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The upward spread of masking was compared for 500-Hz quasifrequency-mod@#ietl and
sinusoidally amplitude-modulaté®AM) maskers. The modulation rate was 20 Hz. These maskers
had identical magnitude spectra but different envelopes, which were relatively flat for the QFM
masker and strongly fluctuating for the SAM masker. At signal frequencies more than an octave
above the masker, masked thresholds for the SAM masker were lower than for the QFM masker,
revealing “masking release’(QFM-SAM masked threshold differengesxceeding 30 dB in
normal-hearing ears. In ears with high-frequency sensorineural hearing loss, but normal hearing in
the region of the masker, masking release was markedly reduced or completely absent in regions of
hearing loss. The data were evaluated with a model of masking based tineifuiézed response
growth (LRG) of basilar membrane transfer functions associated with cochlear damage in animals.
The LRG model predicted more gradual slopes of the growth of masking and reduced amount of
masking in regions of hearing loss. The reduced masking release seen in regions of hearing loss
could be largely accounted for by a more rapid growth of response to the probe tone in regions of
hearing loss. ©1996 Acoustical Society of America.

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66.MK, 43.606/%3]

INTRODUCTION and Arlinger, 1994 Festen and Plomp reported that normal-

hearing listeners achieve 6—8 dB better speech reception

Short-term energy fluctuations in a masker can Improvethreshold(SRTs in an interfering noise consisting of com-
thresholds for tones at frequency regions above the masker

(Fastl, 1975; Buus, 1985: Mott and Feth, 188®his im- peting voices, and 4—6 dB better SRTs in modulated noise,

provement in threshold has been termed a masking releaﬂ(]aaln in a steady-state noise. The normal-hearing ears may

o have been able to take advantage of the brief moments of
due to across-channel cues such as “listening in the Va”eyslower enerav in the fluctuating maskers to detect speech in-
(Buus, 198% or modulation of phase lockingMoore and ay 9 b

L formation critical to decoding the message. On the other
Glasberg, 1987 and is similar to the phenomenon of co- : : . .
; . hand, listeners with moderate sensorineural hearing losses
modulation masking releagélall et al, 1984a. Buus pro-

vided particularly cogent demonstrations of the release fron?xmbited elevated SRTs and showed no improvement in
upward spread of masking. A 90-dB SPL masker consistinqlucwatmg noise relative to steady-state noise. This suggests

of two equally intense tones at 1060 and 1075 Hz produced1at ears .With hearing loss might not t_)e able to. take advan-
25 dB less masking than a 90-dB SPL pure-tone masker age of brief moments of lower energy in fluctuating maskers

: 0 improve performance.
1075 Hz. Release from upward spread of masking was also The present study examines the extent to which ears

demonstrated using noise bands of different bandwidths. For. . .
. ) s . . _with high-frequency hearing loss can take advantage of
noise bands with equal power within an auditory critical

bandwidth, and with upper edges aligned at 1075 Hz, lower-energy epochs in fluctuating maskers to improve de-

150-Hz bandwidthBW) noise with slower envelope fluctua- ectlor_1 thresholds. Maskmg patterns for maskers .W'th eq“?'
magnitude spectra, but different envelope fluctuation magni-

tions produced around 15-dB lower masked thresholds tW?udes and rates, were obtained from normal-hearing ears and

octaves above the masker than a 450-Hz BW noise Wltrfrom ears with high-frequency hearing loss. Release from

faster envelope fluctuations. Mott and Feth also demon- AL : : :
: . ._upward spread of masking in regions of hearing loss is com-
strated release from upward spread of masking with noisé

bands, but they controlled the envelope fluctuations in thé’are(.j with mallskln.g release in 'normal-h'earmg listeners, and
noise bands directly, while keeping the bandwidth of theirposS'.ble phyS|oIog!caI mechanisms behind the release from
stimuli around 50 Hz and thereby the fluctuation rate Con_maskmg are examined.
stant. Their subjects showed an average masking release of

about 20 dB at test frequencies about an octave above theMETHODS
masker frequency.

This release from upward spread of masking, for
maskers with fluctuating amplitude envelopes, may be the Two normal-hearing listeners and four listeners with
mechanism behind improved speech recognition in the predtigh-frequency sensorineural hearing loss served as subjects.
ence of fluctuating nois¢Festen and Plomp, 1990; Taka- Three of the hearing-impaired listeners had bilateral losses
hashi and Bacon, 1992; Eisenberpal, 1994; Gustafsson and one had a unilateral loss. They exhibited normal hearing

A. Subjects
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TABLE I. Demographics of subjects with high-frequency cochlear hearingalternative forced-choice adaptive procedure. A trial con-
loss. sisted of a 500-ms warning interval followed by four 520-ms
observation intervals, each separated by a 250-ms silent in-

HF HI subjects Age Sex Etiology ’ ; :
— - terval. Maskers occurred in all four intervals. The signal was
Eip 65  Male Noise-induced/presbycusis  presented with the masker in one of the four intervals, cho-
CLK 45 Female  Sudden hearing loss sen randomly from trial to trial. Correct-answer feedback
HMG 54 Female Congenital/noise induced . y i . X
PJB 40  Female Ototoxicity was provided following each trial. The adaptive procedure

estimated the 71% correct threshold with a two-down one-up
tracking procedure that averaged the last 6 out of 12 rever-

at lower frequencies and audiological findings consistengals, during which the level varied in 2-dB steps. Each data
with cochlear hearing loss at moderate to high frequencieBoint represents the mean of at least three threshold esti-
(no air—bone gap, normal tympanometry, no acoustic reflexnates. Standard deviations of the repeated masked-threshold
decay, good speech discriminatjoTheir ages and etiolo- estimates averaged 1.4 dB, with 85% of them below 2.2 dB
gies are given in Table I. All listeners were inexperiencedand only one of them above 3 dB.

with the task when beginning the experiment. Il. RESULTS AND DISCUSSION

B. Stimuli A. Masked thresholds and masking release in normal-
hearing ears
Masking patterns were obtained for sinusoidally 100%

amplitude-modulatedSAM) and quasifrequency-modulated Figure X&) and(b) show _the masked thresholds obta}ined
(QFM) maskers centered at 500 Hz and modulated at a ralféom the two normal-hearing listeners. In both subjects,
of 20 Hz. These maskers had equal long-term spectra cofasked thresholds for both the QFM and SAM masker were
sisting of three tones at 480, 500, and 520 Hz, with the uppe‘ihe highest at 500 Hz, which is the center spectral component

and lower tones 6 dB less intense than the center tone, THY the maskers. The average masked thresholds were 78 dB

only difference in the spectra of the two maskers was a 90°F L for the QFM masker and 72 dB SPL for the SAM
deg phase shift on the center component for the QFMnasker. The 6-dB difference between masked thresholds for

masker. The overall level of the maskers was 90 dB SPLt.he flat-envelope and fluctuating-envelope maskers can be

The SAM masker had large peak-to-valley envelope fluctuaf?OnSidered “masking release.” Presumably the 6-dB mask-

tions (greater than 90 dBhat occurred at a rate of 20 Hz; it ing release at 500 Hz occurs because the large and resolvable
will be referred to as the masker with the “fluctuating” en- envelope fluctuations allow the auditory system to utilize

velope. The QFM masker had small peak-to-valley envebpénformation during brief moments of lower masker energy.

fluctuations(less than 3 dBthat occurred at a rate of 40 Hz; As the test frequency increased from 500 to 650 Hz,
it will be referred to as the masker with the “flat” envelope. Masked thresholds for QFM and SAM maskers decreased

Even though it has minor envelope fluctuations, it is consid/@Pidly, with little difference between them. The precipitous
ered to have a relatively flat envelope when compared to thdecrease in masked threshold most likely reflects sharp au-
strongly fluctuating envelope of the SAM masker. ditory filtering around the masker channel, although it can be
Signal frequencies were at 500, 550, 650, 810 1020¢c0nfounded by the detection of beats between frequency
1280, 1610, 1800, 2020, 2540, 2850, and 3200 Hz. When thg2MPonents in the masker and the sigélkegel and Lane,
signal was at 500 Hz, it was in quadrature phase with the-924: Carney and Nelson, 1983he similarity of QFM and
500-Hz component of the masker. Maskers and signals weraAM masked thresholds in this frequency region is notable
gated with 10-ms cosine-squared rise/decay ramps. The d{Pf tWo reasons. On the one hand, based on the 6-dB average

ration of the maskers and signals at peak amplitude were 5092SKing release at 500 Hz, as the signal moves above the

and 250 ms, respectively. The signals were temporally Cer{pasker edge frequency one might expect masked thresholds

tered in the maskers. Masking noise was delivered to th&°" the fluctuating-envelope masker to be somewhat lower
nontest ear of the unilaterally impaired listef@LK). than for the flat-envelope masker, thereby increasing the

Signals and maskers were digitally generated by aCOmr_nasking release. On the other hand, as the signal moves
puter, played through separate 14-bit digital-to-analog condbove the masker edge frequency, one might expect the flat-

verters at a 20-kHz sampling rate and low-pass filtered at 16MVEloPe masker to yield more perceptible beats than the
kHz (135 dBloct roll-off. They were routed separately masker with large envelope fluctuations. Consequently, beats

through programmable attenuators, added together in a resiyuld lower masked thresholds more for the QFM than the
tive mixer and presented monaurally through a UTC L-33°AM masker, thereby reducing masking release. Because the
transformer and a TDH-49 earphone mounted in an Mmx/RFM and SAM masked thresholds were so similar, neither
AR-1 cushion. Subjects were seated in a double-walle® these scenarios seems adequate, although one could
sound-treated booth and conveyed their responses to tﬁgeculate that the two opposite effects might have canceled

computer by pressing buttons on a custom response panel®n€ another. _
At test frequencies between 650 and 1020 Hz, masked

thresholds for the QFM masker increased as those for the

SAM masker continued to decline. That is, a “notch” is
Thresholds for signal tone bursts in the presence of thapparent in the QFM masking pattern but not in the SAM

gated QFM or SAM maskers were determined with a four-masking pattern. As discussed above, the falling portion of

C. Psychophysical procedures
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FIG. 1. Masked thresholds for quasifrequency-modul&€@€eM) and sinusoidally amplitude-modulaté8AM) maskers as a function of frequency for two
normal-hearing subjecfpanels(a) and(b)] and four subjects with high-frequency hearing lodgsels(c), (d), (e), and(f)]. The maskers were constructed

from 500-Hz sine waves modulated at 20 Hz and presented at 90 dB SPL. Masked thresholds for the flat-envelope QFM masker are indicated by filled circles;
those for the fluctuating-envelope SAM masker are indicated by filled diamonds. Absolute thresholds are shown by solid curves below the masked thresholds.
In all panels, the average masked thresholds from the two normal-hearing ears are indicated by dark dashed lines for the QEMFMaskeand by light

dashed lines for the SAM maské8AMmn). Masked thresholds predicted by an MPL model of masks&g text for QFM and SAM maskers are shown

by the wide dark curvéQFMmpl) and the wide shaded cur¢8AMmpl). The exponents used for those predictions are indicated for QFM and SAM maskers
within the upper and lower insets, respectively.

this notch is due to sharp filtering and/or beats. The risingcombination-tone cues become less salient with increased
portion of this notch can be attributed to the declining influ-frequency ratio between masker and probe. Such notches for
ence of combination tone cues. In the frequency region beflat-envelope maskers were attributed to combination tones
tween 650 and 1020 Hz, where the frequency ratio betweehy Mott and Feth(1986 because an additional low-pass
masker and signal varies from around 1.3 to 2.0, it is wellnoise below the masker raised masked thresholds in the
known that combination tones at frequendyl2- f2 are gen- notch region. Their subjects did not demonstrate the notch
erated within the cochlea for simultaneous masking condiwith fluctuating-envelope maskers, as was also the case in
tions, wheref1 is a frequency component within the maskerthe present data with the SAM masker. Thus for probe tones
and f2 is the frequency of the signdiGoldstein, 1967; between 650 and 1020 Hz, it is likely that masked thresholds
Greenwood, 1971; Smoorenburg, 1972a,b; Nelson and Fofer the QFM masker are influenced by the detection of com-
tune, 1991 These combination tones can lead to spurioushbination tones at frequencies below the masker. Therefore,
low masked thresholds due to the detection of distortiorthese masked thresholds do not accurately reflect upward
components below the masker, which are manifested in thepread of masking, and masking release cannot be evaluated
rising portion of the notch in the masking pattern asin this frequency region.
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fluctuating-envelope masker averaged more than 25 dB bet-
35 . o PWG ter than those in the flat-envelope masker, demonstrating
. A SxXM masking release.

== NHmMn

0t The amount of masking release is shown more clearly in

Fig. 2. At 500 Hz, the masking release averaged 6(ok&
shown. Between 550 and 650 Hz masking release was ab-
sent(not shown. Between 650 and 1020 Hz, as combination
tones became less salient at larger frequency ratios between
masker and probe, masking release grew from zero at 650 hz
to about 25 dB at 1020 Hz. On average, the masking release
remained around 25 dB from 1020 through 2020 Hz, al-
though subject PWG exhibited a masking release as large as
33 dB at 1800 Hz. Masking release then decreased consis-
tently with increased test frequency for test frequencies
s ' ' ' ' ' ' ' above 2020 Hz. These results from normal-hearing ears, at
400 800 1200 1600 2000 2400 2800 3200 . . .
Froquency ( Hz) f.req'uenues far removed from the masker, are consistent with
findings reported by Buu$1985 and by Mott and Feth
(1986 for slightly faster modulation rates. They are also
FIG. 2. Amount of masking release as a function test frequency. Maskingzconsistent with masking release exhibited for sloweiHz)

release is specified as the level difference between masked thresholds for ta‘?nplitude-modulated maskef&wicker, 1976; Nelson and
QFM and the SAM maskers. Masking release from two normal-hearing ear . ! ’

is shown by the filled symbols; average masking release for those two eagwamv 1996.

is shown by the dark heavy cur¢slHmn). Masking release for individual

subjects with high-frequency hearing losses are shown by the unfilled sym-

bols. B. Masked thresholds and masking release in

hearing-impaired ears

25 ¢

20 t

15

Difference ( dB )

10

QFM - SAM Masked Threshold

Of the two maskers investigated here, the QFM masker Masked thresholds for QFM and SAM maskers from
is most like a simultaneous masker because it has a relativelpdividual ears with high-frequency hearing loss are shown
flat envelope and its masking patterns exhibited evidence ah Fig. 1(c)—(f). Subject EIFfpanel(c)] had a gradual slop-
combination tones, which are only found in simultaneousing hearing loss, with normal thresholds at 500 Hz rising to
masking conditions. On the other hand, the SAM masker ishresholds near 60 dB SPL at 3200 Hz. Subjects CLK, HMG,
most like a nonsimultaneous masker. The temporal envelopand PJB[panels(d)—(f)] exhibited more precipitous high-
of the SAM masker has large resolvable amplitude fluctuafrequency hearing losses, rising to thresholds over 70 dB
tions that provide moments of low energy during which timeSPL by 1600 Hz.
the auditory system can “listen” for signal energuus, In regions of normal sensitivity just above the masker,
1985. Masked thresholds during those “valleys” are most masked thresholds in the hearing-impaired ears decreased
likely determined by forward and backward maskif@gstl,  with test frequency, very much like those in normal-hearing
1979. In addition, the combination-tone notch is not seen inears. In regions of hearing loss, masked thresholds were usu-
the SAM masking pattern. The presence of large amplitudelly higher than in normal-hearing ears. Both outcomes are
fluctuations and the lack of combination-tone involvementconsistent with upward spread of masking data from previ-
both suggest that the SAM masked thresholds involved nonsus studies(Martin and Pickett, 1970; Florentinet al.,
simultaneous masking. 1980; Smits and Duifhuis, 1982; Hannley and Dorman,

Finally, with further increases in test frequency abovel983; Trees and Turner, 1986; Gagne, 1988; Kleiral,
1020 Hz, masked thresholds declined almost monotonicallt990. However, for subject CLK, masked thresholds in the
for both QFM and SAM maskers. At these frequencies, mor&QFM condition were actually better than in the normal-
than an octave above any spectral component within théearing ears between 650 and 1280 Hz. This result was also
masker and where combination-tone detection is no longeiound in one subject by Kleiet al. (1990.
involved, masked thresholds in the presence of the The results at 500 Hz, where masker and probe frequen-

TABLE Il. Masked threshold$dB SPL at 500 Hz for QFM and SAM maskers.

dB re: dB re:
Subjects QFM NH mean SAM NH mean QFM-SAM
NH: PWG 79.2 +1.3 72.9 +1.0 +6.3
SXM 76.6 -1.3 70.8 -1.1 +5.8
Mean 77.9 719 +6.0
HI: EIP 67.8 -10.1 70.7 -1.2 -2.9
CLK 78.7 +0.8 80.6 +8.7 -1.9
HMG 76.6 -13 81.0 +9.1 —-4.4
PJB 76.2 -1.7 70.6 -1.3 +5.6

2269 J. Acoust. Soc. Am., Vol. 100, No. 4, Pt. 1, October 1996  D. A. Nelson and A. C. Schroder: Masking release in hearing loss 2269



cies were the same, are summarized in Table Il. Subject PJ8uced ability to utilize across-frequency cues in the masker
exhibited normal masked thresholds for both QFM and SAMenvelope, as is postulated in comodulation masking release
maskers, despite a precipitous high-frequency hearing lossxperimentgHall et al,, 1984a, b. However, it is likely that
Thus the masking release of 5.6 dB for subject PJB washe physiological processes responsible for such across-
similar to that seen in the normal-hearing ears. Masking refrequency cueing involve higher-level auditory centers,
lease at 500 Hz in the other three ears was completely absenthile the physiological processes responsible for the high-
but for different reasons. For subject EIP, masked thresholfrequency hearing losses seen here are clearly cochlear in
for the SAM masker was normal while masked threshold fororigin. To explain reduced masking release in the presence
the QFM masker was lower than normal. Consequently thef high-frequency hearing loss one must postulate that pe-
amount of masking release was negative. This absence odpheral hearing loss modifies the input to a higher-level pro-
masking release was not due to poor envelope following otessing center. Therefore, it would seem most fruitful to pur-
the SAM masker but to some other enigmatic factor that ledsue explanations of masking release that involve peripheral
to an extremely sensitive QFM masked threshold. For submechanisms of cochlear processing. In the discussion that
jects CLK and HMG, masked thresholds for the QFM follows, we examine various models of upward spread of
masker were normal. However, masked thresholds for thenasking and determine which peripheral transformations,
SAM masker were about 9 dB higher than normal, resultingoeyond a shift in absolute sensitivity caused by cochlear
in negative masking release. For these two subjects, appalamage, are necessary to account for reduced masking re-
ently, masking release at 500 Hz was absent because of thease in regions of hearing loss.
inability to follow the temporal envelope of the SAM
masker.

At frequencies above 650 Hz, masked thresholds for thé\. Models of upward spread of masking
SAM masker were lower than for the QFM masker in two
ears(EIP and CLK and were essentially the same in the 1. Linear power summation model
other two earsHMG and PJB. The amount of masking
release, the difference between QFM and SAM maske
thresholds, is shown more clearly in Fig. 2. Masking releas
in the regions of high-frequency hearing loss was present b 4
reduced in two subject@nfilled squares and diamorjdand
was completely absent in the other twoanfilled triangles
and circle$. In most cases, masked thresholds for the SA

masker were still well above absolute threshold, presumabl}q10del of masking, the effect of the auditory filtea) in
leaving adequate room for better masked threshok_js t0 0CCUh e normal ear is implicit in the measurementlgf, which
These results clearly demonstrate that masking relea%eights the masker intensity as fg=W,*|. Previous re-

for fluctuating maskers, like the SAM masker used here W'thsearch has shown that this linear power summation model is

regular and large amplitude fluctuations, is considerably re|'nadequate because it under predicts masked thresholds in

duced or completely absent in regions of high-frequencyegions of hearing los¢Gagne, 1983; Trees and Turner,

hearing loss. These results suggest that persons with high 86; Gagne, 1988which is the case for the present data as
frequency hearing loss cannot take advantage of moments 1 '

low masker energy in low-frequency temporally fluctuating
maskers to detect important signals at higher frequencie%,h(,:l
This is consistent with the observation that persons wit%

One simple model of upward spread of masking, a linear
ower summation model, assumes that the intensity of a
robe signal at masked threshold in a hearing-impaired ear
p) can be predicted by the sum of the intensity at masked
threshold in the normal eait () and the intensity of an in-
ternal noise used to represent elevated absolute threshold in
he hearing-impaired eafly,), as in: lp=Iy+Ily. In this

Besides the fact that actual masked thresholds are higher
n predicted with the linear power summation model, it is
articularly puzzling why masked thresholtb] should be
igher than elevated absolute threshidlg) at those frequen-
cies where the elevated absolute threshold is considerably

hearing loss do not improve their speech recognition i
modulated nois€Festen and Plomp, 1990; Takahashi and

Bacon, 1992; Eisenbergt al, 1994; Gustafsson and Ar- : :
: ' ' ' ' . _larger than normal masked threshold Y. This well repli-
linger, 1994. It should be noted, however, that the masklngcagad result has suggested to somkélxthat dfiect of §1e

sounds used in those speech studies differed Signiﬁcant%asker in the normal ear, or normal amount of masking, is

from the masking sounds used in the present study. Thgomehow added to the amount of hearing I¢8mits and
speech studies used maskers with spectra similar to the SP&SLithuis 1983. Smits and Duifhuis found that masked

tra of running speech. This means that there was alWayl%resholds were well predicted by adding the normal mask-

some fluctuating masker energy at the same frequency regiqﬂg effect (as measured by the amount of masking the

as the signalspeech Thus the effects of upward spread of amount of hearing loss, but only for hearing losses less than

masking cannot be isolated from the effects of direct mas'fébout 30 dB. This procedure over predicted masked thresh-

ing in those experiments. Additional speech research 31d for hearing losses greater than 30 dB. Thus it seems that
needed to do that. to accurately predict upward spread of masking one must add
the normal masking effect, or a somewhat reduced version of
the normal masking effect, to elevated absolute threshold.
Although nontraditional, this class of model is useful for
One could attribute the reduced masking release exhibpredicting upward spread of masking in regions of hearing
ited here in regions of high-frequency hearing loss to a reloss from measurements of upward spread of masking in ears

Ill. GENERAL DISCUSSION: MECHANISMS OF
MASKING
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with normal hearing. Furthermore, it will prove to be useful
for relating psychophysical masking data to physiological 100 ¢
phenomena.

80 |

2. Modified power law model
60

One such model that adds a reduced version of the nor-
mal masking effect to elevated absolute threshold is the
modified power-law(MPL) model (Humes et al, 1988;
Humeset al, 1992. The MPL model adds the compressed
effectof a low-frequency masker in a high-frequency channel

dB SPL

a0 }

20

from a normal-hearing eatf — 1§) to a compressed internal ¢
noise representing elevated threshold)( as inlp = 1§ 0 o 10'00 13'00
— 1§ + 1§, wherel is the intensity at absolute threshold at e Frequency (Hz)

the probe frequency in a normal-hearing ear. As with the

linear power summation model, the frequency weighting ) ) )
function (\N ) in the normal ear is impIicit in the measure- FIG. 3. Aprobe-levgl series qf tuning curves for no_rme}l heanng at the.probe
F o ; . . frequency, and a single tuning curve for a hearing-impaired ear with an

ment of . The principal contribution that leads this model elevated probe threshold and abnormal frequency selectivity. Tuning curves

to accurately predict higher masked thresholds in regions ofalculated with Eq(A4) from Nelson and Freymafil984 show masker

hearing loss is the compression factor given by the l_:‘chmer#qvels required to mask a 1020-Hz probe tone as a function of masker
. - . requency. The probe-level series of tuning curves for normal heétfiig

p, which operates on the n_ormal r_nas_klng _effeCt and is USUsolid curves is shown for probe tones ranging from 13 dB SRinfilled

ally between 0.1 and 0.2 in hearing-impaired e@ismes  arrow to 63 dB SPL in steps of 10 dB, where absolute threshold at 1020 Hz

and Jesteadt, 1991; Humes al, 1992. Essentially, the is at 10 dB SPL(base of unfilled arroyv A tuning curve for a hearing-

; ; impaired ear with abnormal frequency selectivitwide solid curve is
maSkmg effect in the normal ear, or normal amount of mask hown for a probe at 63 dB SRfilled arrow) and a probe threshold at 60

ing, is compressgd anq is then added t_o the compresseq (base of filled arrow A 90-dB SPL masker at 500 Hz is represented by
solute threshold in the impaired ear. This model is attractivehe bar-topped vertical line.

because, as we will show later, the compression is consistent

with more gradual growth-of-masking slopes in regions ofchanges with frequency is not well supported. Furthermore,

hearing loss(Smits and Duifhuis, 1982; Stelmachqwicz the reason why a different exponent is required for QFM and
et al, 1987; Murnane and Turner, 1994and with more lin-  gaAM maskers is not clear.

ear basilar membrane response characteristics in animals
with damaged cochleafkuggero and Rich, 1991; Ruggero
et al, 1993.

Figure 1 demonstrates how well masked thresholds can The relative success of the MPL model suggests that
be predicted with the MPL model for the QFM and SAM some reduced version of the normal masking effect can be
maskers used here. Masked thresholds predicted with thedded to an internal noise representing elevated threshold to
MPL model are shown by the heavy solid curves, along withachieve fairly accurate predictions of upward spread of
the values of the exponents required to achieve those predimasking. With this class of model the effects of a low-
tions (inset3. The predictions are fairly good for subject EIP frequency masker on masked thresholds in high-frequency
[Fig. 1(c)], who exhibited the least amount of high-frequencychannels are determined by three major facttfsabsolute
hearing loss. The difference between QFM and SAM maskethreshold at the probe frequendg) a reduction in the nor-
thresholds for EIP, the masking release, was maintained ovenal masking effect, an@3) a frequency weighting by audi-

a wide frequency region and was reduced in frequency retory filters tuned to the probe frequency. For our purposes
gions where absolute thresholds were higher than about 4fere, absolute threshold is easily measured and, so far, well
dB SPL. The exponent required for the SAM masker wasnodeled by an internal noise. Thus it needs little discussion
considerably smaller than for the QFM masker. The predichere. We will focus on the remaining two factors.

tions for QFM in subject CLKFig. 1(d)] were poor because
masked thresholds were better than normal in the region
rising absolute threshold. For the two subjects with precipi-  Nelson and Freymar1984 have shown that the fre-
tous high-frequency loss¢big. 1(e) and(f)], the model ap- quency weighting functionWg, for the upward spread of
proximated the higher than normal masked thresholds andhasking is primarily determined by the output level of the
the fitting exponents were smaller for the SAM than for theauditory filter, which is determined in large part by elevated
QFM masker. Although the MPL model does a fair job of absolute threshold. Their findings are illustrated in Fig. 3,
predicting both QFM and SAM masked thresholds, it appliesvhich shows theoretical tuning curves derived from forward
a single exponent to the amount of masking at each probmasking data in normal-hearing and hearing-impaired
frequency, regardless of the amount of hearing loss thdtsteners? These tuning curves illustrate the masker levels
might exist at each frequency. As will become apparent laterequired to mask probe tones at 1020 Hz, as a function of
in this discussion, the physiological basis for a single expomasker frequency. A series of tuning curves is shown for
nent in situations where the degré@emounj of hearing loss probe levels varying in 10 dB steps from 13 dB SPL to 63

B. Relevant model parameters and hearing loss

of- Frequency weighting function
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dB SPL, which is representative of the tuning curves Nelsorthe normal slope of the growth of masking must be modified
and Freyman obtained from normal-hearing ears by varyingo yield the masked thresholds that were observed in hearing-
probe level. The low-frequency sides of these tuning curvedmpaired ears. Slope reduction factors are calculated by as-
which reflect upward spread of masking, become moresuming that the intensity at masked threshold for a probe in
gradual with increased probe level primarily because of @ region of hearing losd,p, is determined by a reduced
frequency dependent slope to the growth of masking. Thécompressed version of the normal masking effect (1
underlying frequency weighting functioWyg, used to cal- + I /l15)Pnm, which is multiplied by an internal noise repre-
culate these tuning curves was a rounded exponential funsenting elevated absolute threshdlgl) in an ear with hear-
tion of the frequency difference in Barks between the maskeing loss, as in

and probe. This function is independent of probe level. The B B
fact that a constant/y can generate level dependent tuning- P~ (1 Im/l) e, @)

curve shapes is particularly important. The change in tuningyith the exponeng,, representing the slope of the growth
curve shape with level occurs becausl operates on the of masking in a normal-hearing ear at a particular probe
nonlinear growth of masking with intensity, which varies frequency® In this case/, is the physical intensity of the
with frequency distance between masker and probe. For thasker andl, is an internal noise representing absolute
range of stimuli shown here, the slope of the growth ofthreshold at the probe frequency in a normal-hearing ear. The
masking varied between 1.0 for a masking tone at 1020 Hequency weighting function for upward spread of masking,
and 2.2 for a masking tone at 500 Hz. From this illustration,yw_ , is implicit in the measurement of masked threshold at
in - which W is held constant, it is apparent that maskedeach probe frequency in normal-hearing ears and is not dif-
thresholds for a fixed frequency distance between maskegrent for upward spread of masking in hearing-impaired ears
and probe are primarily dependent upon the overall level ofNelson, 1991 Thus, one can solve for the reduction factor,
the masker and thelopes of the growth of masking a, at each probe frequency to see how much normal masking
Figure 3 also illustrates a tuning curve for an ear with anmyst be reduced to predict masked thresholds in the presence
elevated absolute threshold at the probe frequency and wit§f hearing loss. Since masking is determined by the slope of
abnormal frequency selectivity. Nels¢t991) found that the  the growth of masking at the probe frequency in a normal ear
low-frequency sides of forward-masked tuning curves fromg ) which changes with frequency distance between
listeners with different amounts of hearing loss were essenmasker and probey can also be considered the normalized

t|a”y the same as those from normal'hearing |iStenerS, Whegrowth_of_masking S|ope irrespective of probe frequency as
the tuning curves were compared at the same filter outpyp,

levels, i.e., when masker levels near the tuning-curve tips

were the same. Abnormal frequency selectivity, in some lis-  @= Bhis/ Barm- i)

teners with elevated thresholds above about 60 dB SPL, was

exhibited as a more gradual slope on the high-frequency Sidl%w

of the tuning curve. This is illustrated in Fig. 3 by the tuning resent studv are sh C .
own in Fig. 4. Normalized slopes for the

curve for a 63-dB SPL probe and 60-dB SPL probe threshol y d P

. . : ; FM masker are shown in Fig(& as a function of probe
(wide _da_rk C'“.m@ The low-frequency side of this tuning frequency. For subject EIP, the normalized slope is near 1.0
curve is identical to that from a normal ear at the same out-

. . at 650 Hz, which means that the growth-of-masking slope
put Ievel_. Therefore, it is not necessary t_o _make an mdepenf-or this subject was the same as in normal ears at this fre-
dent estimate ofV, because_|t is implicit in the measure- quency. At higher probe frequenciés020 Ha the normal-
ment Ofl."‘ from a normal-hgarlng ear, af?d ““.‘Fﬁ for spread ized slope decreased to around 0.8 and remained there until it
of masking from low to high frequencies is largely unaf- decreased further to around 0.2 for probe frequencies above
fected by cochlear damagiielson, 199]. 2400 Hz, indicating that the growth-of-masking slopes in
) these frequency regions were less than they were in normal-

2. Slopes of the growth of masking hearing ears. In the other subjects, normalized slopes de-

Thus knowledge about slopes of the growth of maskingcreased from near 1.0 to around 0.2 over a smaller frequency
seems to be the one unknown factor that precludes goodinge. The same trends can be seen in Kig). fér the SAM
predictions of upward spread of masking in hearing-impairednasker, except normalized slopes for EIP remain near, or
ears. It has been well documented that growth-of-maskinglightly above 1.0, over much of the frequency range.
slopes in subjects with hearing loss tend to be more gradual Figure 4c) and(d) show normalized growth-of-masking
than in normal-hearing subjectSmits and Duifhuis, 1982; slopes for the QFM and SAM maskers, respectively, as a
Stelmachowiczet al, 1987; Murnane and Turner, 1991; function of the amount of hearing loss at the probe fre-
Dubno and Ahlstrom, 1995; Oxenham and Moore, 1995 quency. In Fig. 4c), the orderly decrease in normalized
Growth of masking at probe frequencies above the maskeslope with amount of hearing loss for the QFM masker sug-
was not measured in this study, so we have no direct indicagests that the change in slope across probe frequency is pri-
tion of growth-of-masking slopes in regions of hearing loss.marily due to an increase in the amount of hearing loss at the
However, one can estimate the reduction in slope that woulgrobe frequency. The decrease in normalized slope with
be needed to obtain a good prediction of masked thresholdsearing loss is less orderly for the SAM maskEig. 4(d)],
in individual subjects with hearing loss. We call this a slopeespecially for subject EIP who shows little effect of degree
reduction factof«) because it represents the factor by whichof hearing loss below 50 dB. This suggests some additional

The results of this procedure for masked thresholds be-
70 dB SPL in the four hearing-impaired subjects of the
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FIG. 4. Estimates of the slope reduction factaj, or normalized growth-of-masking slope, required to sufficiently reduce the masking &ffeotint of

masking in normal ears to predict individual masked thresholds in hearing-impaired ears. Normalized slopes for QFM and SAM maskers are shown as a
function of probe frequency in the top two panels and as a function of hearing loss in the bottom two panels. Normalized slopes as a function of amount of
hearing loss are described by the least-squares linear regression shown in each panel. A dashed line is shown at 1.0, which indicates no reduction in the
amount of masking was needed to predict masked thresholds.

factors other than amount of hearing loss may be involvedoss. Additional research is required to determine the exact
for the SAM masker. For example, nonsimultaneous maskform of the relationship between slopes of the growth of
ing involves an additional nonlinearity that results in moremasking and hearing loss, i.e., whether the slope reduction
gradual growth-of-masking slope@esteadtet al, 1982.  with hearing loss follows Eq.3) or some other form, but the
Additional research with nonsimultaneous maskers may helpmplication is that the physiological mechanisms underlying
understand such factors and the large differences among suslopes of the growth of masking in hearing-impaired ears
jects. Nevertheless, the trend for the SAM masker is similamay be responsible for reduced release from upward spread
to that seen for the QFM masker. The normalized slgpe of masking.

is a decreasing function of the amount of hearing loss as in

a=m(dbHL)+n, (3  C. Alinearized response growth (LRG) model of

with m negative in the range of 0.01 andn close to 1.0 to masking

represent normal growth-of-masking slopes. Equati8n Evidence from animal studies suggests that the physi-
implies that the reduction facto, and by inference the ological mechanisms underlying growth-of-masking slopes
slope of the growth of maskingg,, s from Eq.(2), decreases in subjects with hearing loss involve changes in the basilar
by about 0.01 units relative to that in normal-hearing ears fomembrane(BM) transfer function associated with cochlear
every decibel of hearing loss. damage. Both BM studiegrateset al,, 1990; Ruggero and
This analysis demonstrates how masked thresholds iRich, 1991; Ruggereet al, 1993 and neurophysiological
regions of high-frequency hearing loss can be predicted by studies(Sachs and Abbas, 1974; Harrison, 1981; Gorga and
reduction in masking measured from normal-hearing earsAbbas, 1981a, Yoreport results consistent with the idea that,
Furthermore, it suggests that the reduction factors are din normal-hearing ears, excitation by a tone at the probe
rectly related to growth-of-masking slopes in regions offrequency involves a relativelgonlinear (compressedBM
hearing loss, and that growth-of-masking slopes should b&ansfer characteristieexponent1); whereas, excitation by
inversely proportional to the amount of hearing loss. Generah masker much lower in frequency involves a ménear
support for this can be found in previously published databasilar membrane transfer characterigggponent=1). In
(Smits and Duifhuis, 1982; Murnane and Turner, 19%pe- ears with cochlear damage due to ototoxic drugs or acoustic
cifically, Murnane and Turngi1991) found that slopes of the trauma, threshold is elevated and the BM transfer character-
growth of masking above a 3rd-oct band of noise centered astic is “linearized,” presumably because the active gain
1000 Hz decreased proportionately with amount of hearingnechanism is affecte@Ruggero and Rich, 1991; Ruggero
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et al, 1993. This suggests that excitation by a probe in a
region of hearing loss is subject to a mdireear BM transfer 100 ¢
characteristic(Stelmachowiczet al, 1987; Oxenham and
Moore, 1995. 80 |
This “linearized response growth’'(LRG) associated

with cochlear damage should lead to steeper than normal
growth of excitation for a probe tone in the region of hearing

loss, which would translate to a more gradual slope to the
growth of upward spread of masking. If it is assumed that

masked threshold for a probe tone is reached when the re-
sponse to the probe ton&yf) exceeds the response to the 20
masker Ry) by some fixed ratidx), as in

K:RP/RM, (4)

then it can be shown that the reduction fadiey reflects the
LRG characteristic of cochlear damage. Response growth to

a probe tone or a masker can be represented as a simpﬂ@'.a Masked_ thresholds predicted by the LRG model as a function of
earing loss, to illustrate the reduced masking release that results from more

power function of stimulus intensity relative to absolute gradual growth-of-masking slopes in the presence of hearing loss. Predicted

60

w0 |

Threshold (dB SPL)

-20 0 20 40 60 80
Hearing Loss (dB HL)

threshold as masked thresholds are shown for QFM and SAM maskers and middle
b q curves, respective)ythat produce masked thresholds at 55 and 30 dB SPL in
Rp=(1+1p/lg)P and Ry=(1+Ily/lg)9, 5 normal-hearing ear@t 0 dB HL). Elevated probe threshold is shown by the

ith d flecti BM f h . bottom curve [th). The normal masking effect, or amount of masking, is
with exponentsp andgq, reflecting transter characteris- reduced by the reduction facta¥, which decreases with hearing loss. Con-

tics for the probe and masker, respectively. Given these resequently, the QFM-SAM masked-threshold difference, or masking release,

lations, one can then solve for the intensity of a probe ais progressively reduced from 25 to 6 dB as hearing loss increases from 0 to
masked threshold as in 60 dB. Masked thresholds were predicted from @g.and Eq.(3) using the

parameter values fan andn indicated within the inset.
lp=[k(1+1y/lg)HP—-1]l,, (6a)

creases to 60 dB, the amount of masking release is progres-
_ sively reduced to 6 dB. The reduction factereduces nor-
lp=[x(1+1Iyn/lg)?—1]ls, with B=qlp. (6b)  mal masking from QFM and SAM maskers. Sinaeis

Since the BM transfer function for a low-frequency maskerinversely proportional to amount of hearing loss, the reduc-
at a higher-frequency place is relatively linear, one can adgtion is greater where hearing loss is larger. Because the re-
sumeq=1. Thens becomes proportional tof/In a normal _ductlon factor operates on the slope of the growth of mas_k-
ear, the nonlinear BM transfer function for a probe tone aind: the masker that produces the largest amount of masking
some frequency above the masker would lead to a value df reduced moréin this case QFM Consequently, the dif-
p<1; therefore, the slope of the growth of maskirgy, ference between masked thresholds for the QFM and SAM
would be greater than 1. In an ear with hearing loss affectingn@skers, the masking release, is reduced. Thus a large part of
the active gain process, the BM transfer function is linearthe reduced masking release in regions of hearing loss can be
ized, which would lead to a value gf=1; therefore, the explained by the LRG associated with cochlear hearing loss.

slope of the growth of maskingg, s, would be more gradual From Fig. 5, it dogs not appear that the_ normalized slopg
than in a normal eafclose to 1. Since, with these assump- a accounts for the entlre reduction in masking release seen in
tions, B=1/p, and« is proportional tog, the decrease in the the present data. With a 60-dB hearing loss 6 dB of masking
slope reduction factoa with hearing loss given by Eq3) rele_ase st|I_I remains, while |t_ is apparent from F|g. 2 that
should reflect an increase associated with cochlear hear- Subjects with 60 dB of hearing loss revealed little or no
ing loss. Thus it appears that the LRG associated with coMasking release. The simulation in Fig. 5, however, does not
chlear hearing loss may increase the slope of the growth cffake into conS|derat|oq the reduced masking associated with
response to the probe tofi®), but not the slope of growth of increased frequenpy distance betvyeen masker and probe. As
response to the maskeéy); consequently, the slope of the probe frequency increases masking decreases, largely be-

growth of masking8,s) is reduced, effectively reducing the Cause of the frequency weightini\e) of the auditory filter.
masking effect from the normal ear by the factor Thus the reduced masking release exhibited by subjects in

the present studgFig. 2) is confounded by changes in bath
andWe.

Figure 6 shows that as operates on the reduced mask-
ing associated with higher probe frequencies, masking re-

One consequence of the reduction in growth-of-maskindease is completely eliminated. Each panel in Fig. 6 shows
slopes predicted by this LRG model is thatsking release amount of masking for QFM and SAM maskers in individual
will decrease with increased hearing loskhis is illustrated  subjects(symbolg as a function of probe frequency, along
in Fig. 5 for QFM and SAM maskers that produce maskedwith amount of masking in the normal eaf@ashed lines
thresholds at 55 and 30 dB SPL in a normal-hearing ear, i.eThe amount of masking predicted by the LRG model is also
a masking release of 25 dB. Notice that as hearing loss inshown (wide curve$, along with the fitting parameters for

or

D. Predicting masking release from linearized
response growth
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FIG. 6. Amount of masking predicted by the LRG model as a function of probe frequency for the QFM rf@Bkéirg) and SAM masketSAMIrg), along

with the amount of masking obtained from each of four hearing-impaired subjggtsbolg and the average amount of masking obtained from two
normal-hearing subjectslashed curvesA reduction in masking release can be seen as a reduced difference between the predicted masking curves for QFM
(wide dark curvg and SAM(wide shaded curyemaskers. Masking was predicted from Et). and Eq.(3) using the parameter values for andn indicated

within the insets.

the model(insetg. Masking release can be seen as the dif-E. Other factors
ference between QFM and SAM masking curves. Notice that Finally, as promising as the LRG model is for explain-

the LRG model predicts the general_trends in the _maskingng reduced upward spread of masking in hearing impaired
curves, and consequently. the mask|r)g release, with ,a_fagars, one must not overlook the possible contribution of sup-
degree of accuracy, especially for subject EIP who eXh'b'teﬁBression. The values of that were derived here were typi-

the most gradual increase in hearing loss with frequency. Foéally smaller for the QFM masker than for the SAM masker.
subjects HMG and PJB, who exhibited steeply sloping high—rhs indicates that the reduction facterwas smaller for
frequency hearing losses, the LRG model predicted VENHEM than SAM, which means that normal masking had to
little masking and consequently little or no masking rel€ase. ya reduced more for the QFM masker than the SAM masker
For these three subjects, the valuesroivere around-0.01 g predict masked thresholds in hearing-impaired ears. The
and the values oh were less for the QFM than the SAM |arger reduction in masking slopes implied by a smatier
masker. For subject CLK, the values mfwere 0.5 for both  yajye for QFM than SAM maskers could involve reduced
QFM and SAM maskers and the slope reduction with hearsyppression in regions of hearing loss. Animal research has
ing loss given bym was slightly less than-0.01, which  shown that reduced or absent neural rate suppression is com-
suggests that CLK's hearing loss may reflect different physimonly associated with the loss in sensitivity and broader
ological mechanisms than the other three subjects. Rath@lining that accompanies outer-hair-cell dysfuncti@vans,
than interpret CLK’s results entirely as a much steeper un1975: Robertson, 1976; Harrison and Evans, 1979; Schmiedt
derlying growth of response at the probe frequemy one  and Zwislocki, 1980; Schmiedet al, 1980; Javelet al,,
might attribute some of the reduced masking to a more1983:; Liberman, 1984: Pickles, 1984a; Pickles, 1984b:
gradual masker growtliq) due to the presence of a mild Smoorenburg and Kloppenburg, 1986; Delgutte, 1990; Rug-
hearing loss at the masker frequency. Also, one must keep igero and Rich, 1990; Ruggero and Rich, 1991; Ruggero
mind that the masking predicted here does not include spatia&t al., 1996. Loss of suppression is also consistent with in-
integration of excitation along the basilar membrane, whichterpretations posited in other psychoacoustic studies of
is certainly limited by the steeply sloping high-frequency cochlear hearing loss in humafiseshowitz and Lindstrom,
hearing loss exhibited by CLK. 1977; Wightmanet al,, 1977. Thus to the extent that sup-
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pression involves different physiological mechanisms thanpsychophysical tuning curves, only the most prominent features.
linearized response growth of the BM, it should not be dis->Notice that Eq.(1) expresses the masking effect as a compressed ratio of

. . . intensities rather than as a difference between compressed intensities as in
missed as a contributing factor to reduced release from Upthe MPL model. The constant 1 makes the internal noise additive to the

ward spread of masking in impaired ears. masking effect and also precludes negative masking when the masker in-
Clearly more research is needed to separate the contritensity 1, is less than the internal noidg representing normal absolute

bution of these additional factors to upward spread of mask-hreshold. This equation accurately describes growth-of-masking functions

. . . . . in both normal-hearing and hearing-impaired eéxelson and Swain,
ing from the linearized response growth associated with CO-1996: Nelson and Schroder, 1997

chlear damage. It is likely that the details of upward spreadrhe reduced amount of masking in regions of hearing loss shown in Fig. 6
of masking in individual subjects are more complex than is consistent with findings from six previous studies of the upward spread
implied by the LRG model, but the general trends in the data®f simultaneous masking, in which the amount of masking in hearing-

kabl I dicted bv it. Red d ki impaired ears was consistently less than the amount of masking in normal-
are remarkably well predicte y It. Réduced masking re'hearing eargMartin and Pickett, 1970; Smits and Duifhuis, 1982; Gagne,

lease in regions of high-frequency hearing loss appears to begss; Trees and Turner, 1986; Klegt al, 1990; Dubno and Schaefer,
largely explained by the loss in basilar membrane nonlinear-1992.
ity associated with cochlear damage.
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