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Sensory systems are thought to have evolved to efficiently represent the full range of sensory stimuli encountered
in the natural world. The statistics of natural environmental sounds are characterized by scale-invariance: the
property of exhibiting similar patterns at different levels of observation. The statistical structure of scale-
invariant sounds remains constant at different spectro-temporal scales. Scale-invariance plays a fundamental
role in how efficiently animals and human adults perceive acoustic signals. However, the developmental origins
and brain correlates of the neural encoding of scale-invariant environmental sounds remain unexplored. Here,
we investigatewhether the humanbrain extracts the statistical property of scale-invariance. Synthetic sounds gen-
erated by a mathematical model to respect scale-invariance or violate it were presented to newborns. In alternat-
ing blocks, the two sound types were presented together in an alternating fashion, whereas in non-alternating
blocks, only one type of sound was presented. Newborns' brain responses were measured using near-infrared
spectroscopy. We found that scale-invariant and variable-scale sounds were discriminated by the newborn
brain, as suggested by differential activation in the left frontal and temporal areas to alternating vs. non-
alternating blocks. These results indicate that newborns already detect and encode scale-invariance as a character-
istic feature of acoustic stimuli. This suggests that the mathematical principle of efficient coding of information
guides the auditory neural code from the beginning of human development, a finding that may help explain
how evolution has prepared the brain for perceiving the natural world.

© 2016 Elsevier Inc. All rights reserved.
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Introduction

To what extent is the human brain prepared at birth to process the
natural world? Natural signals such as natural environmental sounds
possess characteristic statistical regularities in their structure. Accurate-
ly representing and encoding these regularities is an essential function
of our perceptual systems. One such important statistical regularity of
environmental sounds is scale-invariant spectro-temporal structure,
i.e. the property of exhibiting similar structures or patterns at different
levels of observation.

The statistical structure of scale-invariant sounds remains constant
at multiple spectro-temporal scales. This feature has been identified
not only for environmental sounds but also for music and speech
(Voss and Clarke, 1975) and is thought to be fundamental to how the
mammalian auditory system perceives acoustic signals (Pallier et al.,
1998; Smith and Lewicki, 2006). At the level of neuronal responsesmea-
sured in the adult animal brain, it has been shown that the auditory
de la Perception (UMR 8158),
75006, Paris, France.
vain).
system encodes sounds that possess scale-invariant features more effi-
ciently than sounds that lack this structure (Escabi et al., 2003; Rieke
et al., 1995; Woolley et al., 2005). Water sounds exhibit scale-invari-
ance, which humans perceive as an attribute of natural sounds.We con-
structed a generativemathematical model to create artificial sounds that
either obeyed scale-invariant spectro-temporal structure or lacked this
relationship.We found that human adults perceived the artificial sounds
that obeyed scale-invariant statistical structure as natural, but judged
those that lack it as unnatural (Geffen et al., 2011). These results point
to the importance of scale-invariant spectro-temporal properties in the
perception of a sound as natural. Wewere therefore interested in under-
standing whether and how sensitivity to the scale-invariant spectro-
temporal structure of sounds emerges throughout development.

Young infants have sophisticated auditory abilities that support de-
tection, processing, categorization, and learning of complex sounds
(Moore, 2002; Saffran et al., 2006; Werner et al., 2012). Sounds of eco-
logical importance, such as human speech, are processedwith particular
efficiency (Gervain and Mehler, 2010; Jusczyk, 1981; Werker and
Curtin, 2005). Infants' auditory perception extends beyond speech to
other sounds such as music or human action sounds (e.g. Trehub and
Hannon, 2006; Geangu et al., 2015), and, as we recently demonstrated
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in a behavioral study, to natural sounds obeying scale-invariant spectro-
temporal structure. We found that infants perceived scale-invariant
water sounds generated by a mathematical model (Geffen et al., 2011)
differentially as compared to variable-scale sounds, and grouped
scale-invariant, but not variable-scale sounds, into one perceptual
category (Gervain et al., 2014). This discrimination ability was not
simply driven by increased familiarity with scale-invariant sounds, as in
a control study using two categories of scale-invariant sounds (less and
more familiar, as rated by adults), infants showed no preference for the
more familiar sounds. This study provided the first evidence that by
5 months of age, infants can distinguish between sounds that possess
and those that lack scale-invariant spectro-temporal structure at the be-
havioral level. Whether this ability is present even earlier in develop-
ment, and if so, what is its neural substrate, is as yet unexplored. Here,
we hypothesized that the differential sensitivity to scale-invariant and
variable-scale sounds is driven by differences in neuronal correlates
involved in processing these two classes of sounds in the infant brain
from birth on.

Materials and methods

To test our hypothesis, we performed an optical brain imaging study
with newborns, whowere presented with scale-invariant and variable-
scalewater sounds. Previously,we developed a 3-parametermathemat-
ical model (Eq. (1)) that generates sounds that are classified as “water”
by adult observers if they are scale-invariant, and as a variety of other,
non-natural sounds (e.g. robot sounds, grease sizzling, hissing, etc.) if
they are variable-scale (Geffen et al., 2011). These sounds consisted of
a population of randomly spaced gamma tone chirps from a wide
range of frequencies (Geffen et al., 2011; and Fig. 1A). The gammatone
transform is widely used to approximate the transformation of a
sound into spectral bands at the cochlear stage (Goblick and Pfeiffer,
1969; Depireux et al., 2001). Each chirp was characterized by its
frequency, amplitude, and cycle constant of decay (Eq. 1).

Gn tð Þ ¼
Z∞

τ¼0

t−τð Þe− f nτ=Q sin 2τ f nτð Þy t−τð Þdτ ð1Þ
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Fig. 1. A. The generative model used to synthesize the sound stimuli presented in the
where y(t) is the signal, Gn is the gammatone transform in frequency
band n, f is the center frequency, τ is the delay time, and Q is the
bandwidth or cycle constant of decay.

This allowed us to directly manipulate whether the water sounds
generated by the model respected scale-invariance across spectral
bands or not. Scale-invariant sounds were generated when the tempo-
ral structure of the chirps scaled relative to their center frequency. For
variable-scale sounds, the chirps in different spectral bands varied in
their temporal structure relative to their center frequency (Fig. 1). We
used near-infrared spectroscopy to test whether the newborn brain is
already able to discriminate between these artificially generated
scale-invariant and variable-scale water sounds, similarly to adults
(Geffen et al., 2011) and 5-month-old infants (Gervain et al., 2014).

Participants

Twenty-two healthy, full-term neonates (9 females; mean age
1.73 days, range 0–3 days; Apgar score ≥ 8) born in the Vancouver
area participated. Data from 8 additional infants were collected, but
excluded from the data analysis as they (i) failed to complete the exper-
iment due to fussiness and crying (5), or (ii) provided poor quality data
due to large motion artifacts or thick hair (3). All parents gave informed
consent prior to participation. The Ethics Boards of the University of
British Columbia and BC Women's Hospital, where the experiments
took place, granted permission.

Material

Stimuli in the scale-invariant and variable-scale categories were
generated using our computational model of water sounds (Geffen
et al., 2011; and Fig. 1A). Sounds in both categories were matched for
the frequency range, sound pressure level (amplitude root mean
square), amplitude and timing parameters of the chirps. Chirps were
gamma tone functions with parameters amplitude, frequency f, onset
time, and cycle constant of decay Q drawn randomly from distinct
probability distributions.

The only difference between the sounds in the two categories was
the relation between Q and f. For both types of sounds, the distribution
VS VS & SI

VS SI VS SI VS SI

current study. B. The experimental design. SI: scale-invariant; VS: variable-scale.
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of f was uniform random in log-frequency space between 400 and
20,000 Hz. The number of chirps per second was determined by the
rate r, which varied between 53, 530, and 5340 chirp/octave/second.
The distribution for the onset of the chirps was uniform random,
while the amplitude was drawn from an inverse-uniform distribution.
For scale-invariant sounds, Q varied randomly between 1, 2, 3.1, and 4.
By contrast, for variable-scale sounds, Q scaled proportionally to f
(Q=0.1 × f, Q=0.01 × f, Q= 0.001 × f or Q= 0.005 × f). The param-
eter values for both categories were based on Geffen et al. (2011) and
Gervain et al. (2014).

The above parameters were used to generate 3 s-long sound chunks,
each with its own Q and r, for both categories. Sequences of 6 chunks
were then continuously concatenated to produce 18 s-long sound
stimulation blocks. Two types of blocks were created (Fig. 1B). Non-
alternating or homogeneous blocks contained 6 chunks from the same
sound category, whereas alternating or mixed blocks contained 3
chunks from the scale-invariant and 3 from the variable-scale category,
concatenated in strict alternation. The alternating/non-alternating
design is commonly used in behavioral studies with infants to uncover
fine-grained discrimination abilities (Best and Jones, 1998; Maye et al.,
2002). The rationale of this design is the following. If participants cannot
discriminate the two stimulus categories, then alternating and non-
alternating blocks do not sound different to them. If, by contrast, they
can tell the stimulus categories apart, the two types of blocks sound
different. This design has now been successfully employed in fNIRS
studies with infants to probe fine-grained discrimination abilities
(e.g. Gervain et al., 2012; Sato et al., 2010). If theNIRS responses to alter-
nating and non-alternating blocks are different, then it can be concluded
that the brain discriminates between the two stimulus categories.

Alternating and non-alternating blocks were presented in alterna-
tion. The experiment comprised 16 non-alternating blocks, half
scale-invariant, half variable-scale, and 16 alternating blocks, half of
which started with a scale-invariant chunk, the other half with a
variable-scale chunk. Altogether, 80 different alternating and 80 differ-
ent non-alternating blocks were created. The type of the first block
(non-alternating scale-invariant, non-alternating variable-scale,
alternating scale-invariant, or alternating variable-scale first) was ran-
domized and counterbalanced across infants. Blocks were separated
by pauses varying between 25 and 35 s in duration to avoid inducing
phase-locked brain responses.

The mean and standard deviation over time of the sound pressure
level for the alternating and non-alternating stimuli were verified
with a handheld sound pressure level meter (Extech 407,735, set to
A-type frequency weighting) positioned approximately at the level
of the infant ear. Ten alternating blocks, twelve non-alternating
scale-invariant, and twelve non-alternating variable-scale blocks were
measured at 24 time intervals within the duration of each block. There
was no difference between the mean in sound pressure level for the al-
ternating (mean 69.08 dB sound pressure level relative to 20μPa (SPL),
standard deviation 0.66 dB) and non-alternating (mean 68.89 dB SPL,
standard deviation 0.71 dB) blocks (t(32) = −0.722, p = 0.476). Nor
was there a difference between the two types of non-alternating blocks
(SI: 68.99 dB SPL, SD = 0.57; VS: 68.79 dB, SD = 0.84; t(22) = 0.672,
p = 0.508). These objective measures of intensity make it likely, but
do not guarantee that the two types of stimuli were subjectively
perceived by infants as having the same loudness.

Procedure

Infants were tested with a HITACHI ETG-4000 NIRS machine
(source-detector separation: 3 cm; two continuous wavelengths of
695 nm and 830 nm) in a dimly lit sound-attenuated room at BC
Women's Hospital, lying in their cribs throughout the 25-min-long
test session. At least one parent was present at all times. Babies were
tested while in a state of quiet rest or sleep. The NIRS optical probes
were placed on infants' heads bilaterally (12 channels per hemisphere;
Fig. 2) using the tragus, the vertex, and the ears as surface landmarks
(Gervain et al., 2012, 2008; Pen͂a et al., 2003).

Sound stimuli were administered through two loudspeakers posi-
tioned at a distance of 1.5 m from the baby's head, at an angle of 30°,
elevated to the same height as the infant's crib. A Macintosh computer
played the stimuli and operated the NIRS machine, running PsyScope
experimental software. The NIRS machine used 0.7 mW laser power.

Data processing and analysis

Changes in the concentration of oxygenated hemoglobin (oxyHb)
and deoxygenated hemoglobin (deoxyHb) were calculated from the
absorption of near-infrared light as metabolic indicators of neural
activity. OxyHb and deoxyHb were entered into the data analysis.

To eliminate high-frequencynoises (heartbeat etc.) andoverall trends,
the data were band pass filtered between 0.01 and 0.7 Hz. Movement ar-
tifacts, defined as concentration changes larger than 0.1 mmol*mm over
0.2 s, were removed by rejecting block-channel pairs where artifacts oc-
curred. For the non-rejected blocks, a baselinewas linearlyfitted between
the means of the 5 s preceding the onset of the block and the 5 s starting
33 s after the onset of the block (18 s of stimulation plus 15 s of resting
period). The entire data set of an infant was removed from the analysis
if the infant contributed less than 30% non-rejected blocks (3 infants for
the alternating vs. non-alternating statistical comparison and 1 additional
infant for the scale-invariant vs. variable-scale comparison, see below).
We averaged the concentration change of oxyHb or deoxyHb across all
blocks of each condition in each channel for each participant over a 25 s
time window starting at the onset of stimulation to ensure that we
capture that peak response, which may have quite long latencies in
young infants (Gervain et al., 2011).

We analyzed the data statistically by conducting channel-by-
channel t-tests comparing each block type to baseline as well as the
two types of blocks to each other. The results were corrected for
multiple comparisons using the False Discovery Rate (Benjamini and
Hochberg, 1995) method. We report both uncorrected and corrected
results, if at least the former is significant (reported as p b 0.05). If the
uncorrected result is significant, but the corrected one is marginal, we
report exact p values for the marginal result. To further confirm the re-
sults obtained by the t-tests, we also performed analyses of variance
(ANOVAs) over specific regions of interest (ROIs). Two ANOVAs were
conducted: one comparing the Alternating and non-alternating blocks,
and one comparing the scale-invariant and variable-scale blocks within
the non-alternating block types. The first ANOVA allowed us to address
the main question of the study, i.e. whether the newborn brain distin-
guishes between scale-invariant and variable-scale environmental
sounds. The second ANOVA was conducted to further probe into how
the two sound categories were processed, directly comparing the
localization and amplitude of the responses to the two types of sounds.
As this latter comparison includes half as many blocks as the former,
i.e. only the non-alternating ones, 1 neonate from the 22 participants in-
cluded in the former analysis did not contribute sufficient data toward
this latter analysis and was therefore not included in it. Importantly,
as NIRS measures metabolic correlates of neural activity, i.e. changes
in the concentration of oxyHb and deoxyHb, and not neural activity
directly, not finding a significant difference in the direct comparison of
the non-alternating blocks for the two conditions does not mean that
the brain cannot distinguish the two conditions. Rather, it suggests
that the two conditions require the same amount ofmetabolic resources
in the same brain areas to be processed, independently of whether they
can be discriminated or not.

The ROIs (Fig. 2A) were defined on the basis of previous studies
using similar probe placement, experimental design, and setup (Pen͂a
et al., 2003; Gervain et al., 2012), and were confirmed by the channel-
by-channel t-test results. Accordingly, the channels of interest were
the anterior channels, i.e. channels 1–6 in the LH and channels 13–17
and 19 in the RH, following Gervain et al. (2008, 2012). Furthemore,
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Fig. 2. Probe placement. A. The schematic illustration of the NIRS channels placed bilaterally on the participants' heads. Red dots indicate light sources, blue dots light detectors. Channels
are coupled source-detector pairs, indicated by the numbered black squares (channels of interest in white, other channels in grey). The red ovals indicate the two frontal ROIs, the blue
ovals the two temporal ROIs. B. Newborn participant wearing the NIRS headgear.
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for the ANOVA comparing alternating vs. non-alternating blocks,
channels 3 and 6 (left hemisphere, LH) and channels 17 and 19 (RH)
comprised the ROIs covering the bilateral temporal areas, known
to be responsible for auditory processing in adults and infants
(Dehaene-Lambertz et al., 2002, 2008; Friederici et al., 2002; Pen ͂a
et al., 2003). Channels 2 and 5 (LH) and channels 13 and 15 (RH)
made up the bilateral frontal ROIs, documented to be involved in higher
order sequence learning and, in particular, discrimination in
alternating/non-alternating paradigms (Gervain et al., 2012). For the
ANOVA comparing the scale-invariant and variable-scale non-
alternating blocks, the ROIs were somewhat enlarged to compensate
for the greater variability in the data due to the smaller number of trials
that could be included. Thus, channels 1, 3, 6, and 8were included in the
left temporal ROI, channels 2, 4, 5, and 7were included in the left frontal
ROI, channels 14, 17, 19, and 22were included in the right temporal ROI
and channels 13, 15, 16, and 18 were included in the right frontal ROI.
The analyses were also performed with the more restricted ROIs used
in the first ANOVA, and the pattern of results were similar, but more
babies had missing data points.

All statistical analyses were conducted on oxyHb as well as on
deoxyHb.When unreported, the analyses for deoxyHbwere conducted,
but did not reach significance.
Results

Alternating vs. non-alternating blocks

The oxyHb and deoxyHb concentrations were averaged across
blocks separately for the alternating and non-alternating conditions.
The resulting grand average across all infants is shown in Fig. 3.

As a first analysis, we conducted channel-by-channel t-tests
comparing the concentration changes of oxyHb and deoxyHb against
baseline for each block type separately as well as comparing the two
types of blocks to each other. As compared to baseline (Fig. 4), we
observed significant activation in channel 3with oxyHb (p b 0.01 uncor-
rected, p = 0.1 after False Discovery Rate (Benjamini and Hochberg,
1995) correction for multiple comparisons) and channels 3 and 13
with deoxyHb for the alternating blocks (p b 0.05, uncorrected, n.s.
after FDR correction) and in channels 2, 3, 5 (p b 0.05 uncorrected as
well as after FDR correction) and 17 (p b 0.05 uncorrected, n.s. after
FDR correction) with oxyHb and channels 1, 2, 3, 5, 13, 16, 17, and 19
with deoxyHb for the non-alternating blocks (p b 0.05 uncorrected as
well as after FDR correction). When directly comparing the two types
of blocks (Fig. 3), we obtained significantly higher activation in channel
2 for the non-alternating than for the alternating blocks with oxyHb
(t(21) = 3.061, p = 0.006 uncorrected and p = 0.071 after FDR
correction).
In a second analysis, we performed a repeated-measures ANOVA
with factors block type (Alt/Non-Alt), hemisphere (LH/RH), and ROI
(temporal/frontal) using oxyHb as the dependent variable.We obtained
a main effect of Hemisphere (F(1,21) = 6.19, p = 0.014) due to greater
overall activation in the left than in the right hemisphere, as well as a
main effect of ROI (F(1,21)= 9.64, p= 0.002) due to greater overall ac-
tivation in the temporal than in the frontal ROIs. Furthermore, the inter-
action block type × hemisphere × ROI was significant (F(1,21) = 4.87,
p = 0.029). Scheffe's post hoc tests revealed that this interaction was
carried by greater activation in the left temporal than in the left frontal
ROI for the alternating blocks (p = 0.002), by greater activation in the
left frontal ROI for the non-alternating than for the alternating blocks
(p = 0.001), by greater activation for the non-alternating blocks in
the left than in the right frontal ROI (p= 0.002), and by greater activa-
tion in the temporal than in the frontal ROI in the RH for non-alternating
blocks. A similar ANOVA with deoxyHb yielded a main effect of block
type due to greater overall activation, i.e. greater decrease in deoxyHb
concentration change, for the non-alternating blocks (F(1,21) = 8.08,
p = 0.005).

Scale-invariant vs. variable-scale non-alternating blocks

The oxyHb and deoxyHb concentrations were averaged across
blocks separately for the scale-invariant and variable-scale blocks
within the non-alternating condition. The resulting grand average
across all infants is shown in Fig. 5.

As a first analysis, we performed channel-by-channel t-tests against
baseline separately for the two conditions as well as comparing the two
conditions. The t-tests against baseline (Fig. 6) yielded significant acti-
vation in channels 2 and 3 with oxyHb (p b 0.05 uncorrected and p =
0.059 after FDR correction) and in channels 1, 2, 3, 4, 13, 14, 16, 17,
and 19with deoxyHb for the scale-invariant blocks (p b 0.05 uncorrect-
ed as well as after FDR correction); and in channel 3 with oxyHb
(p b 0.05 uncorrected, n.s. after FDR correction) and in channels 5 and
13 with deoxyHb for the variable-scale blocks (p b 0.05 uncorrected,
n.s. after FDR correction). We obtained no channelwise differences in
activation when directly comparing the two types of blocks.

In a second analysis, we performed a repeated-measures ANOVAwith
factors block type (scale-invariant/variable-scale), Hemisphere (LH/RH),
and ROI (temporal/frontal) using oxyHb as the dependent variable. We
obtained a marginally significant main effect of Hemisphere due to the
greater involvement of the LH (F(1,20) = 2.93, p = 0.089). A similar
ANOVA with deoxyHb yielded no significant main effects or interactions.

Discussion

In this study, we tested how the newborn brain processes scale-
invariance in complex sounds that replicate the statistical structure of
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Fig. 3. The grand average hemodynamic response obtained in the experiment for the alternating/non-alternating blocks. Channels are plotted following the probe placement illustrated in
Fig. 2A. The x-axis represents time in seconds; the y-axis shows concentration in mmol × mm. The rectangle along the x-axis indicates the time of stimulation. OxyHb and deoxyHb
concentration changes in response to the alternating blocks are shown in red and blue, respectively (continuous line). OxyHb and deoxyHb concentration changes in response to the
non-alternating blocks are shown in magenta and cyan, respectively (dashed line). The asterisk indicates the channel that showed significantly greater activation to non-alternating as
compared to alternating blocks. The inset represents the oxyHb concentration change averaged over the analysis time window in channel 2 in the two conditions with error bars
showing the standard error of the mean.
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a class of natural sounds. Using NIRS, we measured newborns' brain
responses to alternating and non-alternating presentation blocks of
synthesized water sounds that either respect scale-invariance or not,
Alternating Blocks

Non-Alternating Blocks

A

B

Fig. 4. T-test comparison against baseline for the alternating (A) and non-alternating
(B) blocks. Squares represent channels. Channels in red show statistically significant
activation with respect to baseline in oxyHb, those in blue for deoxyHb and those with a
red-blue color gradient for both oxyHb and deoxyHb.
as defined by the relation between the temporal and frequency param-
eters of chirps in a mathematical model that generated the sounds.

We found that the left frontal and temporal areas of the newborn
brain were differentially activated by alternating and non-alternating
blocks of scale-invariant and variable-scale water sounds. It needs to
be noted that while the SI and VS stimuli were generated in the same
way and have similar sound pressure levels, it cannot be excluded
given our experimental design that newbornsmight still have perceived
the two sound categories as having different subjective loudness. Nev-
ertheless, the difference between scale-invariant and variable-scale
water sounds was observed both in channel-by-channel comparisons
and in an overall ANOVA. These results strengthen the possibility that
the newborn brain encodes the statistical property of scale-invariance
in natural stimuli, potentially allowing for categorization of scale-
invariant sounds that we observed behaviorally in older infants.

The observed localization of the responses to the left hemisphere is
consistent with adult studieswhich have demonstrated that fast chang-
ing or temporally modulated auditory events preferentially engage the
left temporal areas (Hickok and Poeppel, 2007; Zatorre and Belin,
2001). Indeed, our stimuli contained prominent fast modulation com-
ponents. More importantly for the present study, we found greater dif-
ferential activation in left frontal regions, possibly involving Broca's
area, to the non-alternating blocks. The responses in this area indicate
discrimination between scale-invariant and variable-scale water
sounds. The direction of this differential response, i.e. a larger response
to the non-alternating as opposed to the alternating blocks, is consistent
with previous results. Using the same study design and NIRS setup in
newborns but using language sounds (Gervain et al., 2012), we previ-
ously found greater activation for the block type fromwhich a clear per-
ceptual category or regularity can be extracted, i.e. the non-alternating
blocks.

Additionally, the direct comparison of scale-invariant and variable-
scale non-alternating blocks indicates that the two types of sounds are
generally processed in a similar fashion and in the same brain areas,
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Fig. 5. The grand average hemodynamic response obtained in the experiment for the scale-invariant and variable-scale non-alternating blocks. Plotting conventions are the same as for Fig.
3. SI: scale-invariant, VS: variable-scale.
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as no significant differences emerged in the direct channel-by-channel
comparisons and the overall ANOVA. This latter analysis, however,
confirms the left hemisphere advantage found in the alternating/
non-alternating comparison, in line with the proposal of the left
hemisphere's specialization for fast temporally modulated sounds.
Additionally, the greater number of channels that showed significant
activation as compared to baseline for the scale-invariant as compared
to the variable-scale sounds points in the direction of the perceptual
Scale-Invariant Blocks

Variable-Scale Blocks

A

B

Fig. 6. T-test comparison against baseline for the scale-invariant (A) and variable-scale
(B) non-alternating blocks. Plotting conventions are the same as for Fig. 4.
asymmetry found in our previous behavioral study with 5-month-olds
(Gervain et al., 2014), whereby infants readily discriminated scale-
invariant and variable-scale water sounds when they were habituated
to the natural category, i.e. to scale-invariant water sounds, but not
if they were habituated to variable-scale sounds, which do not serve
as an appropriate basis to anchor the natural perceptual category of
water sounds.

The efficient neural coding hypothesis argues that the mammalian
sensory systems have evolved to encode environmental stimuli at an in-
formation theoretical optimum, capturing the greatest amount of infor-
mation at the lowest possible cost (Attneave, 1954; Barlow, 1961;
Simoncelli and Olshausen, 2001). To achieve this, the sensory systems
need to extract the statistical structure of environmental stimuli—an in-
formation theoretical prediction that has been confirmed for the visual
system (Olshausen and Field, 2004; Simoncelli and Olshausen, 2001)
and more recently for the auditory system (Lewicki, 2002; Ming and
Holt, 2009; Smith and Lewicki, 2006). Electrophysiologically measured
responses from the visual system and auditory nerve fibers of animal
models have been shown to closely match the statistical properties of
natural signals, efficiently encoding scale-invariant stimuli (Olshausen
and Field, 2004; Smith and Lewicki, 2006). The drive to encode natural
stimuli with high efficiency might have given rise to the observed
sensitivity for scale-invariance in the infant brain.

For several classes of natural acoustic signals, our auditory system
displays invariance to temporal stretching or compression. Adults and
children are able to adapt to and comprehend accelerated speech in
their native language as well as in rhythmically similar languages
(Banai and Lavner, 2012; Guiraud et al., 2013; Orchik and Oelschlaeger,
1977; Pallier et al., 1998; Sebastián-Gallés et al., 2000). Adults also read-
ily categorize accelerated or decelerated recordings of water sounds as
being natural (Geffen et al., 2011). Because water sounds are character-
ized by a scale-invariant temporal structure, their temporal distortions
do not take them outside the natural statistical boundaries. It is plausible
that the same principle might underlie invariance in perception to
temporally stretched or compressed speech: despite large changes in
temporal structure, the distorted speech still falls into the statistical
range to which our brain is sensitive. This suggests that the property of
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acoustically invariant structure in the temporal domain might be shared
between speech and other natural sounds.

In summary,we showed in this study that the newborn brain detects
scale-invariance in natural sounds. These results extend previous
research indicating that the mammalian brain has evolved to process
naturally occurring sounds that have this scale-invariant property, by
demonstrating that such encoding is seen in the human brain, and
from the first days of postnatal life. These results thus advance theories
of evolution by showing that the human brain is prepared, early in life,
to process natural sounds as special signals. The fact that scale-invariant
natural sounds activate the same neural regions that are activated in
response to speech in the neonate raises important questions for further
study regarding the characterization of speech, and the relation
between the processing of natural environmental sounds to the
processing of communicative sounds.
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