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Abstract

Most high-level auditory functions require one to detect the @mskbffset of sound sequences as
well as registering the rate at which sounds are presentieid Wie sound trains. By recording
event-related brain potentials to onsets and offsets of taims &s well as to changes in the
presentation rate, we tested whether these fundamental awdipatyilities are functional at birth.
Each of these events elicited significant event-relptgdntial components in sleeping healthy
neonates. The data thus demonstrate that the newborn sansitve to these acoustic features
suggesting that infants are geared towards the temporal aspsetgegating sound sources,
speech and music perception already at birth.

Keywords. event related potentials, development, auditory processingnpaéisn rate, onset,
offset

Abbreviations (1*' page footnote)
ANOVA Analysis of variance
EEG Electroencephalogram
ERP Event-related potential

IOl Inter-onset interval

MMN Mismatch negativity
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Introduction

Extracting temporal regularities from sound sequences andidgtdeeir violations are
fundamental capabilities for correctly perceiving objecth@acoustic environment (Griffiths &
Warren, 2004; Winkler et al., 2009a), including interpreting spaedmmusic (Honing, 2013; Patel,
2008) and also forms the basis of synchronized communicatiothigns (Jaffe et al., 2001,
Jungers et al., 2002). Speech dynamics provide information aboumttiem®al state and intents of
the speaker, structure information within and between serst@mckallow marking agreement and
turn taking (O’Connell and Kowal, 2008). In music, temporal informadieimes beat, metrical
structure, and tempo, allows the extraction of expressiadiin a performance, helps
coordination between players, and conveys emotions (Honing, 2013). Betaissfundamental
nature, one may assume that this capability appears eanhgdioiancy. The current study tested in
newborn infants the detection of the three most basic tempatarés of sound sequences: onset,
presentation rate change, and offset.

Behavioral studies testing the processing of temporal featfisesind sequences found that
2-month old infants detect 15% tempo accelerations in isochronguers=s at the base rate of
600 ms inter-onset interval (10I), but not at faster or sld@és (Baruch and Drake, 1997). They
also coordinate movements with the tempo of external sounds (BélgureRet al., 2006). By 6
months, infants form long-term memories of tempo (Trainor.e2@04) and by 9 months they can
distinguish between happy and sad music (Flom et al., 2008x€eFséivity to temporal features of
the stimulation also proposed to be an important predictoresfpatrformance in tests of verbal
development in young infants (Benasich & Tallal, 2002; Choncletigh, 2013) though the
mechanisms underlying these effects are unclear (Protopapas, 20th)ldegls is known about
auditory temporal processing in newborns. Previous studies shbatatebnates segregate
interleaved tonal sequences by pitch (Winkler et al., 2008k pinfant-directed to adult-directed
speech and singing (Cooper and Aslin, 1990; Masataka, 1999)isanidchthate languages based on

rhythmic class (Nazzi et al., 1998; Ramus et al., 2000; iNamzRamus, 2003). These capabilities
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probably involve detecting auditory temporal cues.

In neonates, sound processing can be tested by measuring eviedtpetantials (ERP)
elicited by acoustic events. Two parallel event detectaesyshave been described in adults
(Naatanen, 1990; Naatanen et al., 2011): one sensitive to stitatgges in sound energy and
another triggered by violations of some regular feature of a soundrssxyrhe former is based on
adaptation/refractoriness of afferent neurons (in adults, thERP response; Naatanen & Picton,
1987; May & Tiitinen, 2010), the latter probably on predictiomexin the brain (the MMN
component; Naaténen et al., 1987; Garrido et al., 2009; Winkler, 206¥ugh no true equivalent
of either of these adult ERP responses have been obtainedbornanfants, neonatal ERP
responses to large energy changes and violations of simple acegstarities have been described
(Alho et al., 1990; for a review, see Kushnerenko et al., 2@t8yious ERP studies testing
temporal features of sound sequences in young infants showed thsibnat shortenings of a
regular 300 ms long pre-stimulus interval to 100 ms is detecdanths of age (Otte et al.,
2013; for similar results in 10-month olds, see Brannon et al., 2008) and that newborns can
distinguish between the downbeat and other positions within a rltyieguence (Winkler et al.,
2009).

Thus, whereas we know that young infants use temporal cues whilegncamplex
linguistic and musical discriminations, the developmental originke underlying processing
capabilities have not yet been established. Here wesadsedevelopmental origins of processing
the temporal structure of sound sequences by testing whether théengrairais sensitive to the
onset and offset of sound trains that roughly estimate the straétseatences or short musical
phrases as well as to presentation rate change within Tizetlis end we compare responses
elicited by significant events (onset and rate change) ismurd sequences to events that are
physically the same but appear in a different context. We asthatne onset of the train elicits a
response however if the rate change elicits a responseadtsstgat the change was indeed detected.

Finally if we see a response at the offset of the trampnosition where the continuation of the train
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could be expected we can assume that the offset itselfetested.

Methods

ERPs were recorded from 30 (16 male) healthy, full-terwboen infants during day 1-3
postpartum. The mean gestational age was 39.7 weeks (SD=1rlB0Ndight 3450 g
(SD=372.46), and the average Apgar score 9/9.8 (SD=0.52/0.48). Amaaldr (2 male)
participants were recorded, but discarded due to excessiviecaleattifacts (<100 artefact free
epochs per condition). Informed consent was obtained from one or bettigpdrhe mother of the
infant could opt to be present during the recording. The study was ceddudtill accordance
with the World Medical Association Declaration of Helsinkdaall applicable national laws and it
was approved by the Medical Research Council — Committee efitSic and Research Ethics
(ETT-TUKEB), Hungary. The experiment was carried out indicdged experimental room at the
Department of Obstetrics-Gynaecology and Perinatal Intensivel@at, Military Hospital,
Budapest, Hungary.

Trains of complex tones (Figure 1) uniform within but varying inlp{t-0) across trains (8
different pitches taken from the C major scale: C3, D3H33G3, A3, B3, and C4, viz. 130.80,
147.15, 163.50, 173.96, 196.20, 217.13, 245.25, and 261.60 Hz, respectarely)elvered to the
infants at ~65dBr.. Each tone consisted of the FO and its first five harmothesspectral power of
the higher harmonics being set at 1:2, 1:3, 1:4, 1.5, and itt6ragpect to that of the FO
component. Tone duration was 50 ms, including 5 ms rise anddlrmsies (raised cosine ramps).
170 trains were presented in two stimulus blocks. For eachdrpitch was selected randomly
(with equal probability; no pitch repetition allowed). Traamhsisted of 8-24 (randomly selected,
equal probability) tone repetitions and a silent interval. Theelhent trains were split into two
parts: the first part consisting of N/2 (rounded down) + 0/1 (ranétem)ents, the second part
consisting of N-gst party €lements. Tones in the first part of the train wees@nted at the “slow”

rate (average 101=200 ms, 150 ms offset to onset), and settend part at the “fast” rate (average
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I01=100 ms; 50 ms offset to onset), followed by a silent watefaverage 101 1050 ms, 1000 ms
offset to onset). All time intervals were taken from nordisaiributions with a standard deviation of
5%. The amount of jitter is below the adult IND for tempordisnation (Quené, 2007; Grondin et
al., 2011) and was chosen to dampen steady state respasisgsfaom the fast stimulation. The
length of individual trains was about 1.2-3.6 seconds. Soundgmwesented binaurally using the
E-Prime stimulus presentation software (Psychology Software,Timal., Pittsburgh, PA, USA) via
ER-1 headphones (Etymotic Research Inc., Elk Grove Villagé)$A) connected via sound tubes
to self-adhesive ear-couplers (Natus Medical Inc., San C&sUSA) placed over the infants’

ears.

[Insert Figure 1. about here]

EEG was recorded with Ag/AgCI electrodes attached to 3n&& F4, C3, Cz, and C4
locations (international 10-20 system) using a direct-coupled fiengW-Amp, Brain Products
GmbH., Munich, Germany) at 24-bit resolution and a samplingofe260 Hz or 1000 Hz (1000 Hz
sampling rate was used for 16 participants due to experimamnder these recordings were off-line
down-sampled to 250 Hz). The reference and ground electrodestiached to the nose and the
forehead respectively. Signals were off-line filtered betwk8&0 Hz and epochs from -100 to
500 ms with respect to the event onset (tone or expectedstmagext paragraph) were extracted
for each sound. The 100 ms pre-stimulus interval served &ssedine for amplitude
measurements and illustrations. Epochs with an absolute voliaggesoutside the 0.1-1Q¥
range throughout the epoch were rejected from the analysesfastartData from infants with less
than 100 artefact-free epochs per condition were dropped fromahgas. The mean number of
epochs and per condition is given in Table 1.

Responses were measures at the “train onset” (the finsepteof the train), at “presentation

rate change” (the first element after a short, 100 msni@tval in the train), and at “expected tone”
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(100 ms after train offset; see Figure 1 b.). Responsesaisy measured for "slow control” tones,
tones between train onset and the rate change but separatdabfiony at least 2 elements; and
“fast control” tones, tones between rate change and trairt bfisseparated from both by at least 2
elements. (e.g. in a 20 element train where the rate cleoges at the flelement, elements 4-8
are slow controls whereas elements 14-17 are fast contRésponses to train onset were
compared to slow control responses whereas rate change araffsaimesponses were compared
to fast control responses. Average response amplitudes wenereteiem separate time windows
for each type of the three events. The latencies of thaigthest-amplitude (early and late)
difference peaks were determined from the mean group resparsgied over all six electrode
locations. The corresponding window was defined as the continuous segrdatd points on both
sides of the respective peak within which the differencditudp exceeded 30% of the
corresponding peak amplitude (see Table 1. and Figure 2. flatéimey ranges). This method
allows comparison between responses to event types and tpertres controls when the
latencies of peaks vary or no clear peaks are visible.

Effects were tested with separate dependent-measuilgseamnaf variance (ANOVA) of the
structure Stimulus type [Event vs. Control] x Frontality [F vel€ttrode line] x Laterality [left vs.
midline vs. right] for the three timing events (Train Onse¢sBEntation Rate Change, Expected
tone) and the two (early and late) measurement windowsnkwase-Geisser correctierfactors

(where appropriate) and the pariﬁéleffect sizes are given in Table 1.

Results

ERP responses for train onsets, presentation rate changespacted tone (train offsets) are
shown together with the corresponding control responses and diffevanetorms on Figure 2a, b,
and c, respectively. Each of these events elicited ggnity different ERP responses in both time
windows (except for the late window of the presentation taege) compared with the

corresponding control event (see Table 1).
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The control responses show a much adapted response, hardlyidgsplay discernible
waveforms. In contrast, all three stimulus train eventg@diainique waveforms with detectable
component structure. Thus the significant interactions with @e-slistribution factors (frontality
and laterality) mainly represent the scalp distribution ef#RPs elicited by the stimulus train
events. Train onsets elicited a large early negative fellblay a positive response with
frontocentral maxima. This pattern is typical for largectiiaé energy changes (Kushnerenko et al.,
2007), as is the case for sounds appearing after a relativelgilenginterval having a different
pitch from that appearing in the previous train. The latgraffect found in the late latency time
window was caused by the left deviant response being slighdites than the central deviant
response (Tukey HSD, df=58, p<0.01). Presentation-rate changeslednly an early
frontocentral negative response. Finally, the response synchrooiteddxpected onset of the tone
that would have continued the train in an isochronous manner shaaslaibroadly distributed
positive waveform followed by a negative one. The three-way ttterafound in the late time
window was caused by the left central standard response bedtigrstman the left and right central

deviant response (Tukey HSD, df=58, p<.05).

[Insert Figure 2 about here]

[Insert Table 1 about here]

Discussion
Results showed that the neonate brain detects the onsefsetdbtound trains as well as changes
in the presentation rate. Thus the abilities for detecting awkgsing these primary temporal
events are functional already at birth.

Train onsets elicited the largest responses, which werastmithe N1-P2-like components

found in newborns (Wunderlich et al., 2006; Kusnerenko et al., 2002,. Z0GP2-like positive
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waveform has been shown to reflect the detection of sound oneidsniEyer et al., 2009). This is
similar to adults, in whom the auditory N1 is the most pr&nt response elicited by abrupt
changes in spectral sound energy (Naatanen and Picton, 1987)ikely reflects an
adaptation/refractoriness based response increment. Timatastrast to the highly refracted
response elicited within the fast-paced train, the neurdaalents are relatively fresh after a longer
silent interval and change of spectral contents. Such respwlpesne to detect the emergence of a
new auditory object.

Responses elicited by train offsets show that the infants setrfor the regular continuation
of sound sequences. The very early onset of the difference regpditates against a passive
effect (i.e., that the observed waveform would repre$entate response to the previous stimulus,
which was cut off within the train by the arrival of next tprieecause even the earliest effects of
the next sound take a little more time to reach the coRather, this response is quite similar to
that observed when a predictable (as opposed to an unpredictablis)donged from a sequence
(Bendixen et al., 2009), suggesting that this response reprédsebigin’s preparation for a
predicted sound event. This prediction error could allow one to db&eend of stimulus trains.
The current response was morphologically different from that obtmneebnates for sound-
omissions violating the rhythmic structure of the sound sequence @ietidl., 2009).
Predictability was lower in Winkler et al.’s (2009) study du¢hie variability set up to distinguish
the detection of a repeating pattern (Stefanics et al., 2@@v)that of the rhythmic structure. The
difference in the morphology of onset and offset responses is urdiketiresponding adult
responses where onsets and offsets elicit similar N1 resp@faseashiro et al, 2009). This
suggests that the continuation of the train was indeed expmutldtie response cannot be described
in terms of an offset response.

Finally, the presentation rate change elicited an eaggthe response. As the change of
rate brings no spectral change and nor can it be explainesvbylevels of refractoriness (because

the inter-tone interval was shortened), this response is not fikelyginate from differential
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refractoriness. On the other hand, the observed respogsigeglifferent from the later positive
response observed for occasional early sound delivery in 2-month dld®{@t., 2013). This
difference suggests that the processing of temporal changes sta@gendent, as was also found
for spectral changes (Haden et al., 2013). One possibilinaisafter several trials of the same
structure, the neonatal brain learned that a switchdstarfpresentation rate can be expected and
the response marks the detection of the onset of the changés $hpported by the similarity of
the responses to that obtained in 3 month olds to the onsets ehsegunade up from of either 12
or 25 ms long snippets of modulated noise (Telkemeyer et al.,. 20ddever, newborns did not
show this type of response to the same stimuli (Telkemewr, @009). Thus the analogy may not
be perfect.

We investigated the developmental origins of processing the tgrop®ral structure of
short sound sequences. In general, we found that newborn infantsrhgarecapabilities as adults
for processing the cues that allow one to form a rough descripteundabry objects. Although we
have suggested in Introduction that such fundamental capalalidesquired for infants for
learning from others, the finding is still surprising on one seResearch in young infants has
consistently shown that when it comes to simple discriminatbilities, infantile capabilities are
far from the adult level (see, e.g., pitch discriminatidayitsky et al., 2007; for a review, see
Werner, 2007). Regarding temporal features, for example, thighagnef detecting changes in
sound duration (Kushnerenko et al., 200&poniet et al., 2002; Cheour et al., 2002) or gaps
between sounds is much lower than that in adults even at 6-7 nobisitpes (Smith et al., 2006;
Trainor et al., 2001, 2003; Werner et al., 1992). In sharp contnasabilities required for
structuring the auditory environment, such as auditory stream sgégre@@inkler et al., 2003),
source identification (Vestergaard et al., 2009), patterrctiete(Stefanics et al., 2007), or
extracting the temporal structure of sound sequences (the cuudyas well as Winkler et al.,
2009b) appear to be functional already at birth. These abilitisalfalready at birth could allow

them to access information encoded in the tempo of both spadahusic and to enter into a
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dialogue with others later in development where timingusiaf to achieve synchrony and
facilitates even preverbal communication (Jaffe et al., 2001 neonatal auditory processing
capabilities found in the current study are amongst those sevgmitive development through

helping to learn speech and music perception and bootstrapping caratimmby sound.
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L egends

Figure 1 Panel a) gives a schematic overview of the experimental paraBignel b) shows the
temporal relations within a train. The events relevatihéoanalyses are highlighted. Tones are
denoted by black rectangles; the expected continuation afeesequence is marked with a
dashed rectangle; time flows from left to right. Note thatinter-onset intervals were jittered in the
experiment (see Methods).

Figure 2 Group averagen(= 30) ERP and difference waveforms on all six electroé@sKz, F4,

C3, Cz, C4) for the a) Start of train vs. Slow control; lBsBntation rate change vs. Fast control; ¢)
Expected tone vs. Fast control events. Stimulus onsethie atossing of the axes. Note that in c¢),
the crossing of the axes is at the onset of the stimulus thatlweamlessly continue the train.
Stimuli are marked in black rectangles under each columasiimulus mark in ¢) does not
correspond to fast control. Amplitude measurement windows ateethaith grey shading.

Table 1 Significant effects obtained in the ANOVAs of the structBtienulus type [Event vs.
Control] x Frontality [F vs. C electrode line] x Lateraljlgft vs. midline vs. right], separately for
the three temporal events (Train Onset, Presentation Rategg€hrrain Offset) and the two (early
and late) measurement windows (see Methods). In addition to dfiealfd p values, effect sizes
(nz), and, where applicable, Greenhouse-Geisser correctiadgdtare also shown. The mean
and standard deviations (in parentheses) of the number ofcaftelaepochs are given in the

second column.

Page 17 of 17



Table(s)

Tables
[Table 1]
ANOVA results
pepochs  Measurement
Condition Effect F df p £ n’
(o) window
Train Onset 150 (19) Stimulustype  6.48 1,29 0.016 - 0.18
24-192 ms
VS. Frontality 535 1,29 0.028 - 0.16
Slow Control 771 (91) Stimulustype 13.24 1,29 0.001 - 0.31
Frontality 1403 1,29 0.001 - 0.33
Stimulus type
232-408 ms 6.12 1,29 0.019 - 0.17
x Frontality
Stimulus type
411 2,58 0.028 0.83 0.12
x Laterality
Presentation 146 (17)
Stimulustype 497 1,29 0.034 - 0.15
Rate Change 56-120 ms
VS. Frontality 9.60 1,29 0.004 - 0.25
Fast Control 322 (35) Frontality
248-352 ms 6.00 2,58 0.005 0.95 0.17
x Laterality
Train Offset 150 (17)
0-164 ms Stimulustype 446 1,29 0.037 - 0.14
VS.
Fast Control 322 (35) Stimulus type
256-372 ms x Frontality 443 2,58 0.021 0.88 0.13
x Laterality
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