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« Older infants (18-24 mo) have more robust speech in noise brainstem responses than younger infants
(7-12 16 mo).

« Responses to clicks and speech in quiet did not differ across age.

Keywords: « Speech-in-noise responses may enable early identification of functional auditory processing

Infant problems.

Frequency following response (FFR)

Auditory brainstem response (ABR)

Evoked potentials

Speech in noise - - - —
CABR Objective: Background noise makes hearing speech difficult for people of all ages. This difficulty can be

exacerbated by co-occurring developmental deficits that often emerge in childhood. Sentence-type
speech-in-noise (SIN) tests are available clinically but cannot be administered to very young individuals.
Our objective was to examine the use of an electrophysiological test of SIN, suitable for infants, to track
developmental trajectories.

Methods: Speech-evoked brainstem potentials were recorded from 30 typically-developing infants in
quiet and +10dB SNR background noise. Infants were divided into two age groups (7-12 and 18-
24 months) and examined across development. Spectral power of the frequency following response
(FFR) was computed using a fast Fourier Transform. Cross-correlations between quiet and noise
responses were computed to measure encoding resistance to noise.

Results: Older infants had more robust FFR encoding in noise and had higher quiet-noise correlations
than their younger counterparts. No group differences were observed in the quiet condition.
Conclusions: By two years of age, infants show less vulnerability to the disruptive effects of background
noise, compared to infants under 12 months.
Significance: Speech-in-noise electrophysiology can be easily recorded across infancy and provides
unique insights into developmental differences that tests conducted in quiet may miss.

© 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ABSTRACT

1. Introduction including early conductive hearing impairment (Keogh et al.,

2010), sensorineural hearing loss at low or high frequencies

Speech perception depends on healthy sound transduction and
faithful encoding of speech sound acoustics. Background noise can
distort frequency analysis in the inner ear and disrupt auditory
processing more centrally, making speech sounds difficult to
decode. Problems in the middle ear, inner ear or central nervous
system can exacerbate difficulties in hearing speech in noise,
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(Laukli and Mair, 1985; Horwitz et al., 2002), diminished linguistic
content during development (Cooper and Aslin, 1989; Lieu,
2004; Stelmachowicz et al., 2004; Eisenberg, 2007; Moeller and
Tomblin, 2015), and attention (Soderlund and Jobs, 2016) or mem-
ory problems (McCreery et al., 2017; Millman and Mattys, 2017).
Because of this, hearing in noise can be especially difficult for peo-
ple with hearing loss (Brons et al.,, 2014), those with language-
learning deficits and delays (Bradlow et al., 2003; Sperling et al.,
2005; Ziegler et al., 2011; Vance and Martindale, 2012), older
adults (Helfer and Freyman, 2008; Moore et al., 2014), infants
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(Leibold et al., 2016) and young children (Jamieson et al., 2004;
Leibold and Buss, 2013). Even in children and young adults with
audiograms within normal clinical limits, at least 5% find speech
sounds less intelligible in noisy environments (Hind et al., 2011).
Despite this prevalent problem, objective measures of “speech in
noise” processing are only beginning to be explored. In this study,
we show, for the first time, how noise affects the infant brainstem
response to speech over development. Our neurophysiological
results suggest that noise impacts the developing auditory system
differently as humans age.

1.1. Speech in noise perception

Speech-in-noise tests are typically administered in an Audiol-
ogy clinic to quantify how much an individual’s speech perception
is disrupted by noise. Although these tests use sentence stimuli to
assess global hearing in noise, research has shown that not all
acoustic components of speech are affected equally by noise. Rapid,
low-amplitude acoustic shifts, formed by the stoppage of airflow
during stop consonants, are easily susceptible to disruption by
the random acoustic occurrences in background noise (Brandt
and Rosen, 1980). Longer-lasting, periodic portions of speech, such
as vowel sounds like [a] or [e], are less likely to be disrupted by the
random effects of noise because they are sustained over longer
periods of time, which allows more encoding opportunities and
spectral grouping over time (Miller and Jusczyk, 1989).

One of the most salient cues in vowel sounds is “voice pitch”,
which is the perceptual cue related to the spectrum of the sound,
especially the fundamental frequency (FO). The FO of a speech
sound corresponds to the glottal-pulse rate, changes with pitch
contour, and contributes to the perception of prosody, voicing
(Faulkner and Rosen, 1999), lexical segmentation (Spitzer et al.,
2007) and speaker identity (Smith and Patterson, 2005; Baumann
and Belin, 2010). Frequencies above the FO, called harmonics,
define the type of vowel (e.g. “ah” vs “00") are created by the shape
of the oral cavity during voicing. Spectral masking, or smearing,
impacts children’s speech perception more than adults; doubling
the errors in noise (Nittrouer et al., 2015) and can produce two-
fold threshold elevations compared to adults during signal detec-
tion tasks (Allen and Wightman, 1995; Oh et al., 2001; Leibold
and Neff, 2011). In impaired listeners, such as cochlear implant
recipients, effects of masking the FO can be even greater (Qin and
Oxenham, 2003).

While strong advances in speech-in-noise testing have been
made over the past decade, current clinical tests of perception do
not distinguish between FO and consonant difficulties and are con-
strained to measures requiring a patient's behavioral response.
These limitations can decrease tester objectivity, reduce test speci-
ficity and preclude testing of pre-verbal infants or non-verbal
patients who may benefit from identification of speech-in-noise
deficits. This gap in our knowledge prevents Audiologists and asso-
ciated medical professionals from detecting signs of possible lan-
guage problems in nonverbal patients, considering specific
remediation strategies, and counseling patients or parents for
follow-up testing and/or early intervention for pre-verbal infants.
Thus, an objective, sensitive and reliable method to test the specific
effects of noise that can be used during development is needed to
fill in these gaps.

1.2. Neural correlates of speech-in-noise perception

Research over the past 15 years has produced abundant evi-
dence establishing the complex Auditory Brainstem Response
(cABR), and in particular, the Frequency Following Response
(FFR), as an objective and reliable measure of speech processing
across the lifespan [for review, see (Skoe et al., 2015; Skoe and

Kraus, 2010; Kraus et al., 2017)]. The cABR is a single-channel elec-
trophysiological test that records the brain’s response to the sylla-
ble /da/, usually in under 20 min. The physical setup of the
recording is identical to the well-established Auditory Brainstem
Response (ABR) test, in which Audiologists measure a patient’s
brain response to a click stimulus in order to estimate audiometry
or neurophysiological integrity (Hall, 1992; Hall and Rupp, 1997).
Although the click-evoked response is considered the gold stan-
dard measure for demonstrating clinical abnormalities in many
disorders, it reflects the broadband response of the auditory sys-
tem between 2 and 4 kHz and is dominated by firing of neurons
that respond best to sound onset. Therefore, the ABR response is
only able to identify serious deficits that undermine the basic
integrity of the auditory system in patients with suspected hearing
loss and certain types of vestibular disorders.

The cABR stimulus on the other hand, was designed to provide
fine-grained measures of phonetic information processing that
clinical populations have particular difficulty perceiving [e.g.
(Russo et al., 2004; Kraus and Nicol, 2005)]. The cABR response
mechanisms can be broadly divided into two parts: (1) transient
response mechanisms that encode consonant onset (“d’), similar
to the click-evoked response described above, and ultra-rapid fre-
quency shifts, similar to a chirp or fast frequency sweep, and (2)
the sustained vowel portion (“a”), which entrains to the periodici-
ties present in the stimulus via phase-locked intervals occurring at
periods of the FO at ~100 Hz. The sustained response elicited by
the cABR vowel is more generally called the FFR, which can be eli-
cited by any periodic stimulus up to ~1000 Hz (Sohmer et al.,
1977; Hoormann et al., 1992; Krishnan et al., 2005) and is stron-
gest when speech is intelligible (Galbraith et al., 1995, 1997,
2004). In the case of the cABR, the transient acoustics of the conso-
nant elicit an onset response characterized by a positive (wave V)
and negative (wave A) going peak occurring at ~7.5ms. The
response to the sustained FO follows the onset response, and is
characterized by waves D, E, and F, each separated by a period of
~10 ms. Primary generators of the cABR and more generally, the
FFR, have been localized to the fluctuation of the endolymph at
the apex of the cochlear hair cells and the phase-locked excitatory
post-synaptic potentials of neurons in the inferior colliculus [for
review, see (Bhagat, 2012)].

The cABR has been used to assess speech processing in
preschoolers (Johnson et al., 2005), school-aged children (Russo
et al., 2004, Hornickel et al., 2012), adults (Krishnan et al., 2005;
Song et al., 2011a) and the elderly (Anderson et al., 2012). Because
of its ability to capture complex auditory processing mechanisms,
measures of the cABR have been able to show processing differ-
ences in language- and reading-impaired populations where other
more gross measures of auditory processing, such as the click-
evoked ABR, do not (King et al., 2002; Wible et al., 2004; Abrams
et al., 2006). Data from these and other studies (Hornickel et al.,
2009; Anderson et al., 2013) show that the cABR and FFR is more
impacted by noise in impaired populations, compared to normal
listeners. This makes the cABR and FFR clinically relevant for those
seeking an objective measure of hearing in noise.

How does noise impact the brainstem response to speech? One
of the first reports of the noise effect (Russo et al., 2004) showed
maximal disruption in the onset response to the consonant in the
syllable /da/ and less degradation of the periodic FO. In that study,
noise delayed onset peak latencies by 0.5-0.9 ms and diminished
peak amplitudes by 74-92% effectively distorting the timing and
magnitude of the signal. It is important to note here, that the tim-
ing of the brainstem response is extremely precise and reliable in
individuals, rendering timing differences of this order significant
in both the laboratory and clinic. Noise also affected the sustained
vowel periodicity but to a lesser degree; degrading the spectral
representation of the FO by about ~30%. The distortion of timing



G. Musacchia et al./ Clinical Neurophysiology 129 (2018) 2623-2634 2625

and reduction of the FO shown in that study was hypothesized to
contribute to difficulties decoding speech signals in noise. Subse-
quent reports from Song, Anderson and colleagues, replicated these
findings and established a strong relationship between speech-in-
noise perception and measures of the cABR in noise; suggesting
that FO encoding in noise is particularly degraded in people who
have difficulty understanding speech in noise. The above data sug-
gest that the cABR recorded in background noise may be a suitable
and more sensitive tool for the investigation of functional speech
processing.

1.3. The current study

Recently, the feasibility of recording the cABR in preverbal
infants was demonstrated over 3-10 months-of-age (Anderson
et al.,, 2015). In that cross-sectional study, the authors showed that
representation of the speech FO was robust, reliable and mature at
3 months, while higher frequency components of the FFR and peak
latencies continued to mature across age. These results support
animal models demonstrating earlier development for lower fre-
quency responses in brainstem nuclei [e.g. (Rubel and Ryals,
1983)]. Taken together, the animal and infant data strongly suggest
that maturation of spectral resolution for speech is specific to
higher frequency features of sound in the first year of life. At this
time it is unknown however, whether and to what extent the addi-
tion of noise impacts speech processing and thus, language acqui-
sition, in infants.

In the current study, we begin to address the gap in early iden-
tification of speech-in-noise problems by evaluating the cABR in
Quiet and +10 dB SNR Noise conditions in two infant populations:
(1) younger infants ages 7-12 months (YI) and (2) older infants
ages 18-24 months (OI). This time frame involves extensive devel-
opment of the hearing system (Lenneberg, 1967), and particularly,
at the central level (Eggermont, 1985). Many aspects of basic audi-
tory processing are adult-like by the middle of the first year of life
(Eggermont, 1985). However, processes requiring more complex
processing computations, such as auditory attention, speech seg-
mentation and localization, take longer to develop (Eilers et al.,
1981; Eilers, 1985; Muir, 1985). The overall age group of 7-
24 months-of-age was selected in order to span important devel-
opmental milestones of speech reception and production
(Werker et al., 1981; Werker and Tees, 1983, 2005; Luinge et al.,
2006). From 7 to 12 months of age, infants develop rudimentary
complex auditory skills such as turning to the location of sounds,
imitating speech and recognizing some words. In addition, in this
highly plastic developmental period, young infants narrow their
phonemic perceptual abilities, become attuned to their native lan-
guage and build cortical representations of the familiar sounds in
their surrounding linguistic environment (Werker and Hensch,
2015; Ortiz-Mantilla et al., 2016). Over the span of 18-24 months
of age, as phonemic mapping is consolidated in the auditory cortex,
speech and language skills greatly improve, ending with the accel-
erating acquisition of new words on a regular basis and older
infants able to communicate or follow simple commands such as
“roll the ball”. Electrophysiologically, previous data from our labo-
ratory has shown that auditory ERPs in the younger infant age
range correlate strongly to ERP measures in the older infant age
range (Benasich et al., 2006; Choudhury and Benasich, 2011). In
addition, ERPs originating from the 6- and 9-month age range were
predictive of language outcome at 3-4 years of age. Taking into
account Anderson et al.'s results, we predicted that differences in
the Quiet condition would be restricted to the high frequency
(HF) range and that differences in Noise would be greatest in the
HF frequency band. However, given the prominent role of voice
pitch and the developmental trajectory of speech-in-noise, we also
expected the OI group to show less degradation of the FO in noise,

compared to YI counterparts. To the authors’ knowledge, the
results of this study show for the first time that that the effects
of noise change with development over the first year of life. In
addition, our method underscores the feasibility of speech-in-
noise response acquisition in very young populations.

2. Methods
2.1. Participants

This study was conducted in accordance with the Declaration of
Helsinki. Informed consent, approved by the Institutional Review
Board of Rutgers University, was obtained from all parents before
study participation. Parents were compensated for their time,
and infants received a toy after the visit. A total of thirty (30)
infants participated in this study, with data from two infants being
excluded due to SNR <1. All infants recruited were full-term, had
normal birth-weight, uneventful pre and perinatal circumstances
and did not present congenital, neurological or physical abnormal-
ities or impairments. Exclusion criteria included family history of
language impairments in the nuclear family (e.g. diagnosed autism,
specific language impairment, dyslexia, attention deficit or hyper-
activity disorder). Infants were separated into two groups by age
with Older Infants ages 18-24 months (N = 14, mean age = 21.8 m,
SD 3.03, 7 females) and Younger Infants ages 7-12 months (N = 14,
mean age = 10.2 m, SD 2.07, 7 females).

2.2. Stimuli

Stimuli consisted of an acoustic click (100-us square wave) and
speech syllable, /da/. The click produced a broad frequency spec-
trum of approximately 2000-4000 Hz. The speech syllable
(Fig. 1A) was created with Klatt-based software (Klatt, 1980) and
consisted of a 40 ms computer-synthesized sound that mimics
the properties of a human produced [da/. The consonant (“d")
acoustics reflect stoppage of airflow and contained an initial five-
millisecond burst of frequencies ranging from 2500 to 4500 Hz.
This was followed by an acoustic transition to the sustained peri-
odicity in which the FO rose linearly from 103 to 125 Hz. Five for-
mants in the high frequencies (HF) consisted of frequency shifts in
three bands: 220-720 Hz (F1), 1700-1240 Hz (F2) and 2850-
2500 Hz (F3). F4 and F5 stayed constant at 3600 Hz and 4500 Hz,
respectively. Stimuli were presented monaurally via right insert
earphone (ER-3, Etymotic Research, Elk Grove Village, IL) at 70 dB
(calibrated with model 2250, Bruel and Kjaer, Germany 1996)
using Intelligent Hearing Systems IHS5441 (Miami, FL USA).

2.3. Procedure and data recording

During testing, infants were seated on their caregiver's lap
while an experimenter engaged the infant's attention with quiet
play (puppets, bubbles, etc.). Age-appropriate movies or cartoons
were also played at very low volume on a video monitor in front
of the children. Responses were collected using a one-channel ver-
tical montage with electrodes placed at Cz (active, non-inverting)
to Ai (ipsilateral mastoid, reference) and Fpz (ground). Recording
protocol and sweep number were as follows. Two blocks of 1024
clicks were presented before (PRE) and after (POST) the speech
conditions. The click-evoked response was used as a baseline
response at the beginning and end of the recording. The PRE click
block was used to ensure that the infant did not have any gross
neurophysiological deficits that could be identified according to
the normative click-evoked ABR values. The POST click was used
to estimate neuronal adaptation or shifts in neuronal function or
experimental setup that may have occurred during the testing ses-
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Fig. 1. Stimulus spectrogram, waveform and infant grand average brain responses
in Quiet. (A) The 40 ms synthesized speech stimulus /da/ comprises a high
frequency burst at the consonant, followed by a formant transition into sustained
periodicity of the vowel. Acoustic features are separated into Onset (ON, 0-
12.5 ms), Transition (TR, 12.5-20 ms) and the sustained Frequency Following
Response (FFR, 20-45 ms). (B) Temporal features of each acoustic section can be
observed in the stimulus waveform. The stimulus waveform is shifted forward in
time by 7 ms to approximate neural transduction time from cochlea to brainstem.
The period (T = ~10ms) and fundamental frequency (FO = ~100 Hz) of the vowel
can be observed by measuring the time between the largest peaks. (C) Grand
average brain responses to /da/ in Quiet for YI (7-12 months infants) and OI (18-
24 months infants) mirror the acoustic features of the stimulus and are divided into
ON, TR, and FFR sections. Waves V and A reflect encoding of the sound onset and
typically occur before 8-10 ms post stimulus. Peaks D, E and F occur with a period
of about 10 ms/peak and comprise FFR, beginning about 21 ms post stimulus.

sion. After the PRE click recording, one block of 2000 alternating
polarity /da/ stimuli was presented Quiet and ipsilateral +10 dB
SNR white Gaussian background noise. Online averaging settings
included a recording time of a —20 ms baseline and 15 ms post-
stimulus onset, a sampling rate of 20,000 Hz, an online bandpass
filter of 100-1500 Hz and an artifact rejection criteria of +35 uV.

2.4. Event-Related potential measurement and analysis

Click-evoked ABR waveform peaks are conventionally labeled
sequentially as waves I-V and occur within a 10-millisecond time
period after sound onset. The most prominent feature of the
click-evoked ABR, Wave V, is the primary means by which hearing
threshold is evaluated in non-verbal individuals. In our study,
Wave V was marked in both PRE and POST waveforms for each
participant.

The speech-evoked cABR is a complex waveform that faithfully
mimics the spectro-temporal fluctuations of the stimulus (Fig. 1).
The response is conventionally divided into three acoustic
components: (1) the short transient response speech onset, (2)
the transition portion consisting of rapid frequency shifts, and (3)
the sustained, periodic portion, comprised of responses to the FO
and HF that give rise to the frequency following response (FFR,
Fig. 1C) (King et al., 2002; Russo et al., 2004; Wible et al., 2004;
Johnson et al., 2005; Kraus and Nicol, 2005; Musacchia et al.,
2007; Johnson et al., 2008; Hornickel et al, 2009; Skoe and
Kraus, 2010). In general, the first two elements support perception
of the stop consonant [d] and the third element contributes to
perception of the vowel [a]. The FO of the stimulus (~100 Hz) can
be verified in the response waveform (Fig. 1C) by measuring the
time between the largest peaks.

Latency and amplitude values of discrete peaks V, A, C, D, E and
F were assessed to measure the timing of response (Fig. 1B and C).
Four independent raters picked peaks V, A, D, E and F in the indi-
vidual averages collected in the Quiet condition. In the noise con-
dition, peaks were often degraded or obscured in the individual
average. These peaks were designated as “CND" or Could Not
Detect and the latency and amplitude were excluded from analysis.
These exclusions constitute “detectability rates” and are described
in the Results section. In cases of peak marking differences
between raters that were greater than 1 ms, a discussion among
all investigators was held to determine the best peak to mark.

The FFR was defined by the sustained, periodic portion in which
peaks D, E and F followed the periodicity of the stimulus FO. This
corresponded to roughly 20-45 ms post stimulus onset (Fig. 1).
Because the periodicity of discharges appears to “follow” the fre-
quency of the sound, spectral analysis is often used to assess the
robustness of the FFR. To assess spectral amplitude, a fast Fourier
transform (FFT) analysis was computed over the FFR epoch of each
individual average. Each individual FFT response was baseline cor-
rected to the spectrum of the pre-stimulus period (-20 to 0 ms).
The following five FFR analysis techniques were employed accord-
ing to previously published parameters (Russo et al., 2004; Song
et al,, 20114, 2011b). Maximum amplitude of the FO frequency
component (Max FO) was determined via custom MATLAB code
over the range of 80-120 Hz. Root mean square amplitude (RMS)
was calculated over this range (FO RMS) to give a broader view
of the FO magnitude. RMS amplitude was also calculated over the
spectral component corresponding to 200-720 Hz; the high
frequencies present in the first formant (HF RMS). Stimulus-to-
response (SR) correlations were calculated using the Signal
Processing toolbox and custom MATLAB code (see xcorr.m,
https://www.mathworks.com/help/signal/ref/xcorr.hitml) in the
Quiet and Noise conditions. The SR correlation provides a measure
of how faithfully the response mirrors the stimulus waveform and
provides an index of neuronal synchrony, related to an individual's
phase-locking capacity. The SR calculation results in two values:
(1), the “lag” or duration of shift, and (2) the “r-value” which is a
measure of the goodness of fit. An r-value of one (1) relates to com-
plete correlation and a value of zero (0) relates to no correlation
between the two signals. To obtain the r-value, each individual
FFR response was cross-correlated to the 20-45 ms portion of the
stimulus syllable. Only maximal correlations with a greater than
five (5) ms lag were accepted to account for the conduction time
of neural impulses. Both the lag and r-values were used as
variables of interest in our statistical analyses.

2.5. Statistical analysis
Pearson’s correlation tests were conducted to determine rela-

tionships among brainstem measures in Quiet as reported in
(Russo et al., 2004). A series of ANOVA tests assessed effects of
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age and noise on the two groups for latency and FFR measures.
Post-hoc t-tests were conducted where appropriate and Least Sig-
nificant Difference (LSD) correction was used for multiple
comparisons.

3. Results
3.1. Stable click-evoked ABR within normative ranges

Click-evoked ABRs were recorded at the beginning (PRE) and
end (POST) of each testing session. No significant difference was
observed between PRE and POST latencies for either OI or YI infants
(p > 0.05), suggesting temporal acuity was preserved throughout
the recording session. As no significant differences between PRE
and POST latencies were found, Wave V latencies from each indi-
vidual were averaged and compared to normative values that most
closely matched our age ranges, intensity level and repetition rate
(Jiang et al., 2009). These values are shown in Table 1. A wave V
exclusion criteria of Mean Latency +3 Standard Deviations was
established to screen for infants that might have generally delayed
auditory responses. One infant from each group was excluded from
the study due to Wave V latency beyond the cutoff value, giving a
final subject pool of 14 infants in each group.

3.2. Features of the infant cABR in Quiet and background noise

In general, the waveform morphology of the infant responses in
this study appears to be analogous to those observed in immedi-
ately older (Johnson et al., 2008) and younger (Anderson et al.,
2015) age ranges. Specifically, because the brainstem response to
speech so closely reflects the stimulus waveform, three distinct
features of the response that mirror the stimulus can be observed
(Fig. 1C). The first large positive peak (Wave V), signals the
response to speech onset and is similar to the click-evoked Wave
V. However, the latency of Wave V to speech is typically later than

that to a click, due to the fact that the speech syllable onset has less
high-frequency information than the click (Gorga et al., 1989;
Stapells et al., 1995). The cABR Wave V, is immediately followed
by a negative-going trough, labeled Wave A. In children and adults,
a large negativity, peak C, occurs between 12 and 20 ms, signaling
the transition period (Russo et al., 2004; Musacchia et al., 2007,
2008; Johnson et al., 2008), but this peak appears to be absent, or
under development, in these infant populations. As in previous
reports, waves D, E, and F, with a period of ~10 ms between them,
define the sustained FFR portion. This portion reflects the phase-
locking mechanism of the auditory system in which neurons tend
to fire action potentials on one phase of acoustic waveforms at
<1000 Hz of stimulation (Marsh et al., 1975; Smith et al., 1975).

3.3. Peak detectability in Quiet and background noise

Rater detectability gives a general view of how successful peak-
picking can be in this age range. In the YI population, Waves V, A, D
and E were detectable in all but one subject and F was detectable in
all subjects (Table 2). In Ols, Waves V, A, E and F were also detect-
able in all but one and, D was picked in all subjects. Peak
detectability decreased for both age groups in the Noise condition.
In YIs, Peaks V and A were still detectable in all but one subject, but
in 11 out of 14 for Waves D and E and in 12 out of 14 for Wave F. In
the older group, detectability of Waves V and A dropped to ~70%
(10 out of 14), but detectability of FFR peaks remained high.

3.4. Relationships between measures of the speech-evoked brainstem
response

Pearson'’s correlations were used to explore the statistical rela-
tionships among brainstem measures in the Quiet condition.
Tables 3 and 4 show the relationships within onset and across
onset and sustained measures, respectively.

Within peak latency measures (Table 3), YIs showed only one
relationship: between the positive-going Wave V latency and its

zlait:::elvokcd Response Wave V Latencies and Normative Data (Jiang et al., 2009).
Study Data Normative Data
Age Mean {ms) Std. Dev. (ms) Min-Max {ms) Mean (ms) Std. Dev. (ms) Norm. Cutoff
Yl 6.61 0.34 6.08-7.03 6.36 0.24 7.12
01 6.55 013 6.35-6.80 6.12 0.25 6.87

YI: Younger Infants (7-12 months), OI: Older Infants {18-24 months), Std. Dev.: Standard Deviation; ms: milliseconds; Min-Max: range from minimum to maximum values;

Norm. Cutoff: Cutoff derived from Normative Data (Mean + 3 SD).

Table 2
Transient peak latency measures in infants in quiet and noise conditions.
Age Cond. Wave V Wave A Wave D Wave E Wave
F
Y1 Quiet Mean 7.72' 8.95 22.61° 32.19 40.46
SD 0.75 0.76 1.80 1.16 1.20
N 13 13 13 13 14
Noise Mean 8.51 10.25 23.67 34.97 42.75
SD 13 13 11 11 12
N 1.18 142 2.18 1.23 1.07
01 Quiet Mean 7.637 8.98" 23.49° 32.741 41.09°
N 13 13 14 13 13
SD 0.42 0.85 1.28 1.36 1.82
Noise Mean 9.47 11.10 25.62 34.50 43.14
N 10 13 14 14 14
SD 0.98 111 2.16 1.78 0.95

YI: Younger Infants (7-12 months); OI: Older Infants (18-24 months); Cond.: Condition; "Main Effect of Noise p-value < 0.05 (Quiet vs. Noise), Longer latencies in bold, SD:

Standard Deviation; N: number of subjects.
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Table 3
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Pearson’s correlations within Da Quiet transient measures.

Younger Infants

Older Infants

Wave A Wave D Wave E Wave F Wave A Wave D Wave E Wave F
Wave 0.852" -0.435 0.404 0.367 0.846" 0.157 0.329 0.398
A%
Wave -0.248 0.336 0.267 0.107 0.575" 0.560
A
Wave -0.122 0.300 —0.269 —-0.348
D
Wave 0.252 0.779"
E
‘p<0.05; "p<0.001; Within-group correlations.
Table 4
Pearson’s correlations across Da Quiet transient and sustained measures.
Younger Infants Older Infants
Wave V Wave A Wave D Wave E Wave F Wave V Wave A Wave D Wave E Wave F
FO Max 0.246 0.129 -0.525 -0.138 -0.182 0.007 0.024 -0.110 -0.363 —0.060
FO RMS 0.426 0.305 -0.553 -0.192 -0.087 -0.030 0.025 -0.263 -0.286 0.069
HF Max 0.319 0.191 ~0.649° 0.315 0.062 -0.139 -0.208 -0.030 -0.234 -0.516
HF RMS 0.446 0.291 ~0.667 0.457 0.132 -0.271 -0.364 -0.073 -0.377 -0.612°
S-R lag -0.543" -0.402 0.243 —-0.385 -0.313 0.034 0.065 -0.154 0.134 0.172
S-R corr —-0.063 —-0.034 0.044 -0.279 -0.182 —0.358 -0.569" —-0.069 -0.154 -0.244

'p<0.05; “p <0.001; Within-group correlations; FO Max: Maximum FO amplitude, FO RMS: Root Mean Square over the FO range, HF Max: Maximum Amplitude of the High
Frequencies, HF RMS: Root Mean Square over the HF range, S-R lag: Stimulus-to-Response Correlation lag, S-R corr: Stimulus-to-Response Correlation coefficient.

negative-going trough Wave A. Ols also showed the V/A relation-
ship but in addition showed relationships between Wave A, E
and F as well as between Waves E and F.

Across transient and sustained measures (Table 4), the YIs had
several relationships, particularly between the latency of Wave D
and FFR magnitude measures. Ols showed fewer strong and signif-
icant relationships.

3.5. Effects of age and noise on transient peak latencies in infant
responses to speech

Table 2 shows the means, standard deviations and results of the
2X2 ANOVA tests of Condition (Quiet, Noise) X Age (YI, OI) for
waves V-F latencies. Main Effects of Noise were observed for
Waves V (F; 50=28.051, p<0.001), A (F,50=21.785, p<0.001), D
(F121=35.165, p<0.001), E (F121=30.974, p<0.001) and F
(F,23 =40.664, p <0.001). Mean values show that peak latencies
were later in Noise in both Ol and YI groups (Table 2). This suggests
that the addition of noise delays the timing of the cABR peak
responses to a similar degree in both OI and YI infants. It is impor-
tant to note that no effect of Age was observed in Quiet or Noise
conditions for any peak latencies.

3.6. Effects of age and noise on FFR measures of infant responses to
speech

Fig. 2 shows Grand Average responses in Quiet and Noise condi-
tions for both Younger and Older Infants. Fig. 3 shows grand aver-
age spectral amplitudes (computed by FFT) in Quiet and Noise for
Younger (Fig. 3A) and Older Infants (Fig. 3B). Table 5 reports the
means, standard deviations for the 2X2 ANOVA tests of Condition
(Quiet, Noise) X Age (YI, OI) on the FFR measures. Interaction
Effects were observed at FO, both in Maximum Amplitude
(F,26=4.808, p=0.037) and RMS (F;5=7.550, p=0.011) mea-
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Fig. 2. Grand average brainstem responses to /da/ in Quiet and [da]+10 dB SNR. (A)
Response features are separated into Onset (ON), Transition (TR) and Frequency
Following sections accordingly. The response in Noise follows the general
morphology of the Quiet response in YI (7-12 months), but the magnitude and
latency in the FFR is degraded. (B) The response in Noise follows the general
morphology of the Quiet response in OI {18-24 months) as well, with the temporal
features of the waveform in Noise following the features of the Quiet response very
closely.
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Fig. 3. Larger FO amplitude in Noise in OI infants (18-24 months), compared to YI
(7-12 months). (A) Grand average Fast Fourier Transform analysis of the Frequency
Following Response (FFR) period (25-40 ms) for YI shows a distinct peak at the
stimulus fundamental frequency (FO=~100Hz) in Quiet (black line), but a
diminished magnitude in Noise (grey line). Representation of the higher frequencies
(HF) is measured over 220-720 Hz, which accords to the first formant (F1) in the
stimulus. (B) The same conditions are shown for Ol The Noise response more
closely follows the FO representation in Quiet in this group, compared to Yis. (C)
Pooled data show the maximum FO peak amplitude in Noise (grey bars) is
significantly larger in Ols, compared to Yls.

surements. Main Effects of Noise were also observed in these two
tests (p < 0.001). Subsequent independent t-tests showed that FO
magnitude in Noise was greater in the OI than in the YI group for
both Maximum Amplitude (t,s = 2.190, p = 0.038) and Root Mean
Square (tys=2.135, p=0.042) over a range of 80-120Hz
(Fig. 3C). In addition, paired samples test showed that only the YI
group had reduced FO amplitude in Noise as measured by

Maximum Amplitude (t;3 =6.501, p <0.001) or RMS (t;3=6.522,
p < 0.001). OI showed no statistical difference between FO in Quiet
and FO in Noise (p > 0.05).

Similar to the FO finding, the fidelity of the FFR in noise, mea-
sured by Stimulus-to-Response (SR) cross-correlations, also
appears to be more resilient in older infants. The SR cross-
correlation is a calculation of similarity between the stimulus
and response (see Methods) and produces values of lag (time dif-
ference between stimulus and response) and r-value (strength of
similarity). A Main Effect of Age was observed for the SR r-values
(F126=5.632, p=0.025). Subsequent t-tests showed that OI
r-values were higher in the Noise condition, compared to YIs
(t=2.524, p=0.018) (for means see Table 5, for illustration see
Fig. 4A and B). No differences in quiet were observed in SR lag
times across Yl (Mean=8.22ms, SD=0.956ms) and Ol
(Mean = 8.40, SD = 0.974)

In contrast to the group differences shown above, HF encoding
appears to be impacted by noise similarly in both infant groups.
Only a Main Effect of Noise was observed for HF magnitude
(F26=4.347, p=0.047), and no differences of group were
observed in the ensuing t-tests (Table 5).

4. Discussion

To the authors’ knowledge, this study is the first to show
speech-in-noise processing in infants. Based on previous data in
children and adults, we predicted that noise disruption of the FO
and HF speech frequencies would be greater at younger ages. We
show that older infant encoding of speech FO amplitude is more
robust, and less vulnerable to the addition of +10 dB SNR noise,
compared to younger infants. The Stimulus-to-Response (S-R) cor-
relation finding corroborates the FO amplitude finding, suggesting
that the older group has better representation of the periodic por-
tion of speech in noise.

Overall, the data show that older infants (18-24 months) have
stronger FO representation of speech-in-noise compared to their
younger counterparts (7-12 months). However, the brainstem
response suggests that HF representation is not yet robust enough
in either group to reveal differences in within-subject or between-
group comparisons. We believe this may be due to a constraint of
the brainstemn response measurement tool, rather than a reflection
of infant capacity for representation of HF at this age, as it is well
known that infants can hear sounds above 10 kHz in the first year
of life (Trehub et al., 1989).

Previous data in school-aged children showed a clear response
pattern (Russo et al., 2004) demonstrating that: (1) transient mea-
sures of peak latency are correlated to each other, and (2) sustained
FFR measures are correlated to each other, but (3) transient mea-
sures and sustained measures are largely independent. The larger
number of correlations observed among transient measures in
the OI group mirrors the effects reported in school-aged children.

Russo et al. (2004) also showed that noise typically delays the
wave V onset response and decreases the magnitude of an individ-
ual’s FFR response in Quiet by about 30-40% in children and adults.
The noise-induced wave V onset delay observed in both groups is
in line with the amount of delay seen in children and young adults.
This suggests that the impact of noise on broadband, transient
acoustic shifts has matured by 7 months of age. In contrast, we
found that the magnitude of FO decrease was larger than in
school-aged children or adults; about a 60% decrease in the OI
group and up to an 80% decrease in the YI (see Table 5) and these
values significantly differed across groups. The Stimulus-to-
Response correlation measures exhibited similar results with Ols
having a higher SR correlation in Noise, compared to YIs. High fre-
quency representation and peak latency values were similarly
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Table 5
Measures of the Frequency Following Response in infants for quiet and noise conditions.
Age Cond. FO Max. (nV) FO RMS (nV) HF RMS (nV) S-R corr. (r)
YI Quiet M 3.21 2.49 0.417 0.133
n=14 SD 1.19 0.90 0.135 0.047
Noise M 0.672 0.653 0.245 0.131
SD 0.757 0.451 0.075 0.052
ol Quiet M 2.45 1.71 0.295 0.148
n=14 SD 1.86 1.26 0.120 0.058
Noise M 1.42 1.10 0.249 0.184
SD 1.02 0.714 0.122 0.060

YI: Younger Infants (7-12 months); OI: Older Infants (18-24 months); M: Mean; SD: Standard Deviation; FO Max: Maximum FO amplitude, FO RMS: Root Mean Square over
the FO range, HF Max: Maximum Amplitude of the High Frequencies, HF RMS: Root Mean Square over the HF range; S-R corr.: Stimulus-to-Response Correlation coefficient;

nV: nanovolts.

impacted by noise in both groups, and no group differences were
observed for these values in Quiet or Noise conditions.

In line with the Anderson et al. (2015) findings, our data suggest
that FO, HF encoding and peak latency maturation of the brainstem
response to speech in Quiet may be complete or at the very least,
changing quite slowly, by 6-months-of age. Longer time windows
between groups and comparison with adult values are needed to
determine the entire trajectory of maturation in Quiet. On the
other hand, speech processing in background noise appears to have
a longer maturational timeline, such that changes continue to
occur in speech-related auditory mechanisms well into the second
year of life. The results of this study also demonstrate that this
developmental timeline can be captured by measuring the FO mag-
nitude of the FFR response or the Stimulus-to-Response correla-
tions in at least +10 dB SNR background noise.

The current study’s data support a maturation-timeline hypoth-
esis, showing that neuronal synchrony of the ABR and FFR peaks is
more cohesive in the older group. Peak timing in the current data
was evaluated at Waves V, A, D, E and F. In school aged-children
and adults, the first two waves are generally related to each other,
and are thought to reflect rapid encoding of the frequency shifts in
the consonant onset. Waves D, E and F form another group of
related waves, reflecting the mechanism of sustained phase-
locking to the vowel FO. While both infant groups in this study
show a positive correlation between onset Waves V and A, only
the older infant group shows a positive correlation between Waves
D, E and F latency (Table 3). This implies that the older groups’
phase-locking, a measure that reflects phase synchrony of the neu-
ral response, is more consistent, such that latency increase in one
peak is matched at the next.

Cohesive neuronal synchrony is critical for accurate encoding in
noisy conditions because the addition of background sounds ran-
domly interferes with neuronal temporal variability. In the mature
mammalian system, single-unit firing of the auditory nerve and
brainstem structures such as the cochlear nucleus and inferior col-
liculus can be time-locked to a segment of the cycle of periodic
stimulus (Rose et al., 1967), producing a tight distribution of dis-
charges around a “preferred phase”. The width of spike distribution
around the preferred phase reflects response variability plus
background activity (such as the oscillating patterns of sponta-
neous firing activity). When background noise is added, the firing
distribution pattern widens because noise introduces randomly
timed excitatory activity. The interaction between noise and neu-
ronal firing gives rise to a systemic model that helps explain our
findings here (see Fig. 5). If neuronal cohesion and synchrony is
strong the random firing pattern introduced by the addition of
noise will have a small effect. However, if the peripheral system
is still immature or a neuronal dys-synchrony is present very early
on, the random firing pattern of additional noise will decimate the
tenuous frequency following response. In the first case, the neu-
ronal representation of the stimulus will withstand the effect of

noise and provide the auditory system with a higher chance of per-
ceptual salience. This appears to be the case with the OI, who have
little reduction in FO in the Noise condition. In contrast, YIs have a
nearly decimated FO response in the Noise condition implying per-
haps, weaker phase coherence. In this case there is less chance that
the sound will be heard and understood in noise because the major
acoustic features related to FO are indistinct.

Formants, such as FO, are important speech cues that reflect fre-
quency bands of concentrated energy created by the shape of the
vocal tract during speech production. FO provides the perceptual
cues needed to discriminate prosodic cues that communicate emo-
tion in speech and can help segregate speech from background
noise (Stevens and Klatt, 1974; Ganong, 1980; Qin and Oxenham,
2003). Therefore, difficulty encoding the FO, particularly in noisy
environments like the NICU, could contribute to decreased speech
intelligibility during critical developmental periods, with possible
consequences ranging from a negative impact on the construction
of the emerging phonetic map to a decreased recognition of the
mother's voice (deRegnier et al., 2002). Another developmental
effect may be that younger infants are more likely to respond to
auditory change, rather than stable acoustic qualities. This suggests
that differential attention in younger infants may be allocated
more to detecting dynamic acoustic changes rather than process-
ing static cues such as the FO, making it more difficult to identify
speech in noise.

The question naturally arises as to why speech-in-noise would
be more robustly encoded in older infants, or conversely, so
reduced in the younger cohort? We hypothesize that robust encod-
ing in noise is indicative of a more well-developed sound encoding
system. Early maturation of the FFR has been demonstrated as
young as two (Van Dyke et al.,, 2017) and three months of age
(Jeng et al., 2010). These studies show that measures of speech
FO and F1 harmonics in quiet closely resemble and are statistically
indistinguishable from adult responses. Maturation of the FFR in
quiet, however, does not reflect the entirety of maturation in the
auditory nervous system. Aspects of auditory development are
known to continue well into the first decade of life, as measured
by both neuronal architecture and perceptual behavior (Werner
and Gray, 1998). Embryological and immunochemical studies in
post-mortem infant brain tissue show that infants between six
and 12 months of age have a fully-developed cochlear sensory
apparatus [for review, see (Hall, 2000)] and mature brainstem neu-
ronal architecture (Moore, 2002; Moore and Linthicum, 2007).
However, Moore and colleagues also demonstrated that only at
about 2 years of age does the neuronal organization of the auditory
cortex begin to resemble that of adults, with functioning thalamo-
cortical connections and a mature organization of the granular
layer that receives these projections. Better encoding in noise in
the older infants may well be linked to this cortical development.
A prominent theory of subcortical plasticity argues that “the brain-
stemn operates as part of an integrated network of subcortical and
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Fig. 4. Illustration of Stimulus-to-Response Correlations in Noise and Pooled Means
in Quiet and Noise Conditions. {A) The effects of background noise on timing of
response were quantified by performing stimulus-to-response (S-R) correlations.
Analysis was performed by shifting the Frequency Following Response portion of
the response (thick black line) over the entire stimulus until a maximum correlation
was achieved. This time period represents the neuronal conduction time or time it
takes the stimulus to reach from the ear to the brain. In panel A, the stimulus
waveform (thin grey line) is shifted to accord with the mean correlation lag
(8.22 ms) for the YI group (7-10 months). Waves D, E and F of the YI response in
Noise (thick black line) are shifted, and unevenly timed in relation to the FO peaks in
the stimulus. (B) The same conditions are shown for the OI (18-24 month) group.
The stimulus waveform is shifted by the mean lag (8.40 ms). (C) Pooled data for the
correlation coefficients are shown with significant differences between groups in
the noise condition.

cortical structures linked by afferent and efferent processes” (Song
et al., 2012). This theory is supported by animal models showing
that plasticity in the brainstem is gated by cortical activity (Hyde

and Knudsen, 2001; Suga et al., 2002). If true, this implies that neu-
ronal resistance to the deleterious effects of noise may, in part,
depend on cortical activity in the developing system and that
infant encoding in noise will be unstable until some threshold of
maturation has been reached. A dynamic neuromaturation theory
of speech processing reflecting these principles is illustrated in
Fig. 5.

From the developmental point of view, phonemic maps of an
infant’s native language are still under development within audi-
tory cortex between 6 and 12 months-of-age (Ortiz-Mantilla
et al,, 2013, 2016). By 18-24 months, these phonemic cortical
maps are already in place, making infants more efficient language
processors. Previous studies posit that the demand for complex
organization, such as cortical mapping, and the near-
simultaneous encoding of acoustic detail engages cortical mecha-
nisms that are capable of refining the neural code at a basic sensory
level (Musacchia et al., 2008; Patel, 2014). This idea is consistent
with models of perceptual learning that involve perceptual weight-
ing with feedback (Nosofsky, 1986) and animal models showing
recurrent corticofugal modulation during ecologically salient tasks
(Liberman and Mattingly, 1989; Zhang et al., 1997; Hyde and
Knudsen, 2001, 2002). In infants, establishment of native language
phonemic maps in the auditory cortex may increase perceptual
weighting and decrease the cognitive effort required to process
speech sounds; making way for fine-tuning of encoding mecha-
nisms in brainstem nuclei.

5. Conclusions

Overall, this study demonstrates that speech-in-noise process-
ing measures can be recorded in awake, unsedated infants and that
the developmental timeline for maturation of speech-in-noise pro-
cessing extends into the second year of life. These findings under-
score the need for an expanded cadre of audiological testing
measures in order to obtain a complete picture of functional hear-
ing in infants and young children. The results detailed here expand
on prior studies that used meaningful measures of speech and
speech-in-noise processing in school-aged children to delineate
and quantify the complex auditory processing mechanisms that
support language acquisition. Measures of speech and speech-in-
noise processing that have been especially useful in identifying
neural deficits associated with language problems in older children
show great promise as a tool to enable very early identification of
currently undetectable deficits in infants’ auditory processing.

In order for the cABR to be useful in identifying early markers
of auditory deficits, normative values must be established and
compared to language outcomes. The demographic and case his-
tory data we obtained on our subjects was sparse but targeted
(i.e. no known neurological disorders, no birth complications
and passed the universal newborn hearing screening). However,
we cannot definitively state that no child in our cohort will
develop language learning impairments later in life. Therefore, it
is premature to suggest that these data can be used as normative
values. Furthermore, the present data cannot distinguish whether
the absolute amplitude measures of speech-in-noise at either age
is more predictive of language outcome, as compared to the
degree of change over time. In order to disentangle these ques-
tions, follow-up studies are needed that compare early response
patterns to later patterns, and language outcOomes in the same
infants. In addition, larger samples are needed to account for
more cross-age variability in this population. Further exploration
of the predictive value of the cABR to later language outcome,
given the fact that it appears to be both sensitive and reliable,
may well increase the potential utility of the speech-in-noise
CABR/FFR measure.
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Peripheral Synchrony and Corticofugal Refinement for
Speech Processing in Noise
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Fig. 5. Block diagram to explain the working hypothesis for the perception of speech in noise according to dynamic peripheral and central auditory processing. A simplified
model of the auditory system is presented. Speech-in-noise is first transduced from sound vibrations into electrical energy in the peripheral system. If the synchrony of the
peripheral auditory system is cohesive, as illustrated by a tightly grouped phase-locking histogram (Left), there will be a robust frequency following response observed in the
cABR or FFR scalp-recorded response. A less mature system with a high degree of neuronal dys-synchrony on the other hand, as illustrated by a flat distribution of the phase-
locked response on the right, will be reflected in a weak scalp-recorded FFR response. The robustness of the peripheral representation may then determine the degree to
which phonetic boundaries are developed, and the extent to which corticofugal modulation of firing takes place. When both the peripheral and central mechanisms are
mature, this leads to good perception regardless of noise (left). If the auditory system is immature, or abnormally dys-synchronous, this can lead to a recursive weakening of

speech perception in noise.
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