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Chapterr 9 

Fromm simultaneous to 

non-simultaneouss MDI for 

normall  hearing and 

hearing-impairedd subjects* 

Abstract t 

Thee sensitivity to SAM is reduced when other modulated maskers are presented 

simultaneouslyy at a distant frequency (MDI) . In Chapter 8, similar interference is 

reportedd for non-simultaneous presentation, especially for hearing-impaired subjects. 

Thiss is referred to as adaptation. This chapter investigates the interference for 

normall  hearing and hearing-impaired subjects for conditions that gradually change 

fromm simultaneous to non-simultaneous presentation. Subjects were asked to detect 

thee SAM of a 625 ms 1 kHz carrier modulated by 8 Hz sinusoid. The presentation 

levell  was 25 dB SL. For some normal hearing subjects, measurements were also 

performedd at 50 dB SL. The target was presented alone or in the presence of a 2 kHz 

maskerr that was either non-modulated or modulated by the same modulation rate (in 

*submittedd to the Journal of Acoustical Society of America 
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phase).. The masker was presented simultaneously, partly simultaneously, and non-

simultaneously.. Large differences in the reduction in sensitivity to SAM were found 

forr normal hearing and hearing-impaired subjects for simultaneous presentation of 

targett and masker. For both, normal hearing and hearing-impaired subjects, an 

asymptoticallyy reduced sensitivity to SAM was found as a function of ISI. Significant 

correlationn coefficients were found between MDI and the benefit to the intelligibilit y 

off  speech presented in a fluctuating noise rather than a continuous noise. 

9.11 Motivation 

Modulationn perception in the presence of modulated maskers has been determined 

forr two situations: 

1.. Simultaneous presentation of target and masker using different carrier 

frequenciess (MDI: Chapter 5) 

2.. Non-simultaneous presentation of target and masker using similar carrier 

frequenciesfrequencies (adaptation: Chapter 8) 

Forr MDI . the performance of hearing-impaired subjects was similar to that of normal 

hearingg subjects, whereas for adaptation large differences were reported between 

normall  hearing and hearing-impaired subjects. The exact nature of these differences 

iss unclear. This study was designed to investigate the effect of simultaneous and 

non-simultaneouss presentation of modulated maskers on the sensitivity to SAM. 

9.22 Methods 

9.2.11 Subjects 

Eightt normal hearing and eight sensorineurally hearing-impaired subjects 

participatedd in this study. The normal hearing subjects had thresholds better than 

155 dB HL at the standard audiometric frequencies from 250 Hz to 8 kHz (re. ANSI. 

1996).. The average age was 29 years and normal hearing subjects were tested at a 

randomlyy assigned ear. The age. ear tested and auditory thresholds of the hearing-

impairedd subjects are presented individually in Table 9.1. The bottom row of Table 
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9.11 presents the average age and thresholds of the hearing-impaired subjects, with 

theirr standard deviations. The subject numbers were allocated according to an 

increasingg average loss at the frequencies 1. 2. and 4 kHz. In case of an asymmetrical 

hearingg loss, the best ear was tested. 

Puree tone thresholds 

Subject t 

HI1 1 

HI2 2 

HI3 3 

HI4 4 

HIS S 

HI6 6 

HI7 7 

HI8 8 

Mean n 

St.. dev. 

Age e 

59 9 

64 4 

64 4 

62 2 

62 2 

59 9 

18 8 

70 0 

57 7 

16 6 

Ear r 

L L 

R R 

R R 

L L 

L L 

L L 

L L 

R R 

5LL 3R 

0.255 kHz 

30 0 

45 5 

30 0 

30 0 

30 0 

15 5 

40 0 

45 5 

33 3 

10 0 

0.55 kHz 

35 5 

45 5 

30 0 

45 5 

40 0 

10 0 

35 5 

45 5 

36 6 

12 2 

11 kHz 

40 0 

40 0 

35 5 

50 0 

45 5 

45 5 

30 0 

60 0 

43 3 

9 9 

22 kHz 

40 0 

30 0 

40 0 

50 0 

50 0 

60 0 

75 5 

55 5 

50 0 

14 4 

44 kHz 

40 0 

60 0 

60 0 

50 0 

60 0 

55 5 

70 0 

70 0 

58 8 

10 0 

8kH H 

55 5 

75 5 

65 5 

40 0 

65 5 

75 5 

40 0 

100 0 

64 4 

20 0 

Tablee 9.1: Age. ear tested and pure tone audiogram for the hearing-impaired subjects. 
TheThe last row shows the averages and standard deviation between brackets. 

9.2.22 Stimuli 

Non-speechh stimuli 

Thee sensitivity to SAM in a target signal was measured for three conditions: 

1.. the sensitivity to SAM in an 8 Hz modulated, 1 kHz pure tone carrier (PA). 

2.. the sensitivity to SAM of an 8 Hz modulated 1 kHz pure tone presented in the 

presencee of a non-modulated 2 kHz masker (UNMOD). 

3.. similar to 2, but the 2 kHz masker was 100% sinusoidally amplitude modulated 

usingg a modulation rate of 8 Hz (MOD). 

Al ll  stimuli had a fixed duration of 625 ms. gated by a cosine-squared window with 

55 ms rise/fall times presented at equal RMS-levels. When a masker was present, 

thee inter-stimulus interval (ISI) varied for different experiments and was completely 
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simultaneouss (ISI  — -625 ins), partially simultaneous (ISI = -500. -375. -125 ms). or 

completelyy non-simultaneous (ISI = 0 and 125 ms). The envelope of the target and 

maskerr always star ted at the DC-component and were in phase*. The time between 

twoo stimuli depended on the subjects' decision time, but was at least 1.5 seconds. 

Thee signals were presented at 25 dB SL for all subjects. For six normal hearing 

subjectss addit ional tests were conducted at 50 dB SL to approach equivalent sound 

pressuree levels to those used for the hearing-impaired subjects, who had an average 

bearingg loss of 43 dB HL. 

Thee stimuli propert ies given above are the standard values. In Experiment 

3.. four of these parameters were varied in order to study the effect of perceptual 

grouping.. Firstly, the phase relation between the envelope of the target and the 

maskerr was varied. For an ISI of -375 ms. the envelopes were presented either 

wi thoutt a phase difference between target and masker (standard) or 180° out of 

phase.. Secondly, the center frequency of the carrier was varied. At an ISI of 125 

ms.. masker carriers used were identical to the target (1 kHz), or as in the standard 

si tuat ionn (2 kHz). Thirdly, the modulation depth of the adaptor was varied. The 

carrierr frequency of the target and masker were 1 kHz and the modulat ion depth of 

thee adaptor was 0, 0.5. or 1. Finally, the modulat ion rate was varied. The masker 

wass either non-modulated (0 Hz) or fully modulated using a modulation frequency 

off  4 . 8. or 16 Hz. The carrier frequency for the experiments in which the modulat ion 

dep thh or modulat ion rate of the adaptor was varied, was 1 kHz for target and masker. 

S p e e chh s t imu l i 

Speechh intelligibilit y was determined using the VU98 sentences spoken by a female 

speakerr (Versfeld et ah, 2000). Speech intelligibilit y was determined in a continuous 

andd in a fluctuating background noise, both having the long-term averaged spectrum 

ass the female speaker. The fluctuating background noise was produced as described 

^Somee of the data presentee] in section 9.3.3 (carrier frequency of the masker at 1 kHz. with 
modulationn depths of 0 and 1) have been reported in Chapter 8. Signal generation for the two 
experimentss differed to a small extent. This experiment used modulators that started at the 
DC-componentt (phase — 0°), whereas the modulators from the previous experiment started at 
maximumm amplitude (phase — 90°). It is hypothesized that this difference wil l not influence the 
data. . 
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byy Festen and Plomp (1990). Speech was presented at 65 dB A, unless the averaged 

hearingg loss for 500 Hz, 1 kHz and 2 kHz was larger than 40 dB, in which case the 

speechh was presented 20 dB above the average hearing loss. 

9.2.33 Procedure 

Inn a sound-attenuating booth the following experiments were conducted: 

Measurementt  of absolute thresholds 

Thee audibility of a 1 kHz signal was determined using a 11-2AFC experiment. The 

intervall  was indicated using visual cues. Subjects were asked to indicate whether 

theyy heard the signal. The signal level was decreased by 4 dB after three successive 

correctss responses and increased by 4 dB after one incorrect response. After two 

reversals,, the step size was reduced to 2 dB. Hence, the point of 79.1% correct 

responsess was determined (Levitt, 1971). The threshold was determined by taking 

thee average of the last 6, of 10, reversals. Measurements were carried out twice. 

Visuall  feedback was given for 300 ms after each response. If test and retest deviated 

byy more than 3 dB, a third test was carried out. 

Sensitivityy to SAM signals 

Thee sensitivity to SAM of a 1 kHz carrier was determined using the adaptive 

proceduree described above with a initial step size of 4 dB, which was reduced to 

22 dB in modulation depth (20 log10[m]) after two reversals. 

Speechh intelligibilit y 

Speechh intelligibilit y was measured using a standard speech reception threshold 

(SRT)) test (Plomp and Mimpen, 1979). similar to that in Chapter 8, which 

determiness the speech-to-noise ratio corresponding to 50% correct responses for 

shortt meaningful redundant sentences (VU98; Versfeld et al., 2000). Sentences were 

presentedd in a continuous or a fluctuating noise, both with the same long-term 

averagedd spectrum as the sentences. If each word in the sentence was repeated 

correctly,, the speech level was decreased by 2 dB. If the sentence was not repeated 

correctly,, the speech level was increased by 2 dB. The first of 13 sentences was 
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repeatedd until the subject repeated it correctly, using 4 dB steps in order to quickly 

convergee to an overall intelligibilit y of 50%. Speech intelligibilit y was estimated by 

averagingg the S/N ratio of the last 9 sentences in noise and the estimated S/N ratio 

off  the sentence following the last sentence. Measurements were carried out twice. 

Whenn test and retest deviated by more than 2 dB a third test was conducted. 

9.2.44 Apparatus 

Speechh stimuli were reproduced from a compact disc and digitized at a 44.1 kHz 

samplingg rate. The non-speech stimuli were generated digitally using a sampling rate 

off  16 kHz and a Tucker-Davis Technology (TDT-II ) system. Speech and non-speech 

stimulii  passed via a 16-bit DA-converter (DA3-2) and an anti-aliasing filter (FT6; 

cut-offf  frequency 8 kHz). Presentation levels were controlled using programmable 

attenuatorss (PA4) and for speech intelligibility , speech and noise were summed using 

aa summer (SM3). These signals passed a headphone buffer (HB6) before being 

presentedd to the subjects via headphones (Telephonies TDH 39-P). 

9.33 Results 

9.3.11 Experiment 1: Sensitivity to SAM 

Thee accuracy of measurements determining the sensitivity to SAM was very high 

(Cronbachss r> = 0.93). There is no significant learning effect (paired t-tvst. p- value 

>> 0.1). 

NHH (25 dB SL) NH (50 dB SL) HI (25 dB SL) 

-17.22 (3.1) -22.8 (2.1) -23.5 (2.2) 

Tablee 9.2: The sensitivity to SAM (dB) determined in Experiment 1 

Thee direct results are given in Table 9.2. The sensitivity to SAM for normal hearing 

subjectss increased significantly by 5.5 dB when the sensation level (SL) was increased 

fromm 25 dB SL to 50 dB SL (LME. p-value < 0.001). At equal SL, hearing-impaired 

subjectss were significantly more sensitive to SAM than normal hearing subjects 
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(LME,, 6.2 dB; p-value < 0.001). There was no significant difference when these 

groupss are compared at roughly equal SPL-levels (LME, p-value=0.49). 

9.3.22 Exper iment 2: Sensitivity to SAM in the presence of a 

masker r 

Thee accuracy of the SAM thresholds in the presence of a masking stimulus, is very 

highh (Cronbach's a = 0.96). There was no significant learning effect (paired i-test; 

p-valuee = 0.29). 

Sincee the inter-individual differences are quite large, individual results are given 

forr normal hearing subjects measured at 25 dB SL (Figure 9.1), 50 dB SL (Figure 

9.2),, and for hearing-impaired subjects (Figure 9.3). In these figures, the sensitivity 

too SAM (ordinate) is given as a function of the inter-stimulus interval (ISI) in 

mss (abscissa). The horizontal lines give the thresholds for the sensitivity to SAM 

determinedd in Experiment 1. Circles and plus symbols represent the sensitivity to 

SAMM presented in a non-modulated and a modulated masker, respectively. Hence, 

thee classical MDI is given by the difference between the plus symbols and circles for 

simultaneouslyy presented signals (-625 ms). Some subjects experienced difficulties 

identifyingg whether the stimulus was modulated for conditions where target and 

maskerr are presented simultaneously (ISI = -625 ms). These subjects, five hearing-

impairedd subjects (HI2, HI4, HI5, HI7, and HI8) and 1 normal hearing subject 

(NH6),, were unable to complete this task, even after four hours of practice. These 

thresholdss are set to 0 for further analysis. In addition, the sensitivity to SAM for 

subjectt HI4 was not measured for a non-modulated masker presented simultaneously 

withh the target, since this subject was unable to complete the task in the presence 

off  a modulated masker. 

Tablee 9.3 shows the results of the linear mixed effects models for the 

parameterss in this experiment. The sensitivity to SAM decreased significantly as 

thee ISIs decreased (LME, p-value < 0.001). although NH1 demonstrated barely 

anyy interference. This decreased sensitivity to SAM is particularly evident for a 

modulatedd masker (plus symbols in Figure 9.1, 9.2 and 9.3). However, the sensitivity 

too SAM was also lower for non-modulated maskers (circles) than without a masker 

(Experimentt 1) for hearing-impaired subjects (i-test; p-value = 0.006). whereas 
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Figuree 9.1: Sensitivity to SAM (ordinate) as a function of the ISI between masker 
andand target (abscissa) for normal hearing subjects measured at 25 dB SL presented 
togethertogether with a modulated (plus symbols) or non-modulated (circles) masker. The 
horizontalhorizontal line shows the sensitivity to SAM without added components. Triangles 
representrepresent the sensitivity to SAM in the presence of a modulated masker with envelopes 
outout of phase (Experiment 3). 

resultss for normal hearing subjects were similar in both conditions (i-test; p-value 

>> 0.1). The interference effect for hearing-impaired subjects using non-modulated 

maskerss at other ISIs than -625 ms was not significantly different from 0. However, 

normall  hearing subjects measured at 25 dB SL, showed a significant interference for 
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Figuree 9.2: Similar to Figure 9.1, for normal hearing subjects measured at 50 dB 
SL. SL. 

ISIss of-375, -125 and 0 ms (p-value = 0.02 / 0.005 / 0.037, respectively), indicating 

thatt sensitivity to SAM increases in the presence of a non-modulated masker. The 

significancee of sensation level reflects the increased sensitivity of normal hearing 

subjectss to SAM for an increased sensation level. 

Figuree 9.4 shows the MDI, as determined by the difference in sensitivity to SAM 

inn the presence of a modulated masker and a non-modulated masker (parameter ml) 

ass a function of the time delay between the masker and target (parameter ISI). Note 

thatt both signals, target and masker, have an overall duration of 625 ms. Hence, 

signall  and masker are only presented completely simultaneously reflecting classical 

MDII  (Yost and Sheft, 1989). for ISI = -625 ms. For other ISIs (< 0), the signal 

wass partly simultaneous and partly non-simultaneous. For normal hearing subjects 

measuredd at 25 dB SL a clear effect of MDI was found for ISI -625 ms (£-test,p-

valuee < 0.001). but not for other ISIs except at 0 ms («-test, p-value = 0.004). 

Normall  hearing subjects measured at 50 dB SL also showed a clear effect of MDI for 
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Figuree 9.3: Similar to Figure 9.1, for hearing-impaired subjects, measured at 25 dB 

SL. SL. 

simultaneouss presentation, -625 ms (t-test, p-value < 0.001). However a significant 

interferencee effect was also found at an ISI of-500 ms («-test, p-value < 0.001) but 

nott for other ISIs. For hearing-impaired subjects a significant effect of interference 

wass found for ISIs ranging from -625 ms to 0 ms (i-test, p-value < 0.004). except for 

ISII  = -375 ms (p-value = 0.08). MDI was significantly higher for hearing-impaired 

subjectss than for normal hearing subjects at -625 ms measured at 25 and 50 dB SL 

(i-test,, p-value = 0.003 and p-value = 0.008, respectively). For an ISI of-500 ms 



9.3.9.3. Results 169 9 

Condition n 

NH/HI I 

ISI I 

ml l 

SL L 

NH/HII  * ml 

NH/HII  * ISI 

SLL * ml 

ISII  * ml 

SLL * ISI 

NH/HII  * ISI * ml 

SLL * ISI * ml 

NH H (SL)) & HI 

2.6 6 

7.0** * 

3.2** * 

n.a. . 

* * 

** * 

n.a. . 

** * 

n.a. . 

0 0 

n.a. . 

NH H (SPL) ) 

1.7 7 

8.7** * 

3.5** * 

n.a. . 

0 0 

* * 

n.a. . 

** * 

n.a. . 

0 0 

n.a. . 

kk HI NH H (SL)) & NH(SPL) 

n.a. . 

5.7** * 

3.0** * 

3.8** * 

n.a. . 

n.a. . 

* * 
** * 

0 0 

n.a. . 

0 0 

Tablee 9.3: Interaction table for the results of Experiment 2. For the main parameters 
thethe difference in dB modulation depth is given. The first column shows the results 
whenwhen hearing-impaired and normal hearing subjects were compared at 25 dB SL. 
TheThe second column shows the results when hearing-impaired and normal hearing 
subjectssubjects were compared at comparable SPLs (50 dB SL). The third column shows 
thethe results when normal hearing subjects were compared at 25 and 50 dB SL. 
AsterisksAsterisks denote the level of significance; 0 p-value >0.01; * p-value<0.01; ** 
p-value<0.001.p-value<0.001. Parameters NH/HI. ISI. ml and SL stand for hearing capacity, 
inter-stimuli-interval,inter-stimuli-interval, masker modulation depth and sensation level respectively. 
ConditionsConditions that are not applicable are denoted by n.a. 

theree was a significantly lower interference for normal hearing subjects measured at 

255 dB SL (p-value = 0.005) but not for the data measured at 50 dB SL (p-value 

== 0.14). The interference for normal hearing subjects at an ISI of -625 ins was not 

significantlyy different from the interference at -500 ms for hearing-impaired subjects 

(p-valuee = 0.8). 

9.3.33 Experiment 3: Additional factors influencing percep-

tuall  grouping 

Ass mentioned in section 4.5, it has been suggested that perceptual grouping is one 

off  the principles underlying MDI. In experiment 3, several parameters were studied, 

whichh are known to stimulate perceptual grouping. In each subplot of Figure 9.5, 

aa different parameter was studied which promotes either perceptual grouping or 
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ISII (ms) 

Figuree 9.4: MDI (ordinate) as a function of ISI between masker and target (abscissa) 
forfor hearing-impaired subjects (circles), normal hearing subjects measured at 25 dB SL 
(open(open triangles) and normal hearing subjects measured at 50 dB SL (solid triangles). 

segregation.. Thresholds are expressed relative to the sensitivity to SAM without a 

masker. . 

Figuree 9.5A shows the influence of a common modulator phase for the 

simultaneouss trajectory of target and masker. For an ISI of-375 ms. the interference 

wass determined for conditions with the envelopes of the target and masker modulated 

inn phase and in anti-phase (counter phase: presented by triangles in Figures 9.1, 

9.2.. and 9.3). HI5 did not participate in the tests due to t ime constraints. 

Diagonallyy hatched bars represent the condition with non-modulated maskers; 

verticallyy hatched bars represent the in-phase condition and horizontally hatched 

barss represent the condition for the envelopes 180° out of phase. There is a clear 

interferencee effect caused by each of the three maskers for hearing-impaired subjects 

andd the reduction in sensitivity to SAM is significantly higher when using modulated 

ra therr than non-modulated maskers (paired i-test, p-value < 0.001). Thresholds 

weree not significantly lower when the envelope of the masker was modulated out 



9.3.9.3. Results 171 1 

ISII = -375 ms; masker -7 kHz ISI = 125 ms 

UNMM in counter 
phasee phase 

ISII = 125 ms; masker = 1 kHz 

D D 

fmm = 0 fm = 4 fm = 8 fm = 16 

Figuree 9.5: Four parameters influencing perceptual grouping for hearing-impaired 
subjects. subjects. 
A;A; the influence of a phase difference between the envelope of masker and target. 
B;B; the influence of carrier frequency 
C;C; the influence of the modulation depth of the preceding stimulus. 
D;D;  shows the influence of the modulation rate of the preceding stimulus. 

off  phase instead of in phase with the target (p-value = 0.04). There was even a 

tendencyy for more interference when the envelopes were modulated out of phase. For 

normall  hearing subjects, there was no significant interference effect using modulated 

maskerss at ISI -375 ms. 

Figuree 9.5B shows the influence of carrier frequency. The target was presented 

1255 ms after the masker ended, which was either equal in carrier frequency (1 kHz. 

openn and solid bars) or higher in carrier frequency (2 kHz, hatched bars) than the 

target.. There is no significant interference effect for each of the four conditions for 

normall  hearing subjects (p-value > 0.11). Significant interference was found for 

hearing-impairedd subjects when a modulated masker preceded the target (i-test, 

p-p-valuevalue < 0.017). There was a tendency for more interference when the masker 

frequencyy is equal to the target frequency (p-value = 0.049). 

~ï™~ ~ 

ISII = 125 ms. masker = 1 kHz 
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Figuree 9.5C shows the effect of modulation depth of the masker for an ISI of 125 

mss with a masker carrier frequency of 1 kHz. which was modulated by a modulation 

depthh of 0. 0.5 or 1. given by solid, hatched and open bars, respectively. For hearing-

impairedd subjects there was a significant effect of interference for a fully modulated 

masker,, whereas a modulation depth of 50% did not affect the sensitivity to SAM. 

Thee interference effect for normal hearing subjects was not significantly different 

fromm 0. 

Figuree 9.5D shows the influence of common modulation frequency. The target 

wass presented 125 ms after a 1 kHz masker and modulated by either Ü Hz 

(continuouss tone). 4. 8. or 16 Hz. presented by solid, hatched, open and hatched 

bars,, respectively. For hearing-impaired subjects, there is no significant interference 

effect,, except for the condition in which the masker modulation was equal to the 

targett modulation frequency of 8 Hz. For normal hearing subjects, there was no 

significantt interference effect for each of the modulation frequencies. Wojtczak and 

Viemeisterr (2003) showed this kind of tuning for the adaptation effect for normal 

hearingg subjects after 10 minutes of pre-exposure to a fully modulated stimulus 

usingg a modulation frequency of 8. 12. 16, or 20 Hz for modulation rates for a target 

modulationn rate of 16 Hz. 

9.3.44 Exper iment 4: Speech intelligibilit y in noise 

Thee accuracy of the measurements, as measured by Cronbach's a. is high (0.93). 

Theree is no significant effect of learning (paired t-tcst. p-value = 0.13). 

Figuree 9.6 shows the signal-to-noise ratio at which 50CX of the sentences were 

intelligible.. These S/N ratios are significantly lower for normal hearing subjects than 

forr hearing-impaired subjects (LME. p-vahie < 0.001). The main effect, noise type, 

iss not significant but the interaction between hearing capacity and the noise type 

iss significant (LME, p-value < 0.001). For hearing-impaired subjects, the SRT in a 

continuouss background noise was generally comparable to the SRT in a fluctuating 

backgroundd noise and datapoints are situated around the diagonal line given in 

Figuree 9.6. For normal hearing subjects, speech intelligibilit y is significantly better 

inn a fluctuating noise than in a continuous background noise (LME. p-value < 0.001; 

4.00 dB). The data are comparable to those reported for normal hearing and hearing-

impairedd subjects by Versfeld and Dreschler (2002). They indicated that the SRT-
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Figuree 9.6: Individual speech intelligibility data. Speech intelligibility obtained in a 
continuouscontinuous background noise (abscissa) versus speech intelligibility in a fluctuating 
backgroundbackground noise (ordinate). The horizontal lines indicate the average S/N ratios 
forfor a fluctuating background noise for normal hearing (dashed) and hearing-impaired 
subjectssubjects (solid); the vertical lines indicate the average S/N ratios in a continuous 
backgroundbackground noise. The sloping line indicates points at which the SRT in a continuous 
backgroundbackground noise equalled the SRT in a fluctuating background noise. 

valuess in a continuous background noise were comparable to the SRT-values in a 

fluctuatingfluctuating noise as long as the SRT in continuous noise was larger than -2 dB. For 

SRTss in continuous noise below -2 dB. the SRT in fluctuating noise becomes better. 

9.44 Discussion 

9.4.11 Masking of SAM 

Halll  and Grose (1991) conducted MDI experiments at which the masker and target 

weree gated on simultaneously and non-simultaneously. The carriers and the exposure 

levell  (70 dB SPL) were comparable to those used in this study at 50 dB SL. For 
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simultaneouss gating. MDI was approximately 9 dB. similar to this study (ISI = -625 

ms;; 11 dB standard error 1 dB). For asynchronous gating, starting after 1 cycle of the 

envelope,, they still found an interference of 2-3 dB similar to the effect for a similar 

conditionn (ISI = -500 ms: 6 dB). However, previous reports did not mention any 

differencess in MDI-performanee for normal hearing and hearing-impaired subjects 

(sectionn 4.5.3 and Chapter 5). whereas the results for the two groups clearly differed 

inn this manuscript. The set up of this experiment differed in some respects from 

previouss reports. Experiments were carried out at higher sensation levels (1). 

spectrall  properties of the carriers were different (2) and experiments were conducted 

usingg different set-ups (3). 

1.. It is unlikely that the sensation level contributed to the differences between 

thiss study and others. For normal hearing subjects, the sensitivity to SAM 

increasess when the sensation level increases (LME, p-value < 0.012 for all ISIs) 

butt the difference, given by MDI. was generally similar across sensation levels. 

2.. MDI is known to decrease with spectral distance (Meudoza et ah. 1995b). 

However,, the smaller spectral differences between target and masker in this 

studyy are unlikely to have affected the difference between the results from 

Chapterss 5 and 8. They may affect the sensitivity to SAM differently for 

normall  hearing and hearing-impaired subjects due to the difference in spectral 

resolution.. However, this will affect the sensitivity to SAM to a similar extent 

whenn presented in unmodulated masker and modulated maskers. It is unlikelv 

thatt these effects would affect the difference for hearing-impaired subjects, 

especiallyy since Lorenzi et al. (1997) measured modulation masking using 

similarr carriers, and reported a similar reduction in sensitivity to SAM for 

normall  hearing and hearing-impaired subjects. 

3.. The results described in this manuscript were conducted using a 1I-2AFC set-

upp to avoid: 

(a)) one of the intervals becoming an additional reference, depending on the 

durationn between the intervals. 

(b)) adaptation effects from the preceding pair of stimuli. Adaptation effects 

havee been found lasting for ISIs as long as 625 ms. which suggests that. 
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inn order to prevent adaptation from occurring, at least several seconds 

shouldd be used to separate the intervals. This changes the task of a 

subjectt from detecting a difference between two intervals (2/3 AFC) to 

ann absolute judgment of modulation. 

Thesee points are unlikely to have affected the differences between the groups 

sincee they would mainly influence the overall sensitivity and not MDI. 

Ass has previously been reported by Bacon and Moore (1993). non-modulated 

maskerss reduced the sensitivity to SAM relative to the condition without maskers. 

Thiss is attributed to masker energy falling in the auditory filters excited by the 

target,, leading to a reduced performance. An alternative way of representing 

interferencee is the sensitivity to SAM presented in maskers with respect to the 

sensitivityy to SAM without maskers (see Figure 9.7). 

-6000 -400 -200 0 
ISII (ms) 

- 6 000 - 4 00 - 2 00 0 

ISII  (ms) 

Figuree 9.7: Similar to Figure 9.4, but now with the sensitivity in the presence of 
aa modulated masker (9.7A) and non-modulated masker (9. IB) given relative to the 
sensitivitysensitivity without a masker. 
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Figuree 9.7A shows the reduction in sensitivity to SAM due to modulated 

maskerss for hearing-impaired subjects (circles) and normal hearing subjects 

(triangles).. Three asymptotic functions of ISI are given. For both normal hearing 

andd hearing-impaired subjects, interference decreases rapidly as ISI increases. 

However,, care should be taken when interpreting the data from some hearing-

impairedd subjects. These subjects were unable to complete the task for simultaneous 

presentationn of teh target and the fully modulated masker. A more shallow 

decreasingg interference is found for normal hearing subjects measured at 50 dB SL 

withh respect to normal hearing subjects measured at 25 dB SL. Hearing-impaired 

subjectss showed a significant interference for all ISIs (/-test, p-value < 0.01) except 

forr ISI=0 ins (p-value = 0.1). For normal hearing subjects, a significant interference 

wass found at 25 dB SL for an ISI of -625 ms (/-test. /;-value < 0.01). while the 

amountt of interference at 50 dB SL is significant at -625 ins and at -500 ms (/-test, 

p-valuee < 0.01). Figure 9.7B shows the reduction in sensitivity to SAM caused 

byy adding non-modulated maskers. Hearing-impaired subjects show a significantly 

reducedd sensitivity to SAM for simultaneously presented signals (ISI — -625 ms; 

jö-valuee < 0.01) but not for other ISIs. compared to the situation without maskers. 

Forr normal hearing subjects measured at 50 dB SL. the sensitivity to SAM was not 

significantlyy altered due to non-modulated maskers. At 25 dB SL. normal hearing-

subjectss showed a significantly increased sensitivity to SAM at ISIs -375 ms and 

-1255 ms due to adding non-modulated maskers. Apparently, the non-modulated 

'masker'' may serve as an additional reference to improve the modulation detection 

off  the target. This may lead to an underestimation of the differences between the 

twoo groups. Figure 9.7 also shows that, although the sensitivity restores quickly as 

thee ISIs increase, the sensitivity to SAM is significantly reduced by 1.4 dB (p-value 

== 0.005) at an ISI of 125 ms for modulated maskers for hearing-impaired listeners. 

Thiss indicates that the interference for non-simultaneously presented signals, the 

adaptationn effect does not only hold for similar carrier frequencies, but also for 

carrierss that are widely separated. 
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9.4.22 Factors influencing perceptual grouping 

I tt has been suggested that MDI may be based on the difficulty of hearing out the 

targett modulation as a result of grouping of the modulated components of target and 

masker.. In this case altering factors that are known to degrade auditory grouping 

wil ll  decrease the amount of interference. Figure 9.5 shows four factors that are 

knownn to influence perceptual grouping. The first condition (9.5A) was measured 

usingg an ISI of -375 ms, partly simultaneous, partly non-simultaneous. The other 

threee figures (9.5B, C, D) are based on non-simultaneous presentation of target and 

masker,, using an ISI of 125 ms. If it is postulated that simultaneous and non-

simultaneouss MDI reflect the same process, as suggested by the gradual decreased 

sensitivityy to SAM as a function of the ISI, the influence of perceptual grouping on 

bothh can be investigated. In the rest of this chapter, both tasks wil l be referred to 

ass interference. The causes of this interference may be twofold: 

1.. adaptation, which is a physiological process describing a reduction in neural 

firingg due to pre-exposure to SAM. 

2.. a more cognitive process called perceptual grouping, reflecting the inability to 

hearr out the target modulation due to the grouping of different components. 

Thee data do not support the idea that perceptual grouping is a possible cause 

off  MDI (see Figure 9.5). Hearing-impaired subjects, do not benefit from a difference 

inn phase between the target and masker modulation (Figure 9.5A). In favor of 

perceptuall  grouping, there is a tendency for less interference for different carrier 

frequenciess or modulation rates (Figure 9.5B and 9.5D, respectively). 

Thee last parameter, the modulation depth of the adaptor (Figure 9.5C), was 

introducedd to study the contribution of the modulation strength of the adaptor MDI. 

AA clear effect of non-simultaneous MDI was found for a masker with a modulation 

depthh of 1, whereas a modulation depth of 0.5 for the masker did not result in 

aa significantly reduced sensitivity to SAM compared to the condition preceded by 

aa non-modulated masker. Apparently, non-simultaneous interference only occurs 

whenn the modulation depth of the masker exceeds 0.5, which makes it difficult to 

explainn non-simultaneous interference in terms of adaptation. However, the effects 

aree rather small and further research is needed to shed additional light on adaptation 

ass a possible contributor to the observed effect. In favor of adaptation leading to 
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MDI .. the sensitivity to SAM is not affected by a difference in phase for the envelope 

off  the target and masker. The effects of the difference in modulation rate and carrier 

frequencyy can be at t r ibuted to adaptation by presuming a modulation filter bank 

forr different auditory filters, as suggested by Dan et al. (1997b). 

9.4.33 The relat ionship between release of masking for speech 

andd sensitivity to SAM 

Onee hypothesis for the relation between modulat ion perception and the release of 

maskingg for speech is that the reduced benefit from fluctuations in a background 

noise11 for hearing-impaired subjects, is caused by an excessive amount of modulation 

masking.. Since a small number of subjects part icipated in these experiments, rank 

correlationn coefficients have been determined. 

Thiss hypothesis can be tested using the correlation between MDI . as a 

representat ionn of the amount of masking by modulated maskers, and the masking 

releasee for speech. Table 9.4 shows rank correlation coefficients between the masking 

releasee for speech (MRS) and MDI for different ISIs. The rank correlation coefficients 

forr simultaneous presentat ion of masker and target (ISI = -625 ms) are significant 

(/;-valuee < 0.01). Figure 9.8 indicates that a reduction in masking release for speech 

camm to some extent, be linked to an excessive amount of masking by the modulated 

maskers.. Other ISIs did not result in significant correlation coefficients .̂ However, 

theree is a lot of scatter and there appears to be a clear subdivision in two groups 

basedd on Figure 9.8. 

However.. MDI may not be the best way to present the masking produced by 

modulatedd maskers since the non-modulated masker (carrier) may cause additional 

maskingg or serve as a reference, as is shown in Figure 9.7B. An alternative way 

off  expressing the effect of masking modulat ions, is given by the difference in the 

sensitivityy to SAM without maskers with regard to the sensitivity with modulated 

maskerss (Figure 9.7A). Correlations between this alternative definition of MDI 

(MDIait)(MDIait)  and the masking release for speech are also given in Table 9.4. 

Figuree 9.9 shows scatter plots for some of the conditions given by the last 

**  Chapter 8 indicated relationships between adaptation and the masking release for speech, which 
weree statistically significant. However, recall that in Chapter 8 target and masker were identical 
inn carrier frequency, leading to larger effects. 
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MDI-B25 MDI-B25 

MDI-MDI- 5050o o 

MDI-37S MDI-37S 

MDI-12S MDI-12S 

MDIo MDIo 

MDIMDI 125 125 

Maskingg Release for Speech 

re.. eq. SL re. eq. SPL re. MDIau eq. SL re. MDIaU eq. SPL 

-0.69*' ' 

-0.46 6 

-0.28 8 

-0.42 2 

-0.21 1 

-0.01 1 

-0.69*--

-0.04 4 

-0.42 2 

-0.43 3 

-0.43 3 

-0.06 6 

-0.74** * 

-0.50* * 

-0.62* * 

-0.51* * 

-0.39 9 

-0.41 1 

-0.79** * 

-0.46 6 

-0.55* * 

-0.31 1 

-0.14 4 

-0.17 7 

Tablee 9.4: Rank correlation coefficients were determined based on the masking release 
forfor speech and MDI for an ISI given as subscript. SL and SPL stand f or the exposure 
levelslevels at which the experiments are conducted (resp. 25 and 50 dB SL) 
AsterisksAsterisks denote the level of significance (p-value < 0.05 *;  p-value < 0.01 **). 
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twoo columns of Table 9.4 that correlated with the release of masking for speech. 

Thee normal hearing data (squares) are either obtained by measuring at the same 

sensationn level (25 dB SL) as the hearing-impaired subjects (circles) which are given 

onn the left, or at 50 dB SL (right panel). Subplots on the conditions achieved at 

500 dB SL at the second and fourth row did not result in significant correlations 
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Figuree 9.9: Similar to Figure 9.8, but instead of MDI, MDIau (the reduced sensitivity 
toto SAM due to modulated maskers relative to the condition without maskers) is used. 
DataData for ISIs -625, -500, -375 and -125 ms are given by the first, second, third and 
fourthfourth row, respectively. 
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wit hh the masking release for speech. Other subplots all indicate that a reduced 

maskingg release for speech coincides with an excessive masking of SAM. However, 

theree is is a lot scatter and littl e overlap between the da ta from normal hearing and 

hearing-impairedd subjects, which makes the predictive power relatively poor. 

9.55 Conclusions 

Thiss study can be divided into three parts. The first part studied the sensitivity to 

SAMM as a function of the ISI between masker and target. The results indicate that: 

1.. in contrast to other studies, large differences are found in the sensitivity to 

SAMM due to modulated maskers between normal hearing and hearing-impaired 

subjects. . 

2.. there are similarities for interference for simultaneous (MDI ) and non-

simultaneouss presentation adaptat ion). As function of increasing ISI, a gradual 

reductionn in sensitivity to SAM was found. This may either reflect a decreasing 

effectt of grouping cues, or indicate that classical MDI (Yost and Sheft, 1989) 

cann at least part ly be at t r ibuted to adaptat ion. 

3.. interference for non-simultaneously presented signals is reduced, but still 

observedd for carriers that are separated by 1 octave. 

Thee second part focused on factors indicating whether interference occurred based 

onn perceptual grouping or on adaptat ion. These effects cannot be segregated based 

on: : 

1.. a similar interference for experiments with envelopes of masker and target 180° 

outt of phase or in phase. 

2.. identical carrier frequencies leading to similar interference for carrier 

frequenciess that are separated by one octave. 

3.. identical modulation rates leading to more interference. 

4.. the fact that a larger modulat ion depth of the adaptor leads to more 

interference. . 
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Thee third part focused on the reduced masking release for speech and the 

relationshipp with an excessive amount of modulation masking. Significant rank 

correlationn coefficients are found indicating that masking release for speech can be 

attributedd to an excessive amount of masking of SAM. There is however a lot of 

scatterr in the data. This may still imply that a reduced masking release for speech 

cann be attributed to adaptation, but that this adaptation is carrier specific. An 

experimentall  set-up that is more in line with modulation masking (Houtgast, f989). 

byy using wideband carriers for the target and the masker, may provide additional 

information. . 


