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Abstract

Background: The scalp-recorded frequency-following response (FFR) has been widely accepted in
assessing the brain’s processing of speech stimuli for people who speak tonal and nontonal languages.

Characteristics of scalp-recorded FFRs with increasing number of sweeps have been delineated through
the use of an exponential curve-fitting model in Chinese adults; however, characteristics of speech pro-

cessing for people who speak a nontonal language remain unclear.

Purpose: This study had two specific aims. The first was to examine the characteristics of speech pro-

cessing in neonates and adults who speak a nontonal language, to evaluate the goodness of fit of an
exponential model on neonatal and adult FFRs, and to determine the differences, if any, between the two

groups of participants. The second aim was to assess effective recording parameters for American ne-
onates and adults.

Research Design: This investigation employed a prospective between-subject study design.

Study Sample: A total of 12 American neonates (1–3 days old) and 12 American adults (24.1 6 2.5 yr

old) were recruited. Each neonate passed an automated hearing screening at birth and all adult partic-
ipants had normal hearing and were native English speakers.

Data Collection and Analysis: The English vowel /i/ with a rising pitch contour (117–166 Hz) was used
to elicit the FFR. A total of 8,000 accepted sweeps were recorded from each participant. Three objective

indices (Frequency Error, Tracking Accuracy, and Pitch Strength) were computed to estimate the
frequency-tracking acuity and neural phase-locking magnitude when progressively more sweeps

were included in the averaged waveform. For each objective index, the FFR trends were fit to an
exponential curve-fitting model that included estimates of asymptotic amplitude, noise amplitude,

and a time constant.

Results:Significant differences were observed between groups for Frequency Error, Tracking Accuracy,

and Pitch Strength of the FFR trends. The adult participants had significantly smaller Frequency Error
(p, 0.001), better Tracking Accuracy (p5 0.001), and larger Pitch Strength (p5 0.003) values than the

neonate participants. The adult participants also demonstrated a faster rate of improvement (i.e., a
smaller time constant) in all three objective indices compared to the neonate participants. The smaller

time constants observed in adults indicate that a larger number of sweeps will be needed to adequately
assess the FFR for neonates. Furthermore, the exponential curve-fitting model provided a good fit to the

FFR trends with increasing number of sweeps for American neonates (mean r25 0.89) and adults (mean
r2 5 0.96).

Conclusions: Significant differences were noted between the neonatal and adult participants for Fre-
quency Error, Tracking Accuracy, and Pitch Strength. These differences have important clinical impli-

cations in determining when to stop a recording and the number of sweeps needed to adequately
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assess the frequency-encoding acuity and neural phase-locking magnitude in neonates and adults.

These findings lay an important foundation for establishing a normative database for American neonates
and adults, and may prove to be useful in the development of diagnostic and therapeutic paradigms for

neonates and adults who speak a nontonal language.

Key Words: auditory-evoked potentials, exponential model, frequency-following response, neonate

Abbreviations: F0 5 fundamental frequency; FFR 5 frequency-following response; RECD 5 real-ear-

to-coupler difference; SNR 5 signal-to-noise ratio

INTRODUCTION

T
he scalp-recorded frequency-following response

(FFR) has shown its potential to help us better

understand the speech processing mechanisms

and neural plasticity of the human brain. For example,

it has been reported that the FFR provides an objective

method to understand speech processing mechanisms
for typically developing children and children with de-

ficient auditory function (Russo et al, 2004). Some chil-

dren with autism spectrum disorders have shown less

frequency-tracking acuity than typically developing

children (Russo et al, 2008). It has also been reported

that with short-term training on specific linguistic pitch

contours, listeners not only improve their behavioral re-

sponse accuracy but also express enhanced frequency-
tracking acuity (Song et al, 2008). Hornickel et al (2009)

reported that the FFR elicited by speech sounds was re-

lated to reading and speech-in-noise processing for 8- to

13-yr-old school-age children.

The brain’s processing of speech stimuli, as reflected

by the scalp-recorded FFR, has been reported for normal-

hearing adults who speak a tonal (Krishnan et al, 2005;

Swaminathan et al, 2008) or nontonal (Galbraith et al,
2004; Aiken and Picton, 2006; 2008) language. The ac-

curate encoding of voice pitch is also important for lis-

teners to process and appreciate music. Recent studies

(Musacchia et al, 2007; Wong et al, 2007; Skoe and

Kraus, 2013) have shown that musical training en-

hances the acuity of frequency tracking in the human

brain. Intracranial electrophysiological studies have

shown that the FFR can also be observed at the cortical
level, including the primary auditory cortex (Behroozmand

et al, 2016) and beyond (Nourski et al, 2013). These find-

ings support the notion that the FFR is a viable and ob-

jective neurophysiological index of the brain’s processing

of speech sounds. Most importantly, these findings also

have potential clinical applications for diagnostic and

remediation strategies for normal and pathological

populations.
One major challenge in recording the FFR is its rela-

tively low signal-to-noise ratio (SNR). The FFR is a small

electrophysiological response with an amplitude that is

usually in the range of 0.1–0.3 mV, whereas the back-

ground noise (environmental or physiological) is much

larger in amplitude with a typical range of z10–20 mV

(Jeng, Chung, et al, 2011). In order to examine the

frequency-encoding acuity and neural phase-locking

magnitude for neonates and adults, the SNR of an

FFR recording must be improved. For example, with a

limited number of sweeps (e.g., 100 sweeps or less),

the response is usually not detectable. On the other

hand, with abundant sweeps (e.g., 8,000 sweeps), the re-

sponse likely will be robust and detectable. However, re-

cording 8,000 sweeps will take a much longer time than
recording 100 sweeps. Thus, the question becomes:What

is the least number of sweeps that will be needed to ob-

tain a reliable response? One possible solution is to col-

lect data for up to, for example, 8,000 sweeps. Based on

the data of 8,000 sweeps, a computer model can be de-

rived to fit the increasing trend of the response. When

a computer model has been developed for neonates, a

set of response-threshold criteria can be derived to deter-
mine the least number of sweeps that can be used to sig-

nal the presence of a response and subsequently shorten

the amount of time needed to complete a recording for

neonates in future applications. The same principle also

applies when developing a computer model for adults.

In a previous study, Jeng, Chung, et al (2011) have

shown a general trend regarding the robustness of an

FFR as a function of the number of recorded sweeps
in Chinese adults. A preliminary computer model has

been successfully applied to capture the response trend

and to derive a set of response-threshold criteria that

can be used to determine if an FFR is present for Chi-

nese adults with normal hearing. However, neural cir-

cuitry and functional organization of the brain in adults

who speak a nontonal language are likely different from

those in Chinese adults. Additionally, whether such a
computational model would provide a good fit to neo-

nates during their immediate postnatal days remains

unknown. Thus, a computer model with specific param-

eters that are precisely tailored for each population is a

critical and much-needed component to shorten the

testing time needed for neonates and adults who speak

a nontonal language. Development of such a computer

model is a necessary step to help us better understand
the nature of speech processing inside the brain and to

derive useful diagnostic and therapeutic protocols down

the line.

The primary purpose of this study was to develop a

computer model capable of capturing FFR trends as a

function of sweeps for neonates and adults who speak

a nontonal language. Further, this study had two
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specific aims. The first was to examine the dependency

of the neonatal and adult FFRs on the number of

recorded sweeps and to evaluate any differences in

the resultantmodeling coefficients such as the time con-
stants and asymptotic amplitudes between the two

groups of participants. The second aim was to assess ef-

fective recording parameters for American neonates

and adults. Given the success of using such a computer

model in an adult population who speaks a tonal lan-

guage (Jeng, Chung, et al, 2011), it was hypothesized

that such a computer model would still be feasible in

delineating the FFR trends for people who speak a non-
tonal language. Additionally, because a neonate’s audi-

tory system is relatively immature when compared to

that of adults (Rubel and Ryals, 1983), it was hypothe-

sized that the American adults would exhibit a stronger

response trend (i.e., faster improvements and larger re-

sponse amplitudes in speech encoding with increasing

number of sweeps) than neonates. In other words, the

number of sweeps needed to satisfy a certain response-
threshold criterion would be larger for neonates than

adults.

MATERIALS AND METHODS

Participants

Twelve American neonates (6 girls and 6 boys, age
1–3 days) were recruited from the OhioHealth O’Bleness

Hospital in Athens, OH. All neonates were both healthy

and full-term, born to native speakers of American En-

glish. These neonateswere negative of any syndromic or

neurologic disorders and were free from any known risk

factors of hearing impairment (Joint Committee on In-

fant Hearing, 1994) such as low birth weight, hyperbi-

lirubinemia, and low Apgar scores. Each neonate
passed an automated auditory brainstem hearing

screening (ALGO 3i; Natus Medical Incorporated,

San Carlos, CA) before the completion of the following

experiments.

To determine the difference of speech representation

between immediate postnatal days and adulthood, 12

American adults (11 females and 1 male, age 24.1 6

2.5 yr) were also recruited. These adult participants
were native speakers of American English. All the adult

participants had normal hearing, as determined by

pure-tone thresholds#20 dB HL for octave frequencies

between 250 and 8000 Hz. None of the adult partici-

pants had received .3 yr of musical training and thus

were considered as nonmusicians.

Hearing screenings and FFR recordings for the neo-

nates were conducted in a quiet room in the Newborn
Center at the OhioHealth O’Bleness Hospital; record-

ings of the adult participants were conducted in an

acoustically treated sound booth at Ohio University.

During the experiments, neonates were fast asleep or

in a state of rest. Adult participants were seated in a

comfortable recliner with their eyes closed and were en-

couraged to relax and fall asleep. All experimental

protocols and data analysis procedures were ap-
proved by the institutional review board (IRB number:

15X093) at Ohio University.

Stimulus Presentation

The English vowel /i/ with a rising pitch contour (117–

166 Hz) was used to elicit the FFR because this stimulus

is commonly used in FFR literature (Krishnan et al,
2004; 2005; Aiken and Picton, 2006; 2008) and had been

previously used in our publications (Jeng et al, 2010;

2013; Jeng, Chung, et al, 2011, Jeng, Hu, 2011). This

stimulus had a duration of 250 msec with a 10-msec rise

and fall time of the stimulus envelope. Stimulus presen-

tation and trigger synchronization were controlled by

custom-built software written in LabVIEW (National In-

struments, Austin, TX). The silent interval between the
offset of a stimulus and the onset of the next stimulus

was set at 45 msec, which produced a stimulation rate

of 3.39 stimuli/sec. The stimulus was presented to each

participant for up to a total of 8,800 times, producing a

test time of z43 min (295 msec 3 8,800 sweeps 5 z43

min) for each participant. The stimulus was delivered

monaurally via an electromagnetically shielded insert

earphone (Etymotic [Elk Grove Village, IL] ER-3A) to
the right ear at 75 dB SPL for the adult participants.

Considering the relatively smaller ear canal volumes

that are commonly observed in neonates, the published

age-appropriate real-ear-to-coupler difference (RECD)

values were applied to control for the sound pressure

level differences inside the neonate and adult’s ear ca-

nals. Specifically, the RECD value for 1-mo-old infants

at 250 Hz isz5 dB larger than that measured in adults
(Feigin et al, 1989; Keefe et al, 1993; Scollie et al, 1998;

Dillon, 2001). To compensate for the difference of sound

pressure levels inside the neonate and adult’s ear canals,

the stimulus was presented at 70 dB SPL for neonate

participants. The RECD value at 250 Hz for 1-mo-old in-

fants was used because a value at 125 Hz for neonates

was unavailable.

Recording Parameters

Recording parameters were identical for neonates

and adults. Specifically, three gold-plated recording

electrodes were mounted to the high forehead along

the midline below the hairline (noninverting), right

mastoid (inverting), and low forehead (ground). All elec-

trode impedances were kept below 3,000 V at 10 Hz.
Continuous brain waves were amplified through an

Intelligent Hearing Systems (Miami, FL) OptiAmp am-

plifier with a gain of 100,000, band-pass filtering at 10–

3000 Hz, and a slope of 6 dB/octave. The continuous
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brain waves were routed through a 16-bit analog-to-

digital converter and were sampled at a rate of 20,000

samples/sec by using a National Instruments input–

output control card (model number USB-6216 BNC). All
recordings were saved on a computer for off-line analysis.

Data Analysis

All recordings were analyzed using bespoke scripts

written in MATLAB (MathWorks, Natick, MA). The

data analysis procedures were similar to those reported

in our previous publications (Jeng, Chung, et al, 2011;
Jeng et al, 2013). Briefly, each recording was digitally

band-pass filtered through a brick wall, linear phase

finite-impulse-response filter. Each filtered recording

was then segmented into sweeps of 295 msec in length.

An individual sweep was rejected if it contained volt-

ages greater than625 mV. For each participant, the re-

jection rate was,10%, and a total of 8,000 artifact-free

sweeps were included in the averaging procedure. Re-
cordings obtained from a distinct number of sweeps,

starting from the first sweep, were included in the aver-

aged recordings. The number of sweeps used in the av-

eraging procedure were 1, 10, 20, 50, 100, 200, 500, 800,

1,000, 1,200, 1,400, 1,600, 1,800, 2,000, 2,200, 2,400,

2,600, 2,800, 3,000, 3,500, 4,000, 5,000, 6,000, 7,000,

and 8,000. Each averaged recording was subject to the

following analysis procedures. First, the time waveform
of each averaged recording and the stimulus time wave-

form went through a cross-correlation function. After

that, the time shift that produced the maximum cross-

correlation value between 3 and 10 msec after the onset

of the stimulus was identified (Galbraith et al, 2001;

Russo et al, 2005). Then, starting from the time shift that

produced the maximum cross-correlation value, a 250-

msec segment of the recording was extracted from the
averaged waveform. And finally, the same procedure

was applied to each averaged waveform of all recordings

obtained from the neonate and adult participants.

Extraction of Fundamental Frequency Contours

A sliding-window, narrow-band spectrogramwas used

to extract the spectral information of each averaged re-
cording. Specifically, a 50-msecHanningwindowwas ap-

plied to each averaged recording with a step size of

1 msec, which resulted in a total of 201 time bins to be an-

alyzed. Each time bin was zero-padded to 1 sec and thus

provided a 1-Hz frequency resolution in the spectrogram.

For each timebin, the frequency that corresponded to the

maximal spectral density was searched within a prede-

fined frequency range and determined as the fundamen-
tal frequency (F0) estimate for that time bin. This

procedure was repeated for all 201 time bins. All F0 es-

timates were concatenated to constitute the F0 contour

of an averaged recording. A predefined frequency range

(107–176 Hz) was used to fit with the F0 contour of the

speech stimulus and allow a buffer of 10 Hz for error

measurements. The same procedure was applied to each

averaged recording and the stimulus waveform.

Objective Indices

Three objective indices (Frequency Error, Tracking

Accuracy, and Pitch Strength) were used to estimate

the frequency-encoding acuity and neural phase-locking

magnitude for each averaged recording. These objective

indiceswere chosen because each of them represented an
important aspect of the brain’s processing of speech stim-

uli. These indices were commonly used in FFR literature

(Krishnan et al, 2004; 2005) and in our previous publica-

tions (Jeng et al, 2010; Jeng, Chung, et al, 2011; Jeng,

Hu, et al, 2011). Definitions and computations of the

three indices are described as follows:

1. Frequency Error indicated the accuracy of frequency
encoding in response to a speech stimulus. To compute

a Frequency Error, the F0 estimates of the speech stim-

ulus were subtracted from those of an averaged record-

ing. The absolute values of these differences between the

F0 estimates of the stimulus and an averaged recording

were then averaged across the 201 time bins to consti-

tute a Frequency Error for each averaged recording.

2. Tracking Accuracy represented the overall faithful-
ness of frequency encoding during the time course of

stimulus presentation. This index was defined as

the linear regression r value on a recording-versus-

stimulus F0 contours plot.

3. Pitch Strength denoted the magnitude of neural

phase locking that included the amplitude at F0

and its harmonics. This index was computed bymea-

suring the difference between the positive peaks
within 5–10 msec to its following negative trough

in a normalized autocorrelation function of each av-

eraged recording.

Exponential Modeling of the FFR Trends

Measurements of each objective index (i.e., Frequency
Error, Tracking Accuracy, and Pitch Strength) were sub-

ject to an exponential curve-fitting model. For Tracking

Accuracy and Pitch Strength, which had ascending

trends with increasing number of sweeps, the following

model was used to determine the dependency of response

trends on the number of sweeps that had been included

in the averaging procedure:

AðnÞ5AAS 1� e�n=s
� �

� Anoise ð1Þ

where A represents an objective index (i.e., Tracking

Accuracy or Pitch Strength) of the FFR; n is the number

of sweeps included in the averaging procedure; AAS
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denotes the asymptotic amplitude of the response and is

computed from the fitted curve of the exponential model

with the number of sweeps being 8,000;Anoise annotates

the amplitude of noise and is derived from the fitted
curve of the FFR trend when the number of sweeps

equals 1; e is Euler’s mathematical constant 5

2.7182; and t denotes the time constant of the fitted

curve that indicates the number of sweeps needed to

reach 63% of the asymptotic amplitude. Computation

of the time constant t at its 63% asymptotic amplitude

is based on the mathematical theorem that any expo-

nential function with base e is identical to its derivative
(Courant and Robbins, 1996; Goldstein et al, 2009). For

example, when the number of sweeps ‘‘n’’ included in

the averaged waveform reaches the time constant t,

the ascending exponential model with zero noise will

be A(n) 5 AAS(1 2 e2n/t) 5 AAS(1 2 e21) 5 0.63AAS.

For Frequency Error, which had a descending trend

with increasing number of sweeps, an alternativemodel

was used to determine the dependency of the response
trend on the number of sweeps included in the averaged

waveform. In this case, Anoise and AAS were switched

due to the nature of a descending trend:

AðnÞ5Anoise e�n=s
� �

� AAS ð2Þ

A repeated measures two-way analysis of variance was

used to determine the significance of thematurity of the

auditory system (i.e., neonates versus adults) and the

number of sweeps. A p , 0.05 indicated a statistically

significant difference.

RESULTS

The neonatal and adult FFRs were visualized by

plotting the amplitude spectrograms as a function

of the number of sweeps included in the averaging pro-

cedure. Figure 1 plots the grand-averaged spectrograms

for neonates (upper panels) and adults (lower panels)

with increasing number of sweeps. For both groups of

participants, the FFRs were difficult to distinguish from

the background noise when #500 sweeps were included
in the averaging procedure. However, the FFR became

more prominent when the number of sweeps was pro-

gressively increased up to 8,000 sweeps.

Quantitative Analyses of the FFR Trends

In order to quantify the FFRs obtained in the two

groups of participants, all recordings were processed
by using the abovementioned methodology. Figure 2

displays a typical example of the F0 contour of a re-

sponse (left panel) and the autocorrelation output

(right panel) of a recording obtained from an adult

participant when 8,000 sweeps were included in the

averaging procedure. In terms of the frequency-encoding

acuity (left panel), the F0 contour of the response gener-

ally followed the F0 contour of the stimulus. In terms of
the magnitude of neural phase-locking (right panel),

autocorrelation output of the same recording revealed

an overall periodicity of the response. Pitch Strength

was calculated by measuring the peak-to-trough ampli-

tude starting from the first positive peak to its following

negative trough in the normalized autocorrelation out-

put. The response F0 contour and autocorrelation output

curve shown in this figure are typical of those observed in
both neonates and adults.

FFR Trends With Respect To the Different

Objective Indices

Three indices were used to quantify the frequency-

tracking acuity and neural phase-locking magnitude.

Figure 3A–3C plots Frequency Error, Tracking Accu-

racy, and Pitch Strength, respectively, as a function

of number of sweeps for neonates and adults. Record-

ings obtained from these two groups of participants

are plotted in the same panels for comparison.
For both groups of participants, relatively large val-

ues of Frequency Errors (Figure 3A) were observed

when only a limited number of sweeps, such as 1 or

10 sweeps, were included in the averaging procedure.

Frequency Error estimates declined substantially with

increasing number of sweeps and appeared to reach

Figure 1. Narrow-band spectrograms of the FFRs elicited by the English vowel /i/ with a rising pitch contour in American neonates (1–3
days old; top row) andAmerican adults (bottom row). The numbers on the top of each column indicate the number of sweeps included in the
averaging procedure. Spectrograms were derived by using a sliding Hanning window with a duration of 50 msec, step size of 1 msec, and
frequency resolution of 1 Hz. A gray scale on the right indicates the amplitudes in nV for the neonatal and adult spectrograms.
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an asymptotic amplitude. Specifically, for adults, Fre-

quency Error estimates were z17 Hz when #10

sweeps were included. The Frequency Error estimates
then declined with increasing number of sweeps and

reached a steady state of z4 Hz at z4,000–8,000

sweeps. For neonates, Frequency Error estimates

showed a similar trend and declined from z19 to 9

Hz. Although the neonates and adults showed similar

values of Frequency Errors for low numbers of sweeps,

Frequency Errors declined at a faster rate and reached

a smaller asymptotic amplitude in adults than those in
neonates.

Tracking Accuracy (Figure 3B) showed an increas-

ing trend with increasing number of sweeps. For

adults, their Tracking Accuracy estimates were

z0.26 at 10 sweeps and increased substantially with

increasing number of sweeps, reaching an asymptotic

amplitude of z0.9 at 4,000–8,000 sweeps. For neo-

nates, their Tracking Accuracy estimates showed a
similar increasing trend. However, Tracking Accuracy

estimates obtained in the neonate participants in-

creased at a slower rate and reached a smaller asymp-

totic amplitude than those obtained in the adult

participants. Pitch Strength estimates obtained in

the two groups of participants (Figure 3C) also showed

similar increasing trends as those observed in Track-

ing Accuracy.

Exponential Modeling of FFR Trends in

Neonates and Adults

To better quantify the decreasing and increasing FFR
trends, data obtained in the neonates and adults were

fit to the abovementioned descending or ascending ex-

ponential model. Figure 4 shows the exponential curves

that best fit the response trends of the Frequency Error,

Tracking Accuracy, and Pitch Strength estimates

obtained in the neonate (left column) and adult (right

column) participants. The exponential model provided

a good fit to the FFR trends, with a mean r2 value of
0.96 across the three objective indices for the adult par-

ticipants and a mean r2 value of 0.89 across the three

objective indices for the neonate participants. The dotted

line used in the left and middle columns indicates the

noise amplitude (Anoise) of the fitted curve and is calcu-

lated from the fitted curve of the FFR trends when the

number of sweeps equals 1,whereas the dashed line used

in the left andmiddle columns indicates the response as-
ymptotic amplitude (AAS) of the fitted curve and is calcu-

lated from the fitted curve of the FFR trends when the

number of sweeps equals 8,000. The resultant exponen-

tial equations and coefficients of determination (i.e., r2)

are displayed in each panel.

The asymptotic amplitude (AAS) of the Frequency Er-

rors (Figure 4, top row) derived from the fitted curve

was 8.38 Hz for the neonate participants and 3.80 Hz
for the adult participants. The noise amplitudes (Anoise)

of the Frequency Errors derived from the fitted curves

for the neonate and adult participants were 18.68 and

15.43 Hz, respectively. The unfavorable noise ampli-

tudes indicated low SNRs when only a limited number

of sweeps was included in the averaging procedure. In

addition to the asymptotic and noise amplitudes, an-

other important parameter of the exponential model
was the time constant (t) of the fitted curve, which rep-

resented the number of sweeps required to reach 63% of

the asymptotic amplitude. The t values of the fitted

curves for the Frequency Error FFR trends obtained

in the neonate and adult participants were 1,794 and

Figure 2. A typical example of the F0 contour (left panel) and
autocorrelation output (right panel) of an FFR elicited by the En-
glish vowel /i/ with a rising pitch contour.

Figure 3. FFR trends for (A) Frequency Error, (B) Tracking Error, and (C) Pitch Strength, with increasing number of sweeps for Amer-
ican neonates (open circles) and adults (filled circles). Data obtained fromAmerican neonates and adults are plotted on the same panels for
comparison. Vertical bars represent 1 standard error.
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1,401 sweeps, respectively. It is important to note that

the adult participants produced a smaller t value than

neonates. This finding indicated that the adult partic-

ipants had a faster improvement in frequency-encoding

acuity (i.e., less Frequency Error) with increasing num-
ber of sweeps compared to the neonates. For Frequency

Error, significant differenceswere observedbetween the

two groups of participants (F 5 17.313, p , 0.001,

hp2 5 0.382) and across the number of sweeps (F 5

40.871, p , 0.001, hp2 5 0.593).

Tracking Accuracy (Figure 4,middle row) of the fitted

curves demonstrated an ascending trend with increas-

ingnumber of sweeps. The asymptotic amplitudes of fitted
curves for the Tracking Accuracy trends derived from

the neonate and adult participants were 0.68 and 0.92,

respectively. The noise amplitude of the fitted curve for

Figure 4. Exponential modeling of the FFR trends for American neonates (left column) and adults (right column) with respect to the
three objective indices: FrequencyError (top row), Tracking Accuracy (middle row), and Pitch Strength (bottom row). The fitted equations,
along with their coefficients of determination (r2), are annotated in each panel. The dashed and dotted horizontal lines indicate the es-
timated asymptotic and noise amplitudes of the FFR recordings, respectively.
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Tracking Accuracy was 0.17 for the neonate participants

and 0.26 for the adult participants. The t values of the fit-

ted curve for the neonate and adult participants were

2,472 and 1,274 sweeps, respectively. Note the adult par-
ticipants demonstrated a faster rate of increment (i.e.,

a smaller t value) and reached a better frequency-tracking

acuity estimate (i.e., a larger asymptotic amplitude)

than neonates. For Tracking Accuracy, significant differ-

ences were also observed between the two groups of par-

ticipants (F 5 14.837, p 5 0.001, hp2 5 0.346) and across

thenumber of sweeps (F5 28.352,p, 0.001,hp25 0.503).

Pitch Strength (Figure 4, bottom row) showed similar
ascending trends compared to those observed in Track-

ing Accuracy. The asymptotic amplitude of the fitted

curve for Pitch Strength was 0.59 for the neonate par-

ticipants and 0.82 for the adult participants. Noise am-

plitudes of the fitted curves for the neonate and adult

participants were 0.22 and 0.28, respectively. The t

value of the fitted curve was 1,941 sweeps for the

neonate participants and 1,405 sweeps for the adult
participants. The adult participants reached a larger

enhancement (i.e., a larger asymptotic amplitude) at

a faster fate (i.e., a smaller t value) than neonates.

For Pitch Strength, significant differences were ob-

served between the two groups of participants (F 5

10.605, p 5 0.003, hp2 5 0.275) and across the number

of sweeps (F5 41.921, p, 0.001, hp2 5 0.600). For clar-

ity, results of the curve-fitting coefficients (i.e., the as-
ymptotic amplitudes (AAS), noise amplitudes (Anoise),

and t values) of the exponential models are summarized

in Table 1.

DISCUSSION

Given the increasing potential of the scalp-recorded

FFR in the realms of basic research and clinical
applications, frequency-encoding acuity and neural

phase-locking magnitude become important factors to

examine. This is particularly true for neonates who

are too young to provide reliable behavioral results.

This study used an exponential curve-fitting model that

included up to 8,000 artifact-free sweeps and examined

the FFR trends for neonates and adults. Results dem-

onstrated that the exponential model provided a good
fit to the FFR trends for the American neonates (mean

r2 5 0.89) and adults (mean r2 5 0.96). This finding

indicates the relevance of using such an exponential

model to mathematically analyze the FFR trends in ne-

onates during their immediate postnatal days and in

adults who speak a nontonal language.

Effects of Number of Sweeps

Among the many methods that can be used to im-

prove the SNR of a recording, signal averaging is

one of the most commonly used methodologies to re-

duce the amplitude of the background noise. When

more sweeps are progressively included in the averag-
ing procedure, physiological responses that are phase-

locked to the stimulus presentation will build up with

increasing number of sweeps, whereas the amplitude

of the background noise (due to its nature of random-

ness) will approach to a mean of zero. The SNR of an

FFR recording thus improves with increasing number

of sweeps.

Several mathematical models have been developed to
delineate the various response trends of the auditory

system (Nourski et al, 2005; Miller et al, 2006; Jeng,

Chung, et al, 2011). For example, Miller et al (2006)

used a decaying exponential model and successfully de-

lineated the time course of the firing probability of au-

ditory nerve fibers in cats. Nourski et al (2005) used a

double exponential curve-fitting algorithm and success-

fully described the time course of the compound action
potentials of the auditory nerve in guinea pigs. For the

scalp-recorded FFR, Jeng, Chung, et al (2011) used an

exponential model and successfully delineated the FFR

trends as a function of number of sweeps in Chinese

adults. Results obtained in this present study indicate

that such an exponential model provides a good fit to the

FFR trends for American neonates during their imme-

diate postnatal days and American adults who speak a
nontonal language.

Exponential Model of the FFR Trends in

Neonates and Adults

For the first time, response trends of frequency-

encoding acuity and neural phase-locking magnitude

were successfully fitted to an exponential model for
neonates during their immediate postnatal days. Al-

though neural elements of the auditory system are fully

Table 1. Exponential Curve-Fitting Coefficients of the FFR Trends Obtained in American Neonates and Adults

Frequency Error (Hz) Tracking Accuracy (r) Pitch Strength

AAS Anoise t AAS Anoise t AAS Anoise t

Neonate 8.38 18.68 1,794 0.68 0.17 2,472 0.59 0.22 1,941

Adult 3.80 15.43 1,401 0.92 0.26 1,274 0.82 0.28 1,405

Note: AAS5 asymptotic amplitude of the fitted curve; Anoise5 noise amplitude of the fitted curve; t 5 time constant of the fitted curve indicating

the number of sweeps required to reach 63% of the asymptotic amplitude.
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matured during the first few days after birth, results

obtained in the present study revealed that neonates

1–3 days old demonstrated readily measurable FFRs

with increasing number of sweeps.
When testing neonates and adults, the amount of

time needed to complete a recording is an impor-

tant factor to consider. Data obtained from the expo-

nential curve-fitting of the FFR trends also provide

guidance on when to stop a recording. For example,

if FFR recordings are conducted in American neo-

nates and Pitch Strength is used to signal the pres-

ence of a response, the AAS, Anoise, and t estimates
derived from the exponential model can be used to

estimate the number of sweeps needed to stop a re-

cording. For example, if 80% of the asymptotic am-

plitude is the targeted amplitude to obtain, z3,125

sweeps (1.61 t 5 1.61 3 1,941 5 3,125) will need

to be included in the averaging procedure for Amer-

ican neonates. However, for American adults to

reach 80% of their asymptotic amplitude, on average
only 2,262 sweeps (1.61 t 5 1.613 1,4055 2,262) are

required. That is, while 2,262 sweeps will be suffi-

cient for adults, a larger number of sweeps will be

needed for neonates to adequately assess the FFR.

The same notation can also be applied when Fre-

quency Error or Tracking Accuracy is used to signal

the presence of a response.

When enough sweeps were included in the averag-
ing procedure, adult participants demonstrated better

frequency-tracking acuity and larger asymptotic am-

plitude than neonates. Additionally, adult partici-

pants demonstrated a faster improvement (i.e., a

smaller t value) in all three objective indices (Fre-

quency Error, Tracking Accuracy, and Pitch Strength)

with increasing number of sweeps when compared to

the neonates. These findings can be attributed, at least
partially, to the maturity and development of the

auditory system. Effects of the development of the au-

ditory system on the neural processing of speech stim-

uli have been reported in the FFR literature (Jeng

et al, 2010; Jeng, Hu, et al, 2011; Anderson et al,

2015; Skoe et al, 2015). For example, Jeng et al

(2010) reported an increment in speech representation

through a longitudinal case study of one American in-
fant. FFRs obtained from this American infant

showed improvement in speech processing from age

1 mo to 11 mo. Anderson et al (2015) recruited 25

American infants ranging in age from 3 mo to 10 mo

and demonstrated a rapid maturational change as a

function of age. All these results attest to the theory

that, although English is a nontonal language, voice

pitch and intonation still carry important cues
for speech understanding in English. In addition to

the matured auditory system in adults, the im-

proved frequency-encoding acuity and neural phase-

locking magnitude for the adult participants can be

attributed, at least partially, to the adult participants’

exposure to the various voice pitch and intonation cues

that are present in their native language.

Future studies including neonates and adults who
speak tonal and nontonal languages may shed light

on the relative contributions of the maturation of

the auditory system and the listener’s linguistic expe-

rience on the brain’s processing of speech stimuli. For

example, native versus nonnative speech stimuli can

be used to elicit FFRs in American and Chinese neo-

nates and adults. Differences between the four groups

of participants in response to native versus nonnative
speech stimuli may indicate the relative contributions

of the maturation of the auditory system and the lis-

tener’s linguistic experience on FFRs. This current

study is the beginning of a larger project. It is impor-

tant to note that, although this present study demon-

strates results (i.e., the exponential model provides a

good fit to FFR trends in neonates and adults) consis-

tent with those of an earlier study (Jeng, Chung, et al,
2011), data from these two studies were obtained

by using different equipment and experimental pro-

tocols. Future studies including both American and

Chinese neonates and adults using identical equip-

ment and experimental protocols will be needed to

allow direct comparisons between the four groups

of participants.

CONCLUSIONS

S ignificant differences were observed between

American neonates and adults for Frequency Er-

ror, Tracking Accuracy, and Pitch Strength. Specifi-

cally, American adults had significantly better

frequency-tracking acuity and larger phase-locking

magnitude than neonates during their immediate

postnatal days. Additionally, American adults demon-

strated a faster improvement rate in both frequency-
tracking acuity and neural phase-locking magnitude

than American neonates. The faster improvement rate

in adults, as reflected by a smaller time constant, in-

dicates that the number of sweeps needed to ade-

quately assess the FFR is larger for neonates than

for adults. The exponential curve-fitting model pro-

vides a good fit to the FFR trends with increasing num-

ber of sweeps for both the American neonates and
adults. These findings lay an important foundation

in the development of a normative database for neural

processing of speech sounds for people who speak a

nontonal language.
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