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Abstract

Background: Binaural hearing improves our ability to understand speech and to localize sounds. Hear-
ing loss can interfere with binaural cues, and despite the success of amplification, z25% of people with

bilateral hearing loss fit with two hearing aids choose to wear only one (e.g., Brooks and Bulmer, 1981).
One explanation is reduced binaural processing, which occurs when the signal presented to one ear

interferes with the perception of the signal presented to the other ear (e.g., Jerger et al, 1993). Typical

clinical measures, however, are insensitive to binaural processing deficits.

Purpose: The purpose of this study was to determine the extent to which behavioral measures of bin-
aural performance were related to electrophysiological measures of binaural processing in subjects with

symmetrical pure-tone sensitivity.

Research Design: The relationship between middle latency responses (MLRs) and behavioral perform-

ance on binaural listening tasks was assessed by Spearman’s rho correlation analyses. Separate repeated
measures analyses of variance (RMANOVAs) were performed for MLR latency and MLR amplitude.

Study Sample:Nineteen subjects were recruited for the present study based on a clinical presentation of
symmetrical pure-tone sensitivity with asymmetrical performance on a word-recognition in noise test.

This subpopulation of patients included both subjects with and subjects without hearing loss.

Data Collection and Analysis: Monaural and binaural auditory processing was measured behaviorally

and electrophysiologically in right-handed subjects. The behavioral tests included the Words-in-Noise
test (WIN), the dichotic digits test (DDT), and the 500 Hz masking level difference (MLD). Electrophy-

siologic responses were measured by the binaural interaction component (BIC) of the MLR. The electro-
physiological responses were analyzed to examine the effects of peak (Na, Pa, and Nb) and condition

(monaural left, monaural right, binaural, and BIC) on MLR amplitude and latency.

Results: Significant correlations were found among electrophysiological measures of binaural hearing

and behavioral tests of binaural hearing. A strong correlation between the MLD and the binaural Na-Pa
amplitude was found (r5 .816).

Conclusions: The behavioral and electrophysiological measures used in the present study clearly
showed evidence of reduced binaural processing in z10 of the subjects in the present study who

had symmetrical pure-tone sensitivity. These results underscore the importance of understanding bin-

aural auditory processing and how these measures may or may not identify functional auditory problems.
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B
ased on the literature, it is suspected that a sub-

set of the clinically hearing-impaired popula-

tion has undiagnosed binaural processing

problems, which may interfere with the ability to proc-

ess auditory signals from the two ears (Arkebauer et al,

1971; Jerger et al, 1993; Walden and Walden, 2005;

Walden, 2006). Furthermore, binaural processing prob-

lems likely are more prevalent in older compared to

younger populations (Strouse et al, 1998). Binaural pro-

cessing is the degree to which interactions take place

between the two ears. If no interaction occurs between

the two ears, then it is expected that the binaural sys-

tem has been compromised. Binaural cues provide the

basis for judgments on sound direction (e.g., interaural

level differences [ILDs], interaural time differences,

[ITDs]) (Bernstein, 2001) and may play an important

role in speech in noise perception (Wambacq et al,

2007). Binaural processing problems have been

reported in patients with multiple sclerosis (Hendler

et al, 1990), dyslexia (McAnally and Stein, 1996), older

subjects (Kelly-Ballweber and Dobie, 1984), children

with suspected auditory processing disorders and learn-

ing disability (Gopal and Pierel, 1999), and children

with chronic otitis media (Hall and Grose, 1993).

Individual cases of binaural processing problems
have been reported in the literature for subjects with

bilaterally symmetrical hearing loss (Chmiel et al,

1997; Carter et al, 2001). Chmiel et al (1997) recorded

behavioral and electrophysiological measures of binau-

ral performance in a 90-yr-old patient with symmetrical

sensorineural hearing loss who wore two hearing aids

but could not use her hearing aids when in background

noise. Binaural performance wasmeasured by late cort-

ical evoked potentials and word recognition. Unex-

pected performance differences between ears revealed

poor performance for materials presented to the left

ear compared to materials presented to the right in a

dichotic listening task where she was asked to repeat

sentences from each ear. The authors suggested that

the binaural processing differences may be a result of

age-related changes in the corpus callosum. Carter

et al (2001) reported four cases where patients with

symmetrical sensorineural hearing loss preferred uni-

lateral amplification to bilateral amplification. Binaural

processing was measured by one-, two-, and three-pair

dichotic digits. All four patients showed large deficits

in performance for digits delivered to the left ear com-

pared to digits delivered to the right ear. One explana-

tion for the rejection of wearing two hearing aids is a

binaural processing problem where the signal presented

to one ear interferes with the perception of the signal

presented to the other ear (Jerger et al, 1993; Silman,

1995; Allen et al, 2000). Typical clinical measures

(e.g., pure-tone audiometry and word recognition in

quiet), however, are insensitive to binaural process-

ing problems. These case studies indicate that a clearer

understanding of the binaural auditory system is

important and that clinical measures of binaural hear-

ing may be necessary for some patients prior to ampli-
fication decisions.

Behavioral measures of binaural processing include

diotic and dichotic presentation of words, masking level

differences (MLDs), and sound localization. Behavioral

measures, however, require the subject to pay attention

and respond subjectively to the task, which may not

be ideal for older patients with attention or cognitive

problems or for younger patients who cannot provide
reliable behavioral responses (e.g., children with

impaired cognitive abilities, etc.). An alternative to

behavioral measures of binaural processing is the audi-

tory evoked potential, an electrophysiological response

to auditory stimuli. Electrophysiologic measures of bin-

aural processing include MLDs (Musiek et al, 1989;

Fowler and Mikami, 1996), binaural interactions

(Kelly-Ballweber and Dobie, 1984), auditory steady-
state responses (Wong and Stapells, 2004; Ishida and

Stapells, 2009), and frequency following responses

(Wilson and Krishnan, 2005). Electrophysiologic MLDs

have been reported for the frequency following response

(Wilson and Krishnan, 2005) and for the late cortical

potentials in the auditory pathway (Fowler and

Mikami, 1992a, 1992b, 1995; Kevanishvili and Lagidze,

1987). In a series of papers, Fowler and Mikami (1992a,
1992b, 1995, 1996) investigated the electrophysiological

MLD and found cortical level MLDs (peaks N1, P1, N2,

and P2) but not brainstem (auditory brainstem

response [ABR]) or thalamocortical (middle latency

response [MLR]) MLDs. Another electrophysiological

binaural measure, the binaural interaction component

(BIC) has been recorded for the ABR, MLR, or cortical

potentials in young and old subjects (Kelly-Ballweber
and Dobie, 1984), in infants (Cone-Wesson et al, 1997;

McPherson et al, 1989), in subjects with multiple scle-

rosis (Hannley et al, 1983; Hendler et al, 1990) and in

children with central processing problems (Gopal and

Pierel, 1999; Clarke and Adams, 2007). The BIC has

also been used to study the effects of binaural hearing

in the presence of noise (Weihing and Musiek, 2008).

An electrophysiological measure of binaural process-
ing would be advantageous in the assessment of

patients with suspected binaural compromise (e.g.,

patients who prefer one hearing aid or patients who

do not benefit from amplification in background noise).

Electrophysiologic correlates of binaural perception not

only have the advantage of reducing the influence of

nonauditory factors (i.e., attention and cognition) but

also present the possibility of assessing the auditory
system at both subcortical and cortical levels. An objec-

tive electrophysiological measure of binaural process-

ing that is correlated with behavioral measures of

binaural hearing would be advantageous in evaluating
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individuals who are unable to provide accurate behav-

ioral responses (e.g., patients with cognitive deficits),

particularly if this measure could be made at multiple

levels of the auditory system.

PURPOSE

The primary purpose of the present study was to

determine the extent to which an electrophysiolog-

ical measure of binaural hearing was related to behav-

ioral measures of binaural hearing in subjects with

suspected asymmetrical speech recognition performance
despite symmetrical pure-tone sensitivity. Asymmetrical

speech recognition performance in the presence of sym-

metrical pure-tone sensitivity may be an indication of

binaural processing problems.

MATERIALS AND METHODS

Monaural and binaural auditory processing was
measured behaviorally and electrophysiologi-

cally in 19 right-handed subjects with symmetrical

pure-tone hearing sensitivity. Subjects were selected

for this study who presented clinically with suspected

differences in performance between ears despite sym-

metrical pure-tone sensitivity. The suspected differences

between ears were identified by asymmetrical Words-

in-Noise (WIN) test performance of $5.6 dB. This sub-
population of patients included both subjects with and

subjects without hearing loss. The behavioral tests

included the WIN test, the dichotic digits test (DDT),

and the 500 Hz MLD. Electrophysiologic responses

were measured by the BIC of the MLR. Data were col-

lected in two 2 hr sessions over a 2 wk period. The first

session included the audiological evaluation, question-

naires, and behavioral tests. The second session included
the electrophysiological tests.

Subjects

The present study was approved by the Institutional

Review Board of the Mountain Home Veterans Affairs

Medical Center (VAMC) and East Tennessee State Uni-

versity, and all subjects signed an informed consent
before participation began. A sample of 19 subjects

was recruited from the Audiology Clinic at the VAMC

for participation in this study. The subjects were re-

cruited based on (1) asymmetrical word-recognition-

in-noise performance where scores on the WIN test

(Wilson, 2003) were .5.6 dB different between ears

or (2) dissatisfaction with binaural hearing aid fitting

determined by the Abbreviated Profile of Hearing Aid
Benefit (APHAB) questionnaire (Cox and Alexander,

1995). The critical difference of 5.6 for the WIN test

was based on the critical difference of 1.73 (Wilson,

2003) for the 99% confidence interval to detect a true

difference. All subjects had symmetrical word recogni-

tion performance in quiet defined as #24% difference

between ears for a 50-item word list (Carhart and

Tillman, 1970). All subjects were right-handed (#28,
Edinburgh Handedness Inventory; Oldfield, 1971)

and screened for auditory and medical conditions that

may have confounded experimental test results. The

mini mental state exam (MMSE; Folstein et al, 1975)

was administered to determine if a listener was at risk

for cognitive dysfunction. All scores on the MMSE were

above the criterion for suspected cognitive dysfunction

(i.e., 24).
A brief case history was obtained to determine if pre-

vious or current otic disease or neurological disorder

required that the listener be excluded from the study.

All subjects were tested with admittance measures

and pure-tone audiometry. Tympanometric measures

(Ytm [peak compensated static acoustic admittance],

Vea [equivalent ear canal volume], and peak pressure)

werewithin normal limits for younger (Roup et al, 1998)
and older subjects (Wiley et al, 1996). Pure-tone thresh-

olds were obtained using a clinical audiometer (Grason-

Stadler, model GSI 61) with TDH-50P earphones

calibrated according to ANSI 3.6 (American National

Standards Institute, 2004) specifications for a Type 2

audiometer. All testingwas conducted in a sound-treated

booth (Industrial Acoustics Company, 1200 Series).

Three subjects had hearing within normal limits from
250 to 4000 Hz, while 16 subjects had a range of sloping

mild to severe symmetrical hearing loss. Interaural dif-

ferences in threshold were #10 dB at all frequencies

from 250 to 8000 Hz. The average audiogram is shown

in Figure 1. The mean age for the normal hearing (NH)

subjects was 41 yr (SD57 yr), and the mean age for

hearing-impaired (HI) subjects was 61 yr (SD56 yr).

Testingwas completed in two sessions with audiological
evaluation and behavioral testing in the first session

and evoked potential testing in the second session.

Behavioral Measures

WIN

TheWINparadigm (Wilson, 2003;Wilson andMcArdle,
2005) provides a measure of word recognition in multi-

talker babble across a range of signal-to-noise ratios

(SNRs). The WIN paradigm was constructed of words

from the Northwestern University Auditory Test No.

6 (NU 6) (Tillman and Carhart, 1966), which are pre-

sented at 7 SNRs from 24 to 0 dB in 4 dB decrements.

Five words are presented at each level, and the babble

level is fixed. The WIN paradigm was administered to
the test ear under earphone with the level of the babble

fixed at 80 dB SPL, and the level of the speech varied

from 24 to 0 dB SNR in 4 dB steps. The materials were

reproduced by CD and fed through an audiometer
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(Grason Stadler, Model 61) to an ER-3A insert ear-

phone. The experimental WIN protocol consisted of
two lists presented in random order to the right ear, left

ear, and binaurally for a total of six different lists for

each listener and a total of ten words at each SNR

(24 to 0 dB). Testing took place in a sound booth with

the verbal responses of the listener scored by the exam-

iner. Subjects were asked to repeat the words that they

heard and were encouraged to guess. Results from the

WIN paradigm were quantified with the 50% point in
terms of SNR based on the Spearman-Kärber equation

(Finney, 1952). The SNR that corresponds to the 50%

point on the WIN function was based on 10 words/

level for a total of 70 words per condition (Wilson and

McArdle, 2007).

DDT

The DDT used in the present study was constructed

from the digitized digits on Tonal and Speech Materials

for Auditory Perceptual Assessment, Disc 1.0 (Depart-

ment of Veterans Affairs, 1998). Development of the

DDT materials is detailed in (Strouse and Wilson,

1999). Digits (1, 2, 3, 4, 5, 6, 8, 9, and 10) were presented

in two 54-item lists that contained stimulus sets of one-,

two-, or three-pair digits. A five-item practice set was
used in each condition prior to test administration.

The materials were recorded onto a CD, reproduced,

and fed through an audiometer (Grason Stadler, Model

61) to an ER-3A insert earphone. The two lists were pre-

sented under different conditions: free recall, where

subjects were asked to repeat the numbers that they

heard without regard for ear, and directed recall, where

subjects were directed to the target ear prior to each
stimulus pair and asked to repeat only the digits pre-

sented to the target ear. Testing took place in a sound

booth with the verbal responses of the listener scored by

the examiner. Subjects were encouraged to guess.

Dichotic listening is influenced by task-related cogni-

tive factors such as attention and memory as well as

sensory-related auditory factors such as peripheral or
neural changes associated with an impaired auditory

system. Performance on the directed-recall task is

based primarily on audibility of the signal withminimal

cognitive load. Performance on the free-recall task

could be based on either audibility of the signal or cog-

nitive factors. Comparison of the directed recall and

free-recall conditions identified subjects who performed

poorly based on cognitive factors instead of audibility
factors.

500 Hz MLD

The 500 Hz MLD used in the present study was devel-

oped byWilson et al (2003) and digitized on Speech Recog-

nition and Identification Materials, Disc 4.0 (Department

of Veterans Affairs, 2006). The stimuli were recorded in

two channels with the noise held constant in one chan-
nel and the 500 Hz tone bursts presented on the second

channel for the SoNo and SpNo conditions. The SoNo con-

dition consisted of the signal and the noise in phase in

both ears. The SpNo condition consisted of the signal

180˚ out of phase between the ears and the noise in

phase in both ears. The range of SNRs for the SoNo con-

ditionwas217 dB to 1 dB, and the range of SNRs for the

SpNo condition was –7 dB to –29 dB. The items were
presented in a pseudorandom order with the highest

SNR items presented first followed by the lower SNR

items. The 33 test items consisted of 11 no tone condi-

tions, 10 SoNo conditions, and 12 SpNo conditions. The

interstimulus interval was 4 sec between the offset

and onset of each consecutive item. Subjects were

instructed to listen for the tone and to respond either

“yes” or “no” to the presence of the tone after each pre-
sentation. The verbal responses of the listener were

scored by the examiner. The SoNo threshold and the

SpNo thresholds were calculated by the Spearman-

Kärber method for use in determining the statistical

threshold (Wilson et al, 1973). The MLD was calculated

as the difference between the SoNo threshold and the

SpNo threshold.

Electrophysiologic Measures

Binaural stimulation of the auditory system is not a

simple summation of the monaural responses as dem-

onstrated by measures of binaural interactions (Dobie

and Norton, 1980; Levine 1981; Wrege and Starr,

1981; Ozdamar et al, 1986). Binaural interactions can

be found in auditory evoked potentials of the brainstem
(e.g., ABR wave V) and the thalamocortical pathway

(e.g., Na-Pa and Pa-Nb of the MLR). Early work by

Dobie and colleagues (Dobie and Berlin, 1979; Dobie

Figure 1. Meanhearing thresholds (dBHL) and SDs forNH sub-
jects (n53) and for HI subjects (n516). Open circles represent the
right ear and X represents the left ear. Error bars represent 1 SD.
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and Norton, 1980) showed clear binaural interactions

as measured by the ABR and MLR in guinea pigs

and in humans. The MLR BIC was chosen for the

present study based on case studies of binaural interfer-
ence (Jerger et al, 1993) and the robustness (i.e., larger

amplitude) of the MLR BIC compared to the ABR BIC

(Kelly-Ballweber and Dobie, 1984).

MLR

The purpose of recording MLRs to tap binaural pro-

cessing was twofold. First, MLRs do not require the

listener to respond behaviorally, so responses from sub-
jects were not altered by attention. Second, the MLR

provides a marked binaural interaction that is larger

in amplitude than theABRbinaural interactionmaking

it more likely that a BIC can be measured in subjects

with hearing loss.MLR generator sites (auditory cortex,

superior olivary complex, inferior colliculus, andmedial

geniculate body) are important for binaural hearing

and well established as sites of binaural interaction
(Goksoy et al, 2004).

MLRswere elicited by a 1000Hz tone burst (2-1-2) pre-

sented at 9.7/sec monaural to the right ear, monaural to

the left ear, and binaurally. Stimulus level was cali-

brated acoustically with aBruel&Kjær 2250 sound level

meter using an ER-3A insert earphone and a Bruel &

Kjær 2 cm3 coupler (DB-0138) attached to a Bruel &

Kjær 4152 artificial ear. The 1/3-octave band levels
of the 1000Hz tone burst were 70 dB SPL. TheMLR stim-

uli were calibrated acoustically before data collection,

on a weekly basis during data collection, and after data

collection.

Evoked potential recordings were obtained for each

listener using the SmartEP System, 2.21 from Interna-

tional Hearing Systems. MLRs were recorded with the

listener seated comfortably in a reclining chair in a
double-walled sound booth. During the recording, read-

ing material was propped on the listener’s lap and sub-

jects were encouraged to turn pages with minimal

movement. The electroencephalography (EEG) noise

was monitored by the examiner during all MLR record-

ings. Ag/AgCl (silver/silver-chloride) electrodes were

attached to the high forehead (Fz) (noninverting), ear-

lobe of the test ear (A1 or A2) (inverting), and low fore-
head (ground) with impedances of #5 kohms. Earlobe

electrode placement and careful monitoring of head posi-

tion reduced the presence of the postauricular myogenic

potential, which has been shown to interfere with the

MLR. The responses were amplified (100k) and band-

pass filtered (30–300 Hz), and artifact rejection was

set to 31mV.Responseswere averaged over 2000 sweeps,

and responses were replicated.
Raw waveforms from two replications of each condi-

tion (right, left, and binaural) were averaged, and then

the monaural response from the right ear was added to

the monaural response from the left ear. The peaks in

the averaged waveforms were identified for each mon-

aural MLR and for the binaural MLR. Amplitude was

measured peak-to-peak from Na-Pa and Pa-Nb.
Latency was measured individually for Na, Pa, and

Nb. The Na peak was identified as the most negative

peak between 15 and 25 msec; the Pa peak was identi-

fied as the most positive peak between 25 and 38 msec;

and the Nb peak was identified as the most negative

peak following Pa. The averaged binaural response

was subtracted from the added monaural responses

to derive the binaural interaction waveform, that is,
(BIC)5 ([R 1 L] 2 BIN). The peaks in the BIC wave-

formweremarked asNa’, Pa’, andNb’. Peak amplitudes

were measured from the most positive point to the most

negative point of the following trough. Peak latencies

weremeasured at the center of the peak. AllMLRwaves

were identified and marked by two independent experi-

enced observers (authors E.L-P. and C.R.). In the two

cases (2 waveforms out of 76) of disagreement between
observers, the original raw waveform replications were

used to identify peaks.

Data Analysis

The relationship between MLRs and behavioral per-

formance on binaural listening tasks was assessed by

Spearman’s rho correlation analyses, which is a non-
parametric measure of the relationship between two

ranked variables. The association between behavioral

and electrophysiological measures was tested for the

following: (1) the MLD and the MLR mean response

amplitude, (2) the percent correct for the DDT and

the MLR mean response amplitude, and (3) the signal-

to-babble ratio corresponding to the 50% correct point

on theWIN function and theMLRmean response ampli-
tude. The electrophysiological responses were analyzed

to examine the effects of peak (Na, Pa, and Nb) and con-

dition (monaural left, monaural right, binaural, and

BIC) on MLR amplitude and latency. Separate repeated

measures analyses of variance (RMANOVAs) were per-

formed for latency and amplitude. Differences between

subjects based on pure-tone sensitivity were not ana-

lyzed statistically or important for the purposes of this
study; however, potential differences in performance

may exist and data will be reported separately for sub-

jects with and without pure-tone sensitivity loss.

RESULTS

Behavioral Measures

WIN

Results for NH subjects revealed symmetrical per-

formance between left and right ears with SNR ratios
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of 5.9 (SD52) for the left ear and 6.4 (SD54) for the

right ear. Similarly, results for HI subjects revealed

equivalent performance between ears; however, these

subjects required higher SNR ratios than the NH sub-
jects. The SNR ratios were 13.3 (SD53) for the left ear

and 12.6 (SD53) for the right ear for HI subjects. The

subjects were selected based on asymmetrical WIN per-

formance asmeasured in the clinic. The results from the

WIN test in the present study revealed no asymmetrical

performance, which could be explained by a practice

effect from multiple WIN lists or laboratory versus

clinic procedures (e.g., asking subjects to repeat their
response if it was unclear to the investigator). Further,

the experimental protocol doubled the number of trials

per SNR (i.e., a double list per condition), which may be

more representative of true performance. Binaural

WIN performance was consistent with monaural per-

formance, regardless of which ear was tested. The

SNR ratio was 3.7 (SD53) for NH subjects and 13.0

(SD54) for HI subjects in the binaural condition. No
significant differences were found between monaural

and binaural scores or between left ear and right ear

scores. The NH subjects (n53) performed better than

the HI subjects (n516) as expected (Wilson, 2003).

DDT

The DDTwas presented in a free-recall condition and

a directed-recall condition. The directed-recall condi-
tion produced mean scores of$90% correct for all pairs,

indicating that subjects were able to attend to the direc-

ted ear and ignore the stimulus in the nondirected ear.

The remainder of the results will focus on the data from

the free-recall condition. The data for the NH subjects

(n53) will be presented separately from the data for the

HI subjects (n516). All subjects completed the DDT. As

expected, mean DDT performance declined and became
more variable as the task difficulty increased from one-

pair digits to three-pair digits as seen in Table 1. Indi-

vidual listener’s performance is shown in Figure 2. The

left panel of Figure 2 shows percent correct perform-

ance for the left ear as a function of percent correct per-

formance for the right ear. The right panel of Figure 2

shows the individual data replotted with the percent

correct performance for the poorer ear as a function
of the percent correct performance for the better ear.

Individual subject numbers are included in Figure 2

to illustrate data discussed below.

As seen in the top row of the left panel in Figure 2,

DDT scores for the one-pair digits are near 100% correct

for both ears for 15 of the 19 subjects. The four subjects

who showed ,85% on the one-pair dichotic digits are

plotted by subject number (30, 19, 27, and 32). The
two-pair digit scores reveal increasingly poorer per-

formance, especially for digits presented to the left

ear, and greater variability compared to the one-pair

digits. A right-ear advantage is seen for most of the sub-

jects for the two-pair dichotic digits. The three-pair digit

scores show that most subjects exhibited the expected

right-ear advantage 74% (14/19); however, 26% (5/19)
showed a clear left-ear advantage (subjects 32, 8, 1,

22, and 27; see bottom left panel in Figure 2). Two of

the subjects (32 and 27) had a left-ear advantage for

all digit pairs.

The individual DDT data were replotted as percent

correct performance for the poorer ear compared to per-

cent correct performance for the better ear in order to

observe ear advantage regardless of right or left ear
(right panel, Figure 2). Traditional analysis of the right-

ear advantage obscures the magnitude of the ear ad-

vantage by not considering the left-ear advantage. The

one-pair digits show performance to be equivalent be-

tween ears for 90% (17/19) of the subjects but a clear

ear advantage for two of the subjects (30 and 32). The

two-pair digits reveal that most subjects had an ear

advantage and with the three-pair digits, all subjects
had an ear advantage. Again, ear advantage grew

larger and performance became poorer as task difficulty

increased from one-pair to three-pair digits.

MLD

The mean SoNo thresholds, mean SpNo thresholds,

mean MLDs, and SDs are presented in Table 2 for sub-

jects with normal pure-tone sensitivity (n53) and sub-
jects with pure-tone sensitivity loss (n516). Individual

MLDs were calculated by subtracting the SpNo thresh-

old from the SoNo threshold. Table 2 shows that

the mean MLD for normal-hearing subjects and for

hearing-impaired subjects was.10 dBMLD regardless

of pure-tone sensitivity, which was within the range

of normal performance and as expected. One normal-

hearing subject and two hearing-impaired subjects
had MLDs #8 dB MLD, which was considered abnor-

mal (Wilson et al, 2003).

Electrophysiologic Measures

MLR

Monaural and binaural MLRs were recorded for each
subject. Responses were replicated, and the two replica-

tions were averaged to obtain a monaural left, monau-

ral right, and binaural response for each subject. A

t-test revealed no significant differences between the

response amplitudes of the normal-hearing subjects

and the hearing-impaired subjects; therefore, all sub-

jects were analyzed without regard to pure-tone sen-

sitivity status (i.e., normal or hearing impaired). The
average response amplitudes, SDs, and number of

subjects with a response are shown in Table 3. Aver-

aged binaural responses were larger than averaged
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monaural responses (see Table 3); however, 5/19 (26%)
subjects showed a monaural response larger than the

binaural response.

BIC

Binaural interaction components were identified sep-

arately by two observers. The average BIC response am-

plitudes, SDs, and number of subjects with a response are

shown in Table 3. The average BIC response amplitudes

were reduced by an average of 38% compared to the aver-

age monaural response amplitudes and by an average of

56% compared to the binaural response amplitudes. All

subjects had monaural or binaural MLRs, and 74% (14/
19) of subjects had MLR BICs. Monaural, binaural, and

BIC waveforms from a typical subject with a clear BIC

are shown in the left panel of Figure 3. Five of the 19 sub-

jects showed no clear BIC; one of the five had no MLR for

the right ear; therefore, a BIC could not be calculated.

Monaural, binaural, and BIC waveforms from a subject

with no clear BIC are shown in right panel of Figure 3.

RMANOVA tests were performed for latency and am-
plitude to examine the effects of peak (Na,Pa, andNb) and

condition (monaural left, monaural right, binaural, and

BIC) on amplitude and latency. The RMANOVA for am-

plitude showed that the main effects of peak [F(1, 12)5

5.114, p5 .043] and condition [F(3, 36)524.828, p ,

.001] were significant. The peak amplitude of Pa-Nb

was significantly larger than the peak amplitude of

Na-Pa. The post hoc analysis of condition showed that
the binaural response amplitudes were larger than the

monaural response amplitudes and that the BIC response

amplitudes were smaller than themonaural and binaural

response amplitudes (p, .05). The interaction of peak3

condition was not significant [(F(3, 36)5 .697, p5 .560].

The RMANOVA for latency showed that the main

effect of peak [F(2, 26)5606.944, p , .001] was signifi-

cant and expected based on the criteria for identify-
ing peaks. The main effect of condition [F(3, 39)5 .384,

p5 .765] was not significant. The interaction of peak 3

condition was significant [F(6, 78)52.842, p5 .049]. Post

hoc analysis of the interaction showed that the latency
of NA was significantly shorter for the binaural re-

sponse compared to the BIC.

Relationships among Measures

of Binaural Hearing

The potential relationships among behavioral and elec-

trophysiological measures of binaural hearing were
investigated by Pearson’s correlational analysis. Four

significant correlations were found among MLRs and

behavioral tests (MLDs and the DDT). First, the left

ear Pa-Nb amplitude decreased as the SoNo threshold

increased (i.e., higher SoNo thresholds equate to poorer

detection) (r52.488, p5 .034). Second, the BIC Pa-Nb

amplitude decreased as SoNo threshold increased (r5

2.525, p5 .037). Third, the performance on the two-pair
dichotic digits presented to the left ear increased as

Pa response latency increased for the right ear (r5 .484,

p5 .042). Fourth, the Na-Pa amplitude of the MLR

BIC was significantly correlated to the dB MLD (r5 .74,

p5 .002), as seen in Figure 4. As BIC Na-Pa amplitude

decreased (reduced binaural interaction), the MLD

decreased (poorer binaural detection). The best-fit line

shows a linear relationship, which accounts for 55% of
the variability in MLDs. The MLR BIC was evident in

14 of the 19 subjects in the study. The WIN scores (dB

SNR) were not significantly correlated to any other

measure of binaural hearing. The individual data are pre-

sented in Table 4 for the MLR, DDT, and MLD measures.

DISCUSSION

The purpose of the study was to determine the

extent to which electrophysiological measures of

binaural hearing were related to behavioral measures

of binaural hearing. The results from the present study

show that the amplitudes of theMLRBICwere strongly

related behavioral MLDs. The current study extends

the findings of Jerger et al (1993), Chmiel et al (1997),
and Carter et al (2001), who reported individual cases

Table 1. Mean Dichotic Digit Performance (% correct) and SDs for Free Recall and Directed Recall Conditions

Free Recall

One pair Two pair Three pair

n AS AD AS AD AS AD

NH 3 98 (3.5) 98 (3.5) 81 (0) 98 (3.5) 60.3 (1.2) 85.7 (9.3)

SNHL 16 92.1 (8) 95.1 (9) 76.6 (15.4) 84.5 (9.8) 68.3 (13.2) 72.4 (13.7)

Directed Recall

One pair Two pair Three pair

n AS AD AS AD AS AD

NH 3 96.3 (6.4) 100 (0) 98 (3.5) 98 (3.5) 92.7 (12.7) 98.7 (2.3)

SNHL 16 90.3 (16.7) 97.9 (4.4) 90.4 (9.7) 96.6 (5.2) 90.3 (14.7) 96.3 (4.2)

Note: AD5monaural right; AS5monaural left; SNHL5sensorineural hearing loss.
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of abnormal binaural function, and further shows signifi-

cant relationships between behavioralmeasures and elec-

trophysiological measures of binaural processing.

Behavioral Measures

The WIN test was used to provide a measure of word

recognition in multitalker babble across a range of

SNRs under monaural and binaural conditions. The

WIN results from the present study were consistent

with data presented by Wilson et al (2003) and Wilson

and McArdle (2007) under monaural and binaural con-
ditions for subjects with normal hearing and subjects

with sensorineural hearing loss. Subjects with normal

hearing had a mean SNR of 5.9 (SD52) for the left ear

and 6.4 (SD54) for the right ear in the present study,

which was consistent with a mean SNR of 4.8 dB (SD5

1.9) for the test ear in the monaural condition in the

Wilson and McArdle (2007) study. Subjects with hear-

ing loss had a mean SNR of 13.3 (SD53) for the left ear
and 12.6 (SD53) for the right ear in the present study

and 12.5 dB (SD52.9) for the test ear in the monaural

condition in the Wilson and McArdle (2007) study.

Mean SNRs for the binaural condition were similar

to mean SNRs for the monaural condition for all sub-

jects in the present study. The SNR ratio was 3.7

(SD53) for normal hearing subjects and 13.0 (SD5

4) for subjects with hearing loss. These SNRs are con-
sistent with mean binaural SNRs of 3.7 (SD51.3) for

normal hearing subjects and mean binaural SNRs of

11.3 (SD53.0) for subjects with hearing loss (Wilson

and McArdle, 2007).

The mean DDT scores showed a progressive decline

in performance as the level of task difficulty increased

from one- to three-pair digits in the free recall condition

for subjects with normal hearing. Mean percent correct
scores for one-pair digits from NH subjects and from HI

subjects in the present study were consistent with data

fromWilson and Jaffe (1996). The mean percent correct

for the three-pair digits from the NH subjects in the

present study, however, were poorer than the data from

Wilson and Jaffe (1996). The NH subjects in the present

study scored 60% (SD51.2) and 86% (SD59.3) correct

for the left and right ear, respectively, and the scores
from theNH subjects in theWilson and Jaffe studywere

91% (SD55.9) and 94% (SD57.8) for the left and right

ears, respectively. The NH subjects in the present study

scored more than two SDs below the mean for the left

ear in subjects with normal hearing from the young

(,30 yr of age) normal in the Wilson and Jaffe (1996)

study. One explanation is that the two NH subjects

in the present study were older than the NH subjects
in the Wilson and Jaffe study. In addition, the two

NH subjects reported significant problems hearing

and had asymmetrical WIN performance between ears

in previous clinical audiological evaluations.

The mean three-pair digit scores for the HI group

from the present study were 68% (SD513.2) and

72% (SD513.7) for the left and right ear, respectively,

which were poorer than the mean scores from the 60–
75-yr-old subject group in the Wilson and Jaffe study

who scored 78% (SD51.9) and 88% (SD51.9) correct

for the left and right ear, respectively. One reason for

the discrepancy was the significant left-ear advantage

Figure 2. Bivariate plots for DDT performance (% correct) for
individual subjects across one-, two-, and three-pair dichotic digits
for the free recall condition. The left plot shows performance for
the right ear (abscissa) and performance for the left ear (ordinate).
The right plot shows performance for the better ear (abscissa) and
performance for the poorer ear (ordinate). The solid line repre-
sents the line of equality between ears. The open circles represent
individual data from subjects with pure-tone hearing loss (n516);
the gray circles represent subjects with normal pure-tone sensitiv-
ity (n53); and the black circles represent the groupmean score for
the subjects with pure-tone hearing loss. The numerical symbols
represent data from subjects with a left ear advantage. Some sym-
bols were jittered for graphical clarity to avoid superimposition of
the datum points.

Table 2. Mean SoNo Thresholds (dB SNR), SpNo

Thresholds (dB SNR), and Mean MLDs (dB SNR) and SDs

n SoNo SpNo MLD

NH 3 213.3 (5.0) 224.0 (3.5) 10.7 (2.3)

SNHL 16 28.0 (2.3) 220.3 (4.1) 12.3 (4.4)

All 19 28.8 (3.4) 220.8 (4.1) 12.0 (4.1)

Note: SNHL5sensorineural hearing loss.
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for 26% of subjects in the present study. In a recent

study (Iliadou et al, 2010), a left-ear advantage was

reported for 60% of adults with auditory processing dis-
order and dyslexia compared to 13% for the control

group and 47% for the dyslexia only group. The mean

three-pair digit scores from the hearing-impaired group

in the present study were similar to the three-pair digit

scores from the oldest hearing-impaired group (70–79 yr

of age) in Strouse andWilson (1999), which were 65 and

78% correct for the left and right ears, respectively. The

average age of the hearing-impaired subjects in the
present study was 61 yr (SD56).

Overall, group-averaged data from the WIN test, the

MLD, and the DDT were consistent with previously

published literature in normal-hearing and hearing-
impaired subjects. The individual data from the MLD

and DDT, however, was not consistent with the litera-

ture for age-matched or hearing sensitivity-matched

subjects. Several individual subjects showed evidence

of abnormal binaural processing in behavioral meas-

ures; three subjects had a poor MLD (,8 dB); five sub-

jects had left ear advantage for DDTs; and three

subjects showed poor one-pair DDT scores (,84% cor-
rect for either ear). Individual data may lead to alterna-

tive rehabilitative strategies for patients with reduced

binaural processing. Individual data will be considered

below.

Electrophysiologic Measures

The MLR was recorded under three stimulus condi-
tions: monaural left, monaural right, and binaural.

Mean MLR Pa amplitude in response to binaural stim-

uli was larger than mean MLR Pa amplitude in

response to monaural stimuli. Peak-to-peak amplitude

data for monaural, binaural, and BIC responses were

consistent with previously published data on monaural

versus binaural MLRs in humans (Dobie and Berlin,

1979; McPherson et al, 1989; Kelly-Ballweber and
Dobie, 1984). In the present study, the binaural Na-

Pa amplitude increased by .37 mV in comparison to

the monaural Na-Pa amplitudes and resulted in a 68%

increase in amplitude for the binaural response. The

binaural enhancement is similar to data reported by

Weihing and Musiek (2008) of a .3 mV (50%) increase

in BIN Na-Pa amplitude compared to monaural Na-

Pa amplitude. The results from the present study also
are in agreement with Ali and Jerger (1992) who meas-

ured monaural and binaural MLRs and reported only

small differences in Pa and Pb between a group of older

subjects with good speech understanding and a group of

older subjects with poor speech understanding.

The individual MLR data, however, showed that 3/19

(16%) subjects showed amonaural response larger than

the binaural response by at least 1 SE. One subject had
a left ear monaural Na-Pa response larger than the bin-

aural Na-Pa response; one subject had a left ear Pa-Nb

response larger than the binaural Pa-Nb response; and

one subject had a right ear Pa-Nb response larger than

Table 3. MLR Average Amplitudes with SDs and Number of Subjects with a Response for Monaural Left (AS), Monaural
Right (AD), BIN, and BIC

AS Na-Pa AS Pa-Nb AD Na-Pa AD Pa-Nb BIN Na-Pa BIN Pa-Nb BIC Na-Pa BIC Pa-Nb

Mean 0.79 0.88 0.75 0.88 1.14 1.32 0.52 0.62

SD 0.22 0.22 0.23 0.32 0.32 0.43 0.11 0.21

Subject 19 19 18 18 19 19 14 16

Figure 3. Representative waveforms from two subjects are
shown for the MLRs. Waveforms from top to bottom are monaural
left (AS), monaural right (AD), BIN, and BIC (BIN 2 [R 1 L]),
where BIN5 the binaural response, R5 the monaural right
response, andL5 themonaural left response.MLRs froma subject
with typical responses are shown on the left, andMLRs froma sub-
ject with no BIC are shown on the right.
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the binaural Pa-Nb response. The subject with the large

right ear monaural Pa-Nb compared to the binaural Pa-

Nb had a monaural response that was .39 mV larger
than the binaural response, which was more than 3

SEs from the mean difference. In addition to the mon-

aural to binaural amplitude differences, the BIC was

absent in three subjects, and the right ear monaural

MLR was absent in one subject. Kelly-Ballweber and

Dobie (1984) reported that some of their subjects had

no detectable BIC for the ABR and that results were

similar for the MLR BIC but specific numbers of absent
responses were not reported. The authors did report

that the MLR data for the older subjects with hearing

impairment were noisy. The MLRs in the present study

were not noisy, but MLR BICs were undetectable in

some subjects by two independent experienced observ-
ers. Dobie and Norton (1980) reported that one subject

out of 16 showed no ABR BIC, but all subjects showed a

MLR BIC.

The larger monaural response compared to the bin-

aural response in some of the subjects in the present

study was unexpected. Binaural stimulation of the au-

ditory system is not a simple summation of the monau-

ral responses (Dobie and Norton, 1980; Levine, 1981;
Wrege and Starr, 1981; Ozdamar et al, 1986). The com-

plex neural connections in the binaural auditory system

permit both summation and inhibition to occur. Binau-

ral processing is measurable by clinical auditory evoked

potential tests, but a clear understanding of how hear-

ing loss and aging affect the binaural response is lack-

ing. The purpose of the present study was to investigate

the relationships between binaural test measures in
individual subjects suspected of having reduced binau-

ral processing. This purpose led to subject selection that

was different from previously published data from the

tests used in the present study. The auditory pathways

of the subjects in the present study may be different

with regard to summation and inhibition than the audi-

tory pathway of the general population. The unexpected

monaural versus binaural differences found in the pre-
sent study may or may not prove to be important in

future investigations. The important outcome in the

present study is the consistency with which some

Figure 4. The bivariate plot of masking level difference (dB
SNR) (abscissa) and amplitude of the Na-Pa for the binaural inter-
action component (ordinate) for individual subjects. The dashed
line represents the line of regression. The closed circles represent
individual data.

Table 4. Individual Data Are Presented for the MLRs, DDTs, and the MLD

Subject

MLR

AS

Na-Pa

MLR

AS

Pa-Nb

MLR

AD

Na-Pa

MLR

AD

Pa-Nb

MLR

BIC

Na-Pa

MLR

BIC

Pa-Nb

DDT

AS

One pair

DDT

AD

Two pair

DDT

AS

Two pair

DDT

AD

Two pair

DDT

AS

Three pair

DDT

AD

Three pair MLD

01 0.77 0.57 0.63 0.52 absent absent 89 94 86 83 82 63 12

04 0.76 1.03 1.36 1.40 absent 0.55 94 100 94 97 74 96 18

05 0.50 0.73 0.74 0.96 0.43 0.70 94 100 83 86 56 78 10

06 0.78 1.00 0.77 1.16 0.65 0.62 89 100 72 92 63 76 12

08 0.87 0.81 0.69 0.86 0.68 0.77 100 100 92 83 90 56 18

09 0.70 0.68 0.68 1.10 0.33 0.80 100 100 81 100 61 83 8

12 0.91 1.05 0.93 0.78 0.54 0.71 94 100 72 94 63 89 10

13 0.41 0.79 0.43 0.37 absent absent 100 100 81 100 59 96 12

14 0.72 0.83 0.73 0.64 0.59 0.63 94 94 64 92 54 82 18

15 0.59 0.87 0.52 0.81 0.40 0.48 94 100 44 89 59 72 2

17 1.19 0.88 1.10 1.44 absent 0.97 94 100 83 94 57 76 10

18 0.97 1.47 0.75 1.32 0.56 0.86 94 94 81 94 61 78 12

19 0.45 0.61 0.80 1.19 absent absent 83 100 81 81 59 82 16

22 1.17 1.08 0.58 0.66 0.30 0.34 94 94 58 67 70 52 14

24 1.06 1.10 1.00 0.71 0.68 0.34 94 100 72 78 56 65 12

27 0.71 0.75 0.44 0.74 0.57 0.48 100 83 89 75 82 74 14

30 0.94 0.80 0.60 0.62 0.45 0.32 67 89 53 83 56 63 10

31 0.59 0.56 0.76 0.64 0.56 0.19 100 100 97 94 78 87 14

32 0.84 1.04 absent absent 0.38 0.83 94 67 86 64 93 48 6

Note: AD5monaural right; AS5monaural left.
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subjects showed reduced binaural processing on two or

more measures.

Jerger et al (1993) reported case studies of four sub-

jects who reported difficulty hearing but had normal
pure-tone sensitivity and normal word recognition in

quiet. Topographic brain maps were recorded from

the scalp in response to an MLR stimulus paradigm

in two of the subjects. In the first case, the MLR was

reduced when the 1000 Hz tone burst was presented

to the left ear and to both ears in comparison to stimu-

lation to the right ear. The neural activity from the left

ear stimulus apparently interfered with the neural
activity from the binaural stimulus. In a second case,

a subject with a left-sided cerebrovascular insult showed

moderate to severe sensorineural hearing loss in the

right ear and a mild to severe sensorineural hearing

loss in the left ear. Aided word recognition was 75% cor-

rect in the left-aided condition, 8% correct in the right-

aided condition, and 54% correct in the binaurally aided

condition. The binaural word-recognition condition was
expected to produce results at least as robust as the best

monaural aided condition if no binaural interference

occurred. In addition to abnormal binaural word recog-

nition scores, the MLR was abnormal in that the

response was larger for monaural left ear stimulation

than binaural stimulation. Finally, a third case shows

results from an 81-yr-old man with slightly asymmetri-

cal sensorineural hearing loss, worse in the left ear. The
monaural left ear MLR was absent, the monaural right

ear response was present, and the binaural response

was absent. Again, the binaural response should have

been as least as large in amplitude as the best monaural

response if no binaural interference occurred. The case

studies presented by Jerger clearly show electrophysio-

logical evidence of abnormal binaural processing simi-

lar to the individual data from the present study. In
three of the Jerger cases and in four of the subjects from

the present study, the electrophysiological responses

from the left ear were abnormal compared to the binau-

ral response.

Relationships among Measures

of Binaural Hearing

Several relationships between electrophysiological

responses and behavioral performance measures were

found in the present study. First, the Pa-Nb amplitude

for the left ear and for the BIC was lower for subjects

with poorer SoNo thresholds. The SoNo threshold is

recorded in dB SNR so “higher” SoNo thresholds equate

to poorer detection and reducedMLR amplitudes would

be expected. Second, Pa response latency for the right
ear increased as the performance on two-pair DDT

improved. A scatterplot of the data (not shown) revealed

considerable variability from the regression line and

that the removal of three subjects resulted in a non-

significant correlation (p5 .059). The WIN scores (dB

SNR) were not significantly correlated to any other

measure of binaural hearing.

Finally, the correlation between the BIC Na-Pa am-
plitude and MLD from the present study was r5 .74,

p5 .002. The BIC and the MLD both provide evidence

of binaural integration of neurons, which first occurs

in the superior olivary complex and continues to the infe-

rior colliculus where evidence of binaural MLD phenom-

enon from single-unit studies has been found (Palmer

et al, 1999, 2000). A significant relationship between

the MLD and MLR BICs also was found by Hendler
et al (1990) for control subjects and subjects with multi-

ple sclerosis combined (r50.41, p5 .005). As BIC Na-Pa

amplitude decreased (reduced binaural interaction) the

MLD decreased (poorer binaural detection and reduced

release from masking). It is possible that these relation-

ships between behavioral measures of binaural perform-

ance and the electrophysiological measures tap neural

activation in the cortical auditory pathway, which is
responsible for the MLR measures (Dobie and Norton,

1980) and likely is involved in MLD paradigms (Fowler

and Mikami, 1996; Furukawa and Maki, 2006). The

reduced ability to code temporal fine structure is one rea-

son for reduced MLDs and poor MLRs.

Patientswithmultiple sclerosis often have been used to

study the effects of neural lesions onmeasures of binaural

processing. Hannley et al (1983) measured ABRs and
MLDs in subjects with confirmed multiple sclerosis in

order to determine the extent of the relationship between

MLDs and the ABR. Results showed that the subjects

with normal ABRs had MLDs within normal limits, the

subjects with poor ABRs (specifically prolonged wave

III latencies) had reduced MLD, and subjects with an

absent wave III had no MLDs (i.e., showed no release

from masking). The strong correlation between the
MLR BIC and the behavioral MLD found in the present

study are consistent with Hannley et al (1983).

Furukawa and Maki (2006) recorded MLRs from epi-

dural electrodes over the left and right temporal lobes in

guinea pigs in response to ITD and ILD paradigms. The

MLR amplitude increased for level differences and time

differences but not as a function of increasing intensity.

So, the MLR is sensitive to ILD and ITD implying a
close link between the neural generators of the MLR

and the mechanisms underlying sound localization,

both of which are important binaural functions. The

Furukawa and Maki data support the correlation be-

tween the Na-Pa amplitude and the behavioral MLD

found in the present study.

Summary

The present study was a first attempt to incorporate

both behavioral and electrophysiological measures of

binaural processing in subjects with suspected binaural
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compromise and symmetrical pure-tone thresholds.

Case reports presented in the literature have described

individuals who present with either neurological dis-

ease, positive history of neural lesions, or diagnosis of
learning disability. One objective of the present study

was to investigate binaural processing in a sample of

subjects without specific neural impairment who may

and may not be at risk for reduced auditory binaural

processing. The behavioral and electrophysiological

measures used in the present study clearly showed evi-

dence of reduced binaural processing in listeners with

symmetrical pure-tone sensitivity. In addition, some of
the behavioral measures were significantly correlated

with electrophysiological measures of binaural hearing;

specifically, there was a strong correlation between the

behavioral MLD and the BIC Na-Pa amplitude.

Acknowledgments. This material is based on work sup-

ported by a Research Career Development award (C4323V)

funded by the Department of Veterans Affairs, Veterans

Health Administration, Office of Research and Development,

Rehabilitation Research and Development (RR&D) Service,

Washington, DC, to the first author and by the RR&D Audi-

tory and Vestibular Dysfunction Research Enhancement

Award Program. Portions of this paper were presented at

the International Hearing Aid Conference (IHCON), August

2008, Lake Tahoe, CA.

REFERENCES

Ali AA, Jerger J. (1992) Phase coherence of the middle-latency
response in the elderly. Scand Audiol 21:187–194.

Allen RL, Schwab BM, Cranford JL, Carpenter MD. (2000) Inves-
tigation of binaural interference in normal-hearing and hearing-
impaired adults. J Am Acad Audiol 11:494–500.

American National Standards Institute. (2004) Specification for
Audiometers ANSI S3.6-2004. New York: Acoustical Society of
America.

Arkebauer HJ, Mencher GT, McCall C. (1971) Modification of
speech discrimination in patients with binaural asymmetrical
hearing loss. J Speech Hear Disord 36:208–212.

Bernstein LR. (2001) Auditory processing of interaural timing
information: new insights. J Neurosci Res 66:1035–1046.

Brooks DN, Bulmer D. (1981) Survey of binaural hearing aid
users. Ear Hear 2:220–224.

Carhart R, Tillman TW. (1970) Interaction of competing speech
signals with hearing losses. Arch Otolaryngol 91:273–279.

Carter AS, Noe CM, Wilson RH. (2001) Listeners who prefer mon-
aural to binaural hearing aids. J Am Acad Audiol 12:261–272.

Chmiel R, Jerger J, Murphy E, Pirozzolo F, Tooley-Young C.
(1997) Unsuccessful use of binaural amplification by an elderly
person. J Am Acad Audiol 8:1–10.

Clarke EM, Adams C. (2007) Binaural interaction in specific lan-
guage impairment: an auditory evoked potential study. Dev Med
Child Neurol 49:274–279.

Cone-Wesson B, Ma E, Fowler CG. (1997) Effect of stimulus level
and frequency on ABR and MLR binaural interaction in human
neonates. Hear Res 106:163–178.

Cox RM, Alexander GC. (1995) The abbreviated profile of hearing
aid benefit. Ear Hear 16:176–186.

Department of Veteran Affairs. (1998) Tonal and Speech Materi-
als for Auditory Perceptual Assessment, Disc 1.0. Mountain Home,
TN: VA Medical Center.

Department of Veteran Affairs. (2006) Speech Recognition and
Identification Materials, Disc 4.0. Mountain Home, TN: VA Med-
ical Center.

Dobie RA, Berlin CI. (1979) Binaural interaction in brainstem-
evoked responses. Arch Otolaryngol 105:391–398.

Dobie RA, Norton SJ. (1980) Binaural interaction in human audi-
tory evoked potentials. Electroencephalogr Clin Neurophysiol 49:
303–313.

FinneyDJ. (1952) StatisticalMethod in Biological Assay. London:
C. Griffen.

Folstein MF, Folstein SE, McHugh PR. (1975) Mini-mental state.
a practical method for grading the cognitive state of patients for
the clinician. J Psychiatr Res 12:189–198.

Fowler CG,Mikami CM. (1992a) Effects of noise bandwidth on the
late-potential masking level difference. Electroencephalogr Clin
Neurophysiol 84:157–163.

Fowler CG, Mikami CM. (1992b) The late auditory evoked poten-
tial masking-level difference as a function of noise level. J Speech
Hear Res 35:216–221.

Fowler CG,Mikami CM. (1995) Binaural phase effects in the audi-
tory brainstem response. J Am Acad Audiol 6:399–406.

Fowler CG, Mikami CM. (1996) Phase effects on the middle and
late auditory evoked potentials. J Am Acad Audiol 7:23–30.

Furukawa S, Maki K. (2006) Sensitivity of the auditory middle
latency response of the guinea pig to interaural level and time dif-
ferences. Hear Res 212:48–57.

Goksoy C, Demirtas S, Ungan P. (2004) Dynamics of the contrala-
teral white noise-induced enhancement in the guinea pig’s middle
latency response. Brain Res 1017:61–68.

Gopal KV, Pierel K. (1999) Binaural interaction component in chil-
dren at risk for central auditory processing disorders. Scand
Audiol 28:77–84.

Hall JW, Grose JH. (1993) The effect of otitis media with effusion
on the masking-level difference and the auditory brainstem
response. J Speech Hear Res 36:210–217.

Hannley M, Jerger JF, Rivera VM. (1983) Relationships
among auditory brain stem responses, masking level differen-
ces and the acoustic reflex in multiple sclerosis. Audiology 22:
20–33.

Hendler T, Squires NK, Emmerich DS. (1990) Psychophysical
measures of central auditory dysfunction in multiple sclerosis:
neurophysiological and neuroanatomical correlates. Ear Hear
11:403–416.

Iliadou V, Kaprinis S, Kandylis D, Kaprinis GS. (2010) Hemi-
spheric laterality assessment with dichotic digits testing in
dyslexia and auditory processing disorder. Int J Audiol 49:
247–252.

Journal of the American Academy of Audiology/Volume 22, Number 3, 2011

192



Ishida IM, Stapells DR. (2009) Does the 40 Hz auditory steady-
state response show the binaural masking level difference? Ear
Hear 30:713–715.

Jerger J, Silman S, Lew HL, Chmiel R. (1993) Case studies in bin-
aural interference: converging evidence from behavioral and elec-
trophysiologic measures. J Am Acad Audiol 4:122–131.

Kelly-Ballweber D, Dobie RA. (1984) Binaural interaction meas-
ured behaviorally and electrophysiologically in young and old
adults. Audiology 23:181–194.

Kevanishvili Z, Lagidze Z. (1987) Masking level difference: an
electrophysiological approach. Scand Audiol 16:3–11.

Levine RA. (1981) Binaural interaction in brainstem potentials of
human subjects. Ann Neurol 9:384–393.

McAnally KI, Stein JF. (1996) Auditory temporal coding in dys-
lexia. Proc Biol Sci 263:961–965.

McPherson DL, Tures C, Starr A. (1989) Binaural interaction of
the auditory brain-stem potentials and middle latency auditory
evoked potentials in infants and adults. Electroencephalogr Clin
Neurophysiol 74:124–130.

Musiek FE, Gollegly KM, Kibbe KS, Reeves AG. (1989) Electro-
physiologic and behavioral auditory findings in multiple sclerosis.
Am J Otol 10:343–350.

Oldfield RC. (1971) The assessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia 9:97–113.

OzdamarO,KrausN,Grossmann J. (1986)Binaural interaction in
the auditory middle latency response of the guinea pig. Electroen-
cephalogr Clin Neurophysiol 63:476–483.

Palmer AR, Jiang D, McAlpine D. (1999) Desynchronizing
responses to correlated noise: a mechanism for binaural masking
level differences at the inferior colliculus. J Neurophysiol 81:
722–734.

Palmer AR, Jiang D, McAlpine D. (2000) Neural responses in the
inferior colliculus to binaural masking level differences created by
inverting the noise in one ear. J Neurophysiol 84:844–852.

Roup CM, Wiley TL, Safady SH, Stoppenbach DT. (1998) Tympa-
nometric screening norms for adults. Am J Audiol 7(2):55–60.

Silman S. (1995) Binaural interference in multiple sclerosis: case
study. J Am Acad Audiol 6:193–196.

Strouse A, Ashmead DH, Ohde RN, Grantham DW. (1998) Tem-
poral processing in the aging auditory system. J Acoust Soc Am
104:2385–2399.

Strouse A, Wilson RH. (1999) Recognition of one-, two-, and three-
pair dichotic digits under free and directed recall. J Am Acad
Audiol 10:557–571.

Tillman TW, Carhart R. (1966) An Expanded Test for Speech Dis-
crimination Utilizing CNC Monosyllabic Words. Northwestern
University Auditory Test No. 6. SAM-TR-66-55. Tech Rep SAM-
TR 1–12.

Walden TC, Walden BE. (2005) Unilateral versus bilateral ampli-
fication for adults with impaired hearing. J Am Acad Audiol 16:
574–584.

Walden TC. (2006) Clinical benefits and risks of bilateral amplifi-
cation. Int J Audiol 45(Suppl.1):S49–52.

Wambacq IJ, Koehnke J, Shea-Miller KJ, Besing J, Toth V,
Abubakr A. (2007) Auditory evoked potentials in the detection
of interaural intensity differences in children and adults.EarHear
28:320–331.

Weihing J, Musiek FE. (2008) An electrophysiological measure of
binaural hearing in noise. J Am Acad Audiol 19:481–495.

Wiley TL, Cruickshanks KJ, Nondahl DM, Tweed TS, Klein R,
Klein BE. (1996) Tympanometric measures in older adults. J Am
Acad Audiol 7:260–268.

Wilson RH. (2003) Development of a speech-in-multitalker-babble
paradigm to assess word-recognition performance. J Am Acad
Audiol 14:453–470.

Wilson RH, Jaffe MS. (1996) Interactions of age, ear, and stimulus
complexity on dichotic digit recognition. J Am Acad Audiol 7:
358–364.

Wilson JR, Krishnan A. (2005) Human frequency-following
responses to binaural masking level difference stimuli. J AmAcad
Audiol 16:184–195.

Wilson RH, McArdle R. (2005) Speech signals used to evaluate
functional status of the auditory system. J Rehabil Res Dev 42:
79–94.

Wilson RH, McArdle R. (2007) Intra- and inter-session test, retest
reliability of theWords-in-Noise (WIN) test. J AmAcad Audiol 18:
813–825.

Wilson RH, Moncrieff DW, Townsend EA, Pillion AL. (2003)
Development of a 500 Hz masking-level difference protocol for
clinic use. J Am Acad Audiol 14:1–8.

Wilson RH, Morgan DE, Dirks DD. (1973) A proposed SRT proce-
dure and its statistical precedent. J Speech Hear Disord 38:
184–191.

Wong WY, Stapells DR. (2004) Brain stem and cortical mecha-
nisms underlying the binaural masking level difference in
humans: an auditory steady-state response study. Ear Hear 25:
57–67.

WregeKS, Starr A. (1981) Binaural interaction in human auditory
brainstem evoked potentials. Arch Neurol 38:572–580.

Binaural Processing/Leigh-Paffenroth et al

193


