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ABSTRACT

26
27

The cochlear phase response is often estimated by measuring masking of a tonal target by

28

harmonic complexes with various phase curvatures. Maskers yielding most modulated internal

29

envelope representations after passing the cochlear filter are thought to produce minimum

30

masking, with fast-acting cochlear compression as the main contributor to that effect. Thus, in

31

hearing-impaired (HI) listeners, reduced cochlear compression hampers estimation of the phase

32

response using the masking method. This study proposes an alternative approach, based on the

33

effect of the envelope modulation strength on the sensitivity to interaural time differences

34

(ITDs). To evaluate the general approach, ITD thresholds were measured in seven normal-

35

hearing listeners using 300-ms Schroeder-phase harmonic complexes with nine different phase

36

curvatures. ITD thresholds tended to be lowest for phase curvatures roughly similar to those

37

previously shown to produce minimum masking. However, an unexpected ITD threshold peak

38

was consistently observed for a particular negative phase curvature. An auditory nerve response

39

based ITD model, which we first evaluated on published envelope ITD data, predicted the

40

general pattern of our ITD thresholds, except for the threshold peak. Model predictions

41

simulating outer hair cell loss support the feasibility of the ITD-based approach to estimate the

42

phase response in HI listeners.

43
44
45
46
47
48
49
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50

I. INTRODUCTION

51

The phase response of a transmission system such as the cochlea determines the relative timing

52

at which different input frequencies are transmitted. Considering a natural sound consisting of

53

multiple frequency components processed by an auditory filter (AF) with a certain characteristic

54

frequency (CF), the temporal output pattern of the AF depends on the phase relations of the

55

sound’s spectral components in relation to the AF’s phase response. This is particularly the case

56

for higher CFs where multiple spectral components pass the AF. Therefore, the AF phase

57

response, or more generally, the cochlear phase response, is important for encoding temporal

58

cues such as periodicity pitch and interaural time differences (ITDs). The present study proposes

59

and evaluates a method to determine the cochlear phase response that is based on the perception

60

of ITD in multi-tone stimuli. Compared to existing methods, the new approach does not rely on

61

cochlear compression and is, thus, potentially better suited to determine the phase response in

62

listeners with cochlear hearing loss.
An established method to measure the cochlear phase response determines the amount

63
64

of masking by so-called Schroeder-phase harmonic complexes (SPHCs) with various phase

65

curvatures on a pure tone target (Smith et al., 1986). Importantly, varying the phase curvature of

66

SPHCs does not affect their long-term power spectrum, allowing to independently study the

67

effect of their phase curvature which results in different forms of envelope modulation (as shown

68

in Fig. 1). For a given phase response of the AF centered on the SPHC, variable phase curvatures

69

of the SPHC elicit different amounts of peakedness in their “internal” temporal representations

70

(e.g., after auditory filtering). The rationale of the masking method, as used in some of the later

71

studies (e.g., Lentz and Leek, 2001; Oxenham and Dau, 2004; Tabuchi et al., 2016), is that the

72

SPHC causes a minimal amount of masking if its internal representation is maximally peaked,

73

which is the case if its phase curvature corresponds to the inverse of the AF’s phase response.

74

Thus, assuming a uniform phase curvature of the AF, the uniform phase curvature of an SPHC
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75

that yields minimum masked threshold serves as a measure of the AF’s phase response.

Fig. 1: (Color online) Two-period excerpts of stimulus waveforms and corresponding PSTHs of
the AN front-end model (Zilany et al. 2014). (a): C = -1, (b): C = -0.75, (c): C = -0.5, (d): C =
-0.25, (e): C = 0, (f): C = +1, (g): C = +0.75, (h): C = +0.5, (i): C = +0.25. The long-term power
spectra of the waveforms are constant across Cs.

There are several indications that fast-acting compressive amplification by the outer

77
78

hair cells (OHCs) in the cochlea is important for the masker-phase effect to occur (e.g., Carlyon

79

and Datta, 1997; Oxenham and Dau, 2004; Wojtczak and Oxenham, 2009; Tabuchi et al., 2016).

80

The basic idea is that maskers eliciting a more peaked internal representation produce a smaller

81

internal excitation level following fast-acting compression, resulting in less masking compared to

82

maskers eliciting a flat representation. Perhaps the strongest indication for the importance of

83

compression is the finding of a large masker-phase effect in forward masking, where alternative

84

explanations for a simultaneous masking configuration, such as detecting the target in the

85

temporal dips of a modulated masker, can be ruled out (Carlyon and Datta, 1997). Second, a

86

recent study showed a reduction of the simultaneous masker-phase effect when adding a
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89

precursor signal supposed to reduce cochlear compression by means of activation of the efferent

90

system (Tabuchi et al., 2016). Third, listeners with cochlear hearing loss, characterized by

91

reduced or absent OHC compression, have been shown to elicit very little or no masker-phase

92

effect (Summers and Leek, 1998; Summers, 2000, 2001; Oxenham and Dau, 2004).
In this study, we propose an alternative approach to determine the cochlear phase

93
94

response that does not rely on cochlear compression, and is, thus, potentially applicable in

95

hearing-impaired (HI) listeners. The method exploits the listener’s sensitivity to ITD of SPHC

96

targets measured with various phase curvatures, and assumes that the peakedness of the internal

97

target representation directly impacts ITD sensitivity. Analogous to the masking method, the

98

SPHC phase curvature associated with the lowest ITD threshold is considered as a measure of

99

the cochlear phase response. The method’s assumption of a dependence of ITD sensitivity on the

100

peakedness of the signal’s internal envelope representation is based on several recent studies in

101

the field of binaural hearing.
The basis for these binaural studies is the general finding that listeners are sensitive to

102
103

ITD in the ongoing envelope of sounds (Henning, 1974; Yost, 1976; Bernstein and Trahiotis,

104

1994) whose carrier frequencies are beyond the so-called fine-structure perception limit of about

105

1300 Hz (Zwislocki and Feldman, 1956). Bernstein and Trahiotis (2009), Klein-Hennig et al.

106

(2011), Laback et al. (2011), Francart et al. (2012), and Dietz et al. (2015) went on to show that

107

envelope ITD thresholds systematically decrease with increasing peakedness in the ongoing

108

envelope shape, as studied by independent variation of the modulation depth or more detailed

109

parameters of the ongoing envelope such as the flank slope and the pause time within the

110

modulation cycle.

111

In all of the cited studies on envelope ITD perception, the stimulus envelopes were

112

controlled by temporally shaping a high-frequency pure tone carrier, a process confounded to

113

some degree with spectral alteration. In the present study, we controlled the stimuli by varying
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114

their phase properties, thus, ruling out any potentially confounding changes in the long-term

115

power spectrum. Varying the phase curvature of SPHCs causes variable degrees of envelope

116

peakedness, as shown in Fig. 1. In view of existing masking data at the CF region considered in

117

our study, we hypothesized a V-shaped pattern of ITD thresholds, with lowest thresholds for

118

slightly positive phase curvatures conveying maximally peaked internal envelopes, and elevated

119

thresholds for more positive or negative phase curvatures conveying flatter internal envelopes.

120

Thus, according to our assumptions, the general pattern of ITD thresholds as a function of phase

121

curvature should be roughly similar to the pattern of masked thresholds obtained for similar

122

stimuli, with the minimum representing in both cases a measure of the inverted phase response of

123

the corresponding AF.
An important question is to what extent recently developed computational models are

124
125

able to predict the effects of varying the stimulus phase curvature on ITD thresholds.

126

Importantly, to correctly predict such data, the model requires a realistic representation of the

127

auditory periphery, including the cochlear phase response. Figure 1 shows the stationary part of

128

SPHC signals used in the present study and the corresponding peri-stimulus time histograms

129

(PSTHs) calculated by a well-established auditory-nerve (AN) model (Zilany et al. 2014). The

130

PSTHs for the different phase conditions generally resemble the temporal shape of the signal

131

envelopes, which implies that the AN front-end model has some sensitivity to the modulation

132

strength of stimuli. Envelope ITD thresholds for several envelope manipulations have been

133

shown to be predictable using a simplified representation of the auditory periphery at the two

134

ears, consisting of a linear Gammatone filter bank, square-law rectification, power-law

135

compression, and envelope low-pass filtering, followed by an interaural comparison based on the

136

normalized cross-correlation (NCC) metric (referred here to as NCC model, e.g., Bernstein and

137

Trahiotis, 2009; Klein-Hennig et al., 2011). However, some effects of envelope variations on

138

ITD perception, such as temporally inverting stimuli with temporally asymmetric envelopes
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139

(e.g., steep-raising and shallow-decaying flanks) or varying the pause duration, were not fully

140

predicted by that model (see Klein-Hennig et al., 2011, and Sec. IV.C.4 of the present paper).

141

Furthermore, the Gammatone filter bank has been shown to not appropriately account for

142

monaural phase effects (Kohlrausch and Sander, 1995; Oxenham and Dau, 2001). We therefore

143

devised a model combining an established nonlinear model of the auditory periphery, potentially

144

exhibiting a more realistic phase response, with a probabilistic interaural comparison stage. To

145

evaluate the model’s general capability in predicting envelope ITD thresholds, it was also tested

146

on literature data on systematic variation of envelope shape parameters.
In this study we performed an experiment with seven normal-hearing (NH) listeners on

147
148

the effect of systematically varying the stimulus phase curvature on ITD thresholds (Sec. II) and

149

a follow-up experiment with two of those listeners using a finer sampling of phase curvatures

150

(Sec. III). We then evaluated the ability of our model to predict our experimental data and

151

relevant data from the literature (Sec. IV). Finally, we also used the model to predict how OHC

152

loss may affect phase effects (Sec. IV.C.6).

154

II. EXPERIMENT 1: ITD THRESHOLDS AS A
FUNCTION OF PHASE CURVATURE

155

A. Listeners and equipment

156

Seven subjects aged between 19 and 33 years participated in the experiment and received

157

monetary compensation for their participation. All had absolute thresholds of 20 dB hearing level

158

or lower at octave frequencies between 0.25 and 8 kHz. Three of the listeners had experience

159

from previous experiments on ITD perception. None of the authors participated in the

160

experiment. All experiments met the ethical principles of the Acoustical Society of America.

161

The stimuli were generated on a computer and output via a sound interface (E-Mu

153

162

0404, Creative Professional) at a sampling rate of 96 kHz and a resolution of 24 bits. The analog
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163

signal was sent through a headphone amplifier (G93, Lake People) to circumaural headphones

164

(HDA 200, Sennheiser). The stimuli were calibrated using an artificial ear (4153, Bruel & Kjær)

165

and a sound level meter (2260, Bruel & Kjær). The experiment was performed in a double-

166

walled sound booth.

167

B. Stimuli

168

The SPHCs (Schroeder, 1970; Lentz and Leek, 2001) were defined as:
m (t ) 

N2



Cnn  1 

2  N1  1 

 cos 2nf t  N

n  N1



0

(1)

169
170

where C determines the constant phase curvature, fo the fundamental frequency, and N1 and N2

171

the lowest and highest harmonics, respectively. The complex had a fundamental frequency of

172

100 Hz and the harmonics ranged from 3400 to 4600 Hz (N1 =34, N2 = 46). This stimulus

173

bandwidth is restricted compared to most published masking studies using SPHCs. One reason

174

was to avoid the potentially confounding influence of off-frequency components half an octave

175

or more below CF having zero phase curvature (e.g., Shera, 2001; Oxenham and Ewert, 2005;

176

Tabuchi et al., 2016). A different AF curvature within the off- and on-frequency region would

177

violate the assumption of uniform phase curvature, as imposed by the constant curvature of the

178

stimuli, and likely result in less pronounced phase effects. A second reason was to reduce the

179

possibility that listeners use multiple AFs, including those remote from the target center

180

frequency, to extract and combine ITD cues. A third reason was that all harmonics should be

181

sufficiently above the fine-structure sensitivity limit of human listeners to avoid the contribution

182

of fine-structure ITD cues (e.g., Zwislocki and Feldman, 1956; Brughera et al., 2013), and thus

183

potentially dominate ITD sensitivity. The stimuli had a total duration of 300 ms including 125-

184

ms cosine-squared on- and off ramps to minimize onset and offset ITD cues. They were

185

presented at an overall sound pressure level (SPL) of 70 dB (re 20 μPa). Nine Cs ranging from -1
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186

to 1 in intervals of 0.25 were tested. Figure 1 shows example waveforms of the stimuli for Cs

187

from -1 to +1. Although the long-term power spectra (across envelope periods) are constant

188

across Cs (see Kohlrausch and Sander, 1995), the stimuli clearly differ in the peakedness of their

189

envelopes, being largest for C = 0 and decreasing towards C = ±1. The ITD cue was applied to

190

the target stimulus by delaying the entire waveform at one ear.
Interaurally uncorrelated background noise was continuously presented at 55 dB SPL

191
192

to mask low-frequency cochlear distortion products. The background noises on the two ears were

193

generated by low-pass filtering Gaussian white noises with a second-order Butterworth filter at a

194

cut-off frequency of 1300-Hz and with an attenuation of 12 dB/oct.

195

C. Procedure

196

Percent-correct scores in a left/right discrimination task were measured as a function of ITDs

197

(50, 100, 200, 400, 800, and 1600 µs). The first interval in a trial always contained the reference

198

stimulus with zero ITD and the second interval contained the target stimulus with a non-zero

199

ITD. The listeners indicated if the target stimulus was to the left or right of the reference stimulus

200

using a response pad. The target ITD had equal a priori probability of leading at the left and right

201

ear. Each stimulus interval was signaled visually on a computer screen, and the between-interval

202

gap was 300 ms. Feedback on the correctness of the response was provided visually after each

203

trial.
A block consisted of 540 presentations of nine Cs and six ITDs, with ten repetitions of

204
205

these conditions in randomized order. Each listener completed six blocks. Thus, each

206

combination of C and ITD was tested 60 times. The total testing time of the experiment

207

amounted to about six hours per listener. We checked the ITD thresholds of each listener across

208

blocks, but observed no systematic learning effects.
Based on the psychometric functions for each C and listener, ITD thresholds at the 80-

209
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210

%-point of the psychometric function were estimated using the maximum-likelihood method in

211

combination with a two-parameter Weibull function fit (Myung, 2003). The grand mean

212

thresholds were calculated as the geometric means and standard deviations of ITD thresholds

213

across individual listeners.
Before commencing the main experiment, the listeners completed a training session

214
215

using the same procedure as in the main experiment. The stimulus was a bandpass-filtered white

216

noise spectrally centered at 4600 Hz and with a bandwidth of 1500 Hz. Blocks of 100 trials with

217

a fixed ITD value (100, 200, 400, or 600 µs) were run. The training started with the 600-µs ITD

218

and continued towards smaller ITDs until the performance for all the ITD values became better

219

than 80 % correct.

220

D. Results and discussion

221

The psychometric functions were found to monotonically increase across ITDs and the Weibull

222

function yielded reasonable fits to each of the psychometric functions. The amount of variance

223

explained by the Weibull fit was quantified for each C and listener as a percentage, with the

224

average across all the Cs and listeners amounting to 89.1 % (standard deviation: 10.2 %). Fig. 2

225

shows the ITD thresholds as a function of C for the individual listeners and the across-listener

226

means (error bars showing ±1 standard deviation). In some listeners, it appears difficult to

227

determine a minimum threshold; for example, the thresholds of C = 0 and 0.5 in NH39, and C =

228

-0.75, -0.25, and 0 in NH47, are close to each other. Despite differences across individual

229

listeners, the across-listener means reveal a pattern of low thresholds around C = 0 and

230

increasing thresholds towards C = ±1, with the exception of an elevation at C = -0.5 (see below).

231

The overall pattern of ITD thresholds is consistent with previous studies in showing that the ITD

232

sensitivity changes with the peakedness of the envelope shape (e.g., Bernstein and Trahiotis,

233

2009; Klein-Hennig et al., 2011; Laback et al., 2011). We are not aware of published data on the
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234

effects of direct manipulation of the stimulus phase properties on ITD sensitivity with which the

235

current data could be compared with. A one-way repeated-measures ANOVA indicated a

236

significant effect of phase curvature C [F(8, 48)=7.25, p<0.001]. Post-hoc pairwise comparisons

237

using the Tukey LSD test indicated that thresholds do not differ significantly between -0.75,

238

-0.25, 0, 0.25, and 0.5 (p>0.07), but thresholds differ significantly between C = 0 versus C = -1,

239

-0.5, 0.75, and 1 (p<0.03). The phase curvatures showing the lowest mean ITD threshold (around

240

C = 0) are roughly consistent with those that produced minimum masking in a study (Tabuchi et

241

al., 2016) using similar stimuli in six of the listeners of the present study (between C = 0.25 and

242

C = 0.5). For comparison, the Cs showing minimum masked thresholds for those listeners are

243

indicated by small arrows in Fig. 2. The threshold minima are clearly more variable and less

244

pronounced for the ITD paradigm than for the masking paradigm (see Tabuchi et al, 2016). This

245

suggests that the ITD thresholds are less stable and reliable than the masked thresholds, an issue

246

that is addressed in Experiment 2.

Fig. 2: (Color online). Results of Experiment 1: ITD thresholds are plotted as a function of C for
individual listeners. Mean ITD thresholds across listeners (±1 standard deviation) are shown in
the bottom right panel. The small arrows indicate the Cs exhibiting minimum masked thresholds
in a masking experiment using similar stimulus conditions with the respective listeners (Tabuchi
et al., 2016).
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An unexpected non-monotonic threshold elevation (peak) was consistently observed at

248
249

C = -0.5 for all listeners. The post-hoc comparisons indicated that this threshold peak

250

significantly differed from the thresholds at surrounding Cs (-0.25 and -0.75) and even from C =

251

-1 (p<0.019). Inspection of the stimulus envelope shapes for the stimuli with various Cs (Fig. 1)

252

did not reveal any convincing explanation for the threshold peak in terms of envelope

253

peakedness. In particular, the stimulus with C = -0.5 is not less peaked than the stimuli with Cs

254

of -0.75 and -1, as would be expected by its higher threshold. Because the “internal” stimulus

255

representation actually depends on the interaction between the stimulus phase and the phase

256

response of the cochlea, we will address this issue in more detail in the modeling section below

257

(Section IV).

259

III.EXPERIMENT 2: ITD THRESHOLDS AT FINER
STEPS OF NEGATIVE PHASE CURVATURES

260

This experiment served to sample the thresholds at finer steps of C in the vicinity of the

261

threshold peak at C = -0.5 found in Experiment 1 and check the reproducibility of the threshold

262

peak. Two listeners (NH143 and NH144) participated in Experiment 2, almost one year after

263

they completed Experiment 1. The equipment, stimuli, and procedure were all the same as those

264

described in Sec. II, except that the stimuli consisted of several additional Cs and that positive Cs

265

were not tested. The following Cs were tested: -1, -0.75, -0.67, -0.59, -0.5, -0.42, -0.34, -0.25,

266

and 0.

258

The thresholds of Experiment 2 were estimated from psychometric functions by using

267
268

a Markov chain Monte Carlo technique for Bayesian inference which has been recently

269

developed in vision research (Fründ et al., 2011). 95% confidence intervals of threshold

270

estimates were calculated using a bootstrap technique1. We observed that the Markov chain

271

Monte Carlo technique and the maximum likelihood method (Myung, 2003) used in Experiment
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272

1 resulted in very similar threshold estimates.

273

A. Results and discussion

274

Fig. 3a and 3b show the individual listener’s thresholds as compared to the corresponding

275

individual’s thresholds from Experiment 1 (the latter replicated from Fig. 2). The error bars show

276

95-% confidence intervals of the threshold estimates. For listener NH143, the thresholds for

277

phase curvatures measured both in Experiment 1 and 2 show high reproducibility, including the

278

threshold peak at C = -0.5, as can be seen from the large overlap of the 95-% confidence

279

intervals. That listener’s data from Experiment 2 for phase curvatures not tested in Experiment 1

280

show an additional sharp peak at C = -0.34. The data of listener NH144 generally show much

281

more pronounced differences across the two experiments, although the overall pattern, including

282

the peak at C = -0.5, is preserved. That second listener’s data show no additional threshold peak.

283

In summary, these data suggest some uncertainty in the ITD-threshold estimates, at least for

284

individual listeners. Regarding the non-monotonicities in the threshold functions, the origin is

285

unclear at this point. Modeling analyses are provided in Sec. IV.C.2 and IV.C.3 to explore

286

possible explanations.

Fig. 3: (Color online) Results of Experiment 2: ITD thresholds for finer C steps (upward pointing triangles)
measured in individual listeners. (a): NH143, (b): NH144. The thresholds for these listeners from Experiment
1 are denoted by the downward-pointing triangles. The error bars denote 95-% confidence intervals of the
threshold estimates (see text).
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IV.MODEL

289

A. Rationale and general properties

290

In order to obtain more insight into the mechanisms underlying the experimental results, we

291

performed a modeling approach. As a model of the auditory periphery up to the level of the AN,

292

we used the well-established cat AN fiber model as described in Zilany et al. (2014) with

293

parameters adjusted for humans. This represents the latest version (5.2) of a family of

294

phenomenological models of the transformation of acoustic stimuli into AN discharges,

295

including outer- and middle-ear filtering, cochlear processing, inner hair conductance as well as

296

AN transmission properties. It has been shown to account for many effects of peripheral

297

processing, including level dependent shifts in best frequency, suppression, and AN adaptation.

298

Even more important for the present purpose, the model appears to provide a quite realistic

299

auditory representation of temporal signal aspects, e.g., temporal modulation coding (Zilany et

300

al., 2009) and the phase transfer function (Carney, 1993; Zhang et al., 2001; Zilany and Bruce,

301

2006). An attractive feature of the AN front-end is its capability of optionally simulating the

302

effects of OHC loss associated with cochlear hearing impairment (see Zilany and Bruce, 2006).

303

The OHC gain is controlled by changing the output of the control path (Bruce et al., 2003). The

304

simulation of complete OHC loss in the model has been shown to be associated with gain

305

reduction in the order of 30 dB or more (resulting in increased absolute thresholds), reduced

306

compression of the input-output function, and reduced frequency selectivity at corresponding

307

CFs (Heinz et al., 2001; Bruce et al., 2003).
Varying the OHC gain allowed us to use the model to predict ITD thresholds across C

308
309

in simulated cochlear hearing impairment associated with OHC loss. Note the implicit

310

assumption of this approach that cochlear hearing loss has no consequences on auditory

311

processing beyond the AN. Moreover, a recent animal study suggests that noise-induced hearing

312

loss induces the selective loss of AN fibers with low- and middle spontaneous firing rates (SRs,

Page 14

313

Furman et al., 2013). Providing modeling results with different SRs appears therefore useful for

314

understanding the behavioral consequence of OHC loss for specific fiber types.
In order to predict behavioral ITD thresholds, we combined two versions of the

315
316

monaural AN front-end model with a binaural comparison stage. One well-established model of

317

envelope-ITD perception is the NCC model. Although the NCC model has been shown to predict

318

a variety of envelope ITD data (e.g., Bernstein and Trahiotis, 2009), Klein-Hennig et al. (2011)

319

showed that the effects of some envelope manipulations cannot be predicted by that model; for

320

example, temporally inverting an amplitude modulated signal with steep raising flanks but flat

321

decaying flanks in each cycle results in an elevation of ITD thresholds, whereas the NCC model

322

predicts constant thresholds. Adding adaptation loops in the NCC model, intended to replicate

323

some aspects of neural adaptation (Dau et al., 1996), showed somewhat improved threshold

324

predictions for some conditions, but systematic discrepancies from experimental thresholds

325

remained (Klein-Hennig et al., 2011). The front-end of the current model appears to have the

326

potential to even more accurately represent peripheral temporal coding properties.
For the binaural stage, we decided for a statistically motivated receiver-operating

327
328

characteristic (ROC) based approach, mainly because the detailed properties of binaural cue

329

extraction, from early stages such as the medial and lateral superior olives up to the inferior

330

colliculus and the auditory cortex, are still matter of debate and far from being fully understood

331

(e.g., Grothe et al., 2010). Our approach has no a priori assumptions on the binaural processing

332

characteristics and can be considered as a behavioral, optimum-observer-like approach that is

333

based on the monaural AN outputs. It thus differs from more sophisticated physiology-based

334

binaural processing stages (e.g., Wang et al., 2014; Gai et al., 2014; Dietz et al., 2016).
Our model simulations were based on the left- and right-ear PSTHs of the AN model

335
336

response to a stimulus, including additional 20 percent of the stimulus duration to account for

337

response delay and decay. Each PSTH was based on 1000 spike train realizations. All monaural
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338

simulations were run 10 times. The binaural simulations were run 10 times in case of normal

339

OHCs and 60 times in case of OHC loss. A larger number of repetitions was chosen for OHC

340

loss because we observed larger variance in the response as compared to normal OHCs. The

341

reported monaural and binaural predictions are based on averaging across those repetitions. We

342

verified for a subset of conditions that the predictions for normal OHC were the same when

343

running either 10 or 60 repetitions, apart from the error bars becoming smaller. The model

344

parameters of interest were the SR of AN fibers (low, medium, or high) and the OHC scaling

345

factor (either 1 = normal or 0 = fully lost). Unless otherwise stated, the following model

346

parameters were fixed: CF: 4 kHz; model sampling rate: 100 kHz; inner hair cell (IHC) scaling

347

factor: 1 (normal); species: human, using basilar membrane tuning from Shera et al. (2002);

348

fractional Gaussian noise type: variable; power-law implementation: approximate; bin width of

349

the PSTH: 50 μs. The input stimuli used in our modeling approach were the same as those used

350

in Experiment 1.
In the following subsection we describe the properties of the AN front-end model in

351
352

monaurally processing our experimental stimuli. Then, we describe the binaural comparison

353

stage and report on the ability of the complete (binaural) model to predict experimental ITD

354

thresholds.

355

B. Monaural model analysis

356

1.

357

Synchronization index (SI) of fundamental frequency for normal
and lost OHCs

358

To study the temporal properties of the AN front-end model we followed the basic idea of

359

temporal synchronization analysis (Goldberg and Brown, 1969). To measure the synchronization

360

of the neural response to the stimulus’ temporal envelope modulation, period histograms (PHs)

361

were first obtained by adding up the firing rates (spikes/sec) across the cycles of the PSTHs and
Page 16

362

dividing the sum by the total number of firing rates, resulting in the probability density function

363

(the more precise term in a discrete context actually being probability mass function) as shown in

364

Fig. 4. We then computed the SI by calculating the magnitude spectrum of the probability density

365

function as similarly done by Johnson (1980) based on the assumption that the SI is independent

366

of the average firing rate in the analysis. The fundamental frequency (100 Hz) was the spectral

367

component of interest for the analysis because this was the most prominent modulation

368

frequency.

Fig. 4: (Color online) Period histograms (PH) for Cs from -1 to 0, and +1 (see text). (a): C = -1, (b): C = -0.75, (c):
C = -0.5, (d): C = -0.25, (e): C = 0, (f): C = +1.

Fig. 5a shows the SI of the fundamental frequency for normal OHCs with different SR

370
371

fiber types as the parameter. The SI is largest at C = 0 and decreases towards C = ±1. The SI is

372

consistent with the general pattern of ITD thresholds across C reported in Experiment 1,

373

although it does not account for the threshold peak at C = -0.5. We will reconsider the threshold

374

peak in the binaural modeling. Overall, apart from the threshold peak, the SI analysis is

375

consistent with Zilany et al. (2009), demonstrating that the AN model robustly predicts the effect

376

of varying the depth of sinusoidal amplitude-modulation (AM) on physiological measures of

377

neural envelope synchrony. It is also evident that the SIs of high-SR fibers are much lower than

378

those of low- and medium-SR fibers. This response pattern across SR fibers is also consistent

379

with physiological data for AM tones, which suggested that low-SR fibers are generally better

380

phase-locked to the modulation frequency than high-SR fibers, especially for CFs below 5 kHz
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381

(Joris and Yin, 1992).

Fig. 5: (Color online) Predicted synchronization index (SI) based on the AN front-end model as a function
of C. Symbols indicate the means (±1 standard deviation) across repeated calculations for the three model
fiber types with different spontaneous rates (SR). (a): Normal OHCs, (b): OHC loss.

382

Fig. 5b shows the SI in case of lost OHCs for the three SR fiber types. The general

383
384

patterns are similar to those for normal OHCs, but there are some systematic differences. First,

385

the SIs for the low- and medium-SR fibers are almost unchanged by OHC loss for C = 0, but

386

they are lowered when C approaches ±1. Second, the SI for the high-SR fibers is considerably

387

larger in the vicinity of C = 0, while there is almost no difference for C = ±1. It seems that high-

388

SR fibers with normal OHCs are saturated for the particular stimulus, whereas OHC loss shifts

389

the dynamic range of those fibers to better encompass the dynamic range of the stimulus’

390

temporal envelope; and therefore, results in enhanced temporal coding. This idea was confirmed

391

by additional simulations on SPHCs with a reduced stimulus level (50 dB SPL) in normal OHCs

392

(not shown), revealing enhanced temporal coding (in terms of the SI) for high-SR fibers. The

393

finding is also consistent with the notion that the gain reduction associated with impaired OHC

394

loss enhances neural phase locking (Kale and Heinz, 2010; Henry and Heinz, 2013). In summary,

395

the general finding of increased difference between minimum and maximum SI in simulated

396

OHC loss suggests that phase effects might be stronger in impaired ears compared to normal
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397

ears.

398

2.

399

Fig. 6a and 6b show the mean firing rate as a function of C with the three SR fibers for normal

400

and lost OHCs, respectively. The patterns of firing rates across C are inverted compared to the

401

patterns of SIs from Fig. 5, i.e., they show lowest rates for C = 0. These general patterns are

402

consistent with the idea that instantaneous cochlear compression results in lower excitation levels

403

and, thus, lower firing rates for more peaked stimuli (Carlyon and Datta, 1997). In this respect,

404

they are also roughly consistent with a recent masking study using the same stimuli as maskers

405

(Tabuchi et al., 2016), showing less masking for more peaked masker waveforms, although the

406

minimum occurred for Cs between 0.25 and 0.5. Compared to the predictions for normal OHC

407

function (Fig. 6a), the prediction for OHC loss (Fig. 6b) shows similar differences in the firing

408

rates across C in case of high-SR fibers, but largely reduced differences in case of low- and

409

medium-SR fibers. An overall reduction of firing rates as a result of OHC loss is observed,

410

especially for the low- and medium-SR fibers, although these fibers have been shown to well

411

encode stimulus phase differences (see Fig. 5b).

Firing rate for normal and lost OHCs
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Fig. 6: (Color online) Predicted firing rate based on the AN front-end model as a function of C. Symbols
indicate the means (±1 standard deviation) across repeated calculations for the three model fiber types with
different spontaneous rates (SR). (a): Normal OHCs, (b): OHC loss. Because the firing rates for low-SR
fibers with OHC loss appear essentially at zero in the panel (b), the exact values (in spikes/secs) for the
different Cs are denoted in the following: 1.8 (C = -1), 1.7 (C = -0.75), 1.5 (C = -0.5), 1.6 (C = -0.25), 1.4
(C = 0), 1.6 (C = +0.25), 1.5 (C = +0.5), 1.4 (C = +0.75), and 1.6 (C = +1).

413

C. Binaural model analysis

414

In the previous section, it was shown that the monaural SI analysis is consistent with the

415

minimum ITD-threshold from Experiment 1 at C = 0. In order to more directly predict ITD

416

thresholds, we added a binaural processing stage which is based on minimum assumptions on the

417

physiological mechanism. In order to predict psychophysical ITD thresholds, we compared

418

responses of the front-end AN model to the left and right ear stimuli using the concept of ROC

419

analysis. The left/right discrimination data underlying our ITD thresholds represent a binary

420

classification problem which can be treated with ROC analysis. In analogy to ROC analysis used

421

in psychophysics to describe the observer’s sensitivity in a force-choice signal detection task

422

(Green and Swets, 1974), our ROC analysis classified a given relative timing difference between

423

the monaural AN representations, i.e., an ITD, which allowed to predict the sensitivity for that

424

ITD. ITD thresholds were then estimated from predicted neural sensitivity estimates for different

425

ITDs, analogous to psychophysical ITD thresholds estimated from psychometric functions. To

426

illustrate the concept, imagine the simple case of a very short (impulsive) sound presented to a
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427

listener with a given ITD. The neural spikes in response to such a sound would be phase locked

428

to the stimulus and, thus, the left- and right-ear PSTHs would be temporally delayed relative to

429

each other according to the stimulus ITD. The PHs obtained from these PSTHs would likely

430

have Gaussian-like shapes (see e.g. Dreyer and Delgutte, 2006) and fulfill the requirements of

431

ROC analysis to classify the ITD between them (note that a strict assumption of normality is not

432

necessarily required for ROC analysis, as long as the underlying probability density functions

433

decay towards both sides; see, e.g., Hanley and McNeil, 1982). Because our SPHC stimuli have

434

a periodic temporal envelope, for which, by definition, the PH is bounded by the envelope

435

period, the question arises if the PH’s shape fulfills the requirement of ROC analysis. Inspection

436

of Fig. 4 shows that even for the most flat SPHC (C = -1 and +1), the PH decays towards both

437

bounds of the envelope period.
The basic idea underlying our model approach is that SPHCs with different Cs result in

438
439

PHs with different widths which in turn result in different ITD sensitivity. Note that our ROC

440

analysis implicitly assumes that the process of ITD detection of our ideal observer is equivalent

441

to the process of identifying which of the left and right ear signals is leading in time (the task the

442

listeners actually performed in the experiments to be predicted). We assume that this

443

simplification does not significantly affect the model’s prediction power under the conditions of

444

our study.
Our ROC model differs from the ROC analysis of binaural responses proposed by

445
446

Shackleton et al. (2003). Their ROC analysis estimated ITD thresholds based on the neural firing

447

rates measured from inferior colliculus neurons as a function of stimulus ITD. In contrast, our

448

ROC analysis does not require specific properties of a binaural comparison unit because it

449

evaluates the relative timing between monaural AN representations. Our approach is rather

450

similar to the computations used to obtain "neurometric thresholds" in modulation detection

451

(Johnson et al., 2012; Sayles et al., 2013).
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Fig. 7: Processing stages of the model used to predict ITD thresholds The monaural processing stages for the left
and right ear feed the binaural comparison stage at the center of the figure. The estimation of ITD threshold is
based on the maximum area under the ROC curve (AUC). The stages called modulation transfer function (MTF)
and half-wave rectification (HWR) were added in the “revised” model version (see Figs. 13 to Fig. 15). See text for
details of the model.

453

1.

Model details

454

Figure 7 depicts the structure of our complete model, combining CF-matched monaural AN pre-

455

processing for the left and right ear channels with a binaural comparison stage: the PSTHs from

456

the left and right ear stimuli, optionally processed by a stage of modulation transfer function

457

(MTF; see Sec. IV.C.5), are concatenated into PHs, which are then compared by means of the

458

ROC analysis to finally estimate ITD thresholds. Fig. 8a shows two PHs with a relative delay

459

(corresponding to the stimulus ITD) of 800 μs for SPHCs with C = -0.25, which are referred to

460

as leading and lagging PHs, respectively. Fig. 8e shows example ROC curves constructed based

461

on the cumulative probabilities of the lagging and leading PHs, from which the area under the

462

ROC curve (AUC) is computed. For a fixed ITD (800 µs in this example), the binaural ROC

463

model predicts lower AUC, i.e., lower ITD sensitivity, for flat stimulus envelopes (e.g., C = +1;

464

thin solid line) compared to peaked stimulus envelopes (e.g., C = -0.25; thickest solid line),

465

because the PHs for flat stimulus envelopes are flatter and therefore overlap more for a given

466

ITD.
Before actually performing the ROC model analysis, the PHs have to be circularly

467
468

shifted so that they are centered within the envelope period (10 ms for our stimuli) and thus
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472

fulfill the requirement imposed by the ROC analysis. Fig. 8a shows the PHs already after the

473

shifting operation. For comparison, Fig. 8c shows the unshifted versions of the PHs from Fig. 8a.

474

Note that the amount of shift required to “center” the PHs depends on the stimulus phase

475

curvature in combination with the monaural processing delay of the auditory periphery at the

476

given CF. Figure 8d demonstrates how the AUC depends on the amount of shift (within the

477

period) for this particular example stimulus. The AUC is apparently low when the histograms are

478

not shifted (indicated by the diamond symbol), whereas the AUC is maximal for shifts

479

approximately between 25 and 75 % of the period (the maximum indicated by the square

480

symbol). While the shift required could be determined by some monaural criterion ensuring that

481

the distributions are centered within the histogram window, we decided to determine it by

482

maximizing the AUC. For each stimulus condition (i.e., each value of C), the optimal shift

483

maximizing the AUC was determined based on the largest ITD considered (800 μs). This optimal

484

AUC was then applied also for all other ITDs for that condition. For simplicity, by using the term

485

AUC in the following, we refer to the maximum (optimized) AUC. It should be kept in mind that

486

our ROC model is intended to represent an abstract optimum-observer binaural comparison

487

stage, which, in reality, is most likely realized by coincidence detection neurons which require no

488

shifting operation (temporal alignment). Thus, by determining the PH shift via maximizing the

489

AUC, we attempt to avoid an arbitrarily unfavorable temporal alignment of the PH, which is a

490

matter of computational modeling. Figure 8e shows the example condition of C = -0.25 and 800-

491

μs ITD; optimizing the shift (according to the square symbol in Fig. 8d) gives the largest AUC

492

(thickest solid line), whereas without the shift (according to the diamond symbol in Fig. 8d) the

493

ROC curve has a “dent” that falls below the diagonal (thick dotted line). Considering only

494

conditions including shift, decreasing the ITD from 800 to 200 µs reduces the AUC from 0.72 to

495

0.56 (the latter depicted with the medium-thick solid line in Fig. 8e). Finally, with zero ITD

496

difference (thin dotted line), the ROC curve falls on the diagonal indicating chance performance
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497

(AUC 0.5).

Fig. 8: (Color online) Illustration of the main steps of the binaural receiver operating
characteristic (ROC) analysis. (a): Leading and lagging period histogram (PH) for C
= -0.25, corresponding to the probability density functions of lagging AN responses
(thick) with an ITD (800 μs in this example) and leading AN responses (thin). The xaxis is restricted to one period of the signal (i.e., 10 ms). The example PHs are shifted
in order to maximize the area under the ROC curve (AUC). (b): AUC as a function of
ITD for C = 0 and +1. The points were linearly interpolated and the inverse of the
criterion AUC was defined as the predicted threshold (vertical arrows). The criterion
AUC was found by minimizing the root-mean-square error (RMSE) between mean
experimental thresholds and predicted thresholds. (c): The two histograms before
applying the shifting operation, see text for details. (d): AUC as a function of the
amount of shift, with the diamond showing the AUC without shift and the square
showing the AUC with the optimal shift to maximize the AUC as in (a). (e): Examples
of ROC curves with different ITDs and Cs with and without the optimal shift, see text.

Figure 8b shows the AUC as a function of ITD for example Cs of 0 and +1. For visual

499
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506

clarity, the functions are plotted only up to 400-μs ITD. For the threshold predictions, the AUC-

507

vs-ITD functions were obtained for each of the nine Cs and ITDs from 0 to 800 μs in 50-μs

508

steps. The functions were then linearly interpolated. The arrows indicate predicted thresholds for

509

the two Cs at the given criterion AUC. In order to predict thresholds for the entire set of Cs, the

510

criterion AUC was systematically varied as the only free parameter to minimize the root-mean-

511

square error (RMSE) between the mean experimental thresholds and corresponding predictions

512

across all Cs. All the RMSEs and criterion AUCs estimated in the present study are listed in

513

Table I and Table II, respectively. Throughout this paper, RMSEs were calculated in the base-10

514

logarithmic ITD scale and the resulting minimum RMSEs were converted back to the linear ITD

515

scale as similarly done by Klein-Hennig et al. (2011). Thresholds were predicted separately for

516

the three fiber types and two OHC scaling factors. For completeness, Table I lists also the

517

RMSEs for the predictions that were obtained by either linearly averaging across the three SR

518

fiber types or by weighted averaging according to the prevalence of the three fiber types in cats

519

(Liberman, 1978). Because we observed no consistent advantage of any type of averaging, in the

520

following we report the predictions for the individual fiber types.

521

2.

522

Figure 9 shows the predicted ITD thresholds as a function of C for different SR fibers, as

523

compared with the mean thresholds from Experiment 1. The model clearly does not account for

524

the threshold peak at C = -0.5, as already suggested by our monaural model analysis. We will

525

reconsider this point in the next section. Besides the threshold peak, the model well predicts the

526

overall pattern of thresholds. Most importantly, it correctly predicts the minimum threshold at C

527

= 0 in the mean experimental data across listeners. The first and second rows of Table I indicate

528

the RMSEs between the mean thresholds and predictions including and excluding C = -0.5 in the

529

predictions, respectively. As expected, excluding the data point at C = -0.5 reduces the RMSEs,

530

particularly for the low- and medium-SR fibers.

Predicted ITD thresholds based on normal OHCs

Page 25

All three fiber types were found to predict the ITD thresholds about equally well. It

531
532

was somewhat surprising that the high-SR fibers obviously conveyed sufficient temporal

533

information to extract ITD cues, although the monaural SIs were found to be lower for the high-

534

SR fibers compared to the low- and medium-SR fibers because of saturation (see Fig. 5a). Note,

535

however, that saturation of high-SR fibers is shown to play a role when adding an additional

536

stage of modulation filtering in the model (see Section IV.C.5 below).

Fig. 9: (Color online) ITD threshold predictions as
a function of C. The empty symbols connected by
different dashed and dotted lines indicate the
predictions of the initial binaural ROC model
(without the MTF and HWR stage) for different
fiber types. The filled triangles connected by the
solid line denote the mean experimental thresholds
replicated from Fig. 2. For clarity, some points are
slightly shifted along the horizontal axis.

538

We considered that one possible explanation for the threshold peak could be an effect

539

of listeners using AFs remote from the center frequency of the stimulus in addition to or instead

540

of the on-frequency AFs. The model was therefore rerun at CFs in 1/3 octave steps from 2 to 8

541

kHz. The resulting predictions (not shown) revealed generally worse prediction accuracy for off-

542

frequency CFs, with the 4-kHz CF showing the lowest RMSE. Most importantly, for none of the

543

CFs the threshold peak at C = -0.5 was predicted by the model. Thus, off-frequency listening is
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544

unlikely to contribute to or explain the non-monotonic threshold peak.

545

3.

546

In search of an explanation for the unexpected ITD threshold peak at C = -0.5, we speculated that

547

the headphones used in our experiment might have produced some phase distortion that led to a

548

degradation of the envelope ITD cue for that particular condition. To test this idea by means of

549

modeling, monaural stimulus waveforms were recorded from the left and right headphones2 and

550

ITDs were subsequently imposed to generate binaural stimuli. These binaural stimuli were used

551

as input to the binaural ROC model to predict ITD thresholds.

Predicted ITD thresholds of recorded stimuli

Fig. 10: (Color online) Predicted ITD thresholds from
low-SR fibers as a function of C with headphonerecorded stimuli (left- and right-pointing triangles for
left and right headphone outputs, respectively) and with
original non-recorded stimuli (circles connected by
dashed line). For clarity, the predictions of recorded
stimuli are slightly shifted along the horizontal axis.

Figure 10 shows the predictions for low-SR fibers based on either the left- or the right

553
554

headphone recordings (left- and right-pointing triangles, respectively). They are almost the same

555

as those based on the original (non-recorded) stimuli (circles), without any indication of a non-

556

monotonic peak at C = -0.5. The same result was found for the medium and high-SR fibers (not

557

shown). Moreover, we observed that the crest factors of headphone recorded waveforms are
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558

generally preserved compared to the digitally generated stimuli (not shown). Thus, the threshold

559

peak is unlikely originating from the particular properties of the headphones.

560

4.

561

Predicted ITD thresholds as a function of attack and pause
duration

562

We tested the ROC model on literature data in order to evaluate its predictive ability in

563

systematic manipulations of the temporal envelope shape. Klein-Hennig et al. (2011)

564

systematically varied different aspects of the temporal envelope shape imposed on 4-kHz pure

565

tones with an overall duration of 500 ms. The attack and decay flanks in each period were shaped

566

by squared-sine functions, and the hold and pause segments had constant amplitudes at the

567

desired level and at zero, respectively. We focus here on modeling the effects of independently

568

varying the attack duration and the pause duration, as the importance of these envelope

569

parameters was also suggested by the results of Laback et al. (2011). The same procedure as

570

described in Sec. B.1 was used.
In their experiment on the effect of the attack duration, the hold and decay durations

571
572

were kept constant, resulting in modulation rates between 35 and 50 Hz. Further stimulus details

573

can be found in Table I of Klein-Hennig et al. (2011). Figure 11 shows their mean experimental

574

thresholds across listeners and our model prediction as a function of attack duration. Both data

575

and predictions show increasing thresholds as a function of attack duration, with our predictions

576

falling within one standard deviation of the measured thresholds. In order to directly compare the

577

performance of our binaural ROC model to Klein-Hennig et al.’s models, the RMSEs for their

578

NCC model and for their NCC model with five adaptation loops (NCC5A) and one adaptation

579

loop (NCC1A) are shown in the seventh to ninth rows of Table I. The RMSEs for our model are

580

overall smaller compared to their models, particularly for the low- and medium-SR fibers.

581

Overall, our model appears to well predict ITD thresholds across attack durations.
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Fig. 11: (Color online) ITD thresholds and
predictions for independent variation of the attack
duration in each envelope cycle of amplitudemodulated 4-kHz tones. The filled triangles
connected by the solid line denote the mean
experimental thresholds (±1 standard deviation)
reported in Klein-Hennig et al. (2011). The empty
symbols indicate predictions of the original
binaural ROC model (without the MTF and HWR
stage) for different fiber types. For clarity, some
points of prediction are slightly shifted along the
horizontal axis.

In Klein-Hennig et al.’s experiment on the effect of pause duration, the attack duration,

583
584

decay duration, and modulation rate were all kept constant, resulting in covarying hold duration

585

(for details see Table I of Klein-Hennig et al.). Figure 12 shows the experimental thresholds

586

together with our predictions as a function of pause duration for different fiber types3. In line

587

with the experimental thresholds, the predicted thresholds decrease with increasing pause

588

duration up to 8.8 ms. For longer pause durations, however, the predicted thresholds continue to

589

decrease up to the longest pause duration tested (17.5 ms), while the experimental thresholds are

590

almost constant. The models tested in Klein-Hennig et al. (2011) showed a similar tendency. We

591

considered that these underestimations of predicted thresholds may be due to the lack of

592

modulating filtering in the model. This idea is further motivated and evaluated in the next

593

section.
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Fig. 12: (Color online) ITD thresholds and
predictions for independent variation of the pause
duration in each envelope cycle of amplitudemodulated 4-kHz tones. For other details, see
caption for Fig. 11.

595

5.

ITD thresholds predicted by the revised model

596

There are several indications from the physiological and psychophysical literature for some type

597

of modulation filtering occurring prior to or at the level of binaural interaction (e.g., Yin and

598

Chan 1990; Bernstein and Trahiotis, 2002; Wang et al., 2014). We supposed that such a

599

modulation filtering may be required to obtain more similar neural envelope representations for

600

pause durations beyond about 9 ms and, thus, better prediction of ITD thresholds for these

601

stimuli from Klein-Hennig et al. (2011) (see Sec. IV.C.4). To that end, we added a modulation

602

filter stage guided by the MTF measured in the medial superior olive (e.g., Yin and Chan 1990).

603

Based on Wang et al. (2014), we combined a first-order low-pass and a third-order high-pass

604

filter with 300-Hz cutoff frequencies each, together forming a band-pass filter. This filter stage

605

was applied to the PSTHs (in units of spikes/sec). To avoid negative values in the PSTH, half-

606

wave rectification (HWR) was added subsequent to the band-pass filtering (Joris, 1996; Nelson

607

and Carney, 2004). Note that these two new stages are performed before calculating the PH. All

608

the model predictions presented so far were reconsidered with the revised model (see Fig. 7 for
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609

the model structure including the additional stage framed with a dotted line).

Fig. 13: (Color online) Period histograms (PHs) of low-SR
fibers for stimuli with long pause durations, 13.1 and 17.5
ms, in each envelope cycle of amplitude-modulated 4-kHz
tones as used Klein-Hennig et al. (2011). (a) and (b): PHs
without MTF and half-wave rectification (HWR). (c) and (d):
PHs with MTF and HWR. (e): AUC as a function of ITD for
the pause durations 13.1 and 17.5 ms. The empty and filled
symbols denote the AUCs with and without MTF and HWR,
respectively.

We first evaluated the revised model on the pause-duration data. Figures 13a to 13d

611
612

show the PHs of low-SR fibers for the relevant long pause durations (13.1 and 17.5 ms) with and

613

without modulation filtering (and HWR). Without modulation filtering, the histogram for 17.5

614

ms (Fig. 13b) is more compact than the histogram for 13.1 ms (Fig. 13a), which explains the

615

lower predicted threshold for the 17.1-ms pause duration in Fig. 12. In contrast, when including

616

modulation filtering (Fig. 13c and 13d), the PHs are much more similar and generally more

617

narrow than those without modulation filtering. Figure 13e shows the AUC-vs-ITD functions

618

corresponding to the PHs shown in Fig. 13a to 13d. For clarity, the range of ITD is restricted

619

within 150 µs within which the predicted thresholds were anticipated. Consistent with the PHs,
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625

the narrower PHs for the model with the modulation filter result in overall larger AUC values

626

and steeper AUC-vs-ITD functions. More importantly, the AUC-vs-ITD functions are similar for

627

the two pause durations with modulation filtering (empty symbols), whereas they differ more

628

without modulation filtering (filled symbols). As expected from these AUC-vs-ITD functions,

629

the predictions of the revised model (Fig. 14a) better represent the saturation of thresholds at

630

longer pause durations as compared to the original model (Fig. 12). Across all the pause

631

durations, the predictions fall almost within one standard deviation of the actual thresholds

632

across listeners. The revised model also produced valid threshold predictions for high-SR fibers.

633

The RMSEs are overall lower than those for the different model versions presented in Klein-

634

Hennig et al. (see Table I).

635

Fig. 14b (middle panel) shows the performance of the revised model for Klein-

636

Henning’s data on the effect of attack duration. Compared to the original model version (Fig. 11),

637

the predictions are comparably accurate (see also RMSEs in Table I). This suggests that the

638

additional stage of band-pass filtering (and HWR) is not important for predicting the thresholds

639

across attack durations.
Figure 14c (bottom panel) shows the predictions of the revised model for our

640
641

thresholds across C obtained in Experiment 1. In case of low- and medium-SR fibers, the

642

predictions remain generally accurate, showing the minimum at C = 0. The predictions for high-

643

SR fibers show a pattern completely inconsistent with the experimental data. As shown in the

644

monaural SI calculations, high-SR fibers appear to be saturated for the particular stimulus level.

645

While this did not sufficiently impair the temporal code in the model version without the MTF,

646

the application of modulation filtering for the high SR fibers increased the relative peakedness of

647

the PH for C = +1 and -1, whereas it decreased the peakedness of the PH for C = 0 (not shown),

648

suggesting that the modulation filtering adversely degraded the temporal code of high SR fibers.

649

Note that the experiments by Klein-Hennig et al. (2011) were performed at lower stimulus levels
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650

(between 60 and 65 dB SPL), which may explain the relatively better predictions for this fiber

651

type. Notably, as for the original model version, none of the fiber types in the revised model

652

accounted for the threshold peak at C = -0.5.

Fig. 14: (Color online) ITD
threshold predictions of the
“revised” binaural ROC model,
which includes the MTF and
HWR stage. (a) ITD thresholds as
a function of pause duration
(data from Klein-Hennig et al.).
(b) ITD thresholds as a function
of attack duration (data from
Klein-Hennig et al.). (c) ITD
thresholds as a function of C. For
comparison, the corresponding
predictions without the MTF and
HWR stage are shown in Figs.
12, 11, and 9, respectively.
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In summary, including a modulation filter allows to better account for a larger body of

654
655

envelope ITD data, particularly when considering low-SR fibers. For high-SR fibers, the effect

656

of the modulation filter on the prediction power is either beneficial (pause duration), marginal

657

(attack duration), or largely harmful (current Experiment 1). The different stimulus levels in the

658

different experiments appears to contribute to the differential effects of the modulation filter.

659

While the temporal code in high-SR fibers appears to be degraded compared to low- and mid-SR

660

fibers (as shown by the monaural SIs provided in Section IV.B.1), it appears to be just sufficient

661

for extracting ITD cues without modulation filter (Figure 9). In contrast, the addition of the

662

modulation filter seems to render those ITD cue unreliable (Figure 14c).

663

6.

664

ITD threshold predictions with OHC loss using the revised
model

665

In the Introduction, we hypothesized that the reduced compression associated with OHCs loss

666

may enhance stimulus phase effects on ITD sensitivity. The monaural model analysis supported

667

this idea by showing larger differences in SI across Cs with OHC loss compared to normal OHCs

668

(Fig. 5). We therefore speculated that predicted ITD thresholds would also differ by a greater

669

amount across Cs with OHC loss compared to normal OHCs. Because experimental data with HI

670

listeners were not available to optimize the AUC criterion at threshold, we used the same AUC

671

criterion, i.e., decision criterion, for each fiber type that was found to be optimal to predict the

672

NH listeners’ data (see also Table II). This assumption is not unreasonable given that binaural

673

processing is often assumed to be normal in listeners with cochlear hearing loss.
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Fig. 15: (Color online) ITD threshold predictions as
a function of C simulating complete OHC loss,
using the “revised” binaural ROC model. The AUC
criteria for the individual fiber types were taken
from the corresponding simulations with normal
OHCs in Fig. 14c (see also Table II).

Figure 15 shows the resulting predictions of ITD thresholds across C with OHC loss,

675
676

using the revised model. Consistent with the SI predictions, for low-SR fibers, OHC loss results

677

in a larger range of ITD thresholds across C as compared to normal OHCs (see corresponding

678

predictions of the revised model in Fig. 14c). Medium- and high-SR fibers provide very similar

679

patterns of predicted thresholds, with a markedly smaller range of thresholds compared to the

680

low-SR fibers. Note that with normal OHCs the predicted threshold pattern for high-SR fibers

681

was found to be completely inconsistent with the data. The relatively better predictability for

682

high-SR fibers with OHC loss compared to normal OHCs supports the above-mentioned

683

interpretation that OHC loss shifts the response level below the saturation region for the fiber’s

684

operation range at the given stimulus level. The thresholds predicted for OHC loss tend to be

685

higher compared to those predicted for normal OHCs. This appears consistent with the overall

686

higher SI values in normal OHCs, at least for the low- and medium-SR fibers, and with the

687

overall higher spike rates. Thus, the predicted thresholds with OHC loss being overall larger than

688

those with normal OHCs is broadly consistent with experimentally measured envelope ITD
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689

thresholds for AM tones being larger in HI than in NH listeners (Lacher-Fougère and Demany,

690

2005). Overall, these simulations support the idea that the lack of compression in cochlear

691

hearing loss may enhance the differences in ITD thresholds across Cs, at least in low-SR fibers.

692

V. GENERAL DISCUSSION AND CONCLUSIONS

693

The goal of this study was to evaluate the idea that ITD thresholds vary as a function of the

694

signal’s phase curvature and thus may provide a measure of the phase response at the AF

695

centered at the stimulus. To that end, Experiment 1 measured ITD thresholds using SPHCs

696

centered at 4 kHz with various phase curvatures quantified by the parameter C. The frequencies

697

of all spectral components were sufficiently high to ensure that they were not resolved and could

698

not provide fine-structure ITD cues. The results showed significant and systematic effects of C

699

on ITD thresholds across our test group of seven NH listeners. Given that only the phase

700

properties of the harmonic complexes were manipulated, keeping the power spectrum constant,

701

the effect can only be due to the temporal interaction of the stimulus’ spectral components,

702

resulting in envelope ITD cues. According to our hypothesis, the different amounts of envelope

703

peakedness for the stimuli with different Cs (Fig. 1) would result in different envelope ITD

704

thresholds. As such, the reported ITD thresholds reflect the exclusive effect of changes in the

705

temporal envelope shape, without any confounding changes of the long-time stimulus spectrum,

706

which has, to our knowledge, not been shown before.

707

Our results potentially provide insight into the phase response of the AF centered at the

708

stimulus. It was assumed that the “internal” envelope representation, i.e., after passing the AF, is

709

important for the ITD extraction process and that ITD thresholds would be lowest for stimuli

710

with the most peaked “internal” envelope. On average across listeners, the minimum ITD

711

threshold was found at C = 0. According to the idea that the stimulus phase curvature resulting in
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716

minimum ITD threshold reflects the mirrored phase curvature of the auditory periphery, this

717

would suggest that there is no phase-curvature conversion in the peripheral auditory system at

718

the CF centered at our stimuli (4 kHz), and the phase curvature is approximately zero. On a more

719

detailed level, the ITD data show a relatively large amount of uncertainty about the position of

720

the minimum along the C scale both within and across listeners, which could be somewhere

721

between -0.25 and 0.5. In contrast, masking data from an experiment involving similar stimuli

722

and largely the same listeners (Tabuchi et al., 2016) revealed a more robust minimum that

723

occurred between C = 0.25 and 0.5. Together, these results seem to suggest that the current ITD

724

paradigm does not provide sufficiently stable estimates of the minimum in ITD sensitivity across

725

Cs that could be used to infer the cochlear phase response in individual listeners.
An unexpected non-monotonous threshold elevation (peak) was consistently observed

726
727

for a particular phase curvature, namely at C = -0.5. Because this peak was rather unexpected

728

(we are not aware of any masking data using SPHC stimuli showing such a peak), we took some

729

effort to evaluate and understand its origin. First, in a follow-up experiment with two of the

730

listeners using a finer sampling of Cs (Experiment 2), we replicated the presence of the peak, and

731

found even a secondary peak in one listener. Second, we ruled out a potentially confounding

732

influence of the headphones’ transfer function. Third, we performed a modeling analysis4 to

733

evaluate if the combination of the auditory periphery model up to the level of the AN (Zilany et

734

al, 2014) and a probabilistic interaural comparison stage can predict the pattern of experimental

735

data. It was shown that model predicts the overall pattern of results, i.e., an essentially V-shaped

736

pattern, but it does not predict the peak at C = -0.5. As an additional check, we inspected the

737

temporal response to SPHCs with various Cs of a time-domain cochlear model which has been

738

shown to well predict human otoacoustic emission data (Verhulst and Dau, 2012). The temporal

739

envelope peakedness of the model responses showed a very similar dependency on C as we

740

observed for the responses of the AN model used as a front-end of our ITD model, with no
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741

indication for a non-monotonic behavior at Cs around -0.5. In summary, assuming no errors in

742

our experimental setup (which we checked carefully), and assuming the general appropriateness

743

of the model (see below), all these results appear to suggest that the AF phase response at 4 kHz

744

may have some yet undiscovered feature producing a blurry “internal” envelope for Cs around

745

-0.5. While the phase response of the AN front-end model has been fitted to AN data from the cat

746

(Zilany and Bruce, 2006), it is conceivable that the human phase response differs in some aspects

747

which affects the salience of the “internal” envelope ITD cues but not the amount of masking for

748

certain negative stimulus phase curvatures. Note that direct and non-invasive measurement of the

749

cochlear phase response in humans is difficult (see e.g., Paredes Gallardo et al., 2016).
In order to evaluate the wider applicability of our model, we predicted published data

750
751

on the effect of systematic variation of basic envelope shape parameters on envelope ITD

752

sensitivity (Klein-Hennig et al., 2011). Data on the effect of the attack duration within each

753

modulation cycle were well predicted by the model, whereas data on the effect of the pause

754

duration within the modulation cycle were only partly predicted. For large pause durations (> 9

755

ms), the model systematically underestimated the measured thresholds. Considering that this

756

discrepancy may be due to an improper envelope representation available to the interaural

757

comparison stage of our model, we included an envelope modulation filter stage which was

758

inspired by band-pass-like “MTF” characteristics of binaural envelope processing (Yin and

759

Chan, 1990; Wang et al., 2014) and follows also the general idea of other established auditory

760

models of some type of envelope filtering (e.g., Ewert and Dau, 2000). Adding this stage clearly

761

improved the predictability of the pause-duration data and predicted the data of attack-duration

762

and Cs as well as the model without the modulation filter. The revised model provided slightly

763

better predictions than the well-established NCC model as well as a variant of it including a stage

764

simulating peripheral adaptation (Klein-Hennig et al., 2011). Interestingly, while the NCC model

765

has been shown to be most successful in predicting envelope ITD data when including a 150-Hz
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766

modulation low-pass filter (e.g., Bernstein and Trahiotis, 2002), including such an envelope filter

767

in our model actually reduced the predictability of the pause-duration data. The more

768

physiology-based MTF stage included in our revised model has a clearly higher cutoff-frequency

769

of the low-pass filter component (300 Hz). The properties of the modulation filter should be

770

further evaluated and optimized based on a larger body of experimental data.
The ITD model in its current form is applicable only for periodic signals because it is

771
772

based on a probabilistic analysis of the PH. For application with non-periodic stimuli, the PH

773

stage could be replaced, for example by a shuffled cross-correlogram analysis (Joris, 2003). A

774

recent ongoing study (Prokopiou et al., 2015) using such an approach reported successful

775

prediction of the effects of envelope-shape manipulations reported in Laback et al. (2011),

776

similar to those tested in Klein-Hennig et al. (2011).
One motivation for the present study was to evaluate the general feasibility of a method

777
778

to measure the AF phase response, applicable also in listeners suffering from cochlear hearing

779

impairment characterized by OHC loss (Oxenham and Bacon, 2003). While the established

780

masking paradigm for determining the AF phase response relies on fast-acting cochlear

781

compression (e.g., Oxenham and Dau, 2004; Tabuchi et al., 2016) which is absent or reduced in

782

case of OHC loss, the ITD-based approach investigated in the present study does not rely on that

783

requirement. Our model predictions showed that OHC loss actually increases the effect of the

784

stimulus phase curvature on ITD thresholds, as compared to NH listeners. Our monaural SI

785

analysis (Fig. 5) suggested that this can be attributed to two effects: for low- and medium-SR

786

fibers, OHC loss decreases the SI for Cs approaching -1 or +1 and has no effect for Cs close to

787

zero, together enhancing the effect across Cs. For high-SR fibers, in contrast, OHC loss enhances

788

the SI for Cs close to zero and has no effect for Cs approaching -1 or +1. Based on these

789

predictions, ITD thresholds may be expected to vary more across C in actual HI listeners

790

compared to NH listeners. Thus, using some type of ITD-based method may be a viable
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791

approach to determine the phase response of AFs in cochlear hearing loss.
An interesting observation from our modeling using the “revised” version of the ITD

792
793

model was that the temporal code provided by high-SR fibers for our medium-level (70 dB SPL)

794

stimuli appears to be susceptible to response saturation effects, resulting in unreliable ITD

795

threshold predictions for that fiber type. In contrast, the low- and medium-SR fibers provided

796

much more accurate ITD threshold predictions, obviously because they were not affected by

797

response saturation effects at the given stimulus level. Listeners may thus focus on low- and

798

medium-SR fibers to extract ITD cues from these stimuli. It may, however, pose a problem for

799

listeners suffering from noise-induced hearing loss where low- and mid-SR fibers seem to be

800

predominantly impaired (Furman et al., 2013). Future experiments with listeners having cochlear

801

hearing loss with different origins might address these issues.
Before extending the approach of the present study to actual HI listeners in future

802
803

investigations, the open issues regarding the ITD paradigm mentioned above need to be

804

addressed. A reliable measure of the AF phase response may make it then possible to incorporate

805

the subject-specific phase response in the signal transmission of hearing devices in order to

806

enhance the salience of temporal cues, most importantly pitch and ITD. Enhanced access to pitch

807

and ITD cues would likely improve auditory communication in challenging listening

808

environments involving multiple sound sources.

809
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FOOTNOTES

816

1.

817

available at http://psignifit.sourceforge.net/.

818

2.

819

(4153, Bruel & Kjær) and a sound level meter (2260, Bruel & Kjær), and digitized by a

820

sound interface (E-Mu 0404, Creative Professional) at a sampling rate of 48 kHz.

821

Recordings were made using the free audio software Audacity (version 2.11;

822

http://audacityteam.org/).

823

3.

824

function was completely flat around AUC 0.5 and thus did not allow to estimate a

825

threshold as shown in Fig. 12.

826

Matlab code of a Markov chain Monte Carlo technique (Fründ et al., 2011) is

For the recordings, the headphones stimuli were sent through an artificial ear

For the high-SR fibers, at the pause duration of 0 ms the AUC-vs-ITD
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827

TABLES
Table I. Root-mean-square error (RMSE) in μs between the mean thresholds and

828
829

model predictions. MTF and No-MTF refer to the binaural ROC models with and without

830

modulation filtering and half-wave rectification, respectively. The RMSEs for the prediction

831

averaged over the three SR fiber types are listed in the column “Mean SR”, whereas the RMSEs

832

for the weighted average according to the prevalence of the three fiber types in cats (Low SR:

833

16%, Medium SR: 23%, High SR: 61%; Liberman, 1978) are listed in the column “Weighted

834

mean SR”. The upper four rows show the RMSEs for the prediction across Cs from the present

835

study, whereas the lower rows show the RMSEs for attack and pause duration experiments in

836

Klein-Hennig et al. (2011). The RMSEs for the normalized cross-correlation coefficient (NCC)

837

model, the NCC model with five adaptation loops (NCC5A) and with the first adaptation loop

838

only (NCC1A) were replicated from Table I in Klein-Hennig et al. (2011). The parenthesized

839

criterion indicates that the ITD prediction of high SR fibers for the 0-ms pause duration was

840

infinitely large due to the completely flat AUC-vs-ITD function, which prevented the systematic

841

estimate.

843
844

Page 46

Table II. The criterion AUCs best predicting the ITD thresholds. The AUCs for the

845
846

stimuli used in the current study and Klein-Hennig et al. (2011) are shown above in the upper

847

four and lower four rows, respectively. See also the caption of Table I.

848
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855
856
857
858
859
860
861
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