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Binaural detection with narrowband and wideband noise maskers was examined by using a
Pavlovian-conditioned eyeblink response in rabbits. The target was a tone at 500 Hz, and the
maskers were ten individual noise samples having one of two bandwidths, 200 Hz~410 Hz to 610
Hz! or 2900 Hz~100 Hz to 3 kHz!. The narrowband noise maskers were created by filtering the
wideband noise maskers such that the two sets of maskers had identical spectra in the 200-Hz
frequency region surrounding the tone. The responses across the set of noise maskers were
compared across bandwidths and across interaural configurations~N0S0 and N0Sp!. Responses
across the set of noise waveforms were not strongly correlated across bandwidths; this result is
inconsistent with models for binaural detection that depend only upon the narrow band of energy
centered at the frequency of the target tone. Responses were correlated across interaural
configurations for the wideband masker condition, but not for the narrowband masker. All of these
results were consistent with the companion study of human listeners@Evilsizeret al., J. Acoust. Soc.
Am. 111, 336–345~2002!# and with the results of human studies of binaural detection that used only
wideband@Gilkey et al., J. Acoust. Soc. Am.78, 1207–1219~1985!# or narrowband@Isabelle and
Colburn, J. Acoust. Soc. Am.89, 352–259~1991!# individual noise maskers. ©2002 Acoustical
Society of America.@DOI: 10.1121/1.1423930#

PACS numbers: 43.66.Gf, 43.66.Pn, 43.66.Dc@LRB#
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I. INTRODUCTION

Understanding the psychophysics and neurophysiol
of the detection of a tone in a noise masker is one of
classic problems in auditory science. In the current stud
behavioral paradigm for the rabbit was used to investig
the detection of tones in wideband and narrowband mask
and the correlation of detection results across bandwidths
a set of individual masker noise waveforms was investiga
These experiments were designed in parallel with a comp
ion study on human subjects by Evilsizeret al. ~2002!. In
both studies, narrowband maskers were derived from a s
individual wideband maskers such that the sets of stimuli
identical spectra in the narrow frequency band surround
the target tone. Noise waveforms that were digitally stor
and were therefore reproducible, were used so that the de
of responses across a set of masker waveforms could b
vestigated. Comparisons of results across bandwidths
across interaural configurations at each bandwidth provi
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information concerning the effect of masker frequencies o
side the narrow frequency band that surrounds the tone
quency.

Two interaural configurations are frequently tested
studies of binaural detection with human listeners: a dio
N0S0 condition ~in-phase masker and tone to the two ea!
and a dichotic N0Sp condition ~in-phase masker and out-o
phase tone to the two ears!. Several studies have measur
binaural detection in animals~e.g., cat: Geesa and Langfor
1976; Wakeford and Robinson, 1974; budgerigar: Dentet al.,
1997; ferret: Hineet al., 1994; rabbit: Earlyet al., 2001!.
Most studies in other species have used free-field or n
field stimuli and have investigated binaural unmasking
changing the phase of the stimulus to one speaker pla
near the animal. Studies in the rabbit allow the use of e
molds sealed into the ear canal, such that N0S0 and N0Sp

stimuli can be presented~Early et al., 2001!. Using this
preparation, stimuli can be carefully controlled, allowing d
ferences in performance across reproducible noise sampl
be studied. Earlyet al. ~2001! reported that responses we
significantly different across reproducible noise samples
were correlated between N0S0 and N0Sp ; that study was lim-
ited to wideband noise maskers and tested only one t
phase for the N0S0 condition. In the current study, the set o
stimulus conditions was expanded to provide responses

ess:
e-
c-
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can be studied in parallel with results for human listen
~Evilsizer et al., 2002!; both studies were focused on com
paring the responses across reproducible noise maske
two bandwidths.

These studies were designed to address a discrep
that exists in the human psychophysical literature concern
binaural detection studied with reproducible noise mask
Gilkey et al. ~1985! investigated detection of a 500-Hz ton
using wideband~2900 Hz bandwidth, from 100 Hz to 3 kHz!
reproducible noise maskers. They found significant diff
ences in responses across noise samples and significan
relation of the responses between the N0S0 and the N0Sp

conditions. Isabelle and Colburn~1991! studied detection of
500-Hz tones using narrowband reproducible noise mas
~116 Hz bandwidth, from 445 to 561 Hz!. They also found
that there were significant differences in responses ac
narrowband noise samples; however, unlike the Gilkeyet al.
~1985! study, results were not significantly correlated b
tween the N0S0 and N0Sp conditions. The importance of thi
discrepancy lies in its implications for predictions of clas
cal models for detection~reviewed by Colburnet al., 1997!,
because the results for wideband and narrowband mas
should be identical if detection is influenced only by ener
at frequencies within a critical band of the target frequen

To address this discrepancy, the current study tested
bits with a Pavlovian-conditioned eyeblink response in a
tection task with 500-ms duration 500-Hz tones and narro
band and wideband noise maskers. Where possible,
parameters of this study were chosen to parallel those of
companion human study~Evilsizer et al., 2002!; due to the
difference in species and test paradigms, there were di
ences between the studies. One such difference was
bandwidth of the narrowband maskers: the narrowb
maskers in the companion study had a bandwidth of 100
whereas the narrowband maskers in the current study h
200-Hz bandwidth~410 to 610 Hz!. These stimuli were cho
sen based on preliminary results which suggested that
formance in the rabbit was considerably more stable for
200-Hz bandwidth than for 100 Hz, and performance lev
differed between these bandwidths~Carneyet al., 2000!. In
addition, detection performance was found to be similar
200-Hz and 3-kHz bandwidths in the current study, sugg
ing that the critical band of the rabbit is less than or equa
200 Hz. The broader critical band of the rabbit is not surp
ing based on the fact that peripheral tuning is relativ
broad in this species~Borg et al., 1988!.

As in the companion study, the wideband and the n
rowband maskers in the current study were created with
same spectra in the 200-Hz band surrounding the tone
quency; the set of wideband maskers was filtered to ob
the set of narrowband maskers. The companion study u
25 reproducible noises; a subset of 10 of these noises
used in the current study, due to the limited number of to
plus-noise trials that could be delivered in each behavio
test session. The total duration of stimuli differed betwe
the two studies, but durations were chosen in an effor
study detection based on comparable effective stimulus
rations~see later in this work!. Finally, a tracking paradigm
was used for most of the measurements in the current st
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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whereas most human studies of detection with reproduc
noise maskers have used a fixed-level task~including the
companion study Evilsizeret al., 2002!. In both the compan-
ion study and in the current study, a limited number of me
surements were made to allow the comparison of results
the two stimulus-level-selection paradigms.

The aim of this study was to compare results for a to
detection task with reproducible noise maskers for rabbit
tection across bandwidths and interaural configurations
to test the hypothesis that rabbits exhibit the same trend
responses across conditions as human listeners. The u
reproducible noise maskers in psychophysical experime
such as these, as well as physiological experiments, pro
data that are critical for testing models of binaural detecti
Models of detection typically focus on the interactions of t
target and masker in the response of a single auditory fi
~or critical band!. The responses presented here and in
companion article indicate that these models must be
tended in future studies to include the influence of ene
outside the critical band centered on the target in orde
explain results for reproducible noises.

II. GENERAL METHODS

All experimental methods were approved by the Char
River Campus Institutional Animal Care and Use Commit
at Boston University. The behavioral methods are similar
those reported by Earlyet al. ~2001!, and the ten wideband
reproducible noise maskers were the same as in that stu

Three female Dutch-Belted rabbits~2.0–3.5 kg!, with
clean ear canals and normal distortion-product otoacou
emissions~Lonsbury-Martinet al., 1987!, were the subjects
in this study. The experiments were conducted in an IA
~Industrial Acoustics Co., Bronx, NY! double-walled sound-
attenuating booth. Two-hour sessions were run daily. T
animal sat in a custom-made open box and was wrapped
towel. Stable positioning of the head was achieved with a
surgically mounted on the skull using screws and den
acrylic. Each rabbit had earmolds that were custom-mol
using a soft plastic material~Per-form H/H, Hal-Hen, Long
Island City, NY!.

A. Pavlovian eyeblink conditioning

Pavlovian eyeblink conditioning~reviewed in Gorme-
zanoet al., 1983! was used to study binaural detection. T
conditioned stimulus~CS! was a 500-Hz tone, and the un
conditioned stimulus~US! was an electrical shock~0.9 mA,
60 Hz! delivered to electrodes positioned posterior to t
orbit by a Med Associates~St. Albans, VT! constant-current
shocker ~ENV-410A!. The shock occurred during the la
100 ms of the 500-ms duration tone. The choice of 500-
duration for the tones and noise maskers and of a 400
delay to the onset of the US was based on previous studie
Pavlovian conditioning of the eyeblink response~e.g., Frey
and Ross, 1968!.

The onset of an eyeblink in the presence of the to
plus-noise stimulus~CS! before the onset of the shock con
stituted a conditioned response~CR!. Onset of the eyeblink
after the shock constituted an unconditioned response~UR!.
The CS was always accompanied by the US.
347Zheng et al.: Binaural detection: II. Rabbit
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An eyeblink on a tone-plus-noise trial with latenc
shorter than 400 ms was designated a CR. Allowing 100
for the execution of the eyeblink response, it was estima
that the first 300 ms of the tone-plus-masker stimulus de
mined the animal’s response. The stimulus duration for
human study was set at 300 ms~Evilsizer et al., 2002!, thus
providing roughly comparable effective stimulus duratio
across the studies.

Eyeblink responses to noise-alone trials were also
corded and analyzed. The eyeblink was monitored b
photodiode-phototransistor pair that was aimed at the edg
a small piece of white paper taped to the animal’s eyelid
contrast with the animal’s dark eye. The photodiod
phototransistor pair converted eyelid position into volta
The onset of an eyeblink was determined automatic
based on a criterion for the slope of the photodiode volta

Individual animals were initially trained with tones i
quiet, and the level of the CS was fixed at a relatively h
level ~70 dB SPL! until the animal had CRs for 80% of th
trials in a session. Two of the animals~R4 and R6! were
subjects in a previous study~Early et al., 2001! and had ex-
tensive experience in binaural detection with wideba
maskers. All three animals were tested for about 30 sess
on a binaural detection task using noise maskers with sev
bandwidths~50 Hz, 200 Hz, 800 Hz, and 3 kHz! before
being tested at the two bandwidths used in the current st
These 30 sessions were the only prior experience for R7
the tone-plus-noise detection task.

B. Acoustic stimuli

A Tucker-Davis Technologies~Gainesville, FL! System
II was used to generate, low-pass filter~with corner fre-
quency equal to 20 kHz!, and present stimuli, record wave
forms in the ear canal, and record eyeblink responses. B
erdynamic DT-48 ~Heilbronn, Germany! earphones were
used to present the stimuli to the ear canals through
custom-made earmolds. The frequency response of
acoustic system~including the properties of the earphon
earmold, and ear canal! was characterized and used to cre
a prefilter that was applied to the stimuli. Each calibrati
was based on 64 500-ms duration white-noise samples
were presented and recorded using a probe-tube microp
~Etymotic ER-7, Elk Grove Village, IL! attached to the ear
mold. The amplitude spectra of the 64 noise recordings w
averaged for each calibration curve.

The prefilter used to digitally compensate the reprod
ible noise waveforms for the shape of the frequency respo
was computed once for each rabbit on the basis of an ave
of several calibration curves that were obtained before d
collection for this study began. This averaged calibrat
curve for each rabbit was calculated by averaging 16 to
calibration curves from both ears~8–10 from each ear! for
that rabbit. The calibration curves included in the avera
calibrations varied by65 dB between 200 Hz and 3 kHz
and varied slightly more~610 dB! at frequencies below 200
Hz. The repeatability of the calibrations across days is ill
trated in Fig. 1.

The average calibration curve was used as the prefilte
ensure that identical waveforms were presented daily~Early
348 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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et al., 2001!. However, the calibration curve of the acous
system was still checked daily to ensure that there were
significant changes in the acoustics~e.g., related to position
of the earmold! that could have introduced variability int
the reproducible waveforms from day to day. Any significa
difference between the daily calibration and the average c
bration was investigated and resolved before daily tes
began, typically by reseating the earmold within the ear
nal. The set of ten reproducible noise maskers was cre
using digitized Gaussian noise samples that were prege
ated on the array processor of the TDT-II system at a s
pling rate of 50 kHz. Band-limited noise maskers were o
tained by applying a rectangular window in the frequen
domain to the reproducible noise waveforms. The freque
window for the 200-Hz bandwidth noise maskers was g
metrically centered at 500 Hz~410 to 610 Hz!. The fre-
quency window for the wideband maskers was 2900 Hz w
~100 Hz to 3 kHz!. To create noises that had a flat spectru
in the ear canal, the amplitude spectrum of each band-lim
white noise sample was divided by the averaged calibra
curve for each rabbit. The mean spectrum level across
noises was fixed at 40 dB SPL.

A 500-Hz tone was the target stimulus. The tone le
was set based on the averaged calibration curve. Both
tone and the masker had 500-ms durations, with 10

FIG. 1. Calibration curves for each ear of each animal~panels! for the 64
sessions in this study. Each curve is plotted as level in dB SPL as a fun
of frequency in Hz for the range 100–5000 Hz. The dark gray lines are
daily in-the-ear calibration curves for the right ear and the light gray lin
are for the left ear. The black curve in each panel is the average calibra
for that animal which was used to prefilter the stimuli delivered to both e
during the course of this study. See text for details of the acoustic cali
tion.
Zheng et al.: Binaural detection: II. Rabbit
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cosine-squared onset/offset ramps. Between tone-plus-n
trials there were many noise-alone trials~see later in this
work!; these stimuli were drawn from the same set of rep
ducible noises as the maskers in the tone-plus-noise tria
1-s interval followed each 500-ms trial.

The noise waveforms to the two ears were identica
all conditions (N0). The tones presented to the two ears w
either diotic (S0) or were 180° out of phase (Sp). Previous
studies that explored the phase-dependence of binaura
tection~e.g., Gilkeyet al., 1985; Isabelle and Colburn, 1991!
showed that N0S0 responses depend upon the starting ph
of the tone. Therefore, half of the N0S0 stimuli in this study
were created using tones with 0° starting phase@referred to
as N0S0(0°)# and half were created with 180° starting pha
@referred to as N0S0(180°)#. In addition to providing esti-
mates of performance based on starting phases, these st
phases are the two components of the N0Sp stimulus and are
thus useful for analyses that compare responses across
aural configurations.

III. EXPERIMENT 1

The first experiment included tests of responses for n
rowband and wideband maskers for both interaural confi
rations. In the companion study with human listeners~Evil-
sizer et al., 2002!, a fixed-level task was used to te
performance across noise samples with the tone level fi
A previous animal study~Early et al., 2001! demonstrated
that, with rabbits, a one-down–one-up track yielded res
that were more stable over time as compared to testing
fixed tone level~Carneyet al., 1998!. Therefore, a tracking
procedure was used for experiment 1 in the current stu
The use of tracking versus fixed-level testing was furt
investigated in experiment 2.

A. Methods

Animals were tested with two masker bandwidths, 2
and 2900 Hz, and two binaural configurations, N0Sp and
N0S0 ; half of the N0S0 trials were N0S0(0°) andhalf were
N0S0(180°). Only one condition was tested during a 2
experimental session. Sixty-four sessions were run for e
animal in eight sets. A set comprised eight sessions, w
four sessions at each bandwidth. For each bandwidth t
were two N0S0 sessions~one at each starting phase! and two
N0Sp sessions to match the number of sessions across
diotic and dichotic conditions. The eight sessions in each
were organized such that N0S0 conditions were tested in fou
consecutive sessions with bandwidth~narrowband and wide
band! and tone starting phase~0° or 180° for N0S0! random-
ized, followed by four N0Sp sessions. A new random se
quence was determined for each odd-numbered test set
the test order was reversed for the subsequent e
numbered set. Each rabbit had a different testing order. T
strategy of changing interaural configurations only every f
days was adopted after preliminary tests suggested
changing the interaural configuration~N0S0 vs. N0Sp! on a
daily basis resulted in performance that was less consis
over time. This method of ordering sessions allowed tes
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
ise

-
A

n
e

de-

e

ting

ter-

r-
-

d.

ts
t a

y.
r

0

ch
th
re

he
et

nd
n-
is

at

nt
g

of all of the interaural configurations in a partially inte
leaved manner while still maintaining consistent perfo
mance over time.

A statistical power analysis of the data collected for
previous study~Early et al., 2001! indicated that eight ses
sions for each condition would yield sufficient numbers
trials for each noise sample~approximately 40 trials/noise! to
allow statistical testing of responses across reproduc
noise samples. Therefore, at least eight test sessions
completed for each stimulus condition for the three rabbits
this study.

Each session consisted of a single track, an exampl
which is shown in Fig. 2. For each track, the tone level w
initially set to 70 dB SPL and was adjusted from one ton
plus-noise trial to the next following a one-down-one-
rule, resulting in tracks that converged to a level at wh
CRs were present on 50% of the tone-plus-noise trials~Lev-
itt, 1971!. The step size was fixed at 2 dB. Each point in t
representative track illustrated in Fig. 2 shows a tone-pl
noise trial; each CR~conditioned response, which preced
the shock! is indicated by a circle, and each UR~uncondi-
tioned response! is indicated by an x. The noise sample num
ber used as the masker for each tone-plus-noise trial is i
cated on the track.

Each trial was either a tone-plus-noise trial or a noi
alone trial. The noise masker in each trial was random
chosen from the ten pregenerated reproducible no
samples. There were 33–47 noise-alone trials between
pair of tone-plus-noise trials, randomized such that to
plus-noise trials occurred on average once per minute, w
the interval between tone-plus-noise trials ranging from 4
to 70.5 s.1 Animals were given a 1-min break after every 1
tone-plus-noise trials and a 3-min break after every 30 to
plus-noise trials. Eighty to 90 tone-plus-noise trials we
completed in a 2-h session.

Eyelid position was recorded during all tone-plus-no
trials and noise-alone trials. Occasionally, fidgeting or che
ing by the animal resulted in fluctuations of the eye volta
signal that met the automated criterion for an eyeblink. T
behavior was more common for one animal~R6! than for the
other two. For this animal, the recorded eyeblinks on noi
alone trials were reviewed manually; trials that had obvio
cyclic changes associated with chewing, or small, br
movements associated with fidgeting, were removed.
records removed were qualitatively different from typic

FIG. 2. A one-down–one-up track~R4, session 375, N0Sp , narrowband
noise maskers! for one behavioral session. Each point represents a to
plus-noise trial. The number that labels each trial is the noise sample nu
~0–9!. Each circle represents a CR; each x symbol represents a UR.
confidence interval for this track was 1.6 dB.
349Zheng et al.: Binaural detection: II. Rabbit
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are
eyeblinks, and represented approximately 1.5% of all no
alone trials for this animal in the sessions that were inclu
in the analysis. However, two sessions for this rabbit~R6!
had an exceptionally large number~a factor of 5 higher than
average! of noise-alone trials that were apparently affect
by fidgeting and/or chewing behaviors; these sessions w
excluded from further analysis, and those conditions w
repeated on other days.

B. Data analysis

A confidence interval~Howell, 1992; Leeket al., 2000!
was computed to quantify the stability of a given track. T
95% confidence interval was calculated using the tone le
visited during the track, excluding the trials at the beginn
of the track preceding the fourth reversal. If the confiden
interval of a track was greater than 2.2 dB, it was exclud
from analysis. Using this criterion, 1 out of 65 sessions w
excluded from R4’s data; 2 out of 66 sessions from R
data; and 22 out of 88 sessions from R6’s data. In the cas
R6, most of the excluded sessions~20 of the 22! were for the
narrowband N0Sp condition ~see later in this work!.

The tone level at which CRs were present on 50% of
tone-plus-noise trials was determined by averaging the re
sals~excluding the first four reversals of each track! across
individual tracks. Tone-plus-noise trials at a tone level o
step above and two steps at or below this level were inclu
in the reproducible noise analysis~Early et al., 2001!. In or-
der to test the statistical significance of performance diff
ences across samples, ax2-test ~Siegel and Colburn, 1989!
was used in this study.

Because responses across the set of reproducible n
are affected by the starting phase of the tone~e.g., Gilkey
et al., 1985!, responses were separated according to re
ducible noise masker and starting phase of the tone into
sets of ten for the statistical analysis of the N0S0 results, thus
creating a set of 20 stimuli for these analyses~ten for the
N0S0(0°) condition and ten for the N0S0(180°) condition!.
One set of ten reproducible noises~with approximately the
same number of overall trials as the combined N0S0 results!
was used in the statistical analysis of the N0Sp results. For
comparison of responses across the N0S0 and N0Sp condi-
tions, the responses to each reproducible noise for the
starting phases of the tone for N0S0 were averaged togethe
and then compared to the responses for the N0Sp condition
~Gilkey et al., 1985!.

C. Results and discussion

Three rabbits were tested over 3 to 4 months each.
session-by-session performance for each rabbit is show
Fig. 3. Each point represents the mean signal level with
spect to the noise level~Es/N0 in dB! for the reversals in the
track ~excluding the first four reversals!. These Es/N0 values
thus represent the mean across all ten reproducible n
waveforms of the signal-to-noise ratio that elicited respon
on 50% of the tone-plus-noise trials. Only sessions w
tracks that had a confidence interval size less than or equ
2.2 dB are shown. This figure shows that the performanc
all animals was relatively consistent across sessions, ex
350 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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for R6’s performance for the narrowband N0Sp condition.2

Compared with R4 and R6, there is a slight downward tre
over time in the mean reversals of R7. This improvem
over time may be due to R7’s more limited experience
binaural detection experiments before testing began.

Table I provides a summary of the experimental data
the three rabbits tested. Es/N0 in dB was calculated as:

Es

N0
5Tone level ~dB SPL!

2Noise spectrum level~dB SPL!

110 log10

duration~s!

1 s
.

The duration used for this calculation was 400 ms, which
the entire duration of the CS before the onset of the US. T
noise spectrum level was always 40 dB SPL.

The E/N0 ~in dB! for which the animals had CRs o
50% of the tone-plus-noise trials was within 1 dB acro
bandwidths for the N0S0 condition for all three rabbits~Table
I!. This result supports the assumption that the critical ba
for the rabbit is less than or equal to 200 Hz. Prelimina
tests showed that the Es/N0 required for a 50% CR rate wa
reduced for a 100-Hz bandwidth masker~Carney et al.,
2000!, thus the 200-Hz bandwidth was chosen for this e

FIG. 3. The session-by-session mean reversal levels for three rabbits
R6, and R7. In each plot, the left panels show results for narrowb
maskers~NB!; the right panels show results for wideband maskers~WB!.
Only sessions with a confidence interval less than or equal to 2.2 dB
shown.
Zheng et al.: Binaural detection: II. Rabbit
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TABLE I. Results from Experiment 1.x2 values are given for the results across reproducible noise masker
tone-plus-noise and noise-alone trials.

Interaural
configuration

Noise
bandwidtha Rabbit

Tone-plus-noise trials Noise-alone trials

Es /N0
b x2c Nd x2c Nd

N0S0 NB R4 22.4 48.4e 78 63.5e 4978
R6 19.5 32.2f 89 26.3 5181
R7 22.1 37.1e 74 142.9e 4950

WB R4 21.4 74.3e 83 241.0e 4925
R6 19.3 35.3f 93 48.1e 5228
R7 22.8 87.0e 91 562.7e 4900

N0Sp NB R4 7.9 28.4e 67 70.1e 5002
R6 13.1 20.8f 43 16.7 4946
R7 11.4 30.5e 69 73.2e 4955

WB R4 13.4 52.7e 68 379.7e 4911
R6 13.0 27.3e 65 18.4f 5148
R7 16.8 47.4e 69 478.0e 4927

aNB5200 Hz bandwidth; WB5100–3000 Hz.
bEs /N0 in dB of the stimulus at the mean reversal level of the tracks~50% CRs!.
cx2 for the N0S0 conditions was calculated using 20 stimuli@ten for the N0S0(0°) condition and ten for the
N0S0(180°) condition; 19 degrees of freedom#. There are nine degrees of freedom for the ten-stimulus N0Sp

condition.
dN is the average number of trials per reproducible noise sample. TheN for the N0S0 conditions combines trials
from the N0S0(0°) condition and the N0S0(180°) condition.

ep,0.01.
fp,0.05.
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periment to ensure that the narrowband masker was at
as wide as the critical band. For the N0Sp condition, Es/N0 in
dB at the 50% CR level was lower for narrowband than
wideband maskers, as expected. As a result, the MLD~the
difference in performance between N0S0 and N0Sp! of all
rabbits was larger for narrowband maskers than for wideb
maskers. This trend was consistent with previous studie
human listeners~e.g., Bourbon and Jeffress, 1965; Me
et al., 1968; Staffelet al., 1990; Bernsteinet al., 1998; van
de Par and Kohlrausch, 1999; Evilsizeret al., 2002!.

D. Responses across reproducible noises

According to a x2 test, the variability in response
across the set of reproducible noises was significantlyp
,0.05) greater than would be expected due to chance fo
rabbits and conditions for the tone-plus-noise trials~Table I!.
Figure 4 shows responses across the set of reprodu
noises; percentages of trials with conditioned response
tone-plus-noise trials~upper panels of each set! and percent-
ages of noise-alone trials for which there were responses
shown. The variations in performance across noises, as
as across the bandwidths, interaural configurations, and
bits, can be qualitatively seen by comparing the panels
Fig. 4; quantitative comparisons will be presented later
this work. N0S0~0°! and N0S0~180°! responses for each re
producible noise masker were averaged and plotted toge
for comparison to the N0Sp responses~Fig. 4!. For all rab-
bits, the overall percentage of conditioned responses on t
plus-noise trials is approximately 50%~as expected for the
one-up–one-down track!, and the overall percentage of re
sponses on noise-alone trials is very low, about 1%–5
Spontaneous eye-blinks occur infrequently in the rabbit~1–3
, Vol. 111, No. 1, Pt. 1, Jan. 2002
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per hour, Gormezano, 1966!. The percentage of responses
noise-alone trials is higher for wideband maskers than i
for narrowband maskers, a result that is consistent acros
rabbits.

E. Correlation across bandwidths

The correlations between the narrowband and wideb
responses for individual rabbits are shown in Table II.
described earlier, the wideband maskers had the same sp
in the 200-Hz frequency band centered at 500 Hz as
narrowband maskers. If the responses in the presence o
different reproducible noise maskers were determined o
by the masker spectrum near the tone frequency, i.e., if
spectrum outside this narrow band had no effect on de
tion, the narrowband results should have been highly co
lated to the wideband results. Yet in most conditions, res
for the two bandwidths were not significantly correlate
There was a significant correlation for one comparison~the
N0Sp tone-plus-noise trials! in a single rabbit~R7!. The same
rabbit was the only animal tested that showed correlated
sponses across the two bandwidths for the noise-alone tr
for both N0S0 and N0Sp conditions.

For the N0S0 condition, the correlation of tone-plus
noise responses across the bandwidths was not signifi
but was always positive~Table II!. This pattern was similar
to that of the human study, which showed a significant eff
of the frequency components outside of the narrow f
quency band centered on the tone~Evilsizer et al., 2002!.

For the N0Sp condition, the correlation of the tone-plus
noise trials across bandwidths was near zero for two of
three rabbits and was high for one rabbit~R7!. This pattern
was similar to that of the human subjects, for which t
351Zheng et al.: Binaural detection: II. Rabbit
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correlations of hits across bandwidths were near zero
three listeners, and positive but insignificant for one liste
~Evilsizer et al., 2002!. The lack of strong correlation in
tone-plus-noise and noise-alone results across bandw

FIG. 4. Performance across reproducible noise maskers for the N0S0 and
N0Sp conditions for R4, R6, and R7. The left panels show results for n
rowband maskers~NB!, and the right panels show results for wideba
maskers~WB!. The responses to tone-plus-noise trials~upper panel! and to
noise-alone trials~lower panel! are shown for each bandwidth. N0S0(0°)
and N0S0(180°) were averaged for comparison to N0Sp .
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for these noise maskers, which have identical spectra in
frequency region near the tone frequency, suggests tha
frequency components outside the 200-Hz frequency b
affect the responses for the wideband condition.

F. Correlation across interaural configurations

The correlation between responses for the N0S0 and the
N0Sp conditions is shown in Table III. The responses f
each of the reproducible noise maskers in the N0S0 condition
were averaged across the two starting phases for compa
to the responses to the N0Sp responses~Gilkey et al., 1985!.
In general, the N0S0 and the N0Sp responses were not sig
nificantly correlated for narrowband maskers, but were s
nificantly correlated for wideband maskers for all three ra
bits. This result suggests that similar physical properties
the noise may be affecting detection for both the N0S0 and
the N0Sp conditions in the wideband case, but that differe
stimulus characteristics may control the CR in the narro
band case.

Because the noise-alone trials were exactly the same
both the N0S0 and N0Sp conditions, it might be expected tha
the performance on noise-alone trials would be correla
between the N0S0 and N0Sp conditions. However, Table III
shows that these responses were highly correlated for

-

TABLE II. Pearson’s product-moment correlations between responses
wideband and narrowband maskers.

Interaural
configurationa Rabbit

Tone-plus-noise trials
r

Noise-alone trials
r

N0S0 R4 0.25 0.24
R6 0.39 20.29
R7 0.33 0.80b

N0Sp R4 20.03 0.12
R6 20.07 20.37
R7 0.64c 0.82b

aResponses for the N0S0 condition represent the combined data from t
N0S0(0°) condition and the N0S0(180°) condition, resulting in 18 degree
of freedom. There were eight degrees of freedom for the ten-stimulus N0Sp

condition.
bp,0.01.
cp,0.05.

TABLE III. Pearson’s product moment correlations between responses
the N0S0 and N0Sp conditions. Note: To compare interaural configuration
the results for each reproducible noise for the N0S0(0°) condition and the
N0S0(180°) condition were averaged together and then compared to
results for the N0Sp condition, resulting in eight degrees of freedom for a
correlations.

Noise
bandwidtha Rabbit

Tone-plus-noise trials
r

Noise-alone trials
r

NB R4 0.31 0.48
R6 20.56 20.04
R7 0.27 0.97b

WB R4 0.71c 0.97b

R6 0.77b 0.44
R7 0.67 0.98b

aNB5200 Hz bandwidth; WB5100–3000 Hz.
bp,0.01.
cp,0.05.
Zheng et al.: Binaural detection: II. Rabbit
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the
rabbit ~R7! for both narrowband and wideband maskers, a
for one rabbit~R4! for wideband maskers only. This resu
implies that the strategy used on the tone-plus-noise tr
may influence the responses to noise-alone trials.

These results showed the same trends as the compa
human study, for which all comparisons across interau
configurations were significant for the wideband ca
whereas no consistent trend was seen for the narrowb
case~Evilsizer et al., 2002!. The responses to noise-alon
trials tended to be more strongly correlated across intera
configurations for the wideband maskers than for narro
band maskers for both rabbit and human subjects.

The comparison of responses across interaural confi
rations in both the current and the companion study are
consistent with previously reported results. Gilkeyet al.
~1985! reported correlated results across interaural confi
rations when using wideband maskers, and Isabelle and
burn ~1991! reported uncorrelated results across interau
configurations when using narrowband maskers. The cur
and companion studies, which provide results for the sa
listeners and using stimuli that had identical spectra in
frequency region near the tone, support the hypothesis
the discrepancy between the two previous studies was du

TABLE IV. Pearson’s product moment correlations between rabbits.

Noise
bandwidtha

Interaural
configuration

Subject
pair

Tone-plus-noise
trails

r

Noise-alone
trials

r

NB N0S0 R4-R6 0.08 0.33
R4-R7 0.14 0.83b

R6-R7 0.25 0.10

N0Sp R4-R6 20.42 0.87b

R4-R7 0.30 0.47
R6-R7 0.11 0.30

WB N0S0 R4-R6 0.75b 0.51c

R4-R7 0.67b 0.62b

R6-R7 0.59b 0.16

N0Sp R4-R6 0.67c 0.19
R4-R7 0.57 0.67c

R6-R7 0.81b 0.36

aNB5200 Hz bandwidth; WB5100–3000 Hz. df518 (N0S0) and 8 (N0Sp);
see note~a! in Table II.

bp,0.01.
cp,0.05.
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the different bandwidths of the maskers~Isabelle and Col-
burn, 1991!. The dependence on bandwidth of the relatio
ship between the N0S0 and N0Sp conditions also supports th
conclusion that masker components well away from the t
frequency influence the detection results across reproduc
noises.

G. Intersubject correlation

Table IV provides the correlation of responses acr
rabbits. For wideband tone-plus-noise trials, all three rab
pairs were significantly correlated for the N0S0 condition,
and two of three rabbit pairs were correlated for the N0Sp

condition. None of the pairs were correlated for the narro
band tone-plus-noise results for either interaural configu
tion. The noise-alone results showed weaker correlati
across rabbits; two of six pairs were significantly correla
for the narrowband maskers, and three of six pairs were
significantly correlated for the wideband maskers.

These trends were similar to those in the compan
study, which showed significant correlations across all s
ject pairs for the wideband maskers in both interaural c
figurations and relatively weak~though significant for the
N0S0 condition! correlations for the narrowband maskers. A
though the use of fewer reproducible noise maskers in
current study is probably responsible for the weaker stat
cal significance in many of the comparisons, all trends acr
conditions are comparable across the two studies.

H. Consistency of performance over time

Isabelle~1995! reported that the results for one set
reproducible noise maskers were stable for one human
ject over several years. A similar result from one rabbit~R4!
is shown here for two sets of data collected more than
year apart. One data set, from the study of Earlyet al. ~2001!
~‘‘previous’’ data!, was collected for at least ten sessions
one interaural configuration. The other data set~‘‘current’’
data! was extracted from the larger data set of the curr
study that included two interaural configurations. A summa
of the previous and current data sets is given in Table
There was a strong correlation between the two data sets
tone-plus-noise trials for both the N0S0 and the N0Sp condi-
tions. Correlations between noise-alone responses for
with
racterized
TABLE V. Comparison of previous and current data set. Note: These data were collected from R4
wideband maskers. Because the previous data set included more sessions than the current set, it is cha
by higherx2 values.

Interaural
configuration Data set

Es /N0

for 50%
CRs

Tone-plus-noise trials Noise-alone trials

x2 N r x2 N r

N0S0~0°! Previous 22.5 85.9a 87 187a 6167
0.94a 0.83a

Current 21.8 41.1a 39 95a 2454

N0Sp Previous 13.0 62.3a 101 212a 6851
0.87a 0.58

Current 13.3 52.7a 68 380a 4911

ap,0.01, df58.
353Zheng et al.: Binaural detection: II. Rabbit
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two data sets were significant for the N0S0 condition, and
nearly significant for the N0Sp condition.

IV. EXPERIMENT 2

A. Comparison of tracking and fixed-level procedures

As mentioned earlier, most reproducible noise tests
human listeners~Gilkey et al., 1985; Isabelle and Colburn
1991; Evilsizeret al., 2002! have been conducted using
fixed-level procedure, but the rabbits were tested usin
tracking procedure. In order to examine differences in p
formance caused by these different procedures, two rab
were tested using a fixed-level procedure for a limited se
sessions.

B. Methods

One of the difficulties in performing these tests at a fix
level is due to the influence of changes in the overall per
mance on the results. The steep psychometric functions
sociated with this task~see Earlyet al., 2001! can result in
considerable differences in overall performance at a fi
level from day to day; a change in the percentage of C
~especially if it drops below 50%! can influence the animal’s
performance over time~unpublished observations!. The
tracking paradigm, which automatically holds performan
near 50% rate of CRs, generally results in consistent per
mance from session to session. In particular, if the ani
misses a few trials in a row, the tracking paradigm autom
cally emphasizes the conditioning stimulus; increasing
level of the tone tends to reinforce the behavior, wher
leaving the tone at a fixed level can extinguish behavio
the percentage of CRs drops below 50%.

Because they had the most consistent performa
across sessions, the fixed-level data were collected from
and R7 after experiment 1 was completed. The response
the N0S0 condition with wideband maskers were more co
sistent than they were for other conditions~as quantified by
the confidence interval statistic!; therefore, this condition
was tested using the fixed-level procedure and compa
with the data from the tracking procedure.

C. Results and discussion

Table VI summarizes the experimental data from
tracking procedure and from the fixed-level procedure for

TABLE VI. Comparison of tracking and fixed-level data from experiment

Rabbit Data set Es /N0

Tone-plus-noise Noise-alone

x2 Na r x2 Na r

R4 Tracking 21.8 41.1b 39 95b 2454
0.88c 0.85c

Fixed level 21.0 37.0b 64 157b 2470

R7 Tracking 23.0 51.3b 44 174b 2456
0.76c 0.81c

Fixed level 19.5 108b 96 338b 3702

aN is the average number of trials per reproducible noise sample.
bp,0.01.
cp,0.05, df58.
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two rabbits. Because several months of tracking data w
available for these animals, and their performance was r
tively consistent over that time, it was possible to carefu
choose the fixed levels to use for these tests. The respo
for the two different experimental procedures were high
correlated for both animals for both tone-plus-noise a
noise-alone results. Limited tests on human subjects in
companion study also showed strongly correlated results
the fixed-level task and tracking~Evilsizer et al., 2002!.
Thus, the responses for N0S0 across sets of reproducibl
noise maskers for both bandwidths appear to be robust ac
these two test paradigms.

V. GENERAL DISCUSSION

In this study, three rabbits were tested with a tone-
noise detection task using Pavlovian conditioning. Narro
band and wideband reproducible noise maskers with ide
cal spectra in the 200-Hz frequency band centered on
tone frequency were used, and responses across reprodu
noises were analyzed. The trends in the results reviewed
are generally consistent with those from the compan
study in human listeners~Evilsizer et al., 2002!. The inter-
pretation of the results from both of these studies and
data collected provide the basis for future modeling stud
of diotic and dichotic detection with reproducible nois
maskers.

The responses across reproducible noise samples s
that, for each rabbit subject, there were significant diff
ences across reproducible noise samples. Thex2 values from
rabbits~Table I! were lower than those for human listeners
the companion article, in part, perhaps, as a result of the
of fewer reproducible noise maskers in this experim
~Evilsizer et al., 2002! ~this is true even when comparab
numbers of trials are used in the analysis!. The smaller per-
formance differences across reproducible noises for ra
may be due to the Pavlovian conditioning paradigm used
these tests or to differences in sensitivity across the two s
cies. The rabbits were also tested at higher Es/N0 levels than
the humans; testing at higher signal-to-noise ratios is con
tent with reduced differences in responses across repro
ible noise maskers because the relative contribution of
noise waveform to the overall stimulus is reduced. Whet
the difference in the performance levels was due to diff
ences in auditory sensitivity, to differences in the sensitiv
of the test procedure, or to other factors is a topic for furth
study.

Most of the comparisons between results for wideba
and narrowband maskers~Table II! showed no significant
correlation. Because the wideband and narrowband mas
had the same spectra around the tone frequency, the lac
correlation between wideband and narrowband performa
suggests that frequency components outside the narrow
influence performance. Therefore, to explain these reprod
ible noise results with a model would require either a fil
with a relatively wide passband or the combination of m
tiple filters covering a frequency range wider than the criti
band. However, to explain these data, the model must
have similar thresholds for these two bandwidths for
N0S0 condition. This aspect of the results places a model

.
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constraint on either the nature of the information used at
output of a single filter, or on the ways in which informatio
is combined across multiple filters.

Comparisons between the N0S0 performance and the
N0Sp performance~Table III! show that the responses o
tone-plus-noise trials were not correlated for narrowba
maskers, but were significantly correlated for wideba
maskers. This result is consistent with the results from
man listeners@i.e., the narrowband study of Isabelle an
Colburn ~1991!, the wideband study of Gilkeyet al. ~1985!,
and the companion study of Evilsizeret al. ~2002!,
which included both narrowband and wideband maske#.
Although the noise-alone trials were exactly the same
both the N0S0 and the N0Sp conditions, the correlation acros
conditions was stronger for wideband than for narrowba
maskers for both the rabbit and the human studies. T
result suggests that the detection strategies used for t
plus-noise trials may influence the performance for noi
alone trials.

The intersubject comparison~Table IV! shows that the
results across animals were not correlated for narrowb
maskers, but were significantly correlated for wideba
maskers. This result indicates that one model may be s
cient to explain the wideband performance of all subjec
but that different models~or different model parameters! will
be required for individual animals to explain the narrowba
performance~Isabelle, 1995!.

As with human subjects in the companion study, t
responses of rabbit subjects varied significantly across n
samples for both narrowband maskers and wideb
maskers, and performance was robust over time. An imp
tant aspect of this preparation is its potential for future el
trophysiological experiments to investigate neural respon
related to binaural detection. Physiological recordings fr
single neurons in the awake~and potentially behaving! rabbit
preparation should contribute to an understanding of h
different noise samples influence the firing of a single n
ron. Future studies will concentrate on physiological reco
ings from these animals using the ten reproducible no
from these behavioral experiments. Combined with phy
ologically based modeling studies of both human and ra
psychophysical results, these behavioral and physiolog
results should provide new insight to the classical problem
detection of a tone in noise.
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1In the current study, the proportions of conditioned responses for tone-p
noise trials and of eyeblink responses for noise-alone trials are repo
rather than proportions of ‘‘hits’’ and ‘‘false alarms.’’ In the paradigm use
which was chosen to optimize conditioning, thea priori probability of a
noise-alone trial was approximately 40 times greater than that of a t
plus-noise trial. In addition, the animal was not forced to respond.
one-up-one-down tracking procedure described above kept the anima
‘‘hit rate’’ of approximately 0.5, and the ‘‘false-alarm rate’’ in this paradig
was approximately 0.02. In order to use the standard signal-detection
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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minology of hits, false alarms, and the metricd8, the absence of response
on noise-alone trials must be regarded as correct rejections, and the
sence on tone-plus-noise trials as misses. If the absence of respons
noise-alone trials were considered correct rejections, the animal woul
operating in a proportion-correct range of about 0.97. Furthermore,
involuntary nature of the Pavlovian response runs counter to the notio
criterion placement in signal detection theory. Because of the differen
between this paradigm and the traditional yes–no detection task use
humans, the use of thed8 metric and associated terminology has be
avoided here.

2Because some of R6’s N0Sp results were at a level comparable to her N0S0

results, her daily calibrations were checked before and after 15 sessio
ensure that no changes in earmold position had occurred during the se
~perhaps as a result of movement by the animal! that would prevent proper
delivery of the N0Sp stimuli. No changes in calibration were observed th
might have explained the large variation in the behavioral data for
condition for this animal.
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