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Abstract

This meta-analysis synthesizes findings from functional Near-Infrared Spectroscopy (fNIRS) 

studies on neonates to investigate the neural mechanisms underlying language acquisition. The 

review focuses on studies that explore how prenatal language exposure might influence the 

development of the auditory system in fetuses by comparing the native language to a non-native 

language or a non-language stimulus. A total of eight peer-reviewed studies were selected for the 

literature review, and three studies were included in the meta-analysis based on predefined 

inclusion criteria. During the meta-analysis, MATLAB and JASP were used to combine and 

analyze the results. The findings revealed that the left temporal cortex was active during forward 

speech, suggesting early lateralization of language processing. Differences in neural activation 

were observed when neonates were exposed to languages of different rhythmic classes and 

backward speech. The results of this meta-analysis contribute to our understanding of how prenatal 

experiences influence language acquisition and auditory development.

Key words: fNIRS, prenatal language acquisition, neonates, language lateralization patterns, 

auditory cortex.
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1 Introduction

Understanding the neural mechanisms underlying language acquisition is a critical area in 

language acquisition research, as it sheds light on the debate of which abilities are innate or learned 

through experience. Researchers question whether brain specialization for language is an innate 

ability or whether language exposure shapes neural development. Advances in neuroimaging 

techniques such as functional near-infrared spectroscopy (fNIRS), have provided new 

opportunities to explore how infants perceive language in utero, by testing them right after birth 

before they are exposed to language outside of the womb. This meta-analysis aims to synthesize 

fNIRS studies investigating newborns’ responses to the prenatally heard language vs. unfamiliar 

languages, providing a clearer understanding of early language discrimination and the effects of 

prenatal auditory exposure on brain development.

Since Broca’s discovery of the importance of the left hemisphere in language perception 

and production, extensive research has aimed to pinpoint the exact brain areas and networks 

responsible for the different aspects of language processing. Most studies focused on adult 

participants, which established that the temporal lobe of the left hemisphere is specialized for 

language processing in most left-handed adults (Vigneau et al., 2006). However, the question 

remains whether this specialization is genetically determined or a result of exposure to one’s native 

language. Noam Chomsky theorized that an innate ability is required to acquire language from the 

input of the external world. Empiricists theorize the input of the external world greatly influences 

language acquisition. Studying infants offers insights into the acquisition of these abilities during 

critical periods of language development (Nallet & Gervain, 2021). 
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The auditory system starts functioning around the twenty-fourth to the twenty-eighth week 

of gestation, exposing the fetus to auditory stimuli, which includes language spoken by the mother 

(Nallet & Gervain, 2021). The auditory stimuli heard in the womb passes through the mother’s 

skin, tissue, and embryotic fluid before reaching the fetus (Abrams & Gerhardt, 1996). 

Additionally, the fetus can access the mother’s speech via bone conduction (Abrams & Gerhardt, 

1996). These factors attenuate the speech signal, suppressing a lot of its high-frequency content 

(Gerhardt & Abrams, 2000). As a result, the fetus can mostly only hear the low-frequency 

components of speech within the womb (Hepper & Shahidullah, 1994). This means that individual 

speech sounds are suppressed or greatly reduced, while speech prosody, such as rhythm and 

melody is preserved (Vogelsang et al., 2023). 

Research suggests that infants can hear and remember what they have heard in the womb. 

For instance, they prefer speech over sine waves, their mother’s voice over others, and human 

speech over monkey calls (Vouloumanos & Werker,2004; Kisilevsky et al., 2009; Vouloumanos et 

al., 2010). One of the hypotheses is that infants learn prosodic patterns in utero as a bootstrapping 

mechanism which will later aid in language acquisition (Gervain, 2018). The developing auditory 

system in neonates allows them to already distinguish between languages from different rhythmic 

classes as observed in behavioral studies, by measuring sucking intensity and looking time, and 

neuroimaging studies, such as fNIRS and fMRI (Gasparini et al., 2021). 

Earlier research primarily used behavioral methods such as sucking intensity, looking time, 

and heart rate, but as technology advances neuroimaging techniques such as fMRI and fNIRS are 

now being used even with the youngest infants (Nallet & Gervain, 2021). Compared to alternative 

neuroimaging techniques, fNIRS is better when testing young participants such as children and 

infants (Gervain et al., 2008). fNIRS is a neuroimaging technique that uses red and near-infrared 
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light to investigate the neural activity of the cerebral cortex by measuring the changes in 

oxygenated and deoxygenated hemoglobin (Nallet & Gervain 2021). In other words, it does not 

measure neural activity directly, but rather indirectly, through its hemodynamic correlation. Its 

portability and ease of application make it ideal for infant research, offering precise spatial 

localization without the need for paste or gel (Arimitsu et al., 2018). fNIRS is applied to the 

participant's head via a cap with electrodes attached and can be used concurrently with EEG, as it 

does not interfere with data collection (Nallet & Gervain, 2021). Although fNIRS has lower 

temporal resolution compared to EEG, the two can be used together to provide comprehensive 

spatial and temporal data (Nallet & Gervain, 2021). Given these advantages, this thesis focuses on 

fNIRS studies, excluding all other neuroimaging techniques.

Human language is a complex auditory stimulus researchers have been trying hard to 

understand, including how and when we acquire the ability to process language. A few days after 

birth, neonates can differentiate between linguistic and non-linguistic sounds (Arimitsu et al., 

2018). Infants prefer listening to speech to other non-speech stimuli, such as sine waves and 

backward speech (Vouloumanos & Werker, 2004). Understanding prosodic patterns and the 

rhythmic class difference is a fundamental step for language acquisition as rhythmicity is 

associated with word order in language (Gervain et al., 2008).

Neonates' ability to discriminate languages of different rhythmic classes, regardless of 

familiarity, is well-supported by behavioral and neuroimaging studies (Gasparini et al., 2021). 

fNIRS can further elucidate the brain regions involved in this discrimination (Nallet & Gervain, 

2021). Human languages can be classified within the three rhythmic classes by timing and stress 

patterns of speech (Ramus et al., 1999). The language class can be divided based on two 

parameters, which are the percent vowel duration within a sequence and the standard deviation of 
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the duration of consonantal intervals (Gasparini et al., 2021).  The three classes include mora-

timed, stress-timed, and syllable-timed.

The studies included in this thesis do not use the same languages within their stimuli, but 

most of them compare a different rhythmic class language to the participant’s native language. 

Japanese is a mora-timed language (Sato et al., 2012). English and Arabic are stress-timed 

languages (Vannesing et al., 2016; Sato et al., 2012). Syllable-timed languages include Tagalog, 

Italian, Finnish, Spanish, and French (May et al., 2011; May et al., 2017; Pena et al., 2003; 

Kotilahti et al., 2009). Since the ability to discriminate between different rhythmic classed 

languages has already been established, the authors of most newborn NIRS language 

discrimination studies investigate if the brain specialization for language is a universal ability, such 

as the ability to discriminate different rhythmic class languages, or if it is influenced by prenatal 

language experience (May et al., 2011).

The first of the newborn NIRS studies investigating the neural mechanisms of speech 

perception and language discrimination conducted by Pena et al. (2003) did not use an alternative 

rhythmic class as another stimulus. Inspired by behavioral studies suggesting infants were able to 

distinguish between forward but not backward speech, Pena et al. (2003), used fNIRS to 

investigate the neural mechanisms. Pena et al. (2003) focused solely on the neonate’s native 

language, Italian, and compared it to a non-language stimulus, backward speech. The unique aspect 

of backward speech is that it cannot be reproduced by the human vocal tract, but has the same 

duration, pitch, and intensity as forward speech allowing it to carry the same acoustic properties 

(Pena et al., 2003). The inclusion of backward speech has been adopted in all subsequent 

experiments. Pena et al.’s (2003) study was revolutionary as it found infants’ brain areas on the 
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left hemisphere were active during forward speech, but not during backward speech, similar to 

how adults’ brains would be active during normal speech. 

After Pena et al. (2003)’s findings, many studies were conducted to understand the extent 

to which language is processed in the neonatal brain by using fNIRS. The key question multiple 

studies asked is how the prosodic information obtained through a low pass frequency filter impacts 

the development of language acquisition by looking at the activity of the brain. The studies 

explored how the prenatal experience of the infant’s mother language can aid in language 

acquisition by comparing different rhythmic class languages. Although the results of the studies 

differ slightly, native language is always found to activate the left anterior temporal areas of the 

neonates’ brain, which is similar to what is found in adult brains. The conflicting conclusions of 

these studies lie in the results found with the non-native language. Some studies found that the left 

hemisphere was active regardless of familiarity with the languages, while other studies found that 

the right hemisphere was active when the language was unfamiliar. Bilateral activation towards an 

unfamiliar language is found in adults (Olulade et al., 2020). Are infants’ brains left lateralized to 

all languages and lose this ability as they acquire their first language, or do infants need to acquire 

their first language for speech to be left-lateralized? 

An additional two studies investigated the fine line between language and non-language 

stimuli in neonates (May et al., 2017; Kotilahti et al., 2009). Left hemisphere specialization is only 

seen in speech and not in non-linguistic signals such as scrambled speech, sine-wave contours, 

tones, monkey calls, and backward speech in young infants (Dehaene-Lambertz et al., 2002; 

Minagawa-Kawai et al., 2011; Peña et al., 2003; Perani et al., 2011; Shultz et al., 2014; Taga et al., 

2007). As a neonate’s auditory system is still developing and has not been exposed to the full band 
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of speech, would the left hemisphere be activated by prosodically similar stimuli such as music 

and whistled speech? 

To what extent will an auditory sound be perceived as language? In the second study of 

May et al. (2017), the authors investigated the extent to which neonates perceive language by using 

a Silbo Gomero, a whistled language originating from Spanish, as the non-language stimulus. Will 

Silbo be processed as a spoken language and activate the same brain areas as familiar and non-

familiar languages, or will it be processed as a non-linguistic sound stimulus? Silbo is a unique 

form of communication used in the Canary Islands to communicate from long distances and unlike 

normal language, it is no one’s first acquired language (Carreiras et al., 2005). In adults who know 

and practice Silbo, the surrogate language activates the same brain regions as familiar normal 

speech (Carreiras et al., 2005). Silbo is a surrogate language and does not fall under one of the 

rhythmic classes, but as it derives from Spanish it maintains similar structure, rhythm, prosody, 

and communicative intent. While Silbo is produced in an alternative way compared to spoken 

language, it has a limited phonetic repertoire and a reduced acoustic complexity.  May et al. (2017) 

used fNIRS to measure the brain activity in native English neonates while they listened to Spanish 

and Silbo, forward and backward. 

Kotilahti et al. (2009) wanted to understand the neural activity difference between classical 

music and spoken language. Music and language share similar properties such as rhythm, the 

presence of rule-based structures, prosody, and pitch (Kotilahti et al., 2009). Previous research 

found that infants prefer songs that have been played to them while they are in the womb (Gerhardt 

& Abrams, 2000). By using fNIRS, researchers have tried to understand the impact of prenatal 

language exposure, but also to what extent neonates perceive music and language as two separate 

sound stimuli (Kotilahti et al., 2009). 
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Understanding the neural mechanisms underlying language acquisition is crucial in 

exploring whether language abilities are innate or shaped by experience. Before birth, the fetus is 

exposed to low-frequency sounds allowing the fetus to learn the prosodic patterns of their native 

language. Knowing the prosodic patterns of their native language may aid the neonate in language 

acquisition in the early stages of life (Gervain, 2018). Due to previous studies confirming that 

neonates can discriminate between two different rhythmic-based languages, fNIRS is done to 

understand how the brain processes these different languages. Do they have the ability to process 

all languages equally, or does the exposure in utero give them a head start in learning their native 

language? This thesis aims to compile a literature review on a collection of fNIRS studies on 

neonates’ ability to distinguish their native language from other rhythmically classed languages 

based on the prosodic information they received while in utero, as well as include a brief meta-

analysis on 3 of the studies. 
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2. Theoretical Background

How we acquire our first language has long fascinated psychologists and linguists. Various 

theories, ranging from innatism to empiricism, attempt to explain this process, but the truth may 

lie somewhere in between. Our first language is acquired through a combination of exposure to 

our native language and innate mechanisms active during the critical periods of development. 

Newborns, who have not yet experienced language outside the womb, provide an ideal opportunity 

to explore nature's role in language acquisition. However, previous research suggests that the fetus 

is exposed to sounds at a low frequency, which may be the first step in language acquisition. Due 

to modern day advancements in technology, it is possible to study neonates in an ethical and 

noninvasive way. 

2.1 Nature vs Nurture Debate

There is an ongoing debate regarding the extent to which genetics or the environment play a role 

in our development. Conducting research on young children and infants allows researchers to 

determine which abilities are innate and which ones are gained through exposure as the young 

children and infants have little experience. It is theorized that lack of an ability during the early 

stages of life would suggest this ability is formed by the environment rather than an innate ability. 

2.1.1 Behavioralist Theory

The behavioralist theory of language acquisition, also known as the imitation theory, was proposed 

by B.F. Skinner to explain language acquisition, focusing heavily on the impact of the environment 
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(Skinner, 1969). Behavioralist theory states that language is learned mainly through imitation and 

external motivation is the driving force for language acquisition (Skinner, 1957). The child learns 

their first language by imitating their caregivers or parents and then modifying their language 

through operant conditioning (Skinner, 1969). When a child mimics their caregiver and uses the 

correct phrase or word, they are positively reinforced through praise or given the reward they were 

asking for, such as food, a toy, etc. Negative reinforcement occurs when the child uses the wrong 

phrase or word and is corrected, scolded, or ignored by the caregiver. Through positive and 

negative reinforcements, the child learns the correct way to use the words and phrases they have 

been exposed to by their caregivers (Skinner, 1969). 

2.1.2 Constructivist Theory

The constructivist theory, proposed by Jean Piaget, suggests that the environment and mental 

abilities both contribute to language acquisition in infants (Piaget, 1952). Language acquisition 

occurs within the context of the child’s cognitive or mental development (Piaget, 1955). Children 

build schemas of the external world as their language develops with new experiences (Piaget, 

1955). As a child develops, they understand concepts and then express them through language 

(1955). Both Piaget and Skinner put emphasis on the importance of environmental stimuli driving 

language acquisition, but Piaget suggests there is a greater importance of an innate mechanism. 

2.1.3 Nativist Theory

Noam Chomsky’s Nativist Theory suggests that humans are biologically predisposed to acquire 

language, meaning that language acquisition does not depend exclusively on environmental 
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conditioning (Chomsky, 1959). Infants are born with an innate mechanism, known as the Language 

Acquisition Device (LAD), which enables them to acquire language efficiently and rapidly 

regardless of the richness or quality of the environment (Chomsky, 1965). The LAD equips 

children with the ability to figure out and understand the structure of the language they’re exposed 

to and generate grammar rules based on limited input. 

Chomsky’s "poverty of stimulus" argument suggests that the linguistic input children 

receive from their environment is too limited on its own to account for their ability to grasp the 

full complexity of their native language (Chomsky, 1986). Essentially, exposure alone is 

insufficient for language acquisition and therefore an internal mental process would need to occur. 

Additionally, language acquisition through exposure is impossible due to the induction problem. 

The induction problem states that for any finite data set, such as the language samples children 

hear, there is an infinite number of potential rule systems they could theoretically infer. Despite 

this, children develop a correct understanding of their native language’s grammar, which would 

suggest the presence of an innate linguistic mechanism. 

Moreover, humans use language productively, meaning they can create an infinite variety 

of unique sentences and phrases beyond what they have heard. This ability indicates that language 

acquisition is not merely a process of mimicry, but rather one of internalizing and applying 

grammatical rules (Chomsky, 1959). In conclusion, the nativist theory claims that the human brain 

is hardwired for language learning, which universal principles governing how we acquire language 

(Chomsky, 1986). 
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2.1.4 Nature AND Nurture

Empiricists such as behavioralists and to some extent constructivists argue that the quality and 

type of linguistic input holds more value than Chomsky initially proposed (Skinner, 1957). Non-

linguistic cues, such as physical objects and interacting with a social partner can play a key role in 

aiding young children to acquire a language (Chomsky, 1986). The quality of the linguistic cues, 

like the types of words the caregivers use and how they address infants and children through infant 

directed speech (IDS), are also incredibly crucial IDS, characterized by exaggerated pitch and 

slower tempo, helps infants understand and process language by drawing their attention to the 

meaning behind the speech.

In addition to these external factors, cognitive abilities and general learning mechanisms 

may contribute to how infants acquire language. These include skills like making analogies, 

developing Theory of Mind (the ability to understand others' thoughts and feelings), and joint 

attention, where both the child and caregiver focus on the same object or event. Together, these 

cognitive and social factors highlight the importance of interaction and mental processes in the 

development of language. Rather than viewing it as nature versus nurture, researchers have shifted 

their interests to see how nature and nurture work together to bring about development (Choi et 

al., 2018; Gervain & Mehler, 2010; Werker & Tees, 2005). 

2.2 Development of the Auditory System 

The debate between nature and nurture remains unresolved, as the human auditory system begins 

developing in utero and becomes functional between the 24th and 28th week of gestation 

(Eggermont & Moore, 2012). This prevents research from investigating the true initial state of 
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language learning, i.e. a state when an infant does not yet have language experience at all. After 

this gestational age, the fetus is capable of hearing and is exposed to language even before birth. 

Animal studies suggest that what is heard in the uterus is not the same as what is heard outside the 

uterus (Abrams & Gerhardt, 1996). Sounds, including spoken language, get distorted and low-pass 

filtered (approximately at 400-600Hz) through the maternal tissue and amniotic fluid (Gerhardt & 

Abrams, 2000). This low-pass filtering maintains theprosodic information of speech. It is theorized 

that the fetus learns the prosodic patterns of their maternal language, which may help them outside 

the womb with language acquisition (Gervain, 2018). This prenatal period may begin shaping the 

specialization of language processing in the left hemisphere, much like it does in adults.

The adult human brain exhibits bilateral activation when processing a foreign language, 

while activity tends to be more lateralized to the left hemisphere when listening to one's native 

language (Jeong et al., 2007). Since infants are born linguistic citizens of the world, would there 

be lateralization towards any language (or sounds that are similar to language) and overtime as the 

ability to natively acquire a language diminishes, our brains become specialized to only our native 

language? Or is the neonatal brain developing to be left lateralized toward their native language 

based on the low frequency speech they heard within utero and over time the asymmetry becomes 

stronger (Silver et al., 2021)? The current thesis investigates this question.

2.3 Prosodic Bootstrapping Theory

Several theories and hypotheses try to explain how we acquire our native language, with the 

prosodic bootstrapping theory highlighting the importance of prenatal experience in laying the 

foundation for later language acquisition (Gervain, 2018). As previously mentioned, the fetus’ 
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environment in the womb allows them to hear speech through a low pass filter (Abrams & 

Gerhardt, 1996). This filter allows the fetus to exclusively hear prosodic information, while 

limiting the full spectrum of speech to enter the womb (Gerhardt & Abrams 2000). This gradual 

exposure to prosodic features of language is believed to provide an early advantage, by introducing 

the fetus to fundamental elements of speech before they encounter the full complexity of language 

(Gervain, 2018). 

Although exposure to prosodic cues in the womb is not necessary for later language 

acquisition as can be seen in studies involving premature infants, infants to deaf parents, and deaf 

infants, it offers infants an advantage to later language acquisition (Rago et al., 2014; Arimitsu et 

al. 2018). Learning the prosodic patterns of their native language prenatally enables them to more 

easily process speech postnatally (Nallet & Gervain, 2021). By recognizing these patterns, 

neonates are able to segment speech into more manageable units (Nallet & Gervain, 2018). 

Immediately after birth, neonates can differentiate between languages of different rhythmic class 

(Ramus et al., 1999). This is because infants use prosodic cues to recognize rhythmic patterns for 

segmenting speech and building linguistic structure (Gasparini et al., 2021). Prosodic 

bootstrapping serves as the first step in breaking down speech and eventually understanding the 

syntactic structure of their native language (Gervain, 2018). 

2.4 Rhythmic Class Discrimination

With a functioning but not fully mature auditory system, newborns are sensitive to linguistic 

contrasts and process the ability to acquire any human language (Eggermont & Moore, 2012). 

Neonates can discriminate between their native language and a foreign language only if these 
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languages fall under a different rhythmic class (Ramus et al., 1999) This is because they learned 

the prosodic patterns of their native language while in utero (Ramus et al., 1999). Rhythmic classes 

are defined by how syllables and stresses shape the rhythm of speech, influencing both how it is 

produced and how it is perceived (Ramus et al., 1999). These patterns affect the timing and flow 

of spoken language, aiding listeners in distinguishing between various types of rhythmic structures 

(Nazzi et al., 2019). 

The initial studies focused on a limited set of eight languages, but over time, various 

metrices have been developed to categorize all languages into the three distinct rhythmic classes 

(Gasparini et al., 2021). These three categories are mora-timed, stress-timed, and syllable-timed 

(Ramus et al., 1999). Although rhythmic class theory is criticized as an empirical way to group 

languages in phonetic literature, it has been corroborated through multiple studies to be reliable in 

developmental research, especially in explaining which languages infants can discriminate 

between (Hohle, et al., 2020).

2.4.1 Rhythmic Class Acquisition Hypothesis 

Early in development, infants tend to rely more on rhythmic information than on segmental 

information, because prosodic cues alone are sufficient to help them to discriminate between 

rhythmically different languages (Molnar, Gervain, & Carreiras, 2013). This preference can be 

explained by the Rhythmic Class Acquisition Hypothesis, which posits that infants initially rely 

on the rhythmic patterns to segment speech and group languages (Nazzi et al., 2003). Neonates are 

able to distinguish between two languages belonging to different rhythmic classes but struggle to 

differentiate between languages originating from the same rhythmic class (Dorn et al., 2019). This 
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hypothesis stems from the prosodic bootstrapping theory, which suggests that prosodic cues allow 

neonates to identify the rhythmic patterns of spoken language (Nazzi et al., 1998).  But how are 

languages categorized into different rhythmic classes? 

2.4.2 Native Language Acquisition Hypothesis

The Native Language Acquisition Hypothesis states that infants are biologically predisposed to 

acquire their native language, but over time, they become specialized in the language they’re 

exposed to, gradually the ability to discriminate phonetic contrasts from non-native languages 

(Nazzi et al., 2000). Newborns are sensitive to rhythmic differences, as rhythm helps them detect 

boundaries between words and syllables. However, as they are increasingly exposed to only their 

native language, they fine-tune their abilities to align with that language’s specific characteristics 

(Dorn et al., 2019). This means that while infants initially possess a broad sensitivity to multiple 

languages, they lose this ability, in favor of specializing in their native language (Dorn et al., 2019). 

As infants gain familiarity with their native language, their reliance on rhythm sensitivity 

diminishes, allowing them to focus on more complex aspects of their native language, such as 

phonetic and grammatical structures (Butler et al., 2011). There is evidence of this phenomenon 

can be seen occurring in bilingual children, who fine-tune their abilities to both of their native 

languages (Mercure et al., 2020). Over time, these specialized abilities allow infants to master the 

unique linguistic features of their environment.
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2.4.3 Metrices Involved in Differentiating All Languages into Rhythmic Classes

The initial study done by Ramus et al. (1999) used 8 languages to theorize the importance of 

rhythmic class. Since then, multiple studies have expanded from the initial 8 languages. A meta-

analysis conducted by Gasparini et al. (2021) gathered studies that identified rhythmic class in 14 

different languages and multiple accents. Regardless of their native language, infants could 

discriminate languages of different rhythmic classes, but not languages of the same class. 

Regarding this, how does one determine which language falls into which rhythmic class? 

Since the initial study, the metrices used to determine the rhythmic class of a language have 

expanded to ensure the validity of the rhythmic class claim. Ramus et al. (1999) suggested that 

rhythmic class can be explained through the vocalic proportion (%V) and the variability of 

duration in consonants and vowels (ΔC and ΔV). Grabe and Low (2002) introduced the Pairwise 

Variability Indices as a new way to measure the rhythm of speech, which focuses on how the length 

of the sound changes from one to the next. They claim that this measure is more reliable as it 

considers differences between speakers and utterances (Grabe and Low, 2002). White and Mattys 

(2007) proposed a metric designed to take the speed of speech into account, VarcroV, as it measures 

the variability in vowel timing. As it takes into consideration the speed of the speaker, it provides 

a more accurate assessment of rhythmic patterns (White and Mattys, 2007).  There are many more 

metrices that can be used to determine the rhythmic class of a language, but these are the most 

common ones used in developmental research (Gasparini et al., 2021). 
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2.4.4 Rhythmic Classification of Languages

With these metrices in mind, here are how the languages included in the thesis are categorized by 

rhythmic class. The three rhythmic categories are mora-timed, stressed-timed, and syllable-timed 

(Ramus et al., 1999). Although the categorization may seem straight forward for some languages, 

other languages lay at the cusp of two categories (Grabe & Low, 2002). 

Mora-timed languages use mora, the unit of sound that determines syllable weight (Grabe 

& Low, 2002). Each mora is perceived with roughly equal duration. Japanese is a mora-timed 

language as the rhythm is organized around mora rather than syllables or stress patterns (Grabe & 

Lowe, 2002). In Japanese, a sentence like <Kon-ni-chi-wa=, illustrates how each mora has a similar 

duration. In the study conducted by Sato et al. (2012) compare Japanese, a mora-timed language, 

to English, a stress-timed language. 

The rhythm perceived in stress-timed languages is from the intervals between stressed 

syllables (Kazuo Ueda et al., 2017). This means that the rhythm is perceived as a series of beats 

occurring at relatively equal intervals. The unstressed syllables could be stretched or compressed 

to fit the timing of the stressed syllables (Grabe & Lowe, 2002). English and Arabic are stress-

timed languages (Ramus et al., 1999). In English, a sentence like <The CAT chased the MOUSE= 

the capital letters are the stressed syllables, and the lowercase letters are the unstressed syllables. 

The timing between the stressed syllables is the same, while the unstress syllables are compressed, 

causes an uneven rhythm (Grabe & Lowe, 2002). 

Syllable-timed languages use syllables as a rhythmic unit (Ramus et al., 2000). This means 

the rhythm is more even, and that each syllable is perceived to take approximately the same amount 

of time (Nazzi & Cutler, 2019). There is less variation in the length of syllables compared to stress-
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timed languages (Nazzi & Cutler, 2019). Languages that fall under the syllable-timed category 

include Italian, Spanish, Tagalog, Finnish, and French (Gasparini et al., 2021). There is some 

dispute regarding whether Tagalog and Finnish are syllable-timed languages, but a majority of 

studies state that these languages are syllable-timed (Gasparini et al., 2021). In Italian, a sentence 

like <Mi pia-ce la pi-zza=, illustrates how each syllable is roughly the same length in duration.  

The studies used different syllable-timed languages, while English is used for a stress-

timed rhythmic language. Pena et al. (2003) did not compare languages as they only used Italian, 

a syllable-timed language. In Kotilahti et al. (2009)’s study, Finnish was used as both the native 

language and the language stimulus. May et al. (2011) used native English neonates and compared 

their native language, a stress-timed language, to Tagalog, a syllable-timed language. In 

Vannassing et al. (2016) native French neonates listened to their native language, a syllable-timed 

language, and Arabic, a stress-timed language. The first study in May et al. (2017) used native 

English neonates to compare Spanish, a syllable-timed language, and English, a stress-timed 

language. However, the language used in Bartha-Doering et al. (2019) remains unknown. 

2.5 Non-Language Stimuli

The first task of a newborn is to discriminate their native language from other sounds in their 

environment. However, this can be challenging as the category of speech is broad for neonates and 

young infants. Ongoing research aims to understand the extent to which various auditory stimuli, 

including monkey calls, sine waves, and music, may be perceived as speech. While backwards 

directed speech has never been considered a possible candidate for a language stimulus, it serves 

as a valuable comparison for assessing the boundaries of potential language perception (Saberi & 
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Perrott, 1999). An interesting area of study is surrogate languages, as adults fluent in a surrogate 

language display left hemisphere brain lateralization, similar to that seen in natural language 

(Carreiras et al., 2005). Unfortunately, surrogate languages cannot be the first language acquired, 

as they lack the complexity required for early language development (Carreiras et al., 2005). In 

this section the thesis explores the extent to which neonates perceive non-language stimuli as 

language.

2.5.1 Animal Calls

Humans and non-human primates can make identical sounds because our vocal cords share similar 

biological structures (Ekström, 2024). Both have vocal folds in the larynx that vibrate when air is 

passed through them to produce sound (Ekström, 2024). Due to the similarities between primates 

and humans, there are some studies that investigate whether neonates and older infants perceive 

monkey calls similar to how they would perceive human speech. 

Newborn to 2-months-old show equal preference to human and Rhesus monkey calls, but 

at 3 months and older they prefer only the human voice (Vouloumanos et al., 2010; Minagawa-

Kawai et al., 2011). Suggesting that infants initially categorize both human and non-human primate 

vocalizations as speech-like but fine-tune their preferences over time as they begin to specialize in 

processing human speech (Vouloumanos et al., 2010). This is particularly interesting when 

considering that monkey calls fall within the broader range of primate vocalizations, which infants 

might initially perceive as speech (Vouloumanos et al., 2010). Non-human primates lack the 

articulation and vocal control needed for speech, which results in short utterances rather than words 

and sentences (Ekström, 2024). In this study, Vouloumanos et al. (2010) used short utterances 
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rather than full sentences, raising the possibility that longer, more complex vocalizations might 

elicit different results. 

2.5.2 Backwards Directed Speech

Humans can mimic monkey calls as they fall under their vocal capabilities, but backwards directed 

speech cannot be produced by humans (Pena et al., 2003). Backwards speech is created by editing 

a sentence of normal speech spoken by a human in reverse. Although initially created by a human 

vocal cord, once reversed certain sounds are impossible for humans to replicate (Saberi & Perrot, 

1999). This is because the phonetic structures are disrupted in reverse speech and the articulation 

required to produce the backwards phonemes are not in the human vocal cord range (Saberi & 

Perrott, 1999). Studies confirm that regardless of age, humans do not perceive backwards directed 

speech as language (Mushtaq et al., 2019). In neuroimaging studies, the brain regions activated 

during backward directed speech are not the same as the ones activated in forward directed speech 

(normal speech) (Pena et al., 2003).

Backward directed speech shares similar characteristics to forward directed speech, while 

not being perceived as a linguistic stimulus, making it an excellent control compared to another 

stimulus (Pena et al., 2003). The intensity and pitch of forward directed speech are still intact in 

backward directed speech (Saberi & Perrott, 1999). In studies, native speakers would read a script 

or story, and this recording would be used as the forward directed speech and after reversing the 

audio would also be the backwards directed speech (Pena et al.,2003). This means that the same 

recording of the native speaker’s voice would be used, but on one condition it will be modified 

preventing it from being perceived as a linguistic stimulus. 



27

The pioneering study by Pena et al. (2003) used backwards directed speech as a control to 

investigate whether neonates’ auditory cortex would activate in the same areas as an adult brain 

when listening to their native language (Italian). As compared to the backwards directed speech, 

forward directed speech showed activation in the left anterior temporal area (Pena et al., 2003). 

This was a remarkable finding as it suggested the developing auditory cortex of a neonate, who 

has yet to be exposed to language outside the womb, already processes language in the left 

hemisphere (Pena et al., 2003). Later researchers expanded this initial study to compare the 

neonate’s native language to that of a different rhythmic class, but they continued to use backward 

directed speech as a control. There were mixed results on whether all language is processed in the 

left hemisphere in neonates, but all results pertaining to the cortical activity related to backwards 

speech are the same. Backwards directed speech, regardless of initial language will always activate 

both hemispheres of the brain like all non-linguistic sounds (Sato et al., 2011; May et al., 2017; 

Vannassing et al., 2016). 

2.5.3 Music

A sound that has rhythm but is not defined in a rhythmic class is music. Although music is a non-

linguistic sound (when it is played by an instrument), music is limited to certain rules in a similar 

manner that language is (Temperley, 2022). Music and language share many characteristics such 

as structure, processing and cognitive function (Rimas & Rimas, 2024). Music and language share 

some properties crucial for conveying meaning, such as pitch, melody, rhythm, and syntax 

(Temperley, 2022). Pitch is the frequency of a sound, and in language it is used in prosody to 

convey meaning of words (Temperley, 2022). In music, melody is the combination of pitches in a 

sequence. Rhythm is timing and pattern of sounds. In language, rhythm is presented in syllable 
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stress patterns, word order, and sentence flow (Temperley, 2022). Classical music has complex 

rhythm structures to convey tension, resolution and emotional impact. Syntax in language refers 

to the rules and structure that govern how words are combined to form meaningful sentences. In 

music, particularly classical music, there is a form of musical syntax, where notes and chords are 

organized according to rules of harmony and composition (Termperley, 2022). These overlapping 

features may suggest that the neural circuits involved in processing music may be the same as the 

ones occurring in language processing. 

While there are multiple adult studies that suggest music and language learning are closely 

related, there is disagreement on whether language and music are processed the same in the brain. 

Some studies suggest that music and language activate the same areas in adult musicians (Vuust 

et al., 2022). Other studies disprove this by testing aphasic patients maintain their musical abilities, 

suggesting that music and language neural networks are closely related, but not the same (Chen et 

al., 2023). In the auditory cortex of a neonate, these neural networks might not be fully developed, 

and it begs the question of whether neonates perceive language and music equally. 

Kotilahti et al. (2010) investigated neonates brain activity response to classical music and 

the Finnish language. As mentioned previously, the Finnish language falls under the syllable-timed 

rhythmic class. Samples of the fairytale, the Little Red Ridding Hood were read by a Finnish voice 

actress in infant directed speech (Kotilahti et al., 2010). Compared to adult directed speech, infant 

directed speech has high variations in the intensity, pitch, and temporal structures (Kotilahti et al., 

2010). The music was from a piano concert by Mozart. The results show no lateralization when 

newborns listened to music and only slight lateralization when listening to speech (Kotilahti et al., 

2010). The slight lateralization was a group average, some neonates showed no lateralized 

differences between Finnish and classical music (Kotilahti, et al., 2010). These findings suggest 
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that classical music does not fall under the broad category of speech for newborns. However, music 

is a vast and diverse category, encompassing various genres and styles, each with unique methods 

of composition and production. Perhaps humming, whistling, or drums would elicit a linguistic 

response in the neonatal brain. 

 2.5.4 Whistle Language

Surrogate languages replicate the phonological aspects of spoken language using non-verbal forms 

to communicate over long distances (Carreiras et al., 2005). These languages aren’t always spoken 

but whistled, hummed, or created through drums (James, 2021). Unlike the non-human primate 

calls, surrogate languages do not use the larynx or vocal cords when communicating (James, 2021). 

Surrogate languages can be found around the world in different continents and used to 

communicate in different ways (James, 2021). There is not one type of a certain surrogate 

language. There are different types of whistle languages, such as the bird language in Turkey or 

the Silbo Gomera used in the Canary Islands (Gaynudtdinova & Mutallimova, 2021; González et 

al., 2020). They are both produced by whistling, but they are not the same. 

Adults fluent in their surrogate language have lateral brain activation, while adults 

unfamiliar with this surrogate language will show bilateral brain activation (Carreiras et al., 2005). 

This means that surrogate languages are processed like real languages (González et al., 2020). 

Despite it being like a real language, a surrogate language cannot be acquired as a first language 

(Carreiras et al., 2005). This might be due to the fact that a surrogate language is built on the 

foundation of a <real= language (James, 2021). The structure of the surrogate language depends on 

the cultural aspects of the people and what the initial reason the surrogate language was invented 
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for. For example, the whistle language Silbo Gomero was created to communicate between islands 

and originates from the Spanish language (Carreiras et al., 2005). Certain characteristics are the 

same between Silbo Gomero and Spanish (Carreiras et al., 2005). In this section we will focus 

exclusively on Silbo Gomero. 

Since Silbo Gomero activates the language processing areas in the cerebral cortex in adults, 

would neonates’ language category be broad enough to process Silbo Gomero as a language? May 

et al. (2017) investigate this in an fNIRS study by measuring native English neonates brain activity 

to compare Silbo Gomero and Spanish, the language it is based off of. At first glance one would 

assume it would make be better to use Spanish neonates to compare Silbo Gomero and Spanish 

(their native language), but there are many benefits as to why English infants were used. English 

neonates were a good choice as they were not prenatally exposed to Spanish or Silbo Gomero, and 

therefore both languages were novel. Spanish and English fall under different rhythmic classes (as 

mentioned earlier), but a surrogate language cannot be easily classified into a rhythmic class. This 

means neonates will be able to differentiate between the three languages. 

The first study in May et al. (2017) was a baseline to see forward English and Spanish 

compared to backward English and Spanish. The results showed that English forward had a 

stronger lateral activation in the left hemisphere as compared to Spanish (May et al., 2017). In the 

second study, investigating Spanish and Silbo Gomero, forward and backward, Spanish showed 

stronger lateralized activation in the left hemisphere than Silbo Gomero which was bilateral 

activation (May et al., 2017). Compared to the first and second study, forward Spanish had a 

stronger lateralized when compared to Silbo Gomero than English (May et al., 2017). This may be 

because neonates tend to favor their native language (the one they were exposed to prenatally) 

over non-native languages, directing their attention to familiar sounds. However, in the absence of 
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their native language, infants will shift their focus and begin processing other languages (May et 

al., 2017). 

2.6 fNIRS

As technology has advanced over the years, so has neuroimaging techniques. Developmental 

research, initially relying on behavioral studies, can now investigate the developing brain through 

accurate but safe and non-invasive means (Gervain et al., 2011). Out of all the neuroimaging 

techniques, functional near-infrared spectroscopy (fNIRS) has many characteristics that make it 

an ideal tool for studying infants and young children (Gervain et al., 2011). This thesis will only 

focus on fNIRS data in the analysis. 

2.6.1 The Fundamentals of fNIRS

Functional near-infrared spectroscopy (fNIRS) is a non-invasive neuroimaging technique that uses 

near-infrared light to measure hemodynamic changes in the brain (Pinti et al., 2018). Portable and 

easy to apply, the fNIRS cap is suitable for use across diverse populations as it can be worn by 

adults, children, and young infants (Wilcox & Biondi, 2015). The fNIRS device comprises a cap 

fitted with light sources and detectors (Gervain et al., 2011). Once securely on the head, the cap 

emits near-infrared light (650–950 nm) penetrating the scalp and underlying brain tissue (Pinti et 

al., 2018). This light interacts with the hemoglobin in the brain, which is either absorbed or 

reflected (Gervain et al., 2011). Absorption depends on the amount of oxygenated or deoxygenated 

hemoglobin in the blood (Pinti et al.,2018). 
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The cap’s sensors capture the reflected light that returns to the scalp (Pinti et al., 2018). By 

measuring how much light is reflected or absorbed, the fNIRS system can calculate the relative 

concentrations of oxygenated and deoxygenated hemoglobin over time (Pinti et al., 2018). Since 

neural activity is accompanied by an increase in oxygen, this leads to an influx of oxygenated 

blood (Pinti et al., 2018). The more activity in the brain, the more oxygenated hemoglobin will be 

measured. This means fNIRS is an indirect measurement of brain activity (Pinti et al., 2018). 

fNIRS offers excellent temporal resolution, capturing rapid changes in blood oxygenation 

over 1 to 2 seconds, making it ideal for monitoring brain function in real-time (Pinti et al., 2018). 

The increase in oxygenated hemoglobin detected by the system corresponds to heightened neural 

activity, allowing researchers to infer which brain regions are actively engaged during various 

cognitive or sensory tasks (Pinti et al., 2018). However, its spatial resolution is limited compared 

to functional magnetic resonance imaging (fMRI), as it primarily measures the cortex and not deep 

brain structures (Pinti et al., 2018). fNIRS measures the cortical surface with a spatial resolution 

of two to three centimeters (Pinti et al., 2018). Although it is impossible to obtain structural images 

and anatomical information (Pinti et al., 2018). Despite this limitation, fNIRS remains a valuable 

neuroimaging tool for research and clinical applications.

2.6.2 Advantages of fNIRS in Developmental Research

As a safe and durable neuroimaging technique, fNIRS is particularly well-suited for developmental 

research (Gervain et al., 2011). Unlike other neuroimaging techniques that use harmful radiation, 

deep brain stimulation, or a magnetic field, fNIRS uses light to measure brain activity on the 

surface of the brain (Wilcox & Biondi, 2015). Although fMRI and fNIRS use oxygenated 
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hemoglobin to indirectly measure neural activation, fMRI can be uncomfortable, causing 

participants with claustrophobia anxiety (Aslin et al., 2015). The fNIRS cap is more comfortable 

compared to other neuroimaging tools and operates silently, which minimizes distractions (Pinti et 

al., 2018). The fNIRS device can accommodate significant movement and does not require 

participants to remain still, which is wonderful for restless children and infants too young to follow 

instructions (Wilcox & Biondi, 2015). The device is portable and flexible, allowing it to be set up 

in any environment, and can cater to infants sitting in their parents’ lap or in a bassinet (Pinti et al., 

2018).

As compared to other neuroimaging methods, the advantages of fNIRS are suitable for 

developmental research and outweigh the disadvantages. The limitation of only measuring the 

cortical surface of the brain doesn’t necessarily have to be a limitation if the area of interest is only 

the cerebral cortex. The area of interest of this thesis is in the auditory cortex, and more specifically 

the language areas within the auditory cortex. Not all studies need to investigate the whole brain, 

as this would be both time-consuming and costly. Compared to fMRI and PET (positron emission 

tomography), fNIRS is more affordable and easier to implement, making it accessible to research 

teams with a lower budget (Penti et al., 2018). The fNIRS cap comes in multiple sizes and can 

adjust to any head size, allowing longitudinal or cross-sectional studies to use it in different age 

ranges (Wilcox & Biondi, 2015). fNIRS can be integrated with behavioral studies, allowing 

researchers to link behaviors and brain areas together (Wilcox & Biondi, 2015). EEG and fNIRS 

use the same cap during an experiment, as these two neuroimaging techniques do not interfere 

with one another (Pinti et al., 2018). Although the data collected from EEG and fNIRS can be 

integrated, it is extremely challenging as I will mention in the next section. 
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2.6.3 Reason to Only Include fNIRS

Researching children and infants can be challenging due to their limited attention span, inability 

to understand instructions, lack of interest, physical or motor limitations, and other factors (Wilcox 

& Biondi, 2015). Neonates are particularly difficult to study. Before neuroimaging techniques 

became more popular within the developmental research community, sucking rates and looking 

times were primarily used to assess young infants, as they were unable to communicate with the 

experimenter in any other way (Pinti et al., 2018). Although these experimental paradigms are 

reliable and have led to significant discoveries and theories, this thesis will focus on neuroimaging 

techniques, specifically fNIRS. 

As mentioned earlier, EEG and fNIRS data can be merged, but it is challenging due to the 

differences in the procedures to obtain the data. fNIRS is an indirect measure of brain activity, 

measuring the oxygenated hemoglobin in the blood, while EEG is a direct measure, measuring the 

electric current produced by neurons in the brain (Li et al., 2022).  EGG has a higher temporal 

resolution, but a lower spatial resolution as compared to fNIRS (Pinti et al., 2018). fNIRS has a 

lower temporal resolution due to the delay in the indirect measurement of brain activity compared 

to EEG (Li et al., 2022). EEG has a lower spatial resolution compared to fNIRS, which can target 

specific cortical regions (Pinti et al., 2018). With a appropriate methodology, combining the two 

neuroimaging techniques can be done (Li et al., 2022), but due to these challenges, EEG studies 

were not included within this meta-analysis. 
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3 Methods 

3.1 Literature Search Strategy

A literature search was conducted to identify studies relevant to the meta-analysis on prenatal 

language acquisition in neonates using fNIRS. Google Scholar was used as a database as it is 

known for their extensive coverage of peer-reviewed studies in neuroscience and developmental 

psychology. The following keywords and combinations employed were: <fNIRS=, <neonates=, 

<native language= <unfamiliar language=, and <prenatal language acquisition=. The search was 

performed on 25/02/2024. The initial search on Google Scholar yielded a total of 5.030 articles. 

3.2 Study Selection Process

Of the 5030 articles, non-experimental studies, i.e. reviews, meta-analyses etc., were excluded, 

yielding 1478 articles. Further selection was done by checking the following criteria: 

1. Newborn participants between 1-5 days. 

Finding suitable studies was challenging due to the age range criteria. For this meta-

analysis, it was essential to focus exclusively on neonates to study the effects of prenatal 

language exposure, as infants older than a few days may have already been exposed to their 

native language outside the womb.

2. Discrimination task between the native language and an unfamiliar language. 

3. Stimuli include real speech (not single syllables or phonemes, speech analogues, 

synthesized speech or manipulated speech stimuli etc.).
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During the literature search, studies using artificial languages or artificial grammar 

were also filtered out. Studies that explored the extent to which neonates discriminate 

against phonemes were also excluded. It was imperative that the stimuli of the included 

studies must have the native language and non-native or non-linguistic stimuli.

4. Monolingual infants (i.e. infants not exposed prenatally to both of the tested languages). 

Although there are bilingual studies that investigate the same topic, only 

monolingual studies were included in the meta-analysis. Recruiting monolingual newborns 

reduces the variability in language exposure and eliminates the confounding effects of 

exposure to multiple languages.

5. The use of NIRS (also known as OT, fNIRS) as the primary neuroimaging technique. 

Behavioral studies were excluded because they did not examine the cortical activity 

associated with language exposure. Integrating EEG and fNIRS data involves extensive 

analysis and effort to align the two modalities through standardizing the effect sizes and 

temporal and spatial characteristics. Due to these complications, EEG studies were also 

excluded from the meta-analysis.

Applying these selection criteria narrowed the studies down to eight. All eight studies were 

published. After reaching out to the authors, only the authors of three studies provided me with 

data. The other authors did provide data, because (i) they did not reply to my request, (ii) couldn’t 

share the data from their studies due to ethical constraints (no consent for data sharing) or (iii) 

difficulties locating the original datasets.
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3.3 The Studies Selected and Participants

3.3.1 Studies

The three studies for which data was available were drawn from two articles authored by May et 

al. (2011) and May et al. (2017). The three studies had the same stimuli and experimental designs. 

May et al. (2010) compared the native language (English) to a non-native language (Tagalog) by 

using backwards speech as a control. In the first study of May et al. (2017), the native language 

(English) was compared to the non-native language (Spanish). In the second study of May et al. 

(2017), the non-native language (Spanish) was compared to a surrogate language (Silbo Gomero). 

Both studies in May et al. (2017) used backwards speech as a control.

In all the studies, the infants were tested using a NIRS device while they were sleeping or 

in a calm state. Testing occurred in a silent experimental room allowing the neonate to hear only 

the sound administered through two loudspeakers. <A Hitachi ETG-4000 NIRS machine with a 

source detector separation of 3 cm and two continuous wavelengths of 695 and 830 nm was used 

to record the NIRS signal, using a sampling rate of 10 Hz= was used for all three studies (May et 

al., 2011). Two chevron-shaped optical probes, each consisting of nine one mm optical fibers, were 

placed over the participant’s head. One probe was placed over each hemisphere formed 12 optical 

channels for measurement. The relevant region of interest (ROI) was predefined by the initial 

studies, and if no ROI was found the mean of all channels was calculated. 

3.3.2 Participants

The demographic information of the participants included in the meta-analysis are shown in Table 

1. A total of 64 infants were included.
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Table 1 

Participant Demographics

Study Sample size Native Language Age Range Mean Age

May et al., 2011 20 English 0-3 days 1.6 days

May et al., 2017 Study 1 24 English 0-3 days 1.46 days

May et al., 2017 Study 2 20 English 0-4 days 1.21 days

Total 64 English 0-4 days 1.23 days

Note: Sample size represents the number of neonates in each study. Mean ages are calculated in 

days. 

3.4 Data Analysis 

3.4.1 fNIRS Preprocessing

All studies were preprocessed in the same way as in the original publications, as I used their 

preprocessed data. Specifically, in May et al. (2011), the analyses were conducted between 0 to 35 

seconds after the stimulus onset in order to capture the full-time course of the hemodynamic 

response in each block. The data was band-pass filtered between 0.01 and 0.7 Hz to remove low-

frequency and high-frequency noise. By isolating blocks where a change in concentration was 

greater than 0.1 mmol x mm over a period of .2 seconds, movement artifacts were detected and 

removed. On average, 3.46 blocks were retained for non-native language forward, 3.16 in non-

native language backward, 3.69 for native language forward, and 3.17 for native language 

backward (May et al., 2011). A baseline was established for all the retained blocks. 
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Both studies in May et al. (2017) used the same procedure and analysis. Due to previous 

research, the authors focused on oxygenated hemoglobin as it is the strongest marker of neural 

activity in infant NIRS (Aslin, 2013; Gervain et al., 2011; Lloy-Fox et al., 2010). Between 4.2 to 

17.1 seconds, the changes in oxygenated hemoglobin were examined after the initial stimulus 

onset. Similar to May et al. (2011) the data was filtered through 0.001 and 0.7 Hz to remove low-

frequency and high-frequency noise. Movement artifacts were removed the same way as in May 

et al. (2011). A baseline was established for each trial. 

3.4.2 Calculation of Effect Sizes

To calculate the effect size, I used the code developed by Gemignani et al. (2023) for conducting 

meta-analyses of fNIRS studies in MATLAB. The code supports two types of analyses: a mixed-

effects modeling approach, which analyzes infant-level effect sizes, and a meta-analytical 

approach, which focuses on study-level effect sizes. For this thesis, only the study-level meta-

analytical approach was applied (Gemignani et al., 2023).

Individual means were calculated by averaging each participant’s response across all trials 

for a given condition. These means were then standardized by dividing them by the standard 

deviation, creating normalized effect size estimates that account for the differences in response 

variability across participants and studies. 

The sampling variances of the meta-analytic effect sizes were calculated by using the 

formula:
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with d representing the meta-analytic effect sizes and � representing the number of participants in 

each study (Gemignani et al., 2023). This formula accounts for both the number of participants 

and the magnitude of the effect size, providing a weighted average that reflects the precision of the 

effect size for each study (Gemignani et al., 2023).

After the code computed the effect sizes for each channel and hemoglobin component 

independently, I averaged the effect sizes across channels within each study’s defined region of 

interest (ROI). If a study did not specify a ROI, the average effect size across all channels was 

computed to ensure a comprehensive analysis. Overall, this approach allowed for a robust analysis 

of the fNIRS data across the three studies, providing insights into the cortical responses to the 

different conditions.

3.4.3 Statistical Analysis

The study-level effect sizes were analyzed using the classical meta-analysis module in JASP. JASP 

automatically computed the overall effect size, confidence intervals, and residual heterogeneity 

estimates.

Four separate meta-analyses were conducted, one for each of the following comparisons:

(i) the comparison between the native language to backwards speech

(ii) the comparison between the non-native language to backwards speech
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(iii) the comparison between the native language to the non-native language

(iv) the comparison between the backwards speech of the native language to the backwards 

speech of the non-native language

The second study in May et al. (2017) was only included in the comparison between the 

non-native language and backwards directed speech, as it did not include the native language of 

the participants. The first study in May et al. (2017) and May et al. (2011) were included in all 

comparisons as they investigated both the native language and non-native language of the infants. 

Hemisphere was included as a factor in each of the four analyses. The hypothesis of this 

thesis was that the left hemisphere should show significant activation, indicating a pattern of left 

hemisphere involvement in language processing similar to that observed in adults. If the left 

hemisphere has significance only in the native language and not the non-native language, then 

prenatal language exposure does shape the neural network of the developing fetus. Both the 

oxygenated hemoglobin and deoxygenated hemoglobin variables were tested, despite oxygenated 

hemoglobin being the strongest marker of neural activity in infant NIRS studies (Aslin, 2013; 

Gervain et al., 2011). Both oxygenated and deoxygenated hemoglobin variables were analyzed to 

determine if there were any significant effects present. 
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4 Results

4.1 Oxygenated Hemoglobin (HbO)

4.1.1 Forward (FW) Native Language v Backward (BW) Native Language

The results of the first meta-analysis comparing FW and BW native language are shown in Figure 

1 below. The mean effect size across the two studies is 0.26, which is significant (p < 0.001), with 

no explained residual variance.

Figure 1. Forest plot for the FW vs. BW native language meta-analysis.

 

A Rosenthal’s fail-safe N of 41 means that it would take 41 unpublished or missing studies 

with null results to reduce the overall effect size to a non-significant value. Due to how high this 

number is, it is highly unlikely that it will be overturned by missing studies. 
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4.1.2 FW Non-Native Language v BW Non-Native Language

The results of the second meta-analysis comparing FW and BW of the non-native language are 

shown in Figure 2 below. The mean effect size across the three studies is -0.08, which is 

insignificant (p = 0.099). There is a significant unexplained variability in the effect size across 

studies. 

 Figure 2. Forest plot for the FW vs. BW non-native language meta-analysis.
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4.1.3 FW Native Language v FW Non-Native Language

The results of the third meta-analysis comparing FW native language and FW non-native language 

are shown in Figure 3 below. The mean effect size across the two studies is 0.30, which is 

significant (p < 0.001), with no explained residual variance.

Figure 3. Forest plot for the FW native vs. FW non-native language meta-analysis.

A fail-safe N of 56 is extremely high, indicating that the results are very robust. The 

observed significance being lower than .001 indicates that the overall results are highly significant 

and that the effect size is unlikely to be overturned but missing or unpublished studies. 
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4.1.4 BW Native Language v BW Non-Native Language

The results of the fourth meta-analysis comparing BW native language and BW non-native 

language are shown in Figure 4 below. The mean effect size across the two studies is -0.24, which 

is significant (p < 0.001), with no explained residual variance.

Figure 4. Forest plot for the BW native vs. BW non-native language meta-analysis.

The high fail-safe N shows that the results are very robust and unlikely to be influenced by 

unpublished studies. With fail-0safe N being 38, that means there needs to be an estimate of 38 

null studies to reduce the observed effect to become non-significant. The observed significance is 

less than .001, which is well below the target significance of 0.050. This indicates that the results 

are highly significant, and the overall findings are strong and reliable. 
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In conclusion, these results suggest that both hemispheres contribute significantly, with the 

left hemisphere showing a stronger effect, and the model is reliable with no unexplained 

heterogeneity between the studies.

4.2 Deoxygenated Hemoglobin (HbR)

4.2.1 FW Native Language v BW Native Language

The results of the first meta-analysis comparing FW native language and BW native language with 

the HbR data are shown in Figure 5 below. The mean effect size across the two studies is -0.09, 

which is significant (p = 0.004). There are some residual variances, suggesting that the effect sizes 

vary more than would be expected by chance alone (p = 0.002)

Figure 5. Forest plot for the FW vs. BW native language meta-analysis.
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This forest plot shows that the left hemispheres in both studies show a significant effect 

but are in opposite directions. The first study in May et al. (2017) being negative and May et al. 

(2011) being positive. The right hemispheres in both studies are not significant as they are close to 

zero. 

4.2.2 FW Non-Native Language v BW Non-Native Language

The results of the second meta-analysis comparing FW and BW of the non-native language with 

the HbR data are shown in Figure 6 below. The mean effect size across the three studies is 0.14, 

which is significant (p < 0.001). There is a significant unexplained variability in the effect size 

across studies, indicating there may be additional factors influencing the effect sizes across studies. 

Figure 6. Forest plot for the FW vs. BW non-native language meta-analysis.
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In this forest plot, only the left hemisphere is significant. The left hemisphere has a positive 

effect in the first study of May et al. (2017) and May et al. (2011), but a negative effect in the 

second study of May et al. (2017). 

4.2.3 FW Native Language v FW Non-Native Language

The results of the third meta-analysis comparing FW native language and FW non-native language 

with the HbR data are shown in Figure 7 below. The mean effect size across the two studies is -

0.18., which is significant (p < 0.001), with minimal unexplained residual variance.

Figure 7. Forest plot for the FW native vs. FW non-native language meta-analysis.
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The forest plot confirms that both hemispheres show significant negative effects in the first 

study in May et al. (2017), while only the left hemisphere in May et al. (2011) shows a significant 

negative effect. 

4.2.4 BW Native Language v BW Non-Native Language

The results of the fourth meta-analysis comparing BW native language and BW non-native 

language with the HbR data are shown in Figure 8 below. The mean effect size across the two 

studies is 0.18, which is significant (p < 0.001), with significant unexplained residual variance.

Figure 8. Forest plot for the BW native vs. BW non-native language meta-analysis.
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In this graph only the first study in May et al. (2017) shows significant effect in both 

hemispheres, but this is not the case for May et al. (2011). This means that only one study showed 

significant hemispheric effects.
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5 Discussion

The primary aim of this thesis is to synthesize data from studies investigating the effects of prenatal 

language exposure on the development of the auditory cortex in neonates. By utilizing fNIRS, 

these studies compared the neural responses of neonates to their native language (the language 

they were exposed to in utero), non-native language, and backward speech in both the native and 

non-native languages. In adults, language processing predominantly occurs in the left superior 

temporal lobe and left inferior frontal, and in the neural pathways connecting them, indicating left-

hemisphere lateralization for language. By examining neonates, researchers can determine whether 

their brains process all languages in the left hemisphere, or if this lateralization is specific to the 

language they were exposed to prenatally. Given the pivotal role of the left hemisphere in language 

processing, this meta-analysis focused on comparing left and right hemisphere activations, and 

testing whether it is specifically the prenatally heard language that is processed preferentially by 

the left hemisphere, and whether an advantage for forward as compared to backward speech exists 

for the native language.

After analyzing the results of the four speech comparisons, any comparison that included 

the native language held significance. These consistent results were observed across the three 

studies. This occurred in the forward versus backwards speech for native speech, the forward 

native speech versus forward non-native speech, and the backward native speech versus backward 

non-native speech. The native language consistently activated both the left hemisphere and right 

hemisphere, with significantly stronger activation in the left hemisphere, suggesting left 

lateralization for the native language. These findings provide strong support for the prosodic 
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bootstrapping theory, suggesting that prenatal language exposure has a direct impact on the 

prenatal development of the auditory cortex. 

In the forest plot analysis of all languages, Tagalog in May et al. (2011) showed a negative 

effect size in both hemispheres, whereas Spanish in the second study in May et al. (2017) had a 

significantly positive effect size in the left hemisphere. This positive effect was similar with the 

effects observed for the native language. May et al. (2017) hypothesized that this could be 

attributed to context. In the first study neonates were exposed to their native language, eliciting a 

left hemisphere activation, while in the second study they were exposed to a surrogate language. 

Silbo Gomero was not processed as a language, similar to how Spanish (first study in May et al., 

2017) and Tagalog (May et al., 2011) were processed. Since Spanish was the only language 

stimulus in the second study, it was processed as a language by the left hemisphere. Further 

research would be required to confirm whether this phenomenon holds across other languages and 

contexts. 

When comparing the native and non-native forward speech, significant activation was 

observed in the right hemisphere. This may suggest that the right hemisphere responded similarly 

in both conditions, whereas the left hemisphere showed differential activation depending on the 

condition. This may be due to the left hemisphere exhibiting greater activation during the native 

language condition compared to the non-native language condition. The significant negative effect 

observed when comparing native and non-native backward-directed speech further supports the 

effectiveness of backward speech as a control, as it was processed consistently across all studies. 

Research literature suggests that deoxygenated hemoglobin (HbR) typically shows weaker 

effects in infants than HbO. In the HbR results, significant heterogeneity was found across the 

comparison of forward and backward speech in both native and non-native languages, as well as 
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in the backward comparisons between the two languages. Only in the comparison between forward 

native and forward non-native language was there little to no heterogeneity found. Overall, the 

HbR results were insignificant compared to the more reliable HbO data. 

5.1 Limitations and Future Studies

The main limitation of this meta-analysis is that it includes only three studies, all published by 

the same authors. The small sample size limits the generalizability of the findings, especially 

since the native language in all studies was English. Other studies that met the inclusion criteria 

but were not analyzed involved neonates with different native languages such as Italian, Finnish, 

Japanese, and French (Pena et al., 2003; Kotilahti et al., 2010; Sato et al., 2011; Vannasing et al., 

2016). Since these languages belong to different rhythmic classes, comparing them to English, a 

stress-timed language, could yield deeper insights into prenatal prosodic information exposure 

and rhythmic classes in early language acquisition. 

The limited number of studies reduces statistical power and increases the potential for 

publication bias, as each study contributes more weight to the overall effect size. With only three 

studies, the risk of heterogeneity increases, making it challenging to isolate the true effect size. 

Additionally, there is a potential risk of over-interpretating findings due to the limited dataset. 

Although eight studies met the inclusion criteria, only three provided raw data, introducing the 

potential for file drawer effects, where unpublished or inaccessible studies with null results could 

impact the analysis if available. For future studies, it will be essential to incorporate all available 

published and unpublished studies that meet the inclusion criteria. 
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6 Conclusion

The adult brain exhibits left-hemisphere lateralization while processing familiar languages. Does 

this lateralization occur gradually over the years as we are exposed to our native language(s) or 

are our brains left lateralized to all languages at birth and we lose this ability as we are exposed to 

our native language. The auditory system becomes functional while the fetus is still developing 

inside the womb. Low pass filtered sounds, including speech, can flow through the maternal tissue 

and amniotic fluid to reach the fetus. This means that the fetus is already exposed to the prosodic 

information of their mother tongue even before they are born. The aim of this meta-analysis was 

to investigate prenatal language acquisition by synthesizing the findings of neonatal fNIRS studies. 

The studies used in this meta-analysis tested the neonates using their native language and 

a language belonging to a different rhythmic class. In these studies, backwards edited speech of 

either the native or non-native language was used as a control. In the meta-analysis, backward-

directed speech was compared with both native and non-native languages, as well as between 

native and non-native backward-directed speech.

The results of this meta-analysis varied slightly from the original studies; however, they 

were largely consistent overall. The native language (English) was consistently significant whether 

compared to backwards speech, the non-native language, or a surrogate language (Silbo). 

Compared to its backwards speech, the native language showed significant activation in the left 

and right hemisphere, more so in the left. The non-native language (Spanish and Tagalog) showed 

no significance in either hemisphere, when compared to its backwards speech counterpart. 

Backward native versus backward non-native showed significance in both the left and right 

hemisphere. This would suggest that both hemispheres were active during this comparison. 
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In conclusion, this meta-analysis compared the results of three studies on neonates using 

fNIRS. The findings support the prosodic bootstrapping theory of language acquisition, as the 

native language elicited greater left hemisphere activation compared to the non-native language. 

This suggests that the language the neonate was exposed to in utero impacts the development of 

the auditory cortex and language processing centers in the brain.
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