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CREATING AN OPTIMAL ACOUSTIC SLEEP ENVIRONMENT FOR INFANTS: THE SCIENCE BEHIND THE 

DEVELOPMENT AND EFFECTS OF THE RAPTBABY™ SMARTER SLEEP SOUND MACHINE AND THE 
IMPLICATIONS FOR LANGUAGE DEVELOPMENT AND LATER COGNITION 

 
 

I. OVERVIEW - EARLY BRAIN AND LANGUAGE DEVELOPMENT  
 
Brain development during infancy forms the foundation of lifelong cognitive and physical 
performance.   
 
Early in life, young brains create billions of connections (synapses) among nerve cells (neurons) that 
organize into the networks and systems that will drive and affect future cognitive and physical 
performance, including in the cerebral cortex (the outer layer of the brain which is both the largest area 
of the brain and the one responsible for cognition).  
 
These networks are segregated based on incoming sensory stimuli and function to which they relate; 
those responding to touch, for instance, are in a different brain region or sensory area than those 
responding to sound or auditory stimuli. Additionally, within each sensory area, neurons responding to 
different aspects of the relevant stimuli are segregated as well, collectively forming  sensory cortical 
maps (Najafian et al. 2022).  
 
Importantly, the formation of cortical maps is a hierarchical process where the wiring for areas 
associated with basic sensory processing, like auditory input, happen earlier than for areas that build on 
those sensory processes, including higher cognitive functions such as language (Kolb et al. 2017).  
 
Experience with the environment is key to brain development, especially during critical periods when 
the brain needs and expects certain external input. 
 
Although genes determine the basic prenatal structure of the brain, postnatal environmental input is 
essential to the development of neuronal connections (Huttenlocher 2002; Innocenti 2022). This 
phenomenon is what neuroscientists call developmental plasticity - the propensity of the brain to 
change and adapt as a result of experience (Bick and Nelson 2017; Eggermont 2008). It is the interplay 
between external and internal cues that guide early neural plasticity and the ongoing cortical mapping 
of sensory and motor functions (Singer 2018). As a result, the quality and timing of environmental input 
will significantly influence brain function throughout life. 
 
Moreover, while brain plasticity appears to continue throughout the lifespan (Fuchs and Flügge 2014), 
plasticity in infancy is unique in its flexibility and susceptibility to experience. This is particularly the case 
during critical or sensitive periods when the brain is maximally receptive to outside stimuli that are 
relevant to, and shape, specific cognitive structures. In other words, critical periods can be viewed as 
windows of opportunity for the experience-dependent shaping of neural circuits responsible for 
particular brain functions (e.g., Cisneros-Franco et al. 2020; de Villers-Sidani et al. 2007; Voss et al. 
2017).  
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During these windows, particular aspects of the environment profoundly shape neuronal structure and 
function by altering the tuning properties of neurons, i.e., their preference for specific stimuli that 
causes them to respond more strongly to those stimuli than others. That tuning, in turn, influences 
which subsets of neurons wire together to create specific function-related networks. Hence, it is highly 
important that the environment to which the young brain is exposed during these windows provide the 
stimuli most conducive to building the networks which are the brain’s focus during those time periods.  
 
 
II. THE ACOUSTIC MAP: SETTING THE FOUNDATION FOR LANGUAGE 
 
The first year is a critical period for language, marked by the development of the infant’s acoustic 
map, the network of connections that support language acquisition and processing.  

  
One of the most important jobs of the infant brain is engaging with its environment to set itself up to 
become a proficient processor of its native language. Phonemes are the most basic units of sound that 
distinguish words in a given language and their number varies by language, ranging from low double 
digits (Hawaiian) to over 40 in English and more than 100 in the “click” heavy language of Taa, spoken in 
parts of Botswana. When infants are born, they are capable of distinguishing all the phonemes in the 
world but, to become an efficient processor of the language prevalent in their environment, they have 
to focus on, and discriminate, the sounds of that language (Gervain 2015; Kuhl 2004; Werker and 
Hensch 2015; Werker and Tees 2005).  

 
The task of identifying relevant phonemes in an incoming language stream is made more difficult 
because the differences between them may only consist of a very brief (in the tens of milliseconds) 
spectral (frequency of sounds) and/or temporal (timing of sounds) variation – an acoustic cue that is a 
property of a speech sound such as a variation in pitch, duration or intensity (Figure 1). Yet, because the 
"precise identification and analysis of acoustic cues [is]. . . mandatory for language acquisition,”  
 

 

the infant must be capable of recognizing or “decoding” such fine differences between sounds at the 
speed that they occur during ongoing speech (Telkemeyer et al. 2009). Fortunately, the infant brain is 

FIGURE 1. ACOUSTIC CUES: Registering the difference between these two phonemes, /ba/ and /da/, depends on 
hearing and discriminating the transition acoustic cue. As shown in the yellow highlighted area, this cue is a tiny 
variation in direction lasting only 40ms, with an upward slope signaling that the sound is a b and a downward slope. 
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programmed to support this rapid decoding, establishing connections among the neurons whose joint 
response is required to process each of the individual phonemes of the child’s native language.  

  
This activity begins as early as the last trimester of gestation (Partanen et al. 2013), in the prenatal 
infant. Even though infants can parse speech across all languages when they are born, as they listen to 
speech sounds and discriminate among them, they are actually performing a detailed statistical analysis 
to determine which occur most often, i.e., those of their primary language(s) (Saffran et al. 1996; Saffran 
and Kirkham 2018; Werker and Yeung 2005).  By focusing on those native phonemes, the neurons which 
fire closely in time to process each of them not only form connections but also get repeated experience 
with that processing, strengthening their interneural connections and thus the effectiveness of their 
joint response to the sound over time.   
 
This ongoing activity has been described as “neurons that fire together wire together,” capturing the 
essentials of Hebbian theory (Hebb 2002) which postulates that neurons responding to the same input 
over time will form synaptically connected ensembles to strengthen their coordinated firing. In the case 
of language processing, the connections among the set of neurons which respond to each phoneme 
significantly enhance the speed of response to that particular sound - which is, of course, enormously 
important if the infant is going to be able to proficiently discriminate among sounds important to 
language in the miniscule periods of time that those are manifested.  

 
By the end of this first year critical period, the young brain will have completed its basic acoustic map, 

the network of the multiple neuronal connections 
that process all the individual phonemes of the child’s 
native language(s) (Kuhl 2000; Kuhl 2004; Ortiz-
Mantilla et al. 2019) (Figure 2). With that map in 
place, the child is set up to take the steps necessary to 
“acquire” language: accurately identifying the 
phonemes relevant to native language; recognizing 
patterns in those phonemes that create words; and 
then attaching meaning to those words (Kuhl 2004). 
However, the extent to which a child can adeptly 
perform those steps, and indeed process language 
throughout life, is heavily influenced by how well the 
acoustic map is constructed and the response time 
and accuracy with which it handles incoming sounds 
(Benasich et al. 2014; Patterson et al. 2006; Werker et 
al. 2012).  

Perceptual Narrowing 
 
At the same time that the brain is building the neural 
networks pertinent to native language, attention to non-
native phonemes is reduced. In a process called perceptual 
narrowing, the brain gradually loses its ability to identify 
those non-native phonemes  (Ortiz-Mantilla et al. 2016; 
Werker and Yeung 2005). Note: there is good evidence that 
infants raised in bilingual environments demonstrate a more 
protracted and slower rate of perceptual narrowing and 
perhaps a broader range of retained phonemes (Antovich 
and Graf Estes 2018; Singh et al. 2017).  However, older 
monolingual learners generally find it challenging to attain 
the same level of competence and fluency in a second 
language as native learners because they have lost the 
ability to easily discriminate among the phonemes of a new 
language (for example, native Japanese speakers have well-
documented difficulties differentiating the /r/ and /l/ sounds 
in English (Goto 1971)). 
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Indeed, if poorly formed, acoustic maps can negatively impact language fluency due to poor 
phonological processing (including reduced phonological awareness, i.e., less ability to discriminate one 
phoneme from another), as well as the later and effortful development of reading skills, because 
difficulty perceiving phonemes impedes the ability to perform efficient and accurate phoneme (sound) 
to grapheme (letter) mapping (Tallal and Benasich 2002) (Figure 3).  There are a number of interventions 
that focus on improving pre-reading skills by supporting early phonological awareness skills in preschool 
children (e.g., Forné et al. 2022; Lohvansuu et al. 2014; Lovio et al. 2012). However, it is clear from 
various longitudinal predictive studies (assessing outcomes from infancy to early reading) that improving 
phoneme mapping in early infancy would be a much more effective way to insure good phonemic skills 
well before they are required for pre-reading (Choudhury et al. 2011; Kujala et al. 2017; Leppänen et al. 
2010). 

 
Word-Reading Development 

Grade Phonological Skill Word-Reading 
PreK-K Early phonological awareness:  rhyming, 

alliteration, first sounds 
Letters & sounds: requires simple phonology to 
learn sounds that correspond to letters  

K-1 Basic phonemic awareness: blending, 
segmenting 

Phonic decoding: requires letter sound knowledge 
and blending; a gateway to orthographic mapping 

2-3+ Advanced phonemic awareness: 
phonemic proficiency including phoneme 
manipulation such as deleting, reversing, 
and substituting phonemes in spoken 
words 

Orthographic mapping: requires letter-sound skills 
and advanced phonemic awareness to move from 
basic decoding to reading words with automaticity 

FIGURE 2. HUMAN ACOUSTIC MAPS  (Woods et al, 2009) These images, collected via functional magnetic resonance 
imaging (fMRI) and population-based cortical surface analysis, show the tonotopic organization of human auditory 
cortex. Tonotopic refers to the arrangement of neurons at various levels in the auditory pathway, and their grouping by 
the frequency to which they best respond (frequency is the number of brain waves or oscillations per second 
generated by the brain in response to sounds). Tonotopy specifically refers to the mapping of these sound frequencies 
from the lowest to the highest frequency across auditory cortex, as well as in subcortical regions such as the cochlea. 
This type of organization allows the same frequency placements in the cochlea to connect to the like regions in 
auditory cortex, thus permitting the precise neuronal coding that seems to be crucial for efficient speech perception in 
more complex situations and allowing for perception of tiny differences in spatiotemporal excitation patterns which 
represent auditory temporal fine structure (Oxenham et al. 2004). Both left and right adult auditory cortex are shown 
here and there is a mirror-image organization of auditory cortex for the left and right hemispheres. The plots show 
regions with significant activations coded by the frequency that produced maximal activation at that point in the brain.  
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III. THE IMPACT OF THE AUDITORY ENVIRONMENT ON ACOUSTIC MAP FORMATION, INCLUDING 

DURING SLEEP 
 
The efficiency of an acoustic map is highly influenced by the quality of the auditory environment 
during the critical period in which it develops. 
 
To establish the neuronal connections underpinning acoustic maps, infants start by paying attention to 
small, rapid changes in sound occuring in the environment which stimulate the infant brain to focus on 
the critical acoustic cues that differentiate phonemes (Kuhl 2004). Multiple studies demonstrate the 
importance of this foundational activity showing, for instance, that passive engagement by infants with 
spectrotemporally-modulated non-speech, that is sounds that are not language but contain acoustic 
cues pertinent to the perception of language, bootstraps the processing of native speech and facilitates 
the establishment of the accurate and enduring phonemic representations necessary for optimal 
acoustic processing (Benasich et al. 2014; Ortiz-Mantilla et al. 2022). An infant’s ability to attend to and 
discriminate among these tiny differences in pitch, duration, intensity, modulation, and/or pattern of 
non-speech sounds, in other words, efficient processing of pre-linguistic acoustic cues, has also been 
shown to predict language outcomes at 2, 3 and 4 years of age (e.g., Cantiani et al. 2016; Choudhury and 
Benasich 2011).   
 
As importantly, the infant brain is primed to engage with these transitions; in this sense, acoustic map 
formation is experience-expectant “simply waiting for almost guaranteed environmental input to be set” 
(Frankenhuis and Walasek 2020; Werker and Gervain 2013). However, just because the brain is open 
and waiting for input does not mean it will get the type of input it needs or is capable of handling. For 
instance, newborns and infants preferentially attend to certain sounds reflective of their still developing 
auditory capabilities, e.g., broadband noise over simple tones and high frequency over low frequency 
(Kushnerenko et al. 2013), and their response to sound will reflect those capabilities.  As a result, it is 
essential that a child’s auditory environment provide the salient acoustic cues that signal that 
“language” may be present and does so within a clear and accessible sound landscape supporting - and 
consistent with - the infant brain’s developing ability to perform the automatic analysis that helps it 
parse and decode sounds and detect those acoustic cues (Saffran and Kirkham 2018; Werker et al. 
2012). 
 
If, however, a sound environment is suboptimal, it may cause an infant to experience disrupted mapping 
which can slow and potentially impair later language development. For example, infants in Neonatal 
Intensive Care Units (NICUs) are exposed to noisy environments which research has shown “disrupts the 
functional organization of auditory cortical circuits. As a result, . . . the ability to tune out noise and 
extract acoustic information … may be impaired leading to increased risks for a variety of auditory, 
language, and attention disorders” (Best et al. 2018; Lahav and Skoe 2014). Infants in other settings with 
high amounts of background noise, such as from TV or media or vehicular traffic, may also have difficulty 
perceiving or attending to the signals or stimuli important to developing language (Erickson and 
Newman 2017).  
 
Of additional concern is infant exposure to environments which simply lack the natural environmental 
variation the infant brain is expecting. White noise, for example, has become a prominent element in 
sleep sound environments generated by sound machines which parents employ to mask noise that 
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might disrupt their child’s sleep. Yet, by its nature, white noise is devoid of the acoustic cues the infant 
brain requires to build its language networks (Figure 4a); the lack of variation is evident when comparing 
white noise to soundscapes which include acoustic cues (Figure 4b). 
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Research on rat pups has shown that exposure to continuous white noise delayed the organizational 
maturation of the auditory cortex well beyond normal benchmarks (although activation of the auditory 
cortex appeared to be restored after return to a typical auditory environment). The study’s authors note 
that the degradation in maturation induced by the initial exposure to white noise demonstrates that the 
development of the auditory cortex “is powerfully affected by the spectro-temporal input structures 
delivered from the acoustic environment during a critical period of postnatal development” and, further, 
that “environmental noise, which is commonly present in contemporary child-rearing environments, can 
contribute to auditory- and language-related developmental delays” (Chang and Merzenich 2003; Chang 
et al. 2005). 
 
Numerous other animal studies also show that exposure to continuous white noise delays or impedes 
auditory tuning and development of the auditory cortex (Xu et al. 2010; Seidl et al. 2005; Zhang et al. 
2001, 2002). In total, there is a substantial and growing body of work demonstrating the impact that the 
auditory environment, and the appropriateness of the auditory experiences it provides to a child during 
postnatal development, has on shaping the functional auditory cortical maps the child carries into 
adulthood. (Eggermont 2008; Kuhl 2004; White-Schwoch et al. 2015; Zhang et al. 2001).  

 

FR
EQ

U
EN

CY
 

TIME 

FIGURE 4a: WHITE NOISE WAVEFORMS (complex waveform of 10 seconds of full spectrum white 
noise). White noise is a random signal that contains many frequencies but, even if filtered, has equal 
intensity at each differing frequency, which produces a constant power spectral density and thus 
lacks the auditory variation that supports language development. 
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FIGURE 4b:  BIRDS OVER STREAM (background sounds with acoustic cues). This spectrogram displays 
a background track of sounds mimicking running water into which an auditory sequence of artificially 
constructed acoustic cues (transitions between standards and deviants using “nature” sounds such as 
birds and crickets) was embedded. 
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Sleep plays an essential role in infant brain development in general, and the creation of language 
structures specifically; because of its ability to affect ongoing development, it is important that the 
auditory environment to which a sleeping infant is exposed is optimally supportive.  
 
An accumulating literature on adults and children demonstrates that the sleeping brain can and does 
actively interact with external environmental cues, even during consolidated stages of sleep (Blume et 
al. 2018; Friedrich et al. 2015; Wislowska et al. 2022). This interaction includes the detection of novel 
sounds in the environment (Ruby et al. 2008) as well as the discrimination of sounds that contain both 
semantic (Perrin et al. 2005) and lexical (Flo et al. 2022; Kouider et al. 2014) information (lexical items 
are the individual words and phrases that make up a language, while semantics refers to the meaning of 
those words and phrases).  The brain can also distinguish familiar sounds from one another during sleep 
(Blume et al., 2018) and detect the emotional tone of words and phrases (del Giudice et al. 2016). It has 
also been reported that the brain can track continuous speech during sleep (Legendre et al. 2019), 
something that was always thought to be quite unlikely. And there are a large number of studies that 
confirm that the sleeping brain supports and enhances learning and memory (e.g., Kurth et al. 2012; 
Stickgold and Walker 2007; Yoo et al. 2007) as well as ongoing brain plasticity in both children (Gomez et 
al. 2011) and adults (Maquet et al. 2003; Walker and Stickgold 2006). 
 
While sleep is important to brain function at all ages, it is particularly critical in the first year of life given 
the intense brain reorganization and plasticity that is taking place during that early period (Mason et al. 
2021). Infants spend an extraordinary amount of their time sleeping, around 14–15 hours a day at 6 
months (10 hours at night) tapering to 7-8 hours of total sleep a night by adulthood. Of the billions of 
neural connections that are formed in infancy, the vast majority are created during sleep (Dang-Vu et al. 
2006; Blumberg et al. 2022). Rapid Eye Movement or REM sleep (also called “active sleep” in infants, as 
opposed to Non-Rapid Eye Movement (NREM) which is termed “quiet sleep”) specifically contributes to 
neural plasticity in early development (Blumberg et al. 2022; Cao et al. 2020). Over time, the percentage 
of NREM sleep increases from approximately 50% early in life to nearly 75-80% by the age of five (El 
Shakankiry 2011).  
 
The maturation of NREM sleep is a key activity in infant brain development, as it not only coincides with 
the formation of long-range connections and intense local connectivity (thalamocortical and 
intracortical patterns of innervation and periods of heightened formation of synapses) but is also 
associated with important processes in synaptic remodeling that change neural connections (Bear and 
Malenka 1994; Cramer and Sur 1995; Tononi and Cirelli 2014). Hence sleep, and sleep cycles, are highly 
involved in the development of the neurosensory and motor systems in both the fetus and newborn as 
well as in memory consolidation and language learning (Friedrich et al. 2015; Peirano and Algarín 2007; 
Tham et al. 2017). This is particularly true for auditory processes since “even during sleep, an infant’s 
brain is processing information about the environment and performing computations” that reflect the 
acoustic cues in the environment, core activity required for language-learning (Gilley et al. 2017).   
 
Recognizing the extent of brain development that occurs during sleep, including processing of acoustic 
input that supports language acquisition, it is important that a child sleeps in an environmentally 
supportive sound environment that not only facilitates the sleep important to brain development, but 
also provides the salient auditory input the infant brain expects, including during sleep. 
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IV. SUPPORTING SLEEP AND LANGUAGE DEVELOPMENT DURING SLEEP: THE SMARTER SLEEP 
OPTION 

 
The Smarter Sleep sound machine was developed to provide an auditory environment that recognizes 
and supports the multiple functions that sleep is intended to serve, particularly during infancy and 
early childhood. 
   
Given what is known about the specific information the infant brain expects, analyzes, and processes in 
the surrounding environment, even during sleep, the RAPTbaby™ team created Smarter Sleep to give 
parents the opportunity to facilitate their baby’s sleep while supporting cognitive development during 
sleep. In contrast to other sound machines, Smarter Sleep delivers a sound environment that not only 
promotes sleep but is also enriched with the salient acoustic cues that keep the active part of the 
sleeping brain engaged in the development and maintenance of the neural interconnections which form 
the foundation of efficient language processing.  It does this by providing blended soundtracks explicitly 
designed to encourage the infant brain to pay attention to critical, brain-building sound changes while 
also inducing alpha waves that encourage relaxation and sleep as well as delta waves that promote and 
sustain deep sleep (Figure 5). 
 
Smarter Sleep’s patented design (US Patent No. 10,916,155) builds on the peer-reviewed, clinically 
validated neuroscience described above including studies on:  the experience-driven activity the infant 
brain requires to build its language networks; the existence of infant auditory processing during sleep; 
and the negative effects of suboptimal auditory environments, such as those dominated by white noise 
or prevalent in NICUs, on acoustic mapping in animals and infants. In aggregate, this research not only 
attests to the brain’s reliance on structured auditory input – including during sleep - to establish 
language networks but also highlights the potential for impaired language development among children 
exposed to less optimal auditory environments.  Smarter Sleep responds to this research by generating 
auditory environments optimized to support sleep while also ensuring that sleeping babies receive the 

FIGURE 5: BRAIN WAVE FREQUENCIES. Brain cells constantly communicate with each other through electrical pulses during both 
wake and sleep states. These electrical pulses create brain waves that can be tracked and recorded using an Electroencephalogram 
(EEG) measuring the number of brain waves or oscillations per second that emerge from the brain (i.e., brain wave frequency). While 
there are many ways to analyze brainwaves, researchers often divide brain oscillations into the five categories depicted above.  Alpha 
is the main brain wave pattern that develops when a person becomes drowsy and transitions from wakefulness to sleep and 
continues during the early phase of sleep until those waves are replaced by slower Theta waves. Delta waves, the deep, slow waves 
at the bottom of the spectrum, are the waves that dominate in periods of deep, restorative sleep (Patel et al. 2022). Chart Source: 
The Sleep Foundation, 2022, OneCare Media, LLC. 
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specific acoustic input their brains need and expect, which is a benefit that other sound machines and 
less enriched environments generally fail to provide.  
 
Smarter Sleep achieves its benefits by engineering each of its soundtracks according to a two-layered 
design process with one layer devoted to promoting and sustaining sleep and the second designed to 
support auditory development. 
 
The composition of Smarter Sleep soundtracks begins with the creation of background envelopes in 
genres consistent with soothing auditory soundscapes often used to encourage sleep (classical music, 
lullabies, nature sounds and womb/heartbeat sounds) and able to mask noise that might otherwise 
disturb sleep.  More specifically, the rhythm of each of Smarter Sleep’s background envelopes is 
governed by the principle of entrainment – whereby brainwaves synchronize with the rhythm of the 
sounds - to  induce the alpha and delta oscillations that induce and maintain sleep. The principles 
employed are similar to those used in meditation to promote an increase in alpha waves (DeLosAngeles 
et al. 2016), thus allowing natural body rhythms and eventually slower theta and delta waves to emerge.  
Additionally, Smarter Sleep soundtracks are composed to include more soothing lower frequency 
sounds and a more complex layered mix of sounds than is generally found in traditional sound machines 
to optimize their ability to serve as a better sleep environment.  
 
Once a soothing background envelope is created, a second, structured “events” track consisting of non-
speech but linguistically relevant acoustic cues or “events” that support auditory development is 
embedded into the background envelope (Figure 6). 
 

  
These sounds engage the parts of the brain that should be active in language processing, including the 
frontal, parietal, superior temporal and somatosensory cortices which are all involved in processing 
acoustic information and linking sounds to meaning (Friederici 2015; Telkemeyer et al. 2011), without 
disturbing the ability of the background envelope to support sleep. These types of acoustic events have 
also been observed to modulate brain areas that have been shown to preferentially respond to syllables 
(Binder et al. 2000; Cogan et al. 2014; Forgács et al. 2022) as well as to spectrotemporally modulated 
sounds that contain similar very rapid acoustic cues (Benasich et al. 2002; Cantiani et al. 2016; Ortiz-
Mantilla et al. 2022). More specifically, the events are spectrotemporally organized in the 10s of 
millisecond range to provide exposure to the pre-linguistic early acoustic cues that the developing brain 

FIGURE 6: SMARTER SLEEP SOUNDTRACK COMPOSITION. Source: RAPT Ventures, Inc. 
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is listening for; these transitional cues signal that language might be present and thus they are 
preferentially parsed and processed. Further, they are presented in an “odd-ball” fashion that engages 
the parts of the brain that discriminate and perform statistical analysis of these types of sounds.  A typical 
oddball paradigm has sounds that are presented as a repeating standard (a frequently presented sound) 
with a more rarely presented novel sound or sounds.   
 
This odd-ball paradigm alerts the brain to pay attention and to figure out how the sounds differ from one 
another. Event streams such as these have been used for many years in infant and child research because 
they are easily discriminated and processed by the infant brain during both wake and sleep (Frederici et 
al. 2022; Gilley et al. 2017; Otte et al. 2013) and generate a robust response in awake or sleeping babies 
whether measured by EEG or fMRI (Hämäläinen et al. 2019; Kostilainen et al. 2020; Koyama et al. 2017). 
When the structured events are blended into each soundtrack, special care is taken to ensure that the 
merged track continues to be soothing.  Each track’s events have been designed to blend with that 
particular track, and the variation and volume of the event as well as the type of sound is matched to the 
harmonics of that particular soundtrack. 
 
Infants hearing Smarter Sleep’s soundtracks demonstrate the targeted responses. 
 
As described above, Smarter Sleep’s soundtracks are designed to activate brain activity conducive to the 
development of language networks. To understand how the responses generated in infants hearing 
Smarter Sleep soundtracks relate to that objective requires some understanding of brain anatomy. The 
picture below (Figure 7) displays the location of major brain regions including the frontal, temporal, 
parietal and occipital lobes which are important to the activity Smarter Sleep is designed to support. The 
central area, which is right on the top of the head, is not shown. While this view is of the left side of the 
brain, the general anatomy of the brain is about the same on both the left and right, although there are 
functional and some anatomical differences between the left and right hemispheres. 
 

 
This brain anatomy provides context for reviewing test results from infants hearing Smarter Sleep 
soundtracks while wearing soft EEG caps that measure the electrical pulses that are generated by the 
brain and create brain waves.   
 
Figure 8a displays the results of the electrical activity (measured by EEG) generated in a sleeping infant 
listening to a Smarter Sleep classical soundtrack, in one case listening to the blended track (classical 
music envelope plus embedded events) that is one of the Smarter Sleep sound machine selections and, 

FIGURE 7: BRAIN ANATOMY. 
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in the other case, listening to the classical music envelope by itself, without events. Results are displayed 
using an EEG spectrogram that depicts spectral power, the intensity of a time-varying signal that is 
distributed in the frequency domain – essentially a measure of the strength and intensity of brain 
activity within a particular frequency.   
 

 
Characteristics of the Figure 8a graphs are as follows: 
 

• Results are shown separately for the combined track (music with events) and for the 
music envelope soundtrack alone (music without events). 

• Spectral power is measured in Hz on the Y axis for frequencies from delta (1-3.99 Hz) at 
the bottom of each graph, up through gamma (30-50 Hz) at the top of each graph. 

• The x-axis shows time in milliseconds (ms).  
• The color scale at the bottom of 8a shows changes in the intensity of spectral power 

over this time period ranging from a 25% increase in power to a 25% decrease 
(desynchronization or inhibition) in power.  

• Both right and left hemispheres are shown separately for 5 brain areas: temporal 
anterior, temporal posterior as well as frontal, central (in the middle of the head), and 
parietal areas.  

FIGURE 8a: Sleep Soundtrack Spectrogram Results. Source: RAPT Ventures, Inc. 

Smarter Sleep Classical Music Soundtrack Results: 4-Month-Old Infant 
Dense Array sEEG - Stage 2/3 NREM Sleep 

With and Without Acoustic Events 
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Given the purpose for which Smarter Sleep was designed, there are two questions that can be answered 
by these results.  
 
First, do the acoustic events embedded in the soundtrack differentially modulate the brain over and 
above the activation induced by the soundtrack alone? Figure 8a is a snapshot from a larger data set, but 
as the circles on the plots indicate, there are large increases in spectral power for music with events 
when compared with music alone (no events). During music with events, higher spectral power (dark 
red areas) is seen in both the right and left hemispheres. In the right hemisphere, higher power can be 
seen when music with events is presented in the gamma range (30-50 Hz) in both frontal and parietal 
regions while increases in power are seen in the beta range (13-30 Hz) in the temporal posterior right 
area as compared to music alone with no events. In the left hemisphere, higher theta power (4-6 Hz) is 
seen in the temporal anterior and temporal posterior parts of the brain and more gamma power (30-
50Hz) is seen in frontal and parietal regions with less prominent activation in the temporal anterior and 
left temporal posterior than during music without events. The entire pattern of activation (red) and 
inhibition (blue) gives us important information about how the brain is responding to both music with 
events and music without events.  But the answer is “yes”, the sleeping infant brain responds 
differentially with more activation and a more extensive pattern of connectivity when subtle acoustic 
events are added to soothing soundtracks.    
 
Second, are the areas that are responding more actively to the Smarter Sleep acoustic events during 
sleep the expected anatomical regions that research has shown are engaged in setting up language 
networks?  The brain areas involved in processing acoustic information and linking sounds to meaning 
include the frontal, parietal, superior temporal and somatosensory regions, which include parts of the 
parietal and central areas (Friederici 2015; Telkemeyer et al. 2011; Weiss-Croft and Baldeweg 2015).  
Moreover, these same areas are active in processing acoustic events including syllables (Binder et al. 
2000; Cogan et al. 2014; Forgács et al. 2022) as well as spectrotemporally modulated non-speech sounds 
that contain very rapid, successive acoustic cues, like the events in the Smarter Sleep soundtracks 
(Benasich et al. 2002; Cantiani et al. 2016; Ortiz-Mantilla et al. 2022). Thus, not only does the infant 
brain respond more strongly to a soundtrack with added acoustic events, the increases in spectral power 
and changes in the pattern of activation and inhibition are manifested in the cortical areas which are 
part of the developing language network. 
 
Figure 8b also shows spectral power; however, this graph is a topoplot which displays the results from 
clusters of electrodes from a dense array EEG and the response pattern (here in a single frequency 
range) on the scalp generated by a sleeping infant listening to a Smarter Sleep nature soundtrack, again 
shown with and without embedded events. 
 
Characteristics of this figure are as follows: 

- The topoplot shows the infant’s head from the top, with the front of the head and nose on the 
top of the circle and the back of the head on the bottom; left is left and right is right.  

- The right side of the figure shows the response to the nature soundtrack alone (without events) 
while the left side shows the brain response when acoustic events are present (and embedded 
in the nature soundtrack).  
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- Spectral power is shown on a similar scale as in Figure 8a with higher spectral power shown in 
the red range and lower power, or desynchronization, shown in the blue range.  Both types of 
responses are important as the overall pattern illustrates how networks are interacting. Note: 
scales on the two topoplots vary for display purposes given there is much more spectral power 
overall in Nature with Events. 

- These plots are “baseline corrected,” meaning that the brain activity that is normally present at 
any time in an infant brain is subtracted out so that the topoplot shows only the incremental 
brain activity created when a nature soundtrack is played (on the right side), and, on the left, 
when a blended soundtrack (the nature envelope with embedded acoustic events) is played. 

- Brain responses in these baseline-corrected plots are shown for the Theta range (4 to 7 Hz). The 
Theta range is particularly relevant because it is highly involved in processing syllables as well as 
non-speech that has transitions that are language-like in their spatiotemporal structure. 
Information about how the syllable is encoded and then discriminated is processed within the 4 
to 7 Hz theta range (Ding and Simon 2014; Jin et al. 2014; Ortiz-Mantilla et al. 2022; Peelle et al. 
2013).  

 
On the right, the plot displays additional activity (shown in bright red) in the central region of the infant 
brain, midway between the top (frontal region) and the occipital region at the back of the head. This 
region is part of a band of areas that process somatosensory (relating to touch) input including 
secondary analysis of more complex sound patterns (Hamilton et al. 2021; Weiss-Croft and Baldeweg 
2015). Given that this nature soundtrack includes rain, wind and bird noises, that activity is not 
surprising. The plot also shows less power (inhibition) in left and right parietal  and  left frontal areas (in 
dark blue), but as this plot has the baseline brain activity removed, we don’t see a large increase in 
processing (as would be indicated if these areas were displayed in red). However, on the left plot, which 
shows the activity when the acoustic events are added to the track (that is, the combined track which is 
one of the Smarter Sleep track selections), we see increased spectral power in areas similar to the 

Smarter Sleep Nature Soundtrack Results: 4-Month-Old Infant 
Dense Array sEEG - Stage 2/3 NREM Sleep 

Nature Track With and Without Acoustic Events 
 

FIGURE 8b: SMARTER SLEEP SOUNDTRACK TOPOPLOT RESULTS. Source: RAPT Ventures, Inc. 
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spectrograms for the Smarter Sleep blended classical music soundtrack in 8a. As this is a theta power (4-
6 Hz) plot, the expected increased spectral power appears in the anterior temporal areas, on either side 
of the head about where the ears would be (in bright yellow and red), as well as over most of the cortex, 
excluding the most central areas, but specifically in the right temporal and left tempo-parietal-occipital 
areas (in dark red), indicating a marked difference in power when embedded acoustic events are 
present.   
 
As was demonstrated in the spectrograms in Figure 8a, these topoplots show that the sleeping infant 
brain responds differentially with increases in spectral 
power and thus more active processing to a soundtrack 
with added acoustic events, and that the increases in 
spectral power and changes in the pattern of activation 
(red) and inhibition  (blue) are in the cortical areas 
which are part of the developing language network. 

 
 

V. RESULTS SUMMARY  
 
Because the Smarter Sleep acoustic events have been 
structured to be “language-like” although not language, 
it was expected that the brain areas that process these 
types of acoustic cues would respond to these events, 
even during sleep. Overall, Figures 8a and 8b indicate 
that the baby’s brain is registering the tens of 
millisecond changes within the events when they are 
added to their respective base soundtracks. These 
responses are not only seen in acoustic (temporal) 
cortex, but also in the additional brain areas that 
process and make sense of these sounds (e.g., frontal, parietal and somatosensory cortex). These 
particular brain areas have been shown to exhibit robust sensory-motor neural responses during both 
perception and production of language (Cogan at al. 2014). As noted, comparing the response for the 
background soundtrack alone against the response from the same track with the embedded acoustic 
events shows that the infant brain responds more strongly, as evidenced by the changes in the pattern 
of activation when the events are present. Thus, as shown in these tests, the events are indeed 
stimulating brain areas that process speech and speech-like sounds, an activity that is essential to the 
development of language networks and an outcome strongly supported in the research described 
above.                   
  

Smarter Sleep and the Adult Brain 
 
The importance of appropriately structured sound on the 
organization and functioning of the auditory cortex has 
been emphasized, both for the still maturing cortex of the 
child and for the mature cortex of the adult (e.g., 
Bidelman et al. 2019; Eggermont 2008; Miguel et al. 
2019). In the adult acoustic cortex, one would expect the 
effects of top-down modulatory and regulatory processes 
on these highly learned and behaviorally relevant sounds 
to dominate (Kral and Eggermont 2007).  
 
However, there is evidence that difficulty hearing speech 
in noise as we age may include the effects of diminished 
or over-extended/merged acoustic maps as well as 
changes in global connectivity patterns (Bidelman et al. 
2019; Erb et al., 2020; Presacco et al. 2016). As a result, in 
older adults, the engaging events incorporated in Smarter 
Sleep soundtracks may reduce the loss of temporal 
specificity and acoustic tuning which decreases the ability 
to decode speech , particularly in noise, which is 
characteristic of aging brains.  

 



 

15 
 

REFERENCES  
 
Antovich DM, Graf Estes K. Learning across languages: bilingual experience supports dual language 
statistical word segmentation. Dev Sci. 2018 Mar;21(2):10.1111/desc.12548. doi: 10.1111/desc.12548. 
Epub 2017 Feb 3. PMID: 28156032; PMCID: PMC6594691. 
 
Bear MF, Malenka RC. Synaptic plasticity: LTP and LTD. Curr Opin Neurobiol. 1994 Jun;4(3):389-99. doi: 
10.1016/0959-4388(94)90101-5. PMID: 7919934. 
 
Benasich AA, Choudhury NA, Realpe-Bonilla T, Roesler CP. Plasticity in developing brain: active auditory 
exposure impacts prelinguistic acoustic mapping. J Neurosci. 2014 Oct 1;34(40):13349-63. doi: 
10.1523/JNEUROSCI.0972-14.2014. PMID: 25274814; PMCID: PMC6608311. 
 
Benasich AA, Thomas JJ, Choudhury N, Leppänen PH. The importance of rapid auditory processing 
abilities to early language development: evidence from converging methodologies. Dev Psychobiol. 2002 
Apr;40(3):278-92. doi: 10.1002/dev.10032. PMID: 11891639; PMCID: PMC1569820. 
 
Best K, Bogossian F, New K. Language Exposure of Preterm Infants in the Neonatal Unit: A Systematic 
Review. Neonatology. 2018;114(3):261-276. doi: 10.1159/000489600. Epub 2018 Jul 4. PMID: 29975954. 
 
Bick J, Nelson CA. Early experience and brain development. Wiley Interdiscip Rev Cogn Sci. 2017 Jan; 8(1-
2):10.1002/wcs.1387. doi: 10.1002/wcs.1387. Epub 2016 Dec 1. PMID: 27906514; PMCID: PMC8103659. 
 
Bidelman GM, Mahmud MS, Yeasin M, Shen D, Arnott SR, Alain C. Age-related hearing loss increases full-
brain connectivity while reversing directed signaling within the dorsal-ventral pathway for speech. Brain 
Struct Funct. 2019 Nov;224(8):2661-2676. doi: 10.1007/s00429-019-01922-9. Epub 2019 Jul 25. PMID: 
31346715; PMCID: PMC6778722. 
 
Binder JR, Frost JA, Hammeke TA, Bellgowan PS, Springer JA, Kaufman JN, Possing ET. Human temporal 
lobe activation by speech and nonspeech sounds. Cereb Cortex. 2000 May; 10(5):512-28. doi: 
10.1093/cercor/10.5.512. PMID: 10847601. 
 
Blume C, Del Giudice R, Wislowska M, Heib DPJ, Schabus M. Standing sentinel during human sleep: 
Continued evaluation of environmental stimuli in the absence of consciousness. Neuroimage. 2018 
Sep;178:638-648. doi: 10.1016/j.neuroimage.2018.05.056. Epub 2018 May 31. PMID: 29859261. 
 
Blumberg MS, Dooley JC, Tiriac A. Sleep, plasticity, and sensory neurodevelopment. Neuron. 2022 Sep 
2:S0896-6273(22)00751-6. doi: 10.1016/j.neuron.2022.08.005. Epub ahead of print. PMID: 36084653. 
 
Cantiani C, Riva V, Piazza C, Bettoni R, Molteni M, Choudhury N, Marino C, Benasich AA. Auditory 
discrimination predicts linguistic outcome in Italian infants with and without familial risk for language 
learning impairment. Dev Cogn Neurosci. 2016 Aug; 20:23-34. doi: 10.1016/j.dcn.2016.03.002. Epub 
2016 Mar 24. PMID: 27295127; PMCID: PMC6987703. 
 



 

16 
 

Cao J, Herman AB, West GB, Poe G, Savage VM. Unraveling why we sleep: Quantitative analysis reveals 
abrupt transition from neural reorganization to repair in early development. Sci Adv. 2020 Sep 18; 6(38): 
eaba0398. doi: 10.1126/sciadv.aba0398. PMID: 32948580; PMCID: PMC7500925. 
 
Chang EF, Merzenich MM. Environmental noise retards auditory cortical development. Science. 2003 
Apr 18; 300(5618):498-502. doi: 10.1126/science.1082163. PMID: 12702879. 
 
Chang EF, Bao S, Imaizumi K, Schreiner CE, Merzenich MM. Development of spectral and temporal 
response selectivity in the auditory cortex. Proc Natl Acad Sci U S A. 2005 Nov 8;102(45):16460-5. doi: 
10.1073/pnas.0508239102. Epub 2005 Nov 1. PMID: 16263924; PMCID: PMC1283465. 
 
Choudhury N, Benasich AA. Maturation of auditory evoked potentials from 6 to 48 months: prediction to 
3 and 4 year language and cognitive abilities. Clin Neurophysiol. 2011 Feb;122(2):320-38. doi: 
10.1016/j.clinph.2010.05.035. Epub 2010 Aug 3. PMID: 20685161. 
 
Cisneros-Franco JM, Voss P, Thomas ME, de Villers-Sidani E. Critical periods of brain development. 
Handbook of Clinical  Neurology. 2020; p 173:75-88. doi: 10.1016/B978-0-444-64150-2.00009-5. PMID: 
32958196. 
 
Cogan GB, Thesen T, Carlson C, Doyle W, Devinsky O, Pesaran B. Sensory-motor transformations for 
speech occur bilaterally. Nature. 2014 Mar 6; 507(7490):94-8. doi: 10.1038/nature12935. Epub 2014 Jan 
15. PMID: 24429520; PMCID: PMC4000028. 
 
Cramer KS, Sur M. Activity-dependent remodeling of connections in the mammalian visual system. Curr 
Opin Neurobiol. 1995 Feb; 5(1):106-11. doi: 10.1016/0959-4388(95)80094-8. PMID: 7772999. 
 
Dang-Vu TT, Desseilles M, Peigneux P, Maquet P. A role for sleep in brain plasticity. Pediatr Rehabil. 
2006 Apr-Jun; 9(2):98-118. doi: 10.1080/13638490500138702. PMID: 16449068. 
 
del Giudice R, Blume C, Wislowska M, Lechinger J, Heib DPJ, Pichler G, Donis J, Michitsch G, Gnjezda MT, 
Chinchilla M, Machado C, Schabus M. Can self-relevant stimuli help assessing patients with disorders of 
consciousness? Conscious Cogn. 2016 Aug; 44:51-60. doi: 10.1016/j.concog.2016.06.013. Epub 2016 Jun 
25. PMID: 27351782. 
 
DeLosAngeles D, Williams G, Burston J, Fitzgibbon SP, Lewis TW, Grummett TS, Clark CR, Pope KJ, 
Willoughby JO. Electroencephalographic correlates of states of concentrative meditation. Int J 
Psychophysiol. 2016 Dec; 110:27-39. doi: 10.1016/j.ijpsycho.2016.09.020. Epub 2016 Oct 1. PMID: 
27702643. 
 
de Villers-Sidani E, Chang EF, Bao S, Merzenich MM. Critical period window for spectral tuning defined in 
the primary auditory cortex (A1) in the rat. J Neurosci. 2007 Jan 3; 27(1):180-9. doi: 
10.1523/JNEUROSCI.3227-06.2007. PMID: 17202485; PMCID: PMC6672294. 
 
Ding N, Simon JZ. Cortical entrainment to continuous speech: functional roles and interpretations. Front 
Hum Neurosci. 2014 May 28; 8:311. doi: 10.3389/fnhum.2014.00311. PMID: 24904354; PMCID: 
PMC4036061. 



 

17 
 

 
Eggermont JJ. The role of sound in adult and developmental auditory cortical plasticity. Ear Hear. 2008 
Dec; 29(6):819-29. doi: 10.1097/AUD.0b013e3181853030. PMID: 18941413. 
 
El Shakankiry HM. Sleep Physiology and sleep disorders in childhood. Nat Sci Sleep. 2011 Sep 6; 3:101-
14. doi: 10.2147/NSS.S22839. PMID: 23616721; PMCID: PMC3630965.  
 
Erb J, Schmitt LM, Obleser J. Temporal selectivity declines in the aging human auditory cortex. Elife. 
2020 Jul 3; 9:e55300. doi: 10.7554/eLife.55300. PMID: 32618270; PMCID: PMC7410487. 
 
Erickson LC, Newman RS. Influences of background noise on infants and children. Curr Dir Psychol Sci. 
2017; 26(5):451-457. doi: 10.1177/0963721417709087. Epub 2017 Oct 10. PMID: 29375201; PMCID: 
PMC5784839. 
 
Fló A, Benjamin L, Palu M, Dehaene-Lambertz G. Sleeping neonates track transitional probabilities in 
speech but only retain the first syllable of words. Sci Rep. 2022 Mar 15;12(1):4391. doi: 10.1038/s41598-
022-08411-w. PMID: 35292694; PMCID: PMC8924158. 
 
Forgács B, Tauzin T, Gergely G, Gervain J. The newborn brain is sensitive to the communicative function 
of language. Sci Rep. 2022 Jan 24;12(1):1220. doi: 10.1038/s41598-022-05122-0. PMID: 35075193; 
PMCID: PMC8786876. 
 
Forné S, López-Sala A, Mateu-Estivill R, Adan A, Caldú X, Rifà-Ros X, Serra-Grabulosa JM. Improving 
Reading Skills Using a Computerized Phonological Training Program in Early Readers with Reading 
Difficulties. Int J Environ Res Public Health. 2022 Sep 13;19(18):11526. doi: 10.3390/ijerph191811526. 
PMID: 36141796; PMCID: PMC9517531. 
 
Frankenhuis WE, Walasek N. Modeling the evolution of sensitive periods. Dev Cogn Neurosci. 2020 
Feb;41:100715. doi: 10.1016/j.dcn.2019.100715. Epub 2019 Nov 12. PMID: 31999568; PMCID: 
PMC6994616. 
 
Friederici AD. White-matter pathways for speech and language processing. Handb Clin Neurol. 
2015;129:177-86. doi: 10.1016/B978-0-444-62630-1.00010-X. PMID: 25726269. 
 
Friederici AD, Friedrich M, Weber C. Neural manifestation of cognitive and precognitive mismatch 
detection in early infancy. Neuroreport. 2002 Jul 19;13(10):1251-4. doi: 10.1097/00001756-200207190-
00006. PMID: 12151780. 
 
Friedrich M, Wilhelm I, Born J, Friederici AD. Generalization of word meanings during infant sleep. Nat 
Commun 2015;6:6004. https://doi.org/10.1038/ ncomms7004. 
 
Fuchs E, Flügge G. Adult neuroplasticity: more than 40 years of research. Neural Plast. 
2014;2014:541870. doi: 10.1155/2014/541870. Epub 2014 May 4. PMID: 24883212; PMCID: 
PMC4026979. 
 



 

18 
 

Gervain J. Plasticity in early language acquisition: the effects of prenatal and early childhood experience. 
Curr Opin Neurobiol. 2015 Dec;35:13-20. doi: 10.1016/j.conb.2015.05.004. Epub 2015 Jun 18. PMID: 
26093365. 
 
Gilley, P.M., Uhler, K., Watson, K. et al. Spectral-temporal EEG dynamics of speech discrimination 
processing in infants during sleep. BMC Neurosci 18, 34 (2017). https://doi.org/10.1186/s12868-017-
0353-4. 
 
Gomez, R. L., Newman-Smith, K. C., Breslin, J. H., & Bootzin, R. R. (2011). Learning, memory, and sleep in 
children. Sleep Medicine Clinics, 6(1), 45–57. https://doi.org/10.1016/j.jsmc.2010.12.002 
 
Goto H. Auditory perception by normal Japanese adults of the sounds “L” and “R.” Neurospychologia 
1971; 9, 317-323 10.1016/0028-3932(71)90027-3. 
 
Hämäläinen JA, Ortiz-Mantilla S, Benasich A. Change detection to tone pairs during the first year of life - 
Predictive longitudinal relationships for EEG-based source and time-frequency measures. Neuroimage. 
2019 Sep; 198:83-92. doi: 10.1016/j.neuroimage.2019.05.034. Epub 2019 May 16. PMID: 31102736. 
 
Hamilton LS, Oganian Y, Hall J, Chang EF. Parallel and distributed encoding of speech across human 
auditory cortex. Cell. 2021 Sep 2;184(18):4626-4639.e13. doi: 10.1016/j.cell.2021.07.019. Epub 2021 
Aug 18. PMID: 34411517; PMCID: PMC8456481. 
 
Hebb, D.O. (2002). The Organization of Behavior: A Neuropsychological Theory (1st ed.). Psychology 
Press. https://doi.org/10.4324/9781410612403. 
 
Huttenlocher, P. R. (2002). Neural plasticity: The effects of environment on the development of the 
cerebral cortex. Harvard University Press. 
 
Innocenti GM. Defining neuroplasticity. Handb Clin Neurol. 2022;184:3-18. doi: 10.1016/B978-0-12-
819410-2.00001-1. PMID: 35034744. 
 
Jin Y, Díaz B, Colomer M, Sebastián-Gallés N. Oscillation encoding of individual differences in speech 
perception. PLoS One. 2014 Jul 3; 9(7):e100901. doi: 10.1371/journal.pone.0100901. PMID: 24992269; 
PMCID: PMC4081572. 
 
Kilpatrick, D. A. (2015). Essentials of assessing, preventing, and overcoming reading difficulties. John 
Wiley & Sons. 
 
Kolb B, Harker A, Gibb R. Principles of plasticity in the developing brain. Dev Med Child Neurol. 2017 
Dec; 59(12):1218-1223. doi: 10.1111/dmcn.13546. Epub 2017 Sep 13. PMID: 28901550. 
 
Kostilainen K, Partanen E, Mikkola K, Wikström V, Pakarinen S, Fellman V, Huotilainen M. Neural 
processing of changes in phonetic and emotional speech sounds and tones in preterm infants at term 
age. Int J Psychophysiol. 2020 Feb; 148:111-118. doi: 10.1016/j.ijpsycho.2019.10.009. Epub 2019 Nov 
14. PMID: 31734441. 
 



 

19 
 

Koyama MS, Ortiz-Mantilla S, Roesler CP, Milham MP, Benasich AA. A Modulatory Effect of Brief Passive 
Exposure to Non-linguistic Sounds on Intrinsic Functional Connectivity: Relevance to Cognitive 
Performance. Cereb Cortex. 2017 Dec 1; 27(12):5817-5830. doi: 10.1093/cercor/bhx266. PMID: 
29045599; PMCID: PMC6084599. 
 
Kral A, Eggermont JJ. What's to lose and what's to learn: development under auditory deprivation, 
cochlear implants and limits of cortical plasticity. Brain Res Rev. 2007 Nov; 56(1):259-69. doi: 
10.1016/j.brainresrev.2007.07.021. Epub 2007 Sep 20. PMID: 17950463. 
 
Kouider S, Andrillon T, Barbosa LS, Goupil L, Bekinschtein TA. Inducing task-relevant responses to speech 
in the sleeping brain. Curr Biol. 2014 Sep 22;24(18):2208-2214. doi: 10.1016/j.cub.2014.08.016. Epub 
2014 Sep 11. PMID: 25220055; PMCID: PMC4175175. 
 
Kuhl PK. A new view of language acquisition. Proc Natl Acad Sci U S A. 2000 Oct 24; 97(22):11850-7. doi: 
10.1073/pnas.97.22.11850. PMID: 11050219; PMCID: PMC34178. 
 
Kuhl PK. Early language acquisition: cracking the speech code. Nat Rev Neurosci. 2004 Nov; 5(11):831-
43. doi: 10.1038/nrn1533. PMID: 15496861. 
 
Kujala T, Leminen M. Low-level neural auditory discrimination dysfunctions in specific language 
impairment-A review on mismatch negativity findings. Dev Cogn Neurosci. 2017 Dec; 28:65-75. doi: 
10.1016/j.dcn.2017.10.005. Epub 2017 Oct 24. PMID: 29182947; PMCID: PMC6987907. 
 
Kurth, S., M. Ringli, M.K. LeBourgeois, A. Geiger, A. Buchmann, O.G. Jenni, et al. 
Mapping the electrophysiological marker of sleep depth reveals skill maturation in children and 
adolescents. Neuroimage, 63 (2012), pp. 959-965, 10.1016/j.neuroimage.2012.03.053 
 
Kushnerenko EV, Van den Bergh BR, Winkler I. Separating acoustic deviance from novelty during the first 
year of life: a review of event-related potential evidence. Front Psychol. 2013 Sep 5;4:595. doi: 
10.3389/fpsyg.2013.00595. PMID: 24046757; PMCID: PMC3763200. 
 
Lahav A, Skoe E. An acoustic gap between the NICU and womb: a potential risk for compromised 
neuroplasticity of the auditory system in preterm infants. Front Neurosci. 2014 Dec 5; 8:381. doi: 
10.3389/fnins.2014.00381. PMID: 25538543; PMCID: PMC4256984. 
 
Legendre G, Andrillon T, Koroma M, Kouider S. Sleepers track informative speech in a multitalker 
environment. Nat Hum Behav. 2019 Mar;3(3):274-283. doi: 10.1038/s41562-018-0502-5. Epub 2019 Jan 
14. PMID: 30953006. 
 
Leppänen PH, Hämäläinen JA, Salminen HK, Eklund KM, Guttorm TK, Lohvansuu K, Puolakanaho A, 
Lyytinen H. Newborn brain event-related potentials revealing atypical processing of sound frequency 
and the subsequent association with later literacy skills in children with familial dyslexia. Cortex. 2010 
Nov-Dec; 46(10):1362-76. doi: 10.1016/j.cortex.2010.06.003. Epub 2010 Jun 25. PMID: 20656284. 
 
Lohvansuu K, Hämäläinen JA, Tanskanen A, Ervast L, Heikkinen E, Lyytinen H, Leppänen PH. 
Enhancement of brain event-related potentials to speech sounds is associated with compensated 



 

20 
 

reading skills in dyslexic children with familial risk for dyslexia. Int J Psychophysiol. 2014 Dec; 94(3):298-
310. doi: 10.1016/j.ijpsycho.2014.10.002. Epub 2014 Oct 12. PMID: 25312203. 
 
Lovio R, Halttunen A, Lyytinen H, Näätänen R, Kujala T. Reading skill and neural processing accuracy 
improvement after a 3-hour intervention in preschoolers with difficulties in reading-related skills. Brain 
Res. 2012 Apr 11;1448:42-55. doi: 10.1016/j.brainres.2012.01.071. Epub 2012 Feb 7. PMID: 22364735. 
 
Maquet P, Smith C, Stickgold R, eds. Sleep and Plasticity. Oxford University Press: New York; 2003. 
 
Mason GM, Lokhandwala S, Riggins T, Spencer RMC. Sleep and human cognitive development. Sleep 
Med Rev. 2021 Jun; 57:101472. doi: 10.1016/j.smrv.2021.101472. Epub 2021 Mar 13. PMID: 33827030; 
PMCID: PMC8164994. 
 
Miguel PM, Pereira LO, Silveira PP, Meaney MJ. Early environmental influences on the development of 
children's brain structure and function. Dev Med Child Neurol. 2019 Oct; 61(10):1127-1133. doi: 
10.1111/dmcn.14182. Epub 2019 Feb 11. PMID: 30740660. 
 
Najafian S, Koch E, The K, Jin J, Rahimi-Nasrabadi H, Zaidi Q, Kremkow J, Alonso J-M. A theory of cortical 
map formation in the visual brain. Nat Commun. 2022 13, 2303. https://doi.org/10.1038/s41467-022-
29433-y. 
 
Ortiz-Mantilla S, Hämäläinen JA, Realpe-Bonilla T, Benasich AA. Oscillatory Dynamics Underlying 
Perceptual Narrowing of Native Phoneme Mapping from 6 to 12 Months of Age. J Neurosci. 2016 Nov 
30; 36(48):12095-12105. doi: 10.1523/JNEUROSCI.1162-16.2016. Epub 2016 Nov 30. PMID: 27903720; 
PMCID: PMC6601985. 
 
Ortiz-Mantilla S, Realpe-Bonilla T, Benasich AA. Early Interactive Acoustic Experience with Non-speech 
Generalizes to Speech and Confers a Syllabic Processing Advantage at 9 Months. Cereb Cortex. 2019 Apr 
1; 29(4):1789-1801. doi: 10.1093/cercor/bhz001. PMID: 30722000; PMCID: PMC6418390. 
 
Ortiz-Mantilla S, Roesler CP, Realpe-Bonilla T, Benasich AA. Modulation of Theta Phase Synchrony during 
Syllable Processing as a Function of Interactive Acoustic Experience in Infancy. Cereb Cortex. 2022 Feb 
19; 32(5):919-932. doi: 10.1093/cercor/bhab256. PMID: 34403462; PMCID: PMC8889996. 
 
Otte RA, Winkler I, Braeken MA, Stekelenburg JJ, van der Stelt O, Van den Bergh BR. Detecting violations 
of temporal regularities in waking and sleeping two-month-old infants. Biol Psychol. 2013 Feb; 
92(2):315-22. doi: 10.1016/j.biopsycho.2012.09.009. Epub 2012 Oct 6. PMID: 23046905. 
 
Oxenham AJ, Bernstein JG, Penagos H. Correct tonotopic representation is necessary for complex pitch 
perception. Proc Natl Acad Sci U S A. 2004 Feb 3;101(5):1421-5. doi: 10.1073/pnas.0306958101. Epub 
2004 Jan 12. PMID: 14718671; PMCID: PMC337068. 
 
Partanen E, Kujala T, Näätänen R, Liitola A, Sambeth A, Huotilainen M. Learning-induced neural plasticity 
of speech processing before birth. Proc Natl Acad Sci U S A. 2013 Sep 10; 110(37):15145-50. doi: 
10.1073/pnas.1302159110. Epub 2013 Aug 26. PMID: 23980148; PMCID: PMC3773755. 
 



 

21 
 

Patel AK, Reddy V, Araujo JF. Physiology, Sleep Stages. 2022 Apr 28. In: StatPearls [Internet]. Treasure 
Island (FL): StatPearls Publishing; 2022 Jan. PMID: 30252388. 
 
Paterson SJ, Heim S, Friedman JT, Choudhury N, Benasich AA. Development of structure and function in 
the infant brain: implications for cognition, language and social behaviour. Neurosci Biobehav Rev. 2006; 
30(8):1087-105. doi: 10.1016/j.neubiorev.2006.05.001. Epub 2006 Aug 4. PMID: 16890291; PMCID: 
PMC1933387. 
 
Peelle JE, Davis MH. Neural Oscillations Carry Speech Rhythm through to Comprehension. Front Psychol. 
2012 Sep 6; 3:320. doi: 10.3389/fpsyg.2012.00320. PMID: 22973251; PMCID: PMC3434440. 
 
Peirano PD, Algarín CR. Sleep in brain development. Biol Res. 2007; 40(4):471-8. Epub 2008 May 28. 
PMID: 18575679. 
 
Perrin F, Maquet P, Peigneux P, Ruby P, Degueldre C, Balteau E, Del Fiore G, Moonen G, Luxen A, Laureys 
S. Neural mechanisms involved in the detection of our first name: a combined ERPs and PET study. 
Neuropsychologia. 2005; 43(1):12-9. doi: 10.1016/j.neuropsychologia.2004.07.002. PMID: 15488900. 
 
Presacco A, Simon JZ, Anderson S. Evidence of degraded representation of speech in noise, in the aging 
midbrain and cortex. J Neurophysiol. 2016 Nov 1; 116(5):2346-2355. doi: 10.1152/jn.00372.2016. Epub 
2016 Aug 17. PMID: 27535374; PMCID: PMC5110639. 
 
Saffran JR, Aslin RN, Newport EL. Statistical learning by 8-month-old infants. Science. 1996 Dec 13; 
274(5294):1926-8. doi: 10.1126/science.274.5294.1926. PMID: 8943209. 
 
Saffran JR, Kirkham NZ. Infant Statistical Learning. Annu Rev Psychol. 2018 Jan 4; 69:181-203. doi: 
10.1146/annurev-psych-122216-011805. Epub 2017 Aug 9. PMID: 28793812; PMCID: PMC5754249. 
 
Seidl A, Grothe B. Development of sound localization mechanisms in the Mongolian gerbil is shaped by 
early acoustic experience. J Neurophysiol. 2005 Apr 13; 94:1028-36. Doi:10:1152/jn.01143.2004. 
 
Singer W. The role of oscillations and synchrony in the development of the nervous system.  In: 
Benasich, A.A. & Ribary, U. editors. Emergent Brain Dynamics: Prebirth to Adolescence, Strüngmann 
Forum Reports, Vol 25, J. Lupp, series editor. Cambridge, MA: MIT Press; 2018. p 15-32. 
 
Singh L, Loh D, Xiao NG. Bilingual Infants Demonstrate Perceptual Flexibility in Phoneme Discrimination 
but Perceptual Constraint in Face Discrimination. Front Psychol. 2017 Sep 12; 8:1563. doi: 
10.3389/fpsyg.2017.01563. PMID: 28955278; PMCID: PMC5601050. 
 
Stickgold R, Walker MP. Sleep-dependent memory consolidation and reconsolidation. Sleep Med. 2007 
Jun; 8(4):331-43. doi: 10.1016/j.sleep.2007.03.011. Epub 2007 Apr 30. PMID: 17470412; PMCID: 
PMC2680680. 
 
Tallal P, Benasich AA. Developmental language learning impairments. Dev Psychopathol. 2002 Summer; 
14(3):559-79. doi: 10.1017/s0954579402003097. PMID: 12349874. 
 



 

22 
 

Tang YY, Tang R, Rothbart MK, Posner MI. Frontal theta activity and white matter plasticity following 
mindfulness meditation. Curr Opin Psychol. 2019 Aug; 28:294-297. doi: 10.1016/j.copsyc.2019.04.004. 
Epub 2019 Apr 18. PMID: 31082635; PMCID: PMC6778007. 
 
Telkemeyer S, Rossi S, Koch SP, Nierhaus T, Steinbrink J, Poeppel D, Obrig H, Wartenburger I. Sensitivity 
of newborn auditory cortex to the temporal structure of sounds. J Neurosci. 2009 Nov 25; 29(47):14726-
33. doi: 10.1523/JNEUROSCI.1246-09.2009. PMID: 19940167; PMCID: PMC6666009. 
 
Telkemeyer S, Rossi S, Nierhaus T, Steinbrink J, Obrig H, Wartenburger I. Acoustic processing of 
temporally modulated sounds in infants: evidence from a combined near-infrared spectroscopy and EEG 
study. Front Psychol. 2011 Apr 9; 1:62. doi: 10.3389/fpsyg.2011.00062. PMID: 21716574; PMCID: 
PMC3110620. 
 
Tham EK, Schneider, N, Broekman BF. Infant sleep and its relation with cognition and growth: a narrative 
review. Nat Sci Sleep. 2017 May 15; 9:135-149. Doi:10:2147/NSS.S125992. PMID: 28553151; PMCID: 
PMC5440010. 
 
Tononi G, Cirelli C. Sleep and the price of plasticity: from synaptic and cellular homeostasis to memory 
consolidation and integration. Neuron. 2014 Jan 8; 81(1):12-34. doi: 10.1016/j.neuron.2013.12.025. 
PMID: 24411729; PMCID: PMC3921176. 
 
Voss, P, Thomas, ME, Cisneros-Franco JM, de Villers-Sidani, E. Dynamic brains and the changing rules of 
neuroplasticity: implications for learning and recovery. Frontiers in Psychol. 2017 Oct 4; 8:1657 
 
Walker MP, Stickgold R. Sleep, memory, and plasticity. Annu Rev Psychol. 2006; 57:139-66. doi: 
10.1146/annurev.psych.56.091103.070307. PMID: 16318592. 
 
Weiss-Croft LJ, Baldeweg T. Maturation of language networks in children: A systematic review of 22years 
of functional MRI. Neuroimage. 2015 Dec; 123:269-81. doi: 10.1016/j.neuroimage.2015.07.046. Epub 
2015 Jul 26. PMID: 26213350. 
 
Werker JF, Hensch TK. Critical periods in speech perception: new directions. Annu Rev Psychol. 2015 Jan 
3; 66:173-96. doi: 10.1146/annurev-psych-010814-015104. Epub 2014 Sep 17. PMID: 25251488. 
 
Werker JF, Tees RC. Speech perception as a window for understanding plasticity and commitment in 
language systems of the brain. Dev Psychobiol. 2005 Apr; 46(3):233-51. doi: 10.1002/dev.20060. PMID: 
15772961. 
 
Werker JF, Yeung HH. Infant speech perception bootstraps word learning. Trends Cogn Sci. 2005 Nov; 
9(11):519-27. doi: 10.1016/j.tics.2005.09.003. Epub 2005 Oct 3. PMID: 16202639. 
 
Werker JF, Yeung HH, Yoshida KA. How do infants become experts at native-speech perception? Current 
Direc in Psychol Science. 2012 July; 21(4): 221-226. doi: 10.1177/0963721412449459. 
 
Werker JF., and J Gervain. "Speech perception in infancy: A foundation for language acquisition." The 
Oxford handbook of developmental psychology 1 (2013): 909-925. 



 

23 
 

 
White-Schwoch T, Davies EC, Thompson EC, Woodruff Carr K, Nicol T, Bradlow AR, Kraus N. Auditory-
neurophysiological responses to speech during early childhood: Effects of background noise. Hear Res. 
2015 Oct; 328:34-47. doi: 10.1016/j.heares.2015.06.009. Epub 2015 Jun 23. PMID: 26113025; PMCID: 
PMC4581952. 
 
Wislowska M, Klimesch W, Jensen O, Blume C, Schabus M. Sleep-Specific Processing of auditory stimuli 
Is reflected by alpha and sigma oscillations. J Neurosci. 2022 Jun 8;42(23):4711-4724. doi: 
10.1523/JNEUROSCI.1889-21.2022. Epub 2022 May 4. PMID: 35508383; PMCID: PMC9186801. 
 
Woods DL, Stecker GC, Rinne T, Herron TJ, Cate AD, Yund EW, Liao I, Kang X. Functional maps of human 
auditory cortex: effects of acoustic features and attention. PLoS One. 2009;4(4):e5183. doi: 
10.1371/journal.pone.0005183. Epub 2009 Apr 13. PMID: 19365552; PMCID: PMC2664477. 
 
Xu J, Yu L, Cai R, Zhang J, Sun X; Early continuous white noise exposure alters auditory spatial sensitivity 
and expression of GAD65 and GABA receptor subunits in rat auditory cortex. Cerebral Cortex. 2010 Apr; 
20 (4):814-12. Doi:10.1093/cercor/bhp143. 
 
Yoo SS, Gujar N, Hu P, Jolesz FA, Walker MP. The human emotional brain without sleep--a prefrontal 
amygdala disconnect. Curr Biol. 2007 Oct 23; 17(20):R877-8. doi: 10.1016/j.cub.2007.08.007. PMID: 
17956744. 
 
Zhang LI, Bao S, Merzenich MM. Disruption of primary auditory cortex by synchronous auditory inputs 
during a critical period. Proc Natl Acad Sci U S A. 2002 Feb 19; 99(4):2309-14. doi: 
10.1073/pnas.261707398. Epub 2002 Feb 12. PMID: 11842227; PMCID: PMC122361. 
 
Zhang LI, Bao S, Merzenich MM. Persistent and specific influences of early acoustic environments on 
primary auditory cortex. Nat Neurosci. 2001 Nov; 4(11):1123-30. doi: 10.1038/nn745. PMID: 11687817. 
 
 
 
 
 
 


