Perspective Article

Neural Representation of Complex
Sounds in the Human Auditory
Brainstem

ATISH (2020)

Vol 39 pp. 1-22

Ananthanarayan A. Krishnan

Affiliations

Abstract

Department of Speech Language
Hearing Sciences, Auditory
Electrophysiology Laboratory, Purdue
University, 715 Clinic Drive,
Lyles-Porter Hall, Room 3060, West
Lafayette, 47907-2122, Indiana, USA

Corresponding Author

Ananthanarayan A. Krishnan
Department of Speech Language
Hearing Sciences, Purdue University
West Lafayette

47907-2122

Indiana

USA.

Key Words

Phaselocking

temporal scheme
envelope

temporal fine structure
pitch shifts

Phase-locked neural activity in the brainstem generating the human frequency
following response (FFR) has been shown to preserve neural information
about certain spectrotemporal attributes of complex sounds that likely con-
tributes to the perception of speech, language, music, and segregation of con-
current sound streams. Here we review some evidence in support of the
view that the temporal pattern of neural activity in the FFR does preserve
information relevant to the representation of spectra and pitch of complex
sounds. Specifically, FFR spectra for both steady state and time variant
complex sounds show clear peaks at formant related harmonics that follow
the changes in formant frequencies for time-variant sounds. Similarly, neu-
ral information relevant to steady- and time-variant pitch, pitch shifts, and
changes in pitch salience are well preserved in the FFR and exhibits a strong
correlation with behavioral measures. For inharmonic, frequency shifted, and
unresolved harmonics stimuli that produce pitch shifts or multiple pitches,
neural activity relevant to these perceived changes in pitch is primarily con-
tained in the neural representation of the temporal fine structure (TFS).
Both reverberation and noise degrade the neural representation of envelope
and TFS with phase locking to ENV showing greater resilience. Qwverall,
these results clearly suggest that the FFR provides a robust physiologic win-
dow to evaluate the nature of neural representation of spectra and pitch of
complex sounds in normal and impaired ears, age related changes in neural
encoding, and to understand the role of experience in shaping subcortical
processing and its application to re-training and perceptual learning.

©JAIISH, All Rights Reserved

INTRODUCTION

Periodic complex sounds including speech repre-
sent the sum of multiple, harmonically related fre-
quency components and are characterized by a slowly
varying periodic envelope (ENV) and rapidly vary-
ing frequency components contained in the envelope
referred to as the temporal fine structure (TFS) (Fig-
ure 1, top trace). Using these complex sounds, two
distinct types of sustained brainstem neural activ-
ity can be elicited- one reflecting phase-locked neural
activity that follows the envelope periodicity (Enve-
lope Following Response- EFR, 4" trace from the
top) and the other, phase-locked neural activity that
follows the TFS (Frequency Following Response -
FFR, 5" trace from the top). The EFR with a wave-
form largely representing the low frequency envelop
periodicity and the FFR with a waveform represent-
ing phase-locking to the relatively higher frequencies
contained in the TFS of complex sounds are shown
in spectral data in Figure 1. It should be noted
here that the phase-locked activity elicited by a sin-
gle onset polarity stimulus is a combination of neu-
ral phase-locking to the envelope periodicity and the
temporal fine structure, although the response wave-
form is dominated by the more robust phase-locking

to the envelope periodicity. Both the EFR (to mod-
ulation frequencies higher then 90 Hz) and the FFR
above 100 Hz is thought to reflect sustained phase-
locked neural activity primarily in the inferior col-
liculus (Krishnan, 2007; Bidelman, 2018).

The phenomenon of neural phase-locking in audi-
tory neurons has been well demonstrated at all lev-
els along the auditory pathway and serves as the
fundamental basis for the robust temporal encod-
ing scheme in the auditory system. However, the
decrease in the upper frequency limit for neural
phase-locking from about 5000 Hz in the auditory
nerve, 1500-1700 Hz in the inferior colliculus, and less
than about 150 Hz in the auditory cortex together
with the decrease in neural phase-locking ability in
the entire population of auditory nerve fibers with
increasing frequency (the membrane time constant of
the IHC being a limiting factor (Palmer & Russell,
1986)) poses a serious challenge for the effective oper-
ation of temporal encoding schemes at higher levels
along the auditory pathway, and at higher frequen-
cies. Since both EFR and FFR overlap to produce
a complex response waveform in response to a fixed
onset polarity stimulus, averaging the responses to
alternating polarity will effectively isolate the EFR
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Figure 1: Extraction of the EFR and the FFR using addition and subtractions of responses to condensation and
rarefaction onset polarities. The top waveform is the stimulus waveform of a complex sound (f0 = 100 Hz)
illustrating the envelope periodicity and the TFS. Second and the third response represents FFR/EFR to
condensation (C) and rarefaction (R) onset polarities, respectively. Addition of these two responses (4" waveform
from the top) results in the EFR, and subtraction (C-R) results in the FFR (5" waveform from the top). Note the
lower frequency periodicity of the EFR compared to the FFR. The spectra of the EFR (blue) and FFR (red) to a
complex tone is shown at the bottom of the waveforms. The FFR components extends to several higher frequency
harmonics while the EFR shows a prominent peak at f0.

from the FFR as well as the cochlear microphonic
and stimulus artifact since the EFR does not change
with polarity change (Chandan & Krishnan, 2018;
Ananthakrishnan & Krishnan, 2018; Aiken & Pic-
ton, 2008; Krishnan, 2002; Greenberg et al., 1987).
Thus, EFR alone is summed and preserved while the
other components are subtracted out (Figure 1). To
extract the FFR (Figure 1), the responses to oppo-
site polarities are subtracted (Chandan & Krishnan,
2018; Ananthakrishnan & Krishnan, 2018; Aiken &
Picton, 2008; Krishnan, 2002). This is similar to the
compound histogram technique developed by Arthur
et al. (1971) and Goblick and Pffeifer (1969) for the

temporal analysis of single-unit discharge patterns.

While different labels have been used to identify
these responses (for example, EFR has been referred
to as Auditory steady-state responses when ampli-
tude modulated stimuli have been used, speech ABR
when speech stimuli have been used, or as FFRgnv
FFRsprc or FFRrps when complex sounds like
speech and/or complex tones have been used), we
have chosen to use the more appropriate operational
descriptor: EFR for the envelope following response
since the response reflects neural phase-locking to
the envelope periodicity regardless of the type of
complex sound used to elicit them; and FFR for
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responses representing neural phase-locking to the
spectral components of the stimulus (i.e. TFS).
Both EFRs and FFRs have been shown to preserve
information about neural timing and/or neural rep-
resentation of certain acoustic features relevant to
speech- and pitch perception (Suresh & Krishnan
2019; Ananthakrishnan & Krishnan, 2018; Krishnan
& Gandour, 2017; Krishnan & Plack, 2011; Aiken
& Picton, 2008; Krishnan, 2007; Krishnan, 2002)
and as such provides an effective physiologic win-
dow to assess certain aspects of temporal processing
in normal and impaired auditory systems (Easwar
et al.; 2015b; Anderson et al., 2013; Ananthakrish-
nan, Krishnan, & Bartlett, 2016; Plyler & Krish-
nan, 2001). This review is deliberately limited to
studies examining neural encoding of spectra and
pitch of complex sounds. The specific aim here is
to demonstrate that the phase-locked neural activ-
ity in a population of neural elements in the rostral
brainstem generating the FFR does indeed preserve
robust information about certain acoustic and tem-
poral features that may contribute to the develop-
ment of speech- and pitch perception. The objec-
tive clearly is to highlight the potential utility of the
FFR as a neural metric to understand neural repre-
sentation of behaviorally relevant features contained
in complex sounds in mostly normal ears.

Neural representation of spectra of
complex sounds

Steady state speech-like and speech sounds

It is well established that encoding of the first two
formants of most vowels is sufficient for their identi-
fication (Brown, 1958; Carlson, Fant, & Granstrom,
1975; Peterson & Barney, 1952). Neural phase lock-
ing based temporal-place encoding scheme has been
shown to play a dominant role in the neural repre-
sentation of the spectrum of steady-state and time-
variant sounds in the population response of single
neurons in the auditory nerve and ventral cochlear
nucleus (Blackburn & Sachs, 1990; Caspary, Rupert
& Moushegian, 1977; Keilson, Richards, Wyman, &
Young, 1997; Miller & Sachs, 1983; 1984; Palmer,
Winter, & Darwin, 1986; Recio & Rhode, 2000;
Rhode, 1998; Sachs & Voight, 1983; Young & Sachs,
1979). The scalp-recorded FFR has also been shown
to preserve spectral and pitch relevant information
contained in speech and non-speech complex stim-
uli (Krishnan,1999; Krishnan, 2002; Ananthakrish-
nan & Krishnan, 2018; Krishnan, Gandour & Suresh,
2016; Krishnan & Gandour, 2014; Bidelman, Gan-
dour & Krishnan, 2011; Bidelman & Krishnan, 2011;
Krishnan & Agarwal, 2010; Bidelman & Krishnan,
2009; Krishnan & Plack, 2011; Smalt et al.,2012;
Krishnan, Gandour & Bidelman, 2010; Ananthakr-
ishnan, Luo & Krishnan, 2017; Ananthakrishnan,
Krishnan, & Bartlett, 2016; Suresh, Krishnan, &
Luo, 2018; Swaminathan, Krishnan, & Gandour,
2008; Galbraith, Jhaveri, & Kuo, 1997; Greenburg,

1980; Krishnan, Xu, Gandour, & Cariani, 2004; 2005;
Aiken & Picton 2008a).

There has been a steady increase in the num-
ber of studies that have used speech elicited FFRs
to examine neural encoding in normal and impaired
ears to speech and speech-like stimuli (Ananthakrish-
nan & Krishnan, 2018; Krishnan, Gandour & Suresh,
2016; Krishnan & Gandour, 2014; Bidelman, Gan-
dour & Krishnan, 2011; Bidelman & Krishnan, 2011;
Krishnan & Agarwal, 2010; Bidelman & Krishnan,
2009; Krishnan & Plack, 2011; Smalt et al.,2012;
Krishnan, Gandour & Bidelman, 2010; Ananthakr-
ishnan, Luo & Krishnan, 2017; Ananthakrishnan,
Krishnan, & Bartlett, 2016; Suresh, Krishnan, &
Luo, 2018; Swaminathan, Krishnan, & Gandour,
2008; Galbraith, Jhaveri, & Kuo, 1997; Greenburg,
1980; Krishnan, Xu, Gandour, & Cariani, 2004; 2005;
Anderson, 2013). However, to date only a few studies
have specifically addressed neural encoding of spectra
of speech sounds (Krishnan, 1999; 2002; Aiken & Pic-
ton 2008). Krishnan (1999) recorded FFRs elicited
by three different two-tone approximations of English
back vowels (/u/, /)/, and /a/) at 88, 75, 65, and 55
dB nHL to evaluate the neural representation of spec-
tra of these sounds. Spectral analyses of the FFRs
revealed distinct peaks at frequencies corresponding
to the first and the second formants across all levels
suggesting that phase-locked activity among two dis-
tinct populations of neurons are indeed preserved in
the FFR. A follow up study (Krishnan, 2002) using
steady state synthetic speech versions of these three
vowels showed clear peaks at harmonics proximal to
the first and second formant of the vowel /u/ (Figure
2, left panel) and vowel /a/ (Figure 2, middle panel)
at all levels with F1, F2 amplitude increasing with
increasing intensity. However, the amplitude growth
functions for the higher smaller F2 components were
shallower compared to F1 (Figure 2, right panel).
These results were interpreted to suggest that the
robust responses at the two formant related harmon-
ics represents phase-locked activity in two distinct
populations of brainstem auditory neurons driven by
their characteristic places along the cochlear parti-
tion. Support for this view is derived from the follow-
ing observations: FFR responses to moderate inten-
sity tone-bursts are place specific (Ananthanarayan
& Durrant, 1992); distinct response peaks at F1, F2,
and at 2f-f2 for the two-tone vowel stimuli (Krish-
nan, 1999); and FFRs ability to accurately track
the frequency change presented in either an upward,
or downward swept tonal glide (Krishnan & Parkin-
son, 2000). In this framework, each harmonic in
the complex stimuli would engage a specific place
on the cochlea (therefore a specific frequency) which
would produce phase-locked activity in two distinct
population of brainstem neurons with characteristic
frequencies proximal to F1, and F2. That is, the
spectral peaks in the FFR harmonics close to F1
and F2 likely reflect phase-locked activity from dis-
tinct populations of neurons. Krishnan (2002) also
observed that for each vowel, the F1 response was
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Figure 2: FFR response waveforms, spectra (plotted as a function of intensity) and amplitude growth functions for
steady state vowels /u/ and /a/. The inset in the spectral data shows the magnified smaller F2 related spectral peaks.
For both vowels spectral components can be detected down to 55 dB nHL. For both vowels and for both formants
amplitude grows with intensity with different characteristics. The stimulus wavefroms and spectra (dotted traces) are
shown at the bottom of the response waveforms and spectral for each vowel. Data replotted from

Krishnan (2002).

dominant at high stimulus levels consistent with the
phenomenon of formant capture. Young & Sachs
(1979) demonstrated this in the responses of the audi-
tory nerve fibers to speech stimuli. Specifically, as
intensity increases, not only does the response at
the F1 place increase but also progressively reflects
increasing contributions from units with higher char-
acteristic frequencies due to upward spread of excita-
tion (synchrony spread). This process likely accounts
for the observation of the dominant spectral peak
at F1 in the FFR data. Finally, the observation
of smaller FFR response amplitudes for harmonics
between the formants seen in the FFR data suggests
selective synchrony suppression to enhance spectral
peaks at the formant frequencies (Krishnan, 2002).
Taken together, these results clearly suggest that the
phase-locked activity underlying the FFR is able to
preserve the spectral representation of formant and
non-formant harmonics of speech sounds when their
first two formant frequencies are below the upper fre-
quency limit of human FFR -about 1700 Hz. Indeed,
from a translational application perspective, compar-
ison of FFRs elicited by a steady state vowel in nor-
mal and hearing impaired ears show a clear degrada-
tion of the representation of TFS with little change in
the representation of the envelope periodicity (Anan-
thakrishnan, Krishnan, & Bartlett, 2016) suggesting
that the reduced speech discrimination ability in indi-
viduals with sensorineural hearing loss may, at least
in part, be a consequence of degraded representation
in the brainstem of certain acoustic features impor-
tant for speech perception.

Time-variant speech-like and speech sounds

Most natural speech sounds are inherently time-
variant. That is, their spectrotemporal acoustic fea-
tures change over time. There is compelling evidence
that these time-varying acoustic features (for exam-
ple, formant transitions) of speech sounds play an
important role in speech perception (Jacobson, Fant,
& Halle, 1963). Thus, in order to be useful, phase-
locked activity generating the FFR should be able
to preserve some of these time-variant features. As
an initial step to examine this, Krishnan & Parkin-
son (2000) evaluated the encoding of simple linearly
rising (400-600 Hz) and falling (600-400 Hz) tonal
glides, grossly approximating formant trajectories in
real speech. The results of this study demonstrated
that the human FFR does indeed follow the trajec-
tory of the rising (Figure 3, left panel) and falling
tonal glides (Figure 3, right panel) in a robust fash-
ion. The authors proposed that the changing fre-
quency in the stimulus was encoded by a progressive
shift in the population of neurons phase-locked to
the changing stimulus frequency. Also, the decreas-
ing amplitude with increasing frequency observed for
the rising glide supports the view that neural phase
locking deteriorates with increasing frequency. Sim-
ilar FFR findings have been reported by Billings et
al., (2019); Clinard & Cotter (2016) in adults, and
Madhavi, Krishnan, & Weber-Fox (2009) in children.
Interestingly, results in the Madhavi, Krishnan, &
Weber-Fox study, comparing neural representation of
tonal glides in children with normal language and
children with specific language impairment (SLI),
revealed that a subset of children with SLI showed
poor neural tracking of the frequency change as the
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rate of change of frequency was increased suggest-
ing a disruption in temporal processing-again, point-
ing to the sensitivity of the FFR to evaluate aspects
of auditory temporal processing. The observation of
smaller overall amplitude for the falling glide com-
pared to the rising glide has been interpreted to sug-
gest that the neural activity for rising frequency is
more synchronous than for a falling frequency (Dau,
2003; Janssen et al., 1991). However, Billings et
al., (2019) failed to observe this differential sensi-
tivity to direction in their study. Plyler & Krish-
nan (2001) also demonstrated that the phase-locked
activity reflected in the FFR elicited by CV syllables
was able to track the formant transition in normal
hearing adults but not in individuals with sensorineu-
ral hearing loss. Shorter duration formant transi-
tions (50 ms or less) in shorter CV syllables does not
appear to show a clear following in the FFR, proba-
bly obscured by the overlapping onset components.

More recently, Suresh & Krishnan (2020) demon-
strated that the FFR is able to follow the trajectory
of decreasing frequencies of the first and second for-
mant in a diphthong as the vowel moves from /a/
to /au/ to /u/ (/Figure 4) Both the spectrogram
(Figure 4, middle panels) and the instant spectral
slices representing the earlier /a/ segment, the tran-
sition /au/ segment and the later /u/ segment (Fig-
ure 4, bottom panel) clearly show that the phase-
locked activity is able to follow the formant frequency
changes over time. Collectively, these results suggest
that the phase-locked activity is able to represent
the time varying spectrotemporal attributes of the
stimulus and therefore may be used to assess aspects
of auditory temporal processing in different clinical
populations.

Speech in adverse listening conditions:
Reverberation and Noise

Speech communication almost always occurs in
the presence of competing background sounds and/or
in a reverberant environment. These adverse listen-
ing conditions challenge the auditory system’s ability
to extract certain acoustic features of sounds that
are important for speech perception. While back-
ground noise effects are usually explained in terms of
masking of the target, in reverberant conditions, the
original sound waves are reflected from walls, floors,
and ceilings therefore producing a spectrotemporal
distortion that degrades perception. Reflected sound
waves arrive at the listener’s ear delayed relative to
the original. The temporal overlap between incident
and delayed attenuated signals results in a noisier
signal compromised by multiple delays, attenuation,
and spectrotemporal distortions. With its ability to
preserve f0 and formant information, the FFR serves
as an effective analytic tool to study the neural rep-
resentation of certain acoustic features in quiet and
how they may be degraded in adverse listening con-
ditions like noise and reverberation.

Reverberation

Psychophysical studies have shown that rever-
beration can have deleterious effects on an individ-
ual’s ability to identify and discriminate acoustic fea-
tures of consonants (Gelfand Silman, 1979); vow-
els (Drgas & Blaszak, 2009; Nabelek & Letowski,
1988); and time-varying formant cues (Nabelek &
Dagenias, 1986b). The consequent reduction in iden-
tification and discrimination reflects both forward
masking, where preceding segments mask subsequent
segments, and self-masking, where temporal smear-
ing occurs within each phoneme (Nabelek et al.,
1989; Wang & Brown, 2006). Physiological data
from single neurons in the ventral cochlear nucleus
(Sayles & Winter, 2008; Sayles, Stasiak, & Winter.,
2015; 2016), and the scalp-recorded brainstem FFR
data (Krishnan, Suresh, & Gandour, 2019; Bidelman,
2017; Bidelman & Krishnan, 2011) show that neural
representation of pitch-relevant fine structure infor-
mation based on neural phase-locking is degraded in
the presence of reverberation. Bidelman & Krish-
nan (2011) using the vowel /i/ with time-varying f0,
observed that speech evoked FFRs show an overall
reduction in response magnitude due to reverberation
induced desynchronization (Figure 5 left and middle
panels showing disruption of phase-locking in both
the autocorrelogram (left) and the spectrogram (mid-
dle), particularly pronounced at the higher formant
related harmonics, while maintaining the represen-
tation of f0 with only a gradual decrease in mag-
nitude until at least the most severe reverberation
condition (Figure 5, top right). However, they did
show a progressively decreasing correlation between
the response in the dry condition (no reverberation)
and the responses in reverberant conditions (Figure
5, bottom right). In contrast, Bidelman, Davis, &
Pridgen (2018) showed little or no change in the f0
component of the FFR elicited by a vCv speech token
in presence of mild and medium levels of reverber-
ation. Sayles, Stasiak & Winter (2016) showed a
significant degradation in the periodicity tagged dis-
charge for only stimuli with time-varying pitch with
little or no change for stimuli with steady state pitch.
It is possible that that the absence of an apprecia-
ble reverberation induced degradation in Bidelman,
Davis & Pridgen (2018) may be due to the very grad-
ual change in pitch over time in their stimulus. More
recently, Krishnan, Suresh & Gandour (2019), using
a lexical tone with time-varying pitch (Mandarin tone
2 with a curvilinear rising pitch contour) preceded by
a long noise segment, showed that the neural repre-
sentation of pitch relevant information (as reflected
in the ability to follow the f0 changes) progressively
deteriorated with increasing reverberation (slight to
moderate levels) with greater disruption of the later
rapidly accelerating pitch segment. This latter result
is consistent with animal studies that show neural
encoding of pitch based on timing information is
severely degraded in the presence of reverberation
in the caudal brainstem (Sayles, Stasiak, & Winter,
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Figure 3: FFR waveforms and spectrograms to an upward swept (400-600 Hz) on the left, and downward swept
(600-400 Hz) tone on the right. The rising and falling bands in spectrogram clearly show the ability of the
phase-locked activity to follow frequency change. From Krishnan & Parkinson, 2000.

2016; Sayles, Stasiak, & Winter 2015; Sayles & Win-
ter, 2008-ventral cochlear nucleus). It is likely that
reverberation degrades the sustained fine-grained,
phase-locked temporal discharge pattern of brain-
stem neural responses following the pitch contour.
This degradation is likely due to the loss of robust
periodicity and smearing of dynamic changes over
time in the fine structure of the stimulus (Houtgast
and Steeneken, 1973, 1985). Another possible expla-
nation for the relative resilience of f0 is because the
FFR is dominated by phase-locking to low frequency
resolved components rather than phase-locking to the
weaker envelope modulation cue resulting from inter-
action of unresolved higher harmonics that has been
shown to degrade markedly with increasing rever-
beration (Sayles & Winter, 2008). Sayles & Win-
ter (2008) suggest that both the more robust neural
phase-locking in the low frequency channels in gen-
eral and the more salient responses to resolved com-
ponents increases their resistance to temporal smear-
ing resulting from reverberation.

Background noise

Reduced amplitude has been observed in the pres-
ence of noise for brainstem EFR/FFR (Bidelman,
Davis, & Pridgen, 2018; Prevost et al., 2013; Smalt et
al., 2012; Song et al., 2011; Li & Jeng, 2011; Parbery-
Clark et al., 2009; Russo et al., 2004). Smalt et
al. (2012), using complex tone with unresolved har-
monics (12t2-17"") of a 90 Hz f0 and low pass mask-
ing to eliminate distortion products in the lower fre-
quencies, observed robust peaks at f0 (envelope) and
lower harmonics (EFR due to modulation at 90 Hz
resulting from the periodicity of the complex stimulus
and the distortion produced by the interaction of the
unresolved harmonics). While the cubic distortion

component showed a systematic decrease in periodic-
ity strength with increasing noise level, f0 remained
largely unaltered even at high noise levels (Figure
6). However, as noise level was increased, phase-
locked components at higher harmonics (2f0-to-8f0-
overlapping the F1 and F2 harmonics of English
back vowels) reduced in magnitude which in turn
may contribute to the difficulties in speech percep-
tion in noise. There is also some evidence showing
enhancement of f0 in the presence of noise (Bidel-
man, Davis, & Pridgen, 2018; Prevost et al. 2013;
Smalt et al. 2012). One possible explanation for this
enhancement is the presence of stochastic resonance
in the auditory system (Cunningham et al. 2002;
Henry, 1999). That is, addition of noise presumably
improves (the underlying neural mechanism is not
known) the neural entrainment of a weak periodic
signal. Given the high stimulus presentation levels
used to elicit these responses it is more likely that
low frequency tails of higher frequency neurons are
recruited at higher intensities so that a broad array
of fibers are phase locking to the f0 and consequently
reducing the effects of noise. The resilience of at least
the f0 component of the FFR to degradative effects
of noise and reverberation suggests that neural syn-
chronization to f0 is robust (at least for steady state
pitch where enough cycles of pitch information may
be preserved to extract pitch) and not readily suscep-
tible to degradation by noise or reverberation. This
resilience to degradation by noise or reverberation is
fortuitous since f0 plays a critical role in the per-
ception of speech, music and the ability to segregate
concurrent sounds

Reverberation vs Noise

Noise and reverberation are fundamentally differ-
ent in terms of how they distort the spectrotempo-
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stimulus and FFR (middle panel); and instant spectral slices of the FFR illustrated in a waterfall fashion (bottom
panel) to show the changes in formant related peaks in the FFR that follow the transition from vowel /a/ (top), to

diphthong /au/ (middle), to vowel /u/ (bottom) The FFR clearly shows the neural phase-locking reflected in the FFR
is tracking the time-varying F1 and F2 decrease in frequency (indicated by the dotted white line).

ral attributes of complex stimuli, therefore it follows
that their effects could also manifest differently in
the phase-locked neural activity. Bidelman, Davis,
& Pridgen (2018) demonstrated that speech-evoked
brainstem FFR (f0) and early cortical responses were
degraded more by noise than reverberation. Pre-
vious physiological studies (Al Osman et al., 2017,
Bidelman and Krishnan, 2011; Sayles and Winter
2008; Sayles, Stasiak, & Winter, 2016) have also
shown better preservation of neural representation
in reverberation compared to noise (Bidelman, 2017,
review). A qualitative comparison of changes in
cortical pitch response (CPR) due to reverberation
(Krishnan, Suresh, & Gandour, 2019), and back-
ground noise (Suresh, Krishnan, & Gandour, 2017)
reveal that both types of adverse listening condi-
tions result in degradation of CPR neural activity.
In reverberation, language dependent enhancement
is maintained across conditions; in background noise,
it is maintained only for the most favorable SNR, (+5

dB) condition. Behavioral measures have also shown
different patterns of vowel confusions in noise and
reverberation (Nabelek and Dagenais, 1986). Taken
together, these results are consistent with Bidel-
man, Davis, & Pridgen (2018) suggesting differential
effects of noise and reverberation. Sayles, Stasiak,
& Winter (2016) also observed differential effects
for noise and reverberation. Specifically, reverbera-
tion significantly impaired segregation of concurrent
vowels which had a pitch contour, but not vowels
with steady state pitch. In contrast, noise impaired
segregation of vowels with both steady state, and
time-variant pitch contour. It remains unclear if
these differences simply reflect fundamental differ-
ences in the extent to which spectrotemporal pitch-
relevant acoustic features are disrupted and/or the
relative effectiveness of masking mechanisms under
both noise and reverberation. Surprisingly, the dif-
ferential effects of noise and reverberation on speech
representations is not observed at the cortical level
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Figure 5: Autocorrelograms (left), spectrograms (middle), mean f0 degradation in and F1 amplitude (right top), and
change in f0 amplitude (bottom right) plotted as a function of increasing degree of reverberation. Note the
reverberation related degradation in fO and F1 representation particularly at the medium and severe degrees of

reverberation. Replotted using data from From Krishnan & Bidelman (2011).

(Mesgarani et al. 2014) suggesting operation of cen-
tral compensatory mechanisms mitigating the effects
of reverberation on the neural representation of time
varying periodicity at the subcortical levels. We can-
not rule out interplay between bottom up and top
down mechanisms (Suga et al., 2000, 2003) to aid
signal selection in adverse listening conditions. Such
interplay, however, does not explain why signal selec-
tion would be selectively aided in reverberation but
not noise. Clearly, more research is needed to provide
a more complete, quantitative characterization of the
how noise and reverberation differentially affect the
neural encoding of complex sounds. Development of
optimal signal processing strategies implemented in
conventional amplification devises will have to con-
sider appropriate strategies to mitigate the differen-
tial deleterious effects of noise, and reverberation on
the neural representation of certain acoustic features
of speech important for speech perception.

Neural representation of pitch-relevant
information of complex sounds

Neural correlates of pitch of harmonic,
inharmonic, and frequency shifted sounds

For a range of harmonic complex sounds that pro-
duce a low pitch percept, the dominant interval inter-
spike interval present in the population of auditory

nerve fibers always correspond to the pitch heard in
perceptual experiments (Cariani & Delgutte, 1996a-
the dominant interval hypothesis). Psychoacous-
tic studies have demonstrated that inharmonic and
frequency-shifted complex tones (Shouten,1940; de
Boer,1956) produce pitches that differ from that sug-
gested by the envelope periodicity /harmonic spacing
(pitch shift and /or pitch ambiguity). Consistent with
this, auditory nerve physiological data using simi-
lar stimuli indicate that these pitch shifts also have
direct correlates in the population interspike inter-
val distribution (ISID) of the auditory nerve (Cari-
ani, 1996b). That is, pooled interval distributions in
response to inharmonic stimulus segments show mul-
tiple maxima corresponding to the multiple pitches
heard by human listeners (pitch ambiguity). Sim-
ilarly, for frequency shifted complex sounds where
octave drops in pitch are expected, there is corre-
sponding patterns of peaks in the pooled interspike
interval distribution.

Given that FFR reflects sustained phase-locked
activity in a population of neural elements in the
brainstem, Krishnan & Plack (2011b) reasoned that
the temporal pattern of phase-locked activity gen-
erating the FFR may preserve information consis-
tent with pitch ambiguity of inharmonic complex
sounds, and pitch shifts of frequency shifted com-
plex sounds similar to what has been demonstrated in
the pooled interval distribution at the auditory nerve
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Figure 6: Mean periodicity strength plotted for the EFR (solid circle) and for the FFR (cubic difference tone) for the
quiet and increasing levels of noise. Replotted from Smalt et al. (2012).

level (Cariani & Delgutte, 1996a; 1996b). To evalu-
ate pitch ambiguity FFRs were recorded to ampli-
tude modulated (AM) tones with fixed modulation
frequency (Fm = 125 Hz) and different carrier fre-
quencies (625, and 750 Hz-harmonic since Fe¢/Fm is
an integer; 687 and 733 Hz- inharmonic and aperiodic
since Fc/Fm is not an integer). To evaluate pitch
shift, FFRs were recorded using a three-component
harmonic complex comprised of the 27% (488 Hz), 3"¢
(732 Hz), and 4" (976 Hz) harmonic of a 244 f0, and
another three-component complex where the three
components was shifted downwards in frequency by
122 Hz (that is, 366 Hz, 610 Hz, and 854 Hz) (Fig-
ure 8first two panels on the left). For all stimuli
(harmonic, inharmonic, and frequency shifted) EFRs
showed auto-correlations functions (ACF) peaks that
corresponded to the invariant envelope periodicity
(Figure 7, left panel, and Figure 8, third panel from
the left). Consistent with this, the EFR spectral data
showed peaks at the harmonic spacing, and at integer
multiples of this value (Figure 7, second panel, and
Figure 8, right panel). In contrast, FFR (remember,
reflects phase-locking to the fine structure compo-
nents) showed ACF peaks corresponding to the FO
for the harmonic stimuli, and single or multiple ACF
peaks (which did not correspond to f0) for inhar-
monic/frequency shifted stimuli (Figure 7 left panel
and Figure 8, right panel). FFR ACF peaks corre-

sponding to pitch(es) for harmonic and inharmonic
AM tones (Figure 7) are identical to the peaks in the
pooled interspike interval distribution for auditory
nerve (Cariani & Delgutte, 1996b) (Figure 7, third
panel). The pitches estimated from the population-
interval distribution for these stimuli closely corre-
spond to the pitch shifts (first period effect of pitch
shift) that have been observed for human listeners
and are in close agreement with de Boer’s rule (de
Boer, 1976). For inharmonic conditions estimated
pitch was 121 Hz for AM 733; and 114.5 Hz and 139
Hz for AM 687. For the frequency shifted conditions,
estimated pitches were 203 and 305 Hz -all approx-
imating with de Boer’s rule (p=Fc/n), where n is
an integer near Fc/Fm) values. Although the spec-
tral data for the FFR showed peaks (spectral data
in Figures 7, and 8) at the frequency components
and at lower harmonics (presumably cubic difference
distortion products) as expected, no clear peaks cor-
responding to the pitch were observed for the inhar-
monic/shifted stimuli. Based on these results, the
authors concluded that FFR (fine structure) results
are consistent with the auditory nerve response to
AM tones (Cariani et al., 1996b) and with the FFRs
to frequency shifted complex sounds (Greenberg et
al., 1987). These authors suggest that the multiple
maxima in the ACFs for inharmonic/frequency shift
stimuli correspond to the multiple pitches heard by
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Figure 7: Autocorrelation functions (ACF) (left column) and spectra (middle column) of the EFRs (red/dark) and
FFRs (blue/light) plotted for the harmonic (625 Hz and 750 Hz) and inharmonic (687 Hz and 733 Hz) amplitude
modulated stimuli with an fO =125 Hz. EFR ACFs show a clear peak at 1/Fm for all stimuli and correspondingly the
spectral data shows peaks at fO and at a few higher harmonics. FFR ACFs show a clear peak at 1/Fm only for the
harmonic stimuli and shifted or multiple peaks for the inharmonic stimuli (the pitch periods are identified). The FFR
spectra show clear peaks at Fc, its sidebands and at cubic difference tones. EFR ACF's overlaid on the auditory
nerve pooled interspike intervals are remarkably similar across stimuli. From Krishnan & Plack (2011),
Unpublished data presented at the 2011 midwinter meeting of the Association for Research in Otolaryngology.

human listeners (pitch shift/ambiguity). Consistent
with these views, the results presented here suggest
that the FFR does not merely reflect neural phase
locking to waveform envelope (Hall, 1979). Rather
information relevant to pitch shift and pitch ambigu-
ity is preserved in the temporal distribution of neu-
ral activity in the midbrain phase locked to the fine
structure. Similar results for frequency shifted com-
plex tones have been reported by Gockel, Carlyon,
Mehta, & Plack (2011). The similarity of these FFR
results with auditory nerve data raises the question
whether phase-locked activity in the midbrain, as
reflected in the FFR, represents local pitch encod-
ing or merely a passive reflection of pitch relevant
information preserved in the neural activity that has

been transmitted from the auditory nerve. Based
on their failure to observe any pitch-relevant infor-
mation in the FFRs to three tone harmonic stim-
uli presented dichotically, Gockel, Carlyon, Mehta,
& Plack (2011) concluded that there was no addi-
tional pitch-relevant processing at the level of the
brainstem. Several arguments may be presented to
counter this inference. First, if the temporal code
for pitch available at the brainstem level also utilizes
autocorrelation-like analysis to determine the global
distribution of interspike intervals from the tempo-
ral pattern of neural activity across a population of
neurons, it would necessarily share certain fundamen-
tal attributes of the same temporal code operating at
the level of the auditory nerve. Second, it is not clear
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Figure 8: Waveforms and spectra of harmonic(red/dark), and inharmonic and frequency shifted(blue/light) complex
tones. Column three and four illustrated the ACFs and spectra of the EFR (red/dark) and FFR (blue/light) responses.
No clear peak proximal to perceived pitch is discernible in the FFR spectral data for the frequency shifted stimulus.
Also note that the multiple peaks of FFR ACF for the frequency shifted tone surrounds the dominant EFR ACF peak
at 4 ms. From Krishnan & Plack (2011b), Unpublished data presented at the 2011 midwinter meeting of the
Association for Research in Otolaryngology.

that their dichotic stimuli produced the same pitch
as when all harmonics are presented to the same ear.
Notwithstanding, the pitch salience of their stimuli
would be weak. It is possible that FFR-related neu-
ral activity is not sufficiently robust to preserve the
less salient pitch for their stimuli. In our own expe-
rience, we have failed to measure FFR correlates of
the less salient dichotic Huggins pitch.

Neural correlates of resolved vs unresolved
complex sounds

Psychoacoustic studies have also shown that
complex tones containing resolved harmonics evoke
stronger pitches than complex tones with only
unresolved harmonics (for example, Houtsma and
Smurzynski, 1990; Carlyon and Shackleton, 1994).
Also, unresolved harmonics presented in alternating
sine and cosine (ALT) phase produce a doubling of
pitch, presumably the result of harmonic interac-
tion in the basilar membrane (Shackleton and Car-
lyon, 1994a). Physiological studies show a consistent
correlate of the pitch doubling for ALT stimuli as
harmonic resolution decreases. That is, the inter-
spike interval distributions (ISIDs) not only show
peaks at FO and 2F0 but also, the interval based
measure of pitch strength is almost as large at the
envelope frequency 2F0 as at the FO for alternat-
ing phase stimuli with unresolved harmonics based

on both period histograms and ACGs (Horst et al.,
1990; Palmer and Winter, 1992, 1993; Cedolin and
Delgutte, 2005; Shackleton et al., 2009). Krishnan &
Plack (2011) examined whether the temporal pattern
of phase-locked neural activity reflected in the scalp
recorded human frequency following response (FFR)
preserves information relevant to pitch strength and
pitch doubling for ALT stimuli. FFR and behavioral
discrimination measures were obtained for complex
tone burst stimuli with harmonics added in either
sine phase (SIN) or alternating phase (ALT) phase.
SIN-phase complexes had an FO of 90 Hz (SIN 90) or
180 Hz (SIN 180). ALT phase complexes had an F0 of
90 Hz (ALT 90). For each of the complexes, harmon-
ics were filtered into one of four spectral regions: 360-
900 Hz, 720-1260 Hz, 1080-1620 Hz, and 1440-1980
Hz. These spectral regions were chosen to include
stimuli with low-order harmonics that are completely
resolved, and stimuli with higher order harmonics
that are completely unresolved, in the cochlea. A
low-pass Gaussian noise with cutoff frequencies set
180 Hz below the start of the complex passband (180
Hz, 540 Hz, 900 Hz, and 1260 Hz for the four spec-
tral regions) was used to mask combination tones.
The grand average FFRs for the three stimuli (SIN90,
ALT90, and SIN180) for the resolved and unresolved
spectral conditions are shown in Figure 9. The dotted
box grouping the SIN 90 and ALT 90 for the resolved
conditions, and the ALT90 and the SIN180 unre-

11
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Figure 9: Grand averaged FFR waveforms across spectral regions (identified on the right) for SIN 90, ALT 90, and
SIN 180 stimuli. The dashed boxes enclosing the SIN 90 and ALT 90 for the resolved stimuli, and the ALT 90 and
SIN180 for the unresolved stimuli illustrates the doubling in periodicity in the FFR to ALT 90 stimuli moving from

resolved to unresolved stimuli. Replotted from Krishnan & Plack (2011).

solved conditions, respectively illustrates the change
in periodicity of the FFR from 90 Hz for the resolved
conditions to 180 Hz for the unresolved conditions-
consistent with a doubling of perceived pitch. Fur-
thermore, their results showed that FFR periodicity
strength decreased as harmonic resolution decreased
(ACF functions in Figure 10), qualitatively consis-
tent with previous behavioral measures but appre-
ciably smaller compared to the large changes in f0
difference limen (FODL) observed in behavioral mea-
sures. Also, FFR spectra (Figure 10) indicated a
different pattern of phase-locked neural activity for
ALT stimuli with resolved and unresolved harmon-
ics consistent with the doubling of pitch observed in
their behavioral estimates. Specifically, the shift in
the relative prominence of the autocorrelation peaks
in their FFR data for ALT 90 stimuli, and the clear
shift in spectral pattern (from one consistent with
a 90Hz f0 for the resolved ALT 90 stimuli to one
more consistent with a 180 Hz f0 for unresolved ALT
90 stimuli) clearly suggest that the temporal pat-
tern of neural activity relevant to perceptual doubling
of pitch is indeed preserved in the neural activity

underlying the FFR. Lastly, the similarity between
the autocorrelation analyses performed at the level
of the auditory nerve (model response) and at the
level of the IC (FFR) appears to suggest that a tem-
poral representation of pitch based on pooled neu-
ral ISIDs is still potentially available at the level of
the midbrain. Finally, the strong correlation between
their FFR data and behavioral estimates of pitch sug-
gests that the phase-locked neural activity reflected
in the scalp recorded FFR preserves sensory level
pitch information that may contribute to pitch per-
ception. Thus, the scalp recorded FFR may provide
for a non-invasive analytic tool to evaluate neural
encoding of complex sounds in humans.

Relative roles of envelope and temporal fine
structure in pitch

Periodic complex sounds (for example, amplitude
modulated tones, complex tones, synthetic vowels)
that are commonly used to evaluate temporal repre-
sentation of pitch relevant information in the audi-
tory system contain strong envelope (ENV) mod-

12
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Figure 10: Mean FFR autocorrelation functions (ACF) and spectra for SIN 90 (Left two panels), ALT90 (middle two
panels), and SIN180 (right two panels) plotted across the four spectral regions. The spectral regions are identified
the right of each row of plots. For all three stimuli the ACF magnitude tends to decrease moving from resolved to
unresolved stimuli; The different ACF peak delays for SIN90 and SIN180 remains unchanged across the spectral
bands (i.e. going from resolved to unresolved stimuli); and both the ACF peak location and the spectral pattern for
the ALT90 changes from resolved to unresolved stimuli consistent with the doubling of perceived pitch. From
Krishnan & Plack (2011, Hearing Research).

ulation in addition to the waveform temporal fine
structure (TFS). The relative roles of ENV and TFS
in the temporal encoding of stimulus features rele-
vant to pitch have been evaluated in the cochlear
nucleus using iterated rippled noise (IRN) with posi-
tive (IRNp) and negative (IRNn) gain (Shofner, 1991,
1999; Neuert et al., 2005; Verhey and Winter 2006;
Sayles and Winter 2007). IRN is generated

using wideband noise (WBN) that is delayed,
attenuated, and then added/subtracted to the orig-
inal WBN noise in an iterative manner. Unlike
other pitch producing periodic complex sounds, IRN
stimuli do not have highly modulated envelopes but
impart a temporal regularity in the temporal fine
structure. The autocorrelation functions (ACF) for
IRNp and IRNn are identical for waveform ENV
(peak at time lag corresponding to the delay (d
ms) but different for the TFS (Shofner, 1991, 1999;
Neuert et al., 2005). For TFS, the ACF of IRNp
shows a peak at time lag corresponding to the delay,
and the ACF of IRNn shows a peak at twice the delay
(2*d). The pitch of IRNp corresponds to the recipro-
cal of the delay (Bilsen and Ritsma, 1970; Yost, 1996;
Sayles and Winter 2008) and for IRNn, pitch corre-
sponds to 1/(2*d) Hz (Yost, 1996; Shofner, 1999).
That is, the perceived pitch of IRNn is an octave
lower than that of IRNp. For IRNp and IRNn ENV
response is the same, but TFS response is different
and closely in line with the perceived pitch change.
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Shofner (1999), showed that the neural autocor-
relograms in response to IRNp and IRNn indicated
that the temporal discharge of primary-like units in
the CN reflected the TFS of the stimulus, whereas
the temporal discharge patterns of chopper units
reflected the stimulus ENV.

Shofner (1999) concluded that the primary-like
neurons are more likely to preserve temporal infor-
mation relevant to pitch. These findings have been
corroborated by both Verhey and Winter (2006), and
Sayles and Winter (2007). Robust FFRs preserving
pitch-relevant information have been recorded using
IRN stimuli with both constant, and dynamic pitch
(Krishnan, Gandour & Suresh, 2017a; b; Krishnan et
al., 2016; Krishnan & Gandour, 2014). Ananthakr-
ishnan & Krishnan (2018) examined whether the dif-
ferential sensitivity to ENV and TFS in response
to differences in pitch produced by IRNp and IRNn
stimuli is preserved in the temporal pattern of ensem-
ble phase-locked neural activity at more rostral lev-
els in the brainstem as reflected in the human FFR.
They reasoned that if FFRs simply reflect neural
phase-locking to the waveform envelope and not pitch
per se, then the FFRs to both IRNp and IRNn
should be nearly identical. However, if the tempo-
ral pattern of activity reflected in the FFR aligns
with the TFS for IRNp, and IRNn, it would support
the view that the temporal pattern of FFR neural
activity phase-locked to the TFS does indeed con-
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Figure 11: Grand average FFRENV waveform segments (top panels), ACFs (middle panel) and spectra (bottom
panel) representing neural phase-locking to ENV for the 2ms delay (left panels) and 4ms delay (right panels) stimuli.
While the ACF peak delay shifts with change in the peridiocity (2 ms vs 4 ms) the ACF functions (and the spectra)
remain the same for both IRNp and IRNn. IRNp is indicated by the blue/light tracing and IRNn by the red/dark
tracing; FFR indicates frequency following response; ENV, envelope; IRN, iterated rippled noise; p, positive gain; n,
negative gain. Replotted from Ananthakrishnan & Krishnan (2018).

tain temporal information relevant to pitch. FFRs
were obtained in response to IRNp and IRNn stim-
uli with 2 ms, and 4 ms delay. Comparison of the
independent analysis of the phase-locked activity to
ENV, and TFS revealed that only the phase-locked
activity to the TFS showed differences in both spec-
tra and ACF that closely matched the pitch differ-
ence between the two stimuli (Figure 12) but not
the phase-locked responses to the envelope periodic-
ity (Figure 11). That is, both the ACF peak loca-
tions and the spectral patterns were consistent with
the behaviorally observed pitch for both IRNp and
IRNn stimuli (Figure 12). The temporal pattern of
phase-locking to the envelope likely preserves infor-
mation relevant to pitch change due to changes in
delay (2 ms vs 4 ms) (Figure 11). This is consistent

with previous results from Shofner (1999) that indi-
cate that the envelope responses to IRNp and IRNn
for a given delay are identical and therefore cannot
index pitch change. Only the temporal pattern of
phase-locked neural activity to the TFS accounts for
the behaviorally observed pitch and pitch lowering
for all stimuli. Shofner (1991, 1999) showed that the
ACFs for IRNp and IRNn were identical for wave-
form ENV (with peak corresponding to the delay)
but for TFS, IRNp showed a peak at the delay (sim-
ilar to the envelope ACF) and IRNn showed a peak
at twice the delay (Shofner, 1991, 1999; Neuert et al.,
2005). Also, for IRNp, behavioral measures of pitch
correspond to the reciprocal of the delay (Bilsen and
Ritsma, 1970; Yost, 1996; Sayles and Winter 2008),
and for IRNn, pitch corresponds to 1/(2*d) Hz (Yost,
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Figure 12: Grand average FFRT g waveform segments (top panels), ACFs (middle panel) and spectra (bottom
panel) representing neural phase-locking to TFS for the 2ms delay (left panels) and 4ms delay (right panels) stimuli.
Both the ACF and the spectra patterns are different for IRNp and IRNn-consistent with the perceived pitch. IRNp is
indicated by the blue/light tracing and IRNn by the red/dark tracing; FFR indicates frequency following response;
TFS, temporal fine structure; IRN, iterated rippled noise; p, positive gain; n, negative gain. Replotted from
Ananthakrishnan & Krishnan (2018).

1996; Shofner, 1999). Shofner (1999), based on com-
parison of the neural autocorrelograms in response
to IRNp and TRNn, concluded that the primary-like
neurons in the cochlear nucleus reflecting responses
to the waveform temporal fine-structure are more
likely to preserve temporal information relevant to
pitch whereas envelope related activity is preserved
in chopper neurons more involved in encoding the
envelope modulation. These findings have been cor-
roborated by both Verhey and Winter (2006), and
Sayles and Winter (2007). In addition, current mod-
els that explain pitch encoding of IRN stimuli rely on
the temporal processing of waveform fine-structure
information (Patterson et al., 1996; Yost, 1996; Yost
et al., 1996). Taking the results from the above phys-
iologic studies and the results of FFR study described
in this section (Ananthakrishan & Krishnan, 2018)
it is clear that the temporal pattern of neural activ-
ity encoding “pitch change” are primarily driven by
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the waveform fine structure and appears to be avail-
able in the phase-locked neural activity in the mid-
brain. Finally, these results also suggest that the
use of alternating polarity alone will not be optimal
to evaluate neural representation of pitch since they
represent phase-locking to only the envelope period-
icity.

Neural correlates of pitch salience

For a variety of complex sounds, including speech
or music, perceived pitch and its salience is closely
related to the periodicity strength of the stimulus
waveform (Shofner & Selas, 2002; Fastl & Stoll,
1979; Yost, 1996b). IRN stimuli allows system-
atic manipulation of the waveform temporal regular-
ity and temporal fine structure, and therefore pitch
salience. Perceptually, IRN produces a pitch cor-
responding to the reciprocal of the delay, and its
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Figure 13: IRN stimulus (left) and FFR (middle) waveforms plotted at the top of spectrogram for each stimulus, and
the autocorrelation functions for the stimulus (top right) and the FFR (bottom right) are all plotted as a function of
iteration steps (2, 8, 32). The pitch contour is shown in red/black in the stimulus spectrogram for iteration 2.
Consistent with the stimulus, the response spectrograms and the ACF functions shows clearly the steady growth of
the response at the pitch period as the increase in temporal regularity of the stimulus with increase in iteration steps
increases the perceived salience of the pitch. Replotted from Krishnan et al., (2011).
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Figure 14: Comparison of the changes in the fundamental frequency difference limen (FODL) and the neural
periodicity strength as a function of IRN iteration steps. Note the inverse relationship between FODL and Neural
Periodicity Strength. Data from Krishnan et al., (2011) replotted.

16



Neural Representation of Complex Sounds in the Human Auditory Brainstem

pitch salience grows with increasing number of iter-
ations (Patterson et al., 1996; Yost, 1978, 1996a;
Yost and Hill, 1979). Physiologically, recordings
of responses to static (i.e., single pitch) and time-
varying (i.e.,dynamic pitch) IRN stimuli from audi-
tory nerve fibers (Fay et al., 1983; ten Kate & van
Bekkum, 1988) and cochlear nucleus neurons (Bilsen
et al., 1975; Sayles and Winter, 2007; Shofner, 1991;
Shofner, 1999; Winter et al., 2001) show that the
pitch of harmonic IRN is represented in the firing
patterns of action potentials locked to either the tem-
poral fine structure or envelope periodicity. Krish-
nan, Bidelman, & Gandour (2010) sought to demon-
strate that the pitch relevant information preserved
in the phase-locked neural activity generating the
FFR is sensitive to changes in pitch salience and
is correlated with corresponding changes in percep-
tual pitch salience. They recorded FFRs using an
IRN version of lexical tone with time varying pitch
that varied only in degree of pitch salience (the num-
ber of iterations of the IRN stimulus was system-
atically (Figure 13, stimulus panels) varied to pro-
duce a continuum from no pitch to very strong pitch).
They also measured behavioral frequency difference
limens (FODLSs) obtain a perceptual estimate related
to pitch salience. Their results showed that neu-
ral periodicity strength increased systematically with
increase in temporal regularity in stimulus period-
icity, suggesting that the FFR pitch-relevant neu-
ral activity is indeed sensitive to changes in pitch
salience (Figure 14, response panels). Consistent
with this, FODLs decreased with increasing stimu-
lus temporal regularity (Figure 14). The negative
correlation between neural periodicity strength and
behavioral FODL suggests that increasing strength
in the representation of pitch salience may, at least
in part, contribute to improvement in the perceptual
ability to discriminate pitch with increasing temporal
regularity in the stimulus periodicity. This finding is
consistent with electrophysiological studies that show
a predictable relationship between neural and behav-
ioral measures of pitch salience. For example, the
latency and amplitude of the, pitch onset response (a
cortical pitch specific response) varies systematically
with the pitch salience of an IRN stimulus (Krumb-
holz et al., 2003; Soeta et al., 2005), suggesting that
the neural activity underlying the generation of the
pitch onset response is involved in extracting an ini-
tial estimate of the pitch salience of the sound; the
strong correspondence between neural pitch strength
of complex sounds and their pitch salience in audi-
tory nerve responses (Cariani and Delgutte, 1996a;
Cariani and Delgutte, 1996b); and the more robust
neural periodicity strength in the FFR for conso-
nant intervals compared to dissonant pitch intervals
in music (Bidelman and Krishnan, 2009). Overall,
these results showing growth in FFR neural period-
icity strength with increasing iteration steps likely
reflects an improvement in neural encoding of pitch
relevant periodicities in the brainstem. Thus, neural
information relevant to pitch salience may already
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be emerging in pre-attentive, early sensory-level pro-
cessing in the midbrain.

CONCLUSIONS

There has been a growing interest in the utilizing
of the FFR/EFR to address clinical/research ques-
tions as reflected by an appreciable increase in pub-
lished reports on EFR and FFR using a variety of
complex sounds in the last decade. The temporal
pattern of phase-locked activity underlying the scalp
recorded FFR preserves information about certain
acoustic features of complex sounds that presumably
contribute to speech and pitch perception. While it
is likely that this neural information reflects neural
processing locally in the midbrain (that may be sub-
ject to top-down modulation), more conclusive stud-
ies are needed to determine if FFR elicited by com-
plex sounds reflects output of local neural encoding
processes or merely a propagated version of neural
encoding at the auditory nerve level. The question
about the locus of the process notwithstanding there
is compelling evidence to suggest that the FFR can
indeed be used as a robust analytic tool to exam-
ine neural encoding of stimulus features that may
contribute to speech, and pitch perception and how
degraded neural representation (as reflected in the
FFR) consequent to peripheral-, central auditory dis-
orders and/or adverse listening conditions could neg-
atively alter these percepts. The focus clearly has
shifted, rightfully so, in applying FFRs as a metric of
auditory temporal processing in normal and impaired
ears, age related changes in neural encoding, and to
understand the role of experience-dependent plastic-
ity in shaping subcortical processing and its applica-
tion to training and perceptual learning. The deter-
mination of a strong relationship between neural rep-
resentation of acoustic features and perception will
motivate the development of objective outcome mea-
sures for hearing prosthetic devices and facilitate
development of individual centered optimal signal
processing strategy based on the FFR measure. How-
ever, caution should be exercised in the over interpre-
tation of the information contained in the FFR.
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