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Highlights

Frequency-following responses (FFR) were recorded on 46 newborns
Seven objective FFR parameters were retrieved in time and frequency domains

A normative data-base is offered to guide future clinical studies
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Abstract

The Frequency-Following Response (FFR) is a neurophonic auditory evoked potential that
reflects the efficient encoding of speech sounds and is disrupted in a range of speech and
language disorders. This raises the possibility to use it as a potential biomarker for literacy
impairment. However, reference values for comparison with the normal population are not yet
established. The present study pursues the collection of a normative database depicting the
standard variability of the newborn FFR. FFRs were recorded to /da/ and /ga/ syllables in 46
neonates born at term. Seven parameters were retrieved in the time and frequency domains,
and analyzed for normality and differences between stimuli. A comprehensive normative
database of the newborn FFR is offered, with most parameters showing normal distributions
and similar robust responses for /da/ and /ga/ stimuli. This is the first normative database of the
FFR to characterize normal speech sound processing during the immediate postnatal days, and
corroborates the possibility to record the FFRs in neonates at the maternity hospital room. This
normative database constitutes the first step towards the detection of early FFR abnormalities
in newborns that would announce later language impairment, allowing early preventive
measures from the first days of life.

Keywords: auditory brainstem response, FFR, auditory processing, speech encoding, hearing
screening, human neonates, language impairments, cognition.
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1. Introduction

Auditory brainstem responses (ABR) otoacoustic emissions (OAE) to simple auditory stimuli are
used in clinical practice to assess auditory pathway integrity (Hoth et al., 2009; Moller, 1999;
Stuart et al., 1996). Universal newborn hearing screening based on the ABR or OAE has provided
the earliest possible diagnosis for infants with permanent hearing loss (Moeller et al., 2006).
ABRs can also be elicited with more complex stimuli such as speech or music. Studying brainstem
responses to complex stimuli has revealed that the subcortical auditory system is more than a
set of relay stations transmitting information from the peripheral sensory epithelium to the
cerebral cortex (Song et al., 2008). Subcortical contributions to the neural representation of
sound can hence be reliably studied using a variant of the ABR, the so-called Frequency-
Following Response (FFR).

The FFR is a non-invasive electrophysiological measurement that reflects the encoding of the
temporal and spectral characteristics of complex evoking sounds in a cortico-subcortical
auditory network (Bidelman, 2018; Kraus and White-Schwoch, 2015; Skoe and Kraus, 2010).
Disruptions in the FFR are found in children with deficits in phonological awareness, reading and
abnormal timing resolution (Abrams et al., 2006; Banai et al., 2009, 2005; Basu et al., 2010;
Hornickel et al., 2012, 2011, 2009; Johnson et al., 2007; King et al., 2002; Kraus et al., 1996;
Wible et al., 2004). Children with reading or language disorders have significantly slower neural
response timing, weak neural encoding of formant-related stimulus harmonics and less robust
tracking of frequency contours than typically developing children (Banai et al., 2005; Basu et al.,
2010; Billiet and Bellis, 2010; Hornickel et al., 2009; Wible et al., 2004).

In addition, neurodevelopmental disorders characterized by impaired communication and
literacy skills such as dyslexia or autism spectrum disorder (ASD) have been associated with
abnormal subcortical representation of speech sounds. Hornickel and Kraus (2013) described
that children with dyslexia are characterized by delayed and harmonically impoverished
responses from the auditory brainstem (Banai et al., 2009; Basu et al., 2010; Hornickel et al.,
2012, 2011) and reduced subcortical representation of stimulus differences (Banai et al., 2005;
Hornickel et al., 2009). In children with ASD, Russo et al. (2009) reported deficits in timing and
frequency encoding of speech sounds at brainstem level. ASD individuals also exhibited a
subcortical neural response which was more vulnerable to background noise in comparison to
typically developing children. Another recent study described more variable FFRs in children
with ASD compared to their healthy peers (Otto-Meyer et al., 2018).

Moreover, White-Schwoch and colleagues (2015a) examined the FFRs recorded from a group of
3-4 years old children and reported that the precision and stability of the neural encoding of
consonants in noise predicted performance on reading readiness tests one year after the
neurophysiological assessment. In infants with ages between 3 to 10 months, Anderson et al.
(2015) found a robust fundamental frequency representation while the amplitudes of the first
formant and higher harmonics in the FFR increased with age. Thus, the FFR may offer a
neurophysiological marker of the efficient encoding of speech sounds related to literacy abilities
(Hornickel and Krauss, 2013).

In spite of the potential of the FFR to anticipate reading and literacy impairments, little is known
about the neural transcription of speech sounds in newborns. Recently, Kraus and
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White-Schwoch (2016) suggested an idealized scenario where the FFR could be registered after
the hearing screening test was passed using the same equipment, with only replacing the
typical click or burst stimulus used for ABR with a speech sound. Their claim was that FFR
screening could help identifying newborns at risk of developing literacy impairments in the
future, so that they could be referred to appropriate specialists for a more exhaustive
examination.

The interest to improve our knowledge in the early maturation of complex sound processing at
brainstem level is further encouraged by the plasticity of neural tissues in subcortical structures
(Johnson et al., 2008; Krisham et al., 2009, 2005; Musacchia et al., 2007; Russo et al., 2005;
Song et al., 2008; Strait et al., 2009; Wong et al., 2007). Recent studies have shown that the
FFR is sensitive to language (Krishnan et al., 2009, 2005; Krizman, 2015; Xu et al., 2006), musical
experience (Bidelman et al., 2014; Jonhson et al., 2008; Lee et al., 2009; Musacchia et al., 2007;
Strait et al., 2009; Weiss and Bidelman, 2015; Wong et al., 2007) and short- and long-term
auditory adaptation and training (Escera, 2017; Russo et al., 2005; Song et al., 2008). Evidence
of brainstem response modulation by musical training has been shown with a few years of
lessons (Parbery-Clark et al., 2012; Strait and Kraus, 2014; Zuk et al., 2013) and observed in
very young musicians of 3 years of age (Skoe and Kraus, 2013; Strait et al., 2014, 2013, 2012).
After a revision of a number of phonologic intervention studies, Handler et al. (2011) confirmed
the effectiveness of phonologic training implementation during the first years of life in reading
impaired children as compared to those who were not identified or helped until years later
(Foorman et al., 2003; Lyon et al., 2010; National Institutes of Health, 2000; Schatschneider
and Torgesen, 2004; Vellutino et al., 2004; Willcutt and Pennington, 2000). Hence, detecting
early FFR abnormalities in newborns that would announce later language impairment would
allow installing early preventive measures such as music enrichment programs (Kraus et al.,
2014).

The possibility to record FFR in newborns has been suggested in no more than ten studies so
far, showing a remarkable similarity between the adult and newborn responses (Gardi et al.,
1979; Jeng et al., 2016, 2013, 2011b). In addition, Jeng et al. (2016, 2013, 2011b) reported
similar FFRs in American and Chinese newborns indicating an early and universal maturation of
voice-pitch processing at brainstem level in neonates at 1-3 days after birth. However, before
the FFR can be used in the clinics, normative values need to be established. The aim of the
present study was the collection of a normative database depicting the standard variability
observed in different relevant parameters retrieved from the newborn FFR.

2. Methods
2.1. Participants

Fifty term newborns (24 females, aged 14-125 hours after birth) were recruited from Sant Joan
de Déu Hospital in Barcelona (Catalonia, Spain). By medical reports, all newborns were low-risk
gestations without neither obstetric pathologies nor risks factors for hearing impairment as
determined by the Committee on Infant Hearing as a “high-risk registry” (Joint Committee on
Infant Hearing, 1994). All the participants had a high Apgar score (>7) at 1 and 5 minutes of life.

All newborns passed the standardized hearing screening of peripheral auditory health using an
automated auditory brainstem response system (ALGO 3i, Natus Medical Incorporated, San
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Carlos, CA), before the experiment. Each newborn also passed a normal click-evoked auditory
brainstem response collected with a standard SmartEP platform (Intelligent Hearing Systems,
Miami, Fl). Standard click ABR was recorded in response to a 100 ps square-wave click stimulus
presented at 55 dB SPL according to standard procedures to the Joint Committee on Infant
Hearing (2007). Mean latency and amplitude of wave V were 8.90 (+ 0.79 SD) ms and 0.27 (+
0.15 SD) uV, respectively (Fig. 1), being comparable to the norms published by Stuart et al.
(1994). Four newborns were excluded from the final sample because their wave V could not be
reliably identified.

Informed consent was obtained from legal guardians of the newborns assessed in accordance
with the Declaration of Helsinki after the study has approved by the Ethical Committee of Clinical
Research (CEIC) of the Sant Joan de Déu Foundation.

2.2. Stimuli

The complex auditory stimuli used were the syllables /da/ and /ga/ created with a Klatt-based
synthesizer (Klatt, 1976) and modified by Praat (Boersma and Weenink, 2013) to have a
fundamental frequency (Fo) of 113 Hz in both syllables. The use of Foof 113 Hz instead of the
very common Fo at 100 Hz was motivated to avoid contamination by harmonics of the 50 Hz
electric line in Europe. The stimuli had a duration of 170 ms, including a 10 ms onset period, a
47 ms consonant transition and a 113 ms steady state vowel. These sounds differed only by the
trajectory of their second formant (F2) during the consonant transition (/da/: 1438-1214 Hz;
/ga/: 1801-1214 Hz). In the vowel region, all the formants were stable in both syllables. Stimuli
were presented at 55 dB SPL in alternating polarities with a 100.27 ms inter-stimulus interval
(presentation rate of 3.7 Hz) to the right ear through Etymotic shielded earphones of 300 ohms
(ER, Elk Grove Village, IL, EEUU) connected to Flexicoupler® (Natus Medical Incorporated, San
Carlos, CA) adaptor.

2.3. Procedure

All newborns were tested in the hospital room where they were resting with their mother once
the newborn hearing screening was already passed. For the recording, each newborn was asleep
in its own bassinet and the researcher interrupted the experiment to any sign of sleep
disruption, to restart the recording as soon as the newborn was calm again. The total mean
duration of a test session was 26.09 (+ 3.56 SD) min (51.81 ms x 2000 sweeps x 1 condition +
270.27 ms x 2000 sweeps x 2 conditions + duration of sweeps rejected + time needed to check
electrodes impedances + time for the newborn restored the sleep in case that it was disrupted).
If the recording time exceeded this duration, the session was canceled and postponed for several
hours or until the next day.

2.4. Data adquisition

FFRs were collected with a SmartEP platform including the cABR and Advanced Hearing Research
modules (Intelligent Hearing Systems, Miami, Fl, EEUU). Auditory brainstem responses to click
and to the syllables /da/ and /ga/ were recorded using disposable snap Ag/AgCl electrodes
placed in a vertical montage (the active electrode was located at Fpz, references at each ear,
and ground at the forehead) with impedances < 5 kQ (Fig. 2). Only the ipsilateral reference was
used in the analysis (Hornickel et al., 2009). The continuous EEG was online bandpass filtered
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from 30-3000 Hz and acquired with a sampling rate of 13333 Hz. Responses were collected by
alternating polarity and averaged ((Org.+Inv.)/2) to isolate the neural response by minimizing
stimulus artifact and cochlear microphonic (Aiken and Picton, 2008). Any activity exceeding +30
UV was rejected online as an artifact, and a total of 2000 artifact-free responses were averaged
for each syllable and newborn. Rejection was smaller than 15% of sweeps per condition.

2.5. Data processing and analyses

Neural responses to /da/ and /ga/ were averaged separately and epoched into 270.27 ms
windows (including 40 ms pre-stimulus period). After averaging, data were filtered off-line with
a spectral bandpass filter with infinite slope from 80 to 3000 Hz to isolate brainstem responses
(Chandrasekaran and Kraus, 2009).

After a review of the analytic techniques used to characterize the FFR in different populations
(Anderson et al., 2015; Banai et al., 2009; Basu et al., 2010; Hornickel et al., 2012, 2011, 2009;
Hornickel and Kraus, 2013; Jeng et al., 2013, 2011a, 2011b, 2010; Jonhson et al., 2008, 2007; Liu
et al., 2015; Musacchia et al. 2007; Neef et al., 2017; Russo et al., 2005; 2004; Skoe et al., 2011;
Strait et al., 2014; White-Schwoch et al., 2015a and 2015b; White-Schwoch and Kraus, 2013), an
extensive number of parameters are included in this study to offer an accurate description of
FFR properties in newborns. In the time domain, cross-correlation between the stimulus and the
neural response, the neural lag and the signal-to-noise ratio (SNR) are reported. Pitch error and
pitch strength, extracted from a sliding time-window autocorrelation approach, were also
evaluated. In the spectral domain, the amplitude of the fundamental frequency and its
harmonics was calculated based on fixed time-windows. Signal-to-noise ratio variation along the
stimulus duration, computed as points below noise floor using a sliding time-window approach,
is also reported. All analyses were performed under Matlab R2015b (Mathworks) using routines
provided by Intelligent Hearing Systems (Miami, Fl, EEUU) and custom scripts developed in our
laboratory. The following sections describe the rationale and procedure to obtain each of these
measures.

2.5.1. Time domain

To examine the FFR in the time domain, a cross-correlation between each syllable stimulus and
the neural response was computed. For the purpose of comparison, each syllable was resampled
to the sampling rate of the EEG recording (13333 Hz), and bandpass filtered between 80 — 3000
Hz. The magnitude of the first maximum cross-correlation peak and its lag are reported. In
addition, the signal-to-noise ratio (SNR) of the FFR was computed in three time windows,
corresponding to three different regions of the acoustic stimulus: consonant transition (10 — 57
ms), vowel (57 — 170 ms) and entire response (0 — 170 ms). In the following lines, each of these
objective parameters is briefly described.

2.5.1.1. Stimulus-to-response cross-correlation. The cross-correlation magnitude shows how
faithfully the FFR reproduces the stimulus waveform as a function of the time shift between the
two (Russo et al., 2004). The maximum cross-correlation value was obtained within a response
time lag of 3 to 10 ms, in line with previous studies (Jeng et al., 2010).
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2.5.1.2. Neural lag. The neural lag is an estimation of the transmission delay between stimulus
and response. It was retrieved as the time lag that produced the maximum stimulus-to-response
cross-correlation magnitude computed as described above.

2.5.1.3. Signal-to-noise ratio (SNR). Root mean square (RMS) amplitude (in pV) indicates the
overall magnitude of neural activity over time (Liu et al., 2015). RMS is calculated by squaring
each point in a region of the response waveform, computing the mean of the squared values
and then computing its square root. The RMS amplitudes of the FFR to the consonant transition,
the vowel and the entire stimulus were computed separately and divided by the RMS amplitude
of the pre-stimulus period (-40 — 0 ms) (Anderson et al., 2015; Russo et al., 2004). In order to
account for individual response-to-stimulus delays, the individual neural lag retrieved from the
stimulus-response cross-correlation analysis was added to each of the selected regions (except
to the pre-stimulus region).

Additionally, we computed the autocorrelation function of the entire FFR recording in a sliding
time-window approach, using short bins of 40 ms (Hanning tapered) with 1 ms step size. In each
bin, the periodicity of the Fo was estimated as the frequency (inverse of the lag) yielding the
maximum autocorrelation value (Boersma, 1993) within a predefined frequency range, fixed
from 103 to 123 Hz, leaving a 10 Hz buffer at each side of the Fofrequency of the stimulus (113
Hz) (Jeng et al., 2013, 2011b, 2010). The Fos from each bin were concatenated to construct the
Fo contour of the FFR recording. The same procedure was applied to the stimulus waveforms
/da/ and /ga/. Two objective parameters were extracted using this method, as described next.

2.5.1.4. Pitch error. Pitch error (in Hz) is a measure of pitch encoding accuracy of the FFR along
the syllable presentation. Once the syllable was shifted the time equivalent to the average of
the individual neural lag, the absolute Euclidian distance between the syllable Fo and the
response Fo from each bin was calculated and averaged together (Liu et al., 2015; Song et al.,
2008).

2.5.1.5. Pitch strength. Pitch strength is a measure of periodicity that reflects the robustness of
the response’s phase-locking to the syllable Fo contour (Jeng et al, 2013). It was computed as the
average across bins of the normalized autocorrelation values at the signal’s Fo.

2.5.2. Frequency domain

To examine the FFR in the frequency domain, we computed a Fast Fourier Transform (FFT;
Hamming windowed) separately for the three different regions of the stimuli as described above
(see 2.5.1), each region adjusted for each newborn to account for the individual neural lag. In
order to avoid artifact differences in power estimates due to different window lengths, the
Welch’s averaging method (Welch, 1967; pwelch.m Matlab function) was applied to estimate
the power spectrum of the demeaned signal corresponding to the consonant transition, the
vowel and the entire response (segments of 40 ms, equivalent to the window length of the pre-
stimulus region; Hamming windowed; 82.5% overlap; spectrum type specified as ‘power’).

2.5.2.1. Spectral amplitude. The spectral amplitude indicates the magnitude of neural
phaselocking at a certain frequency (White-Schwoch et al., 2015b). In order to compare our
results with the previous literature, a square root of power estimates was applied to convert
them to spectral amplitude. Spectral amplitude corresponding to the Fo (113 Hz) and its integer
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harmonics up to 1500 Hz (i.e., HH2.13) were computed as the mean over a + 5 Hz frequency
window centered at each individual peak. Two values are reported: 1) the Fo spectral amplitude;
and 2) a composite value for all Fo harmonics, resulting from averaging the spectral amplitudes
of HH2.13 (Krizman et al., 2015; Parbery-Clark et al., 2009).

2.5.2.2. Points below noise floor. In addition, we computed the spectrogram of the entire FFR
recording in short bins of 40 ms (Hanning tapered) with 1 ms step size. Spectral amplitudes were
computed with FFTs after zero-padding each FFR bin to 1s to increase spectral resolution, and
Hanning windowed. This method allowed extracting the points below noise floor, which is an
objective index that describes how the signal could be discerned and differentiated from the
noise. It is computed dividing the Fospectral amplitude of each bin by the Fo spectral amplitude
computed in the pre-stimulus region (Song et al., 2008). The total number of bins in which the
spectral amplitude of Fg is smaller in the post- vs. the pre-stimulus region is reported.

2.6. Statistical analyses

SPSS 22.0 was used for statistical analysis. Descriptive statistics for each parameter computed
for each syllable (/da/, /ga/) are presented as mean and standard deviation (SD) or median and
interquartile range (IQR), after assessing normality distribution by Kolmogorov-Smirnov Statistic
with Lilliefors’ Significance.

The initial statistical approach was a 2x2 repeated measures analysis of variance (RMANQOVA),
with syllable (/da/, /ga/) and region (consonant transition, vowel) as factors. However, in the
objective indices where the results were obtained only in one response region (i.e., stimulus-to-
response cross-correlation, neural lag, pre-stimulus RMS amplitude, pitch error, pitch strength
and points below noise floor), a t-test or Wilcoxon test was computed according to the
assumption of normal distribution. In the spectral amplitude analyses, a third factor was
included (harmonic: Fo, average amplitude HH,.13). The Greenhouse—Geisser correction was
applied when the assumption of sphericity was violated. A result was considered significant
when p<0.05 using a two-tailed analysis. Bonferroni correction was used to adjust p-values for
all multiple pairwise contrasts.

3. Results

Grand-average FFR waveforms for both syllables (/da/, /ga/) and the corresponding amplitude
spectra of the consonant transition and the vowel regions of the response are shown in Fig. 3A.
Individual waveforms and corresponding amplitude spectra from a typical newborn with high
SNR (NF 029) and from another newborn with very low SNR (NF 038) are plotted in Fig. 3B and
3C, respectively. Grand-average spectrograms are presented in Fig. 4A, and those from the same
individual newborns as in Fig. 3 are shown in Fig. 4B and 4C. As Fig. 4 shows, the newborn FFR
contains clear energetic content in the Fo contour of the syllable, but not in its harmonic
frequencies, in agreement with Jeng et al. (2016, 2013, 2011b). Below, we provide a series of
descriptive statistics extracted from the values obtained to all computed parameters. In
addition, we provide a statistical comparison of parameter values across stimulus types (syllable

/da/ vs. /ga/).

3.1. Time domain
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In the time domain, a normal distribution was observed for most of the parameters assessed.
Only the values of the SNR computed for the consonant transition when the syllable /da/ was
presented and the values of the SNR calculated for the vowel and the entire response when the
syllable /ga/ was presented did not follow a normal distribution. The corresponding descriptive
statistics are reported in Table 1. Fig. 5 illustrates the distribution of the values obtained in all
time-domain parameters for each syllable (/da/, /ga/) and indicates the response region
assessed (consonant transition and vowel) for SNR. Pitch tracking and pitch strength obtained
from the grand-average waveforms and from the individual newborns depicted in Fig. 3 with
high and low SNR are shown in Fig. 6 and 7, respectively.

A comparison of the time-domain parameter values obtained to the /da/ and /ga/ syllables
showed no significance differences in stimulus-to-response cross-correlation values (t(45) =
0.032, p = 0.974) nor in neural lag (t(45) = - 0.251, p = 0.803). RMS amplitudes during the pre-
stimulus baseline period were not significantly different either (t(45) = 1.860, p = 0.069). Thus,
any difference observed in response to the /da/ and /ga/ stimuli could not be attributed to
variation in pre-stimulus spontaneous activity. However, no differences were observed in SNR
between syllables (F(1,45) = 1.630, p = 0.208, n? = 0.239). Regarding response region, in contrast
with previous studies, the SNR of the vowel was smaller than that of the consonant transition,
irrespective of the syllable (F(1,45) = 32.385, p < 0.001, n? = 1). Finally, pitch measurements,
extracted from a sliding time-window autocorrelation approach applied to the entire FFR
recording, did not show any significant differences between syllables either (pitch error: t(45) =
-1.440, p = 0.157; pitch strength: t(45) =-1.187, p = 0.242).

3.2. Frequency domain

In the frequency domain, spectral amplitude values followed a normal distribution for most of
the conditions assessed. However, points below noise floor values did not pass the Kolmogorov-
Smirnov test. Descriptive statistics are reported in Table 2. Fig. 8 illustrates the distribution of
spectral amplitude values across response regions (consonant transition, vowel), harmonics (Fo,
HH>.13) and syllables (/da/, /ga/), as well as the distribution of points below noise floor values
across syllables. Fig. 6 shows the points below noise floor computed from the grand-average
waveforms and from the individual newborns depicted in Fig. 3 with high and low SNR.

A three-factor RMANOVA (syllable: /da/, /ga/; region: consonant transition, vowel; harmonic:
Fo, HH2.13) performed on all spectral amplitude values showed no significance differences
between syllables (F(1,45) = 0.038, p = 0.846, n? = 0.054). Regarding response region, spectral
amplitudes were larger to the consonant transition than to the vowel (F(1,45) = 22.008, p <
0.001, n? = 0.996) in agreement with previous studies (White-Schwoch et al., 2015b). Regarding
the harmonic factor, an expected significant effect was found in spectral amplitude (F(1,45) =
274.123, p < 0.001, n? = 1), being larger for the Fothan for its harmonics. A significant interaction
between the region and the harmonic was observed as well (F(1,45) = 23.631, p < 0.001, n? =
0.997). Post-hoc analyses showed a slightly higher difference in spectral amplitudes between
the Fpand those of the HH,.13 in the consonant transition (mean Fo=43.293 nV, SE =2.801; mean
HH,.13 = 2.892 nV, SE = 0.110) than in the vowel portion (mean Fo = 35.212 nV, SE = 1.902; mean
HH,.13 = 2.917 nV, SE = 0.101). Finally, no significant differences were observed in points below
noise floor across syllables (Z =-1.116, p = 0.264).
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4. Discussion

We here provide the first normative database of the newborn FFR, thus demonstrating the
feasibility to record this electrophysiological response from bedside, in the maternity unit where
newborns are delivered, during their first hours of life.

In order to obtain a comprehensive database, two syllables with different stop consonants (/da/,
/ga/) were presented to 50 newborns aged 14-125 hours. Descriptive statistics of each of the
parameters assessed were obtained (see Table 1-2). Normal distribution was confirmed for most
of them, for which mean and standard deviation are reported. In those cases in which parameter
values did not follow a normal distribution, median and interquartile range are reported instead.
The representation of the distribution of all values using quartiles opens the possibility to
determine the location of an individual’s scores and to assess if her/his results are included into
the central 50% of values. In general, comparing our results with previous literature, we found
smaller values in all measures (Skoe et al., 2013; Strait et al., 2013; White-Schwoch et al., 2015b)
except in pitch error and pitch strength (Jeng et al., 2010). The lower values obtained, according
to Skoe et al. (2013) could be attributed to age differences.

For each of the objective parameters assessed, no differences between /da/ and /ga/ syllables
were observed, indicating that these two stimuli could be used interchangeably to obtain a
potential snapshot of pitch representation in the newborn’s brain before they are discharged.
However, differences were found between parameter values extracted from distinct portions of
the FFR, which corresponded to different stimulus regions, and from different harmonic
components of the frequency spectrum. For instance, higher SNR and spectral amplitude values
were found in the consonant transition compared to the vowel, possibly due to response
adaptation. In contrast, White-Schwoch et al. (2015b) showed higher SNR values for the vowel
region than for the consonant transition, although comparable results in spectral amplitude.
Regarding the harmonic content, higher spectral amplitude values were observed for the Fo in
comparison to higher harmonics (see Fig. 8), in line with previous observations (Anderson et al.,
2015; Banai et al., 2009; Jeng et al., 2016, 2013, 2011b; White-Schwoch et al., 2015b). While we
cannot rule out that this may be a particular characteristic of the newborn FFR, the procedure
used to obtain it, by averaging responses to opposite polarities, may have exerted a major
influence. In fact, while this operation enhances envelope representation, which is not polarity
dependent, it eliminates the temporal fine structure of the signal, drastically reducing the
spectral energy of the present harmonics (Aiken and Picton, 2008). This explanation may
account as well for the lack of differences found in parameter values across syllables.

The results obtained here are in line with those of Jeng and colleagues (2016, 2013, 2011b) who
corroborated that the newborn FFR (age: 1-3 days) could be registered during the first days of
life (Gardi et al., 1979). In addition to finding evident spectral energy content at the Foin the
newborn FFR spectrograms, differences in the Fo spectral energetic content across the individual
newborns assessed were observed (Jeng at al., 2016, 2013, 2011b), as in our study. However,
descriptive statistics of the different FFR parameters as the ones computed in the present study
were only published in Jeng et al. (2010), specifically for measurements related to pitch tracking.
They found similar FFRs to voice pitch between infants of 5.7 months mean age and adults using
a Chinese monosyllabic stimulus that mimics the English vowel /i/ with a rising pitch (117 to 166
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Hz). Mean and standard deviation of pitch error and pitch strength recorded from the infant
group were slightly smaller than those found in the present study. In spite of the differences in
group age and the stimulus materials, our results, together with those of Jeng et al. (2010),
confirm that pitch is accurately processed during the first stages of life.

We believe our study contributes a step forward towards achieving the ideal scenario proposed
by Kraus and White-Schwoch (2016). Taking the universal newborn hearing screening (UNHS) as
a reference, they proposed the implementation of a cognitive screening after the UNHS is
passed, by using the same recording system where only the classical click stimulus would be
replaced by a speech sound. In this study, FFRs were recorded in the hospital room where
newborns were resting with their mothers after the auditory screening was passed. Auditory
pathway integrity was corroborated by Wave V identification to a click presentation (Fig. 1) using
the same portable equipment employed afterwards to record the FFR to the syllables /da/ and
/ga/. As the specific hearing screening protocol recommended by the Joint Committee of Infant
hearing (2007) to promote the early identification and intervention of children with hearing loss,
we suggest, according to Kraus and White-Schwoch (2016), the establishment of a protocol with
which the identification of a disrupted newborn FFR would prompt the child to be referred to a
coordinated team for follow up, in seeking intervention strategies to improve his/her literacy
abilities. Several studies support that spectro-temporal encoding mechanisms could be
improved after short- (Song et al., 2012) and long-term (Hornickel et al., 2012) training protocols
using the FFR as a fingerprint reflecting these improvements. The neural plasticity of the
subcortical auditory system during the first days of life highlights the importance to this period
to detect as earlier as possible an abnormal FFR.

The speech tokens selected (/da/ and /ga/) are extensively used in the literature because several
studies suggest that stop consonants are an important constraint in populations with literacy
impairments (Kraus et al., 1996; Tallal and Stark, 1981; Turner et al., 1992). However, recent
studies suggest that the identification of the speech in noise is especially compromised in
populations with specific language impairment (Cunningham et al., 2001; Hornickel et al., 2009,
White-Schwoch et al., 2015a, 2015b, 2013). To complement the present normative database,
future studies using different stimulus materials, for example including speech in noise, and
achieving other potential objective indices retrieved from the FFR are needed.

In any case, this study offers valuable information relative to a specific lifetime that was not
included in previous normative database research and remained to be described. Skoe and
colleagues (2013) characterized the auditory brainstem response of 586 healthy participants
across an extensive age range (from 3 months to 72 years). With our data we contribute to fill
the gap in the research focused on the FFR trends along the lifetime. In addition, an age-
appropriate normative database is critical to establish a reference with which to compare the
results of an individual from a population that presents risk factors to develop literacy
impairments (Jeng et al., 2016; Skoe et al., 2013).

Albeit the potential clinical utility attributed to the FFR, its small amplitude at the scalp in
contrast with the high background noise constraints the quality of the recordings to translate
the use of the FFR from brain research to clinical applications. The averaging method is usually
used in clinical practice to assess how the signal is discernible to the noise recorded as a function
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of the number of sweeps presented (Jleng et al.,, 2011a). Recent studies offered different
threshold criterion depending on the statistical approach used and population assessed
(Bidelman et al., 2018, 2014; Jeng et al., 2018, 2013, 2011a). Thus, before the FFR could be
considered a universal clinical test, a consistent predetermined threshold to verify a
distinguishable FFR is required for each specific lifetime (Jeng et al., 2016).

In summary, the present study shows the possibility to record newborn FFR during the first
postnatal hours at the maternity unit before discharge and contributes to approximate the FFR
to clinical context. In agreement with Jeng et al. (2016), our study promotes longitudinal
research in which the newborns that present normal and abnormal FFR were followed up to
elucidate whether an FFR recorded during the first days of life could become a biomarker to
prevent future literacy disorders.
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Figure legends

Fig. 1 Distribution of Wave V parameters. Scatter plots depicting all tested newborns (light color
filled circles) within box plots for (A) latency, and (B) amplitude. In the scatter plots, dark filled
circle and dark filled triangle indicate data corresponding to the individual newborns selected
for illustration in successive figures, with high and low SNR respectively. In each box plot, thick
black line and black filled diamond indicate the median and mean, respectively.

Fig. 2 Recording setup. Four disposable snap Ag/AgCl electrodes were placed in a vertical
montage: the active electrode was located at Fpz (white electrode), references at each ear (red
and blue, right and left respectively), and ground electrode at the forehead (black electrode).
Only the ipsilateral reference (right electrode) was used in the analysis. The reproduction of the
participant’s picture is with the written consent of her mother.

Fig. 3 Spectral and temporal neural representation of the syllables /da/ and /ga/ in the
newborn’s auditory brain. (A) Stimulus waveforms (/da/, /ga/) plotted in black, and grand
averaged time-domain FFR waveforms and amplitude FFR spectra extracted from the consonant
transition and the vowel stimulus regions to /da/ and /ga/ ploted in red and blue, respectively.
(B) Time-domain FFR waveforms and amplitude FFR spectra from an individual newborn with
high SNR (NF 029) and (C) from another newborn with low SNR (NF 038).

Fig. 4 Spectrograms from FFRs elicited to syllables /da/ and /ga/. (A) Spectrograms extracted
from the grand-averaged FFRs. (B) and (C) spectrograms corresponding to the same individual
newborns with high and low SNR depicted in Fig. 3. The color scale from black to white indicates
the spectral amplitude in pV, with light colours depicting highest amplitude values (top right).

Fig. 5 Distribution of each of the objective indices retrieved in the time domain. Scatter plots
depicting all tested newborns (light color filled circles) within box plots for (A) stimulus-to-
response cross-correlation; (B) neural lag; (C) signal-to-noise-ratio (SNR) of the consonant
transition and (D) of the vowel; (E) pitch error; and (F) pitch strength measurements to /da/ and
/ga/ syllables (depicted in red and blue, respectively). In the scatter plots, dark filled circles and
dark filled triangles indicate data corresponding to the individual newborns with high and low
SNR, respectively, as depicted in Fig. 3. In each box plot, the thick black line and the black filled
diamond indicate the median and mean, respectively.

Fig. 6 Pitch tracking and points below noise floor obtained from (A) the grand average; (B) and
(C) obtained from the individual newborns depicted in Fig. 3 with high and low SNR, respectively.
Fos were extracted separately from the FFRs to /da/ (left column) and /ga/ (right column), as well
as from the stimuli (black solid lines) in overlapping steps of 40 ms using an autocorrelation
based approach. Light grey areas indicate the bins in which the Fo spectral amplitude was lower
than the Fo spectral amplitude in the pre-stimulus region (points below noise floor).

Fig. 7 Pitch strength obtained from (A) the grand averaged FFRs; (B) and (C) from the individual
newborns depicted in Fig. 3 with high and low SNR, respectively. The figures depict the
autocorrelation values (r; from -1 in black to 1 in white) computed separately from the FFRs to
/da/ (left column) and /ga/ (right column) as a function of time and lag. The maximum
autocorrelation value per unit of time is marked in black. Notice that the emerging black line is
equivalent to the pitch tracking profiles observed in the Fig. 6.

Fig. 8 Distribution of each of the objective indices retrieved in the frequency domain. Scatter
plots depicting all tested newborns within box plots for: (A) Fo and averaged HH».13 spectral
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amplitudes during the consonant transition, and (B) the vowel; and (C) points below noise floor
measurements, all computed for each syllable separately. The layout is equal to that used in Fig.
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Table 1

Time-domain parameters. Descriptive statistics of stimulus-to-response cross-correlation,

neural lag, RMS amplitude calculated from the pre-stimulus region, SNR computed from the

consonant transition, vowel and entire response, pitch error and pitch strength for each syllable

presented.
Measure /da/ /ga/
M (SD) M (SD)

Cross-correlation (Pearson’s r) 0.15 (0.04) 0.15 (0.03)
Neural lag (ms) 5.87 (1.11) 5.90 (1.16)
Pre-stimulus RMS (uV) 0.03 (0.01) 0.03 (0.01)
SNR

Consonant transition (10 — 57 ms) 1.58 (0.75)% 1.82(0.66)

Vowel (57 — 170 ms) 1.48 (0.41)  1.44(0.48)*

Entire response (0 — 170 ms) 1.53 (0.44) 1.46 (0.69) T
Pitch error (Hz) 4.89 (2.01) 5.29 (1.78)
Pitch strength (r) 0.61 (0.18) 0.63 (0.17)

t Median (IQR, interquartile range)
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713  Table 2

714 Frequency-domain parameters. Descriptive statistics for spectral amplitude across response
715 syllables, stimulus regions and harmonics and for points below noise floor for each syllable
716 presented.

717
Measure /da/ /ga/
M (SD) M (SD)
Spectral Amplitude (nV)
Consonant transition (10 — 57 ms)
Fo 40.65 (27.82)1  44.01 (21.45)
HH2.13 3.01 (0.86) 2.52(0.99)*
Vowel (57— 170 ms)
Fo 35.43 (13.55)t  34.47 (14.42)
HH2.13 2.88(1.16)* 2.73 (0.66)
Entire response (0 — 170 ms)
Fo 38.29 (13.98) 38.11 (14.84)
HH3.13 3.19(0.89) 2.83(0.65)
Points below noise floor 2.5(24.75)t 0(13.25)*
718  tMedian (IQR, interquartile range)
719
720
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742 Figure 7
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Figure 8
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