectivity), with further strengthening of 
long-range connections from ~1 year on (Gao et al., 2017). In the 
auditory cortex, the basic building block of the neocortex, the cortical 
column, starts gradually functioning after birth (Kral et al., 2005), with 
the increasing ability to integrate top-down influences into afferent 
processing (Kral et al., 2006; Yusuf et al., 2022). Hearing experience is 
fundamental for development of such functional interareal connectivity 
in the auditory cortex (Yusuf et al., 2021) but also for local (intrinsic, 
within-area) connections between supragranular and infragranular 
layers (Yusuf et al., 2022). Hearing experience is fundamental for the 
high-to-low frequency coupling of oscillatory activity (Yusuf et al., 
2017), a precondition for integration of top-down inputs into sensory 
processing (Yusuf et al., 2024).

Top-down modulation is also the route by which the motor system 
can affect auditory processing. We argue that the motor system has a key 
role in the development and provides a priori information for the sen
sory systems that can be used in processing sensory inputs during active 
exploratory behavior: the motor command that is causing a movement 
predicts the proprioceptive feedback, but through the internal model of 
the environment may predict also the somatosensory, visual and audi
tory input. As mentioned above, this is reflected in predictive process
ing, an influential theory of learning and perception (Rescorla & 
Wagner, 1972; Rescorla & Solomon, 1967; Friston, 2010). This theory 
has been extensively verified by many learning paradigms.

The auditory system has a tight relation to the motor system, given 
that motor actions, even independent of vocalizations, frequently 
generate sounds that can be related to the motor act (Lemaitre et al., 
2018). Motor feedback does indeed influence neuronal activity in the 
auditory cortex: motor activity modulates responses in the auditory 
cortex (Gale et al., 2021; Bagur et al., 2018; Schneider & Mooney, 2018). 
With respect to spoken language, sensory representation may be com
plemented by information from proprioceptive feedback from articula
tory apparatus and the motor representation of vocal tract movements 
during vocal production (Liberman & Mattingly, 1985). Motor activity 
and the proprioceptive feedback can be compared to the sensory input 
resulting from it, and may serve as information for decoding sensory 
input. Consistent with these concepts, particularly predictive processing 
(where the brain also predicts what the vocal movement should sound 
like), the responses to the own voice are suppressed in the auditory 
cortex (Eliades & Wang, 2017; Numminen et al., 1999). A reciprocal link 
between motor and sensory representation explains the activation of the 
motor cortex representing vocal tract during passive listening to speech 
(Murakami et al., 2012; Cheung et al., 2016; Nourski et al., 2023) and 
activity in voice areas during silent reading (Perrone-Bertolotti et al., 
2012). Infants at 4.5 months demonstrate the association between 
movements of the mouth, visual input and the speech heard (Yeung & 
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Werker, 2013). Active regions in the brain that underlie speech pro
duction while listening to speech (Skipper, 2014) or music involve an 
intimate relation between motor and auditory systems (Gordon et al., 
2018). Given the development of canonical babbling in the 6th month of 
life, it is a plausible assumption that the foundation of such motor rep
resentation supporting perception is also initiated within this period. It 
may explain why oral education is supporting outcomes in spoken lan
guage perception (Uchanski & Geers, 2003; Geers et al., 2003) and why 
there is an association of fine motor skills with outcomes of hearing 
therapy (Horn et al., 2007; Winter et al., 2024).

From our perspective, the motor system and active exploration have 
a key role during development in shaping sensory input and providing 
top-down information to allow effective disambiguation of these inputs 
(Fig. 2). When one of the sensory systems becomes developmentally 
desynchronized due to sensory loss (Fig. 1E), it can neither be integrated 
with the developing motor system into sensorimotor representations, 
nor can it be used to structure multisensory areas of the brain (Newell 
et al., 2023). The developmental sequence is thus not simply delayed, it 
is desynchronized from other sensory, motor and higher-order brain 
systems. Some authors coined the term entrenchment to signify the 
constraints to shape existing representations by adding newly learned 
information (Tomblin et al., 2007). Developmental hearing loss is thus 
combating effective multisensory communication and disrupting the 
integration of hearing into cognitive representations.

5. Communication in the first 12 months of life

The major stages in development in child communication can also be 
regarded from the perspective of multisensory processing, thus through 
integration of motor, auditory and visual aspects of sensory input. Active 
engagement between a parent (or caregiver) and the infant in the first 
months of life involves auditory, visual, haptic, and motor systems 
(Murillo & Capilla, 2016; de Barbaro et al., 2016), including eye contact, 
gaze shift, facial expressions, vocalizations, body movements, and 
touch. These can be concurrent, sequential, or organized in "communi
cation cycles" between the infant and its caregiver (Feldman, 2007).

Based on an infant’s tendency to detect contingency between sensory 
and sensorimotor events (Fleming et al., 1997; Tarabulsy et al., 1996), 
early dyadic (caregiver-infant) interactions are communication ex
changes in which the caregiver responds to the infant’s signaling (e.g., 
vocalizations, smiles, looks, expressions, cries, and play behavior) and 
the infant gradually learns to respond back (Bornstein et al., 2008). 
Specific features of the interactions are highly dependent on the infant’s 
age. For example, infants under 3 months receive more than 3 times as 
many face views than at 1 year of age (Smith et al., 2018). Thereby, 
infants start to pay attention to caregivers’ mouths and associate artic
ulatory movements with speech sound between 4 and 8 months. This 
reinforces the connection between acoustic and motor templates. The 
developmental steps taken in brain development during 4-6 months of 
age allow the suppression of irrelevant information, which is important 
for sustained attention (Amso & Scerif, 2015). The next step in devel
opment, which is triadic communication at 9 months, adds additional 
visual information and an additional object to the communication 
(Carpenter et al., 1998; Tomasello et al., 2005). This developmental 
milestone in cognitive development allows the sharing of goals, 
knowledge, and joint attention with the caregiver. It facilitates the un
derstanding that other individuals are „goal-directed“ (some authors 
term this milestone “the 9th month miracle”, Tomasello et al., 2005). 
After reaching 12 months, infants focus their gaze back to the adults’ 
eyes (Lewkowicz & Hansen-Tift, 2012). This suggests that visual 
(multimodal) input is a supporting element in decoding spoken language 
at this age. Multisensory integration is further shaped (narrowed) after 
the end of the first year (Lewkowicz, 2014).

In many cultures, caregivers further provide the infant with infant- 
directed speecha, which facilitates statistical learning of the distribu
tional patterns of the language (review in Kuhl & Rivera-Gaxiola, 2008). 
This also increases the instances in which the infant and the interlocutor 
share mutual attention (Hsu & Fogel, 2003; Beebe et al., 2003), and 
increases the infant’s awareness of its ability to causally affect the 
behavior of others (Bigelow & Walden, 2009). In the first 6 months, 
infants learn to anticipate and elicit a response from the interlocutor 
(Goldstein et al., 2009; Feldman, 2007) and influence caregiver’s 
communication attempts (Su & Roberts, 2019). These early dyadic in
teractions are important for both language and communication devel
opment (related to vocabulary at 15 months, Levin-Asher, 2020) as well 
as for multimodal synchrony. In hearing children, active adult-child 
dyadic communication (measured by spoken conversational turns) has 
been linked to both structural and functional brain development (Romeo 
et al., 2021) (Fig. 3), which in turn relates to cognitive development and 
language acquisition. Such interaction can activate physiological pro
cesses down to gene transcription, affecting very basic neuronal prop
erties (review in Traniello & Robinson, 2021). This means that dyadic 
(one adult with infant) or social (more individuals with infant) inter
action is embedded at the level of neurons, and immature brain and 

Fig. 2. Link between motor action, perception and cognition in simplified 
illustration. Prefrontal cortex (magenta) supports executive functions that 
initiate motor action (magenta arrow) via motor and premotor cortex (grey 
area) that causes a motor act. This affects sensory input and at the same time 
provides top-down information about movement to the sensory areas (black 
arrows). These receive the information on the change in environment caused by 
the movement (auditory: blueish/purple; visual: orange; somatosensory: green) 
that is fed back to cognition (frontal cortex, dashed arrows), together forming a 
complex closed loop. Multisensory and language areas ignored for 
simplification.

a Infant or child directed speech is the speech addressed to infants, toddlers, and 
young children. It possesses a simplified sentence structure, repetitive lexical items 
and syntactic frames. The prosodic-acoustic characteristics found in many languages 
include higher pitch and wider pitch range than adult conversation, greater pitch 
variability, slower rate of speech, longer pauses, and shorter vocalizations.
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motor systems provide a window of opportunity – or vulnerability - for 
these processes.

Evidence suggests that language acquisition requires both early 
exposure and active interaction; for example, passive video watching is 
not sufficient for language acquisition (Kuhl et al., 2003; DeLoache 
et al., 2010). At least ~10 hours of weekly active spoken language 
communication are required for hearing children of deaf parents to ac
quire spoken language (Schiff-Myers, 1993). Thus, language learning 
appears to be “gated” by socially-contingent interactive contexts (Lytle 
et al., 2018; Kuhl et al., 2003; Bosseler et al., 2024). Additionally, in
fants’ active manipulation of objects has been found critical for the 
development of vocabulary (Slone et al., 2019). Developmental absence 
of active social interaction leads to severe linguistic and cognitive def
icits in adulthood (Nelson et al., 2013; Nelson & Gabard-Durnam, 2020). 
These deficits are not fully reversible if the social deprivation lasts 
longer than 6 months after birth (Sonuga-Barke et al., 2017; Thompson 
& Steinbeis, 2020). While it is often implicitly assumed that prefrontal 
cortex and executive functions develop late, cardinal steps in cognitive 
development are already outlined within the first months of infant life 
(Rose et al., 2005; Fiske & Holmboe, 2019). Development of some 
foundational executive functions is subject to an early sensitive period of 
the first 6-12 months (Thompson & Steinbeis, 2020), and this partially 
explains why restoration of auditory input beyond this period does not 
guarantee restoration of normal cognitive function (Kral et al., 2016), 
including relative risk for underperformance in conceptual learning, 
attention, sequential processing, and factual and working memory 
(Kronenberger et al., 2014). Many cognitive and executive functions 
develop later, but the interaction between cognition and sensory rep
resentation is established early and active communication with a social 
partner is key for this process (Bosseler et al., 2024).

6. Deaf and hard of hearing infants

So far, we have elaborated the importance of multimodal input for 
the development of hearing infants. Typical multimodal and sensori
motor synchrony offers a theoretical framework for understanding the 
large unexplained variance in speech comprehension if access to sound 
is not initiated in the first year of life (Duchesne et al., 2009; Niparko 
et al., 2010). Specifically, the unaccounted variance in the spoken lan
guage delay of DHOH infants may be related to disrupted multimodal 
synchrony because of the hearing loss. In the absence or reduction of 
auditory input, the infant relies mostly on visual information and touch 
for synchronization of behaviors. However, vision cannot replace 
hearing: vision and hearing are fundamentally different and inform the 
brain on the environment in differing but complementary ways. For 
instance, while vision is organized around spatial aspects, hearing is 
organized around timing, with corresponding auditory dominance in 
perception and in multimodal training when discrepancies of the sen
sory input between the two modalities are present (Barakat et al., 2015; 
McGovern et al., 2016; Amadeo et al., 2019). Thus, early deafness is 
related to impaired performance in the time domain in other modalities, 
including fine motor coordination (Horn et al., 2006), sensorimotor 
transformations (Li et al., 2022) and serial sensory processing (Rinaldi 
et al., 2018). Spoken language fundamentally depends on precisely 
timed features that unveil across varying timescales, which are mini
mally provided by the spared sensory systems cannot provide. In addi
tion, early auditory deprivation affects brain organization, such as, 
partial recruitment of the auditory areas by the visual processing 
(Nishimura et al., 1999; Petitto et al., 2000; Lomber et al., 2010; Hauthal 
et al., 2014). Such crossmodal reorganization precludes audiovisual 
interactions in the secondary auditory cortex and visual cortex (Land 
et al., 2016). Indeed, deaf children exhibit impairments in bimodal in
teractions, leading to a greater reliance on other sensory systems (Schorr 
et al., 2005; Corina et al., 2022; Kral & Sharma, 2023). Thus, neuronal 

Fig. 3. A: Intervention to increase adult-child conversational turns slightly but significantly increases cortical thickness in language-relevant regions of left 
supramarginal gyrus (SMG) and left inferior frontal gyrus (IFG), and causes stronger connectivity between these areas. Reprinted with permission from (Romeo et al., 
2021). B: Effect of increased conversational turns on cortical thickness in inferior frontal gyrus, data pooled over all studied groups. Dashed line shows the diagonal. 
C: Schematic illustration of the effect of total communication on development of language and cognition. While in the absence of hearing, the multimodal influence 
between sensory systems cannot take place, there is a direct effect of non-verbal communication on language and cognition.
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interactions between sensory systems are affected by congenital 
deafness.

Hearing loss influences the behavioral patterns of both the caregiver 
and the infant in dyadic and triadic interactions (Cejas et al., 2014; 
Fagan et al., 2014; Quittner et al., 2013; Cruz et al., 2013; DesJardin 
et al., 2009). On average, hearing mothers of severe-to profound DHOH 
children tend to be more controlling in their verbal and nonverbal in
teractions (Fagan et al., 2014), spend less time in coordinated joint 
attention with the child (Cejas et al., 2014), use less complex spoken 
language in terms of mean length of utterance (Goldin-Meadow & 
Saltzman, 2000; Fagan et al., 2014), and use more directive spoken 
language compared to spoken language directed at hearing infants 
(Fagan et al., 2014; Ambrose et al., 2015). By nine-months of age, infants 
with hearing loss less reliably and actively elicit their mothers’ attention 
by means of smiling, greeting, or reaching and demonstrate more 
self-comforting and repetitious motor behaviors (Kuhl, 2007) compared 
to typically-developing infants (Koester, 1995). At 12-13 months of age, 
they produce fewer topic-initiating behaviors than typically developing 
infants at the same age (Cejas et al., 2014). At the age of 10 - 20 months 
they show reduced involvement in book-reading interactions 
(Zaidman-Zait & Dromi, 2007). If hearing restoration happens after 
these periods, infants’ interaction with caregiver has already been 
significantly affected, and can impact how hearing becomes embedded 
into neural systems.

From a neuroscience perspective, brain development exhibits sensi
tive periods during which the development of the sensory system is more 
susceptible to experience (Nelson & Gabard-Durnam, 2020; Kral et al., 
2019). Auditory behavior will be permanently impaired if experience 
fails to occur during a critical period, with only limited recovery possible 
(review in Kral, 2013). In deaf animals who received chronic cochlear 
implant stimulation, developmental maturation of the auditory system 
involved active paradigms and approximated a natural environment 

(Klinke et al., 1999; Kral et al., 2002; Fallon et al., 2009; Kral et al., 
2013a), making it possible to exploit sensorimotor contingencies dis
cussed above. Auditory critical periods were similarly observed in ani
mal models and DHOH children, where absence of hearing could not be 
sufficiently compensated with CIs at later age (children: Manrique et al., 
1999; Gordon et al., 2015, animal models: Kral, 2013). This is because 
early auditory experience extensively shapes the circuits in the cerebral 
cortex (Kral & Sharma, 2012) (Fig. 4) and thus all plasticity in later life is 
dependent on the circuit adaptation induced during the sensitive pe
riods. It is interesting that development of cortical synapses happens in 
hearing children within the first 12 months of age, and if development in 
congenital deafness is extrapolated from the cat model to human, while 
it is delayed, synaptogenesis is still taking place within the first 12 
months (Fig. 4). This suggests that the initial cortical network structure 
and function is laid down within the period that currently fails to be 
exploited clinically in deaf children.

While the initial developmental learning process is likely related to 
the ability of neuronal networks to sculpt features in a process similar to 
connectionists’ deep learning neuronal networks, the subsequent steps 
are multilevel with a hierarchy of object processing – from phonological 
objects to morphemes and grammar that develop in a cascading process 
(review in Skeide & Friederici, 2016). The subsequent steps of sensory 
and cognitive development are tightly related. Intervention that is 
delayed (i.e., after this period has been missed), desynchronizes the 
developmental cascade (Fig. 1E) with an impact on the maturation of 
sensorimotor functions.

Interestingly, primary sensory cortical areas follow a faster devel
opmental sequence than higher-order areas (Elston et al., 2009). Indeed, 
the critical period for the auditory development under cochlear implant 
stimulation has been observed in the primary auditory cortex (Kral et al., 
2002; Kral et al., 2013b). Missing the critical period affects the corti
cocortical circuitry (Yusuf et al., 2017) and top-down interactions 
(Yusuf et al., 2021). The timing of the critical period for cochlear im
plantation in prelingually deaf children is strongly related to early 
auditory areas, as shown by P1-component of the evoked potential 
(Sharma et al., 2002; Sharma et al., 2005) generated in the auditory 
cortex rather than language and associative areas. Thus, the initial 
bottlenecks in development are the sensory areas, pre-processing 
acoustic features and supporting the categorizing sounds into objects 
and feeding with object-level representations the higher-order areas and 
cognition. Key developmental steps in these areas are again taken within 
the first 12 months of life.

Untreated pediatric hearing loss puts cognitive functions at risk 
(Kronenberger et al., 2014; Marschark et al., 2017; Davidson et al., 
2019; Kral et al., 2016). This does not mean that cognitive performance 
is affected in each DHOH child per se; some of DHOH children perform 
as well as the best hearing children. But individual cognitive sub
functions are at risk, which may result in larger intracognitive variance 
in some of DHOH children, and thus more borderline and problematic 
outcomes in individual subfunctions in some DHOH children. Untreated 
auditory deprivation influences the synchrony of caregiver-infant in
teractions, and can result in reduced and/or slower infant responses of 
the DHOH infant to the interlocutor, and eventually to less sequential 
relations and prolonged lag time of responses during interaction. This 
may result in less or qualitatively reduced input to the infant, less mutual 
attention supporting conceptual development and reduced ability of the 
DHOH infant to participate as both initiator and receiver of communi
cative interaction. Consequently, sensory dyssynchronization in the 
sensitive period for social and language acquisition will be associated 
with reduced receptive and expressive language acquisition and cogni
tive abilities (Bornstein, 1989).

7. Intervention in DHOH infants within first months of life: open 
questions

For DHOH infants, access to sound via hearing aids can be achieved 

Fig. 4. Synaptic development in the human cortex, solid circles repre data from 
(Huttenlocher & Dabholkar, 1997). Trajectory of hearing children (blue line) 
approximated from visual and auditory development in children. Deaf devel
opment (red dashed line) is unknown in humans and has been extrapolated 
using (Workman et al., 2013) from congenitally deaf cats (Kral & Sharma, 
2012) (conceptual age of humans: 280 days; cats: 64 days). Initial synaptic 
organization is established in both group of infants within the first 12 months. 
Pictograms approximate motor development, dashed rectangle the first 12 
months of postnatal life. Synaptogenesis overlaps with the immature motor 
system, sensorimotor interactions are thus limited to near space. One conse
quence of the alteration of developmental sequence is a change in function of 
the cortical networks that are incapable of incorporating top-down auditory 
interactions (Berger et al., 2017; Yusuf et al., 2022).
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within the first 3 months (Wood et al., 2015). For those who cannot 
benefit from hearing aids, cochlear implantation is a viable solution 
which is technically possible below 6 months of age, provided a child is 
medically fit and appropriate infrastructure is available 
(Lesinski-Schiedat et al., 2004; Waltzman & Roland, 2005; Tait et al., 
2007). This timeline would substantially improve access to sound 
through HA and CIs before 9 months, with a known positive effect on 
language acquisition (Leigh et al., 2013; Ching et al., 2017; Hoff et al., 
2019; Karltorp et al., 2020). The age limit for cochlear implantation is 
ultimately a surgical decision. Many clinicians rely on behavioral 
confirmation of objective measures of hearing. This is possible even 
before the age of 6 months, provided that the follow-up of the child is 
efficient, the team is experienced and there are no delays in care. Sug
gestions of 1-3-6 months pattern (identification-diagnosis-intervention) 
for DHOH children have been put forward by other authors as well 
(Findlen et al., 2023). We want to encourage the improvement of the 
efficacy of the follow-ups to allow such early interventions, also to allow 
further studies to strengthen the evidence-base for such early 
intervention.

One difficulty is the tracing of infants’ developmental trajectory 
during sensory and cognitive development. Testing of the linguistic 
development of these children represents a challenge, as it is difficult to 
separate the interwoven sensory, linguistic, and other cognitive devel
opment. Checklists such as Auditory Skills Checklist (Meinzen-Derr 
et al., 2007) and parent-report measures such as Functional Listening 
Index (Coninx et al., 2009; Ching & Hill, 2007; Davis et al., 2022) may 
provide additional information of the earliest auditory, listening and 
vocal development of children before reliable cognitive and linguistic 
testing. Such measures have provided evidence of better outcomes with 
intervention below 9 months of age (Culbertson et al., 2022). However, 
the relation of these and standard linguistic measures require more 
attention in the future to allow individualized approach to early hearing 
loss.

From what has been reviewed here, development of multimodal 
representation is critical during the first months of life (Havy et al., 
2017). Communication is more than passive sensory perception: it in
volves active exploratory efforts of the child. Infants are not passive 
recipients of sensory input, but rather actively search for interaction 
already within the first 5-12 months of life (Goldstein et al., 2009; 
Striano & Bertin, 2004; Gibson, 1988). Sensorimotor system plays a 
mediating role between communicative experiences and language 
development (Salo et al., 2022). However, more research is required to 
understand whether and how earlier access to sound may beneficially 
influence the downstream cognitive consequences of hearing loss.

In the light of these considerations, it is problematic that the 
communication within the family remains a blind spot in auditory 
intervention. In the clinical setting, it is unclear how much and what 
quality of communication is provided to the DHOH child. DHOH chil
dren require caregivers who provide them a rich language environment 
(“super communicators”, Aragon & Yoshinaga-Itano, 2012). Caregiver 
language input is a critical feature during the early life particularly for 
DHOH children (Nittrouer et al., 2020; Holt et al., 2022). Caregiver’s 
sensitivity and education are among the strongest factors affecting the 
outcome of intervention in DHOH children (Quittner et al., 2013; Cejas 
et al., 2018). The structure of linguistic input, particularly the active 
verbs, are another important factor for language acquisition 
(Warner-Czyz et al., 2024). Thus, there is a need for monitoring and 
guiding communication in the family. Technology allows quantifying 
the amount of interactions, e.g. using the Language ENvironment 
Analysis system (LENA) that provides data regarding the number of 
vocal interactions (turn-taking) between the infant and its caregivers, 
the number of words produced by an adult in the vicinity of the infant, 
and the count of the infant’s vocalizations, extracted from up to 16 hours 
of recording in the infant’s natural environment. LENA data help care
givers to reflect upon what they are doing in everyday settings and 
discover for themselves goals and strategies (Ganek et al., 2018; 

Levin-Asher et al., 2022; Aragon & Yoshinaga-Itano, 2012; Kondaurova 
et al., 2022). While CIs and hearing aids are increasingly equipped with 
such technology, additional technologies are needed for other aspects of 
communication.

Ultimately, cochlear implantation within the critical period for 
hearing development shows that the brain is sufficiently flexible to allow 
a somewhat later initiation of hearing. Nonetheless, because plasticity 
shows a decreasing gradient within this period, earlier intervention is 
generally better. For further improving the outcomes of infants born 
with hearing loss we need to (i) raise awareness among otolaryngolo
gists, neurologists, pediatricians, about consequences of hearing loss 
within the first months in life; (ii) initiate further studies on early in
terventions, comparing outcomes of children with improved access to 
sound within the first 9 months of life to those with later interventions, 
(iii) quantify listening skills also at stages when language scores are not 
available, (iv) quantify and analyze multiple domains of communication 
(including, but not limited to turn taking, vocalization and multimodal 
gestures in early infancy), (v) develop systems for automatic coding of 
communication including gestures and the input from the caregiver, (vi) 
combine these data with physiological brain imaging results and (vii) 
combine these data with quantified cognitive abilities of the infant.

8. Conclusion

The developing brain critically depends on sensorimotor contin
gencies through active exploration and communication starting at birth. 
Sensory deprivation in one modality can result in its developmental 
desynchronization from the other modalities involved in active 
communication. In the case of congenital hearing loss, we argue that the 
current habilitation practice is too late. The cumulative evidence sup
ports the restoration of hearing at the earliest opportunity after birth in 
conjunction with a caregiver-led infant-directed communication, before 
the milestone of 9 months of age has been reached.
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Radulescu, L., Rauhamäki, T., Brachmaier, J., 2009. Validation of the LittlEARS® 
auditory Questionnaire in children with normal hearing. Int. J. Ped. ORL 73, 
1761–1768. https://www.sciencedirect.com/science/article/pii/S0165587609 
005230?casa_token=nOFLKpErTz4AAAAA:MR2O8OqVydfQC5YO9drPUb5ZLAc 
w8hql93FNvTzB56jTmVwQmRPm0hq-Gwhoy2P2QSzP7r6K.

Cook, J.R., Li, H., Nguyen, B., Huang, H.H., Mahdavian, P., Kirchgessner, M.A., 
Strassmann, P., Engelhardt, M., Callaway, E.M., Jin, X., 2022. Secondary auditory 
cortex mediates a sensorimotor mechanism for action timing. Nat. Neurosci 25 (3), 
330–344. https://doi.org/10.1038/s41593-022-01025-5.

Coplan, J., Gleason, J.R., 1990. Quantifying language development from birth to 3 years 
using the early language Milestone Scale. Pediatrics 86 (6), 963–971. https://www. 
ncbi.nlm.nih.gov/pubmed/2251032.

Corina, D.P., Coffey-Corina, S., Pierotti, E., Bormann, B., LaMarr, T., Lawyer, L., 
Backer, K.C., Miller, L.M., 2022. Electrophysiological examination of ambient speech 
processing in children with Cochlear implants. J. Speech. Lang. Hear. Res 65 (9), 
3502–3517. https://doi.org/10.1044/2022_JSLHR-22-00004.

Craighero, L., 2024. An embodied approach to fetal and newborn perceptual and 
sensorimotor development. Brain. Cogn 179, 106184. https://doi.org/10.1016/j. 
bandc.2024.106184.

Cruz, I., Quittner, A.L., Marker, C., DesJardin, J.L., Team, C.D.I., 2013. Identification of 
effective strategies to promote language in deaf children with cochlear implants. 
Child. dev. 84 (2), 543–559. https://srcd.onlinelibrary.wiley.com/doi/pdf/10.1111 
/j.1467-8624.2012.01863.x?casa_token=h3Vy1pmt34QAAAAA:DTSV2bF286F 
8Yqw3V7Fg04GBBUnrr6oeRjX3n0D0fMdy5cU_UPY6N_QskBqqyM1 
Gb8ggSoZYHN24.

Culbertson, S.R., Dillon, M.T., Richter, M.E., Brown, K.D., Anderson, M.R., Hancock, S.L., 
Park, L.R., 2022. Younger age at Cochlear implant activation results in improved 
auditory skill development for children with congenital deafness. J. Speech. Lang. 
Hear. Res 65 (9), 3539–3547. https://doi.org/10.1044/2022_JSLHR-22-00039.

Dall’Orso, S., Fifer, W.P., Balsam, P.D., Brandon, J., O’Keefe, C., Poppe, T., Vecchiato, K., 
Edwards, A.D., Burdet, E., Arichi, T., 2020. Cortical processing of multimodal 
sensory learning in Human neonates. Cereb. Cortex 31, 1827–1836. https://doi.org/ 
10.1093/cercor/bhaa340.

Damaraju, E., Caprihan, A., Lowe, J.R., Allen, E.A., Calhoun, V.D., Phillips, J.P., 2014. 
Functional connectivity in the developing brain: a longitudinal study from 4 to 
9months of age. Neuroimage 84, 169–180. https://doi.org/10.1016/j. 
neuroimage.2013.08.038.

Davidson, L.S., Geers, A.E., Hale, S., Sommers, M.M., Brenner, C., Spehar, B., 2019. 
Effects of early auditory deprivation on working memory and reasoning abilities in 
verbal and visuospatial domains for pediatric cochlear implant recipients. Ear. hear. 
40 (3), 517–528. https://journals.lww.com/ear-hearing/fulltext/2019/05000/eff 
ects_of_early_auditory_deprivation_on_working.8.aspx?casa_token=9kbzB7 
g_RWMAAAAA:4DY9q3wkjAO2H0K18f3_dw8FDRrE6Vz_faZGaNkUbTd 
cJNYltET6pveSIlC1dqnBUuKF1ZJ9DN1NFr9dspJwRjb_4e_8UXij0Zz4wiOh6wUo.

Davis, A., Harrison, E., Cowan, R., 2022. The feasibility of the functional listening index- 
paediatric (FLI-P®) for young children with hearing loss. J. Clin. Med 11 (10), 2764. 
https://doi.org/10.3390/jcm11102764.

de Barbaro, K., Johnson, C.M., Forster, D., Deák, G.O., 2016. Sensorimotor decoupling 
contributes to triadic attention: a longitudinal investigation of mother–infant–object 
interactions. Child. dev. 87 (2), 494–512. https://srcd.onlinelibrary.wiley.com/doi 

A. Kral et al.                                                                                                                                                                                                                                     Hearing Research 467 (2025) 109401 

10 

https://doi.org/10.1016/j.isci.2019.07.042
https://doi.org/10.1016/j.isci.2019.07.042
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4703365
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4703365
https://doi.org/10.1038/nrn4025
https://doi.org/10.1038/nrn4025
https://doi.org/10.1121/10.0015201
https://www.thieme-connect.com/products/ejournals/html/10.1055/s-0032-1326918?casa_token=xkOgQP9ZaJoAAAAA:5wxB0r-2qdUQDNi2lqA2eqmVHDDC5Uk2NaL5VyZPazteOqoZ6AQH-M5qQdJWdelQYL2IinlPZBxF
https://www.thieme-connect.com/products/ejournals/html/10.1055/s-0032-1326918?casa_token=xkOgQP9ZaJoAAAAA:5wxB0r-2qdUQDNi2lqA2eqmVHDDC5Uk2NaL5VyZPazteOqoZ6AQH-M5qQdJWdelQYL2IinlPZBxF
https://www.thieme-connect.com/products/ejournals/html/10.1055/s-0032-1326918?casa_token=xkOgQP9ZaJoAAAAA:5wxB0r-2qdUQDNi2lqA2eqmVHDDC5Uk2NaL5VyZPazteOqoZ6AQH-M5qQdJWdelQYL2IinlPZBxF
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0006
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0006
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0006
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0007
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0007
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0007
https://doi.org/10.1038/s41467-018-04839-9
https://www.jstor.org/stable/pdf/1130803.pdf?casa_token=qmtHXXxxHIgAAAAA:0ooJqtezVGgb5Y00uTMwlCYJ-tZkUa-VJ3dSIUFL3XzvwYqeqm_F2SmZ048xcguWfkzUJR7zwNu9CfSr98eUssmZMS8ELEWKSAZaaju01_E4ywq_vZnU
https://www.jstor.org/stable/pdf/1130803.pdf?casa_token=qmtHXXxxHIgAAAAA:0ooJqtezVGgb5Y00uTMwlCYJ-tZkUa-VJ3dSIUFL3XzvwYqeqm_F2SmZ048xcguWfkzUJR7zwNu9CfSr98eUssmZMS8ELEWKSAZaaju01_E4ywq_vZnU
https://www.jstor.org/stable/pdf/1130803.pdf?casa_token=qmtHXXxxHIgAAAAA:0ooJqtezVGgb5Y00uTMwlCYJ-tZkUa-VJ3dSIUFL3XzvwYqeqm_F2SmZ048xcguWfkzUJR7zwNu9CfSr98eUssmZMS8ELEWKSAZaaju01_E4ywq_vZnU
https://www.jstor.org/stable/pdf/1130803.pdf?casa_token=qmtHXXxxHIgAAAAA:0ooJqtezVGgb5Y00uTMwlCYJ-tZkUa-VJ3dSIUFL3XzvwYqeqm_F2SmZ048xcguWfkzUJR7zwNu9CfSr98eUssmZMS8ELEWKSAZaaju01_E4ywq_vZnU
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0010
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0010
https://doi.org/10.1093/cercor/bhac113
https://www.tandfonline.com/doi/abs/10.1080/10481881309348769
https://www.tandfonline.com/doi/abs/10.1080/10481881309348769
https://doi.org/10.1523/JNEUROSCI.0972-14.2014
https://doi.org/10.1523/JNEUROSCI.0972-14.2014
https://doi.org/10.1017/s0305000900002245
https://doi.org/10.1080/15475441.2014.979387
https://doi.org/10.1080/15475441.2014.979387
https://doi.org/10.1002/cne.24267
https://onlinelibrary.wiley.com/doi/pdf/10.1080/15250000903144181?casa_token=ESyRVeKhoo0AAAAA:tdTT_Sw8EdEtjFOW6AP2PeXAhHXZ0BSoeP1jbUhSV434tTyIRT95ZEqNfi7oaN5q4F5S-Il8QJnnm1H6
https://onlinelibrary.wiley.com/doi/pdf/10.1080/15250000903144181?casa_token=ESyRVeKhoo0AAAAA:tdTT_Sw8EdEtjFOW6AP2PeXAhHXZ0BSoeP1jbUhSV434tTyIRT95ZEqNfi7oaN5q4F5S-Il8QJnnm1H6
https://onlinelibrary.wiley.com/doi/pdf/10.1080/15250000903144181?casa_token=ESyRVeKhoo0AAAAA:tdTT_Sw8EdEtjFOW6AP2PeXAhHXZ0BSoeP1jbUhSV434tTyIRT95ZEqNfi7oaN5q4F5S-Il8QJnnm1H6
https://onlinelibrary.wiley.com/doi/pdf/10.1080/15250000903144181?casa_token=ESyRVeKhoo0AAAAA:tdTT_Sw8EdEtjFOW6AP2PeXAhHXZ0BSoeP1jbUhSV434tTyIRT95ZEqNfi7oaN5q4F5S-Il8QJnnm1H6
https://doi.org/10.1111/j.1467-7687.2010.00990.x
https://doi.org/10.1111/j.1467-7687.2010.00990.x
https://doi.org/10.1038/nrn3565
https://journals.lww.com/ear-hearing/FullText/2012/09000/Predictors_of_Spoken_Language_Development.7.aspx
https://journals.lww.com/ear-hearing/FullText/2012/09000/Predictors_of_Spoken_Language_Development.7.aspx
https://journals.lww.com/ear-hearing/FullText/2012/09000/Predictors_of_Spoken_Language_Development.7.aspx
https://psycnet.apa.org/record/1989-21877-001
https://psycnet.apa.org/record/1989-21877-001
https://citeseerx.ist.psu.edu/document?repid=rep1&tnqh_x0026;type=pdf&tnqh_x0026;doi=551539f151bc35457b58e463826c45fe2290b51b
https://citeseerx.ist.psu.edu/document?repid=rep1&tnqh_x0026;type=pdf&tnqh_x0026;doi=551539f151bc35457b58e463826c45fe2290b51b
https://doi.org/10.1016/j.cub.2024.03.020
https://doi.org/10.1016/j.cub.2024.03.020
https://doi.org/10.1080/14670100.2017.1375238
https://doi.org/10.1080/14670100.2017.1375238
https://www.jstor.org/stable/1166214
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4410682
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4410682
https://www.ncbi.nlm.nih.gov/pmc/articles/pmc6173668
https://www.ncbi.nlm.nih.gov/pmc/articles/pmc6173668
https://doi.org/10.1016/0378-5955(94)00164-l
https://doi.org/10.1016/0378-5955(94)00164-l
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0029
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0029
https://doi.org/10.1542/peds.2016-4274
https://doi.org/10.1542/peds.2016-4274
https://doi.org/10.3766/jaaa.18.3.4
http://refhub.elsevier.com/S0378-5955(25)00218-7/sbref0032
https://doi.org/10.1097/MAO.0000000000003011
https://www.sciencedirect.com/science/article/pii/S0165587609005230?casa_token=nOFLKpErTz4AAAAA:MR2O8OqVydfQC5YO9drPUb5ZLAcw8hql93FNvTzB56jTmVwQmRPm0hq-Gwhoy2P2QSzP7r6K
https://www.sciencedirect.com/science/article/pii/S0165587609005230?casa_token=nOFLKpErTz4AAAAA:MR2O8OqVydfQC5YO9drPUb5ZLAcw8hql93FNvTzB56jTmVwQmRPm0hq-Gwhoy2P2QSzP7r6K
https://www.sciencedirect.com/science/article/pii/S0165587609005230?casa_token=nOFLKpErTz4AAAAA:MR2O8OqVydfQC5YO9drPUb5ZLAcw8hql93FNvTzB56jTmVwQmRPm0hq-Gwhoy2P2QSzP7r6K
https://doi.org/10.1038/s41593-022-01025-5
https://www.ncbi.nlm.nih.gov/pubmed/2251032
https://www.ncbi.nlm.nih.gov/pubmed/2251032
https://doi.org/10.1044/2022_JSLHR-22-00004
https://doi.org/10.1016/j.bandc.2024.106184
https://doi.org/10.1016/j.bandc.2024.106184
https://srcd.onlinelibrary.wiley.com/doi/pdf/10.1111/j.1467-8624.2012.01863.x?casa_token=h3Vy1pmt34QAAAAA:DTSV2bF286F8Yqw3V7Fg04GBBUnrr6oeRjX3n0D0fMdy5cU_UPY6N_QskBqqyM1Gb8ggSoZYHN24
https://srcd.onlinelibrary.wiley.com/doi/pdf/10.1111/j.1467-8624.2012.01863.x?casa_token=h3Vy1pmt34QAAAAA:DTSV2bF286F8Yqw3V7Fg04GBBUnrr6oeRjX3n0D0fMdy5cU_UPY6N_QskBqqyM1Gb8ggSoZYHN24
https://srcd.onlinelibrary.wiley.com/doi/pdf/10.1111/j.1467-8624.2012.01863.x?casa_token=h3Vy1pmt34QAAAAA:DTSV2bF286F8Yqw3V7Fg04GBBUnrr6oeRjX3n0D0fMdy5cU_UPY6N_QskBqqyM1Gb8ggSoZYHN24
https://srcd.onlinelibrary.wiley.com/doi/pdf/10.1111/j.1467-8624.2012.01863.x?casa_token=h3Vy1pmt34QAAAAA:DTSV2bF286F8Yqw3V7Fg04GBBUnrr6oeRjX3n0D0fMdy5cU_UPY6N_QskBqqyM1Gb8ggSoZYHN24
https://doi.org/10.1044/2022_JSLHR-22-00039
https://doi.org/10.1093/cercor/bhaa340
https://doi.org/10.1093/cercor/bhaa340
https://doi.org/10.1016/j.neuroimage.2013.08.038
https://doi.org/10.1016/j.neuroimage.2013.08.038
https://journals.lww.com/ear-hearing/fulltext/2019/05000/effects_of_early_auditory_deprivation_on_working.8.aspx?casa_token=9kbzB7g_RWMAAAAA:4DY9q3wkjAO2H0K18f3_dw8FDRrE6Vz_faZGaNkUbTdcJNYltET6pveSIlC1dqnBUuKF1ZJ9DN1NFr9dspJwRjb_4e_8UXij0Zz4wiOh6wUo
https://journals.lww.com/ear-hearing/fulltext/2019/05000/effects_of_early_auditory_deprivation_on_working.8.aspx?casa_token=9kbzB7g_RWMAAAAA:4DY9q3wkjAO2H0K18f3_dw8FDRrE6Vz_faZGaNkUbTdcJNYltET6pveSIlC1dqnBUuKF1ZJ9DN1NFr9dspJwRjb_4e_8UXij0Zz4wiOh6wUo
https://journals.lww.com/ear-hearing/fulltext/2019/05000/effects_of_early_auditory_deprivation_on_working.8.aspx?casa_token=9kbzB7g_RWMAAAAA:4DY9q3wkjAO2H0K18f3_dw8FDRrE6Vz_faZGaNkUbTdcJNYltET6pveSIlC1dqnBUuKF1ZJ9DN1NFr9dspJwRjb_4e_8UXij0Zz4wiOh6wUo
https://journals.lww.com/ear-hearing/fulltext/2019/05000/effects_of_early_auditory_deprivation_on_working.8.aspx?casa_token=9kbzB7g_RWMAAAAA:4DY9q3wkjAO2H0K18f3_dw8FDRrE6Vz_faZGaNkUbTdcJNYltET6pveSIlC1dqnBUuKF1ZJ9DN1NFr9dspJwRjb_4e_8UXij0Zz4wiOh6wUo
https://doi.org/10.3390/jcm11102764
https://srcd.onlinelibrary.wiley.com/doi/pdf/10.1111/cdev.12464?casa_token=niPu6FsHlW0AAAAA:sFNuGW2YgGlfrnT2-OnoLSD-SdhL4edQth-DYvXe4wUSO-Fnng3nzyOcBX0Ps6Od16qly5ci7LP2_gbc


/pdf/10.1111/cdev.12464?casa_token=niPu6FsHlW0AAAAA:sFNuGW2YgGlfrnT2 
-OnoLSD-SdhL4edQth-DYvXe4wUSO-Fnng3nzyOcBX0Ps6Od16qly5ci7LP2_gbc.

de Villers-Sidani, E., Merzenich, M.M., 2011. Lifelong plasticity in the rat auditory 
cortex: basic mechanisms and role of sensory experience. Prog. Brain. Res 191, 
119–131. https://doi.org/10.1016/B978-0-444-53752-2.00009-6.

DeCasper, A.J., Fifer, W.P., 1980. Of human bonding: newborns prefer their mothers’ 
voices. Science 208 (4448), 1174–1176. PubMed. 

DeLoache, J.S., Chiong, C., Sherman, K., Islam, N., Vanderborght, M., Troseth, G.L., 
Strouse, G.A., O’Doherty, K., 2010. Do babies learn from baby media? Psychol. Sci 
21 (11), 1570–1574. https://doi.org/10.1177/0956797610384145.

DesJardin, J.L., Ambrose, S.E., Eisenberg, L.S., 2009. Literacy skills in children with 
cochlear implants: the importance of early oral language and joint storybook 
reading. J. deaf. stud. deaf. educ. 14 (1), 22–43. https://academic.oup.com/jdsde/ 
article/14/1/22/379142.

Duchesne, L., Sutton, A., Bergeron, F., 2009. Language achievement in children who 
received cochlear implants between 1 and 2 years of age: group trends and 
individual patterns. J. Deaf. Stud. Deaf. Educ 14, 465–485. https://academic.oup. 
com/jdsde/article/14/4/465/488897.

Duncan, J., 2025. Construction and use of mental models: organizing principles for the 
science of brain and mind. Neuropsychologia 207, 109062. https://doi.org/ 
10.1016/j.neuropsychologia.2024.109062.

Egeren, L.A.V., Barratt, M.S., Roach, M.A., 2001. Mother–infant responsiveness: Timing, 
mutual regulation, and interactional context. Dev. Psychol. 37 (5), 684–697. https: 
//psycnet.apa.org/record/2001-11105-011.

Eimas, P.D., Siqueland, E.R., Jusczyk, P., Vigorito, J., 1971. Speech perception in infants. 
Science 171 (968), 303–306. PubMed. 

Eliades, S.J., Wang, X., 2017. Contributions of sensory tuning to auditory-vocal 
interactions in marmoset auditory cortex. Hear. Res 348, 98–111. https://doi.org/ 
10.1016/j.heares.2017.03.001.

Elston, G.N., Oga, T., Fujita, I., 2009. Spinogenesis and pruning scales across functional 
hierarchies. J. Neurosci. 29 (10), 3271–3275. https://www.jneurosci.org/conte 
nt/29/10/3271.short.

Emberson, L.L., Richards, J.E., Aslin, R.N., 2015. Top-down modulation in the infant 
brain: learning-induced expectations rapidly affect the sensory cortex at 6 months. 
Proc. Natl. Acad. Sci. U. S. A 112 (31), 9585–9590. https://doi.org/10.1073/ 
pnas.1510343112.

Emerson, R.W., Gao, W., Lin, W., 2016. Longitudinal study of the emerging functional 
connectivity asymmetry of primary language regions during infancy. J. Neurosci 36 
(42), 10883–10892. https://doi.org/10.1523/JNEUROSCI.3980-15.2016.

Fagan, M.K., Bergeson, T.R., Morris, K.J., 2014. Synchrony, complexity and directiveness 
in mothers’ interactions with infants pre-and post-cochlear implantation. Infant. 
Behav. Dev. 37 (3), 249–257. https://www.ncbi.nlm.nih.gov/pmc/articles/P 
MC4108344.

Fallon, J.B., Irvine, D.R.F., Shepherd, R.K., 2009. Cochlear implant use following 
neonatal deafness influences the cochleotopic organization of the primary auditory 
cortex in cats. J. Comp. Neurol 512 (1), 101–114. https://doi.org/10.1002/ 
cne.21886.

Feldman, R., 2007. Parent–infant synchrony and the construction of shared timing; 
physiological precursors, developmental outcomes, and risk conditions. J. Child. 
psychol. Psychiatry 48 (3-4), 329–354. https://acamh.onlinelibrary.wiley.com/doi 
/pdfdirect/10.1111/j.1469-7610.2006.01701.x?casa_token=8GU3UpTVF_4AAAAA: 
yQq23IO_4cYeX_pewaK-Qjd8YPtxMsqmQwxXUNiAWq7hTMKGJFF3rPn8l 
NkoRkF6eumgrlKSXJ2hPbCt.

Ferry, A., Guellai, B., 2021. Labels and object categorization in six- and nine-month-olds: 
tracking labels across varying carrier phrases. Infant. Behav. Dev 64, 101606. 
https://doi.org/10.1016/j.infbeh.2021.101606.

Findlen, U.M., Davenport, C.A., Cadieux, J., Gehred, A., Frush Holt, R., Vaughn, L.M., 
Houston, D., Hunter, L.L., 2023. Barriers to and facilitators of early hearing detection 
and intervention in the United States: a systematic review. Ear. Hear 44 (3), 
448–459. https://doi.org/10.1097/AUD.0000000000001312.

Fiske, A., Holmboe, K., 2019. Neural substrates of early executive function development. 
Dev. Rev 52, 42–62. https://doi.org/10.1016/j.dr.2019.100866.

Fleming, A.S., Steiner, M., Corter, C., 1997. Cortisol, hedonics, and maternal 
responsiveness in human mothers. Horm. behav. 32, 85–98. https://www.sciencedi 
rect.com/science/article/pii/S0018506X97914070.

Friston, K., 2010. The free-energy principle: a unified brain theory? Nat. Rev. Neurosci 
11 (2), 127–138. https://doi.org/10.1038/nrn2787.

Furlough, C.S., Gillan, D.J., 2018. Mental models: structural differences and the role of 
experience. J. Cogn. Eng. Decis. Mak. 12 (4), 269–287. https://doi.org/10.1177/ 
1555343418773236.

Gale, D.J., Areshenkoff, C.N., Honda, C., Johnsrude, I.S., Flanagan, J.R., Gallivan, J.P., 
2021. Motor planning modulates neural activity patterns in early Human auditory 
cortex. Cereb. Cortex 31 (6), 2952–2967. https://doi.org/10.1093/cercor/bhaa403.

Ganek, H., Smyth, R., Nixon, S., Eriks-Brophy, A., 2018. Using the language ENvironment 
Analysis (LENA) system to investigate cultural differences in conversational turn 
count. J. Speech. Lang. Hear. Res. 61 (9), 2246–2258. https://search.ebscohost. 
com/login.aspx?direct=true&profile=ehost&scope=site&authtype=crawler&jrnl 
=10924388&AN=131889488&h=9wb2BY2LZCKsIVirT1±cq1kYy5Pl1h 
i7ZuAIVT1jN±zY±bVX5eYnhf±fVrrtXhnYhMWCQ±X1kGgIX80woyVUmA==&crl 
=f&casa_token=UbQj7nicZ2sAAAAA:1RFuZ510ZeJk26NZTipocbCG3RMQ2nPSc 
99UbUmjTfd0lMnAlCmWa4tQZaCTA4uC_HWy476fG4z50JY.

Gao, W., Lin, W., Grewen, K., Gilmore, J.H., 2017. Functional connectivity of the infant 
Human brain: plastic and modifiable. Neuroscientist 23 (2), 169–184. https://doi. 
org/10.1177/1073858416635986.

Geers, A.E., Nicholas, J.G., Sedey, A.L., 2003. Language skills of children with early 
cochlear implantation. Ear. Hear 24 (1 Suppl), 46S–58S. https://doi.org/10.1097/ 
01.AUD.0000051689.57380.1B.

Gervain, J., Macagno, F., Cogoi, S., Peña, M., Mehler, J., 2008. The neonate brain detects 
speech structure. Proc. Natl. Acad. Sci. 105 (37), 14222–14227. https://www.pnas. 
org/content/105/37/14222.short.

Gibson, E.J., 1988. Exploratory behavior in the development of perceiving, acting, and 
the acquiring of knowledge. Annu. rev. psychol. 39 (1), 1–42. https://www.ann 
ualreviews.org/doi/pdf/10.1146/annurev.ps.39.020188.000245.

Goldfield, B.A., Reznick, J.S., 1990. Early lexical acquisition: rate, content, and the 
vocabulary spurt. J. child. lang. 17 (1), 171–183.

Goldin-Meadow, S., Saltzman, J., 2000. The cultural bounds of maternal 
accommodation: how Chinese and American mothers communicate with deaf and 
hearing children. Psychol. Sci. 11 (4), 307–314. https://journals.sagepub.com/do 
i/pdf/10.1111/1467-9280.00261?casa_token=WuODibf6b5wAAAAA:WWy_5aKXn 
yaVw6l7nx9tdukUlL6EXms1ZjdvDVkXBqdIx-GPWYVyXo8JCRgXY9hpQd 
TGc4KSQQ.

Goldinger, S.D., Azuma, T., 2003. Puzzle-solving science: the quixotic quest for units in 
speech perception. J. Phon 31 (3-4), 305–320. https://doi.org/10.1016/S0095-4470 
(03)00030-5.

Goldstein, M.H., Schwade, J.A., Bornstein, M.H., 2009. The value of vocalizing: five- 
month-old infants associate their own noncry vocalizations with responses from 
caregivers. Child. dev. 80 (3), 636–644. https://srcd.onlinelibrary.wiley.com/doi/p 
df/10.1111/j.1467-8624.2009.01287.x?casa_token=MZb2tZ8-OscAAAAA:rYVKf 
mAgdxhrG3Y5EwR4CpA7icyoXnlsObl54AIJAhJaSXcvLTVbgmTz2WJ-zcH_b6b6vj 
dWbsR3m5Li.

Golinkoff, R.M., Hirsh-Pasek, K., Cauley, K.M., Gordon, L., 1987. The eyes have it: lexical 
and syntactic comprehension in a new paradigm. J. Child. Lang 14 (1), 23–45. 
https://doi.org/10.1017/s030500090001271x.
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