View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

Cochlear nonlinearity between 500 and 8000 Hz in listeners
with normal hearing
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Cochlear nonlinearity was estimated over a wide range of center frequencies and levels in listeners
with normal hearing, using a forward-masking method. For a fixed low-level probe, the masker level
required to mask the probe was measured as a function of the masker-probe interval, to produce a
temporal masking curvéeTMC). TMCs were measured for probe frequencies of 500, 1000, 2000,
4000, and 8000 Hz, and for masker frequencies 0.5, 0.7, 0.9of.Bequency, 1.1, and 1.6 times

the probe frequency. Across the range of probe frequencies, the TMCs for on-frequency maskers
showed two or three segments with clearly distinct slopes. If it is assumed that the rate of decay of
the internal effect of the masker is constant across level and frequency, the variations in the slopes
of the TMCs can be attributed to variations in cochlear compression. Compression-ratio estimates
for on-frequency maskers were between 3:1 and 5:1 across the range of probe frequencies.
Compression did not decrease at low frequencies. The slopes of the TMCs for the lowest frequency
probe(500 H2 did not change with masker frequency. This suggests that compression extends over
a wide range of stimulus frequencies relative to characteristic frequency in the apical region of the
cochlea. ©2003 Acoustical Society of AmericaDOI: 10.1121/1.1534838

PACS numbers: 43.66.Dc, 43.66.NIKIRL ]

I. INTRODUCTION proach. In the present study, a revised version of the method
of Nelsonet al. (2001) was used.

The mammalian cochlear response is nonlinear in  The method developed by Nelsenal. consists of mea-
healthy animalgRhode, 1971; Selliclet al, 1982; Robles suring the level of a pure-tone forward masker required to
et al, 1986. An increase in the magnitude of stimulation just mask a pure-tone probe as a function of the masker-
does not always produce a proportional increase in the vedrobe time interval. The level of the probe is fixed just above
locity or displacement of basilar membra(@M) vibration.  absolute threshold. It is thought that the masker level at
It is generally accepted that fohigh characteristic threshold depends on two variables. First, it depends on the
frequencie (CF9 the response is nonlinear for frequenciesmasker-probe interval: the amount of masking decreases as
close to CF, but linear for frequencies an octave below CRhe masker-probe interval increagg@svislocki et al,, 1959;
(Robleset al, 1986. Duifhuis, 1973; Moore and Glasberg, 1983; Nelson and

Using physiological techniques, cochlear responses havereyman, 1987 Second, it depends on the relative excitation
been measured ianimalsin terms of BM input/outputlO) ~ Produced by the masker and the probe at the place on the
functions for a wide range of CFs, stimulation frequenciesBM tuned close to the probe frequen¢xenham and
and levels(e.g., Sellicket al, 1982; Robleset al, 1986; Moore, 1995; Oxenhanet al, 1997; Oxenham and Plack,
Rhode and Cooper, 1996; Recio and Rhode, 2000; Rhodk997; Nelsonet al, 200])._Because the probe level is fixed
and Recio, 2000 The aim of the present study was to useat all times, the method is assumed to measure the masker

psychophysical techniques to estimate the characteristics §fV€! (inPuY required to generate a fixed level of excitation
the humancochlear response over a similar range of paramf"fter decaying during the masker-probe interval. This is the
eters reason that the resulting functions are referred toisas

The nonlinear properties of the human cochlear responsréesponsetemporal masking curve@MCs).

. Obviously, higher masker levels are required as the
can be inferred from threshold measurements of masked . .
. masker-probe interval increases. However, the slope of the
probe tonegfor a review see Moore, 1997A number of

. ) ~ TMC depends on the masker frequency. It has been argued
;tult(jles(te.?.,lggzr.ﬂgm Snd 'tDIaICki;ss_mREmmla 18998, (Nelson et al, 200) that this is because on-frequency
akeretal, , olasbergt al, 2) FICKS and Bacon, - ,askers are subject to cochlear compression while others are
1999; Plack and Oxenham, 2000; Wojtczdkal,, 2001; Nel-

_ X processed more linearly. Therefore, the slope of the TMCs
sonet al, 2001; Mooreet al, 2002 have characterized CO- |fiacts the amount of compression for a given masker. Nel-

chlear nonlinearity in normal-hearing listeners using this apygp, et al. showed this behavior for a probe frequency of 1
kHz and a wide range of masker frequencies. By assuming
3Electronic mail: enrique.lopezpoveda@uclm.es that the internal effect of the masker decays at the same rate
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regardless of masker frequency, and that maskers well belonominal electrical levels without allowing for the earphone
the probe frequency yield Bnear cochlear response, they diffuse-field response.

derived human cochlear IO curves at-€E000 Hz by plot-

ting the masker levels for the low-frequency masfeelinear g procedure

reference¢as a function of the masker levels for other masker o
frequencies. The procedure was similar to that used by Plack and

This approach has some advantages over previous metf@Xenham(1998. Masked thresholds were measured using a
ods (e.g., Oxenham and Plack, 1997; Rosenal, 1998; two-interval, two-alternative forced-choice paradigm. In one
Baker et al, 1998; Plack and Oxenham, 200Fixing the interval, the masker tone was presented alone. In the other

probe level almost guarantees that the region of the cochidgterval, the masker was presented followed by the probe.
under study is the same for different maskieput) levels. The two intervals were presented to the listener in random

Furthermore, fixing the probe level just above threshold enrder, but each of them coincided in time with the highlight-

sures that the CF of the cochlear region under study is clos89 ©f & window on the workstation monitor. Listeners were
to the probe frequency. In other words, the effects of “off- asked to select the interval containing the probe by pressing
frequency listening” are minimized!. “1” or “2” on the numerical keyboard of the workstation,

In the present study, TMCs were measured for probél€Pending on whether the probe was judged to accompany

frequencies from 500 to 8000 Hz, and for a range of maskefh€ first or the second light, respectively. Visual feedback
frequencies at each probe frequency. It will be argued that foias immediately provided to the listener by means of a
low probe frequencies, cochlear responses are compress8fen or red highlighted window on the monitor, indicating
for maskers well below the probe frequency. This underCOTTecCt and incorrect answers, respectively.

mines the assumptions of the method developed by Nelson ~'N€ initial masker level was 35 dB SPL. A two-up, one-
et al. for deriving cochlear 10 curves from TMCs. An alter- d0Wn adaptive rule was used to estimate the 71% correct

native method is suggested based on the more limited a0iNt on the psychometric functidibevitt, 1971. The level
sumption that the response to below-CF tones is linear a‘{’f the masker was increased and decreased by 4 dB for the
high CFs only(see also Plack and Drga, submiftetl has first four turnpoints, and by 2 dB thereafter. Sixteen turn-
been suggested by physiological results in the chinchill0ints were .recorded in each experimental block and the
(Rhode and Cooper, 199Gnd guinea pig(Cooper and threshold estimate was taken as the mean of the masker lev-

Yates, 199% and by masking studies in humafidicks and els at the last 12 turnpoints. For masker levels below ap-
Bacor'1 1999; Plack and Oxenham, 2D0biat compression proximately 90 dB SPL at least three estimates were made
is reduced at low CFs. The new method allowed a test of thifo" €ach condition, and the results were averaged. In some
hypothesis. Finally, a control experiment is reported thafc@ses, it was difficult to make three measurements for masker

tested the effects of probe and masker ramp durations on tHgV€!S above 90 dB SPL because clipping often occurred dur-
form of the TMCs. ing the adaptive procedure and listeners were instructed to

stop the experiment at the first sign of clipping. When this

occurred with one of the estimates, the two remaining esti-

mates were averaged. It follows that the reported masker
Il. METHOD levels above 90 dB SPL are likely to be underestimates of the
A. Stimuli true threshold.

TMCs were measured for probe frequencigg (of 500, C. Listeners
1000, 2000, 4000, and 8000 Hz, and for masker frequencies’
(fm) of 0.5, 0.7, 0.9, 1.0, 1.1, and X&,. For any given Data were collected for the left ear of three listeners
pair (f,f,), masked thresholds were measured for maskeCMR, ALN, and ELP, aged 22, 26, and 31, respectiyely
probe intervals 4t) ranging from 10 to 100 ms in steps of with normal hearing. Listener ELP was one of the authors,
10 ms. At was defined as the duration of zero-amplitudebut, like the other two listeners, had no previous experience
points between the masker offset and the probe onset. Thn the task. Absolute thresholds were measured for tones of
sinusoidal maskers were gated with 4-ms raised-cosine onstite same frequencies and durations as the probes and
and offset ramps and had a total duration of 108 ms. Théenaskers used in the forward-masking experiment. Each
sinusoidal probes had a total duration of 8 ms and were gateifireshold was measured at least three times and the results
with 4-ms raised-cosine ramiso steady-state portionFor  (see Fig. 1 were averaged. Listeners were given at least 10 h
eachf,, the level of the probe was kept constant at 14 dBof practice on the forward-masking task before data collec-
above the listener’s absolute threshold for the probe. tion began.

Stimuli were generated digitally on a Silicon Graphics
02 workstation at a sampling rate of 32 kHz, with 16-bit |||, RESULTS
resolution. They were played monaurally via the workstation
headphone connection through a pair of circumaural Sen-"
nheiser HD-580 headphones. Listeners sat in an EYMASA  Results are shown in Fig. 2. Each column corresponds to
CI-40 single-walled sound-attenuating booth. The booth was different listenefor the meah Each row corresponds to a
placed in a quiet environment to further reduce backgroundlifferent probe frequencyfrom 500 Hz in the top row to
noise. The sound pressure levéBPL9 reported below are 8000 Hz in the bottom royvAs explained above, data points

Temporal masking curves
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40 1 is exponential. An exponential decay is consistent with pre-
vious studies of recovery from forward maskifeyg., Duif-
huis, 1973; Widin and Viemeister, 197@nd is also sup-

oM ported by the present data. Thexis in Fig. 2 is logarithmic

-~cMrim  and, therefore, a straight-line is consistent with a simple ex-

—O-ELPfp ponential decay. Some straight lines are, indeed, evident. For

-O-ALN fp . .

acwrp  €xample, the combination of a 2000-Hz masker and a
4000-Hz probe produces a straight line. Other examples can
also be seen, particularly for high probe frequencies paired

; A with low masker frequencies. In these cases, it is assumed

100 1000 10000 that the masker excitation increases as a simple linear func-

Frequency (Hz) tion of masker level. These instances can be used as linear

FIG. 1. Absolute hearing thresholds for the three listeriEt>, CMR, and  reference functionésee below Therefore, when the slope of

ALN). Open symbols show the thresholds for the 8-ms probe tofigs (  the TMC becomes steeper than the linear reference function,

Filled symbols represent the thresholds for the 108-ms masker tbpes ( this is an indication that the masker is subject to compres-

Data points represent the mean of three measurements. Note the high thregh- ; ; ~
olds of ELP for the 7200-Hz masker and of ALN for the 8000-Hz probe andﬁlon' For example’ at hlgh frequenC|es the on frequency

masker. These coincide with deep notches in the listeners’ headphond-MC slopes are generally steeper than t_he TMC slope for a
related frequency responsesot shown. masker an octave below the probe. This suggests that the

on-frequency masker is being compressed.

below around 90 dB SPL are based on the average of three The second assumption allows the reconstruction of the
measurements, whereas those above 90 dB SPL are son12Pe of the cochlear IO functions from the TMCs. The
times based on the average of two measurements only. Staftethod consists of plotting the masker level of a linear-
dard deviations across measurements are not shown in ord&ference masker against the level for the masker of interest

to avoid clutter. These were variable across conditions anfiNélsonet al, 2001; Plack and Drga, submitjeavhere each
listeners, ranging from 0.0 dBlistener ELP,f,=500 Hz, pair of levels has the same masker-probe interval. The result-

fn=800 Hz, At=10ms) to 23.0 dB(listener ELP,f, ing curve reveals _the cochlear 10 func_tion by compensating
—8000 Hz, f,,=8000,At=50 ms), with a mean and a stan- for the decay of internal masker excitation. Note that the
dard deviation across listeners and conditions of 3.1 and 2.inction describing the decay of internal masker excitation
dB, respectively. The right-most column in Fig. 2 shows ay-cancels out in this process if it is the same for all masker
erage TMCs across the three listeners. frequer_lcie.s. .Hence, its actual fortwhether exponential or

Masker levels increase ast increases. This is reason- Otherwisg is irrelevant.
able since the recovery from masking is greater for longer
masker-probe interval§Zwislocki et al, 1959; Duifhuis, ) ]
1973; Moore and Glasberg, 1983; Nelson and FreymarC: The choice of the best linear reference
1987. However, forhigh probe frequencies, the rate of in- The choice of a linear reference is critical if valid esti-
crease is markedly different for maskers an octave below thenates of cochlear compression are to be made from the de-
probe frequency(unfilled diamonds than for masker fre- rived cochlear 10 functions. A careful examination of Fig. 2
quencies equal to the probe frequeriéjled circles. For  shows that the slope of TMCs fdi,=0.5f , is steeper for
fm=0.5f,, the TMC shows a single slope. Ag approaches f =500 Hz than forf ,=8000 Hz. Furthermore, the former
fp, however, the TMC can be described in most cases as ig closer to the steeper portion of the TMC for maskers at the
two-sloped function, with a steeper slope at short to moderprobe frequency. To make this observation clearer, straight
ateAt, and a shallower slope at lordg. In some case@.g., lines (dashed lines in Fig.)2were fit by a method of least
ELP, = f,=8000 Hz), the TMC shows threeslope pat-  squares to the TMCs fof,,=0.5f,, and their slopes were
tern with a shallow slope at shofit, followed by a steeper plotted as a function of,,. The results are shown in Fig. 3.
slope at moderatat, followed by a shallow slope again at The slopes of the TMCs fof,,=0.5f, are much higher for
longerAt. lower f,'s, decrease with increasinfg up to 2000 Hz, and
then remain relatively constant.

Given that the shape of the TMC may be influenced both
by the decay of the internal masker effect with tiared by

The interpretation of the TMCs depends upon two as-cochlear compression, this observation may be interpreted in
sumptions:(1) that the internal representation of the maskertwo ways. It may mean that the rate of decay of the masker
decays with time at the same rate for all masker frequenciesffect isfasterfor lower probe frequencieghat is, the first
and(2) that the residual excitation at the time of the probe atassumption would be incorrgctThis explanation, however,
masked threshold is the same for all maskers. Similar ads unlikely. It would imply that the temporal resolution of the
sumptions were made by Nelsenal. (2003J). auditory system improves at low frequencies. Shailer and

The first assumption(uniform rates of decay across Moore (1987 have shown that this is not the casee also
masker frequengymakes it possible to identify nonlinear Moore et al., 1993. They studied the detection of gaps in
increases of excitation strength with masker level. To undersinusoids and concluded that it varies little for frequencies
stand how this is possible, it helps to consider that the decagetween 200 and 2000 Hz and, if anything, becomes poorer

30 4

20 -

10

Absolute threshold (dB SPL)

-10

B. Interpretation of the TMCs
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FIG. 2. Iso-response temporal masking curves for each listeo&mmns at the five probe frequencie$y) tested(rows). The right-most column shows the
results averaged across the three listeners. Insets in the panels of the right column show the masker frefiJen@iesn( symbols represent conditions
wheref,<f,. Filled symbols represent conditions wheg=f,. The dotted lines represent the bestdfiy least squaresstraight lines for the condition
fn=0.5f,, the slopes of which are plotted in Fig. 3.

at low frequencies. Therefore the second, and most likelypptimum linear references to derive the cochlear 10 curves
interpretation of the data in Fig. 3 is that the human cochleafor each listenefor for the average Furthermore, these lin-
response for low probe frequenciestl compressivas the  ear references weffexedacross probe frequencies. There are
stimulus frequency is moveldelow CF In other words, not several reasons for this choice: First, the TMCs in question
only do the present data provide evidence for substanticdppear as shallow straight lines, suggesting no deviation
compression at low CFs, but they also support the physifrom linearity across level; second, the slope of the TMC for
ological finding that compression is not frequency dependerthis condition is the least variable across listensee Fig.
at low CFs(Rhode and Cooper, 1986 3); third, a large number of data points are available for
As a result of this analysis, the individu@r average  every listener; and finally, the available physiological data
TMCs for f,=4000 Hz, f,,=2000 Hz, were chosen as the (Rhode and Recio, 200@t reasonably close CK§500 H2

954  J. Acoust. Soc. Am., Vol. 113, No. 2, February 2003 Lopez-Poveda et al.: Cochlear nonlinearity in normal-hearing listeners



1 y 0.15 dB/dB at 8000 Hz for ALN to 0.38 dB/dB at 8000 Hz

§,' ook 2 ae | for CMR), the most common value is also within the range

n —A ALN 0.2-0.3 dB/dB. This suggests compression rétiverse of

E % 'g‘ é\l_/g'(*,ogc‘rﬁs robe) 1 the slopé estimates of 3:1 to 5:1 across the CF range tested.
8 o7l A ALN (32-ms Embe) Remarkably, compression doast decrease for lower CFs,

3 06k i as has been suggested previoudtycks and Bacon, 1999;

g Plack and Oxenham, 2000

& 05 i The slopes of L1 and L3 are less than one in most cases,
% 04t . suggesting that the cochlear response may be compressive
‘g osh ] also for low and high input levels. However, the values are
a always larger than the slope of L2. This is consistent with
2 oz2r i other studies that have reported less compression, approach-
g- 0k i ing linearity, for very low(e.g., Nelsoret al,, 2001, p. 205%

72

and very high signal levelge.g., Plack and Oxenham, 1998;
0 1(')3 ' — ¢ Nelsonet al, 200). Indeed, the slope of L3 is close to unity
Probe frequency (Hz) for CFs of 4000 and 8000 Hz. For one case only, its value
exceeds unity considerabl{l.46 dB/dB, but this corre-

FIG. 3. Slopes of straight-line best fits to the TME4yg. 2, dotted linesfor sponds to a conditiofALN at 8000 H2 for which only two
masker frequencies an octave below the probe frequency. Note that the slop:

decreases with increasing probe frequency up to 2000 Hz, and then remaif@ta points are availablsee Fig. 4.
approximately constant. This suggests that the cochlear response to low-
frequency tones may be compressed at low GEg text for detai)s Filled .
and open symbols represent the slopes of belp@WMCs for a short, 8-ms 2. Compression below CF
probe with 4-ms onset/offset ramps. Gray symhals500 Hz only repre- Figure 4 shows:ompressivdo curves fortones below
sent the slopes of be|0\i\ﬁ TMCs_ for a longer, 32-ms probe with 16-ms CF at low CFs The slopes of straight lines fit to the 10
ramps(see Fig. 5 and main text in Sec. 1) E

curves for 0.5CF tones aret1.0 for CFs<2000 Hz (see
Table ). Overall, there is a trend for the below-CF slopes to

suggest that a 2000-Hz stimulus frequency will produce a . . : i
linear response at the 4000-Hz place. Increase with CF until they approach unity at 4000 Hz, sug

: . : - esting that the response to below-CF tones becomes linear
For convenience, instead of using the original data as th . )
. . : or high CFs. The slopes of the IO curves for stimulus fre-
linear reference, a smoothed version was used. This was o

tained by reading off a new masker level for eakhfrom . .
S . - . close to unity because these curves were used as the basis
the regression lines fitlashed lines in Fig.)2o the TMCs in . -
for the linear reference for deriving all other 10 curves.

guestion. Therefore, for each listener, cochlear |10 functions However, it is noteworthy that the slopes of the 0.5CF

\r,é?:egggve(xa;ai%tptlﬁglrm%sfigrItler\]/((jallvsl (jfg?gnsym;ﬁ?re_?,,vll(l:nearCurvgs at CE 8000 Hz differ from unity. They are Iowe_r for
" two listener ELP and ALN and for the average, but higher

for listener CMR. The deviation from unity, and the observed
variability, may be the result of slope estimates that are based

Figure 4 shows the resulting cochlear 10 curyaste  on considerably fewer poirftghan at 4000 Hz, particularly
that they-axis scale is different for different pangl3o ease for ALN and the average data sets.
the physiological interpretatiori, andf,, have been equated
to CF fmd stimulus frequency, respectively, in the discussiog petection mediated by spectral splatter
below.

guencies of 0.5CF at GF4000 Hz are necessarily very

D. Derived cochlear IO curves

The spectral splatter produced by a short probe may im-
prove the detectability of the probe in some circumstances.

All of the 10 curves for tones at CF show shallow slopesFor a given probe duration, the effects would be expected to
(<1 dB/dB) for a range of input levels. This suggests thatbe greatest at low frequencies, where cochlear frequency se-
compression at CF occuegross the rangef CFs tested. To lectivity is greatesfi.e., absolute filter bandwidths are nar-
facilitate a quantitative analysis, the curves at CF are considcower), and hence where the spread of excitation produced
ered as two- or three-stage functions showing two or threby the splatter would be most detectable. The probe used in
segments, L1, L2, and L3, with markedly different slopes atthe current experiments was relatively sh@tms. It could
low, moderate, and high input levels, respectively. The limitsbe argued, therefore, that the detection of spectral splatter
of these segments are depictedter visual inspectionby  may have had an influence on the masker levels at threshold
the vertical thin line in each panel of Fig. (dhote that L1  at low frequencies.

1. Compression at CF

and/or L3 might not be present in some cujveRable | Furthermore, the detection of the probe may be also af-
shows the slopes in every segment for each CF, for eactected by the spectral splatter caused by an abrupt masker
listener, and for the average data across listeners. offset. A remote-frequency masker may be more effective

The slope of segment L2, where compression is mostvith a short decay ramp because the spectral splatter caused
obvious, is approximately constant at 0.2—0.3 dB/dB acrosby its abrupt offset may reach the place on the BM tuned to
CF. Although larger variability must be acknowledged whenthe probe frequency. In the current experiments, the masker
looking at the values for individual listenefsarying from  decay ramps were relatively sh@dt ms. Therefore, it could
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FIG. 4. Cochlear input/output curves derived from the TMCs in Fig. 2. Each row corresponds to a different CF or probe frequency(in Bayd 2n the

left column panels Legends on the right show the stimulus frequencfes corresponding to the masker frequencies in Fig. 2. Open symbols represent
conditions wherd <CF. Filled symbols represent conditions whéeeCF. Dashed lines illustrate linear growth. The thin vertical lines only apply to the
on-CF curves, and delimit segmeffts, L2, and L3 with clearly different slopes after visual inspection. The curves were derived assuming that the TMC for
f,=4000 Hz, andf,=2000 Hz reflects a cochlear linear respofsee text for details Under this assumption, responses at CF are compressed over the
whole range of CFs. Moreover, the degree of compression over segment L2 varies little acrgsseCFable )l At low CFs, compression extends to tones

an octave below CF.

be argued that the reported levels f@mote maskers are ferences between the masker and the probe were large.
lower than would have been obtained if longer ramps had To investigate these possibilities, TMCs were measured
been used. The effect would not occur for on-frequencyfor two listeners(ELP and ALN), for f,=500 Hz, and for
maskers, and would be less important for off-frequencytwo masker frequencied (, and 0.5). This time, however,
maskers at high probe frequencies, where the frequency dithe total duration of the probe was 32 1tis-ms ramps, no
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TABLE |. Slopes(dB/dB) of the cochlear 10 curves of Fig. 4. Slopes are

100 +
given for 10 curves corresponding to stimulus frequendfesof CF and = ELP
0.5CF. For the 10 curves at CF, two or three slopes are giG/L1, o [
CF/L2, CF/L3 corresponding to each of the characteristic segments de- g 80 +
picted in Fig. 4. N/A: segment not observed, or insufficient data points for a ) N
good slope estimate. o
e 60 +
CF (H2) ;“:’ F
f (Hz) 500 1000 2000 4000 8000 é 40 +
Listener ELP 20
CF/L1 0.54 N/A N/A N/A 0.47 ' ' ‘ '
CF/L2 0.22 0.19 0.24 0.29 0.17
CF/L3 0.69 0.54 0.56 0.85 0.72 100 + ALN
0.5CF 0.35 0.37 0.55 0.93 0.71 oy
i
Listener CMR m 807
CF/L1 N/A N/A N/A 0.57 N/A z L
CF/L2 0.24 0.22 0.30 0.25 0.38 E’ 60 4
CF/L3 0.75 0.38 0.81 1.15 0.80 K4 ——250 (32-ms)
0.5CF 0.34 0.61 0.71 0.97 1.29 8 —8—500 (32-ms)
% 40 7 ——250 (8-ms)
Listener ALN = L —0—500 (8-ms)
CFiL1 N/A N/A N/A N/A N/A 00l : .
CF/L2 0.20 0.22 0.27 0.20 0.15
CF/L3 N/A 0.56 0.60 105 1.46 OMasl?eor-off:;)t to :r%be-:f?set :rf)tzrva} 2
0.5CF 0.28 0.51 0.58 0.98 0.60 (ms)
Average responses .
CE/L1 N/A N/A N/A N/A N/A FIG. 5. TMCs forf,=500 Hz and two masker frequenci€z50 and 500
CF/L2 0.23 0.21 0.28 0.29 0.29 Hz), for different probe durations, and different ramp durations on the
CE/L3 N'/A 0 ;52 0 '62 1 '04 N/.A masker. Each panel corresponds to a different listé&eP and ALN. The

legend informs about the masker frequerielz), and the total duration of

the probe(ms). Open symbols represent TMQeplotted from Fig. 2 for

8-ms probes and 108-ms maskers, both gated with 4-ms onset and offset
ramps. Filled symbols represent TMCs for 32-ms probes and 132-ms
maskers both gated with 16-ms onset and offset ramps. Every black data-
steady-state portiQnThe masker had a total duration of 132 point is the average of at least four measurements. Error bars represent one

ms and was gated with 16-ms rise/decay ramps. The probgandard deviation across trials.
level was fixed at 14 dB above absolute threshold for the
32-ms probe. At least four measurements were made per colew to cause significant splattéMoore, 198). If this were
dition (even for masker levels above 90 dB SPLhe aver- true, the lower masker levels for the on-frequency masker in
age results are shown in Fig. 5. The results from the maiithe long-ramp/long-probe condition could be the result of
experimeniwith 8-ms probe, 4-ms ramps on the maglkae  “confusion” (Terry and Moore, 1977; Moore and Glasberg,
replotted from Fig. 2 for comparison. This time, however,1982. That is, probe detection would be harder because it
masker level is plotted against the time interval between thevould be harder to distinguish the probe from a continuation
masker offset and the probe offs@tt the half-amplitude of the masker as a result of using longer rangptoore,
pointy. For a given value of the offset-onset interval, the 1981). This confusion would not occur for the off-frequency
duration of the offset-offset interval is different for both ex- masker because its frequency differs considerably from the
periments. probe frequency.

Previous work (Zwislocki et al, 1959 suggests that An alternative explanation for the results is that spectral
poststimulatory thresholds depend mainly on the time intersplatter caused by the short probdeesfacilitate detection,
val between the masker-offset and the probe-offset, rathdyoth for on- and off-frequency maskers. The reason that it
than on the duration of the zero-amplitude gap or of thedoes not affect threshold for the off-frequency masker may
probe. Therefore, when plotted against the offset-offset interbe that the effect is cancelled out by the additional masking
val (as in Fig. 3, the masker levels for both experiments produced by the shorhaskerramps, as suggested above.
should overlagunless other effects, such as those described In any case, the most important feature of the data in
above, mediate probe detectjofihis is the case for the off- Fig. 5 is, perhaps, that the shapes of the TMCs from both
frequency masker, but not for the on-frequency masker. Foexperiments are similar. The slopes of the TMCs for the
the latter, masker levels are considerably lower for the long250-Hz masker arslightly shallower for the 32-ms probe
ramp/long-probe condition, particularly for short to moderatethan for the 8-ms probésee Fig. 3. This suggests that the
offset-offset intervals. steepness of the A5 TMCs at 500 Hz may be attributed in

A possible interpretation of these results is that detectiompart to using short probes and/or short ramps. However, Fig.
of the short probe isot facilitated by splatter. Otherwise, 3 also shows that the slopes of the TMCs for the longer
masker levels for the short probe would be consistentlyprobe are still considerably greater than the slopes for the
higher both for on- and off-frequency maskers. This expla-0.5f, TMCs at 4000-Hz, which are assumed to reflect a lin-
nation seems reasonable, as the level of the probe was t@ar cochlear response. Therefore, it can be reasonably con-

0.5CF 0.35 0.47 0.79 0.99 0.74
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cluded that compression of below-CF tones occurs at lowC. Comparison with other studies of auditory
CFs, although the slopes for the 0.5CF tones at 500 Hz givenonlinearity
in Table | may be slight overestimates of the amount of com-

. The present results are consistent with other psycho-
pression.

physical studies where no specific assumptions were made
about the linearity of the response for tones below CF. For
IV. DISCUSSION instance, Duifhui¢1980 reported slightly larger amounts of

two-tone suppression for a 200-Hz suppressor and a 500-Hz

The aim of this paper was to compare the characteristicsyppressee than for an 800-Hz suppressor and 2000-Hz sup-
of the human cochlear response with measurements ma‘ﬂﬁesseésee Fig. 12 in Duifhuis, 1980Suppression is likely
physiologically in o_ther mammal;. In particular, the aim was;q pe evidence of compressidRhode and Cooper, 1993
to study compression as a function of CF, over the range ofpg tact that low-frequency suppressor tones produce similar
CFs from 500 to 8000 Hz. amounts of suppression on probe tones of 500 and 2000 Hz
suggests similar amounts of compression at CFs of 500 and
2000 Hz. Plack and Drg@ubmitted reported similar TMCs
The results presented here suggest that the response tofthose presented here at probe frequencies of 250, 500, and

the human cochlea to tones at CF is compressed over thg00 Hz and reached the same conclusions. In addition, they
studied frequency rangéFig. 4, right-most colump and  ghowed that the growth of forward masking with masker
that, on average, the amount of compression at moderajgye| another estimate of compression, does not vary be-
levels varies between 3:1 gnd 5:1 across Cfee slopes tween 250 and 4000 Hz. Oxenham and D001 reported
CF/L2 in Table ). Compression at CF does not decrease forIarge effects of the relative phase of harmonics on the
lower CFs: Additionally, the results syggest that compressiorglmount of masking produced by a complex tone. If a system
spans a wider frquency range relative to CF at the low CF;SS compressive, then the response to peaky waveforms is less
(see slopes 0.5CF in Tablg | )

than that to flat waveforms, for the same input rms level. An

effect on masking of harmonic phase, which alters the enve-
B. Assumptions and interpretations lope of the waveform, is taken as evidence for auditory com-

ression. Oxenham and Dau found large phase effects for

These conclusions are based on the assumption that t ?gnal frequencies as low as 125 Hz. A final result in support

response to a 2000-Hz tone is linear at a CF of 4000 Hz, but - . .

- of the present findings is that loudness growth with level,

allows for the possibility that the off-frequency response maywhich may be related to cochlear compressi@thlauch
be compressive for lower CFs. Support in favor of this as- y . P .

1998, hardly varies across the range of CFs studied

sumption comes from the data in Figs. 2 and 3, and fronft al, )
recent data on TMCs and forward-masking growth with level€ré(see Moore, 1997 for a review; see also Plack and Drga,
(Plack and Drga, submitt¢dThe present assumption is also Submitted.
supported by BM responses to tones well below CF in chin- [N contrast to the results in humans, compression may
chilla, which appear to be compressive for CFs around 400-decrease for low CFs in other mammals.chinchilla, BM
800 Hz (Rhode and Cooper, 1996, Fig), but linear from  responses for tones at CF appear more linear at CFs
5500 to 14000 HZRhode and Recio, 2000 ~400-800 Hz(Rhode and Cooper, 1996han at CFs be-

The choice of the linear reference is critical when co-tween 4000 and 14000 HRhode and Recio, 2000As for
chlear compression at CF is estimated by comparisamef guinea pig Cooper and Yate$1994 derived cochlear 10
CF, andbelowCF responses. Different assumptions lead tofunctions over a wide range of CFs from auditory-nerve fiber
different conclusions. For instance, Plack and Oxenhamesponses. For each fiber, they plotted the response rate for a
(2000 suggested that, in contrast to the present results, compne well below CF against the response rate for a tone of the
pression on the human BM increases from 1.3:1 at 500 Hzgame |evel but at CF. Their results show a distinct variation
to 2.8:1 at 4000 Hz, or 2.4:1 at 8000 Hz. However, theyi, the degree of compression along the length of the guinea

assuCrrlleglthit Ilng,-%; resr? onseskto bFISW-(dZIEhtirlES_occurltfgg cochlea. Their compression ratio estimates vary from 2:1
anyfr. Flack anc xenham acknowiedged that Ieir resully, - crq 4000 Hz to as much as 7:1 for CF4000 Hz.

and those of Hicks and Bacai999, are consistent with . .
high compression at low CFé, the compression does not Again, they assumed linear cochlear responses to tones well
' below CF forall fibers. This assumption may be justified in

vary with frequency in the apical region of the cochlea. The

present results suggest that their estimates of compressi(yﬂe'r casgguinea p_'g’ because _Of “...the relative Stab"'tY of
for tones at CF should be regarded ratative to the com- the below-CF(auditory-nerve fiber rate-level slopes with

pression for the below-CF tones. Estimates of relative comCF” (Cooper and Yates, 1994, p. 238s shown in their Fig.
pression from the present data can be derived from the valu@f. However, the TMC data in Fig. 2 suggests that the same
in Table | as the ratio of the slopes of derived 10 curves foris not true for humans, as the slopes of the TMCs for
0.5CF and CF/L2. The resulting valuésased on the average maskers well below CF do vary across QFg. 3). There-
responsesrange from 1.5:1 at 500 Hz, to 3.4:1 at 4000 Hz orfore, while it may be justified to conclude that compression
2.55:1 at 8000 Hz. These estimates closely match those rés reduced for low CFs in guinea pigs, the same may not be
ported by Plack and Oxenha(2000. true for humans.

A. Cochlear compression across CFs
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D. The source of compression ing to ANSI 3.6-1996. Hence, this listener could be argued to be at the limit

. . . of normal hearing at this frequency. However, this high threshold corre-
Despite the focus on cochlear processing in the currentponded to a sharp notch in the listener's headphone frequency response
discussion, it could well be argued that the compression atnot shown. Therefore, the threshold is possibly the result of sound can-

low CFs inferred from Fig. 2 does not originate in the co- cellation in the external edtopez-Poveda and Meddis, 1996nd not of
. . . cochlear damage.
chlea. It could reflect, instead, other nonlinear processes I'SEquating CF td, is not strictly correct because, as explained in footnote 2,

the au_ditory_receptor, such as the sat_uration of th_e receptogit.irequency listening may occur.
potential of inner-hair cells, or of auditory-nerve fiber dis- ®I0 curves were actually derived by plotting smoothedversion of the
charge rates, which need not be frequency-specific relative tdpw-frequency data at GF4000 Hz(the linear referengeas a function of

CE. If these nonlinear processes are different for differentthe original data. The linear reference was obtained by linear regression of
’ the original data. Therefore, the abscissa and ordinate values are not iden-

CFs, they might account for the observed decrease in th§c, That is the reason that the slopes differ slightly from unity.

slope of the TMCs for 0.5, maskers with increasing, il- ®Data points for longeAt were not collected because of clipping problems.
lustrated in Fig. 3. The issue may be resolved by studies on

listeners with sensorineural hearing loss at low frequencies.

For example, if the TMCs for these listeners were shalloweBaker, R. J., Rosen, S., and Darling, A998. “An efficient characterisa-

than those for normal-hearing listeners. then that would be tion of human auditory filtering across level and frequency that is also
' physiologically reasonable,” irPsychophysical and Physiological Ad-

900d evidence that the compression 1S cochlear in orgin. vances in Hearingedited by A. R. Palmer, A. Rees, Q. Summerfield, and
R. Meddis(Whurr, London.
Cooper, N. P.,, and Yates, G. K1994). “Nonlinear input-output functions
derived from the responses of guinea-pig cochlear nerve fibres: Variations
. . with characteristic frequency,” Hear. Re&3, 221-234.
_The main conclusions of the present StUdy can be Sl‘Imiuifhuis, H. (1973. “Consequences of peripheral frequency selectivity for
marized as follows: nonsimultaneous masking,” J. Acoust. Soc. Abd, 1471—1488.
. Duifhuis, H. (1980. “Level effects in psychophysical two-tone suppres-
(i) Human cochlear responses to tones at CF are com-gjon » 3. Acoust. Soc. Am67, 914_92[;_)/ Py PP
pressed over the CF range from 500 to 8000 Hz. OrGlasberg, B. R., Moore, B. C. J., and Stone, M. (4999. “Modeling
average, the estimated Compression for moderate in-changes in frequency selectivity with level,” Psychophysics, Physiology

. . ; and Models of Hearingedited by T. Dau, V. Hohman, and B. Kollmeier
put levels ranged from 3:1 to 5:1. Compression does (World Scientific, Singapoje

not decrease for lower CFs, as has previously beemicks, M. L., and Bacon, S. R1999. “Psychophysical measures of audi-
suggested. tory nonlinearities as a function of frequency in individuals with normal
(i)  Compression extends over a wider range of stimulus hearing,” J. Acoust. Soc. Amil05, 326-338.

. . . Johnson-Davis, D., and Patterson, R. [@979. “Psychophysical tuning
frequencies at low CFs than at high CFs. The esti curves: Restricting the listening band to the signal region,” J. Acoust. Soc.

V. CONCLUSIONS

mated compression to tonas octave belowCF de- Am. 65, 765-770.
creased with increasing CF, from 2.8:1 at CF Johnstone, B. M., Patuzzi, R., and Yates, G(k986. “Basilar membrane
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