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a b s t r a c t 

Modulated maskers produce less amount of masking than unmodulated maskers, an effect ref erred to 

as masking release (MR). Both listening in the temporal dips and fast cochlear compression have been 

suggested as underlying mechanisms. We addressed the role of dip listening by measuring temporal in- 

tegration in simultaneous masking using Schroeder-phase harmonic complexes (SPHC) with various phase 

curvatures. In an experiment with six normal-hearing listeners, SPHC masker and pure-tone target stimuli 

were covaried in duration at a high masker level. The MR increased with stimulus duration, suggesting 

integration of target information across multiple masker dips. The duration dependence of the MR was 

predicted by a physiology-inspired model based on the temporal envelope modulation strength in the 

auditory periphery. The modeling analysis suggested that listeners detect the presence of the target by a 

reduction in fluctuation strength that results primarily from a decline of F0-based response peaks, an ef- 

fect known as synchrony capture. The detailed pattern of masked thresholds across various masker phase 

curvatures was not predicted by the model, suggesting that its phase response does not well fit the hu- 

man phase response. Overall, temporal integration across neural envelope features associated with the 

masker dips seems to contribute to the MR with SPHCs. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Simultaneous masking refers to the reduced audibility of a tar- 

et signal in presence of a simultaneous masker. It is well es- 

ablished that imposing amplitude modulation on a masker in- 

reases the target audibility relative to a masker without amplitude 

odulation (e.g., Buus, 1985 ). The difference of masked thresholds 

etween modulated and unmodulated masker conditions is often 

eferred to as masking release (MR). An elegant way of demon- 

trating MR is to use Schroeder-phase harmonic complexes (SPHC; 

ehrgardt and Schroeder, 1983 ; Smith et al., 1986 ) which allow 

o vary the stimulus envelope fluctuation (i.e., modulation depth) 

y varying a “phase” parameter while keeping the power spec- 

rum constant. One explanation for the MR is so-called dip lis- 

ening, i.e., the ability to detect a target in the temporal dips 

f the masker stimulus, where the target-to-masker energy ratio 

analogous to signal-to-noise ratio, SNR) is high ( Mehrgardt and 

chroeder, 1983 ; Kohlrausch and Sander, 1995 ). More generally, the 
1 Portions of this work were presented at the 43rd MidWinter Meeting of the 

ssociation for Research in Otolaryngology, San Jose, 2020. 
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ip listening advantage has also been studied in tone detection 

ith amplitude modulated or unmodulated noise maskers ( Bacon 

t al., 1997 ; Bacon and Lee, 1997 ; Gleich et al., 2007 ), with co-

odulated or non-comodulated noise maskers ( Schooneveldt and 

oore, 1989 ; Buss et al., 2012 ), or in the detection of a short tone

t different tem poral positions within the cycle of an amplitude- 

odulated tone masker or SPHC masker, a method referred to as 

asking period pattern ( Kohlrausch and Sander, 1995 ; Summers, 

0 0 0 ; Wojtczak et al., 2001 ). Dip listening has also been studied

ith respect to speech recognition using SPHC maskers ( Summers 

nd Leek, 1998 ; Green and Rosen, 2013 ; Deroche et al., 2013 ) or

ther masker types ( Bacon et al., 1998 ; Freyman et al., 2012 ; Shen

nd Pearson, 2017 ). 

A second explanation for MR, which is not mutually exclusive 

ith dip listening, involves the importance of fast-acting com- 

ression, primarily due to outer-hair-cell activity in the cochlea 

 Oxenham and Dau, 20 01a , 20 01b , 20 04 ; Alcántara et al., 2003 ).

his compression explanation has been supported by the finding 

f strong MR even in forward masking ( Carlyon and Datta, 1997 ; 

ojtczak and Oxenham, 2009 ) where dip listening is not possi- 

le. Assuming that the target power spectrum is integrated at least 

ver one modulation period of the masker, and that the integra- 

ion takes place after the fast-acting compression, a “modulated”
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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asker causes a smaller integrated excitation than an “unmodu- 

ated” masker, resulting in less masking ( Carlyon and Datta, 1997 ). 

nother line of evidence for the importance of compression in the 

R comes from listeners with cochlear hearing loss, i.e., reduced 

ochlear compression, who typically show reduced MR ( Summers 

nd Leek, 1998 ; Summers, 20 0 0 ; Oxenham and Dau, 2004 ). 

A recent study ( Tabuchi et al., 2016 ) revisited the role of fast-

cting compression in simultaneous masking by testing the ef- 

ect of a precursor presented immediately before the masker-plus- 

arget stimulus, intended to reduce fast-acting compression by 

eans of activation of the efferent system, particularly the medial- 

livocochlear (MOC) system ( Guinan, 2010 , 2018 ; Jennings and 

trickland, 2012 ; Yasin et al., 2014 ). Apparently consistent with the 

ypothesis, the presence of a precursor in Tabuchi et al. (2016) re- 

oved the MR, which was interpreted as a support for an impor- 

ant role of compression. 

More recent evidence, however, argues against a role of effer- 

nt compression control in the MR. An otoacoustic emission (OAE) 

tudy using 100-Hz amplitude-modulated broadband noise sug- 

ested that the MOC activation does not depend on the modula- 

ion depth ( Mishra and Biswal, 2019 ), which is consistent with the 

ack of MOC elicitation observed under various envelope modula- 

ion conditions using SPHC stimuli ( Wojtczak et al., 2015 ). More- 

ver, the finding of MR with both forward and backward maskers 

 Carlyon et al., 2017 ) tempers the interpretation of efferent com- 

ression control in the MR. The precursor effect in Tabuchi et al. 

2016) is, therefore, probably not attributable to the reduction of 

ochlear gain by MOC activation but, rather, to some other effects 

uch as the dependency on long-term regularity of the temporal 

nvelope (e.g., Münkner et al., 1996 ; Hickok et al., 2015 ; Tabuchi 

nd Laback, 2020 ). Finally, Tabuchi et al. (2016) observed in a pre- 

iminary experiment (page 2683) that the MR for SPHC stimuli in- 

reases with increasing duration of both masker and target. In the 

ight of the above-described findings on the MOC activation with 

his type of stimuli, this duration effect appears unlikely to be ex- 

lainable by an impact of efferent activation, making it reasonable 

o hypothesize that increasing the stimulus duration increases the 

R by means of temporal integration of dip listening. 

Thus, in the current study we addressed the duration effect of 

asker and target more thoroughly, attempting to explore the ef- 

ciency of temporal integration in dip listening. Here, dip listening 

or maskers with more than one dip raises the question how ef- 

cient the auditory system combines information across multiple 

ips for modulated maskers compared to unmodulated maskers. 

ccording to the idea of dip-listening integration, a greater MR 

or modulated compared to unmodulated maskers is expected 

s the stimulus duration increases. While some temporal inte- 

ration of a target may occur even with an unmodulated noise 

asker ( Oxenham et al., 1997 ; Gleich et al., 2007 ), studies sug-

est that target integration is more efficient for a modulated 

han for an unmodulated noise masker ( Schooneveldt and Moore, 

989 ; Gleich et al., 2007 ). One temporal mechanism for this could 

e “multiple-looks” integration ( Viemeister and Wakefield, 1991 ), 

hich proposes that the auditory system’s sensitivity (d-prime) 

s determined by integration of information across multiple inde- 

endent time windows imposed on particular stimulus features. 

hus, one may assume that integration across multiple epochs of 

igh target-to-masker energy ratio, i.e., masker dips, is an efficient 

eans for target detection. Such an integration mechanism may 

e less efficient for a masker with a shallow envelope featuring 

ess pronounced dips, probably because there is more uncertainty 

f the optimal time epochs to detect the target. Note, however, 

hat simultaneous masking by harmonic maskers with phase re- 

ations producing different amounts of envelope fluctuation was 

easonably predicted by an excitation-based model involving basi- 

ar membrane filtering and compression, which was interpreted 
2 
s suggestion that temporally selective listening in the dips is not 

eeded to explain those data ( Alcántara et al., 2003 ). 

To gain further insights into the impact of dip listening, tem- 

oral integration in the MR for simultaneous masking was stud- 

ed here using deterministic masker stimuli, i.e., SPHCs ( Schroeder, 

970 ), with phase relations producing graded amounts of effec- 

ive envelope fluctuation (i.e., amplitude modulation depth). In or- 

er to facilitate our understanding of the physiological mechanism 

nderlying these temporal effects in the MR, a modeling analysis 

as carried out based on an established auditory periphery model 

ombined with a detection metric that had been shown to well ex- 

lain simultaneous masking by reproducible noise, a situation in- 

olving temporal detection cues ( Richards, 1992 ; Mao and Carney, 

015 ). We expected that such a model has the potential to predict 

arget thresholds for maskers with different strengths of envelope 

uctuation. 

. Experiment: Effect of covarying masker and target duration 

This experiment studied the effect of covarying masker and tar- 

et duration on the simultaneous MR. By comparing conditions of 

 short masker and target with conditions of a long masker and 

arget, we intended to test the hypothesis of larger MR for long 

ompared to short stimuli, thus, to replicate the preliminary re- 

ults of Tabuchi et al. (2016) . The short-duration condition was suf- 

ciently short to avoid activation of the efferent system ( Backus 

nd Guinan, 2006 ), and the reduction of compression was thought 

o be minimal. If, for the long-duration condition, fast-acting com- 

ression would be reduced by activation of the efferent system, 

his would reduce the MR and, therefore, work against the effect 

f temporal integration of dip listening. Thus, we assumed that any 

bserved increase of the MR with increasing stimulus duration can 

e attributed only to temporal integration of dip listening. 

.1. Listeners and equipment 

Six listeners aged between 18 and 40 years participated in the 

xperiment. All had absolute hearing thresholds of 20-dB hearing 

evel or lower at octave frequencies between 0.25 and 8 kHz. All of 

he listeners had experience from previous psychophysical masking 

xperiments and received monetary compensation for their partic- 

pation. None of the authors participated in the experiment. The 

timuli were generated on a computer and output via a sound in- 

erface (E-Mu 0404, Creative Professional) at a sampling rate of 

8 kHz and a resolution of 24 bits. The analog signal was sent 

hrough a headphone amplifier (HB6, Tucker-Davis Technologies) to 

ircumaural headphones (HDA 200, Sennheiser). The stimuli were 

alibrated using an artificial ear (4153, Bruel & Kjær) and a sound 

evel meter (2260, Bruel & Kjær). The experiment was performed 

n a double-walled sound booth. 

.2. Stimuli 

The maskers were Schroeder-phase harmonic complexes (SPHC; 

chroeder, 1970 ; Lentz and Leek, 2001 ) defined as: 

 (t) = 

N 2 ∑ 

n = N 1 
cos 

[ 
2 πn f 0 t + 

Cπn ( n + 1 ) 

N 2 − N 1 + 1 

] 
(1) 

ith f 0 = 100 Hz, N 1 = 16 and N 2 = 64, yielding a masker with a

pectral range from 1600 to 6400 Hz. Such a wide masker band- 

idth has been typically used in the literature ( Oxenham and Dau, 

0 01b ; Shen and Lentz, 20 09 ). The parameter C determines the 

timulus phase curvature and controls the peak factor of the acous- 

ic waveform envelope, being maximally peaky for C = 0 and flat 
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Fig. 1. (Color online) (a) Excerpt of masker waveform with C = −1 at 90 dB SPL; (b) Likewise, masker waveform with C = 0.25. The “silent dip” of the masker envelope is 

much longer and lower in level for C = 0.25 than C = −1 ( Mehrgardt and Schroeder, 1983 ); (c) Example of model’s CN spike pattern for masker only (M) and masker plus 

target ( M + T ) when the masker‘s C is −1 and the target level corresponds to 64 or 84 dB SPL; (d) Likewise, model’s CN spike pattern when the masker’s C is 0.25; (e) The 

positive envelope slope obtained by taking the positive value of the first derivative of the firing pattern of C = −1 in panel (c); (f) Likewise, the positive envelope slope 

obtained from the firing pattern of C = 0.25 in panel (d);. 
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Fig. 2. Schematic of temporal stimulus characteristics used in the experiment. (a) 

Condition Short; (b) Condition Long. The durations of target and masker were 30 

and 40 ms in condition Short, respectively, and 310 and 320 ms in condition Long, 

respectively. The masker level was 90 dB. The double-headed arrows illustrate the 

target’s amplitude varying during the adaptive threshold measurement. See text for 

details about the stimuli. 
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owards C = ±1. Fig. 1 (a) shows the example of a largely flat wave-

orm envelope with C = −1, whereas Fig. 1 (b) shows a largely fluc- 

uating envelope with C = 0.25. With similar stimulus configura- 

ions, the highest and lowest masked thresholds have been found 

ith C = −1 and C = 0.25, respectively ( Oxenham and Dau, 2001b ;

hen and Lentz, 2009 ). In this paper, the terms “modulated” and 

fluctuating” masker are interchangeably used, both of which de- 

cribe the presence of pronounced modulation in the temporal en- 

elope, as compared to the “unmodulated” (flat) maskers. Notably, 

he amount of modulation is controlled by changing the phase 

pectrum of the SPHC’s components without applying any mod- 

lator signal. In the experiment, the following six C s were tested: 

1, 0, 0.25, 0.5, 0.75, and 1, based on previous knowledge that the 

asking effect is maximal for C = −1 and minimal for some Cs ≥
. The target was a pure tone with a frequency of 40 0 0 Hz, spec-

rally and temporally centered at the masker. The target was added 

n phase to the masker component at 40 0 0 Hz. Two stimulus dura- 

ions were tested, referred here to as “Short” and “Long”. The Short 

ondition had a masker duration of 40 ms and a target duration of 

0 ms (as in Tabuchi et al., 2016 ), whereas the Long condition had

 masker duration of 320 ms and a target duration of 310 ms (as

n Oxenham and Dau, 2001b ; Shen and Lentz, 2009 ). The masker- 

nset to target-onset interval and the target-offset to masker-offset 

nterval were therefore 5 ms. The target and masker were gated 

n and off with 5-ms cosine-squared ramps. The masker was pre- 

ented at an overall sound pressure level of 90-dB SPL ( re 20 μPa). 

xenham and Dau (2001b) and Shen and Lentz (2009) found the 

R to be largest for such a high masker level. 

Fig. 2 schematically illustrates the temporal characteristics of 

he stimuli for the two conditions: (a) Short, (b) Long. Additionally, 
3 
he short and long target durations were tested without a masker. 

he conditions for the target’s absolute threshold (referred to as 

uiet) were tested in order to compare the temporal integration in 

asking to the temporal integration in quiet. 

Continuous background noise was added to mask low- 

requency cochlear distortion products. The background noise was 

enerated by low-pass filtering a Gaussian white noise with a 

econd-order Butterworth filter (12-dB/oct attenuation, cut-off fre- 

uency of 1300 Hz) and presented at an overall SPL of 70 dB. Stim- 

li were presented to the listeners’ right ear. 
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2 At the 90-dB masker level used for our experiments, the firing rates of High-SR 

and Med-SR fibers are saturated and therefore not sensitive to stimulus manipu- 

lations. It is a common physiological practice to focus on Low-SR fibers for high 

levels. High-SR and Med-SR fibers may actually be sensitive to target information 

in the masker’s dip, but we wanted to avoid additional assumptions on physio- 

logical mechanisms within the scope of this study. A recent perspective proposes 

that High-SR fibers associated with IHC-AN synapses may benefit coding spectro- 

temporal fluctuation profiles (see Carney, 2018 ). 
.3. Experimental procedure 

An adaptive three-interval forced choice procedure with a 

hree-down one-up staircase rule was used to measure masked 

nd absolute target thresholds at 79% correct ( Levitt, 1971 ). The 

ilent intervals between the three stimuli of a trial were 700 ms. 

his duration was considered as sufficient to account for the 

ime constant of MOC activation decay ( Backus and Guinan, 2006 ; 

alsh et al., 2010 ). The masker was presented in all three inter- 

als, whereas the target was presented only in one randomly se- 

ected interval. The listeners indicated the interval which sounded 

ifferent from the other two by pressing the corresponding button. 

eedback on the correctness of the response was provided visu- 

lly after each trial. Each run was terminated after 8 reversals. At 

he beginning of each threshold run, the target was presented at a 

ound level clearly above the expected threshold. The step size of 

daptive level change was 4 dB up to the fourth reversal, and then 

educed to 2 dB up to the eighth reversal. The target threshold was 

stimated from the average of the last four reversals. 

The order of testing was blocked according to the duration con- 

ition (Short or Long). Within each block, threshold measurement 

or each C was conducted three times, randomizing the order of 

 s and repetitions. Listeners moved on to the other duration con- 

ition after one duration condition was completed. The order of 

uration conditions were random for each listener. All Quiet condi- 

ions were run after the SPHC masking conditions were completed. 

isteners were allowed to take a break every three threshold mea- 

urements, if necessary. The total testing time of the experiment 

mounted to 3 to 4 h per listener. 

.4. Modeling analysis procedure 

To obtain further insight into the mechanism underlying tem- 

oral integration of MR, we conducted a physiology-based model- 

ng analysis. We applied a variant of the so-called envelope-slope 

etric (ESM; Richards, 1992 ; Mao and Carney, 2014 , 2015 ), a mea-

ure of the stimulus-evoked fluctuation strength, to the stimulus 

epresentation as determined by a model of the auditory periph- 

ry up to the level of the cochlear nucleus (CN). The model of the 

uditory periphery up to the auditory nerve (AN) level is well es- 

ablished ( Carney, 1993 ; Zilany et al., 2009 , 2014 ), accounting for

any properties of AN responses, including short-term and long- 

erm adaptation, decay of forward masking, and some basic fea- 

ures of the temporal modulation transfer function (TMTF). Recent 

odels of the CN and the inferior colliculus (IC), added to the AN 

odel, further elaborated the characteristics of the TMTF based 

n excitatory and inhibitory responses ( Nelson and Carney, 2004 ; 

arney et al., 2015 ; Carney and McDonough, 2019 ). We applied the 

SM to the output of the CN because the CN is the first model 

tage removing the temporal fine structure of AN firing patterns 

nd thus extracting the temporal envelope. 

Following Mao and Carney (2015) , we implemented the ESM as 

he integrated positive gradient of the envelope signal, i.e., in our 

ase the CN response. Figs. 1 (c) and 1(d) show, as examples, the 

N firing patterns of a weakly modulated masker M ( C = −1) and

 highly modulated masker ( C = 0.25) both without a target (dot- 

ed line) and with a target T at levels of 64 dB and 84 dB SPL (solid

ine), covering the entire level range of masked threshold measure- 

ents. Remarkably, periodic temporal dips occur in the firing pat- 

ern for C = −1 and the dips start being filled by the target only at

he higher level. In contrast, the dips for C = 0.25 are already filled

t the lower target level. 

Panels (e) and (f) of Fig. 1 show the positive envelope slope 

cross time, obtained by half-wave rectification of the first deriva- 

ive of the firing pattern for C = −1 and C = 0.25 in panels (c) and

d), respectively. The positive envelope slope generally provides a 
4 
easure of “the envelope fluctuation strength” (e.g., Klein-Hennig 

t al., 2011 ; Mao and Carney, 2015 ). When the target tone is added,

he fluctuation strength decreases particularly around the envelope 

eaks of the masker (e.g., around ∼ 21, 31, and 41 ms) for both C 

 −1 and C = 0.25, though the decrease is more pronounced for 

he high target level than for the low target level (T 84 dB vs T

4 dB), and is more pronounced for the condition with more en- 

elope fluctuation than for the condition with less envelope fluc- 

uation ( C = 0.25 vs C = −1). This effect appears to result from the

ecline in the F0-based response relative to the target-frequency 

esponse, referred to as synchrony capture (see, e.g. Carney et al., 

015 ; Carney, 2018 ; Carney and McDonough, 2019 ). In contrast, in 

he envelope dips of the masker (e.g., ∼ 13, 23, and 33 ms), in- 

reasing the target level, slightly and gradually increases the fluc- 

uation strength. The net effect of strong decrease and slight in- 

rease across the masker period is an overall decrease of fluctua- 

ion strength with increasing target level [see Figs. 3 (a) and 3(b)]. 

ur decision variable, the “ratio of integrated slopes“ (RIS), first in- 

egrates the positive slope for M + T [i.e., notated as �ESM( M + T )]

nd for M [i.e., �ESM(M)] over the stimulus duration, and then 

etermines the ratio �ESM( M + T )/ �ESM(M). The idea behind the 

IS metric is that the listener builds a representation of M alone 

hen listening to the intervals without a target and compares this 

o the representation of M + T when listening to the target inter- 

al. Figs. 3 (a) and 3(b) plot RIS as a function of the input target

evel for C = −1 and C = 0.25 in the Short and Long condition, re-

pectively, thus generating a decision-variable function (DVF) for 

ach condition. The shape of the DVF is critical for the predicted 

asked threshold, as determined by the RIS criterion (horizontal 

otted line). In the example conditions of Figs. 3 (a) and 3(b), the 

VF decreases faster with increasing target level for C = 0.25 than 

or C = −1, resulting in a lower predicted threshold for C = 0.25. In

ther words, adding the target to the masker results in a reduction 

f fluctuation strength, and the reduction is stronger for C = 0.25 

han for C = −1. The reduction of RIS with increasing target level 

s most pronounced for C = 0.25 in the Long condition, compared 

ith the other conditions, suggesting that the RIS metric is sen- 

itive to the integration of reduced envelope fluctuation. In order 

o predict masked thresholds for a given set of data, the criterion 

IS was systematically varied as the only free model parameter, 

inimizing the root-mean-square error (RMSE) between mean ex- 

erimental thresholds and corresponding predictions. All the RM- 

Es and criterion RISs estimated in the present study are listed in 

able II . 

Throughout this paper we report predictions obtained with 

ow-SR (spontaneous rate) AN fibers. Over the course of our mod- 

ling analysis, Low-SR fibers seem to show better prediction accu- 

acy (in terms of RMSE) than the Medium-SR or High-SR fibers. 2 

ach point of the DVF represents the average RIS across 10 model 

epetitions. The background noise used for the experiment was 

ot added to the model‘s input stimuli. The parameter of char- 

cteristic frequency (CF) was fixed at 40 0 0 Hz at the AN mod- 

ling stage, and it was the sole CF parameter tested in the cur- 

ent study. We used the default model parameters of AN and CN 

s given by the latest model version (UR EAR 2.0) and listed in 

he Appendix . Those CN parameters were chosen to avoid exces- 

ive temporal synchronization to the stimulus onset and offset 
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Fig. 3. (Color online) Ratio of integrated positive envelope slope (RIS) as a function of target level. (a) Condition Short; (b) Condition Long. To compute RIS, the positive 

envelope slope was first integrated across the entire stimulus duration for both M + T and M, and then the integrated positive envelope slope of M + T was divided by the 

integrated positive envelope slope of M. This computation was repeated across target levels for each condition, resulting in a decision-variable function (DVF) shown in each 

panel. The points in 2-dB steps were linearly interpolated, and the inverse of a criterion RIS (here: 0.85) was defined as the predicted threshold (vertical arrows). The mean 

masked threshold in each condition is shown by the circles on the x-axis. The criterion RIS was found by minimizing the root-mean-square error (RMSE) between mean 

experimental thresholds and predicted thresholds (see Table II ). See text for details about the simulation. 

Fig. 4. Mean target thresholds as a function of C for conditions Short and Long and 

for those in Quiet (without masker). Note, that the background noise was present 

even in the “Quiet” condition. Error bars indicate ±1 standard error across the six 

listeners. 
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Table I 

Listener-specific masking release (MR, i.e., differ- 

ences in dB between the target thresholds for C s −1 

and 0.25) for different stimulus durations. The bot- 

tom row shows the MR obtained from the averaged 

thresholds across the six listeners. 

Listener Short Long 

NH14 17 .7 19 .5 

NH39 7 .3 13 .8 

NH43 12 .5 19 .8 

NH143 3 .0 18 .5 

NH144 4 .0 15 .5 

NH714 14 .3 20 .3 

Mean 9 .8 17 .9 
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(

 Mao and Carney, 2015 ), which was also desirable for our purpose. 

urther optimizing the CN parameters would have exceeded the 

cope of the present study. 

.5. Results and discussion 

Fig. 4 shows mean masked thresholds across listeners as a func- 

ion of C for conditions Short and Long, respectively. Starting with 

ondition Long (open symbols), the masked threshold is highest 

or C = −1 and lowest for C = 0.25. We quantified the difference of

hresholds between those extreme values as a measure of MR, sup- 

orted by extreme values found at similar C s in published studies 

 Oxenham and Dau, 2001b ; Shen and Lentz, 2009 ). For condition 

ong, the mean MR across listeners amounts to 17.9 dB (see also 

able I for listener-specific MRs). For condition Short (filled sym- 

ols), the masked threshold is also the highest for C = −1 and very 

imilar to condition Long, but for C s ≥ 0 the thresholds are ap- 

roximately constant (around 74 dB SPL) and systematically higher 

han in condition Long (resulting in a mean MR of 9.8 dB). Note 
5 
hat the 8.1 dB difference in MR between conditions Short and 

ong is almost entirely due to the decreased masked thresholds 

or the long duration at the stimulus phase curvatures where the 

timulus envelope is highly fluctuating. Overall, these effects were 

upported by the results of a two-way repeated-measures analy- 

is of variance (RM-ANOVA), showing significant main effects of 

oth the factors C [ F (5,25) = 22.56, p < 0.001] and stimulus dura-

ion [ F (1,5) = 7.684, p = 0.039] and a significant interaction between 

hem [ F (5,25) = 7.773, p < 0.001]. 

When the modeling analysis was conducted across all the C val- 

es, the model predictions were found to largely deviate from the 

ean experimental thresholds (see Table II for the RMSE). Despite 

he failure of predictions based on a single RIS criterion across 

he six C s, the model coincidentally predicted the overall patterns 

f maximum vs. minimum thresholds [for C s of −1 and 0.25 as 

hown in Figs. 3 (a) and 3(b), respectively] for conditions Short and 

ong. Because the current study is primarily concerned with the 

uration effect on the MR difference between internally weakly 

ersus highly modulated stimuli (i.e., Cs of −1 and 0.25), and as- 

uming that the model adequately represents that “relative” dura- 

ion effect, our subsequent modeling focuses on the prediction of 

uch defined MR rather than the prediction across all the six C s. 

Fig. 5 (a) shows the mean masked thresholds and model predic- 

ions optimized for the two selected C s of −1 (open symbols) and 

.25 (filled symbols) and the two duration conditions (measured 

hresholds replicated from Fig. 4 ). Fig. 5 (b) shows the correspond- 

ng MRs. The model well captures the pattern of the duration effect 

see also, Table II ). To discern the potential influence of onset and 



H. Tabuchi and B. Laback Hearing Research 420 (2022) 108514 

Table II 

Estimates of best fitting “ratio of integrated slopes” (RIS) criterion and corresponding root-mean-square errors 

(RMSE) in dB between the mean thresholds and model predictions. (Upper row) Criterion and RMSE obtained 

when predicting all conditions, i.e., six C s and the two stimulus durations; (Middle) Criterion and RMSE ob- 

tained when predicting two C s and the two durations; (Bottom) Criterion and RMSE obtained when predicting 

two C s and the two durations when the onset and offset of CN responses (spikes/ sec ) were excluded from the 

computation (denoted as “Trimmed“). See text for details about the model. 

C Duration Fig. RMSE RIS criterion Remarks 

−1, 0, 0.25, 0.5, 0.75, 1 Short, Long N/A 9.69 0.85 DVF for C −1 & 0.25 in Fig. 3 

−1, 0.25 Short, Long 5 0.80 0.84 

−1, 0.25 Short, Long 5 1.87 0.81 Trimmed 

Fig. 5. (Color online) (a) Mean target thresholds for the stimulus durations (Short and Long) and for the C s ( −1 and 0.25), and corresponding CN-model predictions. The 

predictions excluding onset and offset portions are denoted as “Trimmed“. Predictions were performed by optimizing the RIS criterion for the given set of data (see Table 

II ); (b) Mean masking release (MR; i.e., the threshold difference between the Cs of −1 and 0.25) corresponding to conditions from panel (a). Error bars indicate ±1 standard 

error across the six listeners. The listener-specific MRs are shown in Table I . See text for details about the simulation. 
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ffset portions on the model prediction, we tested the predictions 

ased on the “trimmed” CN responses as shown by the circles. The 

rimming operation removed the CN response corresponding to the 

rst and last masker periods, and used only the CN response be- 

ween 20 and 30 ms after stimulus onset for condition Short (i.e., 1 

ycle) and between 20 and 310 ms for condition Long (29 cycles). 

he predictions for trimmed responses (circles) differ only slightly 

rom those for the complete responses without trimming (squares), 

uggesting no significant contribution of the onset and offset to the 

rediction. 3 

To illustrate the dependency of the ESM (leading to the RIS) on 

timulus duration, Fig. 6 shows the sum of the ESM across stimulus 

uration for target levels of 64 dB [panel (a)] and 84 dB SPL [panel

b)], respectively. The masker-only (M) conditions for C = −1 and 

 = 0.25 (triangles) are the same in both panels, serving as base- 

ines. The first important observation is that the sum of ESM for 

 + T (filled or open circle) is lower for the high target level [ Fig.

 (b)] than for the low target level [ Fig. 6 (a)]. Second, the sum of

SM for M + T (the circles) increases less with increasing stimu- 

us duration, compared to the sum of ESM for M (the triangles). 

hird, the reduction of sum of ESM for M + T relative to the sum of

SM for M is stronger for the highly modulated ( C = 0.25) masker 

han for the weakly modulated ( C = −1) masker. To summarize, the 

um of ESM is lowest when the target level is high (84 dB) [filled

ircle in Fig. 6 (b)], when the stimulus duration is long (320 ms), 
3 The temporal decay of CN firing-rate across stimulus duration (i.e., short adap- 

ation) seems similar between the masker fluctuation conditions ( C = −1 vs. 0.25) 

ithin each duration condition, and the difference of temporal decay between the 

asker fluctuation conditions does not appear to change with the duration condi- 

ions (Short vs Long). In our modeling analysis, it is thus unlikely that short-term 

daptation contributed to the stimulus duration effect. 

p

(

t

m

t

u

(

6

nd when the masker is modulated ( C = 0.25). These fine-grained 

omputations of the sum of ESM are consistent with the general 

escription in Section 2.4 . Comparison to Fig. 1 suggests that the 

ariation of sum of ESM with target level and stimulus duration 

s dominated by the changes in firing pattern [ Fig. 1 (c) and Fig.

 (d)] and positive slope [ Fig. 1 (e) and Fig. 1 (f)] occurring particu-

arly during the temporal peak of the masker. 

Finally, Fig. 7 compares the mean size of experimentally ob- 

erved temporal integration in conditions of masking ( C = −1 vs 

 = 0.25) and in quiet (without masker). The size of temporal in- 

egration is very similar for the modulated masker ( C = 0.25) and 

n quiet, while it is rather small for the unmodulated masker 

 C = −1). An RM-ANOVA performed on the size of temporal in- 

egration indicated significant main effects of the factor masker 

onfiguration [ F (2,10) = 13.6, p = 0.001]. Post hoc pairwise compar- 

sons using the Tukey LSD test indicated a significant difference be- 

ween C = −1 and C = 0.25 ( p < 0.01) and between C = −1 and Quiet

 p < 0.001) and, more importantly, no significant difference between 

 = 0.25 and Quiet ( p = 0.674). This suggests that the size of tem-

oral integration of a target tone masked by a highly modulated 

PHC masker is not significantly different from that of a target 

one in quiet. While this comparison demonstrates a comparable 

ize of temporal integration, it does not mean that the underly- 

ng integration mechanism is the same. For a highly modulated 

asker ( C = 0.25), listeners might follow a “multiple-looks” ap- 

roach, combining target information from individual masker dips 

i.e., “looks”). Note that, in the ESM model, each look corresponds 

o a change in the integrated positive envelope slope within one 

asker period. For an unmodulated a single pure tone in quiet, lis- 

eners may instead simply integrate energy across the entire stim- 

lus duration up to ∼300 ms according to an “energy detector”

e.g., Plomp and Bouman, 1959 ; Green, 1960 ). More generally, in 
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Fig. 6. (Color online) Sum of the model’s envelope-slope metric (ESM) as a function of stimulus duration. Each panel shows the sum of ESM for target levels of 64 dB SPL 

[panel (a)] and 84 dB SPL [panel (b)]. ESM decreases when adding the target (T) with an increasing level [panel (a) vs. (b)], and when increasing the masker’s (M) envelope 

modulation ( C = 0.25 vs. −1). The triangles for masker alone (M) serve as baselines in both panels. The stimulus duration on the horizontal axis denotes the masker duration 

(i.e., 30, 40, 90, 150, 210, 270, and 320 ms), with the target duration being 10 ms shorter than the masker duration. All stimulus variables (e.g., masker level 90 dB SPL) are 

the same as those used in the experiment. See text for details about the simulation and interpretation of the figure. 

Fig. 7. (Color online) Mean size of temporal integration for conditions with a 

masker ( C s of −1 and 0.25), and in quiet (without a masker), quantified as the 

threshold difference between conditions Short and Long in dB. Error bars indicate 

±1 standard error across the six listeners. 
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asking situations listeners may “flexibly” follow different strate- 

ies of integration, depending on the temporal structure of the 

asker (see Plack, 2018 ). According to our model assumption, the 

istening strategy might be similar for a weakly modulated masker 

s for a highly modulated masker. In fact, for the Short condi- 

ion, the change in the integrated positive envelope slope in each 

asker period for the highly modulated masker ( C = 0.25) is only 

lightly smaller than for the weakly modulated masker ( C = −1), 

esulting in essentially very similar thresholds. However, for the 

ong condition, the small difference accumulates across time such 

hat the sum of slope across all periods becomes considerable 

arger for the highly modulated masker than for the weakly modu- 

ated masker (see Fig. 6 ), resulting in a lower threshold compared 

o the weakly modulated masker. 

. General discussion and conclusions 

It is well established that the amount of simultaneous masking 

y a Schroeder-phase harmonic complex (SPHC) depends strongly 

n its effective envelope fluctuation. A masker with a strong en- 

elope fluctuation ( C = 0.25) produces less masking than a masker 

ith a weak envelope fluctuation ( C = −1), leading to masking re- 

ease (MR). The present study attempted to shed light on the po- 

ential mechanisms contributing to the MR obtained with this type 

f stimulus by measuring the effect of overall stimulus duration 
7 
nd predicting the results using a model that combines a state- 

f-the-art auditory periphery frontend with a temporal-envelope 

ased decision metric. In contrast to previous studies on tempo- 

al integration in MR using continuous maskers ( Schooneveldt and 

oore, 1989 ; Gleich et al., 2007 ), we used gated maskers to ob- 

ain information about the potential contribution of activation of 

he efferent system (see below). Moreover, in contrast to stud- 

es on target’s temporal integration using gated maskers with a 

xed duration (e.g., Oxenham et al., 1997 ), we covaried the du- 

ation of both masker and target to avoid the potentially con- 

ounding influence of the masker’s trailing portions (before tar- 

et onset and after target offset), which allowed us to keep con- 

tant any effects resulting from those target-free portions of the 

asker. 

Our study showed a significantly larger MR for the long com- 

ared to the short stimulus condition, i.e., demonstrating tempo- 

al integration in the MR. The results confirmed the preliminary 

ndings of Tabuchi et al. (2016) and provide further evidence for 

tronger temporal integration of target information for a highly 

odulated masker compared to a weakly modulated masker. To 

ur knowledge, evidence for this has so far been provided only for 

ontinuous noise maskers, either as a byproduct of a study on co- 

odulation masking release ( Schooneveldt and Moore, 1989 ) or in 

 behavioral animal study with gerbils ( Gleich et al., 2007 ). 

Because fast cochlear compression is thought to contribute to 

he simultaneous MR (e.g., Oxenham and Dau, 20 01a , 20 01b , 20 04 ;

lcántara et al., 2003 ), it was considered that a reduction of this 

ompression over the course of the stimulus by means of acti- 

ation of the efferent system might reduce the contribution of 

ater stimulus portions to the MR (see Tabuchi et al., 2016 ). This 

hould cause either no effect or even a smaller MR for long 

ompared to short stimuli. However, the finding that the MR in 

act increased with increasing stimulus duration suggests that an 

fferent-induced reduction of compression either had no effect or 

nly a small effect which was overruled by another mechanism, 

amely temporal integration of dip listening. Notably, this does 

ot mean that fast compression per se does not contribute to the 

R. Interestingly, an increase of MR with increasing stimulus du- 

ation had been observed also with a forward masking paradigm 

 Wojtczak and Oxenham, 2009 ), leading to the conclusion that ef- 

erent compression control is unlikely to play an important role in 

he masker phase effect ( Wojtczak et al., 2015 ). For a further dis- 

ussion of results obtained in simultaneous versus forward mask- 

ng, see below. 
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Despite these arguments, the current study does not generally 

ule out the involvement of MOC activation in the MR. In OAE 

tudies, there has been a long debate whether various envelope 

uctuations elicit MOC activation or not (e.g., Guinan, 2010 ); for 

xample, MOC activation varies with stimulus variables of SPHCs, 

uch as the waveform crest factor, the F0, and the envelope rate 

 Micheyl et al., 1999 ). If the MOC system was activated in the

urrent study for tangled or unknown reasons, it is not unimag- 

nable that time-evolving MOC activation could have reduced the 

requency selectivity and thus expanded the AF bandwidth (e.g., 

trickland, 2001 ) towards the end of long M + T , which may allow

ore frequency components to fall within the the auditory filter 

AF) and increase the envelope fluctuation, finally resulting in a 

arge MR. On the other hand, at the high masker level used in the 

resent study, there would not be much room for a widening of 

F bandwidth. 

Together, the current simultaneous masking results appear con- 

istent with the idea that listeners efficiently integrated target in- 

ormation across masker dips for the highly modulated masker, 

hereas the lack of such informative epochs prevented such a 

trategy for the less modulated masker (see below). As a con- 

rol condition, temporal integration was also measured without 

asker, using the same target as in the masked conditions. Inter- 

stingly, the amount of temporal integration in quiet was found to 

e equal in magnitude to temporal integration in presence of the 

odulated masker ( C = 0.25). This indicates that listeners can be 

omparably efficient in integrating short bits of information across 

ime as they are in integrating continuously available information. 

The results of this study can be partly interpreted in terms 

f the multiple-looks model of temporal integration ( Viemeister 

n Wakefield, 1991 ; Donaldson et al., 1997 ), assuming that each 

asker dip, i.e., temporal epoch of high target-to-masker energy 

atio, represents a “look”. An important rationale of that model is 

hat the amount of threshold improvement associated with an in- 

rease in the number of looks affects the slope of the psychometric 

unction. Steep psychometric functions will result in less threshold 

mprovement than shallow psychometric functions ( Viemeister an 

akefield, 1991 ), presumably because a difference of target tone 

evels corresponding to a constant improvement in performance is 

maller in case of a steeper function. However, to better interpret 

he current data in terms of the multiple-looks integration, a rigor- 

us measurement of the psychometric function’s slope is required, 

hus requiring the use of the method of constant stimuli in a fu- 

ure study. 

In order to gain insight into the mechanism involved in the MR, 

e predicted the masked thresholds with a physiology-inspired 

odel of the auditory processing up to the CN. Based on the es- 

ablished envelope slope metric (ESM, Richards, 1992 ; Strickland 

nd Viemeister, 1996 ; Mao and Carney, 2015 ), the modeling ap- 

roach assumed that in each trial listeners evaluate the difference 

n the “internal” (neural) envelope patterns between the masker 

lone (M) and the masker plus target ( M + T ). The model idea is

hat listeners detect a reduction of overall envelope fluctuation 

trength when adding the target to a modulated masker. Specif- 

cally, our version of the metric, the RIS, compared the summed 

ositive instantaneous slope of the CN’s firing pattern for M alone 

ith that for M + T . The RIS metric was able to predict the dura-

ion effect in the MR, as determined based on the masker caus- 

ng maximum masking ( C = −1) versus the masker causing mini- 

um masking ( C = 0.25) in short versus long stimulus durations. 

t a more detailed level, it was found that in order to obtain these 

redictions, a critical property of the CN’s model response to M + T 

as a decline of the positive envelope slope during the response 

eak when adding a target with increasing level [see Figs. 1 (e) 

nd 1(f)]. While there is also a counteracting increase of the pos- 

tive envelope slope during the response dip, the decline during 
8 
he peak was found to dominate the increase during the dip. The 

ecline of the positive envelope slope during the response peak 

as ascribed to the well-known effect of synchrony capture (see, 

.g. Carney et al., 2015 ; Maxwell et al., 2020 ). In other words, dip

istening, and therefore also temporal integration across multiple 

ips, for SPHC stimuli appears to rely on the reduction of the peak 

n the neural envelope representation within each masker period. 

hile this might appear contradictory, this just means that at the 

imits of perception, i.e., at masked threshold, the auditory system 

eems to rely on features of the neural signal representation that 

re only indirectly related with “external” (acoustic) signal, due to 

he mechano-electrical transformations in the auditory periphery. 

t should be mentioned, though, that such a strategy only works 

or a simple detection task, but it would not work for signal recog- 

ition (e.g. speech) in temporal dips. 

On the one hand, the model did predict the minimum and 

aximum masked threshold (across C s) for conditions Short and 

ong, which were found to be consistent with measurements from 

he literature for such stimuli and were selected to determine the 

R before starting with the model analysis. On the other hand, 

or other C values beyond this preselected data set ( C = −1 and 

 = 0.25), the model did not predict the pattern of masked thresh- 

lds using a constant threshold criterion, suggesting that the good 

bsolute predictions for threshold maxima and minima were coin- 

idental. Interestingly, inspection of the DVF for all other C s (not 

hown) suggested that the area covered between short- and long- 

timulus DVFs is proportional to the amount of the duration ef- 

ect for each C . In other words, an integrated quantity of RIS rather 

han a single RIS criterion appears to be well correlated with the 

uration effect even across various C s, possibly because such inte- 

rated quantity is less sensitive to the absolute dB SPL of masked 

hresholds. Overall, however, the current model demonstrates the 

ack of predictability of the detailed threshold pattern across C s 

hich appears to be due to a discrepancy in the phase response 

f the AN frontend model and that of actual listeners (see also 

abuchi and Laback, 2017 ). Thus, there remains room for adapting 

he AN model’s phase response to better reflect masker phase ef- 

ects for SPHC stimuli. Moreover, low-SR fibers were found to be by 

ar most predictive of masking effects, leaving open the question 

ow the auditory system combines information from the three AN 

ber types (Low-, Med-, and High-SR) to detect a tone masked by 

emporally fluctuating maskers. 

We also applied another decision metric, namely the integrated 

-prime ( Pressnitzer et al., 2001 ) which is conceptually equivalent 

o the decision metric (d-prime) used for analyzing multiple-looks 

ntegration in human psychoacoustics ( Viemeister and Wakefield, 

991 ). One problem we observed when applying this metric to the 

odel’s CN firing pattern was that the firing rate for the highly 

odulated masker ( C = 0.25) can reach zero at the masker’s dip, 

specially when the analysis window is short ( < ∼4 ms), such that 

he predicted sensitivity within the corresponding short time win- 

ow becomes excessively or infinitely high, by far exceeding hu- 

an performance and, thus, resulting in inaccurate predictions. 

hile this issue may be resolved by adding an internal noise 

ource, another issue was the violation of “normality” of the prob- 

bility density function based on the firing rates within short time 

indows. Namely, the variance of the probability density func- 

ion was sometimes extremely large for highly modulated maskers 

 C = 0.25), due to the impulsive character of the corresponding 

ring-rate pattern. In some cases, the probability density function 

as even bimodal (i.e., having two peaks), making it hard to ro- 

ustly determine d-prime scores. Because of these problems, we 

borted our attempts to predict the results based on the d-prime 

etric. 

Compared to the integrated d-prime metric, the RIS metric was 

ound to be computationally more feasible. A particularly attrac- 
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ive aspect of the RIS metric is that it does not require the spec- 

fication of particular short time windows, such as in d-prime 

ased models (e.g., Pressnitzer et al., 2001 ). For example, Mao et 

l. (2013) showed that an ESM model version that segmented the 

timulus into equal-duration windows achieved the same predic- 

ion power for tone-in-reproducible-noise detection as a version 

sing a single long-window. Note, however, that the RIS metric 

s limited to simultaneous configurations, and it is unlikely to ex- 

lain the masked threshold in forward masking ( Wojtczak and Ox- 

nham, 2009 ) and backward masking ( Carlyon et al., 2017 ). 

From a broader perspective, the demonstrated increase of si- 

ultaneous MR with increasing stimulus duration appears at first 

ight consistent with an increase of nonsimultaneous MR with in- 

reasing masker duration observed in a forward masking paradigm 

 Wojtczak and Oxenham, 2009 ). But, because dip listening is not 

ossible in a forward masking configuration, this apparent sim- 

larity of effects may raise concerns about our interpretation of 

ip listening in simultaneous MR. On the other hand, given the 

ather different nature of stimulus variations in the simultaneous 

nd forward masking studies (we varied both masker and target 

uration, while Wojtczak and Oxenham, naturally had to keep the 

arget duration constant), it is not unlikely that different mecha- 

isms are involved in those two masker configurations. Although 

eyond the scope of the present study, one potential mechanisms 

or the masker duration effect in forward masking could be that 

isteners entrained to the rhythm of a modulated masker and the 

ersistence of this rhythm at a more central level causes some kind 

f higher-order dip-listening effect ( Hickok et al., 2015 ). Increasing 

he masker duration may improve this form of dip listening due to 

tronger entrainment, resulting in larger MR. Taken together, while 

he observed duration dependence of the simultaneous MR and its 

odeling appears to be consistent with an explanation in terms of 

ip listening (in the “external” signal) and synchrony capture (in 

he neural signal), the contribution of other mechanisms, which 

ight also explain the corresponding duration effects in forward 

asking, cannot be ruled out. 

To summarize, the following main conclusions can be drawn 

rom the current experimental and modeling study. The mask- 

ng release for highly versus weakly fluctuating (modulated) 

chroeder-phase harmonic complex stimuli was found to increase 

ith increasing masker and target duration. The duration effect in 

he masking release was predicted by the envelope slope metric 

ESM) applied to an auditory periphery model up to the cochlear 

ucleus. The duration was interpreted in terms of temporal inte- 

ration of target information across masker envelope dips (at the 

ignal level) and in terms of temporal integration of a decline in 

he neural envelope peak (i.e., synchrony capture) across modula- 

ion periods (at the neural level). These interpretations of the du- 

ation effect are, thus, different manifestations of the same phe- 

omenon. 

Future research is required to study the generalization of the 

urrent findings to a broader range of stimuli with various en- 

elope modulation characteristics. Using a frontend AN model 

hat better reflects the human cochlear phase response might ad- 

ance the predictability of target detection in presence of arbitrary 

askers with given phase characteristics. 
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ppendix 

In the modeling analysis, we used the following parameters: 

AN model : 

• CF: 4 kHz 
• Model sampling rate: 100 kHz 
• Outer hair cell (OHC) scaling factor: 1 (normal) 
• Inner hair cell (IHC) scaling factor: 1 (normal) 
• Species: human, using basilar membrane tuning from Shera et 

al. (2002) 
• Fractional Gaussian noise type: variable 
• Power-law implementation: approximate 
• Number of stimulus repetition (nrep): 10 0 0 

CN model : 

• Excitatory input time constant τ ex : 0.5 ms 
• Inhibitory input time constant τ ihn : 2 ms 
• Inhibitory delay D ihn : 1 ms 
• Amplitude of inhibition C ihn : 0.6 
• Scalar for model stage output A: 1.5 
• Best modulation frequency: 100 Hz 
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