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Recent work has demonstrated that sensitivity to interaural time differences (ITD) carried by high-

rate cochlear implant pulse trains or analogous acoustic signals can be enhanced by imposing random

temporal variation on the stimulus rate [see Goupell et al. (2009). J. Acoust. Soc. Am. 126, 2511–

2521]. The present study characterized the effect of such “temporal jitter” on normal-hearing listen-

ers’ weighting of ITD and interaural level differences (ILD) applied to brief trains of Gabor clicks

(4 kHz center frequency) presented at nominal interclick intervals (ICI) of 1.25 and 2.5 ms. Lateral

discrimination judgments were evaluated on the basis of the ITD or ILD carried by individual clicks

in each train. Random perturbation of the ICI significantly reduced listeners’ weighting of onset cues

for both ITD and ILD discrimination compared to corresponding isochronous conditions, consistent

with enhanced sensitivity to post-onset binaural cues in jittered stimuli, although the reduction of

onset weighting was not statistically significant at 1.25 ms ICI. An additional analysis suggested

greater weighting of ITD or ILD presented following lengthened versus shortened ICI, although

weights for such “gaps” and “squeezes” were comparable to other post-onset weights. Results are

discussed in terms of binaural information available in jittered versus isochronous stimuli.
VC 2011 Acoustical Society of America. [DOI: 10.1121/1.3514422]

PACS number(s): 43.66.Pn, 43.66.Qp, 43.66.Ts, 43.66.Mk [RYL] Pages: 293–300

I. INTRODUCTION

It is well established that psychophysical sensitivity

to envelope interaural time differences (ITD) carried by

amplitude-modulated (AM) stimuli is limited by modulation

rate: At modulation rates near 100 Hz, normal-hearing

listeners are comparably sensitive to ITD carried by high-

frequency AM signals and ITD carried by low-frequency

pure tones, while for modulation rates beyond 200–300 Hz

ITD sensitivity is generally poor (Henning, 1974; Hafter and

Dye, 1983; Buell et al., 2008; Majdak and Laback, 2009). A

number of explanations have been offered to account for this

rate limitation, with one of the most persistent being

“binaural adaptation,” a loss of sensitivity to post-onset bin-

aural information evidenced by suboptimal improvement of

discrimination thresholds with increasing stimulus duration

for high-rate AM signals (Hafter and Dye, 1983; Hafter

et al., 1983; Hafter et al., 1990). An unexpected feature of

binaural adaptation described by Hafter and Buell (1990)

and later Freyman et al. (1997) is the so-called “restarting”

phenomenon, wherein a temporally irregular modulation in a

high-rate AM signal (e.g., a lengthening or shortening of the

interval between successive click pairs) improves ITD dis-

crimination performance. More recent studies have shown

that ITD sensitivity at high rates may be similarly enhanced

by introducing random temporal perturbations (binaurally

synchronous “temporal jitter”) in the timing of electrical

stimulation (Laback and Majdak, 2008) or in the temporal

envelopes of acoustic signals (Goupell et al., 2009), leading

the authors of those studies to suggest that the benefit of tem-

poral jitter might be attributable to a restarting of the adapted

binaural system (after Hafter and Buell, 1990).

An alternative explanation for the results of Laback and

Madjak (2008), first offered by van Hoesel (2008a,b), is that

jitter improves ITD sensitivity simply by slowing the pulse

rate over discrete portions of the stimulus and reducing the

interpulse ambiguity of post-onset ITD (cf. Freyman et al.,
1997). Goupell et al. (2009) evaluated this possibility but

found that normal-hearing listeners were better able to dis-

criminate ITD carried by jittered 1200 pulse-per-second (pps)

stimuli than isochronous 600 pps stimuli, even though the

1200 pps stimuli contained interpulse intervals (IPI) at most

equal in duration to the IPI of the isochronous 600 pps stimuli.

Although the possible application of these findings

for the improvement of ITD sensitivity in bilateral cochlear

implant (CI) users is intriguing, a number of critical ques-

tions concerning the effect of jitter remain. For example, to

our knowledge, the effect of jitter on the discriminability

of interaural level differences (ILD) carried by high-rate

pulse trains has not been measured. The relationship between

jitter and ILD sensitivity is of particular interest given the

restarting hypothesis adopted by Laback and Majdak (2008)

and Goupell et al. (2009), as binaural adaptation has been

reported for both ITD (Hafter and Dye, 1983) and ILD

(Hafter et al., 1983), and even when the cues have been pre-

sented alternately in interleaved pulse pairs—a result taken

to suggest that binaural adaptation for both cues arises from

a common mechanism (Hafter et al., 1990). Thus, although

bilateral CI users generally show better baseline sensitivity
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to ILD than ITD, perhaps attributable in part to basic neuro-

developmental factors (Hancock et al., 2010; Litovsky et al.,
2010), the same high-rate electrical stimulation thought to

induce binaural adaptation for ITD (Laback and Majdak,

2008) should be expected to induce binaural adaptation for

ILD. It follows that if the findings of Laback and Majdak

(2008) and Goupell et al. (2009) are explained by a restart-

ing of the adapted binaural system, imposing jitter on high-

rate pulse trains should simultaneously improve listeners’

sensitivity to both ITD and ILD (i.e., temporal jitter should

have no deleterious effect on ILD sensitivity). If, alterna-

tively, the improvement in ITD sensitivity with jitter is not

directly relatable to binaural restarting (cf. van Hoesel,

2008a,b), the effect of jitter on ILD sensitivity is not readily

predictable. Given that free-field sound localization by bilat-

eral CI users is thought to depend primarily on sensitivity to

ILD, examining the effect of jitter on ILD sensitivity is

essential for further consideration of its clinical implementa-

tion (see van Hoesel and Tyler, 2003; Grantham et al., 2008;

Litovsky et al., 2010). Real-world sounds carry both ITD

and ILD, and unintended disruption of ILD sensitivity by

jitter could at least negate any gains in ITD sensitivity.

In a recent investigation, we characterized normal-hear-

ing listeners’ sensitivity to ITD and ILD by measuring tem-

poral weighting functions (TWFs) for discrimination of ITD

or ILD carried by brief trains of clicks (Brown and Stecker,

2010). Rather than measuring whole-stimulus discrimination

thresholds (e.g., Hafter and Dye, 1983; Hafter et al., 1983),

TWFs measure the influence of discrete temporal portions of

a stimulus on a subject’s perception, with portions of the

stimulus that exert greater influence on perception receiving

higher “weights” (e.g., Saberi, 1996; Stecker and Hafter,

2002; van Hoesel, 2008a,b; Brown and Stecker, 2010). A

fundamental assumption of binaural adaptation is that later-

alization is dominated by onset ITD and ILD at high modula-

tion rates, while post-onset information contributes little to

subjects’ perception. Correspondingly, TWFs measured in

normal-hearing listeners for ITD and ILD carried by high-

rate acoustic click trains (e.g., 800 Hz, Brown and Stecker,

2010) or in bilateral CI users for high-rate electrical pulse

trains (e.g., 600 Hz, van Hoesel, 2008a) generally show high

weights at onset and uniformly low weights for individual

post-onset clicks, although these and other recent studies of

temporal weighting of ITD and ILD (e.g., Saberi and Anto-

nio, 2003; Saberi et al., 2004; Stecker and Brown, 2010)

also suggested reduced onset dominance for ILD relative to

ITD—a finding in conflict with the notion of equal binaural

adaptation for ITD and ILD (Hafter et al., 1990). The nature

of differences in the time courses of ITD versus ILD sensi-

tivity, including the common finding of significant individual

differences in sensitivity across listeners, remains an area of

great interest to us and others at present (cf. McFadden

et al., 1973; Krumbholz and Nobbe, 2002; Saberi and

Antonio, 2003; Saberi et al., 2004; van Hoesel, 2008a,b;

Litovsky et al., 2010; Stecker and Brown, 2010; Brown and

Stecker, 2010; see Sec. IV B).

Nonetheless, since improved sensitivity to post-onset

portions of the stimulus (i.e., reduced onset dominance) is

the main consequence of binaural restarting, the restarting

hypothesis adopted by Laback and Majdak (2008) and

Goupell et al. (2009) clearly predicts that TWFs measured

for jittered pulse trains should have more comparable

weights across the duration of the stimulus than isochronous

pulse trains. That is, to the degree that onset weights are ele-

vated relative to post-onset weights given isochronous stimu-

lation, jitter-induced restarting should “flatten” TWFs for

both ITD and ILD. Baseline differences in ITD and ILD sen-

sitivity (e.g., McFadden et al., 1973; Stecker and Brown,

2010; Litovsky et al., 2010) could affect the magnitude of

differences for the two cues, but a reduction of onset weight-

ing should be expected in both cases (cf. Hafter et al., 1990).

In the present study we measured TWFs to evaluate the

effect of binaurally synchronous temporal jitter on normal-

hearing listeners’ sensitivity to ITD and ILD carried by high-

rate click trains. TWFs were measured for jittered click trains

and compared to TWFs measured in a previous study using

isochronous click trains (Brown and Stecker, 2010). In an

additional analysis, we evaluated the weights of ITD and ILD

presented after the longest and shortest gaps in the jittered

click trains. Although binaural restarting has not previously

been evaluated at the highest rate tested in the present investi-

gation (800 Hz; see Hafter and Buell, 1990; cf. Freyman

et al., 1997), van Hoesel’s (2008a,b) interpretation of the

results of Laback and Majdak (2008) suggests that the effect

of jitter might be directly observed as increased weighting of

ITD presented following the longest interclick intervals

(ICIs) in the jittered stimuli. Alternatively, the hypothesis of

restarting of binaural adaptation adopted by Laback and

Majdak (2008) and Goupell et al. (2009) suggests, by com-

parison to the data of Hafter and colleagues (Hafter and Buell,

1990; Hafter et al., 1990), that both the longest ICI (“gaps”)

and shortest ICI (“squeezes”) should produce increased

weights, with a similar effect for both ITD and ILD.

II. METHODS

The procedural methods employed in the current study

were identical, except for differences in the stimuli pre-

sented, to those described previously by Brown and Stecker

(2010). All procedures, including recruitment, consenting,

and testing of human subjects followed the guidelines of the

University of Washington Human Subjects Division and

were reviewed and approved by the cognizant Institutional

Review Board.

A. Subjects

Six normal-hearing subjects (0501, 0502, 0601, 0804,

0805, and 0815) aged 21–36 yr participated in this experi-

ment. The same six subjects had participated in a previous

experiment, from which the “isochronous” data in the pres-

ent report are taken (Brown and Stecker, 2010). Subjects

0601, 0804, 0805, and 0815 were naive to the purposes of

the experiment and were compensated for their participation.

Subjects 0501 and 0502 were the two authors. All subjects

reported normal hearing and demonstrated pure-tone detec-

tion thresholds <20 dB hearing level (HL) over the range

250–8000 Hz.
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B. Stimuli and procedure

Stimuli were trains of 16 Gabor clicks (Gaussian-

windowed tone bursts). Each click consisted of a 4 kHz

cosine multiplied by a Gaussian temporal envelope with

r ¼ 221 ls (367 ls duration at 3 dB below peak). The result-

ing spectrum was also Gaussian, with r ¼ 750 Hz (�3 dB

bandwidth ¼ 1250 Hz). Clicks were synthesized at 48.848

kHz (Tucker-Davis Technologies RP2.1, Alachua, FL) and

presented using STAX model 4070 closed-back electrostatic

headphones (STAX, Ltd., Saitama, Japan). Click trains were

presented at approximately 70 dB sound pressure level

(SPL) with mean peak-to-peak ICIs of 1.25 or 2.5 ms. The

timing of individual clicks was determined using the tempo-

ral jitter procedure described by Goupell et al. (2009). For

each trial, the ICI between successive clicks was drawn ran-

domly from a uniform distribution centered at the nominal

ICI (1.25 or 2.5 ms) with a width equal to 2k times nominal

ICI. The parameter k thus defined the degree of temporal jit-

ter, with k ¼ 0 corresponding to temporal isochrony (no jit-

ter) and k ¼ 1 to maximal jitter (individual ICI ranging from

0 to 2�ICI). In the current experiment, “jittered” stimuli were

generated with k ¼ 0.9, and isochronous stimuli with k ¼ 0.

A button box (TDT RBOX) recorded subject responses.

Testing was completed in a double-walled sound booth (IAC,

Bronx, NY). Each trial consisted of two equal-duration click

trains separated by a 550 ms silent interval. Click train dura-

tion was dependent on the ICI. The first train, presented as a

reference, was always diotic; the probe train followed, pre-

sented with one of the three different “base” interaural values.

Additional ITD or ILD variation was imposed on each click

to facilitate the computation of TWFs (see Sec. II C). Note

that such variation was independent of the binaurally syn-

chronous temporal jitter imposed on the ICI. Two separate

conditions employed ITD and ILD cues (see Fig. 1).

The base interaural value was varied pseudorandomly

from trial to trial. In the ITD conditions, the base values

were �100, 0, or 100 ls; in the ILD conditions, the base

values were �1, 0, or 1 dB.1 By convention, negative ITD

and ILD values led to or favored the left ear; positive ITD

and ILD values led to or favored the right ear. Additional

random ITD or ILD variation, drawn from a uniform distri-

bution of 6100 ls or 62 dB, was added independently to

each click in a train. These ranges were selected to corre-

spond roughly to the 611� azimuthal variation employed by

Stecker and Hafter (2002), based on the physical correspon-

dence between azimuth, ITD, and ILD described by Gulick

et al. (1989) and an ITD/ILD trading ratio of approximately

50 ls/dB (Hafter and Jeffress, 1968). Due to the per-click

variation in ITD or ILD, trials with a base value of 0 carried

nonzero interaural differences on each click, and thus a non-

zero average ITD or ILD per trial.

Subjects were instructed to indicate via button press

whether the probe stimulus was presented to the left or right

of the reference stimulus. All subjects received training with

visual feedback until performance stabilized. Feedback was

then turned off and testing began. One hundred trials com-

prised a single run; in each run, 60 trials had 0 base interaural

difference, 20 were left-leading, and 20 were right-leading.

Base values were presented in random order over the course

of each run; rate and cue type were randomized and counter-

balanced between runs. For the jittered condition (k ¼ 0.9),

each subject completed four runs at each combination of ICI

(1.25 or 2.5 ms) and cue type (ITD or ILD), giving 1600 trials

in total (400 trials � 2 ICI � 2 cues). Only 0 base trials were

included in the TWF analysis1 (960 trials in total; 240 trials

� 2 ICI � 2 cues). An additional and equivalent set of runs

was completed without temporal jitter (k ¼ 0). Those data,

previously reported by Brown and Stecker (2010), comprise

the isochronous data included in the present report.

C. Statistical methods

TWFs were computed following the logic of previous

observer-weighting approaches (e.g., Berg, 1989; Saberi,

1996; Stecker and Hafter, 2002). In the present investigation,

FIG. 1. Schematic illustration of stimuli (not to scale). Each trial consisted of a diotic reference stimulus followed by a probe stimulus. In isochronous (left)

conditions (tested in a previous investigation), the reference stimulus was comprised of 16 equal-amplitude Gabor clicks presented synchronously to the left

and right earphones. Following a 550 ms silent interval, an ITD or ILD probe stimulus was presented, comprised of 16 Gabor click pairs with random ITD or

ILD imposed on each. In the ITD probe, each click pair carried an ITD drawn from a uniform distribution of 6100 ls about a base ITD of �100, 0, or 100 ls

(0 in the above illustration); clicks were presented at equal amplitude to the two earphones in this condition. In the ILD probe, each click pair carried an ILD

drawn from a uniform distribution of 62 dB about a base ILD of �1, 0, or 1 dB (0 in the above illustration); clicks were presented synchronously to the two

earphones in this condition. The ICI, which corresponded to the rate of click presentation, was held constant within and between trials of a single run. The

jittered conditions (right) were identical to the isochronous conditions with the exception that the ICI in both the reference and probe stimuli were varied

randomly about the nominal ICI according to the parameter k (see text).
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weights were computed using a receiver operating character-

istic (ROC) analysis to quantify the accuracy with which lis-

tener responses could be predicted on the basis of interaural

differences applied on each trial. (For a detailed discussion of

the application of ROC analysis for the computation of

TWFs, see Brown and Stecker, 2010.) Classification per-

formance was quantified by the area under the ROC curve

(AUC) obtained for classification of subjects’ responses by

several independently assessed classification variables,

including the ITD or ILD applied to individual clicks (termed

“AUC1” for click No. 1, “AUC2” for click No. 2, etc., plotted

against click number to form the TWF itself), the mean ITD

or ILD across clicks in a train (“AUCmean,” assessing the

degree to which listener responses followed the mean ITD or

ILD across clicks in the trains), and the ITD or ILD carried

by the click pairs following the longest and shortest ICI of

each trial (“AUCmaxICI” and “AUCminICI,” respectively).

Since AUC values corresponded directly to the proportion of

the subject’s responses correctly classified by each classifica-

tion variable, ranging from chance (AUC ¼ 0.5) (zero

weight) to perfect classification (AUC ¼ 1), obtained AUC

values can be construed as perceptual weights, quantifying

the influence of interaural differences carried by each classifi-

cation variable on listeners’ performance. Comparing AUC1

against AUCmean (i.e., AUC1 � AUCmean) thus provides a

measure of onset dominance, since onset dominance entails

weighting of onset cues over long-term interaural informa-

tion (cf. Saberi and Perrott, 1995), where optimal perform-

ance in this task is obtained by a cue-averaging strategy that

minimizes decision variance (Saberi, 1996). Values of AUC1

� AUCmean and other AUC measures were compared in sev-

eral null hypothesis tests described in Secs. III and IV. Statis-

tical confidence intervals on weight estimates were generated

using 1000-repeat permutation tests to define the range of

chance classification about AUC ¼ 0.5 (Figs. 2 and 3; see

Brown and Stecker, 2010).

III. RESULTS

A. TWFs for ITD and ILD

Figure 2 displays TWFs for the four jittered conditions

tested in the present investigation and four corresponding

isochronous conditions tested in a previous investigation

(Brown and Stecker, 2010). Filled circles in each panel

plot the AUC obtained using each click ITD or ILD

(AUC1 … AUC16), the dashed line plots the AUC obtained

using average ITD or ILD (AUCmean), and triangles plot the

AUC obtained using the ITD or ILD of clicks following the

maximum and minimum ICI within each click train

(AUCmaxICI, upward triangle; AUCminICI, downward trian-

gle; see Secs. III B and IV C). The shaded region plots the

range of chance classification (95% CI of AUC ¼ 0.5)

according to the distribution of AUC values obtained by

classification of randomized responses (1000-repeat permu-

tation test). Visually evident across both isochronous (left

column) and jittered (right column) conditions is the

FIG. 2. TWFs averaged across subjects for iso-

chronous (left column) and jittered (right column)

conditions across ICI (rows) for both ITD (upper

panels) and ILD (lower panels). Within each panel,

per-click ITD or ILD weights (AUC1 … AUC16,

filled circles) are plotted against click number to

form the TWF; the weight of mean ITD or ILD

(AUCmean, dashed line) and the weight of ITD or

ILD following the longest (AUCmaxICI, upward tri-

angle) and shortest (AUCminICI, downward trian-

gle) ICI per click train are plotted for comparison

(see text). The shaded region plots the range of

chance classification (see text).
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decrease in AUC1 relative to AUC2 … AUC16 and increase

in AUCmean (dashed line) at 2.5 ms ICI versus 1.25 ms ICI.

Correspondingly, for both ITD (upper panels) and ILD

(lower panels), the value of AUC1 � AUCmean (i.e., the

degree of onset dominance) is uniformly lower at 2.5 ms ICI

than at 1.25 ms ICI. The trend is more pronounced in the jit-

tered conditions; the value of AUC1 falls below AUCmean for

both ITD and ILD at 2.5 ms ICI. Individual TWFs (Fig. 3)

support these observations, although individual variability is

clear (for an extended discussion of individual differences in

TWFs, see Brown and Stecker, 2010).

Individual subject values of AUC1 � AUCmean were

submitted to a 2 � 2 � 2 repeated-measures analysis of var-

iance (ANOVA) with factors of rate (1.25 and 2.5 ms ICI),

jitter (isochronous and jittered), and cue (ITD and ILD).

The main effect of rate was significant [F(1,5) ¼ 87.87,

p < 0.05], as was the rate � jitter interaction [F(1,5) ¼ 7.04,

p < 0.05], while neither the main effect of jitter [F(1,5)

¼ 5.56, p ¼ 0.065] nor the main effect of cue [F(1,5) ¼ 6.43,

p ¼ 0.052] were significant. Taken together, these results sug-

gest a general reduction of onset dominance with increasing

ICI, augmented by the effect of jitter at 2.5 ms ICI in particu-

lar. Follow-up pairwise t-tests verified that AUC1 � AUCmean

was significantly reduced by jitter for both ITD [t(5) ¼ 3.21,

p < 0.025] and ILD [t(5) ¼ 5.29, p < 0.025] at 2.5 ms ICI

but for neither cue at 1.25 ms ICI [ITD: t(5) ¼ 0.20,

p ¼ 0.85; ILD: t(5) ¼ 0.46, p ¼ 0.66]. These results are sum-

marized in Fig. 4.

B. Longest versus shortest gaps

Under a strict interpretation of the restarting hypothesis

adopted by Laback and Majdak (2008) and Goupell et al.
(2009), both lengthened ICI (gaps) and shortened ICI

(squeezes) should contribute comparably to ITD discrimina-

tion, with the result expected to extend to both ITD and ILD

discrimination on the basis of the work of Hafter et al. (cf.

Hafter and Buell, 1990; Hafter et al., 1990). Thus, to test the

effectiveness of ITD and ILD carried by clicks following

gaps and squeezes, we computed AUC weights for ITD and

ILD presented after the longest (AUCmaxICI) and shortest

(AUCminICI) ICI in each train (jittered conditions only). The

obtained values of AUCmaxICI and AUCminICI are plotted in

the right panels of Figs. 2 and 3 as upward and downward

triangles, respectively. Both AUCmaxICI and AUCminICI

appear generally comparable to other individual post-onset

weights (i.e., AUC2 … AUC16), while AUCmaxICI appears

FIG. 3. Individual TWFs for isochronous and jittered conditions. Legend as in Fig. 2.
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marginally higher than AUCminICI. To test this difference

statistically, the values of AUCmaxICI and AUCminICI were

compared in a 2 � 2 � 2 repeated-measures ANOVA with

factors of measure (AUCmaxICI and AUCminICI), rate (1.25

and 2.5 ms ICI), and cue type (ITD and ILD). The analysis

yielded a significant main effect of measure [F(1,5) ¼ 7.29,

p < 0.05] but no significant main effect of cue [F(1,5)

¼ 0.11, p ¼ 0.75] or measure by cue interaction [F(1,5)

¼ 0.34, p ¼ 0.58]. The main effect of rate was measured at

F(1,5) ¼ 5.47, p ¼ 0.066. Taken together, these results indi-

cate that both ITD and ILD following the longest ICI exerted

more influence on subjects’ perception than ITD and ILD

following the shortest ICI, although both AUCminICI and

AUCmaxICI were comparable to other post-onset weights and

less than AUC1 and AUCmean across conditions. Further, the

average value of both AUCmaxICI and AUCminICI fell above

the range of chance classification in the 2.5 ms ICI ITD con-

dition—the condition of the present investigation most simi-

lar to restarting conditions measured by Hafter and Buell

(1990) and Freyman et al. (1997) (see Fig. 2).

IV. DISCUSSION

A. The effect of jitter on TWFs for ITD and ILD

The present results indicate that imposing binaurally syn-

chronous temporal jitter on high-rate (2.5 ms ICI) click trains

reduces listeners’ dependence on onset ITD and ILD cues for

lateral discrimination judgments. The effect was not apparent,

however, at the highest rate tested (1.25 ms ICI), for which

onset dominance was only marginally lower in jittered than

in isochronous conditions (see Fig. 4). A reduction in onset

dominance for jittered stimuli, attributable to improved sensi-

tivity to post-onset binaural information (i.e., reduced binau-

ral adaptation), is consistent with the overall improvements in

ITD discrimination described by Laback and Majdak (2008)

and Goupell et al. (2009). The finding of greater onset domi-

nance at 1.25 ms ICI than 2.5 ms ICI with or without jitter is

further consistent with results of previous TWF investigations

using filtered clicks (e.g., Saberi, 1996; Stecker and Hafter,

2002), noise bursts (Dizon et al., 1998), and electrical

impulses (van Hoesel, 2008a). It is interesting that the present

investigation did not reveal an effect of jitter at 1.25 ms ICI

(800 Hz), as Laback and Majdak (2008) and Goupell et al.
(2009) demonstrated improved ITD discrimination with jit-

tered stimuli at still higher rates. This discrepancy may be at-

tributable to differences in the stimuli or performance

measures employed. For example, the two previous studies

employed trains of microsecond biphasic or monophasic

pulses carrying fixed interaural cues, while the present inves-

tigation employed trains of millisecond Gabor clicks carrying

variable interaural cues. Further, while the investigations of

Laback and Majdak (2008) and Goupell et al. (2009)

employed stimuli with gradual onsets so that subjects were

forced to rely exclusively on post-onset information for dis-

crimination judgments, the present study employed stimuli

with strong onset cues. Finally, the present investigation did

not explicitly measure listeners’ ITD or ILD discrimination

performance but rather estimated relative sensitivity to ITD

or ILD over discrete portions of the stimuli.

B. Greater cue-averaging for ILD than ITD

Although binaural adaptation occurs for both ITD and

ILD (Hafter and Dye, 1983; Hafter et al., 1983; Hafter et al.,
1990) and has been attributed to common pre-binaural proc-

essing (Hafter et al., 1990; cf. Goupell et al., 2009), there

are strong indications in the literature that the time course of

processing of ITD and ILD diverges at one or more levels of

the auditory system. For example, discrimination of ILD

presented at signal offset appears to be relatively better than

discrimination of ITD at signal offset (Stecker and Brown,

2010; see also Saberi et al., 2004). Additionally, TWFs for

lateralization suggest that onset dominance is reduced for

ILD relative to ITD in both bilateral CI users (van Hoesel,

2008a,b) and normal-hearing listeners (Brown and Stecker,

2010). Suggestive of further differences in the time courses

of ITD and ILD processing, Krumbholz and Nobbe

(2002) demonstrated a striking disparity between ITD- and

ILD-based “echo thresholds” in the buildup and breakdown

of the precedence effect, with buildup more robust for click

pairs carrying ITD than ILD and breakdown much more

robust for click pairs carrying ILD than ITD.

FIG. 4. Cross-subject averages of AUC1 � AUCmean against ICI for isochronous (black) and jittered (gray) conditions for both ITD (left panel) and ILD (right

panel). Error bars indicate one standard error of the mean. Data evidenced a significant reduction of onset dominance with jitter at 2.5 ms ICI.
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In the present investigation (and the previous, Brown

and Stecker, 2010) we have operationally defined onset

dominance as the salience of onset information over long-

term average information (AUC1 � AUCmean) after Saberi

and Perrott (1995). As described above, jitter systematically

lowered the value of AUC1 for both ITD and ILD, with no

significant difference in the effect between ITD and ILD

conditions. However, cue-averaging alone, as measured by

the value of AUCmean—an explicit measure of the percep-

tual salience of mean ITD or ILD of all clicks in each train

without respect to the weighting of individual clicks—

appeared to be greater for ILD than ITD in all conditions

(dashed lines, Fig. 2). To test this difference statistically,

individual subject values of AUCmean were submitted to a

2 � 2 � 2 repeated-measures ANOVA with factors of jitter

(isochronous and jittered), rate (1.25 and 2.5 ms ICI), and

cue type (ITD and ILD). The main effects of both rate

[F(1,5) ¼ 25.76, p < 0.05] and cue [F(1,5) ¼ 33.38,

p < 0.05] were significant, suggesting that listeners not only

relied on cue-averaging to a greater degree at 2.5 ms than at

1.25 ms ICI (cf. Hafter and Dye, 1983; Hafter et al., 1983)

but also to a greater degree in ILD than ITD conditions

(cf. Brown and Stecker, 2010; Stecker and Brown, 2010).

Importantly, jitter neither affected the value of AUCmean

[main effect of jitter, F(1,5) ¼ 0.58, p ¼ 0.48] nor differen-

tially affected AUCmean for ITD versus ILD [jitter by cue

interaction, F(1,5) ¼ 0.36, p ¼ 0.58]. This result suggests

that the mechanism of jitter-reduced onset weighting may be

separate from the mechanism facilitating greater cue-averag-

ing for ILD, an interpretation consistent with similar time

courses of ITD and ILD sensitivity evidenced in some para-

digms (e.g., studies of binaural adaptation, Hafter and Dye,

1983; Hafter et al., 1983) and different time courses of sen-

sitivity evidenced in others (e.g., studies of the precedence

effect, Krumbholz and Nobbe, 2002; Saberi et al., 2004; cf.

Stecker and Brown, 2010).

C. Restarting versus listening after the longest gaps

Hafter and Buell’s (1990) original account of binaural

restarting indicated that the effect could be induced by either

lengthening or shortening the ICI (i.e., by insertion of both

gaps and squeezes). This result was tentatively verified by

Freyman et al. (1997), who demonstrated using two subjects

that either lengthening or shortening the IPI in an ongoing

pulse train induced a shift in the perceived laterality of the

stimulus to the side cued by the ongoing ITD, while percep-

tion was dominated by the opposing ITD cued at stimulus

onset without such manipulations. Under the restarting

hypothesis adopted by Laback and Majdak (2008) and

Goupell et al. (2009), cues following both gaps and squeezes

introduced by jitter should thus contribute to subjects’ dis-

crimination judgments. This prediction, however, is not

perfectly clear for the highest rates tested in this and the

previous investigations (Laback and Majdak, 2008; Goupell

et al., 2009). Hafter and Buell (1990) originally reported the

restarting effect for 5 ms gaps inserted in 2.5 ms ICI click

trains and for 2.5 ms squeezes inserted in 5 ms ICI Hz click

trains. For the jittered 800 Hz (1.25 ms ICI) stimuli tested in

the present investigation, the minimum possible ICI was

125 ls (k ¼ 0.9), while in the 1200 pps condition of Goupell

et al. (2009), the minimum possible ICI was 0 ls (k ¼ 1.0).

Thus, at very high rates, jittered stimuli are likely to include

clicks which overlap partially or completely, such that, for

acoustic stimulation, squeezes should be less effective or com-

pletely ineffective compared to gaps. Note, however, that this

consideration does not necessarily apply to electrical stimula-

tion (Laback and Majdak, 2008) and that benefits of jitter for

acoustic stimulation have also been demonstrated at relatively

low values of k (e.g., k ¼ 1=3, Goupell et al., 2009).

Our test of AUCmaxICI versus AUCminICI demonstrated

that ITD and ILD following gaps were in fact more salient

than ITD and ILD following squeezes. This result is consist-

ent with TWFs measured for free-field sound localization by

Stecker (2000; also see Stecker and Hafter, 2002), who

reported restarting (as evidenced by increased weight follow-

ing altered ICI) following 2 ms gaps but not 1 ms squeezes

applied to click trains with 3 ms ICI. Although the finding is

also roughly consistent with the suggestion of van Hoesel

(2008a,b) that jitter enhances sensitivity to ITD following

long intervals specifically, we note that the difference

between AUCmaxICI and AUCminICI was statistically identical

for stimuli carrying ITD and stimuli carrying ILD across all

conditions. The result is therefore difficult to understand in

terms of reduced temporal ambiguity of ITD (cf. Freyman

et al., 1997 and van Hoesel, 2008a,b), because temporal am-

biguity per se (i.e., multiple ITD cued by “slipped cycles” in

a periodic click train with short ICI) is not expected to influ-

ence sensitivity to ILD (cf. Hartmann and Constan, 2002).

Rather, it may be more appropriate to consider the effect of

temporal jitter on peripheral filtering (Stecker and Brown,

2009) or neural refractoriness (see Goupell et al., 2009; van

Hoesel, 2008b). Although the physiological bases of binaural

adaptation and the restarting effect remain uncertain,

Goupell et al. (2009) characterized the effects of temporal

jitter on the firing synchrony of a model auditory nerve and

showed that cross-correlating such responses led to better

ITD sensitivity than did cross-correlation of responses to iso-

chronous stimuli. While this account does not explicitly

address the complementary question of ILD coding and is

otherwise rather tentative, the fact that it does not require an

active restarting mechanism suggests that at least some

aspects of the effect of temporal jitter (and restarting itself)

may reflect fairly low-level mechanisms of adaptation in pri-

mary auditory neurons. In future studies of observer weight-

ing, classifiers which consider the combinatorial effect of

multiple stimulus features (e.g., multiple long and short ICI)

might thus be employed to better account for subjects’

behavior. Finally, future work aiming to assess the clinical

feasibility of binaurally synchronous temporal jitter for the

improvement of bilateral CI users’ binaural sensitivity

should further examine the effects of temporal jitter on both

ITD and ILD sensitivity.

V. SUMMARY AND CONCLUSIONS

(1) TWFs for discrimination of ITD and ILD carried by

isochronous high-rate click trains demonstrated greater
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weighting of cues applied to onset clicks than to individual

post-onset clicks, consistent with previous studies demon-

strating dominance of onset cues over ongoing cues for

the localization of sounds with regular, rapid modulation.

(2) The introduction of binaurally synchronous random tem-

poral jitter in the envelopes of high-rate modulated stim-

uli reduced the dependence of listeners’ discrimination

judgments on onset ITD and ILD. This finding is consist-

ent with the view that improved ITD discrimination per-

formance evidenced in previous investigations using

jittered stimuli might be attributed to improved sensitiv-

ity to post-onset information (reduced binaural adapta-

tion). Importantly, this finding suggests that binaural

jitter has no deleterious effect on ILD sensitivity.

(3) Cue-averaging (quantified by weight applied to the mean

ITD or ILD of the complete click train) was found to be

greater for ILD than for ITD stimuli, consistent with a

greater role for temporal integration in ILD than ITD

processing. This difference was not affected by the intro-

duction of temporal jitter.

(4) Thus, improved discrimination with jitter is not likely

attributable to better cue-averaging over the duration of

the stimulus or to reduced stimulus “ambiguity”; rather,

the combinatorial effect of multiple long and short ICI

may enhance the neural representation of the stimulus

envelope (e.g., by increasing the effective modulation

depth) to facilitate the encoding of interaural differences

by central mechanisms (Goupell et al., 2009; Stecker

and Brown, 2009).
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1AUC values (and thus TWFs) were computed and compared only on trials

where the base ITD or ILD was 0. Trials presented with nonzero base ITD

and ILD were included in the experiment to mediate the perceived task

difficulty and to provide a basis for feedback during training. Although

per-click variation in ITD or ILD was likely effective in biasing the degree
of lateralization perceived, our discrimination task was inherently insensi-

tive to gradations of lateralization; nonzero base trials, being in general

strongly lateralized according to the sidedness of the base, were instead

useful in sustaining vigilance between 0 base trials (on which biasing

across the midline could be measured), and in ascertaining that subjects

could perform the task at the outset of the experiment. Mean values for

nonzero base conditions (61 dB ILD, 6100 ls ITD) were selected to pro-

duce approximately equivalent lateralization in both conditions.
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