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Objective: Temporal acuity in the auditory brainstem is correlated with left-dominant patterns of cortical
asymmetry for processing rapid speech-sound stimuli. Here we investigate whether a similar relation-
ship exists between brainstem processing of rapid speech components and cortical processing of syllable
patterns in speech.
Methods: We measured brainstem and cortical evoked potentials in response to speech tokens in 23 chil-
dren. We used established measures of auditory brainstem and cortical activity to examine functional
relationships between these structures.
Results: We found no relationship between brainstem responses to fast acoustic elements of speech and
right-dominant cortical processing of syllable patterns.
Conclusions: Brainstem processing of rapid elements in speech is not functionally related to rightward
cortical asymmetry associated with the processing of syllable-rate features in speech. Viewed together
with previous evidence linking brainstem timing with leftward cortical asymmetry for faster acoustic
features, findings support the existence of distinct mechanisms for encoding rapid vs. slow elements of
speech.
Significance: Results provide a fundamental advance in our knowledge of the segregation of sub-cortical
input associated with cortical asymmetries for acoustic rate processing in the human auditory system.
Implications of these findings for auditory perception, reading ability and development are discussed.
� 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

The central auditory system consists of a highly complex net-
work of sub-cortical and cortical nuclei characterized by an intri-
cate pattern of connectivity between nuclei (Kaas and Hackett,
2000). Describing functional relationships between constituent
areas of the auditory system brings us closer to understanding
how humans process complex signals like speech and music.

Psychophysical research has demonstrated the importance of
the temporal features of speech for speech understanding (Lisker
and Abramson, 1964; Drullman et al., 1994; Shannon et al.,
1995), and an important consideration is that the speech signal
contains multiple temporal features that facilitate speech under-
standing (Rosen, 1992; Poeppel, 2003). Two categories of temporal
features in speech that are critical for speech understanding are (1)
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the low-frequency temporal envelope, which we call the ‘‘speech
envelope”, defined here as amplitude modulations in speech be-
tween 2 and 16 Hz (62.5–500 ms), and (2) more rapid modulations
in the signal between 25 and 50 Hz (20–40 ms), which we will call
the ‘‘segmental” temporal feature (Fig. 1). The speech envelope
provides syllable pattern information, which is an essential cue
for normal speech understanding (Drullman et al., 1994), while
the segmental feature provides temporal information relevant for
distinguishing between stop consonants (Lisker and Abramson,
1964).

Given the perceptual importance of the speech envelope and
segmental temporal cues, there is considerable interest in under-
standing how the human auditory system responds to these tem-
poral features. One line of research has used auditory evoked
potentials in response to speech stimuli to describe the neural
components that reflect the speech envelope and segmental fea-
tures. With respect to the speech envelope, it was recently shown
that this low-frequency temporal feature is processed predomi-
nantly in the right-hemisphere auditory cortex (Abrams et al.,
2008, 2009). Specifically, it was shown that right-hemisphere cor-
tical responses are of greater magnitude and follow the contours of
ed by Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Temporal decomposition of the speech signal into perceptually-salient temporal features natural speech can be decomposed based on temporal characteristics into
each of these categories of speech features. The goal of the current study is to understand whether neural responses measured from the auditory brainstem and cortex that
reflect these different temporal features are correlated with one another.
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the speech envelope with greater precision relative to responses
measured from left-hemisphere electrodes. With respect to the
segmental temporal feature in speech, it has been shown in many
studies that neural components measured in the human auditory
brainstem closely mimic the temporal features of consonant–vo-
wel stimuli (Galbraith et al., 1995; Akhoun et al., 2008; Johnson
et al., 2008b; Hornickel et al., 2009).

A remaining question is whether neural components that reflect
the speech envelope and segmental features are functionally re-
lated. This is an important question for a number of reasons. First,
there is general interest in providing a more complete understand-
ing of the functional relationships between the cortex, which ap-
pears to be important for speech envelope processing, and the
brainstem, which appears to be important for processing the seg-
mental feature of speech. Second, both the cortical processing of
the speech envelope (Abrams et al., 2009) and brainstem process-
ing of segmental features (Tzounopoulos and Kraus, 2009; Hor-
nickel et al., 2009) have previously shown relationships with
standardized behavioral measures of phonological processing and
reading ability. Therefore, a more complete understanding of the
relationship between these brain-based measures could provide
insight into neural mechanisms underlying linguistic achievement.

To investigate this question, we measured auditory evoked
potentials in a group of children in response to a variety of speech
stimuli. To examine auditory brainstem function, we used a conso-
nant–vowel stimulus that has been used in many studies (King
et al., 2002; Wible et al., 2004; Skoe and Kraus, 2010; Kraus and Ni-
col, 2005; Banai et al., 2009; Dhar et al., 2009), and to measure cor-
tical responses to the speech envelope, we used speech sentence
stimuli that have elicited robust neural responses of this aspect
of the speech signal in previous studies (Abrams et al., 2008,
2009). We then examined correlations between cortical measures
of the speech envelope and brainstem measures of the segmental
feature. We examined these measures in a group of children which
included good, average, and poor readers as a means to provide a
wide range of neurophysiologic profiles: poor readers have long
been associated with abnormal cerebral asymmetry (Morgan,
1896), and more recently have demonstrated deficient responses
to speech-sounds in the auditory brainstem (Cunningham et al.,
2001; King et al., 2002; Wible et al., 2004; Banai et al., 2005,
2009; Hornickel et al., 2009; Chandrasekaran et al., 2009). An
important consideration is that poor readers were included here
to provide a neurophysiologically heterogeneous population, and
were not included here to enable group comparisons between
reading-impaired and typically developing children.

2. Methods

The research protocol was approved by the Institutional Review
Board of Northwestern University. Parental consent and the child’s
assent were obtained for all evaluation procedures and children
were paid for their participation in the study.

2.1. Participants

Participants consisted of 23 children between 9 and 15 years
old who reported no history of neurological or otological disease
and were of normal intelligence [scores >85 on either the Test of
Nonverbal Intelligence (Brown et al., 1997) or Brief Cognitive Scale;
(Woodcock and Johnson, 1977)].

Children were recruited from a database compiled in an ongo-
ing project entitled Listening, Learning and the Brain. Children
who had previously participated in this project and had indicated
interest in participating in additional studies were contacted via
telephone. Children were selected for this study to provide a cohort
with a wide range of language abilities (Table 1) with the hope that
a diversity of language abilities would provide a wide range of neu-
rophysiologic profiles as shown in previous work (Abrams et al.,
2006). Brainstem and cortical responses were measured during dif-
ferent sessions. Prior to all neurophysiological recordings, we per-
formed a pure-tone hearing screening at 20 dB SPL for octaves
between 500 and 4000 Hz on all subjects.

2.2. Cortical protocol

2.2.1. Stimuli
Stimuli consisted of the sentence stimulus ‘‘The young boy left

home” produced in three modes of speech: conversational, clear



Table 1
Detailed subject information.

Subject Age Non-verbal IQ Verbal IQ Non-word reading Single-word reading Phonological processing

1 13.6 100 102 87 84 80
2 13.3 95 96 92 80 76
3 9.3 88 94 88 86 104
4 11.8 115 104 85 93 90
5 11.1 80 88 94 88 76
6 15.9 104 104 94 93 85
7 13.4 105 88 96 92 85
8 13.5 144 135 92 99 88
9 11.2 113 115 101 95 98

10 12.9 108 90 99 99 84
11 11.5 138 88 102 99 99
12 10.4 97 113 117 96 127
13 13.5 105 135 104 111 111
14 15.2 95 120 107 112 78
15 9.6 105 135 125 99 120
16 12.3 115 119 116 111 109
17 12.7 105 114 117 113 97
18 9.9 125 135 121 110 104
19 12.6 123 135 121 112 95
20 9.9 150 121 121 113 113
21 11.1 150 131 129 121 95
22 14 95 135 134 121 109
23 12.9 128 135 142 124 96
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and compressed modes (Fig. 2, right). These stimuli have been de-
scribed in previous works (Abrams et al., 2008, 2009). These three
modes of speech have different speech envelope characteristics
and were used as a means to elicit a variety of cortical activation
patterns. Conversational speech is defined as speech produced in
a natural and informal manner. Clear speech is a well-described
mode of speech resulting from greater diction (Uchanski, 2005).
Clear speech is naturally produced by speakers in noisy listening
environments and enables greater speech intelligibility relative
to conversational speech. There are many acoustic features that
contribute to enhanced perception of clear speech relative to con-
versational speech, including greater intensity, slower speaking
rate and more pauses. Most importantly with respect to the cur-
Fig. 2. Columns 1 and 2: brainstem stimulus ‘‘da” in the time and frequency domains. Co
for clear (top), conversational (center) and compressed (bottom) conditions. Greater
conversational stimuli. For example, there is no amplitude cue between ‘‘The” and ‘‘you
present in the clear stimulus envelope (0–450 ms post-stimulus onset). This phenomen
onset). Column 4: frequency spectra for the three stimulus conditions (blue). Insets: freq
interpretation of the references to color in this figure legend, the reader is referred to th
rent work, an established feature of clear speech is greater tempo-
ral envelope modulations at lower modal frequencies than
conversational speech, where modal frequency corresponds to
the syllable rate (1–4 Hz) (Krause and Braida, 2004). Compressed
speech approximates rapidly-produced speech and is character-
ized by a higher modal frequency. Compressed speech is more dif-
ficult to perceive compared to conversational speech (Beasley
et al., 1980) and has been used in previous studies investigating
cortical phase-locking to the speech envelope (Ahissar et al.,
2001; Abrams et al., 2008, 2009).

Conversational and clear sentences were recorded at a sampling
rate of 16 kHz in a soundproof booth by an adult male speaker.
Conversational and clear speech sentences were equated for over-
lumn 3: cortical stimulus waveforms (blue) and broadband speech envelopes (red)
amplitude envelope modulations are evident in the clear speech relative to the
ng” evident in the conversational stimulus envelope, however an amplitude cue is
on also occurs between the segments ‘‘boy” and ‘‘left” (450–900 ms post-stimulus
uency spectra of the speech envelopes (red) with the modal frequencies noted. (For
e web version of this article.)
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all duration to control for slower speaking rates in clear speech
(Uchanski, 2005). This was achieved by compressing the clear sen-
tence by 23% and expanding the conversational sentence by 23%.
To generate the compressed sentence stimulus, we doubled the
rate of the conversational sample using a signal-processing algo-
rithm in Adobe Audition (Adobe Systems Inc.) which does not alter
the pitch of the signal. The duration of the clear and conversational
speech sentences was 1500 ms, and the duration of the com-
pressed sentence was 750 ms.

2.2.2. Cortical recording and data processing procedures
All recording and data processing techniques used to describe

cortical responses to the speech envelope are identical to those de-
scribed in detail in two recent publications (Abrams et al., 2008,
2009). A PC-based stimulus delivery system (Neuroscan GenTask,
Compumedics, Inc.) was used to output the sentence stimuli
through a 16-bit converter at a sampling rate of 16 kHz. Speech
stimuli were presented unilaterally to the right ear through insert
earphones (Etymotic Research ER-2) at 80 dB SPL. Stimulus presen-
tation was pseudorandomly interleaved. The polarity of each stim-
ulus was reversed for half of the stimulus presentations to avoid
stimulus artifacts in the cortical responses. Polarity reversal does
not affect perception of speech samples (Sakaguchi et al., 2000).
An interval of 1 s separated the presentation of sentence stimuli.
Subjects were tested in a sound-treated booth and were instructed
to ignore the sentences. To promote subject stillness during long
recording sessions as well as diminish attention to the auditory
stimuli, subjects watched a videotape movie of his or her choice
and listened to the soundtrack to the movie in the non-test ear
with the sound level set <40 dB SPL. This paradigm for measuring
cortical evoked potentials has been used in previous studies inves-
tigating cortical asymmetry for speech-sounds (Bellis et al., 2000;
Abrams et al., 2006) as well as other forms of cortical speech pro-
cessing (Kraus et al., 1996; Banai et al., 2005; Wible et al., 2005).
While it is acknowledged that cortical activity in response to a sin-
gle stimulus presentation includes contributions from both the
experimental speech stimulus and the movie soundtrack, auditory
information in the movie soundtrack is highly variable throughout
the recording session. Therefore, the averaging of auditory re-
sponses across 1000 stimulus presentations, which serves as an
essential method for reducing the impact of noise on the desired
evoked response, effectively removes contributions from the movie
soundtrack. Cortical responses to speech stimuli were recorded
with 31 tin electrodes affixed to an Electrocap (Electrocap Interna-
tional, Inc.) brand cap (impedance <5 KX). Additional electrodes
were placed on the earlobes and superior and outer canthus of
the left eye. These act as the reference and eye-blink monitor,
respectively. Responses were collected (Neuroscan Acquire, Com-
pumedics Inc.) at a sampling rate of 500 Hz for a total of 1000 rep-
etitions each for clear, conversational and compressed sentences.

Processing of the cortical responses consisted of the following
steps. First, excessively noisy segments of the continuous file (typ-
ically associated with subject movement) were manually rejected.
The continuous file was high-pass filtered at 1 Hz and removal of
eye-blink artifacts was accomplished using the spatial filtering
algorithm provided by Neuroscan. Briefly, the spatial filtering algo-
rithm performs a Principal Component Analysis decomposition of
the blink artifact, and then creates a spatial filter that removes
the artifact while retaining the EEG activity of interest. The contin-
uous file was then low-pass filtered at 40 Hz to isolate cortical con-
tributions and the auditory evoked potentials were then
downsampled to a sampling rate of 200 Hz. All filtering was
accomplished using zero phase-shift filters and downsampling
was accompanied by IIR low-pass filtering to correct for aliasing
(Compumedics, Inc.). The goal of this filtering scheme was to
match the frequency range of the speech envelope (Rosen, 1992).
Responses were epoched (2 s for responses to Clear and Conversa-
tional sentences; 1 s for responses to Compressed stimuli) and arti-
fact rejected at a ±75 lV criterion. Responses were then subjected
to noise reduction developed by our lab that has been used in
improving the signal-to-noise ratio of brainstem and cortical
evoked potentials (Abrams et al., 2008, 2009; Russo et al., 2009).
The theoretical basis for the noise reduction is that it is assumed
that auditory evoked potentials are largely invariant across indi-
vidual stimulus repetitions while the background noise is subject
to variance across stimulus repetitions. Thus, the mean evoked re-
sponse is significantly diminished by the fraction of repetitions
that least resembles it. If these noisy responses are removed, the
signal-to-noise ratio of the cortical response improves consider-
ably with virtually no change to morphology of the average wave-
form. For each subject, the algorithm first calculated the average
time-domain response measured at a given electrode in response
to a given stimulus condition (i.e., the mean amplitude waveform
calculated across all repetitions for that stimulus). It then per-
formed a Pearson’s correlation between this average time-domain
waveform and the waveform from each single repetition. The 30%
of repetitions with the lowest Pearson’s correlations from each
stimulus condition were removed from subsequent analyses, and
the remaining repetitions were averaged and re-referenced to a
common reference computed across all electrodes. This process
was repeated at all electrodes and all stimulus conditions. There-
fore, following the artifact rejection and the noise reduction proto-
col, cortical responses from each subject represent the average of
650–700 repetitions of each stimulus.

2.2.3. Cortical data processing: measures of cortical speech envelope
processing

All of the analysis techniques used to describe the cortical re-
sponse to the speech envelope are identical to those described in
detail in two recent publications (Abrams et al., 2008, 2009). All
data analyses were performed using software written in Matlab
(Version 7, The Mathworks, Inc.). Broadband stimulus envelopes
were determined by performing a Hilbert transform on the broad-
band sentence waveforms (Drullman et al., 1994). The resulting
amplitude envelopes were low-pass filtered at 40 Hz to isolate
the speech envelope (Rosen, 1992) and resampled at 200 Hz to
match sampling rate of the processed responses. We calculated
the frequency of maximal power, known as the modal frequency
(Ahissar et al., 2001), of the envelope of each speech sentence stim-
ulus by performing a fast Fourier transforms of the low-pass fil-
tered Hilbert envelope. FFTs were calculated using windows of
1 s and overlaps of 0.5 s, consistent with a previous report (Ahissar
et al., 2001).

Data are presented for three temporal electrode pairs: (1) T3
and T4, (2) T5 and T6 and (3) Tp7 and Tp8 according to the modi-
fied International 10–20 recording system (Jasper, 1958). The mod-
ification is the addition of the Tp7–Tp8 electrode pair in which Tp7
is located midway between T3 and T5, and Tp8 is located midway
between T4 and T6. Two types of analyses were performed on the
data: cross-correlation and root mean squared (RMS) analyses,
resulting in three neural measures in response to the speech enve-
lope. First, cross-correlations between the broadband speech enve-
lope and cortical responses at each temporal electrode for the
‘‘envelope-following period” (250–1500 ms for conversational
and clear stimuli, 250–750 ms for the compressed stimulus) were
performed using the ‘‘xcov” function in Matlab. The peak in the
cross-correlation function, which represents the lag between stim-
ulus and response, was found at each electrode between 50 and
150 ms, resulting in the first two measures. (1) Phase-locking preci-
sion was defined as the peak r-value and (2) phase-locking timing
was defined as the lag at the peak r-value. R-values were Fisher-
transformed prior to statistical analysis. Finally, (3) RMS amplitudes
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at each electrode were calculated for two different time ranges: the
‘‘onset” period was defined by the time ranges 0–250 ms for all
stimuli; the ‘‘envelope-following” period was defined as 250–
1500 ms for conversational and clear stimuli and 250–750 ms for
the compressed stimulus.

2.2.4. Cortical data processing
A previous study showed that these measures of cortical enve-

lope processing accounted for up to 44% of the variability in stan-
dardized reading scores and 50% in measures of phonological
processing across a wide range of abilities (Abrams et al., 2009).
Since the goal of the current work was to examine the relationship
between auditory brainstem function and cortical asymmetry in
processing of the speech envelope, we calculated these measures
in individual subjects at specific temporal electrode sites to enable
correlation analyses with auditory brainstem measures. Here are
the measures of cortical speech envelope processing:

(1) Asymmetry of phase-locking precision: we first calculated
mean left-hemisphere r-values (i.e., the mean of T3, T5 and
Tp7) and right-hemisphere r-values (i.e., the mean of T4,
T6 and Tp8) from the cross-correlation analysis of the com-
pressed speech condition, and entered these values into the
asymmetry index (R � L)/(R + L).

(2) Asymmetry of phase-locking timing: we first calculated
mean left-hemisphere lags (i.e., the mean of T3, T5 and
Tp7) and right-hemisphere lags (i.e., the mean of T4, T6
and Tp8) from the cross-correlation analysis for each subject
and each speech condition, and entered these values into the
asymmetry index (R � L)/(R + L).

(3) Asymmetry of phase-locking magnitude: we first calculated
mean left-hemisphere amplitudes (i.e., the mean of T3 and
Tp7) and right-hemisphere amplitudes (i.e., the mean of T4
and Tp8) from the analysis of the compressed speech condi-
tion, and then entered these values into the asymmetry
index (R � L)/(R + L). The reason T5 and T6 electrodes were
not included in this measure is that a previous study found
that responses measured at these electrodes did not show
different patterns of asymmetry based on phase-locking
magnitude (Abrams et al., 2009).

2.2.5. Brainstem protocol
The procedures to measure brainstem responses were identical

to those that have been described (Russo et al., 2004; Skoe and
Kraus, 2010). Brainstem responses were differentially recorded at
a sampling rate of 20 kHz using a vertex electrode referenced to
the right earlobe. The forehead served as ground. Three blocks of
1000 repetitions were collected at each polarity. Speech sounds
were presented to the right ear at 80 dB sound pressure level
(SPL) through insert earphones. The inter-stimulus interval was
51 ms. The stimulus used to evoke brainstem responses was the
speech syllable /da/ (Fig. 2, left) synthesized at a sampling rate of
10 kHz. The stimulus was 40 ms in duration and consisted of five
formants with an onset burst during the first 10 ms at F3, F4 and
F5.

2.2.6. Data analysis
Analyses utilized previously described measures of the speech-

evoked auditory brainstem response, including peak latency and
amplitude measures, frequency domain and RMS measures, and
measures describing parameters of the ‘‘VA onset complex” (Russo
et al., 2004). Peaks V and A represent the onset of the speech-
evoked brainstem response, and are thought to be analogous to
peaks V and A in the traditional click-evoked ABR. The VA onset
complex measures are derived from amplitude and latency values
from peaks V and A, and include a series of four measures: inter-
peak interval, amplitude, slope, and area (Russo et al., 2004; Skoe
and Kraus, 2010). We also calculated composite brainstem scores
derived from a subset of theoretically-important measures of the
speech-evoked brainstem response. To calculate composite scores,
each measure of brainstem function was first transformed into Z-
scores and then averaged across measures. Five of the composite
measures were recently described (Dhar et al., 2009) and consist
of: (1) brainstem onset response, created from the latency of the
two onset peaks, V and A; (2) spectrotemporal features, created from
the latencies of peaks D, E and F; (3) envelope boundary, created
from the latencies for peaks C and O, a period that corresponds
to �33 Hz (30 ms); (4) pitch response, calculated from the spectral
magnitude of the brainstem response corresponding to the funda-
mental frequency (103–120 Hz) and the inter-peak intervals be-
tween peaks D and E, and E and F (8–10 ms); and (5) harmonic
response, which consists of the spectral magnitude of the brainstem
response corresponding to the first formant frequency (455–
720 Hz) and the high-frequency components (721–1154 Hz) of
the stimulus. Three additional measures published in slightly older
studies (Russo et al., 2004; Abrams et al., 2006) were also included:
formant frequency response, calculated as the mean spectral ampli-
tude over the range of 220–1000 Hz (Russo et al., 2004); acoustic
transient response, calculated from the latency of peaks V, A and
O (Abrams et al., 2006), and VA complex measures, inter-peak inter-
val, amplitude, and slope. The goal of using all of these measures is
that they provide a thorough description of brainstem responses to
temporal features in the transient/harmonic (<3 ms) and Funda-
mental Frequency (8–10 ms) ranges (Fig. 1). One of the measures,
envelope boundary, provides temporal information within the ‘‘Seg-
mental” range (20–50 Hz; 20–50 ms), as the timing difference be-
tween peaks C and O is �30 ms.

Cortical measures consisted of the three previously described
measures of speech envelope processing: asymmetry for phase-
locking precision, phase-locking lag, and RMS amplitude asymme-
try (Abrams et al., 2009). These particular measures are sensitive to
standardized measures of literacy and phonological processing
measured across individuals with a range of abilities.

We performed the following six analyses (in three categories) to
examine potential relationships between auditory brainstem re-
sponses to speech-sounds and cortical responses to the speech
envelope:

2.2.7. Analysis #1: correlation analyses
(1a) Pearson’s correlations between the three measures of cor-

tical speech envelope processing and individual measures of the
speech-evoked auditory brainstem response (Russo et al., 2004;
Skoe and Kraus, 2010). (1b) Pearson’s correlations between the
three measures of cortical speech envelope processing and the
eight composite brainstem scores described above.

2.2.8. Analysis #2: cortical response comparisons, grouping based on
brainstem response

(2a) Wilcoxon rank-sum test on cortical response measures for
the top and bottom third (n = 8, each) of the cohort based on indi-
vidual brainstem measures. (2b) Rank-sum test on cortical re-
sponse measures for the top and bottom third based on
composite brainstem scores.

2.2.9. Analysis #3: brainstem response comparisons, grouping based
on cortical measures

(3a) Wilcoxon rank-sum test on individual brainstem measures
for the top and bottom third based on cortical response measures.
(3b) Rank-sum test on composite brainstem scores for the top and
bottom third based on cortical response measures.

To prevent spurious results from correlation analyses, which can
be overly biased by outlying data points, all raw brainstem and cor-
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tical values beyond 2 standard deviations (SD) of the mean were
moved to the 2 SD point for that particular measure. Across cortical
measures, 2 data points (out of a total of 69) were moved to the 2 SD
point. For all analyses involving the comparison of means, we used
the non-parametric Wilcoxon rank-sum test to examine group dif-
ferences since there were only eight subjects in the two groups
being compared (16 subjects total in this analysis). Pearson’s corre-
lations and rank-sum tests p-values <0.02 were considered statisti-
cally significant; this p-value cutoff represents an adjustment to
account for the large number of comparisons being performed while
not eliminating moderate brainstem-cortical correlations.

3. Results

3.1. Analysis #1: correlation analyses

Pearson’s correlations were performed between individual
measures of the speech-evoked auditory brainstem response (19
brainstem measures) and cortical responses to the speech envelope
(3 measures). Results indicated one significant correlation (out of
57 correlations performed) between brainstem first formant fre-
quency responses and cortical lag asymmetry. Furthermore, none
of the Pearson’s correlations between cortical responses to the
speech envelope (3 measures) and eight composite measures of
the speech-evoked auditory brainstem response met our criteria
for significance.

3.2. Analysis #2: cortical response comparisons, grouping based on
brainstem response

We performed Wilcoxon rank-sum tests on cortical response
measures for the top and bottom third based on individual brain-
stem measures. Results from this analysis indicated no significant
differences in any of the cortical measures between subjects in
the top 33% and bottom 33% for a given brainstem measure. When
we used the eight composite brainstem scores to define the groups
rather than individual measures, again there were no significant
differences in any of the cortical measures between subjects in
the top 33% and bottom 33%.

3.3. Analysis #3: brainstem response comparisons, grouping based on
cortical measures

We performed Wilcoxon rank-sum tests on individual brain-
stem measures for the top and bottom third based on cortical re-
sponse measures. Results indicated one significant rank-sum
result (out of 57 rank-sum tests in which grouping was based on
cortical measures) between brainstem frequency response to F1
over the FFR period and cortical Lag asymmetry (p = 0.015). There
were no other significant differences when we performed Wilco-
xon rank-sum tests on composite brainstem measures for the top
and bottom third based on cortical response measures.

4. Discussion

We investigated whether there is a relationship between rapid
acoustic processing in the human auditory brainstem and cortical
processing of the slowly-varying temporal envelope of speech.
We failed to see any systematic relationship between the auditory
brainstem response and cortical processing of the speech envelope.
Analyses included Pearson’s correlations between established
measures of brainstem and cortical responses as well as the group-
ing of subjects based on brainstem and cortical responses; in all
but two cases, results failed to reach statistical significance, or even
show trends for significance. Based on the consistency of these
negative results, results strongly suggest that there is no relation-
ship between the fidelity of auditory processing of transients and
fundamental frequency in the auditory brainstem and cortical
asymmetry for syllable-rate processing of speech.

One brainstem-cortical relationship showed statistical signifi-
cance: the relationship between brainstem response to F1 fre-
quency component and cortical lag asymmetry. We argue that
this significant correlation does not represent a convincing scien-
tific finding given the number of comparisons and correlations per-
formed in this study. Furthermore, this particular relationship is
not easily explained within the existing framework describing
brainstem-cortical interactions since the brainstem response to
F1 had not previously been implicated as a measure that is sensi-
tive to cortical function (Banai et al., 2005; Wible et al., 2005;
Abrams et al., 2006).

4.1. Specificity for temporal acuity in the auditory brainstem and
speech-related cerebral asymmetry

The current experiment was designed and performed in an ex-
tremely similar manner as a previous work examining the relation-
ship between brainstem responses and cortical asymmetry for rapid
features in speech (Abrams et al., 2006). Similarities include similar
mixed populations of normal and reading-impaired children, as
well as identical brainstem methods with respect to stimulus, col-
lection and processing techniques. Furthermore, both studies uti-
lized similar cortical methods, with the only substantial difference
being the stimuli, which, in the former study, were designed to max-
imize rapid acoustic processing in the left-hemisphere (the syllable
/da/) and in the present study, to maximize slow acoustic processing
in the right-hemisphere (complete sentences). The brainstem-corti-
cal analyses were also extremely similar between these two studies
in that they quantified the relationship between brainstem mea-
sures and study-specific measures of cortical asymmetry, including
asymmetry of cortical RMS amplitude.

Despite the consistent study design, data collection and analy-
ses, the results from these two studies are in stark contrast: results
indicate that auditory brainstem timing for rapid acoustic features
is only related to cortical asymmetry that reflects rapid compo-
nents of the speech signal and not to slow features. Why might this
be? One possibility is that rapid acoustic features in speech may
represent a greater processing load for the auditory system com-
pared with slower features, and to accommodate this increased
load, the processing of rapid acoustic features in speech may re-
quire greater neural synchrony between the constituent nuclei in
the auditory system relative to slower acoustic features.

Another possibility is that the auditory brainstem is actually re-
lated to right-dominant speech envelope responses in cortex, but
the specific measures of brainstem function described here are
not sensitive to this aspect of cortical function. For example, we fil-
ter out low frequencies below 100 Hz from evoked potentials as a
means of isolating brainstem responses, and lower frequency ele-
ments conceivably generated by the brainstem could relate to cor-
tical processing of the syllable rate of speech. If brainstem function
is actually correlated with rightward asymmetry for the speech
envelope in a manner that we were not able to describe in the cur-
rent work, this would suggest exquisite response specificity for
speech envelope processing. This is based on the fact that, over
the last decade, the Kraus lab has thoroughly characterized the
auditory brainstem response to the speech-sound /da/ in both time
and frequency domains (Cunningham et al., 2001; King et al., 2002;
Russo et al., 2004, 2005; Wible et al., 2004; Skoe and Kraus 2010;
Chandrasekaran et al., 2009; Hornickel et al., 2009; Dhar et al.,
2009), and in the current work none of these measures showed a
reliable relationship to cortical speech envelope asymmetry.
Therefore, if a currently-undiscovered measure of auditory brain-
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stem processing is actually related to cortical envelope asymmetry,
it is likely a highly specific relationship involving a brainstem mea-
sure that is uncorrelated with other measures of brainstem func-
tion. It is hoped that future studies can further investigate this
question, perhaps using a longer speech stimulus compared to
the one used here which would enable a more robust metric of
steady-state response processing in the auditory brainstem.

4.2. Brainstem mechanisms for temporal processing of speech

Results described here add to a growing body of literature
describing brainstem processing of acoustically-complex signals
such as speech and music. While historically the auditory
brainstem was thought to play a relatively passive role in the pro-
cessing of biologically-important signals, recent studies have
demonstrated that human brainstem activity reflects aspects of
perception (Johnson et al., 2007; Song et al., 2008b; Hornickel
et al., 2009; Parbery-Clark et al., 2009), development (Johnson
et al., 2008a), musical experience (Musacchia et al., 2007;
Wong et al., 2007; Kraus et al., 2009; Lee et al., 2009; Strait
et al., 2009; Tzounopoulos and Kraus, 2009; Parbery-Clark et al.
2009; Bidelman et al., 2009; Chandrasekaran and Kraus, 2010),
language experience (Krishnan et al., 2005, 2009a,b; Russo et al.,
2005) and critical language skills (King et al., 2002; Wible et al.,
2004; Banai et al., 2005, 2009; Song et al., 2008a; Hornickel
et al., 2009; Chandrasekaran et al., 2009). The current study adds
to this literature by showing that, despite the well-documented
sensitivity of the auditory brainstem response to a host of percep-
tual, cognitive and experiential factors, sub-syllabic spectrotempo-
ral processing in the brainstem does not appear to be related to
cortical specialization for the speech envelope. This is a surprising
result for two reasons. First, the speech envelope is essential for
the normal perception of speech (Drullman et al., 1994; Shannon
et al., 1995), and while the current study did not examine percep-
tion, a previous study showed a strong link between speech per-
ception and cortical responses similar to those described here
(Ahissar et al., 2001). Second, the speech envelope, which encom-
passes the syllable rate of speech (Rosen, 1992), is thought to play
an important role in development: an influential theory of reading
acquisition argues that sensitivity to syllables in young children
precedes sensitivity to phonemes, and therefore the mastering of
syllable-level skills is paramount to phonological development
(Stanovich, 1992; Anthony et al., 2003; Ziegler and Goswami,
2005). Taken together, the speech envelope is thought to play a
critical role in both perception and development, yet the auditory
brainstem – at least for the brainstem measures assessed here –
appears to be functionally unrelated to cortical speech envelope
processing. The current results highlight the specificity of the audi-
tory brainstem processing to other aspects of perception, cognition
and experience. A critical consideration is that only certain fea-
tures of the speech-evoked brainstem response are related to
behavioral impairments and expertise (Kraus and Nicol, 2005;
Krizman et al., 2010).

4.3. Cortical mechanisms for temporal processing of speech

Findings described in the current paper, in conjunction with a
previous work investigating brainstem timing and cortical rate
asymmetry (Abrams et al., 2006), enable speculation on the mech-
anisms hypothesized to serve acoustic rate asymmetries in audi-
tory cortex (Poeppel, 2003). Very little is known about the nature
of this mechanism. One possibility is that a single neural mecha-
nism is responsible for routing rapid and slow temporal processing
to the left and right auditory cortices, respectively. If this were the
case, one might hypothesize that auditory brainstem function
would be related to both rapid and slow forms of cortical asymme-
try in a similar manner. Alternatively, it is plausible that there are
two separate cortical mechanisms, a rapid processing mechanism
and a slow processing mechanism, and that these separable mech-
anisms are characterized by different network properties. The
accumulated findings suggest the latter scenario since brainstem-
cortical relationships appear to differ between the processing of ra-
pid and slow temporal features in speech. It is hoped that future
studies in human and animal models can more directly address
the mechanisms serving acoustic rate asymmetries described here.

4.4. Implications for reading and phonological processing

Accumulated results suggest that neural synchrony among con-
stituent areas of the auditory system could serve as a mechanism
necessary for normal speech perception, reading acquisition, and
phonological abilities (Banai et al., 2005, 2009; Basu et al., 2010;
Wible et al., 2005; Abrams et al., 2006; Chandrasekaran et al.,
2009; Dhar et al., 2009; Hornickel et al., 2009), however results
from the current study failed to show synchrony between conso-
nant–vowel processing in the brainstem and cortical processing
of the speech envelope. One interpretation of this finding is that
impaired synchrony described in other works is a somewhat spe-
cific phenomenon as it relates to perceptual and reading-related
abilities. For example, a trend in these previous studies is that
abnormal perception and reading-related skills are associated with
impaired brainstem-cortical synchrony for processing of rapid
acoustical features (e.g., processing of speech transients and brief
consonant–vowel stimuli). Perhaps the exquisite neural timing
necessary for processing and synchronizing to these rapid acousti-
cal features imposes a specific limitation on the reading-impaired
auditory system. An exciting future study could address whether
dyslexic children with poor brainstem timing and atypical leftward
asymmetry to fast speech cues constitute the same population who
demonstrate atypical rightward asymmetry to speech envelope
cues. The results of this study could be revealing: if these subjects
represent the same population, it would demonstrate the existence
of a pervasive, yet mechanistically distinct, auditory timing disor-
der; if these subjects represent separate populations, results could
provide an objective way to distinguish distinct underlying deficits
contributing to reading disorders.

A caveat for this work is that one cannot definitively conclude
that there is no relationship between brainstem and cortical enve-
lope responses from a set of null results. Nevertheless, we believe
that a number of methodological and analytical considerations en-
able a strong suggestion of this possibility. First, brainstem and
cortical evoked potentials are thought to be extremely robust
and stable within subjects, and effects are generally apparent in
small groups (Cunningham et al., 2001; Wible et al., 2002, 2004;
Krishnan et al., 2005; Wible et al., 2005; Abrams et al., 2008,
2009; Bidelman et al., 2009; Bidelman and Krishnan, 2009; Hor-
nickel et al., 2009; Skoe and Kraus, 2010). Second, our data analysis
examined relationships between 19 different measures of brain-
stem function and three cortical measures, and included a variety
of statistical techniques to probe potential relationships (correla-
tions, t-tests, and Wilcoxon rank-sum tests). Results showed that
only two brainstem-cortical relationships reached our moderate
criteria for significance (p < 0.02), which is fewer than the number
of statistically significant relationships predicted by chance (�3).
Finally, with respect to the number of subject participants in this
work (n = 23), a power analysis shows that we had the ability to
detect effect sizes of r = 0.5 with a power of �65% (a = 0.02). While
we recognize that this is not an ideal power value, we do not be-
lieve that it is prohibitively low.

In conclusion, we have shown that there is no demonstrable
relationship between auditory brainstem responses to syllabic ele-
ments and cortical asymmetry for slow features in speech. These



1350 D.A. Abrams et al. / Clinical Neurophysiology 121 (2010) 1343–1350
results complement previous findings that show a significant rela-
tionship between auditory brainstem timing and cortical asymme-
try for rapid acoustic features in speech. Results suggest a
dichotomy between neural mechanisms serving acoustic rate
asymmetries in auditory cortex.
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