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A loss of cochlear compression may underlie many of the difficulties experienced by
hearing-impaired listeners. Two behavioral forward-masking paradigms that have been used to
estimate the magnitude of cochlear compression are growth of magki@dl) and temporal

masking (TM). The aim of this study was to determine whether these two measures produce
within-subjects results that are consistent across a range of signal frequencies and, if so, to compare
them in terms of reliability or efficiency. GOM and TM functions were measured in a group of five
normal-hearing and five hearing-impaired listeners at signal frequencies of 1000, 2000, and 4000
Hz. Compression values were derived from the masking data and confidence intervals were
constructed around these estimates. Both measures produced comparable estimates of compression,
but both measures have distinct advantages and disadvantages, so that the more appropriate measure
depends on factors such as the frequency region of interest and the degree of hearing loss. Because
of the long testing times needed, neither measure is suitable for clinical use in its current form.
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I. INTRODUCTION et al, 2001; Mooreet al., 2002; Lopez-Povedat al., 2003;

Phvsioloaical studi f the health i hi Plack and Drga, 2003
ysiological studies of the heatthy mammalan cochiea o 4o most commonly used forward-masking tech-
have shown that the response of the basilar membrane is

. . - niques for estimating compression are growth of masking
highly compressive for tones presented at characteristic fre—GOM Oxenh d Plack 199and |
guency(Rhode and Robles, 1974; Robletal, 1986; Mu- ( ,) (e.9., Oxenham an ack, 199an tempora
rugasu and Russell, 1995; Ruggetoal., 1997; Russell and ma_skmg(TM) (e'g" Nelsonet al, 2003. B_Oth paradigms
Nilsen, 1997; Rhode and Recio, 2008 loss of this nonlin-  derive compression values by comparing off-frequency
earity may underlie many of the difficulties experienced byMasker leveldi.e., masker frequency less than or equal to
hearing-impaired listeners: abnormal loudness growth, re0-6 times signal frequengyvith on-frequency masker levels
duced frequency selectivity, reduced rate of decay of forwardi-€., masker frequency equal to signal frequendy line
masking, and larger-than-normal gap-detection thresholds iwith the available physiological datasually taken from the
narrow-band noise can all be accounted for by a loss or rébase of the cochlgat is assumed that basilar membrane
duction of compression on the basilar membrdivates, compression is limited to frequencies around the character-
1990; Glasberg and Moore, 1992; Oxenham and Mooreistic frequency and that the response to a tone half an octave
1997; Oxenham and Bacon, 2003\ reliable behavioral or more below characteristic frequency is approximately lin-
measure of cochlear compression may therefore be of cliniear (Yateset al., 1990; Ruggeret al, 1997. While this as-
cal value. sumption is probably valid for high characteristic frequen-
Forward masking of tonal signals is one psychophysicaties, some recent physiological and psychophysical studies
method that has been used in human listeners to derive esfizye questioned its validity at low characteristic frequencies
mates of the magnitude of cochlear compression. Forwarge_g” Rhode and Cooper, 1996: Oxenham and Dau, 2001,
masking lends itself to estimating cochlear response becau%04; Lopez-Povedet al, 2003 Plack and Drga, 200For

tflli?n innor:smultr?nercr)]usrpresrgir:]tatlon oifblthen Tﬁf\kerr an?i sr:g? e details of further assumptions, see Oxenham and Plack
e ates concerns regarding possible nonlinear periphe 997 and Nelsoret al, (2001,

interactions, such as suppression. The compression values :
. oo . In the case of GOM, masker levels necessary to just
derived from such measures tend to be quantitatively similar

to those obtained using physiological techniques in animalgank asignal are me:_alsur_ed at several fixed S|gna_l Ieve_ls. The
(e.g., Oxenham and Plack, 1997: Rosral, 1998; Baker slope of a GOM function is thought to reflect relative differ-
ot al. 1998: Glasbert al. 1999 Hicks and Bacon. 1999: €nces in the response of the basilar membrane to the masker

Plack and Oxenham, 2000; Wojtczak al, 2001; Nelson apd signal at the place on the basilar membrane where the
signal is detected. For on-frequency maskers when both the
_ _ L _signal and the masker are nearly equal in level, the GOM
dportions of this work were presented at the Association for Research i

Otolaryngology Midwinter Meeting, Daytona Beach, FL, February 2003. ?unctlon has a slgpe rothIy equal to one, presumably pe'
YElectronic mail: peninah@mit.edu cause both the signal and masker are subjected to similar
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amounts of compression. Off-frequency masking producesf the background noise is not intense enough to mask the
functions with a slope less than one, especially at mediunsignal itself. At the specified spectrum level, the highest sig-
signal levels, because the response to the signal is commal level(75 dB SPL was at least 20 dB above the simulta-
pressed while the response to the masker is not. The ratio efeous masked threshold of the signal measured in the back-
the slopes of straight lines fit to the off- and on-frequencyground noise alone. The bandwidth of the high-pass
data, for a given signal frequency, provides an estimate of thbackground noise was 6 kHz with a lower cutoff frequency
magnitude of compression. of 1.2f. To avoid detection of the signal in the contralateral
In the case of TM, masker levels necessary to just maskar, a contralateral masking noise was presented at an overall
a fixed low sensation level signal are measured as a functioevel 20 dB below the level of the signal, with a pass band
of the time delay between the offset of the masker and thextending from 0.8, to 1.%. Both the ipsilateral and con-
onset of the signal. For the on-frequency masker, the changealateral noises were gated on 50 ms before masker onset
in masker level as a function of delay is thought to reflect theand gated off 50 ms after signal offset.
effects of compression and the more central recovery from In the TM paradigm, the level of a forward masker
forward masking; for the off-frequency masker, which is as-needed to mask a 10 dB SL signal was measured as function
sumed to be processed linearly, the function should refleasf signal delay(10 to 100 ms at 10-ms interval§This range
only the recovery from forward masking, which is known to of signal delays was selected to ensure that on-frequency
be independent of masker frequerigyg., Nelson and Pav- masked thresholds would be measured in the level region
lov, 1989. Thus, the effects of compression and decay of theyhere maximum compression is expected., 50 to 75 dB.
response to the masker can be separated by plotting offyo background noises were presented in either ear; the sig-
frequency masker levels as a function of on-frequencyhal level was always so low that neither off-frequency listen-
masker levels, paired according to signal deldelson ing nor detection in the contralateral ear was deemed likely.

etal, 2001; Lopez-Povedat al, 2003; Plack and Drga, All stimuli were generated digitally and played out via a
2003. The resulting function can be viewed as a derivedsoundcardLynxStudio LynxOng with 24-bit resolution and
basilar membrane input-output function. a sampling frequency of 32 kHz. The stimuli were then

Despite these procedural differences, both GOM angouted to a programmable attenuat@DT PA4) and head-

TM purport to measure the same thing, namely basilar memphone bufferTDT HB6) before being presented to the lis-
brane compression. However, no study has yet made a dire@ner via Sennheiser HD 580 headphones. Listeners were
comparison of the two methods in the same listeners. Suchgeated in a double-walled sound-treated room. A trial con-
comparison is of interest for at least two reasons. First, ijsted of three observation intervals, separated by interstimu-
tests the assumption that the two techniques do indeed prqis intervals of 500 ms. The masker was presented in all
vide estimates of the same underlying phenomenon; seconghree intervals and the signal was randomly presented in one
it allows a direct comparison of the two measures in terms ok the three intervals. Thresholds were tracked using a
efficiency and reliability. In the current study, GOM and TM two-up one-down adaptive procedure that estimates the
curves were measured in five normal-hearing listeriers  mgasker level at the 70.7% correct point on the psychometric
periment ) and five hearing-impaired listenetexperiment  f,nction (Levitt, 1971. In the adaptive procedure, the

In). masker level was initially varied with a step size of 8 dB.
After the first two level reversals, the step size was reduced
Il. EXPERIMENT I: NORMAL-HEARING LISTENERS to 4 dB and after an additional two reversals to 2 dB. The
A Methods threshold estimate was taken as the mean of the last eight
reversals with a 2-dB step size. The maximum allowable
1. Stimuli and procedure masker level was set at 102 dB SPL; if the tracking proce-

GOM and TM curves were measured at signal frequendure attempted to exceed this level more than six times, the
cies (fg) of 1, 2, and 4 kHz with an on-frequency(=f;)  run was aborted. Thresholds are only reported for conditions
and off-frequency {,,,=0.55f;) forward masker. Both the that resulted in no aborted runs. For the GOM data, which
signal and masker tones were gated with raised-cosine rampsvolved six data points per curve, each reported threshold is
of 5 ms in the 1- and 2-kHz signal frequency conditions andhe mean of at least four estimates. When the standard de-
2.5 ms in the 4-kHz condition. The signal and the maskewiation of four estimates exceeded 4 dB, an additional two
had steady-state portions of 0 and 100 ms, respectively. estimates were made and the mean of all six estimates was

In the GOM paradigm, the level of a forward masker recorded as threshold. Approximately 50% of the reported
needed to just mask the signal was measured as a function &OM thresholds are the mean of six estimates. The TM data
signal level(50, 55, 60, 65, 70, and 75 dB SPThese signal involved more data points per curyep to ten, so initially
levels were selected because this is the level region whernly two estimates per condition were made. However, the
the maximum amount of compression is exped@d., Ox- standard deviation of the two estimates exceeded 4 dB in
enham and Plack, 1997The silent interval between masker about 80% of the conditions; in those cases an additional two
offset and signal onsdt.e., signal delaywas 0 ms, defined estimates were made and the mean of all four estimates was
in terms of the zero-points in the envelope. In order to limitrecorded as threshold. Thus, on average, GOM and TM in-
the effects of off-frequency listening, an ipsilateral back-volved about 30 and 36 runs per curve, respectively, for each
ground noise was presented at a spectrum level 40 dB belolistener. Data collection did not begin until a listener had a
the level of the signal. It is important to ensure that the leveminimum d 4 h of practice with each of the two experimen-
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FIG. 1. GOM functions measured at signal frequencies of 1, 2, or 4 kHz for |G- 2. TM curves measured at signal frequencies of 1, 2, or 4 kHz for
normal-hearing listeners in experiment I. Each row represents a differenfformal-hearing listeners in experiment I. Each row represents a different
subject or the mean data. Filled symbols represent off-frequency maskegHPiect or the mean data. Filled symbols represent off-frequency masked
thresholds and open symbols represent on-frequency masked thresholds. E}ésholds and open symbols represent on-frequency masked thresholds. Er-
ror bars represent1 standard deviation. The dotted lines plotted in the " Pars represent1 standard deviation.

bottom row represent a straight line with a slope of one.

for conditions where data were available for all five listeners.
tal paradigms. The order of presentation of the experimentabn- and off-frequency masked thresholds are plotted with
paradigms was randomized across subjects. Testing wagpen and filled symbols, respectively. Error bars represent
completed for all conditions of a given paradigm before test—+1 standard deviation. As can be seen, within-subject stan-
ing with the other paradigm began. Listeners N1, N2, and N%lard deviations across measurements were generally larger
were tested first with GOM while listeners N3 and N4 werefor the TM data, particularly in the on-frequency masking
tested first with the TM paradigm. The presentation of sighaktondition.
frequency conditions was also randomized within a masking  The GOM data(Fig. 1) show that, in agreement with

paradigm. previous studies, the slope of the off-frequency masker func-
2. Subjects tions is in most cases much less than unity, while the slope of
the on-frequency masker functions is close to uriiyg.,

.GOM. and TM curves were measured in five normal-Oxenham and Plack, 1997The dashed line shown with
hearing listeners who ranged in age from 18 to 32 years

Listeners were verified as having absolute thresholds bettegiiir: dgng;g' 1; bottom row represents a straight line with
than 20 dB HL(ANSI, 1996 for octave frequencies between y SIOpe.

250 and 8000 Hz. Listeners were recruited from the M.I.T. Also in agreement with previous studies, the TM data

. . Fig. 2 show that masker levels increased with signal dela
student population and were compensated monetarily fo‘ g.2 9 Y.

their time. Test sessions typically lasted for Zihcluding %n;s:(riwr?gr?jt:t;(fa |gcr§6éfseocgé1;leedzgo(;lthﬁ(;)pne-zz?ggl\(/)efz;rtegluency

'tl)'rheeatgt:ln ?egfitrwegniﬁgvsgi }g?;ende:wwoa? ;Er:li tzgis per WeekZOOS; Plack and Drga, 2_09]3n most cases, the ;Iope_ of the
' on-frequency curve varies over the range of time intervals
B. Results measured, gnd there is_a region of the on-frequency masking
' curve that is substantially steeper than the off-frequency
GOM curves are shown in Fig. 1 and TM curves aremasking curve. For the off-frequency conditions, the slope of

shown in Fig. 2 for signal frequencies of 1, 2, and 4 kHz.a given curve tends to be more constant, although there may
Each row corresponds to a different listener, and the finabe a trend for the slope to become shallower at the highest
row shows the mean data. Mean thresholds are reported onlgvels. Placket al. (2004 found a similar, and significant,
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trend for the slope of the off-frequency masking curve toare specified so that the calculated basilar membrane re-
become shallower at higher masker levélnd larger sponse is 100 dB fdc=100dB andv=0. The minimum of
masker-signal intervalsfor their 4-kHz signal frequency the function’s first derivative can be used as an estimate of
(2.2-kHz masker Although such a trend seems to exist in the maximum compression. Here we use all these approaches
some of our data, it failed to reach significance, either with an deriving compression estimates from the first experiment.
simple correlation of off-frequency masker slope and masker

level (R=-0.18; p=0.34), or with an attempt to find a 1. Temporal masking

quadratic component to the regressiq>0.05). Estimating compression values from TM curves typi-

There is also a t_ren(_zl for th_e off-_frequency curves tOcally involves the interim step of deriving a basilar mem-
become shallower with increasing S|gnal freq_uenc_y. Thebrane response curve by plotting off-frequency masker levels
mean slope of the off-requency masking functions is 0'39as a function of on-frequency masker levels. The fact that
(s.6=0.04) at a signal frequency of 4 kHz, 0.43'9'20'05) off-frequency curves tend to become shallower with increas-
at 2 kHz, and 0.53s.6=0.04 at 1 kHz. This feature has ing signal frequency has been interpreted as evidence that
been reported bgfor_@Lopez—Povedaet al, 2003; Plack and off-frequency curves only reflect truly linear processing of
Drga, 2003 and is discussed further below. the masker at high signal frequencigopez-Povedat al,

2003; Plack and Drga, 20D3At lower characteristic fre-
C. Estimating compression values quencies, compression may be app_lied_ not (_)nly to on-
) ] ) frequency but also to off-frequency stimuli, making the as-
~In the following sections, compression values are desymption of linear processing of the off-frequency masker
rived from the TM and GOM data, and results from the twojnyalid. This was taken into account in our analysis by fitting
paradigms are compared. In previous studsisonetal, 5 straight line to the 4-kHz off-frequency masker levefs, (
2001; Plack and Drga, 2093third-order polynomials were - 5 kHz) for each subject, and using that as the linear ref-

found to provide relatively good fits to the data, although ingrence against which to plot the on-frequency masker data,
some cases the minimum derivative was a negative numbefs syggested by Lopez-Poveetzal. (2003.

(Plack and Drga, 2003 Recently, Placlet al. (2004 sug- Basilar membrane response curves derived from the TM
gested fitting the data with a multipha§e., three-segment  gata are shown in Fig. 3. Each row represents a different
linear regression function. With this method, the slopes Ofjstener and the final row shows the mean data. Each symbol
the lower and upper segments are fixed at unity and a StraigPépresents an off-frequency masker levigl € 2.2 kHz) plot-

line is fit to the middle segment. The horizontal distance, ineq as a function of on-frequency masker levél€fy),

dB,_ between the upper an_d Iowe_r segments can be use_d E%ired by signal delay. Using a higher frequency off-
estimate the maximum gain applied by the cochlear activgrequency masker eliminates the need to rely on the assump-
mechanism, if it assumed that the gain at high levielhe (o that compression is frequency specific in more apical
upper segmeitis zero(see Placket al, 2004, for details  pasjlar membrane regions. Using a straight line fit to the
An alternative to a generic polynomial is a function that iSOﬂ:_frequenCy data, as opposed to the raw data itself, allows
specifically designed to capture certain features of the basilqrmzz_z kHz thresholds to be used as the linear reference
membrane input-output function, such as the more compressyen for signal frequency conditions where on-frequency

sive mid-level region. The sum of a linear and a sigmoidalpmasked thresholds were obtained for a greater number of
function (LS) has been used in a number of studiesy.,  signal delays.

Moore et al, 1996; Oxenham and Moore, 1997; Glasberg — pjgtied with a solid line in Fig. 3 is the LS function, fit

and Moore, 200D I_n this study, we use a version Qf this that {5 the data using a least-squares approg&gh, andV were
describes the basilar membrane respdfefor a given in- 4jjowed to vary as free parameters; for every estimated value
put level(L) as of G, the value oV that produced the best fit to the data
R=0.9L +A+B(1— (1/(1+exp(—0.05 L —50))))), was determined. The values Gi,, andV that minimized
(1)  the sum of squared errors for the predicted masked levels
were accepted as the final parameter values. The resulting LS

where function was evaluated and is plotted as a solid line in Fig. 3.
A=—-0.08945,,,+V+10.894, (2)  The Matlab functionsnlinfit and fminsearchwere used to
B=1.178%,,,— 11.789, 3 generate the fitted function.

Using an approach similar to Plaek al. (2004, a mul-

and whereG,,,, determines the maximum gaiim dB) ap- tiphase regression function was also fit to the TM data and is
plied by the active mechanism. The slope of the responsplotted with a dotted line in Fig. 3. The lower breakpoint
curve at very low and very high input levels is nearly linear, (LBP), upper breakpoin{UBP), lower segment intercept

as defined by the constant 0.9, and varies slightly with level(LI), and slope of the middle segmdiMS) were allowed to
The compressive middle region of the function spans thevary as free parameters. The slope of the lower and upper
range of input levels between about 20 to 80 dB, the midsegments was fixed at 1. The fitting functiémlinfit) was
point of which is defined by the constant %0 dB SPL). constrained so that the middle segment contained a minimum
The value ofG,,,, is a free parameter that is allowed to vary of three data points. The resulting least-squares, three-
to provide the best fit to the data. The free paraméter segment function was evaluated. In general, the sum of
allows a vertical shift of the function. The valuesdfndB  squared errors associated with the multiphase regression

J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 Rosengard et al.: Estimates of cochlear compression 3031



1000 Hz 2000 Hz 4000 Hz TABLE |. Estimates of compression calculated from the LS function fit to

120 : basilar membrane response curves derived from GOM and TM data, for
100 B} s M ; each signal frequency in experiment |. Values in the “Mean” rows show
sl ~7 | | B M parameters fitted to the mean data, only including points for which values
60 N1 N1 N1 from all five subjects were available.
120 ™ ™
100 Subject GOM References 0.55f¢ Reference2.2 kHz
80 M/B’:E m/e-v*“f m,a—»“”:j f.=1000 Hz
g 60 N1 0.38 0.39 0.29
»n
@ 120 N2 0.32 0.43 0.37
= N3 0.54 0.38 0.07
5 100 N4 0.75 0.36 0.25
g w s M N5 0.43 0.56 0.34
F 60 N N Mean 0.48 0.42 0.26
3
3 120 fs=2000 Hz
% 100 N1 0.11 0.07 0.15
E o W/UE/D o gﬂ/gy"'da N2 0.41 0.19 0.19
2 & N4 N4 N4 N3 0.35 0.23 0.04
g N4 0.45 0.06 0.25
120 N5 0.19 0.15 0.04
100 D/ﬁ/% Mean 0.30 0.14 0.13
80 : el il 4= 4000 Hz
60 N N N N1 0.26 0.21 0.21
55 155 N2 0.37 0.16 0.16
N3 0.24 0.07 0.07
100 100
f N4 0.35 0.18 0.18
. - e N5 0.20 0.01 0.01
60 Average | g0 Average Average Mean 0.28 0.13 0.13

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
On-frequency masker level at threshold (dB SPL)

FIG. 3. Basilar membrane response curves derived from TM data for
normal-hearing listeners in experiment I. Each row represents a different=0.002] and fitting function[F(1,4)=65.47, p=0.001].

subject or the mean data. The LS function fit to the data is plotted as a soliﬁl-here was no main effect of linear referen{:E(Zl 4)
line. The multiphase regression function is plotted as a dashed line. A ’

straight line fit to the off-frequency TM curve measured gt 2.2 kHz was =2.64, p=0.:!.8], but the mteractlo'n p?twee” S|gnal fre-
used as the linear reference. guency and linear reference was significBR(2,8)=7.39,

p=0.02]. PosthocFisher’s LSD tests showed a significant
(p<0.05) difference between slope valuesfat 1 kHz vs.
function was considerably smaller than the LS function, al-f;=2 kHz or 4 kHz. There was also a significaqt<{0.05)
though this may simply reflect the fact that the multiphasedifference between slope values &i=1 kHz using f,
regression function has twice as many free parameters as tke0.55f; as the linear reference vk, =2.2 kHz.
LS function. The significant effect of fitting function reflects, at least
The minimum of the first derivative of each LS function in part, the fact that the LS-function estimate is the slope
plotted in Fig. 3 is shown in the right-hand column of Tablevalue at thepoint where the derivative of the function
I. Also shown in Table | are minimum slope values for thereaches its minimum. In contrast, by definition the slope of
TM data using a straight line fit to the off-frequency maskerthe linear regression analysis is defined over at least three
levels (f,=0.55f;) as the linear reference. The minimum data points and thus represents the average slope over a
slope value for each of the multiphase regression functionkarger region of the level range.
plotted in Fig. 3 is shown in the right-hand column of Table The significant interaction between linear reference and
[I. Minimum slope values derived from the TM data using signal frequency suggests that the choice of linear reference
off-frequency masker levelsf(=0.55f, rather thanf,  is an important factor only for signal frequencies less than 2
=2.2kHz) as the linear references are also shown in TablkHz. This is consistent with the finding of Lopez-Poveda
[I. This allows a more direct comparison with the GOM data, et al. (2003 that the slope of off-frequency TM curves was
where it is not possible to use the same high off-frequencyonstant for signal frequencies greater than or equal to 2
reference for all signal frequencies. kHz. Posthocanalysis(Fisher’'s LSD testalso showed that
Minimum slope values derived from the TM data were even whenf,,=2.2kHz was used as the linear reference,
analyzed using a three-factor repeated-measures analysis sibpe values at a signal frequency of 1 ktdwerage across
variance(fixed effect$, using signal frequencyl, 2, or 4  subjects=0.31 dB/dB were still significantly larger than val-
kHz), fitting function (LS or multiphase regressiprand lin-  ues atf =2 kHz (average=0.18 dB/dB or 4 kHz (average
ear referencef(,=0.55f; or f,=2.2 kHz) as within-subject =0.18 dB/dB. This finding, suggesting that compression is
factors. Here and throughout this pappryvalues less than reduced at lower frequencies, is in contrast to results reported
0.05 are considered significant. The results showed a signifby Lopez-Povedat al. (2003 and Plack and Drg&2003,
cant main effect of signal frequency(2,8)=15.44, p  who found equal compression at low and high frequencies. It
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TABLE II. Estimates of compression calculated from the ratio of slopes ofyglues are shown in Table I. A comparison of values in

the GOM data and from the multiphase regression function .ﬁt to b.slsilar—l—ameS I and Il indicates that both methods of deriving esti-
membrane response curves derived from the TM data in experiment |. GOM

slope values at;f6 kHz are from experiment IA. Values in the “Mean” mates of compression from GOM data produce similar re-

rows show parameters fitted to the mean data, only including points fosults.
which values from all five subjects were available.

GOM 3. Compa(isons of TM and GOM estimates of

Slope ™ ™ compression
Subject ratio Reference-0.55s  Reference-2.2 kHz One goal of this study was to determine whether the

f.=1000 Hz GOM and TM paradigms produce consistent intrasubject

N1 0.46 0.42 0.35 slope estimates. To address this question, minimum slope
N2 0.42 0.46 0.42 values derived from the LS function were analyzed using a
N3 0.58 0.40 0.17 two-factor repeated-measures analysis of varidfiged ef-
N4 0.75 0.54 0.46 . ) : .
N5 0.47 0.60 0.40 fects, using masking paradigtiGOM or TM) and signal
Mean 0.53 0.48 0.36 frequency(1, 2, or 4 kHz as within-subject factors. In the

most comparable conditions, whép=0.55f; was used as

N1 0.14 fo= %?fg Hz 0.21 the linear reference for each TM signal frequency condition,

N2 0.44 0.32 0.32 results showed a significant main effect of signal frequency

N3 0.37 0.22 0.16 [F(2,8)=16.29, p=0.002]. There was a trend towards a

N4 0.48 0.22 0.35 main effect of masking paradigm, although it failed to reach

NS 0.22 0.20 0.13 significance[ F(1,4)=5.76, p=0.07]. This (nonsignificant

Mean 0.33 0.23 0.23 trend reflects the fact that the TM estimates tended to be
f=4000 Hz lower (stronger compressigrihan the GOM estimates. The

N1 0.28 0.29 0.29 interaction between masking paradigm and signal frequency

sg 8"31; 8'% 8% was not significan{ F(2,8)=1.08, p=0.39]. An identical

N4 037 026 026 pattern of results, in terms of significant differences and in-

N5 0.25 0.13 0.13 teractions, was found for compression values derived from

Mean 0.33 0.23 0.23 the GOM data using the slope ratios and from the TM data
f— 6000 Hz using the multiphase regression functions. The result from
s . S ) .

N1 0.28 the ANOVA showing no significant difference in the com-

N2 0.18 pression estimates between the two paradigms is supported

N3 0.22 by the fact that the correlation between the two measures was

mg g-ég significant (Pearson correlation coefficient of 0.54)

Mean 0.19 =0.039).

Significant differences between the two paradigms did
arise if the comparison was made between GOM and TM

is not clear what accounts for this discrepancy, although itVith & linear reference ofi,=2.2kHz. This is expected be-
may in part be traced back to the results of listeners N2 ang2use, as noted above, the same difference was found be-

N4. For these listeners the TM curves at 1 kHz start at 4V€en the two TM measures,,=2.2kHz andf ,=0.55,
fairly high level, meaning that the data may not include theWith the latter probably underestimating compression, due to
most compressive regions of their data. the failure of the assumption that the off-frequency response

is linear.

Test reliability was examined by constructing 0.95 con-
fidence intervals aroun,,,, values used to calculate the

The magnitude of compression was estimated from theninimum slope values reported in Table | for individual lis-
GOM data(see Fig. 1 by calculating the ratio of the slopes teners. The Matlab functionlparci was used to determine
of straight lines fit to off- and on-frequency masker levels. Inthe confidence interval for a given value @f,, (i.€., non-
contrast to the TM paradigm, it is not possible to use thdinear least-squares parameter estimaising the residuals
high-frequency off-frequency masker curves as a linear refand the Jacobian matritan analog of theX matrix in the
erence, and so all comparisons involve the off-frequencytandard linear regression mogdat the solution(Table 11).
masker atf,,=0.55f;. Slope values are shown in Table Il. A two-factor repeated-measures analysis of variaffieed
As the data generally fell on a single straight line in the leveleffecty, using paradigm(GOM and TM and signal fre-
region tested50—-75 dB SPL, calculating the ratio of the quency(1, 2, or 4 kHz as within-subject factors, showed a
slopes is essentially equivalent to fitting the derived basilasignificant main effect of paradigniF(1,4)=10.03, p
membrane response curve with the three-segment multiphase0.03]. The effect of signal frequendy~(2,8)=3.67, p
linear regression function. =0.07] and the interaction of paradigm and signal frequency

Basilar membrane response curves were also deriveld-(2,8)=2.25, p=0.17] were not significant. Given that
from the GOM data by plotting off-frequency data as a func-both paradigms involved measuring a similar number of data
tion of on-frequency data, paired by signal level. The resultpoints, this finding suggests that the GOM paradigm pro-
ing curves were fit with the LS function and minimum slope vides a less variable measure than TM.

2. Growth of masking
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TABLE Ill. The mean width of 0.95 confidence intervals around compres-sjon value is based on an average across a level range of at
sion estimates derived from individual normal-hearing listeners’ GOM and|east 10 dB. In fact. when the LS slope is averaged over a

TM data in experiment I, using the LS function. The confidence intervalss.m.Iar level ranae. the values for the two paradiams become
(Cl) were constructed using the Jacobian matrix at the solution to the func-I ' v ge, valu W0 p 9

tion. much more comparable.

: There is, however, a theoretical reason to question the
Width of CI use of the LS function. In a study of hearing loss and basilar

Signal frequencykHz) GOM ™ membrane compression, Plaekal. (2004 have reported
that the maximum gain applied by the active mechanism and

1 0.06 0.31 . . . ;
> 0.06 016 the magnitude of maximum compression on the basilar
4 0.07 0.11 membrane are not statistically correlated. The original LS

function assumes that these two auditory functions are inti-

mately related; the value @&, (i.e.,y intercep} is equal to

4. Possible effects of “confusion” the maximum gain and determines the minimum slope of the

For forward masking with brief masker-signal intervals fitted function. While thg LS function,. with thg inclusion of
'theV parameter that shifts on the entire function alongythe

researchers have often found evidence for “confusion,”” " . i
. ; axis, decouples the two auditory functions to some extent,
where signal thresholds are elevated because listeners hat\ﬁe

difficulty distinguishing the signal from the offset of the ey still cannot be viewed as being completely independent
masker(e.g., Neff, 1985 Nelsonet al. (2001 addressed this of one another; the range of input levels over which com-
in their study of TM curves and found that, although someP'ssIon applies and maximum gain are still coupled.

thresholds were changed by the presence of a cue(ti;me . _In summary, bOth GOM and TM paradigms produce
. o . . . similar behavioral estimates of basilar membrane compres-
signed to eliminate confusigntheir estimates of compres-

sion when comparable fitting techniques are used. Both

sion were unchanged. We completed pilot experiments o - . .
several listeners with and without cue tones. We found that%O'vI and T™ (f,=0.55;) paradigms probably underest-

. . - Inate compression at signal frequencies below 2 kHz, pre-
after considerable practice, there were no substantia . )

: L . . umably because the assumption of a linear response to the
changes, either in individual thresholds, or in estimates o

. off-frequency masker is violated. This can be remedied with
compression. Thus, we conclude that the present data a1 by using a high-frequency linear off-frequency reference
unlikely to be contaminated by effects of confusion. y _g g d y quency.

curve (f,=2.2kHz), but cannot be remedied with GOM

(Lopez-Povedat al, 2003. Finally, for given measurement
D. Discussion effort, estimates using GOM provide less variable estimates
of compression, with confidence intervals nearly half those
5 und for the TM data. However, this comes at the expense
biased estimates at lower signal frequencies.

TM and GOM paradigms produced comparable esti
mates of basilar membrane compression, although there w.
a trend towards TM estimates being more compressive thafl
GOM estimates. To the extent that a difference is present, |ﬁ
may be due in part to the fact that the signal level for the TM
curves is always 10 dB SL, whereas the signal level from the  Slope values derived from GOM functions measured in
GOM curves was as high as 75 dB SPL. This highlights arexperiment | tend to decrease with increasing signal fre-
important difference between the two measures: For TM, thguency(see Table Ii. In agreement with other psychoacous-
use of a fixed signal level ensures that the listener is usingic studies, results from experiment | suggest that a lack of
the same place or the same limited frequency region on thiequency specificity of the compression mechanism may ac-
basilar membrane to detect the signal, regardless of maskeount for the substantially larger slope valued at 1 kHz.
level. For GOM, where signal level is varied, the place usedHowever, even at signal frequencies of 2000 and 4000 Hz
to detect the signal will probably be different at high levelsthere are several slope values that exceed 0.3 dB/dB. This
than at low levels because the peak of the traveling wavéinding is somewhat puzzling given that other studies using
shifts as a function of levele.g., McFadden, 1986; Moore GOM have measured compression values of around 0.2 or
et al, 2002. Since the growth in the peak of the traveling less at a signal frequency of 6000 K2xenham and Plack,
wave is more linear than the growth at the place with al997; Nelsonet al., 2001). The purpose of the current ex-
characteristic frequency equal to the signal, it follows thatperiment was to determine if the observed trend for slope
the GOM paradigm may underestimate compression, particuralues to decrease continues at higher signal frequencies,
larly at high levels. Thus, the TM paradigm may be thoughtapproaching a value of 0.2 dB/dB across listeners at 6 kHz.
of as measuring the response function to a signal atithe

. . A. Methods
variany characteristicfrequency, whereas the GOM para- =~
digm may measure something closer to the response functiopt/muli and procedure
to a signal at thébestfrequency, the place of which varies GOM functions were measured fat= 6 kHz in the same
with level. five normal-hearing listeners who participated in experiment

The difference in compression estimates between thé Stimulus parameters and experimental procedures were
two fitting procedureglinear regression versus LS functjon identical to those used in experiment |, except that the signal
is not surprising, given that the LS compression value isand masker tones were gated with raised-cosine ramps of 2
based on a single point in the function, whereas the regresns, and that the ipsilateral background noise was presented

I. EXPERIMENT IA
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frequency compression decreases, but that off-frequency
compression increases as the compression itself becomes less
frequency selective. This interpretation is consistent with an
increasing body of literaturéLopez-Povedaet al, 2003;
Plack and Drga, 2003; Oxenham and Dau, 200here our

data remain unclear is the point at which the off-frequency
response begins to become more compressive: our GOM
data suggest that this may be as high as 6 kHz, whereas other
data suggest that the point may only be reached between 1
C and 2 kHz(Lopez-Povedat al,, 2003.

BT O S One potential reason might relate to our use of a very
4 - short temporal gap between the masker and signal in GOM,
""""""""""" which could in principle result in physical overlap between

Masker level (dB SPL)

o Zo M| le*T ™| | ¢F mems | the masker and signal in the auditory periphery. This might
%0 % 70 80 50 o 70 8 50 60 70 80 result in effective simultaneous masking, which in turn might
Signal level (dB SPL) reduce the estimated compression. Arguing against this is the

_ _ fact that no such overlap has been found in the past for
FIG. 4. GOM functions measured at a signal frequency of 6 kHz for normal-

hearing listeners in experiment IA. Each panel represents a different subjegequenCIeS of 1 kHz and abO\(h’ogten, 19_78; Shailer a_nd
or the mean data. Filled symbols represent off-frequency masked thresholddoore, 1987; Carlyon, 1988Another possible explanation
and open symbols represent on-frequency masked thresholds. Error bags that the larger slope values observed at 2000 and 4000 Hz
r_eprefentl st?ndard deviation. The d_otted _Iine plotted in the bottom panelare indicative of(subclinica) cochlear damage. Again, this
titled “Average” represents a straight line with a slope of one. . . . ..

explanation seems unlikely given that participants were
young listeners with audiometrically normal hearing. Fur-
‘thermore, using methods similar to Shestal. (2002, we
Fheasured auditory filter shapes at 1, 2, and 4 kHz in these
same listeners. This particular notched-noise paradigm more
closely resembles the procedures used in the measurement of
neural tuning curvesi.e., near-threshold signal levels, non-

Results are shown in Fig. 4. Each panel corresponds to simultaneous masking, and constant signal levehd, as

different listener, with the last panel showing the mean datasuch, is thought to be a sensitive and accurate behavioral
On-frequency masked thresholds are plotted with open synmeasure of cochlear tuning. Filter equivalent rectangular
bols and off-frequency masked thresholds are plotted wittbhandwidths derived from our listeners’ data fell within the
filled symbols. Error bars representl standard deviation. normal range observed by Sheaal. (2002. Thus, we have
The ratio of the slopes of straight lines fit to the off- and no entirely satisfactory explanation of the seemingly continu-
on-frequency data are shown in Table Il. The slope values foous increase in estimated compression across the range of
most listeners continue to decrease with increasing signdfequencies tested here, in contrast to the relatively constant
frequency. Furthermore, all slope values measuredgsat estimates found in previous studi¢Black and Oxenham,
=6 kHz are less than 0.3 dB/dB. A single-factor repeated2000; Lopez-Povedat al., 2003.
measures analysis of varian¢txed effect$, using signal
frequency(l, 2, 4, or 6 kHz as a within-subject factor, was V. EXPERIMENT II: HEARING-IMPAIRED LISTENERS
performed to determine the significance of observed differ-

ences. Results showed a significant main effect of signal fre As discussed in the Introduction, a reliable measure of
: S . cochlear compression may be of clinical value because a loss
quency| F(3,12)=11.39,p=0.001]. A test of within-subject P y

. C or reduction of compression may explain many of the per-
linean contrasts was also significaff(1,4)=18.34, e . L ) ;
(:0 Of] These findings are in%licativrg cgf a)systemat?c in_ceptual difficulties experienced by hearing-impaired listen-

: . timat funci f sianal f ers. Results from experiment | suggest that GOM produces
gLee"‘:]S;m compression estimates as a tunction ot signal r§ass yariable estimates of compression in listeners with nor-

mal hearing at the expense of underestimating compression

at lower signal frequencies. While neither GOM nor TM in

their present forms are suitable for clinical use because of
The slope values measured fat=6 kHz are in good lengthy test times, the purpose of the following experiment

agreement with earlier GOM studide.g., Oxenham and was to determine which of the two masking paradigms is

Plack, 1997; Nelsoret al, 200J). Previous studies using better suited for listeners with impaired hearing.

GOM at low signal frequencies that have measured slop% Methods

values exceeding the range of 0.2 to 0.3 dB/dB either failed "~~~

to prevent off-frequency listening and/or used simultaneoud: Stimuli and procedure

masking(e.g., Stelmachowicet al,, 1987; Hicks and Bacon, GOM and TM curves were measured in five hearing-

1999; Mooreet al, 1999. As mentioned above, the most impaired listeners. Stimulus parameters and experimental

likely explanation for the apparently decreasing compressioprocedures were identical to those used in experiment | with

exponent with decreasing signal frequency is not that onthe following exceptions:

at a spectrum level 45 dB below the level of the signal
These modifications were made to replicate as closely
possible the parameters used by Oxenham and P12K).

B. Results

C. Discussion

J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 Rosengard et al.: Estimates of cochlear compression 3035



1000 Hz 2000 Hz
100.,;. PRI : : . : : 1 .

20 gof -

60|

A0}

40 +

80

Audiometric threshold (dB HL)

-
o
o

o«
o

100

[o2]
o

250 500 1000 2000 4000 8000
Frequency (Hz)

N
o

Masker level (dB SPL)

FIG. 5. Audiometric thresholds of the ear tested for each hearing-impaired

subject in experiment II. :

80f-:- Ciedel

(1) For GOM functions, the signal was presented at levels
between 5 dB SL and the upper limit of maximum com-
fort, in 5-dB intervals. For most listeners, the signal lev-
els tested were considerably higher than those tested in
the group of normal-hearing listeners. Absolute thresh-
olds were measured at the beginning of each test session : : A : : :
to verify that the signal was audible. 50 60 70 80 90 100 50 60 70 80 90 100 50 60 70 80 90 100

(2) For TM curves, the signal was presented at 5 dB SL Signal level (dB SPL)

(ms_t_ead of the 10 dB SL used in experiment ThIS_ FIG. 6. GOM functions measured at signal frequencies of 1, 2, or 4 kHz for
facilitated measurements at a greater numbe_r of SigN&earing-impaired listeners in experiment II. Each row represents a different
delays than would have otherwise been possible. Absosubject. Filled symbols represent off-frequency masked thresholds and open
lute thresholds were measured at the beginning of eacsymbols represent on-frequency masked thresholds. Error bars reptelsent
test session to verify that the signal was audible. standard deviation.

(3) With the exception of listener 14, GOM and TM curves
were measured at signal frequencies of 1, 2, and 4 kHzz pagyits
In the case of listener 14, thresholds were measured at 1,

2, and 3 kHz because of the severity of his hearing loss ~ Results for the hearing-impaired listeners are shown in
at 4 kHz. Figs. 6(GOM) and 7(TM). Each row corresponds to a dif-

ferent listener. On- and off-frequency masked thresholds are
plotted with open and filled symbols, respectively. Error bars
represent-1 standard deviation. Due to maximum level dis-
Five hearing-impaired listeners with relatively flat au- comfort issues and the output limitation of 102 dB SPL, on-
diometric thresholds between 500 and 4000 Hz were inand off-frequency masked thresholds could not be collected
cluded as subjects in experiment Il. Absolute thresholds anih all listeners in every condition. For example, neither GOM
(presumedletiology of each listener’s hearing loss are shownnor TM curves could be measured in listener 12 at a signal
in Fig. 5 and Table 1V, respectively. Listeners were recruitedirequency of 1 kHz, as the signal remained detectable at the
from a large audiology clinic in the Boston area and werehighest allowable masker level.
compensated monetarily for their time. Test sessions typi-  With the exception of listener 15, TM thresholds varied
cally lasted for 2 h(including breaks and listeners were little with increasing signal delay. This is in contrast to the
tested two to three times per week. listeners tested in experiment | and previously described
findings regarding normal-hearing listenefs.g., Nelson
TABLE IV. Presumed etiology of each hearing-impaired subject's hearing€t al, 2001). Reduced rate of decay for forward masking in
loss. impaired listeners has been attributed to reduced compres-
sion on the basilar membrarie.g., Glasbherg and Moore,

2. Subjects

Subject Ear tested Etiology 1992; Oxenham and Moore, 199However, this hypothesis

1 left Meniere's can only be applied to on-frequency masking data, which is
12 left unknown, congenital thought to reflect both compression of the masker and decay
:2 ::gm N°J::§n(gfvenase of the internal representation of the masker. Off-frequency
5 right presbycusis TM curves (particularly at higher frequencigshould only

reflect decay of the masker and so should not be affected by
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1000 Hz 2000 Hz 4000 Hz Figs. 6 and 7 for listener 11, 1-kHz signal conditjoliVhile
S A I SR it is not unusual to find little or no change in threshold with
initial increases in forward masking interval with impaired
listeners(e.g., Glasbergt al, 1987, increases are less com-
mon. The difference may be related to the context in which
the conditions were run: in GOM the gap was always 0 ms,
and so listeners had ample opportunity to build a perceptual
“template,” whereas in TM the gaps changed from run to
run, perhaps making the detection process in some listeners
less “optimal.”

120 —T T
T | BRSO
20

120
100}

C. Estimating compression values

13
(=]

Basilar membrane response curves derived from the TM
data are shown in Fig. 8. Each row corresponds to a different
listener. A straight line fit to the 2.2-kHz masking cure.,
off-frequency masking curve measured in the 4-kHz signal
condition was used as the linear reference for all conditions.
For listener 14, the 3-kHz signal off-frequendye., 1.65-
kHz) masking curve was used as the linear reference. The LS
function and the multiphase regression function were fit to
the response curves and are shown by the solid and dashed
lines, respectively. Minimum slope values derived from the
fitted functions are shown in Tables V and VI. As was some-

: times the case with the normal-hearing listeners in experi-
Y. ment |, the choice of fitting function sometimes produced
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 €0 80 100 substantially different compression values for the same data

Signal delay (ms) set. In some conditions, both functions produced implausibly
FIG. 7. TM curves measured at signal frequencies of 1, 2, or 4 kHz forsmall (as well as a few negatiyevalues. The LS function
hearing-impaired listeners in experiment II. Each row represents a differenmay be particularly unsuited to dealing with basilar mem-
subject. Filled symbols represent off-frequency masked thresholds and oPgrane response curves measured in listeners with more se-
symbols represent on-frequency masked thresholds. Error bars reptesent . . . .
standard deviation. vere hearing loss, because the equation defines the function’s
compressive region to be between 20 and 80 dB and assumes
a linear response for input levels exceeding 80 dB. In some
a loss of or reduction in the magnitude of basilar membrandisteners the majority of data points fall well above 80 dB
compression. Plotting masker threshold in dB SPL as a funcand the derived response functions are rather shatfow
tion of masker-signal delayms) and excluding the data of example, see listener 14 in Fig).8In such cases, the LS
listener 15, the mean slope of the off-frequency maskingfunction produces minimungor negative slope values for
curve for each signal frequency was 0.(6s7e=0.07) at 4 input levels that are below the range over which data could
kHz, 0.15(s.e=0.0) at 2 kHz, and 0.23s.e=0.02 at 1  be collected. In all cases, however, the slope values quoted in
kHz. These values are less than half the slope values methe tables correspond to the minimum values that occurred
sured in the normal-hearing listeners. Slope values for liswithin the range of levels actually measured for a given lis-
tener 15, who had the mildest hearing loss, were close tteener.
normal: 0.39 at 4 kHz, 0.48 at 2 kHz, and 0.60 at 1 kHz. Further examination of Fig. 8 highlights a potential dif-
These findings suggest either the presence of a true temporfatulty in using the TM paradigm for estimating compression
processing deficit unrelated to the effects of cochlear comin impaired listeners, regardless of which fitting function is
pression or loss of compressigoochlear or more centhal used. Because of the extremely shallow slopes of the TM
that is not restricted to on-frequency stimuli. A similar effect curves, the derived input-output function poorly describes
has been found by Plaost al. (2004 in more mildly im-  the response of the basilar membrane, as most of the data
paired listeners. However, in contrast to their results, theoints are clustered in one small region. In principle it would
shallower slopes found here seem unlikely to result simplybe possible to carefully choose masker-signal intervals to
from the somewhat higher masker levels used with thespan a wider range of masker levels. However, this would
hearing-impaired listeners. The range of levels used warequire extensive individual pilot testing, which would fur-
fairly similar across the two groups and, furthermore, no corther increase the duration of the already very long experi-
relation was found between masker level and off-frequencynent. In contrast, the GOM technique measures compression
TM slope for the normal-hearing listeners. over a range of levels that is determined by the signal level,

For listener 11, higher on-frequency masker levels werewhich is one of the experimental parameters.
needed to just mask the 1-kHz signal for the 0-ms delay  The slope ratios of the GOM functiorisee Table V)
condition (GOM paradigm than for the 10-ms delay condi- seem to produce compression estimates that are generally
tion (TM paradigm (compare leftmost open data points in consistent with peripheral-based hearing I6sg., Ruggero

D
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1000 Hz 2000 Hz 4000 Hz TABLE V. Estimates of compression calculated from the LS function fit to

120 basilar membrane response curves derived from GOM and TM data, for
100 each signal frequency in experiment Il. Dashed lines indicate conditions
. pNCY - where estimates could not be calculated due to an insufficient number of
80 thresholds.
60 n n "
™ ™
120 Subject GOM References 0.55f¢ Reference=2.2 kHz
100 ¥ ﬁ f4=1000 Hz
3 80 & 1 0.85 0.80 0.02
g 60 2 2 13 1.20 0.85
32 14 1.3 11 -0.18
£ 120
8 15 0.83 0.62 0.25
g . f<=2000H
= = z
$ e & = = 1 1.40° 0.42 ~0.07
§ o0 3 3 13 12 0.01
é 13 0.48 0.50 0.66
N 120 14 0.85 0.67 0.18
g - - g o 15 0.51 0.61 0.43
80 fs=4000 Hz
11 0.31 0.27 0.27
60 u “ “ 12 0.58 1.70 1.70
13 0.80 0.45 0.45
= 14 0.82 0.24 0.24
100 15 0.66 1.10 1.10
80 M f Eﬂjf #Based on two data points.
60 5 15 15
50 70 9 110 50 70 90 110 50 70 90 110
On-frequency masker level at threshold (dB SPL)

ers showed more linearized response functions throughout
FIG. 8. Basilar membrane response curves derived from TM data foth€ level range. This may reflect the fact that our listeners
hearing-impaired listeners in experiment Il. Each row represents a differerivere more severely impaired, and so had [es$10 residual
subject. The L_S functiqn fit_ to the data is plotted as a solid !ine. _The _multi-coch|ear amplification. It may also be due to the more re-
e e e S I 112 "Sticted range of threshold leves that could be measured. An
reference. exception to this is seen in listener 15's TM data fat

=1 kHz (see Fig. 8, bottom left-hand panerhe multiphase

regression function fit to the derived basilar membrane re-
et al, 1996; Oxenham and Moore, 199%®ven in listeners sponse curve indicated the presence of a compressive region
with severe hearing loss. However, because of level discombetween about 60 and 100 dB, with a minimum slope value
fort issues, the number of GOM thresholds that could beof 0.46 dB/dB. Examination of the GOM functions also sug-
measured was sometimes small. Furthermore, for listeneigests the presence of a reduced region of compression for
who demonstrate compression values that approach normdistener I1 atf ;=4 kHz (see Fig. 6, upper right-hand panel
the issue of the compression’s frequency specificity is a fac-  To allow a more direct comparison between the TM and
tor at lower signal frequencies. For example, compare com&OM data, the LS function and the multiphase regression
pression values for listener 15 derived from GOM and TM function were fit to response curves derived from the GOM
curves at a signal frequency of 1 kHz. While the minimumdata by plotting off-frequency masker levels as a function of
slope derived from the TM dat@asingf,,=2.2kHz) is close on-frequency masker levels, paired according to signal level.
to normal, the GOM slope ratio approached unity. HoweverWhenever possible the actual off-frequency data points were
if f,,=0.55F¢ is used as the linear reference for the derivedused. In cases where the number of on-frequency data points
basilar membrane response curve, compression values calaxceeded the number of off-frequency points, a straight line
lated using the two forward-masking paradigms are mordit to the off-frequency data was used. Compression values
similar (0.62 using the LS function and 0.70 using the re-are shown in Table (column 1 and Table VI(column 2.
gression function As was the case with normal-hearing lis- For listener 14, the multiphase regression function could not
teners in experiment I, this finding suggests that the GOMde used for signal frequencies of 1000 and 2000 Hz because
paradigm may not produce accurate estimates of comprethe number of data points did not exceed the number of
sion at lower signal frequencies, possibly because of a morngarameters in the fitting function. For listener 11 &
extensive compressive region at these characteristic frequer-4 kHz, the multiphase regression function indicated the
cies. presence of a compressive region between about 90 and 100

Using a TM paradigm, Plackt al. (2004 observed that dB, with a minimum slope value of0.2 dB/dB. While this

maximum compression in many listeners with mild to mod-slope value is implausible, it does suggest the presence of
erate hearing loss approaches normal values, albeit over@mmpressive activity at this frequency. Furthermore, the re-
reduced range of input levels. In contrast, most of our listensults of the regression function indicate that calculating the
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TABLE VI. Estimates of compression calculated from the ratio of slopes of the GOM data and from the
multiphase regression function fit to basilar membrane response curves derived from GOM data and TM data in
experiment Il. Dashed lines indicate conditions where estimates could not be calculated due to an insufficient
number of thresholds.

GOM-multiphase TM-multiphase TM-multiphase
regression regression regression
GOM function function function

Subject Slope ratio Reference= 0.55f¢ References 0.55f¢ Reference=2.2 kHz
fs=1000 Hz

11 0.86 0.82 0.21

13 1.30 0.86

14 1.06 1.04 0.33

15 0.85 0.83 0.70 0.46
fs=2000 Hz

11 1.28 1.34 0.54 0.19

13 0.63 0.44 0.56 0.69

14 0.85 0.74 0.36

15 0.54 0.48 0.67 0.56
fs=4000 Hz

11 0.46 —-0.20 0.37 0.37

12 0.67 0.67 1.55 1.55

13 0.84 0.75 0.55 0.55

14 0.86 0.70 0.36 0.36

15 0.71 0.70 1.07 1.07

#Based on two data points.

slope ratio from single straight-line fits to the entire datathe Jacobian matrix at the solutigifable VII). While the
range would underestimate the magnitude of compression.statistical significance of differences in confidence interval
Consistent with the results from the normal-hearing lis-width could not be easily assessed due to an unequal number
teners, there was reystematidifference between compres- of estimates across the different conditiq®&OM and TM
sion estimates from GOM and TM when the Of5Beference  curves could not be measured in all listeners at every signal
was used(pairedt-test: t=0.5; p=0.6). However, in con- frequency, TM confidence intervals were slightly smaller at
trast to the results from the normal-hearing listeners, ther& kHz but more than twice as large at 2 and 4 kHz. This is
was no significant correlation between the two measures ( similar in trend to the results from normal-hearing listeners,
=0.03; p=0.9). This suggests that either or both measureshowing that GOM tends to produce less variable estimates
may not produce results that are reliable enough to distinef compression.
guish between different listeners. TM seems to produce more In summary, hearing-impaired listeners showed shal-
scattered results, with some slope estimates being greatlwer on- and off-frequency TM curves than normal-hearing
than one(suggesting expansidmnd others implying strong listeners. The shallower off-frequency curves may indicate a
compression, whereas the GOM estimates tend more geneeduction in temporal acuity or the preserjzenormal hear-
ally to imply less-than-normal compression, which is ex-ing) of substantial off-frequency compression, even at 4 kHz.
pected based on the degree of hearing loss. However, withotihe resulting basilar membrane compression estimates indi-
independent physiological confirmation it is not possible tocated a general loss of compression, in line with that found
say which measure is more accurate in absolute terms.  in earlier studiege.g., Oxenham and Plack, 199Tn con-
Test reliability of the GOM and TM paradigms was ex- trast to the results from more mildly impaired listeners
amined by constructing 0.95 confidence intervals aroundPlack et al, 2004, there was generally no level region in
minimum slope values derived from the LS function usingwhich normal compression was observed. TM curves pro-
duced more variable estimates of compression, which were
TABLE VII. The mean width of 0.95 confidence intervals around compres-0ften difficult to interpret, due to the very restricted range of
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structed using the Jacobian matrix at the solution to the function. of even longer testing times

Width of CI
V. CONCLUSIONS
Signal frequencykHz) GOM ™ ) ) )
The main purpose of this study was to determine
; 8;? g'ég whether GOM and TM produce within-subject estimates of

4 011 0.23 compression that are consistent across a range of signal fre-
quencies, and which of the two paradigms is a more efficient
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measure. Results from normal-hearing listeners in experiated version can be developed, in which compression over a
ment | suggest that while GOM is a less variable measure ofery limited level range is targeted.

compressior(i.e., smaller confidence intervals for a similar
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