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Abstract

The central processing of acoustic stimulus changes can be observed neurophysiologically in the mismatch negativity auditory
evoked potential (MMN). Stimuli differing in interaural phase werc used to investigate the contributions of the primary and
non-primary auditory pathways to the encoding of binaural stimuli and to investigate passively clicited measures of binaural
processing in experimental animals.

In guinea pigs, the MMN was obtained in response to 1000 Hz tones embedded in white noise (S:N = 2 dB). Using a modified
oddball paradigm (that is, two stimuli presented in a scries, each with a different probability of occurrence), stimuli were
presented binaurally with both the tonc and noise in-phase to the two ears (S,N,,) as the standard stimulus and the tonc 180°
out-of-phasc (SN as the deviant stimulus. The MMN, by definition, should occur only in response to a change, or ‘mismatch,’
between the standard and deviant stimuli. The responsc to the deviant stimulus in the oddball paradigm was compared to the
responsc to the same stimulus when presented in a scries alone. The responses to S)N,, and S;;N,, collected in a series alone,
termed the intrinsic responses, were also compared. Responses were recorded from two surface epidural electrodes — one at the
posterior midline and one over the left temporal lobe. AEPs from these locations have becn shown to reflect the activity of
primary and non-primary thalamo-cortical pathways respcctively.

A significant MMN was observed at the midline clectrode, but no MMN was obscrved over the temporal lobe. However, there
was a significant diffcrence in the intrinsic responses to the two stimuli over the temporal lobe while no difference in the intrinsic
responses was scen over the midline. The results suggest that the primary and non-primary auditory pathways appcar to provide
distinctly different contributions to the encoding of changes in binaural phasc. Additionally, thc MMN to stimuli differing in
interaural phase can be obtained in anesthetized animals and may provide a useful measure of binaural processing.

Keywords: Interaural phase difference; Binaural processing; Auditory evoked potentials; Mismatch ncgativity; Primary vs.
non-primary pathways

1. INTRODUCTION
1.1. Binaural processing

Binaural processing is a fundamental aspect of the
encoding of acoustic stimuli. It provides a means for

localizing sound, for selective attention, and for ex-
tracting a signal from noise. A large body of literature
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concerning the binaural phenomenon of Masking Level
Difference (MLD) (e.g., Hirsch, 1948; Webster, 1951)
addresses the processing of interaural phase differ-
ences in tones. MLD is usually defined as an improve-
ment in the masked threshold of a signal due to a
phase difference between ears.

Auditory evoked potentials have been used to study
interaural phase differences in humans. Several studies
have demonstrated an increase in amplitude of the late
potentials N1 and P2 when stimuli are presented out-
of-phase vs. in-phase to the two ears (Butler and
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Klushens, 1971; Tanis and Teas, 1974). In addition,
electrophysiologic correlations between behavioral
MLDs and the cortical evoked potentials P1, N1, P2
and N2 have been demonstrated (Yonovitz et al., 1979;
Fowler and Mikami, 1992a, Fowler and Mikami, 1992b).
The present study draws from this literature conceptu-
ally but it is important to note that our paradigm
makes no attempt to compare masked thresholds.
Rather, we look at responses to changes in interaural
phase at suprathreshold levels and we expect to be able
to extract information about how binaural differences
in stimulus phase are represented by central auditory
pathway neurons.

While there have been several evoked potential
studies that examined binaural processing in humans
using stimuli with interaural phase differences, to our
knowledge there have been no such studies using ani-
mals, although encoding of binaural phase has been
examined extensively in single neurons (e.g., Rose et
al., 1966; Brugge et al., 1969; Goldberg and Brown,
1969; Caird and Klinke, 1983; Yin and Kuwada, 1984,
Caird et al., 1989; Reale and Brugge, 1990; Caird and
Palmer, 1991; Palmer et al., 1992). A relatively non-in-
vasive measure of binaural processing could be utilized
in various animal preparations where binaural function
is investigated, for example, in developing or experi-
mentally reared animals who require ongoing monitor-
ing. The mismatch response or mismatch negativity
(MMN) is a passively elicited neurophysiologic index of
the processing of stimulus differences (Ndatinen et al.,
1978; Kraus et al., 1993). The subject is not required to
attend to the stimulus or provide a behavioral re-
sponse, making the MMN an effective tool for studying
neural response to an acoustic change in animal prepa-
rations. The MMN has been recorded in awake, asleep,
and barbiturate-anesthetized animals (Csépe et al.,
1987; Javitt et al., 1992, Kraus et al., 1994a, Kraus et
al., 1994b), indicating that the response is present
despite variations in attention levels. Using stimuli
containing binaural phase differences, we investigated
whether MMNSs could provide a tool for assessing
binaural processing in anesthetized guinea pigs.

1.2. Central auditory pathway encoding of complex stim-
uli

This study is part of a larger research effort in which
the overall objective is to investigate the role of the
thalamo-cortical pathways in the encoding of complex
acoustic stimuli. Previous research has shown that the
middle latency response recorded from the midline in
guinea pigs is associated with the non-primary auditory
pathway, while recordings from the temporal lobe are
associated with the primary auditory pathway (Kraus et
al., 1988; McGee et al., 1991; Kraus and McGee, 1993
review, 1993). Additionally, in response to tonal con-

trasts, a mismatch response was recorded from the
non-primary (caudomedial) division of the medial
geniculate body (MGcem) and from the surface midline,
but was absent in the primary (ventral) division of the
medial geniculate (MGv) and at the surface over the
temporal lobe (Kraus et al., 1994a). Similar results
were obtained for synthesized speech syllables (Kraus
et al., 1994b). Those results support a non-primary
pathway origin for the MMN. The current study uses
the same surface recording locations to assess the
response to binaural stimuli that differ in relative phase.
By inference, the surface responses obtained in this
study can be interpreted in terms of primary vs. non-
primary auditory pathway contributions.

The concept of the auditory pathway having two
subsystems has also been demonstrated in studies of
cell morphology (Winer and Morest, 1983; Winer 1992)
and single neuron responses (Calford, 1983; Calford
and Aitkin, 1983; Clarey et al., 1992, review). Terms
other than primary and non-primary have been used to
describe these two subsystems of the auditory pathway,
such as lemniscal vs. extralemniscal, core vs. belt, in-
trinsic vs. extrinsic and cochleotopic vs. diffuse (Ander-
sen et al., 1980; Winer and Morest, 1983).

The purposes of this study were twofold. The first
was to ascertain whether or not a neurophysiologic
response could be elicited by stimuli differing in inter-
aural phase and whether that response could be a
useful measure of binaural processing. The second goal
was to investigate the relative roles of the primary and
non-primary auditory pathways in the neurophysiologic
responses to binaural cues.

2. METHODS
2.1. Subjects and electrode placement

Six albino guinea pigs, each weighing approximately
350 grams, were used as subjects. Animals were ini-
tially anesthetized with intramuscular injections of ke-
tamine hydrochloride (100 mg/kg) and xylazine (7
mg/kg). Smaller doses (15 mg/kg of ketamine; 3
mg/kg of xylazine) were administered as needed for
the rest of the experiment, typically hourly. Anesthesia
levels were closely monitored by noting the presence of
the midline waves M + /M — and the temporal wave
C which have been shown to be most sensitive to
anesthetic effects (Smith and Kraus, 1987). Body tem-
perature was maintained at 37°C (+1°) throughout
the experiment.

A rostro-caudal incision was made along the scalp
and the tissue was retracted to eliminate muscle arti-
fact. Holes (1 mm diameter) were drilled in the skull
and epidural silver bead electrodes (0.5 mm diameter)
were used to record the surface AEPs as previously
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described (Kraus et al., 1988). Recordings were made
over the posterior midline, (10 mm caudal to bregma),
and over the left temporal lobe contralateral to the ear
receiving the phase-shifted 1000 Hz tone, (3 mm caudal
to bregma and 10 mm lateral to the midline suture).
These two recording locations are referred to as mid-
line and temporal sites, respectively. The temporal

electrode was positioned approximately over the dorsal
portion of primary auditory cortex, as described by
Redies et al. (1989). An electrode placed 15 mm rostral
to bregma and ! mm lateral to the sagittal suture
served as the reference for both recording locations. A
ground electrode was attached to the muscle tissue at
the caudal end of the incision.
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Fig. 1. (a) SqNy. A 50 ms 1000 Hz tone burst embedded in 100 ms of broadband noise, with the tone delivered in-phase to both ears. The insets
show a magnified portion of the tones without the noise (1 waveform cycle = 1 ms). (b) SpNp- A 50 ms 1000 Hz tone burst embedded in 100 ms
of broadband noise, with the tone delivered out-of-phase to both ears. The insets show a magnified portion of the tones without noise.
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2.2. Stimuli and response recording

Tone bursts with a frequency of 1000 Hz and 50 ms
in duration (74 dB SPL) were embedded in 100 ms
bursts of white noise (72 dB SPL). The bandwidth of
the noise was 100-4950 Hz. Tone and noise onsets
were offset by 25 ms (Fig. 1). These stimuli were
presented binaurally through insert earphones at a rate
of 1.9/sec. The recording window included a 100 ms
pre-stimulus period and 200 ms of post-stimulus time.
Evoked responses were analog bandpass filtered on-line
from 0.1 to 100 Hz (12 dB/octave), and baseline ad-
justed to prestimulus baseline.

The stimuli were presented with the tone and noise
delivered in phase to both ears (S;N,) and with the
tone delivered 180° out of phase to the two ears while
the noise was in phase to the two ears (SyN(). SN,
was obtained by shifting the phase of the 1000 Hz tone
presented to the right ear. In humans, SN, gives a
perception of a centrally fused sound and SN, gives a
perception of diffusion of sound within the head.

Responses were recorded when the stimuli were
presented in an oddball paradigm and when presented
in a series alone. The stimulation rate of 1.9 /sec was
maintained across both of these recording conditions.

2.3. The modified oddball paradigm

The MMN was elicited by deviant (also known as
infrequent or rare) stimuli (S;;N,) presented in a se-
quence of standard (also referred to as frequent) stim-
uli (S;N,). Deviant stimuli occurred with a probability
of 10%. Stimuli were presented in a pseudorandom
sequence with at least three standard stimuli separat-
ing presentations of deviant stimuli. Mismatch re-
sponses can occur to the standard stimuli immediately
following each deviant stimulus. To avoid such contam-
ination, only the responses to the standards just pre-
ceding the deviants were averaged into the standard
response, even though 3750 standard stimuli were pre-
sented In the recording session. Thus, the same num-
ber of tracings contributed to the standard and deviant
responses for each animal (n = 375).

2.4. Responses to stimuli presented alone

Because the MMN is, by definition, a response to
stimulus change, it occurs only when the deviant stimu-
lus is presented in the context of standard stimuli.
Therefore, the evoked response to SN, when pre-
sented in a series alone (SN ,0ne) should not elicit a
negativity in the region of the mismatch response (Pic-
ton et al., 1985; Kraus et al., 1992). To assess whether a
true MMN is present, the response t0 SN; Lione
(n = 375) was compared to SNy geyiane at €ach record-
ing location.

It is possible that differences seen in the waveforms
collected in the oddball paradigm may be due to the
differences in the acoustic features of the two stimuli
used. Therefore, comparisons were also made between
the responses t0 SuN{ candara @0d SN Li0ne- Because
only the responses immediately preceding SN, are
used in the averaged response to SN, (see above), the
response t0 SyNg qundara 15 €quivalent to the response
that would be obtained if SN, were presented alone.
SoNy sandarg a0d SNy 0ne are referred to as ‘intrinsic’
responses because they are determined by the basic
differences in the acoustic features of each stimulus
(rather than by acoustic changes in a stimulus se-
quence).
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Fig. 2. (a) Averaged responses to SNy .ione and SNy geviam
recorded over the midline. There are negativities from 60 to 100 ms
in the response to S;yNy geviane that are not seen in the response to
SI'IN() ulone* (b) Averaged responses to Sl)N[) stundard and Sl'INh alone
recorded over the midline. No significant differences are seen in the
two waveforms, indicating that the two stimuli elicit similar responses
from brain regions contributing to the midline auditory evoked
potential.
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2.5. Data Analysis

Grand averages were computed across animals for
each recording location. Grand averages of the differ-
ence waveforms were then calculated for each condi-
tion (Sl‘lNo deviant minus SONO standard? SﬂN(l deviant mi-
nus SI_INO alone and SﬂN() alone minus S()N() slz\ndzlrd)'
Using the individual average responses as the data set,
point-by-point 2-tailed, paired t-tests were performed
on the difference waves comparing the two intrinsic
responses. Also, 1-tailed, paired t-tests were performed
Comparing SHN() deviant with SnNo alone and SHN() deviant
with SuN§ (unaara (S€€ Kraus et al., 1993a; 1993b). To
meet the assumptions of normality for a t-test, wave-
forms were normalized by calculating the root mean
square (RMS) of the average waveforms for each ani-
mal and dividing the waveform voltages by the RMS.
Statistical tests were performed on normalized wave-
forms. Similar statistical analysis was performed on
averages of the individual animal responses, using indi-
vidual tracings as the data set.
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3. RESULTS
3.1. Recordings from the midline

When the responses to SN, collected in an odd-
ball paradigm (SNg geviant) V8- SN, collected in a
series alone (SN uone) are compared, a broad nega-
tivity is seen in the SN geviane Waveform that is not
seen in the response to SpyN; ,one (Fig. 2a). The
difference waveform reveals regions of significance
from approximately 60 to 100 ms, which we consider
the ‘true’ mismatch response, in that it is not con-
founded by differences in the acoustic features of the
stimuli used. A similar negativity was seen in the
difference waveform of the responses to SyN undard
and SN; geviene Presented in the oddball paradigm
(not shown). In contrast, there were no significant
differences in the intrinsic responses t0 SyNy . ndurd
and SNy e recorded from the midline electrode
(Fig. 2b), indicating that stimulus differences, per se,
are not reflected in the midline response.
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Fig. 3. Regions of significance seen in individual animal responses to SN{ geviam Minus SpNg yone @and SNy minus SyN,, recorded from
midline and temporal electrodes. Individual animal responses correspond well to the grand average responses seen in figures 2 and 4. (a) Subjects
1,3.5 and 6 show significant differences between SN, collected in a series alone and as the deviant in the oddball paradigm over the midline. (b)
There are essentially no regions of significant difference between the intrinsic responses recorded from the midline electrode. (¢) Responses to

Sl’IN() deviant minus SI'INU

alone Tecorded over the temporal lobe. Averaged responses from subjects 1 and 2 have small regions of significance at

approximately 80 ms, corresponding with the large negative peak seen in the grand averages to these responses. Responses from subject 4 show
several broad regions of significance. Although these differences are not reflected in the grand average responses in Fig. 4a, these data suggest
that there may be source(s) that contributes to the mismatch response that can be recorded from the temporal lobe, at least in some animals. (d)
Responses recorded over the temporal lobe from five of the six subjects (1,2,4,5 and 6) revealed significant differences between SN, and S,N,,.
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Fig. 3 shows the regions of significance for individ-
ual animals. These latencies reflect all areas of signifi-
cance, including regions outside the latency range that
were significantly different in the grand averages for all
animals. In figure 3a, responses from four of the six
animals showed significant differences between
SNy deviant @Nd St Ng 4ione- In comparison, there were
virtually no significant differences between the intrinsic
responses (SoNy qundarg @314 SNy 4ione) 10 individual
animals (Fig. 3b). These patterns correspond well with
the responses seen in the grand average waveforms.

3.2. Recordings over the temporal lobe

There is essentially no difference in the response to
SNy over the temporal lobe when the stimulus was
presented as the deviant stimulus in the oddball
paradigm versus in a series alone (Fig. 4a). Thus there
is no evidence of a mismatch response. However, re-
sponses to SoNg gangarg ad SNy iones Which reflect
processing of the acoustic features of each stimulus,
indicate that differences in the physical parameters of
the two stimuli are, in fact, differentiated over the
temporal lobe. This can be seen in the different wave-
form morphologies in response to the two stimuli (Fig.
4b) !. The latency ranges that are significantly differ-
ent are small in comparison with recordings over the
midline. However, it is important to note that the
waveform morphology over the temporal lobe shows
obvious differences between S)N;, and S;;N,. The nar-
row latency ranges over which these differences occur
can account for the small regions of significance seen
in the subtraction wave,

While no significant differences were seen between
S1iNg geviane a0d SNy ai0ne 10 the grand average wave-
forms, there were significant differences seen in three
subjects’ averaged responses (Fig. 3¢). Two of the three
animals (Subjects 1 and 2) had small regions of signifi-
cance that corresponded with the large negative peak

"It should be noted that the difference waves of the responses to
SoNp standara  A0d SNg gevian collected in the oddball paradigm
show negativites at beth the midline and temporal electrode sites.
However, no mismatch is seen when the temporal responses to
S11No deviant @0d SN aione are compared (refer to Fig. 4a). In fact,
these responses are nearly identical. Thus, the negativities seen over
the temporal area from stimuli presented in an oddball paradigm are
actually a reflection of the encoding of intrinsic acoustic differences
of the two stimuli, not a true mismatch response (refer to Fig. 4b). In
contrast, the midline responses to SN, reflect a characteristic
negativity (the MMN) regardless of whether the stimulus is com-
pared to the standard in the oddball paradigm or to itself when
collected in a series alone (Fig. 2a). These results bear out the
importance of examining not only the responses collected in an
oddball paradigm, but also responses to the same stimulus presented
in two different conditions, i.e., in a series alone and as the deviant
in an oddball paradigm.
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Fig. 4. (a) Averaged responses t0 SNg .one and SNp geviam
recorded over the temporal lobe. The response to SN, is the same
regardless of the manner of presentation, indicating no mismatch
response over the temporal lobe to changes in binaural phase. (b)
Averaged responses t0 SyNy andara @0d SNy ione recorded over
the temporal lobe. Significant differences, indicated by the boxes
under the difference wave, are seen from 25-100 ms and at 150 ms.
Thus, the two stimuli elicit distinct intrinsic responses over the
temporal lobe.

seen in the grand average responses of SNy yeyian and
SNy aione at approxmiately 80 ms. Responses from
Subject 4 showed several broad regions of significance.
However, these differences were not reflected in the
grand average data. Significant differences between the
intrinsic responses were seen in the waveforms of five
of the six subjects (Fig. 3d).

4. DISCUSSION

Kraus and colleagues (1994a,b; 1995, review) have
demonstrated that an MMN can be recorded at the
surface midline and within the MGcm to both tones
and certain synthesized speech syllables. Those sites
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have been associated with the non-primary auditory
pathway. In contrast, mismatch responses to these same
stimuli were not as apparent from the surface over the
temporal lobe and entirely absent within the MGy.
Those sites have been associated with the primary
auditory pathway. Those data provide evidence for a
non-primary auditory pathway origin for the MMN.
The current study uses the same surface recording
locations. Therefore, the results from this study can be
discussed in terms of primary vs. non-primary auditory
pathway contributions to the MMN, even though
recordings from the thalamus were not obtained.

In the present study, the intrinsic responses to SyN,,
and SN, were very similar at the midline electrode,
suggesting that the non-primary auditory pathway re-
sponse does not reflect the differences in the acoustic
features of these two stimuli, i.e., the difference in
interaural phase. However, the intrinsic responses
recorded from the temporal electrode are significantly
different, indicating that the differences in the acoustic
features produced by shifting the phase of a 1000 Hz
tone in noise 180° are represented in the primary
auditory pathway. Steinschneider et al. (1994) reported
a related finding, in that the differences in the acoustic
stimulus features of the speech-like syllables /da/ and
/ta/ (i.e., differences in voice-onset-time) were re-
flected in different evoked responses from the primary
auditory cortex in the awake monkey.

In contrast, the midline response to SN, differed
depending on the context in which the stimulus was
presented. The negativity seen in the response to
S1iNg geviane Was not evident in the midline response to
SNy aione (see Fig. 2a). By inference, we draw the
conclusion that the non-primary auditory pathway is
predominantly responsive to the change in the stimulus
sequence, reflected by the MMN seen in response to
SNy only when it is the deviant stimulus in the
oddball paradigm. In contrast, the temporal lobe re-
sponse to SN, is relatively independent of the stimu-
lus context, at least for stimuli differing in interaural
phase. This is reflected by the similarity of the re-
sponses t0 SNy geviane AN SNy Lione (Fig. 4a).

It is interesting to note that although no significant
difference was found between the grand averaged re-
sponses t0 SyNj geviant a0 SNg ,i0ne Over the tempo-
ral lobe, individual averages of three subjects revealed
regions that were significantly different between the
two responses. Although the latency ranges were small,
a pattern of significant latencies at approximately 80
ms was evident across the three animals. This suggests
that there may be some contribution to an MMN from
non-primary regions near the temporal recording elec-
trode or from the primary pathway itself. It has been
demonstrated that different complex signals can evoke
different topographic maps of the MMN, including
responses recorded over the temporal lobe to some

stimuli (Kraus et al., 1995). Possibly, individual variabil-
ity in acoustic signal processing could account for why
some animals have this response while others do not.

Considered together, the results support the hypoth-
esis that midline and temporal responses reflect differ-
ent aspects of the encoding of sound. While the repre-
sentation of intrinsic stimulus properties seems to be
reflected principally in the primary auditory pathway,
the representation of stimulus change appears to have
a strong non-primary auditory pathway contribution.
Because the intrinsic responses differ only over the
temporal lobe and the MMN is seen primarily over the
midline, at least for these stimuli, it is likely that the
information needed for coding both basic stimulus
properties and stimulus change is shared by the pri-
mary and non-primary pathways. Therefore, it seems
likely that both pathways are necessary, but neither is
sufficient alone, to detect the stimulus differences re-
flected in the MMN.

This study adds to previous results that demonstrate
that the epidural midline is likely to reflect non-primary
pathway activity and that this pathway’s role is key in
the detection of stimulus change, not just with stimuli
differing in interaural phase, but with a variety of
acoustic stimuli including tones and different synthe-
sized speech syllables. The current findings further
suggest that, for interaural phase differences, one of
the roles of the primary auditory pathway is the repre-
sentation of differences in acoustic stimulus features.
Because intrinsic responses to stimuli differing in phase
are already clearly evident over the temporal lobe, it
does not appear to be necessary to use the more
complex oddball paradigm to investigate coding of bin-
aural phase differences in guinea pigs. A comparison
of the intrinsic responses recorded over the temporal
lobe to stimuli differing in phase could provide basic
information about the presence or absence of binaural
processing. This provides a quick, relatively non-inva-
sive means of assessing binaural processing in develop-
ing or experimentally reared animals. However, these
experiments represent a ‘best case scenario’ where the
signals are 180° out-of-phase and there is a good
signal-to-noise ratio. With ‘poorer’ listening conditions,
the differences seen in the evoked potential recorded
over the temporal lobe may not be so obvious, but a
mismatch response may still be seen over the midline.
In such a case, the MMN may be a better tool for
assessing binaural function.

Acknowledgements

This research was supported by NIH grants DC00264
and DC00395.



52 C. King et al. / Hearing Research 85 (1995) 45-52

References

Andersen, R.A., Knight, P.L. and Merzenich, M.M. (1980) The
thalamocortical and corticothalamic connections of Al, AIl and
the anterior auditory field (AAF) in the cat: evidence for two
largely segregated systems of connections. J. Comp. Neurol. 194,
663-701.

Brugge, I.F., Dubrovsky, N.A., Aitkin, L.M. and Anderson, D.J.
(1969) Sensitivity of single neurons in auditory cortex of cat to
binaurla tonal stimulation: effects of varying interaural time and
intensity. J. Neurophysiol. 32, 1005-1024.

Butler, R.A. and Klushens, L. (1971) The influence of phase inver-
sion on the auditory evoked response. Audiol. 10, 353-357.

Caird, D. and Klinke, R. (1983) Processing of binaural stimuli by cat
superior olivary complex neurons. Exp. Brain. Res. 52, 385-399.

Caird, D., Pillmann, F. and Klinke, R. (1989) Responses of single
cells in the cat inferior colliculus to binaural masking level
difference signals. Hear. Res. 43, 1-24.

Caird, D.M. and Palmer, A.R. (1991) Binaural masking level differ-
ence effects in single units of the guinea pig inferior colliculus.
Hear. Res. 57, 91-106.

Calford, M.B. (1983) The parcellation of the medial geniculate body
of the cat defined by the auditory response properties of single
units. J. Neurosci. 3, 2350-2364.

Calford, M.B. and Aitkin, L.M. (1983) Ascending projections to the
medial geniculate body of the cat: evidence for mjultiple, parallel
auditory pathways through thalamus. J. Neurosci. 3, 2365-2380.

Clarey, J., Barone, P. and Imig, T. (1992) Physiology of thalamus and
cortex. In: Popper, A. and Fay, R. (Eds.), The Mammalian
Auditory Pathway: Neurophysiology, Springer-Verlag, NY, pp.
232-234,

Csépe, V., Karmos, G. and Molnar, M. (1987) Evoked potential
correlates of stimulus devinace during wakefulness and sleep in
the cat — animal model of mismatched negativity. Electroenceph.
Clin. Neurophysiol. 66, 571-578.

Fowler, C.G. and Mikami, C.M. (1992a) The late auditory evoked
potential masking-level difference as a function of noise level. J.
Speech Hear. Res. 35, 216-221.

Fowler, C.G. and Mikami, C.M. (1992b) Effects of noise bandwidth
on late-potential masking level difference. Electroenceph. Clin.
Neurophysiol. 84, 157-163.

Goldberg, J.M. and Brown, P.B. (1969) Response of binaural neu-
rons of dog superior olivary complex to dichotic tonal stimuli;
some physiological mechanisms of sound localization. J. Neuro-
physiol. 32, 613-636.

Hirsch, 1.J. (1948) The influence of interaural phase on interaural
summation and inhibition. J Acoust. Soc. Am. 20, 536-544.

Javitt, D., Schroeder, C., Steinschneider, M., Arezzo, J. and Vaughan,
Jr., H. (1992) Demonstration of mismatch negativity in monkey.
Electroenceph. Clin. Neurophysiol. 83, 87-90.

Kraus, N. and McGee, T. (1993, review) Clinical implications of
primary and nonprimary pathway contributions to the middle
latency response generating system. Ear Hear. 14, 36-48.

Kraus, N., McGee, T., Carrell, T., King, C., Littman, T. and Nicol, T.
(1994b) Discrimination of speech-like contrasts in the auditory
thalamus and cortex. J. Acoust. Soc. Am. 96, 2758-2768.

Kraus, N., McGee, T., Carrell, T., Sharma, A., Micco, A. and Nicol,
T. (1993) Speech-evoked cortical potentials in children. J. Am.
Acad. Audiol. 4, 238-248.

Kraus, N., McGee, T., Carrell, T. and Sharma, A. (1995) Neurophysi-
ologic bases for speech discrimination. Ear Hear. 16, 19-37.
Kraus, N., McGee, T., King, C. and Nicol, T. (1995) Mismatch
response generators to the same speech stimulus differ with

acoustic context. Abstr. Assoc. Res. Otolaryngol. 17.

Kraus, N., McGee, T., Littman, T., Nicol, T. and King, C. (1994a)
Non-primary auditory thalamic representation of acoustic change.
J. Neurophysiol. 72, 1270-1277.

Kraus, N., McGee, T., Micco, A., Sharma, A., Carrell, T. and Nicol,
T. (1993) Mismatch negativity in school-age children to speech
stimuli that are just perceptibly different. Electroenceph. Clin.
Neurophysiol. 88, 123-130.

Kraus, N., McGee, T., Sharma, A., Carrell, T. and Nicol, T. (1992)
Mismatch negativity event-related potentials elicited by speech
stimuli. Ear Hear. 13, 158-164.

Kraus, N., Smith, D.I. and McGee, T. (1988) Midline and temporal
lobe MLRs in the guinea pig originate from different generator
systems: A conceptual framework for new and existing data.
Electroenceph. Clin. Neurophysiol 70, 541-558.

McGee, T., Kraus, N., Comperatore, C. and Nicol, T. (1991) Subcor-
tical and cortical components of the MLR generating system.
Brain Res. 544, 211-220.

Niatidnen, R., Gaillard, A.W. and Mintysalo, S. (1978) Early selec-
tive-attention effect on evoked potential reinterpreted. Acta Psy-
chol. 42, 313-329.

Palmer, A.R., Rees, A. and Caird, D. (1992) Binaural masking and
sensitivity to interaural delay in the inferior colliculus. Phil.
Trans. Royal Soc. Lon. — Series B: Bio. Sci. 336, 415-422.

Picton, T.W., Rodriguez, R.T., Linden, R.D. and Maiste, A.C. (1985)
The neurophysiology of human hearing. Human Communication
Canada 9, 127-136.

Reale, R.A. and Brugge, J.F. (1990) Auditory cortical neurons are
sensitive to static and continuously changing interaural phase
cues. J. Neurophysiol. 64, 1247-1260.

Redies, H., Brandner, S. and Creutzfeldt, O. (1989) Anatomy of the
auditory thalamocortical system of the guinea pig. J. Comp.
Neurol. 282, 489-511.

Rose, J.E., Gross, N.B., Geisler, C.D. and Hind, J.E. (1966) Some
neural mechanisms in the inferior colliculus of the cat which may
be relevant to localization of a sound source. J. Neurophysiol. 29,
288-314.

Smith, D.1. and Kraus, N. (1987) Effects of chloral hydrate, pento-
barbital, ketamine, and curare on the auditory middle latency
response. Am. J. Otolaryngol. 8, 241-248.

Steinschneider, M., Schroeder, C.E., Arezzo, J.C. and Vaughan, Jr.,
H.G. (1994) Speech-evoked activity in primary auditory cortex:
effects of voice onset time. Electroenceph. Clin. Neurophysiol.
92, 30-43.

Tanis, D.C. and Teas, D.C. (1974) Evoked potential correlates of
interaural phase reversals. Audiology 13, 357-365.

Webster, F.A. (1951) The influence of interaural phase on masked
thresholds. I. The role of interaural time deviations. J. Acoust.
Soc. Am. 23, 452-462.

Winer, J.A. (1992) The functional architecture of the medial genicu-
lated body. In: Altschuler, R.A., Bobbin, R.P, and Hoffman,
D.W. (Eds.), Neurobiology of Hearing, Raven Press, NY, pp.
293-333.

Winer, J.A. and Morest, D.N. (1983) The medial division of the
medial geniculate body of the cat: implications for thalamic
organization. J. Neurosci. 3, 2629-2651.

Yin, T.C.T. and Kuwada, S. (1984) Neuronal mechanisms of binaural
interaction. In: Edelman, G.M., Gall, W.E. and Cowan, W.M.
(Eds.), Dynamic aspects of neocortical function. J. Wiley, NY, pp.
263-313.

Yonovitz, A., Thompson, C.L. and Lozar, J. (1979) Masking level
differences: Auditory evoked responses with homophasic and
antiphasic signal and noise. J. Speech Hear. Res. 22, 403-411.



