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The pulsation threshold technique was used to estimate the basilar-meniBkéhessponse to a

tone at characteristic frequen¢gF). A pure-tone signal was alternated with a pure-tone masker.
The frequency of the masker was 0.6 times that of the signal. For signal levels from around 20 dB
above absolute threshold to 85 dB SPL, the masker level was varied to find the level at which a
transition occurred between the signal being perceived as “pulsed” or “continuibe”pulsation
threshold. The transition is assumed to occur when the masker excitation is somewhat greater than
the signal excitation at the place on the BM tuned to the signal. If it is assumed further that the
response at this place to the lower-frequency masker is linear, then the shape of the masking
function provides an estimate of the BM response to the signal. Signal frequencies of 0.25, 0.5, 1,
2, 4, and 8 kHz were tested. The mean slopes of the masking functions for signal levels between 50
and 80 dB SPL were 0.76, 0.50, 0.34, 0.32, 0.35, and 0.41, respectively. The results suggest that
compression on the BM increases between CFs of 0.25 and 1 kHz and is roughly constant for
frequencies of 1 kHz and above. Despite requiring a subjective criterion, the pulsation threshold
measurements had a reasonably low variability. However, the estimated compression was less than
in an earlier study using forward masking. The smaller amount of compression observed here may
be due to the effects of off-frequency listening. ZD00 Acoustical Society of America.
[S0001-496600)02201-3

PACS numbers: 43.66.Dc, 43.66.Ba, 43.66.\N#PB|

INTRODUCTION Oxenham and Plack1997 attempted to estimate the
) ) BM response in humans using a psychophysical forward-
The basilar membranéBM) in the cochlea has a re- magking technique. A brief pure-tone signal was presented
sponse function that is highly nonlinear and COMPressiVeortly after a pure-tone masker with a frequency an octave
(Rhode and Robles, 1974; Robketsal, 1986; Murugasu and o6\ the signal. A forward-masking design was used so that

Russell, 1995, Ruggeret al, 1997; Russell and Nilsen, here could be no interaction between the masker and the
1997. Recent results suggest that the BM is the primarysignal on the BM(Arthur et al, 1971; Ruggerat al, 1992:
source of the_ nonlinearities observed in psychophysica\e|son and Schroder, 1997n this respect the design dif-
masking experiment¢Oxenham and Moore, 1995; Moore tgreq from those that used simultaneous masking to estimate

and Oxenham, 1998; Oxenham and Plack, 1998; Plack angy; compressionStelmachowiczt al, 1987: Bacoret al,
Oxenham, 1998 Furthermore, cochlear nonlinearities have 1999. For a range of signal levels, the masker level was

a significant influence on a wide range of basic auditory proyarieq 1o find threshold. The technique relies on the finding
cesses, such as frequency selectiviyicks and Bacon, 5 the BM response to a tone well below CF is roughly
1999; Mooreet al, 1999, temporal integratio{Oxenham  |inagar (Murugasu and Russell, 1995; Ruggesbal, 1997:
etal, 1997, and loudness growtt¥ates, 1990; Moore and g ;ssell and Nilsen, 1997In other words, a 10-dB increase
Glasberg, 1997; Moore and Oxenham, 1098is clear that  j, masker level will produce a 10-dB increase in BM vibra-

future models of hearing will need to incorporate a simula-jon (excitation at the place tuned to the signal frequency. If
tion of the characteristics of the BM if they are to provide anjs s assumed that the signal is detected using the information
accurate account of our perceptions. _at this place, and if it is assumed further that the ratio of
_ While direct physiological measurements of BM vibra- qiqna| excitation to masker excitation is constant at thresh-
tion have provided a great deal of information about theold, then any BM compression applied to the signal will be

nature of the nonlinearity, these measurements have beegfecied in the slope of the masking function. For example,
restricted to very high(Ruggeroet al, 1997; Russell and it e compression ratio is 5:1, then a 10-dB increase in

Nilsen, 1997 and low(Rhode and Cooper, 1996haracter-  gigna) Jevel will produce only a 2-dB increase in BM exci-
istic frequencie¢CFs: Only the basal and apical tums of the (51i0n. Hence, the masker level will only need to be in-
cochlea are readily accessible. In addition, of course, it is Nt eased by 2 dB for the signal to remain at threshold. In other

practical to make such measurements in live human bei”g%vords, a shallow masking functiofmasker level plotted

against signal levelwith a slope less than 1 indicates com-
dElectronic mail: cplack@essex.ac.uk pression.
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Using the forward-masking technique, Oxenham and ) Masker 00ms 200ms 300ms
Plack (1997 estimated the CF response at 2 and at 6 kHz. Senal
They found approximately 5:1 compression for signal levels
between about 45 and 80 dB SPL, with a more linear re-
sponse at low and high levels. The results were consistent
with the physiological datdYates et al, 1990; Ruggero,
1992; Murugasu and Russell, 1995uggesting that the as-
sumptions of the technique are valid. Furthermore, measure-
ments on hearing-impaired listeners revealed much less com- T
pression, consistent with the physiological consequences of
cochlear damagéRuggero and Rich, 1991; Ruggeeb al,
1993' Indeed, the experiments of Mooee al. (1999’ com- FIG. 1. A schematic illustration of the temporal and spectral characteristics
paring several behavioral measures of BM nonlinearity inof the stimuli.
normal and impaired listeners, suggest that the forward-
masking design may provide a reliable indication of the statd. METHOD
of the active mechanism. A. Stimuli

Although the results of Oxenham and Plad®97 are

Time

Level Masker I
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0.6f, f

s s Frequency

. ) . S . . The maskers and signals were sinusoids, gated with
encouraging, there is a serious limitation to their technique . . -
20-ms raised-cosine ramps. The masker was presented dioti-

In order to obtain a substantial amount of masking for such %ally, and the signal was presented monaurally. This had the
large frequency separation between the masker and the Siggact of spatially separating the two stimuli, such that the

nal, the signal needed to be very briéfms and presented masker and signal were lateralized to the center and side,
very shortly after masker offset. The silent interval betweerrespectively. This made it easier for the listeners to concen-
the masker and the signal was only 2 ms. At low frequenciesrate on the signal, while attempting to ignore the masker.
it is not advisable to use the same parameters. First, thalso, it had the benefit of ruling out the detection of signal
width of the auditory filter becomes narrow compared to thepulsation in the contralateral ear, due to acoustic or electric
spectral extent of the signal, so that the effects of “spectrafrosstalk. Each interval began with a 540-(tetal duration
splatter” become a serious concern. Second, the longer tengignal, followed by an alternating sequence of three maskers
poral response of the auditory filters at low frequencies?nd two signals, each with a total duration of 240 ms, and
(Kiang et al, 1970 means that the masker and the Signalfmlshmg with another 540-ms sign@ee Fig. 1 All stimuli

may overlap on the BM, producing nonlinear effects such a: egan 30 ms before the end of .the previous stimulus, so that
. he ramps of the maskers and signals overlapped and crossed
suppression that could confound the resURsiggeroet al,,

at a point where the envelopes were approximately 1.4 dB

1992; Nelson and Schroder, 1997 . ) below their peak values. This was done to prevent an audible
The present article explores an alternative design baseéiap between the maskers and the signals being used as a cue

on the pulsation threshold technique devised by Houtgaspr whether the signal was pulsed or continuous.
(1972. This technique relies on an auditory illusion whereby Signal frequencies of 250, 500, 1000, 2000, 4000, and
an interrupted sound is perceived as being continuous if ther8000 Hz were tested. The masker frequency was set at 0.6
is sufficient energy from another sound during the interruptimes the signal frequency. At each frequency, signal levels
tion. Consider the situation in which a signal is alternatedrom about 20 dB above absolute thresh@d measured in
with a low-frequency masker. If the masker excitation at theeach listener individuallyto 85 dB SPL were tested.
place tuned to the signal is greater than the signal excitation, 1he maskers and signals were generated digitally and

then the signal may be perceived as continuous. As describdf2yed out separately via a D/A convertdDT DD1) at a

: . . sampling rate of 50 kHz. The stimuli were then low-pass
i:{"fr:’ef‘;:aa g‘:‘zkecr.t;%cnh ;‘t)‘i":; n f;?“?:gg .tha;;?: ' joiitered at 20 KHz(TDT FT5) and attenuatedTDT PA4)
' S xcltatl sighal p IS T "Nbefore being combine@DT SM3), passed through a head-

early to the masker level. If threshold is defined as thephone buffer (TDT HB6), and presented via a Sony
masker level at which the perception of the signal changegipr-ve headset. '

from “pulsed” to “continuous,” then a plot of masker level
at threshold against signal level should provide an estimatg, procedure

of the BM response to the signal, in the same way as in the : . .
Oxenham and Plack997) forward-masking design. _ Pulsation thre_sholds were mez_;lSL_Jred using a one?mterval
, , _interleaved adaptive procedure, similar to that described by
The advantage of the pulsation threshold technique i§egt044t1980. In a given run, the masker level was varied
that long signals and long maskers can be used, avoiding thg,q the signal level was held constant. Listeners were asked
frequency limitations inherent in the forward-masking de-after each trial to decide whether the signal sounded
sign. Any short-term interactions on the BM at masker and‘pulsed” or “continuous” by pressing the appropriate but-
signal transitions are likely to be insignificant with regard toton. To help them get accustomed to the task, a demonstra-
the overall perception of the signal as pulsed or continuougion program was used before the experiment started, and
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occasionally before the start of a new session. In this proTABLE . The absolute thresholds for the six listen@rsdB SPL) at the six
gram, the signal level was set at either 55 or 65 dB and thgequencies tested in the experiment. The signal was a 500-ms pure tone.
masker level was set 10 dB lower, making any gating of th.egul.‘,ject 250 Hz 500 Hz 1KkHz 2kHz 4kHz 8 KHz
signal clearly audible. Listeners could then elect to hear ei

ther a pulsed or a continuous signal by pushing one of two E- ,jg 1f 728 24 22 2138
buttong. In the pulged case, a stlmulus was presen'teq where, g o8 22 11 19 16 31
the gating of the stimuli was identical to that used within the g 18 9 10 13 10 34
experiment itself. In the continuous case, the signal actually YO 25 13 12 10 8 18
was continuousand was heard as suctwhile the masker AOQ 26 12 7 10 12 1

was gated in the same way as in the experiment. There was

no difference in level between the two conditions. This dem- ]
onstration was found to be very useful in helping naive lis-thrée-down one-up adaptive procedure. These values are pre-
teners focus on the temporal characteristics of the Signa;s,ented in Table I. All listeners had thresholds of 15 dB HL or

while trying to ignore the masker, which was always gated.|eSs over this frequency range. _

Each run consisted of two interleaved tracks, one track- Al listeners except AO were naive. Between 2 and 4 h
ing the point on the psychometric function corresponding td°ractice was needed for performance to stabilize on the
70.7% of continuous respons@eack 1, and the other track- Pulsation-threshold task.
ing the point corresponding to 29.3% of continuous re-
sponsegor 70.7% of pulsed responses; track Zhe initial [l RESULTS
levels of tracks 1 and 2 were 95 and 60 dB SPL, respec-  tpq jngividual and mean results are shown in Fig. 2.

tively. These levels were chosgn as they were found in IOIIOtl'he average standard deviation across listeners and condi-
tests to almost always result in continuous and pulsed r&;ong \as 3.2 dB. The missing data points are for conditions
sponses, respectively, in all conditions. For track 1, two €ONj, \yhich the signal was too close to absolute threshold for a
secutive continuous responses resulted in a decrease {Djiahie masked threshold to be found, or where the masker
masker level, while every pulsed response resulted in an ins, ceaded the highest allowable level. While listener YO
crease in level. For track 2, two consecutive pulsed respons@Riows lower thresholds than the othdrmote that lower
were required to increase the masker level, while one cong,eqhoids suggedess frequency selectivity overall the
tinuous response resulted in a decrease in masker level. ¢, of the data is consistent between the six listeners. The
The |n|t|_al step size of the masker level was 5 dB. I:Orthick lines show the mean results for conditions where
each track independently, the step size d_ecreased to 2 qﬁresholds were available from all six listeners. As explained
after three reversals. Each track was terminated after SeVeQ) yhe |ntroduction, the masking function is an estimate of
reversals and the mean of the last four reversals was defme[qe BM response function for the place with CF equal to the
as the threshold. The means from both tracks were averag%gignal frequency. The dotted lines in Fig. 2 show a slope of
to estimate the 50% point, at which a pulsed response was gs (linear growth for comparison. Slopes shallower than

likely as a continuous response. Some difference between thg,i ingicate compression. It is clear that the masking func-
two tracks is expected, given that they were tracking d'ﬁer'tions for the two lower frequencie®50 and 500 Hg are

ent points on the psychometric function. However, if thegeaner than those for the higher frequencies. Indeed, the
difference between the two tracks was 10 dB or more, th%lopes at 250 Hz do not differ greatly from unity.

run was discarded and rerun at a later time. If more than two Table Il shows the slopes of the masking functions for

of the four runs had to be discarded, that data point wag,e sjx |isteners together with the mean slopes. These values
abandoned. This occurred for some listeners at the lowegfare ghtained by straight-line fits to the data for signal levels
signal levels tested. The highest allowable masker level Wagom 50 to 80 dB SPL inclusive(The earlier data of Oxen-
107 dB SPL at signal frequencies of 250 and 500 Hz, an¢\3m and Plack, 1997, suggest that compression is maximal
100 dB SPL for all other frequencies. If the adaptive Procepetween 50 and 80 dB SPLA within-subjects analysis of
dure called for a level higher than this, the level was set tQariance (ANOVA) conducted on these values found a
the maximum allowable level. If the maximum level was highly  significant main  effect of frequency
used more than five consecutive times in a track, the run wa[§:(5,25): 18.095, p<0.0000§. Pairwise comparisons
terminated. ) (Tukey) revealed that the slopes at 250 Hz differed from the
Each threshold reported is the mean of at least foug)es for all the other frequencies, and that in addition the
threshold estimategexcept for listener AO who only com- o565 at 500 Hz differed from the slopes at 2 kHz. No other
pleted three repetitions for each condition comparisons were significant. Table 1l also shows the com-
i pression ratios for each frequency. These values are simply
C. Listeners the inverse of the mean slopes.
A total of six listeners participated in the experiment.
Their ages ranged from 20 to 45 yeansedian age 24 All IIl. DISCUSSION
except author AO were college students who were paid fo/rA\ c . ith _ it
their participation. Absolute thresholds for a 500-ms pure- omparison with previous resufts
tone signal, at octave frequencies between 250 and 8000 Hz, The masking function slopes for high signal frequencies
were measured using a two interval, forced-chq2#-C),  from the present study are about twice those reported by

503 J. Acoust. Soc. Am., Vol. 107, No. 1, January 2000 C. J. Plack and A. J. Oxenham: Pulsation thresholds 503



100

85~

80

B

70~

65~

60

o
o

Ell

85

Masker Leve! at Threshold (dB SPL)

80—

B

0

65

80

S T SO BN TN TN O Y T I I T N S S A B [ T T S N S R S B B B
20 25 30 35 40 45 50 55 60 65 70 75 80 85 20 25 30 35 40 45 50 55 60 65 70 75 80 85 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Signal Level (dB SPL)

FIG. 2. The results from the main experiment, showing the masker level at pulsation threshold as a function of signal level. The thick lines show the mea
results. The dashed lines show a slope ¢firfear responsefor comparison.

Oxenham and Plack1997. Consequently, the estimated ters with CFs greater than the signal frequency, the amount

compression(around 2.8:1is half as great as that derived of compression will be lesscompression decreases as the

from the earlier study. Part of the discrepancy may be attribinput frequency is moved away from CF, see for example

uted to a difference in the stimuli. Oxenham and Plack usedRuggeroet al,, 1997. When Oxenham and Pla¢k997) ran

a high-pass noise to restrict off-frequency listening on thea control condition without the high-pass noise, the slope

high-frequency side of the excitation pattern. No such noisg¢hey found was much less than for the noise conditions, and

was used in the present study. was in fact very similar to the slopes reported in Table II.
Off-frequency listening may have a strong influence onMoore et al. (1999 found slopes similar to those reported

thresholds in the presence of a low-frequency maskehere for their normal listeners using forward masking in the

(Johnson-Davies and Patterson, 1979; O’Loughlin andbsence of a high-pass noise.

Moore, 198). As signal level is increased, excitation spreads

to the higher CFs. The resulting “expansive” improvementB BM i . funct £t

in detectability as more channels become available may" nonlinearity as a function of frequency

counteract the on-frequency compression to some extent, re- The results suggest that the amount of compression on

ducing the effect of BM nonlinearity on the slope of the the BM increases from 250 Hz to 1 kHz and is roughly

masking function. Furthermore, if listeners use auditory fil-constant for frequencies of 1 kHz and above. In this respect,

TABLE Il. The slopes of the masking functiorifor signal levels from 50 to 80 dB SPBlfor the six listeners
in the experiment. Also shown are the compression rdtlus inverse of the mean slopes

Subject 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 8 kHz
EF 1.007 0.681 0.357 0.461 0.629 0.668
BT 0.501 0.507 0.349 0.275 0.216 0.430
KS 0.732 0.457 0.317 0.258 0.306 0.450
EL 0.596 0.503 0.306 0.371 0.285 0.177
YO 0.900 0.379 0.410 0.357 0.343 0.385
AO 0.819 0.489 0.324 0.213 0.339 0.347
Mean slope: 0.759 0.502 0.344 0.323 0.353 0.410
Compression 1.318 1.992 2.908 3.101 2.833 2.442
ratio (dB/dB):
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the results are consistent with those of Oxenham and Plack
(1997, who found no difference between the slopes of the
masking functions at 2 and 6 kHz. Hicks and Ba¢®899
examined the effect of frequency on three different psycho-
physical measures of auditory nonlinearity: frequency selec-
tivity as a function of level; two-tone suppression; and
growth of forward masking with masker frequency lower
than the signal frequency. All the measures showed a pro-
gressive increase in nonlinearity from 750 Hz to 3 kHz with
no evidence of nonlinear processing at 375 Hz. The results of
Hicks and Bacon, particularly those for the growth-of-
masking experiment, are broadly consistent with the results
reported here. Similarly, Bacoet al. (1999, using the up-
ward spread of simultaneous masking to estimate BM non-
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linearity, found evidence for less compression at 400 to 750 20 25 30 35 40 45 50 55 50 65 70 75 80 85

Hz than at 1944 to 5000 Hz. Signal Level (dB SPL)
The conclusions based on psychophysical data do de-
pend on an important assumption however. In the design (ﬁ:IG. 3. The results from the experiment described in Sec. Il B, showing the

masker level at pulsation threshold as a function of signal level, for a

Oxenham and Plac(<1997), and in the present deS|gn= the 100-Hz masker and a 250-Hz signal. The thick line shows the mean results.

masking-function slopes will only differ from unity if there

is differential compression between the signal and the
masker. If both the masker and the signal are compressé)
equally, then the two effects should cancel out and the slop
of the masking function will be unity. In other words, the

oportion of CF, the ERB increases with decreasing fre-
ency (Moore and Glasberg, 1983; Glasberg and Moore,
990. Considered together with the findings of Rhode and

¢ It istent with th ibility that the B Cooper, it could be argued that for low signal frequencies the
present resutts are consistent wi € possibiiity that the asker frequency was too close to CF to be within the linear

response function i_s Just as QOmpressive at low frequenc_iei%sponse region. To test this idea, additional masking func-
as at high fre;quenmes. If this is fche case, however, the regioflyns were measured for a 250-Hz signal with a masker fre-
of compression at low frequencies must extend over a W'de&uency of only 100 Hz. Three listeners were tested: the re-

range of frequen_c-ies relative. to CF. ) sults are shown in Fig. 3. The slopes of the masking
The two additional techniques used by Hicks and Baconnctions (for signal levels from 50 to 80 dB SPlwere

(1999 may also depend on this assumption. Frequency & 5g3 (803, and 1.107 for listeners EL, YO, and AO, re-
lectivity will change as a function of level only if the growth spectively. These values are similar to those for the equiva-
of excitation differs between frquency regions relative 9ent conditions from the main experiment, and there is cer-
CF. In other words, the compression must be frequency Sgainy no evidence that the slope of the masking function
lective. Psychophysical two-tone suppression, the othefiecreases as the masker is moved away from the signal fre-
frequency-dependent measure of compression reported Ry,ency. This conclusion is similar to that drawn by Bacon
Hicks and Bacon, is more complex. However, it is possibleg; 41 (1999 using simultaneous masking. They found little
to imagine situations in which there is a great deal of comyjitfarence between using a masker that was a fixed fraction
pression without any suppression. For example, if compresss the signal frequencyabout 0.69, or a masker that was a
sion is applied after filtering, then tH@omina) suppressor  fixed number of ERBg3) below the signal frequency. The
can only add to the overall output of the channel, not reducg,t5 |end support to the hypothesis that BM compression
it: Incidentally, this is also a situatio_n in which the compres-gecreases at low CFs in humans, although it is still conceiv-
sion would not be frequency selective. able that the compressive range reported by Rhode and Coo-
The apical BM displacement measurements Of.RhOdi)ver would encompass both masker and signal, even for the
and Coopef1996 suggest that the compression may indeedyjde frequency separation in the final experiment. At least it
be less frequency selective at low frequencies than at highygn pe argued that there is strong psychophysical and physi-

with a broad band of frequencies affected relative to CFojogical evidence for a larger frequency-selective component
Although the overall compression they measured was lessf nonlinearity at high CFs than at low.

than that found basally, consistent with the psychophysical
results, it could be argued that the techniques used to inve%— A luat £ th Isation-threshold techni
tigate the apex of the cochlea are more disruptive to the™ n evaluation of the pulsation-threshold technique
physiology than those used in the basal region. Specifically, As described in Sec. lll A, the estimates of compression
Reissner's membrane is opened in the apical procedurat high frequencies from the present experiment are less than
which may disrupt the ionic balance of the scala mediathose reported by Oxenham and Plg&k97), and less than
thereby damaging the active mechanism. those predicted by the physiologiMurugasu and Russell,
Another concern with the present data is that the masket995; Ruggeret al,, 1997; Russell and Nilsen, 1997t was
frequency was always a constant fraction of the signal fresuggested that the difference could be explained by off-
qguency. Estimates of the equivalent rectangular bandwidtfrequency listening. Oxenham and Pla@®97 argued that
(ERB) of the auditory filter show that, when expressed as ahe effects of off-frequency listening could be minimized by
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using the ratio of slopes for an off-frequency masker and amn the present task varied between listeners. Some were
on-frequency masker as the estimate of compression. Th&table right away while others took a few hours’ practice to
reasoning is that the expansive effects of off-frequency lisstabilize. Again, the pulsation-threshold technique did not
tening on the two masking functions should cancel out tadiffer from the forward-masking technique in this regard.
some extent. The pilot data of Oxenham and Pl&r%97)

using one listener supported this argument. Moetal. |\, cONCLUSIONS

(1999 also used the ratio-of-slopes technique to estimate

compression in their study. The argument is correct if ondi) ~ Masking functions generated by the pulsation-
assumes that off-frequency listening increases detectability ~ threshold technique showed a strong dependence on

by increasing the number of channels that can contribute to signal frequgncy. The slopes were roughly constant
detection, as this would be the same for both on- and off- for frequencies of 1 kHz and above but became more
frequency maskers. However, the argument may not be linear as the S|gqal frequency decreaged from 1 kHzto
sound for situations in which the signal is detected through a 250 Hz. The estimated BM compression varied from
channel with a much higher CF than the signal frequency. In 1.3:1 at 250 Hz to around 2.8:1 at the higher frequen-

this case, the excitation due to both the signal and the masker ~ C¢I€S. _ _ o

will grow roughly linearly (the BM response to a tone well (i) The pulsation-threshold technique for estimating BM
below CF is linear When the masker and the signal have compression yields thresholds with a reasonably low
the same frequency and a similar level, the form of the BM variability, and allows a wide range of frequency re-
response function has little effect on threshdgince the gions to be explored. However, the technique may
masker and signal are either both compressed or both passed ~ Underestimate the amount of compression, possibly
linearly). In other words, the slope of the masking function because listeners use information on the high-
for the on-frequency condition should not be affected greatly frequency side of the excitation pattern which was not
by listening at a higher CF. However, for the case where the masked in the present study.

masker frequency is less than the signal frequeitioy cru-

cial condition, the use of a channel with a CF higher than ACKNOWLEDGMENTS
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