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Abstract

Speech perception depends on the auditory system’s ability to extract relevant acoustic features from competing background
noise. Despite widespread acknowledgement that noise exacerbates this process, little is known about the neurophysiologic
mechanisms underlying the encoding of speech in noise. Moreover, the relative contribution of different brain nuclei to these
processes has not been fully established. To address these issues, aggregate neural responses were recorded from within the inferior
colliculus, medial geniculate body and over primary auditory cortex of anesthetized guinea pigs to a synthetic vowel^consonant^
vowel syllable /ada/ in quiet and in noise. In noise the onset response to the stop consonant /d/ was reduced or eliminated at each
level, to the greatest degree in primary auditory cortex. Acoustic cue enhancements characteristic of ‘clear’ speech (lengthening the
stop gap duration and increasing the intensity of the release burst) improved the neurophysiologic representation of the consonant
at each level, especially at the cortex. Finally, the neural encoding of the vowel segment was evident at subcortical levels only, and
was more resistant to noise than encoding of the dynamic portion of the consonant (release burst and formant transition). This
experiment sheds light on which speech-sound elements are poorly represented in noise and demonstrates how acoustic
modifications to the speech signal can improve neural responses in a normal auditory system. Implications for understanding
neurophysiologic auditory signal processing in children with perceptual impairments and the design of efficient perceptual training
strategies are also discussed. 7 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In everyday listening situations, accurate speech per-
ception depends on the auditory system’s ability to pro-

cess complex acoustic elements in the presence of back-
ground noise. Studies evaluating the perception of
speci¢c speech features in background noise have
shown that consonants are more vulnerable to the
masking e¡ects of noise because they are typically lower
in intensity than vowels. In particular, place of articu-
lation cues are most susceptible to perceptual confusion
(Miller and Nicely, 1955). However, because conso-
nants provide most of the acoustic information needed
for word meaning, their role is essential for optimal
speech intelligibility.

In poor acoustic environments (i.e. background
noise, reverberation, or when the listener is hearing im-
paired or a non-native speaker), speakers naturally alter
the acoustic characteristics of their speech in order to

0378-5955 / 02 / $ ^ see front matter 7 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 3 7 8 - 5 9 5 5 ( 0 2 ) 0 0 3 4 4 - 1

* Corresponding author. Tel. : +1 (213) 483 4431;
Fax: +1 (213) 413 6739.

E-mail address: jcunningham@hei.org (J. Cunningham).

Abbreviations: LP, children with learning problems; ABR,
auditory brainstem response; CV, consonant^vowel syllable; FFT,
fast Fourier transform; SNR, signal-to-noise ratio; HL, hearing
level; RMS, response amplitude calculated by root-mean-squared;
SOA, stimulus onset asynchrony; ISI, interstimulus interval; SR,
spontaneous rate (auditory nerve ¢bers); STR, stochastic resonance;
IC, inferior colliculus; MG, medial geniculate body; AC, auditory
cortex

HEARES 3872 2-7-02

Hearing Research 169 (2002) 97^111

www.elsevier.com/locate/heares



preserve speech clarity. Increasing the intensity of the
release burst and lengthening the stop gap duration
(silence) prior to a consonant are two acoustic modi¢-
cations of stop consonants that are predominantly used
to produce ‘clear’ speech (Picheny et al., 1986). The
perceptual bene¢ts of cue enhanced speech are well
documented (Picheny et al., 1985; Gordon-Salant,
1986; Hazan and Simpson, 1998); yet because studies
evaluating cue enhanced speech have been limited to a
psychophysical design, the neural representation of
these signals remains to be determined.

The neurophysiologic mechanisms governing these
processes in background noise, both in normal listeners
and especially in individuals with perceptual impair-
ments, are largely unknown. In a recent study, the neu-
rophysiologic representation of ‘conversational’ and
‘clear’ /ada/ stimuli in noise was measured in a group
of normal children and a group of children with learn-
ing problems (LP children) (Cunningham et al., 2001).
The decision to include the stop consonant /d/ and a
brief formant transition of 40 ms in the design of the
stimuli was based on reports that LP children have
di⁄culty perceiving stop consonants in general (re-
viewed in Bradlow et al., 1999) and /da/^/ga/ speci¢cally
(Kraus et al., 1996). Neurophysiologic responses ob-
tained in the LP children revealed abnormalities in
the fundamental sensory representation of sound in
noise at brainstem and cortical levels. Speci¢cally, LP
children lacked precision in the neural representation of
key stimulus features (e.g. onset and harmonic ele-
ments). Importantly, the study also demonstrated that
speci¢c cue enhancement improved the de¢cient neural
response to speech in noise in this population. These
¢ndings provide physiologic evidence to support the
use of exaggerated stimuli as an e¡ective tool in the
remediation of children with language impairments
(Merzenich et al., 1996; Tallal et al., 1996).

In accordance with understanding the physiologic
properties of the normal auditory system and develop-
ing hypotheses about possible impaired neural mecha-
nisms in the LP population, the major goal of the cur-
rent study was to characterize speech encoding in noise
within speci¢c brain nuclei in an animal model using
the identical speech-like stimuli that proved to be e⁄ca-
cious in distinguishing between the two groups of chil-
dren. Intracranial recordings provide direct information
about level-speci¢c speech-sound processing which can
only be inferred from far-¢eld scalp recordings in hu-
mans. Moreover, the favorable signal/noise character-
istics of intracranial responses make it possible to dis-
tinguish neural activity in response to transient,
harmonic and steady-state aspects of the speech stimuli
to a greater degree than is possible in humans.

The ¢rst aim was to examine aspects of the neural
representation of a speech-like stimulus composed of

consonant and vowel elements in background noise.
Speci¢cally, the neurophysiologic response that is well
synchronized to the stimulus and across neurons was
considered. The following speci¢c questions were ad-
dressed. (1) Does the neural encoding of the consonant
(release burst and formant transition) su¡er a greater
degree of degradation than vowel segments in noise?
(2) Does the e¡ect of noise on the neural encoding of
speech di¡er across levels of the primary auditory path-
way (inferior colliculus (IC), medial geniculate body
(MG) and primary auditory cortex (AC))?

The second aim was to determine whether the neural
representation of acoustic elements that are degraded in
noise can be improved by speci¢c cue enhancements.
The following questions were addressed. (1) Does the
neural encoding of speech in noise improve with acous-
tic cue enhancements? (2) Does the e¡ect of cue en-
hancement di¡er across levels of the primary auditory
pathway?

Taken together, we hypothesize that cortical onset
responses will show a greater e¡ect of background noise
and cue enhancement compared to onset responses
from the inferior colliculus and medial geniculate.
This hypothesis is based on recent ¢ndings that there
is a maintenance and possible improvement in temporal
coding at the cortex compared to the auditory nerve
(Heil and Irvine, 1997). This process may result from
a greater degree of neural inhibition and the conver-
gence of multiple inputs at the cortex. In combination,
these mechanisms may limit neural jitter and make on-
sets and o¡sets more salient (Phillips, 1995). Moreover,
similar to ¢ndings in normal children (frequency follow-
ing response), we hypothesize that background noise
and cue enhancement will have minimal e¡ect on later
components of the response (steady-state portion).

The answers to these questions should determine
which speech-sound elements are more vulnerable to
noise, how acoustic modi¢cations to the speech signal
can improve neural responses, and the contribution of
di¡erent auditory pathway nuclei in these processes.

2. Materials and methods

2.1. Animals and electrode placement

Animals were 11 albino guinea pigs, each weighing
between 300 and 450 g. The eight males ranged in age
from 27 to 42 days and three females from 39 to 45
days. All animals had normal hearing thresholds mea-
sured by auditory brainstem response (ABR). The ABR
was elicited by a click stimulus at 70, 40 and 10 dB
hearing level (HL) (re: normal guinea pig click thresh-
olds) from a recording site located at the posterior ver-
tex/midline of the scalp using an EMG needle electrode.
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Animals were anesthetized with ketamine hydrochlor-
ide (100 mg/kg i.m.) and xylazine (7 mg/kg i.m.). The
anesthetic state was maintained for the entire duration
of the experiment by the administration of supplemen-
tary doses (15 mg/kg of ketamine; 3 mg/kg of xylazine),
typically given every hour. Body temperature was main-
tained at 37 N 1‡C. Experimentation was approved by
the Northwestern University Animal Care and Use
Committee.

A rostro-caudal incision was made along the scalp
surface and the tissue was retracted to expose the skull.
Holes were drilled in the skull under an operating
microscope and tungsten needle (1 M6, 25 Wm tip)
recording microelectrodes were placed stereotaxically
within the left IC (central nucleus) and the left MG
(ventral division). A 500 k6 electrode has a recording
range of 1 mm3 in volume, therefore it can be assumed
that a 1 M6 electrode records from a volume less than
1 mm3 (Kraus et al., 1994; King et al., 1999). For re-
cording IC responses, locations were approximately 0.3
mm caudal to the interaural line, 1.5 mm left of the
sagittal suture and 4.0 mm ventral to the surface of
the brain. For recording MG responses, locations
were approximately 4.8 mm rostral to the interaural
line, 4.0 mm left of the sagittal suture and 7.2 mm
ventral to the surface of the brain. The placement of
the IC and MG electrodes was performed using audio-
visual assessment. Speci¢cally, neural activity was elic-
ited by a 70 dB HL click stimulus and delivered to a
loud speaker outside the test booth. Depth electrode
penetration was halted when the click-evoked neural
response became audible and an averaged electrophys-
iologic response, characteristic of that primary auditory
region, was recorded (Kraus et al., 1994; McGee et al.,
1992; King et al., 1996, 1999, 2000). Visual inspection
of the response size and waveform morphology was
considered. If the response was small in amplitude
and broad in shape, electrode penetration was contin-
ued. This process was repeated until the morphology of
the waveform conformed to the large amplitude, sharp
onset response commonly observed in recordings ob-
tained from the central nucleus of the IC and the ven-
tral division of the MG. Previous studies (King et al.,
1996, 1999, 2000) have shown a 100% hit rate for the
central nucleus of the IC and the ventral division of the
medial geniculate using the stereotaxic and physiologic
criteria described above.

Epidural silver bead electrodes (10 k6, 0.5 mm diam-
eter) were used to record surface responses over the left
primary AC using procedures previously described
(Kraus et al., 1988). The position of the surface elec-
trode was approximately 3 mm caudal to bregma and
10 mm left of the sagittal suture. The reference elec-
trode was placed over the olfactory bulb approximately
15 mm rostral to bregma and 1 mm to the right of the

sagittal suture. Previous experience has shown that min-
imal auditory activity is recorded at this location. The
ground electrode was placed on the posterior scalp sur-
face.

2.2. Stimuli

Two ¢ve-formant synthetic /ada/ speech syllables
(one ‘conversational’, one ‘clear’) were constructed us-
ing a Klatt cascade-parallel formant synthesizer (Klatt,
1980). The two /ada/ stimuli shared the following char-
acteristics : the ¢rst /a/ vowel was 50 ms with a 40 ms
formant transition into the stop gap. The stop gap was
followed by a 40 ms formant transition containing a 10
ms release burst at the initial portion of the transition
and a 50 ms ¢nal vowel /a/. Vowel formant frequencies
for the initial and ¢nal /a/ were 720, 1240, 2500, 3600
and 4500 Hz, for F1 through F5. Starting frequencies
for the consonant were 220, 1700, 2580, 3600 and 4500
Hz for F1 through F5. Stimuli had a fundamental fre-
quency of 125 Hz. Voicing amplitude was stable across
the stimulus. Di¡erences in the construction of the two
/ada/ stimuli centered on the length of the stop gap
duration and the intensity of the release burst. Speci¢-
cally, the ¢rst /ada/ stimulus was modeled according to
the acoustic characteristics of ‘conversational’ speech
while the second /ada/ was designed with two cue en-
hancements characteristic of ‘clear’ stop consonants
(Picheny et al., 1986). Natural speech production from
four young adult speakers saying ‘I am going to say
/ada/ now’ conversationally and again in a clear manner
con¢rmed ¢ndings by Picheny et al. (1986) that speak-
ers increase the stop gap duration and release burst
intensity of plosives in ‘clear’ speech. The ‘conversation-
al’ stimulus had a stop gap duration of 50 ms, the
consonant release burst to vowel intensity ratio (CV
ratio) was 318 dB and total stimulus duration of 230
ms shown in Figs. 1a and 2. For the ‘clear’ stimulus, the
stop gap duration was increased to 130 ms, the release
burst intensity was increased by 10 dB so that the CV
ratio was 38 dB and total stimulus duration was 310
ms shown in Fig. 2.

2.3. Procedure

Aggregate neural responses were collected from the
three electrode locations (IC, MG and AC) simulta-
neously. Responses were obtained to both ‘conversa-
tional’ and ‘clear’ stimuli in quiet and background
noise. Stimuli were presented monaurally to the right
ear through hollow earbars in a stereotaxic device using
Etymotic ER-3 insert earphones at an overall intensity
of 85 dB SPL. Continuous broadband (up to 5 kHz)
Gaussian white noise was presented at 80 dB SPL.

The recording window was 75 ms pre-stimulus and
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500 ms post-stimulus, with a sampling rate of 20 kHz.
Responses were on-line bandpass ¢ltered from 0.05 to
1000 Hz (12 dB/octave). Stimuli were presented with a
constant stimulus onset asynchrony (SOA) interval of
1000 ms. The selection of a constant SOA sacri¢ced the
consistency of the interstimulus interval (ISI) for the
two /ada/ stimuli. Di¡erences in total stimulus duration
of the two stimuli meant that the ISI for the ‘conversa-
tional’ /ada/ was 770 ms and the ISI for ‘clear’ /ada/
was 690 ms. Because longer ISIs are associated with
larger amplitude responses (Spenner and Urbas, 1986;
Arehole et al., 1987; Na«a«ta«nen and Picton, 1987), we
reasoned that if the amplitude of the onset response to
the ‘clear’ /d/ was larger than the ‘conversational’ /d/,
the amplitude di¡erences would be attributable to the
acoustic cue enhancements of ‘clear’ speech rather than
to the length of the ISI. Each /ada/ stimulus was pre-
sented in a block of 100 presentations. Blocks were
alternated until 500 responses could be averaged for

each stimulus condition. Animal research has docu-
mented that ketamine and the combination of ketamine
and xylazine a¡ects auditory evoked response ampli-
tude for several hours post-injection (Pineda et al.,
1989; Dodd and Capranica, 1992; Smith and Kraus,
1987; Crowther et al., 1990). Consequently, alternation
of stimulus blocks was used to control for any possible
amplitude e¡ects on the evoked responses resulting
from changes in the anesthetic state of the animal.

2.4. Data analysis

The purpose of the initial vowel in the /ada/ stimuli
was to permit the insertion and manipulation of the
silent stop gap period (one of the ‘clear’ speech cue
enhancements) before the stop consonant. It also served
as a control measure to con¢rm that the initial /a/ in the
‘conversational’ and ‘clear’ stimuli yielded identical
neural responses and furnished an additional control
for the ISI e¡ects discussed above. As expected, there
were no signi¢cant di¡erences in latency or amplitude
between the evoked responses elicited by the initial /a/
to the ‘conversational’ and ‘clear’ stimuli either in quiet
or in noise. Consequently, any di¡erences found be-
tween responses to the ‘conversational’ and ‘clear’
/ada/ can be attributed to the intended manipulations
on the /da/ portion of the stimulus.

Further evaluation of onset response attributes in
quiet and in noise revealed that latencies were signi¢-
cantly prolonged in noise on the order of 6 ms (mean
di¡erence) at the level of the IC, 4 ms at the level of the
MG and over primary AC. Because noise had a uni-
form e¡ect on the response to the initial /a/ in the mid-
brain, thalamus and cortex, and because responses to
‘conversational’ and ‘clear’ stimuli also did not di¡er in
response to this portion of the stimulus, any di¡erences
in responses to /ada/ can be attributed speci¢cally to the
e¡ects of noise and/or of ‘clear’ speech on the neural
representation of /da/.

All subsequent analyses were limited to responses to
the consonant^vowel portion of the stimulus (/da/).
This segment of the neural response was the region of
interest because it depicted neural encoding of the con-
sonant, the formant transition, the following vowel and
cue enhanced portions of the signal. In particular, anal-
yses focused on the examination and comparison across
levels of the e¡ects of noise and cue enhancement on
neural encoding of the onset of the consonant /d/, the
spectrally dynamic formant transition and the steady-
state vowel.

2.4.1. Response amplitude related to stimulus onset,
formant transition and steady-state

Response amplitude to the /da/ portion of the stim-
ulus was measured using two procedures: peak-to-

Fig. 1. (a) Stimulus waveform illustrates the acoustic characteristics
of the ‘conversational’ /ada/ stimulus. (b) A representative trace of
an evoked response recorded at the level of the IC to the ‘conversa-
tional’ /da/ portion of the stimulus is provided to illustrate the three
components of the response (onset, formant transition, steady-state).
A labels the positive peak of the onset response. B is placed at the
negative trough of the onset response. The peak-to-trough ampli-
tude is measured between points A and B. The formant transition
segment is the 20 ms response following the onset response. The
steady-state portion is the 50 ms segment following the formant
transition.
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trough amplitude for the single-peaked onset response
and root-mean-squared (RMS) measurements for mul-
ti-peaked responses. Using the ¢rst procedure, the over-
all amplitude between the positivity (wave A) and the
subsequent negativity (wave B) of the guinea pig audi-
tory response was obtained for the consonant /d/ onset
response as shown in Fig. 1b. Onset amplitude was
assessed at the IC, MG and AC. Because most onset
responses elicited by ‘conversational’ /d/ were signi¢-
cantly reduced or eliminated in noise, the peak ampli-
tude values were determined by measuring the response
amplitude at a latency consistent with that observed in
quiet plus the amount of latency shift observed for the
initial vowel in noise (reported in Section 2.3). In the
second procedure, RMS was calculated for the neural
response to the formant transition (the 20 ms portion
following the onset response) and steady-state vowel (50
ms segment following the formant transition) at the IC
and MG. Formant transition and steady-state segments
are also illustrated in Fig. 1b. These portions of the
response were not seen in recordings from the level of
the cortex, consistent with the expected absence of
phase-locking within this frequency range in anesthe-
tized animals (Phillips, 1995).

2.4.2. Comparison across speech features in noise
In order to determine whether neural encoding of the

‘conversational’ consonant (re£ected in the onset re-
sponse to /d/), the formant transition or the following
vowel (displayed in the steady-state phase-locking) was

more a¡ected by the addition of background noise, the
percent amplitude reduction was obtained for these
three portions of the response.

To calculate the percent reduction value, the ampli-
tude of the response to the ‘conversational’ /d/ in noise
was divided by the amplitude of the response to the
same stimulus in quiet, minus one. Subsequently, com-
parisons were made between percent reduction values
for the response segments within a single level (i.e. per-
cent reduction value for the stimulus onset versus per-
cent reduction value for the steady-state).

2.4.3. Comparison across levels
(noise and cue enhancement)

In order to determine whether there were di¡erences
along the auditory pathway pertaining to the neural
encoding of the consonant onset response, the percent
change in onset amplitude to the stop consonant /d/ was
assessed.

First, because noise often entirely eliminated the cor-
tical onset response in the ‘conversational’ stimulus,
analyses were performed on responses to ‘clear’ stimuli
only. The percent response amplitude reduction from
quiet to noise was calculated for each individual sub-
ject. This value was determined by dividing the ampli-
tude of the onset response to the ‘clear’ /d/ in noise by
the response to ‘clear’ /d/ in quiet and then subtracting
one.

Second, the percent increase in the onset amplitude
attributable to cue enhancements was obtained by di-

Fig. 2. E¡ect of ‘clear’ speech cue enhancements on the amplitude of the onset response to /d/ in quiet. Representative aggregate neural re-
sponses to the ‘conversational’ and ‘clear’ speech exemplars, /ada/ recorded from the IC, MG and primary AC. Arrows indicate the onset re-
sponse to the consonant /d/. Onset response amplitude was signi¢cantly larger to the ‘clear’ /d/ compared to the ‘conversational’ /d/ at all levels
(IC, MG, AC; P6 0.01). There were no signi¢cant di¡erences in the amplitude of the onset response to initial vowel /a/ between stimulus con-
ditions.
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viding the amplitude of the onset response to ‘clear’ /d/
by the amplitude of the onset response to the ‘conversa-
tional’ /d/ in quiet and subtracting one.

2.4.4. Magnitude of spectral content
Visual inspection of the responses at each level re-

vealed that the IC response displayed the greatest de-
gree of phase-locking. In order to assess the magnitude
of phase-locking to the stimulus frequency components,
a fast Fourier transform (FFT) of responses to ‘conver-
sational’ and ‘clear’ /da/ was performed in quiet and in
noise using a 250 ms time window (beginning at the
response to the /d/ and extending to the end of the
recording window) and a spectral resolution of 4 Hz.
Following the generation of the FFT, the spectral com-
ponents were divided into two frequency bins (4^160
Hz, 164^300 Hz) and the amplitude values within
each bin were summed. Bin widths were chosen to seg-
regate the major frequency components at 125 Hz cor-
responding to the stimulus fundamental frequency (bin
1) and the ¢rst formant frequencies transitioning from
220 to 720 Hz (bin 2), and were identical to bins used in

a related study with LP children using the same stimuli
(Cunningham et al., 2001). Subsequently, the integrated
spectral magnitude values relating to stimulus (‘conver-
sational’ and ‘clear’) and environmental conditions
(quiet and noise) were compared.

2.4.5. Neural precision of phase-locking
Correlations between the ¢nal /a/ (stimulus wave-

form) and the ¢nal 50 ms of the IC response were
obtained for each individual subject in quiet and in
noise as a measure of the ‘precision’ of phase-locking.
Speci¢cally, the extracted portion of the response wave-
form was correlated with a stimulus waveform tem-
plate. Correlation coe⁄cients were successively calcu-
lated as the stimulus waveform was shifted in time
relative to the response waveform. The value chosen
was the maximum r value found between a 5 and 9 ms
o¡set. This range was determined by aligning the
grand-averaged ¢nal 50 ms portion of the IC response
elicited by the ‘conversational’ and ‘clear’ stimuli for all
subjects in both quiet and noise with the ¢nal /a/ of the
stimulus waveform. This latency range encompassed the

Fig. 3. E¡ect of ‘clear’ speech cue enhancements on the amplitude of the onset response to /d/. Grand average response to the ‘conversational’
and ‘clear’ speech exemplar /ada/, recorded from the (a) IC, (b) MG, and (c) primary AC in quiet. Arrows indicate the onset response to the
‘clear’ consonant /d/. Onset response amplitude was signi¢cantly larger to the ‘clear’ /d/ compared to the ‘conversational’ /d/ at all levels.
(d) Mean and standard errors of the percent increase in the amplitude of the onset response from ‘conversational’ /d/ to ‘clear’ /d/ in quiet at
the level of the IC, MG and AC. The percent increase in onset response amplitude was signi¢cantly greater over primary AC compared to sub-
cortical levels.
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peak response in both quiet and noise conditions and is
consistent with latencies reported for brainstem-gener-
ated activity (Dobie and Wilson, 1984).

2.4.6. Individual subjects
In quiet, aggregate neural responses to both stimuli

were similar in all 11 subjects. However in noise, indi-
vidual di¡erences were evident to transient aspects of
the stimuli at the level of the IC. Speci¢cally, eight of
the subjects demonstrated an elimination of the onset
response to /d/ and response amplitude reduction to the
formant transition. Visualization of the response to the
onset and the formant transition in noise were obscured
in three of the subjects due to the high-amplitude
phase-locking to the fundamental frequency of the sig-
nal.

For statistical purposes, the subset of eight subjects
was used for analyses involving transient response mea-
sures (onset and formant transition) in noise whereas
analyses involving predominantly steady-state response
measures included all 11 subjects. This was done to
ensure that the experimental results were based on uni-
form data. All data were evaluated using a non-para-
metric statistic because the assumptions of normal dis-
tribution and equal variance in the sample could not
be met. Accordingly, data were analyzed using the Wil-
coxon signed ranks test, two-tailed with an a priori
signi¢cance level of 0.05. Speci¢cally, the Wilcoxon
signed ranks test is used to assess the direction and
magnitude of the di¡erence between two conditions
(Siegel and Castellan, 1988). Bonferroni correction fac-
tors were applied to signi¢cance values for multiple
comparisons.

Fig. 4. E¡ects of noise on the amplitude of the /da/ response re-
corded from the IC, MG and primary AC. (Insets) Average re-
sponses to the ‘conversational’ speech exemplar /da/ in quiet and in
noise. Arrows indicate the onset response to the consonant /d/. (Bar
graphs) Mean response amplitudes and standard errors to stimulus
onset, formant transition and steady-state in response to /da/ in qui-
et and in noise. There was a signi¢cant reduction in the onset re-
sponse amplitude in noise across all levels, and in the response to
the formant transition at the IC and MG. The response to the
steady-state portion of the stimulus was stable in noise at the IC
and MG. There was no response to the formant transition and
steady-state portions of the stimulus in either quiet or noise at the
cortex. Fig. 5. Percent reduction (mean and standard errors) in the ampli-

tude of the onset response from ‘clear’ /d/ in quiet to ‘clear’ /d/ in
noise across levels. Reduction of onset response amplitude was sig-
ni¢cantly greater over primary AC compared to the subcortical lev-
els.
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3. Results

3.1. Responses in quiet

3.1.1. Response amplitude of stimulus features
Illustrated in Fig. 2 are the ‘conversational’ and

‘clear’ /ada/ stimulus waveforms and a representative
trace of the electrophysiologic response to these stimuli
recorded from subcortical (IC, MG) and cortical (AC)
levels. In quiet, the ‘conversational’ consonant informa-
tion encoded in the onset response to /d/ is well-repre-
sented at all levels. Acoustic features of the formant
transition and vowel are encoded by phase-locking at
the IC and to a lesser extent at the MG. The amplitude
of the onset response to the ‘clear’ consonant appears
larger than that of the ‘conversational’ consonant at all
levels. No other amplitude di¡erences were noted to
responses between ‘conversational’ and ‘clear’ speech
stimuli.

Fig. 3a^c depicts average responses of all subjects to
‘conversational’ and ‘clear’ /ada/ at the levels of the IC,
MG and AC. Onset response amplitude was signi¢-
cantly larger to the ‘clear’ /d/ than to the ‘conversation-
al’ /d/ at each level (IC: Tþ = 66, P= 0.003, MG:
Tþ = 66, P= 0.003, AC: Tþ = 66, P= 0.003). There
were no signi¢cant amplitude di¡erences between neu-
ral responses elicited by the two stimuli for formant
transition (IC: Tþ = 34, P= 0.929, MG: Tþ = 53,
P= 0.075) or the steady-state vowel portion (IC:
Tþ = 42, P= 0.423, MG: Tþ = 37, P= 0.722).

3.1.2. Comparison across levels (cue enhancement)
Comparison of the percent increase in the amplitude

of the /d/ onset response at the three electrode sites
attributable to ‘clear’ speech cue enhancements revealed
that there were signi¢cant di¡erences between subcort-
ical and cortical levels as shown in Fig. 3d. Speci¢cally,
the percent increase at the AC was signi¢cantly larger
than at the IC and MG (IC/AC: Tþ = 59, P= 0.036;
MG/AC: Tþ = 66, P= 0.019) whereas the percent values
at the IC were not signi¢cantly di¡erent from the MG
(IC/MG: Tþ = 35, P= 0.874). Overall, these results in-
dicated that the e¡ect of cue enhancement was largest
over the primary AC.

3.2. E¡ects of noise

3.2.1. Response amplitude of stimulus features
In order to determine the e¡ect of noise on the neural

encoding of speci¢c speech features, comparisons were
made between the amplitude of the response to ‘con-
versational’ /da/ in quiet and in noise for onset (release
burst), formant transition, and steady-state (vowel) re-
sponse segments. Results indicated that background
noise signi¢cantly reduced the amplitude of the onset

response to the consonant /d/ at the levels of the IC
(Tþ = 36, P= 0.011), MG (Tþ = 36, P= 0.011) and AC
(Tþ = 36, P= 0.011) as shown in Fig. 4. Similarly, the
response to the formant transition was diminished at
the IC (Tþ = 36, P= 0.011) and the MG (Tþ = 36,
P= 0.011). There were no di¡erences in the response

Fig. 6. E¡ects of acoustic cue enhancements on the amplitude of
the /da/ response recorded from the IC, MG and primary AC. (In-
sets) Average responses to the ‘conversational’ and ‘clear’ speech
exemplar /da/ in noise. Arrows indicate the onset response to the
consonant /d/. (Bar graphs) Mean response amplitude and standard
errors to stimulus onset, formant transition and steady-state por-
tions of ‘conversational’ and ‘clear’ speech /da/ in noise. Cue en-
hancements preserved the onset response in noise at each level. The
response to the formant transition was also signi¢cantly larger to
cue enhanced stimuli.
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amplitude from quiet to noise for the steady-state por-
tion at the IC (Tþ = 41, P= 0.476) and the MG
(Tþ = 29, P= 0.722).

3.2.2. Comparison across speech features in noise
Comparison of the percent reduction in response

amplitude due to noise across speech features revealed
that the amount of amplitude change was signi¢cantly
larger for the onset compared to the formant transition
(IC: Tþ = 36, P= 0.027, MG: Tþ = 36, P= 0.027) and
the vowel (IC: Tþ = 36, P= 0.027, MG: Tþ = 36,
P= 0.027). Moreover, the reduction in the response am-
plitude to the formant transition was also signi¢cantly
greater than the vowel (IC: Tþ = 35, P= 0.033, MG:
Tþ = 33, P= 0.050). Overall, the e¡ect of noise was larg-
est for the release burst information encoded by the
stimulus onset and smallest for vowel information en-
coded by steady-state phase-locking.

3.2.3. Comparison across levels in noise
Comparison of the percent reduction in the ampli-

tude of the /d/ onset response attributable to noise re-
vealed that there were signi¢cant di¡erences between
subcortical and cortical levels as shown in Fig. 5. Spe-
ci¢cally, the percent reduction in the onset response
at the AC was signi¢cantly greater compared to the
IC and MG (IC/AC: Tþ = 36, P= 0.027; MG/AC:
Tþ = 33, P= 0.050), and IC and MG responses were
not signi¢cantly di¡erent from each other (IC/MG:
Tþ = 29, P= 0.139). Results indicated that the e¡ect of
noise was largest over the primary AC.

3.2.4. Response amplitude to ‘clear’ speech features in
noise

Stimulus cue enhancements bene¢ted the representa-
tion of the consonant onset response in noise at each
level as shown in Fig. 6. Onset response amplitude to

Fig. 7. (a) FFT of the averaged ‘conversational’ /da/ response recorded at the level of the IC in quiet and noise. (Inset) FFT of the background
noise response recorded at the level of the IC. (b) Mean and standard errors represent spectral components of the FFT for two frequency bins
(4^160 Hz, 164^300 Hz). There was a signi¢cant decrease in spectral energy from 1 to 160 Hz with the addition of background noise, whereas
the spectral energy at the higher frequencies (164^300 Hz) remained constant.
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the ‘clear’ /d/ was signi¢cantly larger than to ‘conversa-
tional’ /d/ in noise at each level (IC: Tþ = 36, P= 0.011,
MG: Tþ = 36, P= 0.011, AC: Tþ = 36, P= 0.011).
Moreover, the amplitude of the response to the formant
transition was also signi¢cantly larger to the ‘clear’
stimulus at the MG (Tþ = 32, P= 0.049). In contrast,
steady-state (IC: Tþ = 42, P= 0.423, MG: Tþ = 29,
P= 0.722) portion showed no signi¢cant e¡ect of cue
enhancement.

3.2.5. Magnitude of spectral content in noise
In Fig. 7a, the FFT of the IC response to ‘conversa-

tional’ /da/ in quiet shows a major frequency compo-
nent at 125 Hz corresponding to the stimulus funda-
mental frequency. The magnitude of the spectral
content of this peak is re£ected in bin 1. In addition,
the magnitude of a subsequent peak at 240 Hz is seen in
bin 2. Comparison of the spectral content measured in
bin 1 (4^160 Hz) in quiet and in noise, revealed that the
integrated spectral magnitude in this range was signi¢-
cantly reduced in noise (bin 1: Tþ = 66, P= 0.019). In
contrast, the integrated spectral magnitude of bin 2 was
stable in noise as illustrated in Fig. 7b (bin 2: Tþ = 52,
P= 0.091). Comparisons of the integrated spectral mag-
nitude measured between ‘conversational’ and ‘clear’
/da/ in noise demonstrated that the two stimuli elicited
the same response pattern in noise (bin 1: Tþ = 39,
P= 0.593; bin 2: Tþ = 45, P= 0.286).

3.2.6. Neural precision of phase-locking in noise
Comparison of the stimulus-to-response correlation

coe⁄cients (the correlation of the ¢nal /a/ of the ‘con-
versational’ stimulus waveform to the ¢nal 50 ms por-

tion of the IC response) obtained in quiet and in noise
revealed that the correlation coe⁄cients were not sig-
ni¢cantly di¡erent (Tþ = 38, P= 0.285) between the two
conditions as illustrated in Fig. 8. In other words, the
strength of the correlation coe⁄cients was preserved in
noise. As expected, there were no signi¢cant di¡erences
between the correlation coe⁄cients obtained to the
‘conversational’ and ‘clear’ stimuli in noise (Tþ = 14,
P= 0.309).

4. Discussion

4.1. Transient responses

Results demonstrate that the neural representation
of the stop consonant (release burst) is more vulner-
able to disruption in noise than the later vowel portion.
This e¡ect was seen at each level (IC, MG and AC) and
was most pronounced over AC. As the mechanisms
underlying the neural encoding of consonant^vowel
stimuli in noise at these levels are largely unknown,
comparisons with past literature is di⁄cult. Most stud-
ies of speech encoding have focused on responses in
quiet (Young and Sachs, 1979; Sachs and Young,
1979; Sinex and Geisler, 1983; Delgutte and Kiang,
1984a,b,c; Carney and Geisler, 1986; Deng and Geisler,
1987; Steinschneider et al., 1982), vowel-in-noise encod-
ing in the auditory nerve (Sachs et al., 1983; Delgutte
and Kiang, 1984d) and consonant/vowel-in-noise en-
coding in the auditory nerve (Geisler and Gamble,
1989; Silkes and Geisler, 1991). Nevertheless, the ex-
amination of speech encoding at lower levels of the
auditory system may aid in the interpretation of results
from this experiment.

4.1.1. Subcortical
The stop consonant release is composed of transient,

aperiodic acoustic energy. Most auditory nerve ¢bers
respond with an increased discharge rate to this stim-
ulus feature in quiet and in moderate levels of noise.
Yet, at higher noise levels, the neural representation of
the stop release becomes greatly reduced or eliminated
(Geisler and Gamble, 1989; Silkes and Geisler, 1991).
For example, in a study examining auditory nerve dis-
charge rate pro¢les to /p/ and /t/, both low and high
spontaneous rate (SR) ¢bers responded to the stop con-
sonant onset at a 30 dB signal-to-noise ratio (SNR). As
the intensity of the noise was raised (10 dB SNR), neu-
ral ¢ring rates to the stimulus onset progressively de-
creased for both ¢ber types, but to a lesser degree for
low SR ¢bers. Finally, at a 0 dB SNR, ¢ring activity to
the consonant onset was largely absent across ¢bers.
Yet, a small number of low SR ¢bers displayed a
weak onset response (Silkes and Geisler, 1991). Similar

Fig. 8. Mean and standard errors represent correlations between the
stimulus and response waveforms to ‘conversational’ /ada/ in quiet
and in noise and to ‘clear’ /ada/ in noise at the level of the IC. Cor-
relation coe⁄cients were stable from quiet to noise for ‘conversa-
tional’ stimuli. There was no signi¢cant di¡erence in the correlation
coe⁄cients between ‘conversational’ and ‘clear’ stimuli in noise.
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auditory nerve ¢ber response patterns were also elicited
by amplitude modulated signals in background noise
(Frisina et al., 1996; reviewed in Frisina, 2001). The
present data showed that the onset response, time-
locked to the consonant release burst, was greatly re-
duced or eliminated in high levels of background noise
(80 dB SPL; +5 dB SNR relative to the consonant) at
the IC, MG and AC.

4.1.2. Cortex
Temporal processing of transient acoustic events is

well-preserved at the cortex and possibly improved at
the cortex (Heil and Irvine, 1997). Central timing mech-
anisms, mediated by neural inhibition and the conver-
gence of multiple inputs likely contribute to the encod-
ing of spectro-temporal aspects of consonants and serve
to highlight phonetic distinctions based on voicing and
place of articulation cues (Steinschneider et al., 1982).
For instance, patients with bilateral primary AC lesions
demonstrate impaired perception of stop consonants in
conjunction with normal perception of steady-state
vowels, supra-segmental aspects of speech and spec-
trally static consonants such as fricatives and glides
(Phillips and Farmer, 1990). These data suggest that
cortical areas are necessary for encoding stop conso-
nants and further support the role of AC in the percep-
tion of transient speech elements.

In the present study, results indicated that the con-
sonant onset response recorded at the cortex was more
a¡ected by noise than at subcortical levels. Research
has shown that cortical neurons show elevations in neu-
ral thresholds and steeper rate^intensity pro¢les in con-
tinuous background noise. That is, once the signal has
surpassed the neuronal threshold level, most cortical
neurons display a rapid increase in neural discharge
rate, frequently to a larger degree than to signals in
quiet at the same intensity level (Phillips, 1990). In
this experiment, we speculate that the greater e¡ect of
noise on onset amplitude at the cortex may be related
to intensity encoding mechanisms in the cortex. How-
ever, di¡erences in the electrodes and recording tech-
niques used between subcortical and cortical sites
cannot be ruled out as contributing to the e¡ects ob-
served.

4.1.3. Cue enhancement
Acoustic cue enhancements aided the neurophysio-

logic representation of speech by improving onset syn-
chrony and preserving the spectral information in the
release burst. Data showed that the acoustic feature
that is most vulnerable in noise (release burst) may be
preserved by using ‘clear’ speech cue enhancements (in-
creasing the release burst intensity and lengthening the
stop gap duration). The neurophysiologic bene¢t pro-
vided by these acoustic manipulations can be explained

by basic auditory principles. First, the larger onset am-
plitude in response to the increased release burst inten-
sity is a result of increased rates of neural ¢ring and the
recruitment of additional ¢bers from a neural popula-
tion (Phillips, 1990; Brugge, 1992). Second, the larger
onset amplitude in response to changes in the duration
of the stop gap between the initial vowel and consonant
may be attributed to a reduction in neural adaptation.
By allowing additional time for neural recovery follow-
ing vowel encoding, neurons would be more likely to
¢re in unison to the consonant onset. This e¡ect has
been shown previously using simple and complex stim-
uli. For instance, single unit recordings demonstrated a
gradual increase in ¢ring rate as the time interval be-
tween two stimuli was increased in eighth nerve ¢bers
(Harris and Dallos, 1979), cochlear nucleus (Boettcher
et al., 1990), and IC (Arehole et al., 1987; Walton et al.,
1997; reviewed in Frisina, 2001). Similarly, data showed
that the neural representation of MG neurons to stop
consonants in naturally spoken German words [Stahl,
Spott] could be modi¢ed by changing the stop gap du-
ration placed between the /s/ and the /t/ or /p/ from 0 to
120 ms (Spenner and Urbas, 1986). Finally, numerous
studies have shown that cortical responses are particu-
larly susceptible to manipulation of the time interval
between successive stimuli (Hocherman and Gilat,
1981; Phillips et al., 1989; Brosch and Schreiner,
1997; Brosch et al., 1999). There is a progressive in-
crease in the e¡ect of ISI from the cochlear nucleus to
thalamus attributed to a larger amount of inhibitory
properties at more central levels (Kitzes and Buchwald,
1969). While the neurophysiologic e¡ects of increased
stimulus intensity and lengthened gap duration are well-
established at lower levels, the results from this study
suggest that the cortex may capitalize on these e¡ects.
That is, stimulus modi¢cations that improve the tempo-
ral precision of individual neural ¢ring patterns can
enhance neural synchrony across a population of corti-
cal neurons, leading to larger amplitude aggregate neu-
ral responses.

Visual inspection of the ‘clear’ consonant onset re-
sponse in noise also demonstrated that cortical onset
responses bene¢ted from cue enhancements to a greater
extent than lower levels. Again, this may be explained
by steeper rate^intensity pro¢les in continuous noise
compared to quiet for cortical neurons (Phillips, 1985)
and/or di¡erences in electrodes and recording tech-
niques between subcortical and cortical sites.

4.2. Steady-state responses

4.2.1. Subcortical
The present data demonstrated that the steady-state

response to the vowel showed greater resistance to noise
masking compared to transient responses. This was
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evident in (1) the preservation of response amplitude
from quiet to noise, (2) the stability of spectral content
(FFT) and (3) the increased strength of stimulus-to-re-
sponse correlation coe⁄cients in noise at the level of the
IC.

Numerous studies have shown that in quiet, audi-
tory-nerve ¢bers whose characteristic frequencies are
tuned to the stimulus formant frequencies show in-
creased ¢ring rates to the peaks of the vowel spectrum
based on ‘rate-place’ representation (average discharge
rate versus characteristic frequency) (Sachs and Young,
1979; Sachs et al., 1983). However, the rate-place rep-
resentation of neuronal discharge becomes saturated for
most units in noise. Accordingly, the auditory system
extracts a temporal code in order to preserve the neural
representation of speech in noise. For instance, the pre-
cise encoding of steady-state vowel information is con-
served by phase-locking of neural impulses for the du-
ration of the stimulus (Sachs et al., 1983; Delgutte and
Kiang, 1984d) and the synchronization of ¢ring across
a population of neurons tuned to the largest harmonics
of each formant frequency (Shamma, 1985). In addi-
tion, the timing of neural spikes comprising this tempo-
ral code remains strong when stimulus levels exceed the
intensity of the background noise (+9 dB SNR) (Sachs
et al., 1983), (+10 dB SNR) (Delgutte and Kiang,
1984d) and when both signal and noise levels are equiv-
alent (0 dB SNR) (Geisler and Gamble, 1989). This
timing synchrony is demonstrated in the stability and/
or the improvement of stimulus-to-response waveform
correlations in noise for low SR ¢bers in the eighth
nerve (Silkes and Geisler, 1991) and for IC responses
seen in this study.

Other specialized mechanisms may also exist within
the auditory system to ensure neurophysiologic repre-
sentation and perceptual saliency of the steady-state
aspects of a stimulus in noise. Recent data suggest
that the presence of random noise may enhance rather
than reduce neural response properties in the auditory
(Frisina et al., 1994; Lewis and Henry, 1995; Frisina et
al., 1996) and other sensory systems (Wiesenfeld and
Moss, 1995; Levin and Miller, 1996). Stochastic reso-
nance (STR) is a phenomenon whereby the detection
and neurophysiologic representation of a weak periodic
signal is improved by the addition of an optimal level of
external random noise. For instance, gerbil auditory-
nerve neurons tuned to high frequencies (CFv 7 kHz)
were capable of vigorous phase-locking to a low-fre-
quency tone (70 dB SPL) upon the addition of back-
ground noise (Lewis and Henry, 1995). More recently,
STR was seen in the auditory-nerve envelope response
elicited by toneburst stimuli (0^5 dB SPL) in the pres-
ence of wideband noise (10^15 dB SPL) (Henry, 1999).
The mechanism responsible for STR has not been fully
established. However, research suggests that it may

originate at the receptor level in the cochlea (Jaramillo
and Wiesenfeld, 1998) and for near-threshold stimu-
lus situations be derived from the Brownian motion
of cochlear £uids (Enrenberger et al., 1999). For
supra-threshold stimulus situations, neural adapta-
tion to the background noise may underlie the main-
tenance and in some cases the enhancement of the
steady-state response by raising rate^intensity func-
tions to a greater decibel level and decreasing maximal
¢ring rates (Geisler and Sinex, 1980; Costalupes et al.,
1984).

4.3. Relationship between neural responses to speech in
noise and speech perception (normal and impaired)

Studies indicate that some LP children show di⁄cul-
ties identifying and discriminating speech sounds with
brief, dynamic frequency elements (Tallal and Piercy,
1974; Godfrey and Millay, 1981; Elliott et al., 1989;
Reed, 1989; Kraus et al., 1996) and ¢ne-grained acous-
tic di¡erences (Stark and Heinz, 1996). Moreover, LP
individuals exhibit poorer speech in noise perception
(Cunningham et al., 2000, 2001) and a greater degree
of perceptual backward masking (Wright et al., 1997).
In a recent study using similar stimuli to those used
here, we report abnormalities in the fundamental sen-
sory representation of sound at brainstem and cortical
levels in LP children when speech sounds are presented
in noise (Cunningham et al., 2000, 2001). Speci¢cally,
group di¡erences were seen in the magnitude of the
spectral content in the frequency following response,
the strength of the stimulus-to-response correlation co-
e⁄cients re£ected in the brainstem response, the latency
of wave V in the ABR and the amplitude of cortical
potentials, P1P^N1P. Because there were no di¡erences
between the groups in quiet, the addition of competing
noise provided the means for unveiling perceptual and
neurophysiologic de¢cits in LP children and for under-
standing why these children may be particularly chal-
lenged in a real-world listening environment such as a
classroom. The neurophysiologic e¡ects of noise and
cue enhancement seen in the normal children mirrored
¢ndings from the IC (spectral patterns and stimulus-to-
response correlation).

The current data on the neural representation of
speech in noise complement our human studies using
identical stimuli. In noise, normal subcortical responses
(ICc and MGv) are chie£y composed of the harmonic
representation of the formant transition and vowel por-
tions of the signal whereas the onset response is reduced
or eliminated. We hypothesize that possible safeguards
related to improved neural synchrony in noise may be
built into the auditory system to preserve the harmonic
representation of these speech features. This was man-
ifested in both normal children and animals through the
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preservation of higher frequency spectral components
measured in the FFT and enhancement of the stimu-
lus-to-response correlation in noise. Although conso-
nant discrimination in noise was still di⁄cult for nor-
mal children without the onset burst information, it
could be achieved with the spectral and temporal
information provided in the formant transition. In
noise, the neurophysiologic response of the LP children
exhibited degraded harmonic representation of the for-
mant transition. Poor discrimination of speech in noise
in these children might be explained by reduced for-
mant transition cues in addition to the (normally occur-
ring) reduction or absence of release-burst spectral
information. Finally, the present study revealed a par-
ticular role of the AC in the encoding of transient
signals. That is, onset responses in AC were most re-
duced in noise and most boosted with enhanced signals.
Perhaps this is related to the ¢nding that in LP
children, the e¡ects of cue enhancement were also
most dramatic in cortical compared to subcortical re-
sponses.

We speculate that in addition to the reduction or
absence of release burst spectral information, LP chil-
dren also su¡er from degraded neurophysiologic repre-
sentation of formant transition information. In an im-
paired system, neurons within a population may ¢re at
di¡erent onset latencies or phase-lock imprecisely to
more harmonic aspects of the signal, thus forming an
incomplete or ‘blurred’ neural representation of such
events in noise. Evidence provided by this study sug-
gests that cue enhancements in noise aid the neurophys-
iologic representation of speech signals by improving
onset synchrony and preserving the spectral informa-
tion in the release burst. In addition, in response to
cue enhanced stimuli, responses are also improved for
the formant transition. Possibly, the presence of the
release burst representation minimizes the backward
masking e¡ect of the following vowel on the formant
transition. Taken together, data from the present study
suggest that ampli¢cation of speci¢c spectral regions in
the speech signal improves the neurophysiologic repre-
sentation of the consonant and may identify critical
elements to target for improving impaired speech per-
ception in noise. Isolating aspects of complex signal
that are crucial for sound perception in challenging lis-
tening environments may also be used in speech-sound
auditory training in individuals with perceptual impair-
ments.
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