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Abstract

Prior studies have observed selective neural responses in the adult human auditory
cortex to music and speech that cannot be explained by the differing lower-level acous-
tic properties of these stimuli. Does infant cortex exhibit similarly selective responses
to music and speech shortly after birth? To answer this question, we attempted to
collect functional magnetic resonance imaging (fMRI) data from 45 sleeping infants
(2.0- to 11.9-weeks-old) while they listened to monophonic instrumental lullabies and
infant-directed speech produced by a mother. To match acoustic variation between
music and speech sounds we (1) recorded music from instruments that had a similar
spectral range as female infant-directed speech, (2) used a novel excitation-matching
algorithm to match the cochleagrams of music and speech stimuli, and (3) synthesized
“model-matched” stimuli that were matched in spectrotemporal modulation statistics
to (yet perceptually distinct from) music or speech. Of the 36 infants we collected
usable data from, 19 had significant activations to sounds overall compared to scanner
noise. From these infants, we observed a set of voxels in non-primary auditory cor-
tex (NPAC) but not in Heschl’s Gyrus that responded significantly more to music than
to each of the other three stimulus types (but not significantly more strongly than to
the background scanner noise). In contrast, our planned analyses did not reveal vox-
els in NPAC that responded more to speech than to model-matched speech, although
other unplanned analyses did. These preliminary findings suggest that music selectiv-
ity arises within the first month of life. A video abstract of this article can be viewed at
https://youtu.be/c8IGFvzxudk.
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Research Highlights

* Responses to music, speech, and control sounds matched for the spectrotemporal
modulation-statistics of each sound were measured from 2- to 11-week-old sleeping
infants using fMRI.

* Auditory cortex was significantly activated by these stimuli in 19 out of 36 sleeping
infants.
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1 | INTRODUCTION

Music and speech sounds are found across human societies (Brown &
Jordania, 2013; Mehr et al., 2019). Our sophisticated ability to per-
ceive pitch, beat, and phonemes emerges early (Baruch & Drake, 1997,
Bertoncini et al., 1988; Chang & Trehub, 1977; Demany et al., 1977;
Hannon & Trehub, 2005; Mehler et al., 1988; Plantinga & Trainor,
2009) and is fine-tuned with experience (Bergelson & Swingley, 2012;
Gasparini et al., 2021; Hannon & Johnson, 2005; Hannon & Trehub,
2005a, 2005b). Adults have neural populations that are specialized for
music and speech perception that are distinct from each other and
from cortical responses to language meaning (Angulo-Perkins et al.,
2014; Boebinger et al., 2021; Fedorenko et al.,, 2010, 2011, 2012;
Leaver & Rauschecker, 2010; Mineroff et al., 2018; Norman-Haignere
& Mcdermott, 2018; Norman-Haignere et al., 2015, 2022; Overath &
Paik,2021; Overath et al., 2015; Perani et al., 1996; Peretz & Coltheart,
2003). How do these music- and speech-selective responses emerge
over development? To find out, we used functional magnetic reso-
nance imaging (fMRI) to measure human cortical responses to music or

speech shortly after birth.

1.1 | Human music and speech perception

Auditory signals are composed of frequencies that vary in amplitude
and change over time at different rates. Throughout the earliest stages
of acoustic processing, neurons are frequency-tuned and organized
tonotopically (Graven & Browne, 2008). Neurons in primary audi-
tory cortex (PAC) exhibit tuning for spectrotemporal changes which
can be modeled using linear spectrotemporal receptive fields (STRFs)
(reviewed in (Mcdermott, 2013; Norman-Haignere & Mcdermott,
2018)). Naturally occurring music and speech sounds have different
spectrotemporal modulation statistics (Ding et al., 2017; Fernald &
Kuhl, 1987; Grieser & Kuhl, 1988) that can result in the appearance
of a category-selective response when not accounted for (Landemard
et al., 2021). Thus, without careful controls, even adult PAC would
respond differently to music and speech, not because of high-level
category selective responses but because the stimuli evoke different
patterns of activity in neural populations selective for different fre-
quencies and spectrotemporal modulations. Yet several recent studies
have shown that the music- and speech-selective neural populations
in adult non-primary auditory cortex (NPAC) (Norman-Haignere &
Mcdermott, 2018; Norman-Haignere et al., 2015, 2022; Perani et al.,
1996; Peretz & Coltheart, 2003) cannot be explained by the spec-
trotemporal modulation statistics of music and speech: the response is
weaker for synthetic sounds with spectrotemporal modulation statis-
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* Selective responses to music compared to the three other stimulus classes were
found in non-primary auditory cortex but not in nearby Heschl’s Gyrus.
» Selective responses to speech were not observed in planned analyses but were

observed in unplanned, exploratory analyses.

tics matched to music and speech (while the original and synthetic
sounds evoke similar responses in PAC) (Leaver & Rauschecker, 2010;
Norman-Haignere & Mcdermott, 2018). How do these selective neural
populations develop?

1.2 | Music and speech perception in infancy

Shortly after birth, infants discriminate changes in melody (Chang &
Trehub, 1977; Hannon & Trehub, 2005; Plantinga & Trainor, 2009),
rhythm (Chang & Trehub, 1977; Demany et al., 1977), and tempo
(Baruch & Drake, 1997). Cultural differences in music perception, such
as sensitivity to culture-specific meter and rhythm, begin to emerge at
about 6 months of age (Hannon & Johnson, 2005; Hannon & Trehub,
2005a, 2005b). A similar trajectory has been observed in speech per-
ception (Kuhl, 2004; Werker & Gervail, 2012; Werker & Hensch, 2015):
neonates reliably discriminate between all phonemes (Bertoncini et al.,
1988; Mehler et al., 1988) and discriminate between languages from
different rhythmical classes (Gasparini et al., 2021), but by the mid-
dle of the first year, infants lose the ability to discriminate between
phonemes that are not distinguished in their language, and begin to
ascribe meaning to the phonemic pairings of common nouns (Bergel-
son & Swingley, 2012). Taken together, behavioral evidence indicates
that music and speech perception emerge early and are subsequently
fine-tuned to culturally relevant acoustic features.

Activations of human auditory cortex (we use the acronym “AC”
to refer to activations anywhere in primary or non-primary auditory
cortex) have been reported as early as the third trimester in utero
(Hykin et al., 1999; Jardri et al., 2012; Moore et al., 2001) and soon
after birth (Anderson et al., 2001; Benavides-Varela & Gervain, 2017;
Blasi et al., 2011; Bortfeld et al., 2007; Cristia et al., 2014; Dehaene-
Lambertz et al., 2002, 2010; Giordano et al., 2021; Homae et al., 2006,
2007, 2012; Kotilahti et al., 2010; Lloyd-Fox et al., 2012; Nishida et al.,
2008; Pena et al., 2003; Perani et al., 2010; Sato et al., 2010, 2012;
Shultzetal., 2014; Telkemeyer et al., 2011) (though see (Anderson et al.,
2001; Dehaene-Lambertz et al., 2002)). Thus, infants appear to have
reliable cortical responses to sounds before or soon after birth. But do
those responses include, or go beyond, processing frequency and spec-
trotemporal modulation statistics of sounds? Answering this question
requires controlling for both the spectrotemporal properties of the
stimulus, and for the presence of familiar high-level acoustic structure,
like music and speech.

To our knowledge, only two studies have compared infants’ cortical
response to music (western piano music) to another meaningful sound
category such as speech (thus controlling for the presence of high-

level structure). Using functional near-infrared spectroscopy (fNIRS),
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Kotilahti et al. (2010) observed activations to music that were signif-
icantly greater than activations to speech in some neonates, but this
effect was not reliable across subjects. Similarly, in a group analysis of
fMRI data from seven infants, Dehaene-Lambertz et al. (2010) found
a response to both speech and music stimuli that was greater than
the response to scanner noise alone but did not observe a differential
response to music compared to speech or speech compared to music.
Other studies have compared neural responses to music to responses
to altered music (Perani et al., 2010; Wild et al., 2017) but these
contrasts cannot distinguish selectivity for music from a response
to familiar auditory structure. Taken together, these results do not
answer whether music-selective responses are found in infant auditory
cortex.

Findings concerning infants’ neural response to speech have been
more variable, with some studies reporting speech-sensitive responses
(i.e., speech compared to another stimulus condition) in auditory
(Benavides-Varela & Gervain, 2017; Fl6 et al., 2019; Lloyd-Fox et al.,
2012; May et al., 2011; Minagawa-Kawai et al., 2010; Sato et al., 2012;
Shultz et al., 2014), frontal language (Arimitsu et al., 2011; Gervain
et al., 2008; Minagawa-Kawai et al., 2010; Sato et al., 2010; Shultz
et al., 2014), or temporal language (Cristia et al., 2014; Dehaene-
Lambertz et al., 2002; Gervain et al., 2008; May et al., 2018; Shultz
et al,, 2014) regions. Meanwhile, other studies fail to find any sig-
nificant response to speech compared to another auditory category
(Benavides-Varela & Gervain, 2017; Blasi et al., 2011; Bortfeld et al.,
2007; Cristia et al., 2014; Dehaene-Lambertz et al., 2010; Kotilahti
et al, 2010; Nishida et al., 2008; Pefa et al., 2003). Also, it remains
unclear whether apparent speech-sensitive responses in infants could
be explained by differences in spectrotemporal modulation statistics
between speech and other sounds (Minagawa-Kawai et al., 2011; Rey-
brouck & Podlipniak, 2019; Sato et al., 2010; Sulpizio et al., 2018;
Telkemeyer et al., 2009, 2011).

Why might infants have cortical responses to music and speech
that go beyond selectivity to their lower-level acoustic features
such as spectrotemporal modulation statistics? One possibility is that
infants’ pre- and early post-natal auditory environment supports slow
experience-dependent development such that cortical neurons learn
important sound categories such as music and speech. This bottom-
up view of cortical development might predict that AC of very young
infants would have frequency-tuned neurons but not spectrotemporal
tuning. On this view, sounds that have matched cochlear excitation pat-
terns would evoke similar activations across PAC and NPAC (Figure 1a).
Then, extensive auditory experience would drive neurons in AC to
acquire specific spectrotemporal modulation statistics (Figure 1b).
Finally, in the last stage of development, subpopulations of neurons in
NPAC would develop category-selective responses (Figure 1c). At the
other extreme, it is possible that from very early in infancy, populations
of neurons already preferentially respond to music and speech sounds
beyond the spectrotemporal modulation statistics of these sounds
(Figure 1c). The key difference between these hypotheses is the extent
to which the neural tuning to music and speech perception is gradually
constructed from auditory experience or whether instead it arises with

little or no instructive role from experience.
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1.3 | Current experiment

To identify selective responses to music and speech in infants, we
created stimuli that are matched on spectrotemporal modulation
statistics. A key contribution of the current project is the creation and
dissemination of these stimuli. Our choice of speech and music stim-
uli for this study arose from the following rationale. Speech sounds
are emitted from a single source (i.e., vocal cords) while piano music
(used in prior studies that compared music and speech in infants
(Dehaene-Lambertz et al., 2010; Kotilahti et al., 2010)) emits sound
from multiple sources (i.e., many keys strike strings simultaneously).
Although the evolution of music remains a mystery (Akkermann et al.,
2021; James, 1890; Lieberman & Billingsley, 2021; Mcdermott, 2008;
Mehr et al.,, 2021; Pinker, 1997; Savage et al., 2021; Trevor & Friih-
holz, 2021), vocal music likely emerged earlier in human history than
instrumental music! and perhaps even earlier than speech (Montagu,
2017). Flutes, like untrained vocalists, emit a steady tone from a single
source and are used in modern, remote cultures (Jacoby et al., 2019).
Thus, we decided to use simple monophonic instrumental melodies as
music stimuli, which likely reflect evolutionarily relevant properties of
music without the confound of speech-like sounds entailed in singing.
To create these music stimuli, we recorded lullabies, a universal cate-
gory of infant-directed human song (Mehr et al., 2018, 2019). Selected
lullabies (Feierabend, 2000) (Figure 2a) were played on instruments
that emitted sound from a single source (see Section 2) in a similar fre-
quency range as female infant-directed speech (IDS) (Fernald & Kuhl,
1987; Grieser & Kuhl, 1988). For speech stimuli, we recorded novel
instances of female IDS (Figure 2b). All music and speech stimuli were
18 s long, with a clear onset and offset. In order to prevent neural
habituation (Dehaene-Lambertz et al., 2002), we used 60 unique music
recordings and 60 unique speech recordings.

Music and speech recordings differed in their overall frequency and
amplitude (Figure S1), so we used a novel algorithm that matched the
time-averaged cochleograms of music and speech stimuli (see Sec-
tion 2) while keeping the high-level structure of each stimulus. This
procedure matches the average spectral content of the cochleagram
but does not control for differences in the rate of spectrotemporal
modulations that occur within the cochleagram. To control for spec-
trotemporal differences, we synthesized a “model-matched” stimulus
for each music and speech stimulus that was designed to have the
same spectrotemporal modulation statistics as the original stimulus
(Chi et al., 2005) (Figure 1a,b; Norman-Haignere & Mcdermott, 2018)
and was thus expected to produce the same response in PAC but not
NPAC in adults (Norman-Haignere & Mcdermott, 2018). In practice,
the perception of these spectrotemporally matched synthetic sounds
differs markedly from their natural counterparts (Norman-Haignere &
Mcdermott, 2018), indicating that modulation statistics fail to capture
perceptually important features of natural speech and music, despite
producing similar responses in adult PAC. This experimental design
allowed us to test three different theoretical predictions. First, infant
AC neurons might have frequency tuning but may not have acquired
STRF tuning, which would predict that PAC and NPAC have simi-
lar responses to all four stimulus categories (Figure 2a). Second, the
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(a) Example Music Stimuli

Original

Frequency (Hz)
Frequency (Hz)
IS

FIGURE 1

KOSAKOWSKI ET AL.

(b) Example Speech Stimuli

— Oh look at that! Who's that in the mirror? Is that a
silly baby? Who do you that is? Can he stick out his
tongue just like you? | think that's you in the mirror.
You can see yourself. Can you say hello? Can you
wave to yourself? That's pretty neat. Mirrors are fun!

(c) Scanning Procedure

Model-Matched

Custom
Headphones

Size-Adaptive
Head Coil

0 9 18
Time (s)

Infant fMRI protocol. (a) An example musical score from (Feierabend, 2000) (top) along with a cochleogram for the original (bottom

left) and model-matched music stimulus (bottom right). (b) An example speech stimulus (top) and an example cochleogram for the original (bottom
left) and corresponding model-matched speech stimulus (bottom right). (c) Infants were swaddled and custom MR-safe headphones that provided
auditory stimulation were applied (left). Then, infants were placed in a custom, size-adaptive infant head coil (Ghotra et al., 2021) (right).

(a) No Differentiation

Frequency-tuned cortical
responses.

Predicted Response

Predicted Response
Predicted Response

NPAC Voxels Music Voxels

M Music

(b) Spectrotemporal Tuning

Spectrotemporal features of music and
speech drive auditory responses.

-
Speech Voxels

M Model-Matched Music

(c) Category Selectivity

Distinct music-selective (left) and speech-
selective (right) neural populations.

Predicted Response
Predicted Response

Music Voxels Speech Voxels

M Speech Model-Matched Speech

FIGURE 2 Alternative hypotheses of functional organization of infant auditory cortex. (a) NPAC organization might be dominated by
selectivity to sound energy at different frequencies and thus show similar responses to all four conditions. (b) Different regions within NPAC might
be tuned to spectrotemporal statistics found in music and speech, and thus show distinct responses to music and speech but similar responses to
synthetic sounds with matched spectrotemporal statistics. (c) NPAC may have music-selective responses and/or speech-selective responses that
reflect higher-order properties (e.g., notes, syllables) not explained by modulation selectivity.

response to music and speech in infant NPAC could be driven by the
overall spectrotemporal modulation statistics of the stimuli, resulting
in a similar response to original and model-matched pairs, but different
responses to music and speech (Figure 2b). A third possibility is that
infant NPAC has populations of neurons with higher-order category
selectivity for music or speech that is not explained by spectrotemporal
modulation statistics (Figure 2c).

To test these alternative hypotheses, we first sought to deter-
mine if our stimuli would elicit music- and speech-selective responses
in adult NPAC (see Section 2). This is an important first step as
music-selective neural populations are less spatially clustered in NPAC
(Boebinger et al., 2021; Norman-Haignere et al., 2015, 2022; Tier-
ney et al., 2013) than speech-selective neural populations (Boebinger
et al, 2021; Leaver & Rauschecker, 2010; Norman-Haignere et al.,
2015, 2022; Overath & Paik, 2021; Overath et al., 2015; Tierney et al.,
2013) and are therefore harder to detect with standard voxel-wise con-
trasts (Angulo-Perkins et al., 2014; Fedorenko et al., 2012; Leaver &
Rauschecker, 2010). Once we validated our stimuli in adults, we col-

lected and analyzed fMRI data (Figure 2c) from 45 sleeping infants

(2.0-11.9 weeks) while we played them music, model-matched music,
speech, and model-matched speech sounds. Previous research has pri-
marily investigated infants’ auditory responses while they are asleep,
with mixed success. Thus, a first question is the degree to which our
stimuli activate AC. We predicted that each stimulus category would
elicit a significant, and similar, response (compared to scanner noise
alone). Second, we predicted that if spectrotemporal modulation statis-
tics are sufficient to explain the response to music, voxels selected
to have a greater response to music than speech would have a sim-
ilar response to model-matched music (Figure 2b). Alternatively, if
infants have music-selective responses, the response to music will be
greater than the response to both speech and model-matched music
(Figure 2c). A similar prediction for speech follows—if spectrotempo-
ral modulation statistics are sufficient to explain auditory responses
to speech, then the response to speech and model-matched speech
should be similar (Figure 2b), but if speech responses are selective
for higher-order speech features (e.g., phonemes, syllables) than the
response to speech will be greater than the response to music and

model-matched speech (Figure 2c). Finally, previous research with
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infants has reported speech preferences in cortical areas that are
language-selective in adults (i.e., respond selectively to written and
auditory language) (Fedorenko et al., 2011, 2012). Thus, we also ask
if adults’ language-selective regions exhibit a speech preference in
sleeping infants.

2 | METHODS
2.1 | Subject information

Participants were recruited through Boston Children’s Hospital and
Massachusetts Institute of Technology and received a gift card. We
recruited 50 infants (2.0 to 13.1 weeks old; 21 female, 9 Asian, 3
African American, 31 White, 7 unknown; 4 Hispanic/Latino, 45 not His-
panic/Latino, and 1 unknown) and collected data from 45 infants (2.0
to 11.9 weeks-old; 17 female), 36 of whom had at least 144 volumes
of data (see “subrun creation” in Methods for criteria) and 19 of whom

had significant auditory activations.

2.2 | Paradigm information

Music recordings. Lullabies are traditionally sung by a caregiver (i.e.,
a single sound source, non-professional musician) and are soothing
for infants (Bainbridge et al.,, 2021). We selected instruments that
emit sound from a single source and have a frequency range that
overlapped the mean fundamental frequency of American female IDS
(267 Hz) (Fernald & Kuhl, 1987; Grieser & Kuhl, 1988). Professional
musicians were recruited from the Boston area and paid $60 per
hour to play selected melodies from The Book of Lullabies (Feier-

abend, 2000). To ensure melodies would start and end within 18 s, the
scores of selected melodies were shorted or lengthened by excluding
or adding bars and adjusting the tempo. As none of the hired musi-
cians were parents, we provided instructions to enhance naturalistic
lullaby performance by (1) placing pictures of babies at strategic loca-
tions in the recording booth, (2) instructing musicians to play without
vibrato, and (3) instructing musicians to play as if trying to lull a baby to
sleep. All music stimuli were recorded in a double-walled sound booth.
Recordings were normalized and exported using Audacity (https://
www.audacityteam.org/).

Speech recordings. Speech stimuli were designed to be as naturalistic
as possible. To ensure speech content that was consistent with utter-
ances typical parents from the northeastern United States use with
their infants, we recorded mothers as they spoke to their babies. These
recordings did not make ideal stimuli in their original form because they
contained unrelated sounds and non-uniform silent periods. However,
from the recordings we created 37 written vignettes that approxi-
mately matched the content and repetition in the original recordings.
As onsets and offsets are important acoustic features for AC (Norman-
Haignere et al., 2015), we additionally ensured each speech stimulus
had a clear onset and offset. We recruited three mothers to say each
vignette aloud. To ensure each stimulus was as naturalistic as possi-

ble, had a clear onset and offset, and was 18 total seconds, words or

Developmental Science

WILEY 50f19

phrases within individual vignettes were added or removed to match
the specific speech cadence of each mother. While recording speech
stimuli, mothers were instructed to look at a photo of their baby and
recite each speech vignette as if talking to their baby. All speech stim-
uli were recorded in the same double-walled sound booth as the music
recordings. Recordings were normalized and exported using Audacity
(https://www.audacityteam.org/). We randomly selected a subset of 60
speech recordings (20 from each of three speakers) for the final speech
stimulus set.

Music and speech stimuli. Music sounds are more spectrally het-

erogenous than speech sounds (Figure S1a). To increase the spectral
homogeneity of the music stimuli, we first computed the mean exci-
tation pattern for each music stimulus by averaging its cochleagram
across time (Mcdermott & Simoncelli, 2011) (Figure S1a). We then
computed the standard error between the excitation pattern for each
music stimulus and the average excitation across all music stimuli (i.e.,
the standard deviation across cochlear frequencies for the difference
vector between the mean excitation and the excitation of a given stim-
ulus, divided by the square root of the number of frequencies). The
stimulus for the excitation pattern with the greatest standard error was
removed from the set. We iterated through this process, greedily dis-
carding the stimulus with highest standard error, until we had 60 music
stimuli (out of an original 275), which included recordings from cello,
flute, clarinet, and violin.

After increasing the spectral homogeneity of the music stimuli
there were still differences in the average excitation pattern between
music and speech stimuli (Figure S1b). To reduce these differences,
we matched the average excitation patterns between the two stimu-
lus sets. Specifically, we computed cochleagrams for each stimulus and
then separately scaled the magnitude of each frequency channel in the
cochleagram such that the average magnitude across time and stimuli
for each category was equal to the grand mean across both categories
(for that frequency). We then reconstructed waveforms from these
modified cochleagrams using standard procedures described previ-
ously (Mcdermott & Simoncelli, 2011; Norman-Haignere & Mcder-
mott, 2018). Because the cochlear filters overlap, the reconstructed
waveform was not fully consistent with the desired cochleagram (i.e.,
the cochleagram that has been rescaled to match the mean excita-
tion pattern across categories). To increase the match between the
measured and intended cochleagram, we iteratively measured cochlea-
grams and resynthesized waveforms 10 times. This procedure was
successful in generating stimuli with closely matched average excita-
tion patterns (Figure Sic) that were perceptually very similar to the
original music and speech recordings.

Model-matched music and speech. Our excitation-matched music and

speech stimuli still differ along many acoustic properties, such as spec-
trotemporal modulation statistics, which have been shown to drive
fMRI responses in adults’ PAC. A higher neural response to music
than speech or vice versa could thus reflect differences in modula-
tion statistics between speech and music. We therefore created two
new control conditions with synthetic stimuli that were matched to
the music and speech in both cochlear and spectrotemporal modu-
lation statistics. We used a model and synthesis procedure that has

been shown to yield stimuli with closely matched fMRI responses in
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PAC (Norman-Haignere & Mcdermott, 2018). Following the procedure
of Norman-Haignere and Mcdermott (2018), the synthesis algorithm
starts with an unstructured noise stimulus, and iteratively modifies the
noise stimulus to match the modulation statistics of a natural sound.
The synthesis procedure alters the noise stimulus to match the his-
togram of response magnitudes across time for each filter in the model,
which has the effect of matching all time-averaged statistics (such as
mean and variance) of the filter responses. Although the synthetic
stimuli have closely matched spectrotemporal modulation statistics,
they lack higher-order properties that are poorly captured by mod-
ulation statistics. The resulting model-matched stimuli perceptually
sound very different from natural speech or music to adults (Norman-
Haignere & Mcdermott, 2018). Example stimuli are available online
(heatherkosakowski.com/stimuli/) and the full stimulus set is available
on OSF (https://osf.io/8ty34/).

Experimental paradigm. Infants listened to the 18 s clips of music,

speech, model-matched music, and model-matched speech, which
were presented consecutively in sets of four such clips (one per stimu-
lus category), in a random order within each set, followed by a block of
silence. For adults and the first 10 subjects, silent blocks were 12-17 s.
Each run had fifteen 18-s clips of each of the four conditions. Adults
were instructed to press a button at the end of each clip. Three out of
four adults heard every stimulus; the remaining adult (who was highly
familiar with the stimulus set) did not finish all experimental runs. After
our new headphones were designed and we resumed data collection,
we increased the silent blocks to 24 s to increase the measurement

quality of the silent blocks.

2.3 | Data collection and processing

Hearing protection and sound presentation. The first 10 infants were

scanned with headphones from MR Confon (http://www.mr-confon.
de/). Once we discovered that the headphones did not produce the
manufacturer-reported attenuation at 1 kHz, we discontinued use of
the headphones. Subsequent subjects were scanned with headphones
that were designed in collaboration with Sensimetrics (www.sens.com).
Newly designed infant headphones featured a speaker that sat in
infants’ concha and was adhered to infants’ ears using neonatal noise
guards (shorturl.at/IrsV9). Infant-sized earmuffs (Ems-for-Kids Baby
Earmuffs; earmuffsforkids.com) were placed over noise guards and
held in place with a cloth and Velcro. If muffs had metal screws, they
were replaced with plastic screws. Additional custom pillows made
with foam and material commonly used for diapers (e.g., PUL or TPU)
were used when necessary.

Scanning session. Infants were swaddled and rocked to sleep by a
parent or researcher. After the infant fell asleep, headphones were
applied, and the infant was placed in the head coil. All sounds were pre-
sented at 75 dB, a comfortable listening level for infants. A researcher
stood outside the scanner for the duration of the scanner session. Care-
givers were offered the option to go into the scanner with the infant.
The session ended when infants woke up or the parent requested to

end the session.

KOSAKOWSKI ET AL.

Acquisition _parameters. Adult fMRI data were collected with a

Siemens 3T Prisma scanner using a 32-channel head coil and an EPI
with standard trajectory with 46 near-axial slices (repetition time,
TR = 2 s, echo time, TE = 30 s, flip angle = 90°, field of view,
FOV = 208 mm, matrix = 104 x 104, slice thickness = 2 mm, slice
gap = 0.2 mm). Infant fMRI data were collected on the same Siemens
3T Prisma scanner using an EPI with standard trajectory with 52 near-
axial slices (repetition time, TR = 2 s, echo time, TE = 30 ms, flip
angle = 90°, field of view, FOV = 208 mm, matrix = 104 x 104, slice
thickness = 2 mm, slice gap = 0 mm). Data were collected from the first
21 subjects using an adult 32-channel head coil and from the remain-
ing subjects using a custom infant-specific head coil (Ghotra et al.,
2021).

Data selection. To be included in the analysis, data had to meet cri-
teria for low head motion. Data were cleaved between consecutive
timepoints having more than 2° or 2 mm of frame-to-frame displace-
ment, creating subruns, each of which contained at least 48 consecutive
low-motion (less than 2°/mm of motion) volumes. These motion exclu-
sion criteria are similar to previously reported thresholds (Deen et al.,
2017; Kosakowski et al., 2022). All volumes included in a subrun were
extracted from the original run data and combined to create a new Nifti
file for each subrun. Paradigm files were similarly updated for each sub-
run. Within each subrun, volumes with greater than 0.5°/mm of motion
between volumes were scrubbed. As in our previous research, if more
than three consecutive images were scrubbed, there had to be at least
seven consecutive low-motion volumes following the scrubbed volume
in order for those volumes to be included in the analysis (Kosakowski
etal.,2022). Each subrun had to have at least 48 volumes after account-
ing for motion. To be included in the group random effects and overlap
analyses, subjects had to have at least 144 volumes, which ensures
inclusion of some data from all four conditions and rest blocks.

Preprocessing and Data image registration. We followed standard pro-

tocols for pre-processing and data image registration as has been
reported in (Deen et al., 2017; Kosakowski et al., 2022). For details, see
Supplemental Materials.

Auditory parcels. Precise tonotopic mapping of primary auditory
cortex in infants has never been conducted. Thus, we used several
strategies (fully described in Table S1) before settling on these parcel
definitions. We used three anatomical parcels to constrain our selec-
tion of functionally defined voxels. The first parcel was constrained to
Heschl’s Gyrus (HG) using a common adult atlas computed in volume
space. Note that PAC in adults extends well beyond HG (e.g., planum
temporale), as measured based on tonotopic criteria (Da Costa et al.,
2011; Humphries et al., 2010; Norman-Haignere et al., 2015), but HG is
nonetheless a standard anatomical landmark of PAC. The second parcel
corresponded to broader AC, including HG and NPAC, and was defined
using Glasser parcels A1, LBelt, Pbelt, and Mbelt transformed from sur-
face space to volume space (Figure 3). A third parcel was created by
removing voxels that corresponded to HG from the AC parcel, which
we refer to as the NPAC parcel. We further note that our ability to
localize functional responses in infants was limited because our regis-
trations heavily relied on low-resolution functional data and because

registration between infants and adults is necessarily imperfect.
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FIGURE 3 Responses to all stimuli in adult auditory and language cortices. (a) Response in independent, left-out data for the top 5% of voxels
that respond more to all stimuli than scanner noise in auditory cortex (HG, highlighted in blue). Response in independent, left-out data for the top
5% of music-selective (b) and speech-selective (c) voxels in non-primary auditory cortex (NPAC) (left, highlighted in red), temporal language
(middle, highlighted in yellow), and frontal language (right, highlighted in yellow). Bar graphs depict average response to music (purple),
model-matched music (teal), speech (pink), and model-matched speech (yellow). Error bars indicate within-subject SE (Cousineau, 2005). Symbols
used to report one-tailed statistics from linear mixed effects models: "Sp>0.1; ¥p < 0.1; *p < 0.05; **p < 0.01; **p < 0.001.

Language parcels. Six language-selective anatomical constraint
parcels were obtained from previous studies with adults (Fedorenko
et al,, 2010). The three posterior regions were combined into a single
parcel (temporal language, Figure 3) and the three frontal regions
were combined into a single parcel (frontal language, Figure 3). We
removed any voxel from the lateral language parcel that overlapped
with auditory parcels.

Infant parcels. Adult auditory and language parcels were trans-
formed to infant template space. First, a representative infant anatom-
ical image was registered to the adult MNI template using an affine
transformation followed by hand-tuning. Then parcels were inverse

transformed to the template infant functional image.

2.4 | Quantification and statistical analysis

Subject-level beta and contrast maps. Functional data were analyzed

with a whole-brain voxel-wise general linear model (GLM) using cus-
tom MATLAB scripts. The GLM included four condition regressors

(speech, music, model-matched speech, model-matched music), six

motion regressors, a linear trend regressor, and five PCA noise regres-
sors using standard methods reported in (Kosakowski et al., 2022) and
(Deen et al., 2017). Condition regressors were defined as a boxcar
function for the duration of the stimulus presentation. Boxcar condi-
tion regressors were convolved with an infant hemodynamic response
function (HRF) that is characterized by a longer time to peak and
deeper undershoot compared to the standard adult HRF (Arichi et al.,
2012). Timepoints that exceeded the specified motion threshold (see
above) were removed prior to model fitting. Data and regressors were
demeaned for each subrun and concatenated across subruns. Beta val-
ues for each condition were computed in a whole-brain voxel-wise
GLM.

Group random effects analysis. Freesurfer’'s mri_concat, mri_glmfit,

and mri_volcluster were used for these analyses (Nichols et al., 2005).
Briefly, contrast maps from each subject were concatenated and fit
with a voxel-wise GLM. To correct for multiple comparisons, we used
Monte Carlo simulation and randomly changed the sign of the contrast
value for 5000 iterations to create a null distribution (i.e., we randomly
flipped the sign for every contrast image for each subject and then

averaged across subjects). From this null distribution, we recorded the
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maximum cluster size for each sample and then tested if the measured
cluster size exceeds this maximum for 95% of samples.
Functional region of interest (fROI) analyses. To measure cortical

responses, we used a functional region of interest (fROI) approach.
The strength of an fROI approach is that it allows us to quantify
neural responses in functionally distinctive regions that are not per-
fectly aligned across participants in anatomical coordinates (Saxe et al.,
2006). Further, fROI analyses do not rely on the high-quality image
acquisitions necessary for inter-subject registration, which is essen-
tial given twe were often unable to obtain high-resolution anatomical
images from individual infants. Due to the variable amount of data in
each subrun for each subject and the impact this could have on reliable
parameter estimates from the GLM, we first combined or split sub-
runs to approximately equate the amount of data across subruns within
subjects. For example, if a subject had three subruns and the first sub-
run was 111 volumes, the second was 57 volumes and third was 350
volumes, the first two subruns would be concatenated to create one
subrun and the third subrun would be split in two resulting in a total of
three subruns with approximately 175 volumes per subrun. After split-
ting/concatenating subruns, subjects had to have at least 144 volumes
per subrun and at least two subruns (one for data selection, one for data
extraction) to be included in fROI analyses.

Voxel selection and beta extraction. To constrain search areas for voxel

selection, we used anatomically defined parcels (see parcels/search
spaces) transformed from infant template space to subject native
space. We used an iterative, leave-one-subrun-out cross-validation
procedure to estimate fROI responses. Data were concatenated across
all subruns except one prior to computing whole-brain voxel-wise
GLMs and contrasts were computed (described above). We then
selected the 5% of voxels with the greatest difference in beta weights
for the contrast of interest (i.e., stimuli > scanner, music > speech,
or speech > music) within an anatomical constraint parcel in subject-
specific functional space. Beta values in these voxels were extracted for
all four conditions from the left-out subrun. We iterated through this
process for all data partitions and subjects, averaging across the betas
derived from each fold in each subject. Results for all fROI analyses
were generated using this method.

Auditory cortex responses. The 5% of voxels within AC that had the

greatest numerical contrast value for stimuli > scanner noise were
selected for analysis. To determine if each stimulus category signifi-
cantly activated AC, we compared the response to each condition to
zero using a T-test.

Subject selection for music and speech analyses. We next sought to

determine if individual subjects could hear the stimuli. There are two
reasons to be concerned subjects were unable to hear the stimuli: (1)
the headphone set-up and (2) effects of sleep on auditory responses.
With respect to the headphone set-up, the speaker is placed in the con-
cha but, it is possible it could shift and thus not adequately stimulate
AC. A second possibility is variable activation of AC during different
sleep stages. As we cannot distinguish between these possibilities in
our dataset, we measured infants’ AC response to all sounds compared
to scanner noise in NPAC, an analysis that is orthogonal to our primary
analysis. To determine if the response in AC was reliable in each sub-

ject, and not due to noise, we conducted an fROI analysis. Specifically,

KOSAKOWSKI ET AL.

we selected the top 5% of voxels in AC for the stimuli > scanner con-
trast and extracted the beta values from independent data. For each
subject we determined if the average response to all four conditions
was significantly greater than the response to scanner noise (i.e., zero)
using a T-test with an alpha of 0.05.

Music and speech selectivity. For the music fROI we selected the

top 5% of voxels for music > speech within a parcel. For the speech
fROI we selected the top 5% of voxels for speech > music within a
parcel. Importantly, the response to model-matched sounds was not
included in the voxel selection criteria. Betas from all four conditions
were extracted from independent data in the selected voxels. To deter-
mine if a response was selective, we used a linear mixed effects (LME)
model, which enabled us to account for between subject variability due
to motion. Betas extracted from independent data for each individual
subject were the dependent variable. We elected to have the condi-
tion of interest (e.g., music in the music > speech fROI anlaysis) be the
un-modelled beta in the regression, which enabled us to test whether
the response to each control condition (e.g., model-matched music,
speech, and model-matched speech in the music > speech fROI anal-
ysis) was significantly lower than the response to condition of interest.
Thus, we had one predictor for each control condition (e.g., in the case
of the music > speech fROI analysis, there were three vectors—one
for speech, one for model-matched music, and one for model-matched
speech). In the infant LMEs, predictors of no interest were age, motion,
and sex. Motion was computed as the number of scrubbed volumes
divided by the total number of volumes. Subject was coded as arandom
effect with random intercepts (results were not different when random
slopes were added (Barr et al., 2013)) for each control condition. We fit
a model with the MATLAB expression:

fitime(w3~c1+c2+c3+age+sex+motion+(1+cl|subject)+(1+c2
|subject)+(1+c3|subject))

where  indicates the betas for all four conditions from each subject.
The control condition vectors (c1, c2, c3) have 1 s in the location of the
control condition that is represented and O s at all other locations. For
a response to be “selective” we expected a significantly positive inter-
cept (indicating the response to the condition of interest was greater
than the response to scanner noise) and the response to each control
condition to be significantly negative (indicating the response to the
control condition was significantly less than the response to the con-
dition of interest). As predictions are unidirectional, reported p-values
are one-tailed.

Repeated measures ANOVAs were used to test for interactions
between regions. All ANOVAs were computed using open-source JASP

software (https://jasp-stats.org) (Goss-Sampson, 2022).

3 | RESULTS
3.1 | Auditory activations in awake adults
We first asked if adults (n = 4) would exhibit music- and speech-

selective responses in NPAC. Age, sex, and motion were excluded from
adult models. In non-primary auditory cortex (NPAC), we selected
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TABLE 1 Responsesinadult auditory and language cortices.
Parcel Contrast Intercept? Music? mmMusic? Speech? mmSpeech?
NPAC Music > Speech 4.51 -1.95 —2.46 -3.29
(2.39; 6.62) (-2.79; -1.10) (—3.32; —1.60) (—4.78; -1.80)
Speech > Music 15.79 -10.36 -10.13 n/a -5.95
(1.29; 30.29) (-13.30-7.42) (—12.45;-7.81) (—8.66; —3.24)
T.Lang. Speech > Music 7.27 —-6.92 —-6.39 n/a -5.20
(5.94;8.61) (—8.54; —5.30) (—7.82; -4.96) (—6.82; -3.58)
F.Lang. Speech > Music 4.27 -3.78 -3.24 n/a -3.47
(3.02;5.53) (—5.08; -2.47) (—4.47;-2.02) (-=5.21;-1.73)

2Parameter estimates from a linear mixed-effects model for the intercept and three control condition regressors. In the music > speech fROI analysis, the
intercept indicates the effect size of the music response relative to scanner noise, the mmMusic value indicates the effect size of the model-matched music
response relative to music, the speech value indicates the effect size of the speech response relative to music, and the mmSpeech value indicates the effect size
of the model-matched speech response relative to music. In the speech > music fROI analysis, the intercept indicates the effect size of the speech response
relative to scanner noise, the music value indicates the effect size of the music response relative to speech, the mmMusic value indicates the effect size of
the model-matched music response relative to speech, and the mmSpeech value indicates the effect size of the model-matched speech response relative to
speech. Confidence intervals are reported in parentheses and effect sizes with p < 0.05 are indicated in bold.

the top 5% of voxels that responded more to music than speech. In
independent, left-out data the response to music was significantly
greater than the response to each of the other conditions (Figure 3;
Table 1; all ps < 0.0003). For the top 5% of voxels in NPAC that
responded more to speech than music, the response in indepen-
dent data (Figure 3; Table 1) was significantly greater to speech than
each of the other conditions (all ps < 0.0003). Thus, these stim-
uli produce robust music- and speech-selective responses in adult
NPAC.

Next, we sought to confirm that adult language parcels would
respond selectively to speech but not music. Using the same procedure
described previously, we identified the top 5% of voxels that responded
more to speech than music and then, from these voxels, extracted the
response to all four conditions from independent, left-out data. In both
the temporal and frontal language parcels, we observed a response to
speech that was significantly greater than the response to each of the
other conditions (all ps < 0.0005; Table 1). Thus, adults have music-
selective responses in NPAC and speech-selective responses in NPAC

and language areas.

3.2 Responses to sound in the auditory cortex of
sleeping infants

Results from previous literature are mixed as to whether infants exhibit
responses to auditory stimuli while they are asleep (Anderson et al.,
2001; Benavides-Varela & Gervain, 2017; Blasi et al., 2011; Bortfeld
et al., 2007; Cristia et al., 2014; Dehaene-Lambertz et al., 2002, 2010;
Giordano et al., 2021; Homae et al., 2006, 2007, 2012; Kotilahti et al.,
2010; Lloyd-Fox et al., 2012; Nishida et al., 2008; Pefna et al., 2003;
Perani et al., 2010; Sato et al., 2010, 2012; Shultz et al., 2014; Telke-
meyer et al., 2011). So, we first conducted a group random effects
analysis of stimuli > scanner across all infants that had sufficient data
(n = 36; 1.9-11.7 weeks). This revealed auditory activations at the

posterior-medial portion of HG in the left hemisphere that did not
survive correction for multiple comparisons (Figure 4a). In maps from
individual infants, we observed some infants with bilateral auditory
activations and some infants with no auditory activations (Figure 4b).
An fROI analysis of stimuli > scanner across all subjects revealed
significant auditory activations in AC (Figure 5a). Importantly, in inde-
pendent data from AC, each stimulus condition produced a significant
response relative to scanner noise (Figure 5b; music t(35) = 3.66,
ci = 0.19-0.67, p = 0.000; mmMusic t(35) = 3.50, ci = 0.20-0.76,
p = 0.001; speech t(35) = 3.28, ci = 0.20-0.86, p = 0.002; mmSpeech
t(35) = 2.21,ci=0.03-0.68,p = 0.03).

As a proxy for ensuring infants heard the stimuli while in the scan-
ner, we decided a priori to only include infants in any analysis of
music or speech selectivity if they had significant activations in AC
in an fROI analysis when comparing the response to all stimuli to
scanner noises. Of the 36 infants that had sufficient data, 19 had sig-
nificant auditory activations (1.9-11.7 weeks, mean = 5.2 weeks) while
17 did not (2.0-11.5 weeks, mean = 4.6 weeks; Figure 5a). Age (sig.
AC mean = 5.18 weeks, n.s. AC mean = 4.59 weeks; t(34) = 0.80,
ci = —0.90 to 2.08, p = 0.4) and motion (measured as the proportion
of volumes > 0.5 mm of translation or 0.5° of rotation) were similar
between the two groups (sig. AC mean = 0.03, n.s. AC mean = 0.05,
t(34) = —1.26, ci = —0.05 to 0.01, p = 0.22). There was a marginal
difference in the quantity of data between the two groups such
that the group that had significant auditory activations had less data
(mean = 926.9 volumes) than the group with non-significant auditory
activations (mean = 1335.4 volumes; t(34) = —1.85, ci = —-856.9-39.94,
p = 0.07). Thus, the absence of significant activation in AC is not due to
insufficient data. Further, 5 out of 10 infants with data collected using
the adult coil and 14 out of 26 infants with data collected using the
infant coil had significant auditory responses, so the absence of signifi-
cant activation of AC is not due to the type of coil used. All pre-planned
analyses reflect results from the 19 infants with reliable activations in
AC.
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(a) Group Random Effects Analyses
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FIGURE 4 Auditory activation in infant cortex. (a) Group random effects analysis of stimuli > scanner noise across all subjects (threshold
p < 0.01, uncorrected). Auditory cortex (AC) parcel (Heschl’s Gyrus and non-primary auditory cortex combined) is highlighted in blue (b)
Whole-brain statistical maps from individual infants (threshold Z = 2.3) that show clear activations in AC (top row) and absence of activations
(bottom row). Statistical maps displayed on a non-representative, high-resolution infant anatomical image.

3.3 | Response to music and speech in infants with
significant auditory responses

Given that we could detect auditory responses in sleeping infants, we
next asked whether music or speech elicit different responses in those
infants who showed significant auditory responses. In a group ran-
dom effects analysis of music > speech, music and speech responses
in auditory cortex were not significant after correcting for multi-
ple comparisons. However, we observed significant music activations
in ventral-temporal, ventral-prefrontal, and dorsal-prefrontal cortices
and significant speech activations in cerebellum, occipto-parietal cor-
tex, and somatomotor cortex (Figure S2). We did not further interro-
gate activations outside of auditory and language cortices. In individual
infants, whole-brain maps revealed music and speech responses in both
hemispheres within auditory cortices (Figure 6).

Next, in the pre-planned fROI analysis of subjects with significant
auditory activations (n = 19), we asked if these subjects have a music-
selective response in NPAC. First, from NPAC we selected the top 5%

of voxels that responded more to music than speech. In independent,
left-out data from these voxels, the response to music was significantly
greater than the response to speech (p = 0.03) and each of the model-
matched control conditions (mmMusic p = 0.002; mmSpeech p = 0.04)
but the difference between the response to music and scanner noise
did not reach significance (p = 0.1; Figure 5b, left; effect sizes and
confidence intervals reported in Table 2). There were no significant dif-
ferences in motion between conditions (music vs. speech t(18) = 1.04,
p =0.31; music vs. model-matched music t(18) = 0.33, p = 0.74; speech
vs. model-matched speech t(18) = 0.23, p = 0.82; model-matched
speech vs. model-matched music t(18) = 0.79, p = 0.44). As the vox-
els were selected only for a response to music that was greater than
the response to speech, the significantly greater response to music
than model-matched music provides strong evidence that the music
response in young infants cannot be explained by the spectrotemporal
modulation properties of the music stimuli. The lack of a significant dif-
ference between music and scanner noise is due to variability across

participants in the overall magnitude of auditory responses, which is
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FIGURE 5 Functional organization of infant auditory cortex (AC). Across all infants (n = 36) we observed a significant response to all sounds
compared to scanner noise in AC (a, includes Heschl’s Gyrus (HG) and non-primary auditory cortex (NPAC)) with each condition significantly

activating AC (b). The average magnitude response in these voxels was greater for subjects that had significant auditory activations (a, middle bar,
n=19) and was at baseline for subjects that did not have significant activations (a, right bar, n = 17). (c) In our planned fROI analysis of subjects
with significant auditory activation (n = 19), voxels that were selected for a stronger response to music compared to speech in NPAC had a music
response in left-out data that was significantly greater than the response to all other conditions. (d) In the same subjects, the speech > music fROI
analysis of NPAC indicated that the speech response was numerically greater than the response to music and model-matched music but not
significantly different than the response to model-matched speech. (e) For the fROI analysis of music > speech in HG, the response to music was
greater than model-matched speech but was not significantly different than the response to speech and model-matched music. (f) The

speech > music fROI analysis of HG indicated that the speech response was not significantly different than the response to any other condition.

Bar charts show the average response in each fROI to music (purple), model-matched music (teal), speech (pink), and model-matched speech
(yellow) in data independent of that used to define the fROI. Error bars indicate within-subject SE (Cousineau, 2005). Symbols used to report

one-tailed statistics: ™p>0.1; Tp < 0.1; *p < 0.05; **p < 0.01, ***p < 0.001.

evident in the correlated variability between conditions across sub-
jects (e.g., the Pearson correlation between music and model-matched
music was 0.70; p = 0.0008), making it easier to detect a signifi-
cant difference between conditions than between each condition and
baseline. This overall variation in response magnitudes is unsurprising
and could be due to a variety of neural and non-neural factors (e.g.,
vascularization).

In the fROI analysis for speech (n = 19), we selected the top 5% of
voxels in NPAC that responded more to speech than music. In inde-

pendent, left-out data we found that the speech response was not

statistically greater than the response to any of the other stimulus con-
ditions (all ps>0.05; Figure 5b, right; Table 2). Although our planned
analyses do not provide evidence for speech selectivity, a variety of
unplanned analyses do (Figure S4).

To test whether the response of the NPAC voxels selected for their
music response differed significantly from the NPAC voxels selected
for their speech response, we conducted a repeated-measures analysis
of variance (ANOVA) with fROI (voxels preferring music or speech) and
condition (music, model-matched music, speech, and model-matched

speech) as factors and motion as a covariate. This analysis found a main
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FIGURE 6 Musicand speech activations in infant auditory cortex. Whole-brain statistical maps from representative individual infants
(threshold Z < 2.3) show music (hot) and speech (cool) activations in both hemispheres of auditory cortex. Statistical maps displayed on a
non-representative, high-resolution infant anatomical image. Results from group random effects analysis reported in Figure S2.

effect of fROI (F(1,51) = 4.625, p = 0.046) and a significant fROI by con-
dition interaction (F(3,51) = 4.344, p = 0.008) supporting the inference
that the music fROI and speech fROI differ from each other in their
responses across stimulus conditions.

To test the possibility that we biased our results by arbitrarily choos-
ing the top 5% of voxels rather than some other number, we conducted
growing window analyses and observed the same pattern of response

for both music and speech (see Supplemental Materials).

3.4 | Speech responses in putative language areas

Avariety of studies have suggested that infants have speech responses
in frontal and lateral language regions prior to language acquisition.
Could our inability to find strong evidence for speech selectivity arise
because we are looking in auditory regions rather than language
regions? To address this possibility, we conducted an fROI analysis of
speech responses in temporal and frontal language parcels (Table 2). In
independent data the speech responses in the lateral and frontal lan-
guage parcels were not statistically different than the response to any
other condition or scanner noise (all ps > 0.3). Thus, we do not find
evidence for speech-selective responses in infant brain regions that
correspond to language cortex in adults.

3.5 | Functional organization of infant Heschl’s
Gyrus

All of our pre-planned analyses utilized AC anatomical constraint
parcels derived from the organization of adult AC because infant
anatomical atlases do not account for variation in functional loca-
tion. However, it is possible that adult-derived anatomical constraint
parcels are also not appropriate for characterizing infant AC func-
tion. To determine if the functional organization of infant AC cor-

responds to that of adults, we conducted an fROI analysis testing

whether music- and speech-selectivity is absent in HG (as it is in
adults).

Do infants have category-selective responses to music and speech
in HG? To answer this question, we conducted an fROI analysis of music
responses in the adult derived HG parcel. HG voxels that were selected
for their higher response to music than speech showed, in indepen-
dent, left-out data, a response to music that was numerically but not
significantly greater than the response to scanner noise (p = 0.07),
model-matched music (p = 0.10), or speech (p = 0.07), but was signifi-
cantly greater than the response to model-matched speech (p = 0.047;
Figure 5e; Table 2). However, we did not find a significant interac-
tion between fROI (music in NPAC and music in HG) and condition
(F(3,51) = 0.76, p = 0.52), so we cannot conclude that the music
response in NPAC differs from the music response in HG.

For the voxels in HG that were selected for their greater response
to speech than music, responses from independent, left-out data indi-
cated that the response to speech was not statistically different than
the response to any other condition (all ps > 0.08; Figure 5f; Table 2).
These results indicate infant HG does not have voxels that are signif-
icantly music- or speech-selective, consistent with prior findings for
adults.

In sum, we have preliminary evidence for music-selective responses
in infant NPAC (not PAC), but we lack clear evidence for speech-
selective responses.

4 | DISCUSSION

To answer the fundamental question of whether neural populations
selective for speech and music are present in young infants, we
designed control stimuli that unconfound responses to higher-level
acoustic structure from responses to their lower-level spectrotem-
poral modulation statistics, providing a more stringent test than has
been attempted before. Using these stimuli, we find evidence for music

selectivity in NPAC but not PAC, but no strong evidence for speech
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selectivity in sleeping infants. While these findings will need to be
replicated, and several properties of the response need to be better
understood, they provide suggestive evidence that selectivity for music
arises very early in human cortical development. Further, these findings
provide some of the strongest evidence to date for the presence of any
category selective responses in infant cortex, and suggest that special-
ized cortical responses to music, in particular, develops within about a
month of birth.

What can we conclude about auditory responses more generally in
sleeping infants? Consistent with previous fMRI research, we observed
significant auditory activation in infants’ AC (Anderson et al., 2001;
Benavides-Varela & Gervain, 2017; Blasi et al., 2011; Bortfeld et al,,
2007; Cristia et al., 2014; Dehaene-Lambertz et al., 2002, 2010; Gior-
danoetal., 2021; Homae et al., 2006, 2007, 2012; Kotilahti et al., 2010;
Lloyd-Fox et al., 2012; Nishida et al., 2008; Pefa et al., 2003; Perani
et al.,, 2010; Sato et al., 2010, 2012; Shultz et al., 2014; Telkemeyer
et al,, 2011). However, we found that only a subset of infants (n = 19)
had significant activations in AC while the remaining subjects that con-
tributed data (n = 17) did not. The two groups were not different in
age, motion, or data quantity. Perhaps the 17 infants without signifi-
cant auditory activations were unable to hear the stimuli because the
speakers that presented sound to infants’ ears shifted during scan-
ning. However, given that we observed significant speech activation
(relative to scanner noise and model-matched speech) in this group
of infants, this possibility is unlikely. Alternatively, it is possible that
infants’ sleep state influenced whether they had significant auditory
activations. As we could not monitor speaker location during scanning
and did not monitor sleep state, we cannot distinguish between these
two possibilities.

Our finding of music selectivity in infant cortex is subject to several
caveats. First, although most aspects of the main analysis presented
here were planned in advance, the specific anatomical parcels used
were not, giving us experimenter degrees of freedom (see explana-
tion in Table S1). Due to structural and functional neuroanatomical
variability across participants, future studies should focus on function-
ally defining primary and non-primary auditory cortices in infants to
increase the rigor of mapping infant auditory cortex. Second, although
we found a significantly higher response to music than to the three con-
trol stimulus types, the response to music was only numerically and not
significantly higher than baseline (scanner noise, p = 0.1). One possi-
ble explanation for this finding is that the response to scanner noise
alone is variable, potentially due to infants’ sleep state or physiologi-
cal differences. Third, although music selectivity reached significance
in NPAC and not in HG, the interaction of region by condition did not
reach significance. For these reasons, a replication of our finding of
music selectivity, and an understanding of the weak statistics concern-
ing the baseline response, will be important. If future methodological
advances make possible the collection of a larger amount of data within
each participant, such that music-selective activations can be seen in
whole-brain contrast maps in most individual participants, that will
provide stronger evidence than current methods allow. Further, the
simple monophonic instrumental lullabies we used in the present study

represent a very small portion of the wide range of music seen within
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and across cultures. Thus, future research should determine if music
responses in infant NPAC is selective to all music genres.

However, the methodological challenges of this work are not small.
Notably, the infants in the present study were asleep. In adults, corti-
cal responses to sounds, including speech, are dampened by sleep state
(Dang-Vu et al., 2011; Makov et al., 2017; Schabus et al., 2012; Song &
Tagliazucchi, 2020) (although see (Davis et al., 2007)). A study of awake
infants could address this concern, though likely would cause other
problems such as increased motion (Ellis et al., 2020; Ghotra et al.,
2021; Kosakowski et al., 2022), and challenges associated with keeping
one-month-olds awake. More generally, fMRI with infants is challeng-
ing because infants’ small HRF (Arichi et al., 2012) and lower tolerance
of the scanner environment make it very hard to collect sufficiently
high-quality data. New headphones, a new coil, and other innovations
only partially address these challenges.

Our finding of early music selectivity may relate to behavioral evi-
dence that infants encode, remember, and have preferences for specific
melodies (e.g., a melody sung by a parent rather than a toy (Mehr
et al, 2016)), from the first month after birth. Two previous neu-
roimaging investigations of early music perception failed to find a
response to music that was significantly different than the response to
speech in neonates (Kotilahti et al., 2010) and three-month-old infants
(Dehaene-Lambertz et al., 2010). Why did these studies fail to observe
music-selective responses? As we demonstrated, music responses are
selective in infants that had significant auditory activations but weaker
when collapsed across all infants (Table S2). Thus, perhaps previous
studies did not observe music-selective responses because they had
a small number of subjects and did not confirm AC activation in each
subject. In addition to a small number of subjects, previous studies
had a small number of stimuli from each stimulus condition that were
played repeatedly. Thus, another possibility is that music responses
were weak due to neural habituation (Dehaene-Lambertz et al., 2010).
In our study, we had 60 instances of each stimulus category, so no infant
ever heard the same stimulus more than once. Additionally, both pre-
vious studies had lower spatial resolution than ours—the first used
fNIRS, which has a spatial resolution on the order of centimeters—
and the second study used fMRI with a voxel volume of ~4 mm?. In
contrast, we used 2 mm?3 voxels. So, another possibility is that previ-
ous research blurred together music and speech responses in a single
measurement. Taken together, previous studies may have failed to find
music responses because AC was not adequately stimulated, because
of a lack in power due to small sample sizes, small amounts of data
fromindividual infants and/or neural habituation, or because music and
speech responses were blurred together by the imaging modality.

Concerning speech-selective responses, previous studies have a
very mixed pattern of results for infant AC and/or language regions
(Arimitsu et al., 2011; Benavides-Varela & Gervain, 2017; Blasi et al.,
2011; Bortfeld et al., 2007; Cristia et al., 2014; Dehaene-Lambertz
et al., 2002, 2010; Flo et al., 2019; Gervain et al., 2008; Kotilahti
et al., 2010; Lloyd-Fox et al., 2012; May et al., 2011, 2018; Minagawa-
Kawai et al., 2010; Nishida et al., 2008; Pefia et al., 2003; Sato et al.,
2010, 2012; Shultz et al., 2014). We found evidence for speech-

selective responses in NPAC in the unplanned analysis that included
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infants without significant AC activation (see Supplemental Materi-
als). However, we failed to observe evidence for speech-selectivity
in NPAC for the planned analysis of infants with significant auditory
activation or in putative language cortex. One possible explanation
for these results is that we did not have enough power to measure
robust speech responses in infants. Alternativity, speech selectivity
may emerge later in development than music selectivity. Finally, per-
haps speech responses are weaker and harder to measure in sleeping
infants. Regardless, the inconsistency of speech responses in infants’
brains is also found in the previous literature.

Although category selectivity has been observed for some cate-
gories that are evolutionarily old and phylogenetically preserved (e.g.,
faces and bodies (Downing et al., 2001; Kanwisher et al., 1997; Pinsk
et al., 2005; Tsao et al.,, 2003)), it has also been observed for cat-
egories that emerged recently in human history (e.g., orthographies
(Cohen & Dehaene, 2004)). Thus, the presence (or absence) of a selec-
tive response to a perceptual category cannot be used to support,
or refute, the phylogenetic origins of the category. Yet, the finding
of music selectivity so soon after birth, after only a modest amount
of acoustic exposure, and before speech selectivity can be detected,
argues against the idea that music selectivity results from the devel-
opmental co-option of a neural system that originally arose to support
speech perception (James, 1890; Lieberman & Billingsley, 2021; Pinker,
1997). Rather, our results indicate that music- and speech-selectivity
emerge independently in infant auditory cortex.

Philosophers and scientists have long debated the origins of musi-
cality. Is some aspect of music innate in humans? Our study strengthens
the case that domain-specific mechanisms for music perception arise
extremely early in development, apparently independent of, and per-
haps even before, domain-specific mechanisms for speech perception.
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ENDNOTE

Human vocal cords are distinct from other species in that they support var-
ious human-specific vocalizations as such singing. The ability to produce
vocal song may have emerged ~6 million years ago with the evolutionarily
loss of the vocal membranes (Nishimura et al., 2022), or when we evolved
better breath control and tongue flexibility, or possibly when the larynx
descended, ~50,000 years ago. Conversely, the oldest known instrument,
a flute, is ~40,000 years old (Conard et al., 2009). Thus, we make the con-
jecture that vocal song arose earlier in human evolution than instrumental
music.
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