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From their second year, infants typically begin to show rapid acquisition of receptive and expressive
language. Here, we ask why these language skills do not begin to develop earlier. One evolutionary
hypothesis is that infants are born when many brains systems are immature and not yet functioning,
including those critical to language, because human infants have large have a large head and their
mother's pelvis size is limited, necessitating an early birth. An alternative proposal, inspired by discoveries in machine learning, is that the language systems are mature enough to function but need
auditory experience to develop effective representations of speech, before the language functions that
manifest in behaviour can emerge. Growing evidence, in particular from neuroimaging, is supporting this
latter hypothesis. We have previously shown with magnetic resonance imaging (MRI) that the acoustic
radiation, carrying rich information to auditory cortex, is largely mature by 1 month, and using functional
MRI (fMRI) that auditory cortex is processing many complex features of natural sounds by 3 months.
However, speech perception relies upon a network of regions beyond auditory cortex, and it is not
established if this network is mature. Here we measure the maturity of the speech network using
functional connectivity with fMRI in infants at 3 months (N ¼ 6) and 9 months (N ¼ 7), and in an adult
comparison group (N ¼ 15). We ﬁnd that functional connectivity in speech networks is mature at 3
months, suggesting that the delay in the onset of language is not due to brain immaturity but rather to
the time needed to develop representations through experience. Future avenues for the study of language development are proposed, and the implications for clinical care and infant education are
discussed.
© 2018 Published by Elsevier B.V.

1. Introduction
At the time of their ﬁrst birthday, human infants understand and
speak just a few words. Only by their second birthday are they
learning new words rapidly, and have typically built a vocabulary of
three hundred words (Bloom, 1976; Frank et al., 2017). Here, we ask
why rapid word learning does not happen earlier. Given that infants
hear a million spoken words per month (Hart and Risley, 1995a),
dominated by high frequency tokens (Piantadosi, 2014), what delays rapid language acquisition for a year?
It is possible that late language acquisition might reﬂect broader
initial sluggishness in the life history of human cognitive
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development. Human infants are slow to develop in many ways and
are helpless for a long time following birth, compared to animals
with simpler brains (Jones et al., 2009). Consider motor function,
for example: lambs and chickens are walking within a few days,
while human infants take 9 months to crawl.
One explanation for this sluggish development is that human
infants have large heads but the size of the mother's pelvis
(Rosenberg and Trevathan, 2002) or the mother's metabolism
(Dunsworth et al., 2012) are limited, and so birth must happen
relatively early in gestation, while the infant's brain is still immature. This hypothesis continues to be inﬂuential and is supported by
elegant modelling of evolutionary pressures that might have driven
selection for intelligence (Piantadosi and Kidd, 2016). According to
this hypothesis, human infants are helpless and their language
delayed, because their brains must develop postnatally.
We propose an alternative explanation inspired by machine
learning. Deep (many-layered) neural networks have in recent
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years come to dominate artiﬁcial intelligence, performing many
tasks better than humans, such as visual recognition, playing Go
and Chess, and driving cars. Although deep neural networks have
been around for decades, they were not useful in practice because
they could not be effectively trained. Given the enormous number
of degrees of freedom of these networks, they had the tendency to
overﬁt to the initial training examples, and thus to learn to perform
tasks in idiosyncratic ways that did not generalize well to new
examples. An important breakthrough was the innovation that
networks should be pretrained (Hinton and Salakhutdinov, 2006).
During pretraining, the network learns the statistics of the sensory
input (P(S)). This is then followed by training which categories are
associated with particular sensory input (p(cjS)). Pretraining is
often used in deep learning, and has been shown to be particularly
beneﬁcial for more complex neural networks (Erhan et al., 2010). By
analogy, our proposal is that human infants, which have complex
brains, beneﬁt from pretraining. In the case of language, we propose that the ﬁrst year is spent learning the statistics of sound and
developing the motoric models that underlie production. Only in
the second year are these representations sufﬁciently mature for
rapid language acquisition to begin.
The “immature brain” and “pretraining” hypotheses cannot be
distinguished by observing language development in the ﬁrst year,
as they both predict it will be slow to develop. However, they make
different predictions at the neural level. The immature brain hypothesis predicts that language systems will be immature for the
ﬁrst year, while the pretraining hypothesis predicts that they will
be functioning. These neural measures need to be made in infants,
as other animals do not have language, and have simpler brains
(and so less need for pretraining).
From previous work, on the one hand, there is evidence to
suggest the language system is immature. The auditory cortex is
one part of the language network that is important for processing
complex sounds (Peelle et al., 2010). Post-mortem anatomical
studies have emphasized the immaturity of auditory cortex, ﬁnding
that in newborns it does not yet have discernible laminar structure,
and that it does not receive myelinated projections from the thalamus (Moore and Linthicum, 2007). In an extrapolation from ideas
proposed for the motor system (Marin-Padilla and Marin-Padilla,
1982) it has been suggested that the acoustic radiation, which in
adults carries rich information from the thalamus to the auditory
cortex, is not yet mature, and that auditory input before six months
may only be directly through the reticular activating system in the
brainstem (Eggermont and Moore, 2012). Structural connectivity in
the cortical language network has also been measured using
diffusion-weighted magnetic resonance imaging (MRI) and tractography, and some studies have found evidence for immaturity
(Perani et al., 2011). These ﬁndings support the immaturity hypothesis. Other studies using neuroimaging in infants in the ﬁrst
year have suggested auditory function is more mature. The acoustic
radiation was recently traced using tractography in infants through
the ﬁrst year. It was present as early as one month, and its microstructure, as assessed using fractional anisotropy (FA) and other
methods, changed only subtly through the ﬁrst year. This suggests
that rich auditory information might, therefore, be delivered to
auditory cortex early in the ﬁrst year (Zubiaurre-Elorza et al., 2018).
Assuming that complex auditory information could be delivered, is auditory cortex ready to process it? In adults, structural
asymmetries are seen in cortical language regions. These are
evident even in preterm newborns (Dubois et al., 2010). To assess
cortical processing of stimuli, functional MRI (fMRI) has been used
to measure the brain activation to sounds. In the ﬁrst months,
auditory cortex responds to speech (Dehaene-Lambertz et al.,
2006; Dehaene-Lambertz et al., 2002; Perani et al., 2011). It encodes not just simple acoustic characteristics (such as frequency

centroid, fundamental frequency, and envelope) but also more
complex acoustic features in a similar way to adults (Wild et al.,
2017). Hemispheric asymmetries are seen in activation in
response to speech but not music in 2 month-old infants (DehaeneLambertz et al., 2010), similar to the activation pattern that would
be seen in adults. Functional optical imaging has even found
cortical responses differ by syllable in preterm infants
(Mahmoudzadeh et al., 2013). These studies suggest that auditory
cortex is processing the rich acoustic information that is being
delivered and that this component of the language system is relatively mature, even in the ﬁrst months. These results are consistent
with the pretraining hypothesis.
A limitation of this evidence for brain maturity is that it focuses
on auditory cortex, and there are many other components to the
language network, including motor and prefrontal regions. Neuroimaging has shown that components of this system in the prefrontal cortex can be engaged by speech sounds in infants
(Dehaene-Lambertz et al., 2006, 2002; Imada et al., 2006). However, it is not clear how mature the network is more broadly. It is
not yet possible to identify tasks that will functionally activate each
node of the broader network in infants, and so here we take a
different approach, of characterising the network's maturity
through its connectivity. Functional connectivity analysis has
proven highly informative in adults, and is possible in infants (Doria
et al., 2010; Fransson et al., 2007; Gao et al., 2011; Perani, 2012;
Smyser and Neil, 2015). Speciﬁcally, across a broad language
network comprising 15 regions we examine the pattern of connectivity e which connections are stronger and which are weaker
e in adults and infants. Evidence of language network maturity
would further support the pretraining hypothesis.
2. Methods
2.1. Identifying regions of the speech network
The speech network was identiﬁed using neurosynth.org, an
open-source database of thousands of published functional MRI
studies (Yarkoni et al., 2011). The keyword “speech” selected 839
studies that contained one or more contrasts of speech against a
baseline. As speech production causes head movement, which is a
problem for MRI, the vast majority of these contrasts reﬂected
speech perception. These were compared to thousands of other
contrasts that reﬂected other behaviours, to yield a z-score that
quantiﬁed the likelihood that a speech task was being performed,
given activation in a voxel (i.e., reverse inference p(speech task j
activation)) e i.e., regions that are selective to some degree for
speech function. Fig. 1a shows the resulting map of the speech
system, in standard adult (MNI) space.
This map was then parcellated in a semi-automatic way by
identifying the lowest z-threshold that would separate each region
from its neighbours. The ﬁnal network of 15 regions is shown in
Fig. 1b and comprised the midline supplementary motor area
(SMA) and seven regions split into left and right components: the
auditory cortex (AUD), thalamus (TH), cerebellum (CER), pallidum
(PAL), prefrontal cortex (PFC), insula (INS), and intraparietal sulcus
(IPS).
2.2. Participants
Approval for the study was obtained from Western University's
Health Sciences Research Ethics Board and informed consent obtained from the adults and infant's caregivers. Sixteen adults (5
male, 11 female, 23 ± 5 years old), twenty-four 3-month old infants
and ﬁfteen 9-month old infants were recruited. The following inclusion criteria were applied: (1) no congenital abnormalities; (2)
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Fig. 1. Voxels activated more by speech tasks than by other tasks, derived from a meta-analysis of functional neuroimaging studies (neurosynth.org, keyword “speech”, reverse
inference, threshold FDR p < 0.01). The raw z scores (range from 0 to 15) are shown in the top panel (a), and the same map parcellated into regions in the lower panel (b). Slices
shown are from MNI z ¼ 20 to þ50 in steps of 10 mm.

no contraindications for MRI; (3) an age at MRI of 3 or 9 postnatal
months or older than 18 years. One adult was rejected following the
detection of an abnormal ﬁnding by the MR technologist (n ¼ 15).
Infants were scanned during natural sleep, without the use of
sedation. A neonatal/perinatal nurse was present during the
duration of the scan to monitor the infant's well-being and assist in
the case of a medical emergency. Not all infants could be persuaded
to sleep, one 9-month old had poor coverage in inferior regions in
the speech network, and following stringent exclusion for movement, which is particularly important when studying functional
connectivity (Power et al., 2011), eighteen 3-month olds (yielding
n ¼ 6) and eight 9-month olds (yielding n ¼ 7) were excluded from
further analyses. The details of the participants included in the ﬁnal
analysis are shown in Table 1. Some infants were recruited through
community advertising, and some via referral from a neonatologist
at the neonatal intensive care unit (NICU) of London Health Sciences Centre. No brain injury was apparent in the MRI of any of the
infants included in this study, although 4/12 were diagnosed with
potential neurological challenges during their period at the NICU.

64  64 matrix size with 3  3 mm in-plane resolution, and slice
thickness 3 mm, multiband factor 4). The echo-time was adjusted
for the 3-month group (TE ¼ 40 ms) to reﬂect the longer T2*
relaxation due to increased water content in brain tissue (Rivkin
et al., 2004), but a typical value was used in the 9-month and
adult group (TE ¼ 30 ms). There was slight variation in protocol
between subjects, reﬂecting ongoing optimization (3 month: slice
gap ¼ 0e0.3 mm, TR ¼ 776e861 ms. Adults and 9 month: slice
gap ¼ 0e0.3 mm; TR ¼ 686e861 ms). Both T1 and T2* weighted
structural images were acquired (36 oblique slices of 3 mm thickness, 64  64 matrix, voxel size 3  3  3 mm3, TR ¼ 4000 ms,
TE ¼ 120 ms) at the beginning of the MRI testing.
To detect atypical development, at the scanning visits we also
acquired a standardised measure of language, the Receptive
Expressive Emergent Language Test (Version 3, REEL-3), and a
standardised measure of broader development, the Vineland
Adaptive Behaviour Scales (Version 2, VABS-2).

2.3. MRI acquisition

Data were analyzed with automatic analysis (aa) version 4.2
(Cusack et al., 2015) and SPM 8 in Matlab (Mathworks, Natick MA).
The EPIs were motion corrected, and de-noising was performed
using a nine-parameter regression model that has been shown to
be effective for functional connectivity analyses (Ciric et al., 2017a).
The nine parameters comprised six motion parameters (three
translations, three rotations) and three regional time series (mean

A Siemens Prisma 3T MRI scanner with a 12-channel head coil
(Siemens, Erlangen Germany) was used to acquire two sessions
(each 7.5 min long) of fMRI. Multiband acceleration (Feinberg et al.,
2010; Xu et al., 2013; Nunes et al., 2006) was used to increase
sampling rate and reduce sensitivity to movement (36 slices of

2.4. Analysis

Table 1
Details of the infant participants.
ID

Sex

GA at Birth (weeks)

Age at Scan, Corrected for Prematurity (days)

3_1
3_2
3_3
3_4
3_5
3_6
9_1
9_2
9_3
9_4
9_5
9_6

M
F
F
M
F
F
M
M
M
M
M
M

29
28
41
41
41
40
40
40
27
27
29
25

92
92
89
91
92
92
273
274
273
273
273
334

Observations

Hypoxia, stroke, seizures
Stroke, white matter hemorrhages

IVH grade II
IVH grade II
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white matter, mean cerebrospinal ﬂuid, global mean). To remove
low-frequency drift the time series were then high-pass ﬁltered
with a 128 s cut-off (0.008 Hz).
As part of another study that has been reported elsewhere (Wild
et al., 2017), sounds were presented during fMRI in a block design
with 26-s cycles (15-s on, 11-s off). However, the current manuscript examines brain connectivity rather than sound-evoked
activation. Functional connectivity has been previously found to
be similar between resting-state and tasks including those in which
sounds were presented (Shah et al., 2016). To investigate any residual effect of sound on connectivity, we also repeated all analyses
with the effect of sound regressed out. For this, as the hemodynamic response in infants can be different to adults (Arichi et al.,
2012) we used a ﬂexible ﬁnite impulse response (FIR) model,
with 26 1-s bins modelling the 26 s cycles. This was highly effective
in removing sound-evoked peaks in the frequency spectrum. In the
main manuscript, we present results following this modelling, but
for comparison in the supplementary materials we include the
results without this regression, which are very similar, suggesting
that functional connectivity of the language network is dominated
by spontaneous rather than sound-evoked ﬂuctuations.
To calculate the mapping between an individual adult's brain
and the adult MNI template space, we used non-linear warping as
implemented in SPM 8's “segment and normalise”. The mapping
between the infant and adult brain space was calculated with a
two-stage transformation. First, the same algorithm was used to
derive the non-linear mapping from an individual infant's brain to
the one-year-old UNC template (Shi et al., 2011). Inspection by eye
showed this template gave good normalization for all infants in this
study. Next, the transformations from each of the UNC template to
the adult MNI space was calculated, again using non-linear warping
with SPM. Using the inverse of these two transformations in
sequence, the ROIs derived from the adult meta-analysis in MNI
space could then be projected back into the space of individual
infants. This allowed the time-course of BOLD activity for each infant in each ROI to be extracted.
The functional connectivity between each pair of ROIs in the
speech network was calculated using Pearson correlation between
the de-noised and ﬁltered time-series. For R ROIs, there are RðR1Þ
2
unique pairwise comparisons. MRI sensitivity differs through
development, due to the difference in brain size, the magnitude of
the hemodynamic response (Arichi et al., 2012), and changes in the
composition of brain tissue that affect MRI relaxation times (Rivkin
et al., 2004). These will have affected the signal-to-noise ratio of the
different groups, and so to remove this overall difference, we
focussed upon the relative strength of connectivity between
different regions-of-interest within an individual, by z-scoring the
set of pairwise correlations for each individual. A necessary limitation of this approach is that it will not highlight changes in
connectivity that add or scale the entire network equally. However,
the interactive specialization framework proposes that tuning
within brain regions is dependent on the balance of inputs from
different regions (Johnson, 2011) and accordingly overall changes in
connectivity would not be expected to contribute to maturation.
To quantify the similarity of the overall connectivity in the
broader speech network between each pair of individuals, we used
a second-order correlation between the RðR1Þ
correlation values in
2
one individual's connectivity matrix and the corresponding values
for the other individual. As correlation is invariant to additive or
multiplicative changes, the same result would have been obtained
on the raw r values rather than the z-scored correlation values. To
test for within-group consistency of the pattern, the resulting
second-order correlations were then tested against zero with a
one-sample t-test with NðN1Þ
 1 degrees of freedom, where N is
2
the number of subjects in the group. Under the null hypothesis that

the expected second-order correlation across subjects is zero, this
set of correlations is independent (i.e., the covariance of the pairwise correlations is zero) ensuring the validity of the one-sample ttest (Nel, 1985; Wilson et al., 2008). We furthermore compared the
similarity of connectivity in each infant to the mean of the adults,
again using second-order correlation. The resulting r values across
infants in each of the groups were tested for signiﬁcance using a
one-sample t-test. To test if any similarity between the infant
groups and adults was driven by the distance between the regions
(e.g., regions further apart having weaker connections), we
repeated this analysis using partial correlation and inter-region
distance as a nuisance variable.

3. Results
Fig. 2c and f shows the functional connectivity in the broader
speech network in adults. Pairwise comparison between adults
showed that the pattern of connectivity within the speech network
was highly consistent within the adult cohort (r ¼ 0.65 ± 0.01,
t(119) ¼ 62.77, p < 0.001). Inter-hemispheric connectivity between
homologous regions was notable for all of the cortical regions and
the thalamus. The prefrontal cortices, insulae and SMA were also
tightly interconnected, but the cerebellum was more weakly connected to the parietal and frontal regions, and to the pallidum.
Fig. 2a, b, d and e show the strength of pairwise connectivity
between nodes in three- and nine-month olds. There was good
consistency across subjects in the connectivity within the threemonth group (r ¼ 0.37 ± 0.04, t(14) ¼ 9.06, p < 0.001) and the
nine-month group (r ¼ 0.43 ± 0.03, t(20) ¼ 12.89, p < 0.001). Contrary to the prediction of immature connectivity prior to the
development of function, both groups show a pattern of pairwise
functional connectivity that is strikingly similar to the adults. Each
infant's connectivity pattern was strongly similar to the adult mean,
for both the three-month group (r ¼ 0.57 ± 0.03, t(5) ¼ 18.09,
p < 0.001) and the nine-month group (r ¼ 0.59 ± 0.07, t(6) ¼ 8.95,
p < 0.001).
In recent years, awareness has increased of the effect of movement on functional connectivity fMRI (Power et al., 2011; Van Dijk
et al., 2011). In particular, longer-range connections are disrupted
more by movement than shorter-range connections (Ciric et al.,
2017b). It was important to establish that the similarity we
observe between infants and adults does not merely reﬂect a
movement-induced effect of distance between the nodes. We
therefore repeated the correlation analyses, but using partial correlation with inter-node distance as a confounding variable to be
removed. The results were similar within the 3 month group
(r ¼ 0.38 ± 0.04, t(119) ¼ 66.17, p < 0.001), the 9 month group
(r ¼ 0.43 ± 0.03, t(20) ¼ 12.89 p < 0.001), and between the adults
and the 3 month group (r ¼ 0.57 ± 0.03, t(5) ¼ 18.80, p < 0.001), and
the adults and the 9 month group (r ¼ 59 ± 0.06, t(6) ¼ 9.10,
p < 0.001).
The REEL-3 was obtained in all of the infants, and the VABS-2 in
all but one of the infants. These standardised scores are designed to
have a mean of 100 and standard deviation of 15. None of the infants were below the cutoff that indicates impairment (<70) on
either test (3 months: REEL 98 ± 11, VABS 100 ± 15; 9 months:
REEL: 94 ± 19, VABS 106 ± 13).
Finally, although the pairwise connectivity patterns were
similar for the infants and adults, perhaps there was a higher-order
difference in network structure. To investigate this, we used hierarchical clustering to group together nodes that are more connected to each other, for each of the three age groups. The results
(Fig. 3) showed that the higher-order structure of each of the infant
groups and the adults was also strikingly similar.
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Fig. 2. Functional connectivity within speech network at 3 months (a,d), 9 months (b,e) and in adults (c,f). AUD ¼ Auditory cortex, TH ¼ thalamus; CER ¼ cerebellum; PAL ¼ pallidum; PFC ¼ prefrontal cortex; INS ¼ insula; SMA ¼ supplementary motor area; IP ¼ inferior parietal.

Fig. 3. Hierarchical clustering of the regions by similarity of connectivity, for the adults and the two infant groups.

4. Discussion
We found that at 3 and 9-months old the connectivity of the
speech network, as measured with fMRI, was similar to adults. This
was true both for the simple pairwise connectivity and the higherorder structure of connectivity, as assessed with hierarchical clustering. These results resonate with the gathering evidence of
network maturity from diffusion tractography (Dubois et al., 2009,
2010; Zubiaurre-Elorza et al., 2018) and fMRI (Wild et al., 2017;
Dehaene-Lambertz et al., 2002; G Dehaene-Lambertz et al., 2010;
Dehaene-Lambertz et al., 2006), supporting the hypothesis that
prior to the outwards manifestation of speech acquisition, there is a
period of experience-dependent learning that shapes neural representations within these networks.
If the cortical speech network in infants is functioning, and
developing representations of sound and language during their ﬁrst
year, it reemphasizes the importance of ensuring infants are

exposed to rich acoustic stimulation through their ﬁrst year, and
the importance of addressing socioeconomic differences in language exposure (Hart and Risley, 1995b; Noble et al., 2005). For
premature babies, a rapidly growing body of evidence suggests that
excessively quiet neonatal intensive care units (NICUs) might
hinder neurodevelopment, by depriving infants of natural sounds
during the critical period. Language development is sometimes
delayed in premature infants (Vohr, 2013), particularly those from
NICUs that were quieter (Pineda et al., 2014; Stromswold and
Shefﬁeld, 2004) or that had less talking (Caskey et al., 2014).
Furthermore, structural neuroimaging has shown that the environment of the NICU affects the development of auditory brain
regions (Pineda et al., 2014; Webb et al., 2015). The consequent
language impairment has a tremendous impact on health,
achievement and well-being (Barnett and Escobar, 1989;
Beitchman et al., 2001; C. J. Johnson et al., 1999). It is therefore
important to carefully design the acoustic environment of NICUs, to
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encourage parents to talk to their children (http://
thirtymillionwords.org,
https://stories.clintonfoundation.org/
closing-the-word-gap-c1e73c068914), and to investigate other
auditory interventions in infancy (Gerry et al., 2012). Functional
connectivity measures, of the kind evaluated in this study, could be
informative in early detection of impairments, in tracking the effect
of interventions, or in guiding the design of new interventions. In
another study of a cohort of infants from the NICU we found that
functional connectivity measured at term-equivalent age is predictive of motor skills at 4 and 8 months (Linke et al., n.d.). The
current cohort was too small for the study of individual differences,
but given the current ﬁndings it would be interesting to conduct a
future study of the consequences of disruption to the speech
network.
Although the early maturation of the speech network resonates
with this growing literature on the importance of early language
exposure, it also suggests a quite different perspective e which is
that to some degree the network may be hard-wired. Future largescale studies employing genotyping, rich environmental measurements, and parent/child imaging will be necessary to disentangle
these contributions.
In the literature on early vocabulary development, there has
been discussion on whether the “spurt” of rapid acquisition of
words from around 18 months is due to the emergence of a new
strategy for word learning (Mayor and Plunkett, 2010; Nazzi and
Bertoncini, 2003), or whether it merely reﬂects the consequence
of word frequency distributions within a single learning mechanism (McMurray, 2007). An analogous discussion might be held for
the earlier stage of vocabulary development considered here, the
start of word learning. Does it reﬂect a continuous learning process
that could begin even before birth, passing some threshold that
leads to outwards manifestation of language? In support of this,
there is some evidence that the meaning of a small number of
words is reliably understood much earlier than previously thought,
by infants from around 6 months old (Bergelson and Swingley,
2012; Bergelson and Aslin, 2017). Alternatively, there may be a
change in the cognitive processes engaged during pretraining and
training, in the same way as there are qualitative changes in
learning algorithm in machine learning.
There are limitations of our work that highlight the need for
future studies. Although our results show that there is a remarkable
similarity between the infant and adult language systems, it is
likely that with a larger sample size, or with ﬁner spatial resolution,
differences will emerge. Forthcoming large-scale studies, such as
the Development Human Connectome Project (dHCP) (http://
www.developingconnectome.org) and Baby Connectome Project
(http://babyconnectomeproject.org) will be helpful in this regard.
Larger sample sizes will reduce the potential for a type II error, and
consistent differences in connectivity may emerge, perhaps at a
ﬁner scale within the networks. Greater sensitivity will also
become possible with longitudinal imaging(Cusack et al., 2018).
Complementary methods, such as electroencephalography (EEG)
will also provide valuable information, although as with MRI, care
must be taken to distinguish developmental differences in the
signal reﬂect a change in the underlying neural processing, and
what changes reﬂect changes in the coupling between the neural
processing and the measured signal. Furthermore, future studies
could assess developing representations of language, perhaps using
multivoxel-pattern analysis with fMRI, and directly test the hypothesis that while language network circuitry is mature, speech
representations within the network are not and only emerge with
auditory training.
In summary, we ﬁnd that the functional connectivity of the
speech network, as measured with fMRI, is largely mature in young
infants. This, in combination with a host of other neuroimaging,

behavioural and clinical measures, suggests that the delay in the
emergence of language is not due to brain network immaturity, but
rather due to a pretraining period of “quiet learning.”
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