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Objectives: Periodic alternations of the interaural correlation of a noise
stimulus evoke an auditory steady state response that can be measured
at the scalp, providing an objective measure of binaural integration. The
purpose of this study was to examine the effect of interaural level
differences on this steady state response.

Design: Auditory steady state responses at 4 and 8 Hz were recorded to
4 Hz cycles of interaural correlation change of a Gaussian noise in
normal-hearing listeners. Responses were recorded with symmetric
presentation levels of 80, 60, and 40 dB SPL and with interaural
asymmetries ranging from 10 to 40 dB, varying in 10-dB steps.

Results: The 8 Hz response was sensitive to interaural level asymmetry
and fell to 50% strength at an asymmetry of 18 dB, although the
response was detectable to an asymmetry of 30 dB. A simultaneously
present 4 Hz response showed no sensitivity to interaural level
difference. Significant responses were recorded in all participants.

Conclusions: The 8 Hz auditory steady state response to a 4 Hz change
in noise interaural correlation might be useful as an objective measure
of binaural integration in asymmetric hearing loss. Response amplitude
is more negatively affected by small amounts of interaural asymmetry
than by large reductions in overall presentation level.

(Ear & Hearing 2011;32;114–120)

INTRODUCTION

When human listeners are presented with a binaural noise
stimulus and an interaural delay is introduced, there is a
perceptible shift in stimulus laterality toward the ear receiving
the time-leading stimulus and an evoked triphasic P1–N1–P2
response that can be recorded at the scalp (Halliday &
Callaway 1978; McEvoy et al. 1990; Picton et al. 1991).
Although the evoked response has its origins in the cortex (Hari
et al. 1980; Scherg et al. 1989), the response depends on input
from subcortical low-frequency central neurons that are sensi-
tive to interaural phase differences (Yin et al. 1986); these are
part of a larger architecture for the coding of the cues for sound
source azimuth (Phillips 2008).

Similar responses can be recorded when the interaural
correlation of a noise changes abruptly (Chait et al. 2005;
Dajani & Picton 2006). The two types of change give rise to
different perceptual experiences: changes in interaural timing
affect the perceived location or lateralization of a sound,
whereas changes in interaural correlation affect the perceived
compactness or diffuseness of a sound (Blauert & Lindemann
1986). However, interaural timing and interaural correlation
change responses are both dependent on subcortical neurons
with precise spike timing and phase-sensitive inputs from the
two ears (e.g., the medial superior olive; Moore 1991).

Dajani and Picton (2006) recently described a human
auditory steady state response (ASSR) evoked by a wideband
noise stimulus that periodically alternated in interaural corre-
lation between a value of 0 and �1. At slow presentation rates
(two changes per second), a clear P1–N1–P2 complex occurred
after each change in interaural correlation, but at faster rates, a
steady state response emerged. With 4 Hz cycles of corre-
lation change (i.e., eight correlation changes per second),
the dominant frequency present in the ASSR was 8 Hz. It is
possible that the ASSR in this case reflected transient
cortical P1–N1–P2 responses time-locked to each change in
interaural correlation, because the match between the P1–
N1–P2 peak latencies and the stimulus period could result in
each P1 response temporally overlaying the P2 response to
the preceding change in correlation. This interpretation is
compatible with magnetoencephalography data indicating
that forebrain auditory responses are driven directly by both
directions of interaural correlation change (Chait et al.
2005). Alternatively, the steady state response might be
distinct from transient responses recorded at slower presen-
tation rates, because the latter have significant refractory
periods (Näätänen & Picton 1987).

Several methods have been proposed for the objective
assessment of binaural temporal integration using electrophysi-
ologic analogs of the binaural masking level difference (i.e.,
the improvement in hearing thresholds that occurs when the
interaural correlation of a signal is different from the interaural
correlation of a simultaneous masker); these involve recording
steady state responses to low-frequency tones from the brain
stem (Wilson & Krishnan 2005), or steady state responses to
amplitude-modulated tones from the cortex (Wong & Stapells
2004), and measuring differences in response amplitude as a
function of the phase of the signal or masker. The interaural
correlation ASSR is probably also related to the binaural
masking level difference, given that the masking level differ-
ence is closely related to interaural correlation change detection
(Durlach et al. 1986; Koehnke et al. 1986, 1995; Jain et al.
1991; Bernstein & Trahiotis 1992; Culling et al. 2001; Krum-
bholz et al. 2009), but a key advantage of the interaural
correlation ASSR approach is that the response—not the
amplitude difference between two responses—provides evi-
dence of binaural integration. Moreover, the interaural corre-
lation of a broadband noise can be changed without introducing
any monaurally detectable changes: when listening with only
one ear, the noise is perceived as steady, and no electrophysi-
ologic responses are recorded when the correlation changes
(Dajani & Picton 2006). Thus, the response unequivocally
reflects binaural temporal integration. The steady state nature
of the response also simplifies detection. Any significant
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activity at the frequency or harmonics of the correlation change
provides direct evidence of binaural processing.

One potentially important application of this ASSR is its
utility as a simple, objective measure of binaural temporal
integration for individuals with asymmetric hearing loss. Bin-
aural integration is critical for optimal hearing in noise and
complex auditory environments (Gatehouse & Noble 2004;
Boothroyd 2006) but is easily compromised by hearing loss
(Häusler et al. 1983; Bronkhorst & Plomp 1989), particularly
when hearing thresholds are asymmetric (Bocca & Antonelli
1976; Olsen et al. 1976; Wilson et al. 1985; Bronkhorst &
Plomp 1989).

Understanding binaural temporal integration, particularly
the levels of asymmetry at which it breaks down, has implica-
tions for the treatment of asymmetric loss (Nia & Bance 2001).
For instance, when deciding whether to surgically correct
conductive hearing loss, many surgeons will not attempt to
correct an ear that cannot be brought to within 15 dB of the
contralateral ear’s hearing level or to within 30 dB absolute
hearing level. This is based on an understanding that hearing is
an innately binaural process, and that the real-world functional
impact of the hearing gain in the operated ear will depend on
the hearing level in the other (nonoperated) ear. This “15/30”
surgical rule is sometimes called the Belfast Rule of Thumb
(Smyth & Patterson 1985; Toner & Smyth 1993) and is also
alluded to in other methods of reporting hearing benefit from
middle ear surgery, such as the Glasgow Benefit Plot (Brown-
ing et al. 1991; Browning 1993). These rules are based on
hearing handicap or questionnaire-type data, correlating patient
perceived satisfaction with the hearing gain achieved, and there
are broad variances in the data. What is lacking to date is the
use of a physiologic objective parameter that definitely signals
binaural integration and the level of asymmetry at which it
breaks down. The ability to measure this would allow us to
probe many of these rules of thumb from a physiologic
perspective.

An objective measure would also be useful for studying
longitudinal changes in binaural integration after surgical
interventions that increase or decrease interaural symmetry.
There is evidence that the nervous system can compensate for
longstanding asymmetries by perceptually centering sounds
presented at equal or nearly equal SPLs to each ear (Durlach et
al. 1981; Wilson et al. 1985); optimal binaural temporal
integration might similarly occur at equal or nearly equal SPLs
(Olsen et al. 1976). One study found that individuals with
asymmetric conductive loss had normal masking level differ-
ences after they had adjusted interaural stimulus levels to
center the stimulus perceptually (Quaranta & Cervellera 1974),
but the authors did not report the final stimulus SPLs. If these
had been equal, any attempt to compensate for the asymmetry
might have interfered with binaural processing (Wilson et al.
1985) at least temporarily.

The effects of hearing asymmetries and corrective treat-
ments on binaural temporal integration could be clarified by
recording binaurally sensitive ASSRs in patients and in nor-
mal-hearing people at multiple levels of interaural symmetry
(i.e., by varying the levels presented to each ear), with the
amplitudes derived from the steady state response used as
indices of binaural temporal integration at each level of
symmetry. Furthermore, these measures could be made before
treatment and at regular post-treatment intervals. As a first step

in the development of such an application, this study measured
ASSRs in response to 4 Hz cycles of interaural correlation
change (i.e., eight changes per second) as a function of
interaural stimulus level and symmetry in a group of normal-
hearing listeners. The objective of the study was to measure the
sensitivity of the interaural correlation ASSR to interaural level
changes at the correlation cycle frequency (4 Hz), as well as at
the second harmonic of this frequency (i.e., the frequency of
correlation change), at which Dajani and Picton (2006) ob-
tained the largest responses.

MATERIALS AND METHODS

Participants
Fifteen young adult participants (12 females) were re-

cruited from Dalhousie University through word of mouth.
All participants had normal hearing, which is defined as tone
thresholds of 15 dB HL or better at octave intervals from
250 to 8000 Hz. All testing was carried out with the
approval of the Capital District Health Authority Research
Ethics Board. Informed consent was obtained from each
participant before data collection.

Stimuli
Stimuli were created in MATLAB (The MathWorks, Inc.,

Natick, MA) following the general design described by
Dajani and Picton (2006). Sixteen short samples of broad-
band Gaussian noise were created and concatenated to
produce an ongoing binaural stimulus, with the interaural
correlation (�) alternating abruptly between 0 and �1 every
125 msecs. An interaural correlation of 0 was approximated
by using independent noise samples for each ear, and an
interaural correlation of 1 was achieved by using identical
noise samples for each ear. When listening to either ear
independently, only a steady noise could be heard. When
listening to both ears simultaneously, the correlation change
could be easily heard as an oscillation between a compact
noise (at � � �1) and a diffuse noise (at � � 0).

Procedure
ASSR recordings were blocked by level of asymmetry and

absolute level. Each block was of 4 mins duration during which
the correlation between stimuli at the two ears alternated at a
rate of 8 Hz, such that one complete cycle of IAC � 0/�1
occurred four times per second. For all blocks, the sound level
was kept constant in one ear while the signal in the other ear
was decreased (at a fixed level per block). Both 80 and 60 dBA
were used as reference points (calibrated in a 2-cm3 coupler),
i.e., the sound was kept constant in one ear either at 80 or at 60
dBA; the sound intensity in the opposite ear was decreased in
10-dB steps from 80 or 60 dBA to 40 dBA. The final condition
tested was a presentation at 40 dBA in both ears. We antici-
pated that 40 dBA would be the lowest stimulus level likely to
evoke a detectable ASSR. Thus, five asymmetry levels were
tested with a reference level of 80 dBA (80:80, 80:70, 80:60,
80:50, and 80:40, resulting in asymmetries of 0, 10, 20, 30, and
40 dB), whereas only three asymmetry levels were tested with
a reference level of 60 dBA (60:60, 60:50, and 60:40). The use
of two reference levels enabled us to tease out whether it was
the level of asymmetry or the absolute level of the stimuli that
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limited effective binaural temporal integration. Each condition
was presented in two separate blocks. For all asymmetrical
conditions, the ear with the reference (i.e., more intense) level
was counterbalanced across blocks.

ASSR recordings were made in a quiet room. Participants
relaxed in a reclining chair to eliminate artifacts arising from
muscle tension in the neck and watched a movie with subtitles
and no sound during the experiment. Stimuli were presented
through Bio-logic ER-3A electrically shielded insert earphones
(Natus Medical Inc., San Carlos, CA).

Responses were recorded between the vertex and the left
mastoid, filtered between 0.1 and 100 Hz, and amplified 10,000
times using a Grass LP-511 electrophysiological amplifier
(Grass Technologies, West Warwick, RI). All interelectrode
impedances were maintained below 5 k� and within 1 k� of
each other. Custom software for data collection “Auditory
Response Toolkit 1.0” was used in conjunction with LabVIEW
and an M Series PCI model data acquisition card (National
Instruments Corporation, Austin, TX) to present stimuli and
record responses in a time-locked fashion. A sampling rate of
32 kHz was used for stimulus presentation and for response
recording. Data were averaged in 1-sec epochs and stored to
disk along with the continuous (unaveraged) recording.

Analysis
The unaveraged data file from each block contained 250

epochs, each 1 sec in length. These were Fourier transformed,
and the noise power in each epoch was estimated by averaging
the power in four 1-Hz frequency bins adjacent to 8 Hz. The 10
epochs with the highest estimated noise were then discarded.
The remaining 240 epochs were concatenated and averaged in
16-sec sweeps. This provided a frequency resolution of 1/16
Hz for all further analyses.

Response amplitudes were calculated at 4 and 8 Hz for each
subject and for the grand average response. Background noise
was estimated using 16 1/16th Hz frequency bins above and
below each frequency. Because background noise is also
present in response frequency bins, in cases where the signal-
to-noise ratio is low, response amplitude can be significantly
overestimated. This overestimation can be modeled with a
double-exponential function (Picton et al. 2005):

1 � 0.965e�1.34x � 0.078e�0.285x (1)

where x is equal to the estimated signal-to-noise ratio of the
measurement. Response amplitudes were scaled by the recip-
rocal of this factor, which ranged from 0.83 to 0.97 across
blocks.

The significance of the grand average response at each level of
asymmetry was analyzed using an F test to compare the power of
the integrated components (4 and 8 Hz) with the power of the
underlying electrophysiologic noise across the 16 1/16th Hz
frequency bins above and below each frequency. Next, the effects
of asymmetry level and reference level on the amplitudes of
(individual subject) responses at 4 and 8 Hz were assessed using
both one- and two-way repeated measures analyses of variance
(ANOVAs). The one-way ANOVA was used to assess changes in
response amplitude across the five asymmetry levels with an 80
dB reference. The two-way ANOVA was used to assess changes
in response amplitude across three levels of asymmetry (0, 10, and
20 dB) and two reference levels (80 and 60 dBA). An alpha level
of 0.05 was used in all analyses. Greenhouse-Geisser corrections

were used where sphericity could not be assumed. When testing
the significance of the 4 and 8 Hz responses (at each of the nine
levels), a Bonferroni correction was used to control type I error
(0.05/18 � 0.0028). The data collected from one participant were
discarded because noise from muscle activity contaminated the
recordings, as were the data collected from another participant
who failed to complete the experiment. What follows is based on
the data obtained from the remaining 13 listeners.

RESULTS

Figure 1 shows a sample of steady state responses over 1 sec
for three conditions (80:80, 60:60, and 80:60) for a single
participant. Shaded and unshaded regions of the plots indicate
stimulus periods during which the IAC of the noise stimulus
was �1 and 0, respectively. For the 80 dBA reference
condition with a 0-dB interaural level difference (Fig. 1, top),
an 8 Hz periodicity is clearly evident. It is also noteworthy that
ASSR waves after changes of IAC from �1 to 0 appeared to be
larger than those to changes of IAC from 0 to �1 (Fig. 1; see
also Fig. 6 in Dajani & Picton [2006]). For the 60 dBA
reference condition with no interaural level difference, the 8 Hz
response remains evident, again with some tendency for
response amplitudes to be greater after the change from
correlated to uncorrelated noise (Fig. 1, middle). Finally, for
the 80 dBA reference condition with a 20-dB interaural level
difference (Fig. 1, bottom), amplitudes remained larger after
the change from correlated to uncorrelated noise, although the
periodic response was smaller and more noisy.

Data for the 4 and 8 Hz response components were analyzed
separately. The neural responses at 4 and 8 Hz proved to be
very different from each other. Figure 2 shows grand average
response amplitudes at 4 Hz as a function of asymmetry level
(abscissa) and reference level (parameter). The grand average
response was significant at 4 Hz for every stimulus condition
with an 80 dBA reference, except 80:50 (reference ear:variable
ear; dBA), F(2,32) � 6.68, p � 0.004 (i.e., p � 0.0028). There
were no significant grand average responses at 4 Hz with a 60
or 40 dBA reference (i.e., 60:60, F[2,32] � 4.26, p � 0.02296;
60:50, F[2,32] � 4.76, p � 0.01555; 60:40, F[2,32] � 5.26,
p � 0.0106; and 40:40, F[2,32] � 4.85, p � 0.01447); this can
be attributed to increased phase variability in the 40 and 60 dB
reference conditions (Fig. 2), which is evidenced by large
amplitude reductions relative to the individual subject response
amplitude averages (see Fig. 3).

Figure 3 shows average individual subject response ampli-
tudes at 4 Hz as a function of asymmetry level and reference
level. There was no main effect of asymmetry, as confirmed by
a two-way (2 � 3) repeated-measures ANOVA of the effects of
reference level (80 and 60 dBA) and asymmetry on the
amplitude of the neural response at 4 Hz at three levels of
asymmetry (0, 10, and 20 dB) across all participants, F(2,24) �
0.997, p � 0.384. Inspection of Figure 3 also suggests that
there was no main effect of reference level, and this was
confirmed statistically, F(1,12) � 0.431, p � 0.524. There was
also no interaction between asymmetry and reference level,
F(2,24) � 0.473, p � 0.629.

Grand average responses at 8 Hz (not shown) were signif-
icant at every level of asymmetry except 40 dB, F(2,32) �
5.23, p � 0.011. All grand average responses were significant
with the 60 and 40 dBA references, indicating that binaural
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integration was still occurring for stimulus levels as low as
40:40 and 60:40.

Average individual subject response amplitudes at 8 Hz are
shown in Figure 4, using the same conventions as those in
Figure 3. Figure 4 shows that for the 8 Hz response, unlike the
4 Hz response, there was a significant main effect of asymme-
try, as indicated by the inverse relationship between response
amplitude and magnitude of the asymmetry. This was con-
firmed by a two-way (2 � 3) repeated-measures ANOVA
examining the effects of reference level (80 and 60 dBA) and
asymmetry on the amplitude of the neural response at 8 Hz at
three levels of asymmetry (0, 10, and 20 dB) across all
participants, F(2,24) � 58.258, p � 0.0001. A post hoc t test

revealed that there was a significant drop in amplitude with
even a 10 dB asymmetry (80:70), t(12) � 6.4007, p � 0.0001.

There was also a significant effect of reference level,
F(1,12) � 6.122, p � 0.029, which is shown by the vertical
offset of the two data series in Figure 4. There was no
significant interaction between reference level and asymmetry,
F(2,24) � 1.567, p � 0.229. In Figure 4, this is expressed as
the 80 and 60 dBA data series having parallel trends across
asymmetry level.

A second two-way (2 � 2) repeated-measures ANOVA was
used to examine the effects of level and asymmetry for the two
lower levels (60 and 40 dBA) with two levels of asymmetry (0
and 20 dB). As with the higher-level analysis, there was a

Fig. 1. Average responses from an individual subject, shown for three stimulus level conditions. Stimulus levels (reference ear/variable ear, dBA) are indicated
on the right side. Unshaded areas represent periods during which the IAC was 0, and shaded areas represent periods during which the IAC was �1.

Fig. 2. Amplitudes of grand average responses at 4 Hz for all stimulus
conditions plotted as a function of interaural level difference (abscissa).
Stimulus reference level (80, 60, and 40 dBA) is indicated by shading as
shown in the legend at upper right. Asterisks denote that the grand average
response was significantly greater than the noise floor of the recording.

Fig. 3. Average of individual subject response amplitudes at 4 Hz for all
stimulus conditions. Stimulus reference level (80, 60, and 40 dBA) is indicated
by shading as shown in the legend at upper right. Error bars are SDs. Note that
the mean response amplitudes are independent of the asymmetry of stimulus
levels at the two ears (interaural level difference, in dB).
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significant effect of asymmetry, F(1,12) � 27.066, p � 0.0001,
and level, F(1,12) � 8.753, p � 0.012, but no significant
interaction, F(1,12) � 1.184, p � 0.298.

The effect of asymmetry was investigated further by a
one-way repeated-measures ANOVA on the 8 Hz response
amplitudes with a reference level of 80 dB. In this analysis, five
levels of asymmetry were assessed: 0, 10, 20, 30, and 40 dB.
Again, a significant main effect of asymmetry was revealed,
F(4,48) � 51.979, p � 0.0001. A test of within-subjects
contrasts indicated strong linear, F(1,12) � 90.657, p �
0.0001, and quadratic trends, F(1,12) � 15.654, p � 0.002.
The following quadratic trendline (R2 � 0.9933) indicated that
response amplitude was reduced by 50% with an asymmetry of
18 dB.

y � 0.0003x2 � 0.0256x � 0.7726 (2)

DISCUSSION

The purpose of this study was to examine the effect of
interaural level differences on the ASSR evoked in normal
listeners by periodic changes in the IAC of a noise stimulus.
Using the general methods of Dajani and Picton (2006) who
first developed this paradigm, we confirmed the existence of
significant 4 and 8 Hz response components driven by a 4 Hz
cycle of IAC � 0/�1 change. The absolute values of the 4 and
8 Hz responses seen with 0 dB asymmetry in level at the ears
(�0.35 and 0.8 �V, respectively, Figs. 2 and 4) are quite close
to those previously reported by Dajani and Picton for the same
stimulus conditions (�0.5 and 0.85 �V, respectively, their
Figs. 3 and 5).

This study had three main findings. The first was that the 8
Hz response component had a strong and orderly sensitivity to
interaural level differences, for both 60 and 80 dBA reference
conditions (Fig. 4), whereas the 4 Hz response component did
not (Fig. 3). Dajani and Picton (2006) similarly found a linear
sensitivity to correlation strength in the 8 Hz response but not
the 4 Hz response (their Fig. 8). The reasons for this difference
are unclear. Our working hypothesis is that the 8 Hz response
is driven by the rate of change in IAC, which in the 4 Hz

paradigm occurs eight times per second. The origin of the 4 Hz
response is unknown but may reflect differential responses to
changes of IAC from �1 to 0 and from 0 to �1 (Chait et al.
2005); the oscillation occurs at 4 Hz.

What is problematic for this view is that the 8 Hz response
shows a strong sensitivity to interaural level asymmetry and
degree of interaural correlation, whereas the 4 Hz response
does not. If the two measures are different components of
the same (interaural phase) coincidence detection mecha-
nism, then one might have expected them to be equivalently
sensitive to interaural level asymmetry or interaural corre-
lation. However, it is important to make the distinction
between phase-sensitive brain stem neurons involved in
coincidence detection and the cortical processes underlying
the evoked responses. The lack of sensitivity at 4 Hz does
not imply a lack of sensitivity at the level of the brain stem,
particularly because interaural asymmetry sensitivity is
evident at 8 Hz. A more likely explanation is that the energy
at 4 Hz reflects the difference between cortical responses to
changes of IAC from �1 to 0 and from 0 to �1, and this
difference is relatively constant across the levels of interau-
ral level asymmetry used in this study.

Behavioral experiments reveal greater perceptual sensitivity
to decreases in interaural correlation (e.g., changes in IAC from
�1 to 0) than to increases (Boehnke et al. 2002; Chait et al.
2005). The present ASSR data suggest an electrophysiological
correlate of this behavior in that ASSR waves after changes of
IAC from �1 to 0 tend to be larger than those to changes of
IAC from 0 to �1 (Fig. 1; see also Figure 6 in Dajani & Picton
[2006]), especially when the presentation levels are asymmet-
ric (Fig. 1, bottom panel). However, it would be simplistic to
assume that each ASSR deflection is the direct consequence of
the immediately preceding correlation change. Dajani and
Picton’s (2006) 1 and 2 Hz data clearly show a triphasic
P1–N1–P2 response to each stimulus change, with the N1
occurring at a latency of 122 msecs. If a similar triphasic
response underlies the 8 Hz activity in this study, the larger
deflections giving rise to the energy at 4 Hz could be enhanced
N1–P2 responses to the earlier 0 to �1 IAC change. This
interpretation is problematic in several respects: the average
latencies of the negative and positive deflections are 162 and
225 msecs, respectively (40 msecs later than the average N1
and P2 latencies at 1 Hz in Dajani & Picton [2006]); a larger
N1–P2 to the 0 to �1 change would be odd given that
behavioral sensitivity is generally lower to this change; and
studies using presentation rates slow enough to clearly distin-
guish individual components have found the N1–P2 to be
largest in response to �1 to 0 IAC changes (Chait et al. 2005).
Similar results have also been obtained for other diotic to
dichotic changes (see Fig. 11 in Ross [2008]). Nevertheless,
deflections in the ASSR may be fully or partially evoked by
correlation changes preceding the most immediate, so it is not
safe to assume that the larger deflections giving rise to the
energy at 4 Hz reflect better sensitivity to decreases in
correlation.

The second major finding of the study was that the 8 Hz
response was far more sensitive to changes in interaural
asymmetry than changes in absolute level. Responses to
low-level symmetric conditions were larger than responses to
high-level asymmetric conditions (e.g., 40:40 � 80:60 and
60:60 � 80:70; see Fig. 4). Even an asymmetry as small as

Fig. 4. Average of individual subject response amplitudes at 8 Hz for all
stimulus conditions. Other details as for Figure 3. Note that response amplitude
declines for the 80 dB reference level condition as a function of interaural level
difference and does so over a 40 dB range. The 60 dBA reference data follow
the same trend over the 20 dB asymmetry levels tested.
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10 dB gave rise to a significant decrease in 8 Hz response
amplitude. This bodes well for future applications of the 8
Hz response to study the effects of hearing asymmetries on
binaural temporal integration; the response is very sensitive
to asymmetry and can be recorded over a range of levels.

The third major finding of this study was the form taken by
the 8 Hz response’s sensitivity to interaural level differences
(Fig. 4). For both reference levels (80 and 60 dBA), the 8 Hz
response amplitude falls quickly over the first 20 dB of
interaural level difference. For the 80 dBA reference condition
(the only one tested with a wider range of asymmetries), the 8
Hz response then falls more slowly with further increments in
the asymmetry and becomes statistically indistinguishable from
background for an asymmetry of 40 dB. A post hoc quadratic
fit of the 80 dBA reference data (accounting for 99% of the
data variance) showed the response to be already at half
strength for an asymmetry of only 18 dB, even though the
binaural integration mechanism can tolerate an interaural level
asymmetry of at least 30 dB. Interestingly, Blodgett et al.
(1962) found that a binaural masking level difference (monau-
ral signal with in-phase noise, relative to monaural signal with
monaural noise) was present for presentation level asymmetries
up to 30 dB and was reduced by half with an asymmetry of 18
dB, suggesting that the interaural correlation ASSR and the
masking level difference may depend on a common neural
substrate. The 18 dB midpoint value is also similar to the
clinical “Belfast Rule of Thumb,” which recommends that in
cases of asymmetric hearing loss, restoration should target
better than 15 dB interaural asymmetry to optimize behavior-
ally measured binaural integration (Smyth & Patterson 1985;
Nia & Bance 2001). However, Wilson et al. (1985) recorded
speech masking level differences with a 40 dB interaural
presentation level asymmetry (speech out-of-phase versus in-
phase, with masking noise always in-phase) and found that
masking level differences were only 26% smaller on average
with an 18 dB asymmetry for young normal-hearing subjects.
Perhaps, electrophysiologic responses to interaural correlation
changes from 0 to �1 and �1 to 0 are linearly related to some
masking level differences (e.g., monaural tone thresholds in
binaural in-phase masking noise versus monaural masking
noise) and not others (masked binaural speech reception
thresholds with in-phase versus out-of-phase speech). None-
theless, the functional implications of the 18 dB midpoint in the
amplitude of the 8 Hz ASSR should be interpreted with
caution.

Ultimately, the importance of optimal binaural temporal
integration should be considered in light of the value of
binaural processing for issues of practical significance, such as
hearing speech in noisy environments. For instance, a surgical
intervention that improves the hearing in one ear at the expense
of hearing symmetry may reduce access to binaural temporal
cues but may provide access to more speech information and
thus be warranted. However, binaural temporal integration
is an important auditory function (Boothroyd 2006) and is
related to outcomes (Gatehouse & Akeroyd 2006). Also,
small asymmetries (	10 dB) can significantly reduce the
amplitude of the binaural correlation ASSR (as shown in this
study) and reduce masking level differences for tones
(Blodgett et al. 1962) and speech (Wilson et al. 1985); these
asymmetries could probably be eliminated in many cases
without reducing access to speech information.

In this study, interaural correlation ASSRs were recorded at
many levels of presentation asymmetry and multiple reference
levels. This procedure could be refined for clinical assessment
of individuals with asymmetric loss. For example, ASSRs
could be recorded with a fixed level in the poorer ear and a
small set of levels in the better ear. Also, instead of recording
separate responses at each level of asymmetry, the intensity of
the noise stimulus in the better ear could be continuously
ramped. The amplitude of the binaural ASSR could then be
plotted as a function of interaural presentation level symmetry,
with the peak of the function showing the optimal interaural
balance (which might change as a function of time after a
treatment that reduces or increases asymmetries in hearing).
These approaches will be explored in future studies.

In summary, our data show that an 8 Hz response to 4 Hz
cycles of interaural correlation change, but not a concurrent 4
Hz response, is sensitive to interaural level differences. The
amplitude of the 8 Hz response becomes statistically insignif-
icant for interaural level differences �30 dB. This binaurally
sensitive ASSR may be ideally suited for assessing the effects
of hearing asymmetries on binaural temporal integration.
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