Basilar membrane nonlinearity and loudness®

Robert S. Schlauch,” Jeffrey J. DiGiovanni, and Dennis T. Ries
Department of Communication Disorders, University of Minnesota, Minneapolis, Minnesota 55455

(Received 26 August 1997; revised 17 November 1997; accepted 7 Januajy 1998

Loudness matching functions for tones for persons with one shifted-threshdlldezaing loss and
noise-shifted thresholg@igind one ear within normal limits were used to derive the presumed basilar
membrane(BM) input—output(l/O) function in a normal ear. The comparison was made by
assuming that the BM I/O function for the ear with the cochlear threshold shift has a slope of one
(a linearized cochlga The function for the normal ear was derived from the loudness matching
function based on this assumption. Comparisons were made for archival basilar membrale data

A. Ruggero, N. C. Rich, A. Recio, S. S. Narayan, and L. Robles, J. Acoust. Soc.18in.
2151-21631997] for chinchilla and archival loudness matches for long-duration tones for persons
with various degrees of cochlear hearing 168s Miskolczy-Fodor, J. Acoust. Soc. Ar82, 486—

492 (1960]. Comparisons were made also between BM I/O functions and ones derived from
loudness matches for persons with unilateral hearing loss simulated by broadband noise. The results
show a close resemblance between the basilar membrane 1/0 function and the function derived from
loudness matches for long-duration tones, even though the comparison was between human and
chinchilla data. As the degree of threshold shift increases from 40 to 80 dB, the derived BM 1/O
functions become shallower, with slopes for losses of 60 dB or more falling in the range of values
reported for physiological data. Additional measures with short-duration tones in noise show that
the slope of the loudness function and the slope of the derived basilar membrane 1/O function are
associated with the behavioral threshold for the tone. The results for long-duration tones suggest a
correspondence between BM displacement and loudness perception in cases of recruitment, but the
relation between the degree of loss and the amount of BM compression and the relation between
signal duration and compression suggests that other factors, such as the neural population response,
may play a role. ©1998 Acoustical Society of Amerid&0001-49668)05104-2

PACS numbers: 43.66.Ba, 43.66.Ch, 43.66.Dc, 43.6/RBAS]

INTRODUCTION membrane displacement at CHtharacteristic frequengy
(Yateset al,, 1990; pg. 21Y.

The basilar membrane input—output function in a The striking resemblance between the BM I/O functions
healthy mamma(e.g., chinchilla and guinea pigs nonlinear in Yateset al. (1990 and the loudness ME functions from
and can be described as a compressive function with a slopdemeister and Bacon’s study is interesting, but the general-
of 0.13-0.45 for most of its dynamic range when basilarity of this result is debatable when the loudness ME data are
membrane velocitydB) or displacementdB) is plotted as a  considered in the context of other studies. In an analysis of

function of sound pressure levéSPL) (Cooper and Yates, 78 different studies of loudness ME_, Hellmé&t91) found
1994; Ruggeret al, 1997). that the mean value of the slope is 6.6he same value

Yateset al. (1990 presented evidence that they argueadopted for an international standdi8O/R 131-195%8 By
contrast, the slopes obtained by Viemeister and Bacon

supports the notion that the basilar membrane determines ”&988 are more than three standard deviations below the
form of the loudness function, which is usually described as

. . . . ; average value found in Hellman’s retrospective analysis.
a compressive function of intensity for persons with normal

. o This discrepancy in the loudness data presents a problem for
hearing sensitivityfStevens, 1970 Yateset al. (1990 com- comparing theabsolutevalues of BM 1/O measures, a pe-

pared a BM I/O function(derived from single unit daJeto  ripheral process, and loudness scaling, a process that is pos-
loudness magnitude estlmatl(mlE) data for a 1.0-kHz tone S|b|y influenced by more central factoﬁfZeng et a|_, 1988
from a study by Viemeister and Bac@t988. Viemeister  Thjs criticism does not imply that such a comparison should
and Bacon'g1988 loudness slope@e: sound pressurdor  not be made, but rather thaelative measures(loudness
their three subjects were 0.182, 0.192, and 0.11, which beanatching might provide a method of examining this idea in
a striking resemblance to the derived basilar membrangreater depth. A good candidate for such a comparison is a
curves with a slope of about 0.2. They concluded that “loud-cochlear threshold shift, a result known to affect loudness
ness perception may be based on a simple coding of basiland the BM 1/O function. If the loudness function is deter-
mined by the BM 1/O function, it follows that cochlear hear-
dPortions of this paper were presented at the 19th Midwinter Researchng loss, which alters the shape of the BM IIQ funCtlor.]’
Meeting of the Association for Research in Otolaryngology, FebruaryShoUId alter the shape of the loudness function in a predict-
1996, St. Petersburg. able manner. Recent experiments demonstrate that the basi-
PElectronic mail: Schla001@maroon.tc.umn.edu lar membrane 1/O function becomes steeper with certain
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types of cochlear hearing losses, chiefly ones that affect the
outer hair cells(Ruggero, 199p It is well known that co- 100
chlear hearing loss can cause loudness recruitment, an abnor- 80
mally rapid growth of loudness. In loudness recruitment, the
loudness functior(log loudness versus dB SPls steeper

for much of its range than it is in someone with hearing
thresholds within normal limits. This comparison suggests
that the form of the BM I/O function and loudness are in
qualitative agreement in cochlear hearing loss; that is, both
become steeper with cochlear threshold shifts. The intent of
our study is to compare these two phenomena quantitatively.
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I. GENERAL METHOD
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Our method is based on loudness matches between an
ear with hearing within normal limits and a threshold-shifted
ear. One cannot derive unique functions from matching data
if neither function contributing to the matching function is
known_' Howev.er’ If_ one of the functions ContrlbUt_mg tO_ the FIG. 1. Loudness matches for persons with unilateral losses from a study by
matching function is known, the other function is defined yiskoiczy-Fodor(1960 are denoted by squares. The upper-left and upper-
uniquely. For our analysis, we assumed that the slope of theght panels show results for persons with 40 dB SPL losses and 50 dB SPL
BM 1/0O function for the threshold shifted ear is 1.0 as is losses, feS?ﬁ%B/fj'é ;Ei |0Wderé|§f; gngplol_wler-right panelst_shfw Frzesults for

H H persons wi an 0Sses, respectively. rRegression
reported when ,the active process Is not operga(li?@ggero, lines were fitted to the entire data set in each paselid lines and to the
1992. As mentioned above, the BM I/O function is & COM- gata between threshold and 30-dB sensation lésteshed lines In the
pressive function of intensity in a healthy ear. When thelower right panel, the regression lines for both fits are nearly identical. The
active process is inoperative, the system shows a loss in gaﬁlppe of these regression lines increases with the amount of hearing loss.
of between 40 and 80 dB and the I/O function becomes lin-
ear(Ruggeroet al, 1997. By deriving the BM I/O function  g4tion Jevel(SL) in the impaired ear. The second analysis,
for a healthy ear from the loudness-matching function asyith the range of levels restricted to 30 dB above threshold,
suming that the BM 1/O function for the threshold—sh!fted earyas performed to examine the slope of the matching function
has a slope of 1.0, we can compare BM 1/0 functions andy |evels below where complete recruitment usually occurs
loudness functions directly. If the form of the loudness func-(some authors fit the data in the region of recruitment and the
tion is determined by BM displacement, our derived func-region above this point with separate line®ur analysis of
tions for normal ears should resemble the BM 1/O f””Ct'OnsMiskolczy-Fodor’s data, shown in the upper portion of Table
for healthy ears in cases where the hearing loss ear contrif- yemonstrates that the same trend holds for both methods;
uting to the loudness matching function had a loss thaje giope of the loudness-matching function becomes steeper

equals or exceeds the gain of the active pro¢ess in situ- \\ith increased hearing loss. This finding is consistent with
ations presumably yielding a linear cochlear response

=]
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TABLE I. The slope of the loudness-matching function categorized by de-
gree of cochlear threshold shift. Data are from a study by Miskolczy-Fodor
(1960 for persons with unilateral cochlear hearing loss and from the present

Figure 1 illustrates loudness matchina data for tone study for persons with simulated unilateral hearing loss. Slopes were calcu-
9 g Sated using two methods. In one method, the entire range of data was used.

fro_m a study by Mi5k0|c_ZY'F0d0(’196Q for listeners with |, the other method, data between threshold and 30-dB sensation level in the
unilateral cochlear hearing losses of 40, 50, 60, or 80 dBoor ear were fitted. For both methods, the line was anchored at threshold in
SPL. These data represent loudness matches from 200 pugpth ears and slope was varied in small steps to minimize the sum of
lished studies and from 100 subjects from Miskolczy- squared deviations of the data from the prediction.

Fodor's laboratory. The test frequency was not specified, but
studies show that the form of the loudness function does ndeetection threshold :
change much for persons with normal hearing at frequencie®©°or €ar, dB SPL Threshold to 30 dB SL  Entire range of data
between 500 and 8000 HBcharf, 1978 the likely range of  miskolczy-Fodor(1960

Il. ANALYSIS OF COCHLEAR HEARING LOSS: LONG-
DURATION TONES

Slope of the matching function

frequencies selected for these measurements. 40 1.79 1.59
Lines were fitted to the group data in Fig. 1 to quantify 50 1.68 1.81
the slope of the matching function for different degrees of gg gg gig

hearing los€. The lines were anchored at threshold in both
ears and the best-fitting line was found using an iterativePresent study

process that found the intercept and slope that minimized the gg (ggg m3 ;ig ;i?
sum of squared deviations of the data from the predicted line. 62 EZ mgmg 177 182
This procedure was usedl) for the entire range of tested g3 (2 mg 5.43 5.43

levels; and(2) for levels between threshold and 30-dB sen
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. lll. EXPERIMENT 1. NOISE-SHIFTED THRESHOLDS:
50dB SPL Loss s SHORT AND LONG DURATION TONES

Thermal noise, either broadband or shaped, is often used
to simulate cochlear hearing loss or the effect of a cochlear
threshold shift(Steinberg and Gardner, 1937; Schlauch and

10°

two-tone suppression in the basilar membrane show that a
suppressor tone decreases the sensitivity of a second tone
and linearizes its responde.g., Fig. 3 in Ruggeret al.
(1992h, p. 1090. If broadband noise acts to suppress the
response to a tone in noise, the growth of the response of the
tone in noise may be linear as it is in the case of two-tone
A suppression. The idea that either suppression or cochlear
0 20 40 6 8 100 1200 20 40 60 8 100 120 damage linearizes cochlear responses to tones is an intrigu-
Sound Pressure Level (dB) . . . . . . .

ing one, but it is likely that this presumed linearization of
FIG. 2. A comparison of basilar-membrat®M) input—output(l/O) func- reSp_onse§ as a result. of_suppressmn by broadband noise is
tions from a study by Ruggeret al. (1997 and BM 1/O functions derived  not identical to linearization due to cochlear damage. For

from Miskolczy-Fodor's(1960 loudness-matching datig. 1). Lines in  jnstance, the errors in speech recognition by listeners with
each panel represent BM 1/O functions for the same four chinchillas from_. . . -
the study by Ruggeret al. (1997. Filled circles represent BM I/O data for simulated, flat hea”ng losses are Only quahtat'vely similar to

normal ears derived from loudness matching data from the study byhose observed in a listener with a flat hearing loss of the
Miskolczy-Fodor(1960. As in Fig. 1, Miskolczy-Fodor'g1960 data are  same magnitudéDe Gennaro and Braida, 1997
categorized by the degree of hearing loss. For the loudness of long-duration tones, noise simulated
hearing loss using broadband noise produces results nearly
identical to those observed for cochlear hearing ld$sll-
studies of loudness matchinglellman, 1993 magnitude man, 1988 Given this similarity in results, one would ex-
scaling(Hellman and Meiselman, 199@nd cross-modality pect that a noise simulated hearing loss greater than 60 dB
matching of line length and loudnegdellman and Meisel-  sp| would yield loudness results consistent with known
man, 1993. changes in the basilar membrane 1/O function, as was dem-

Figure 2 illustrates BM 1/O functions for normal prepa- gnstrated in the previous section for cochlear hearing loss.
rations at CB and BM functions for normal ears derived gyt what happens when the duration of the tone is only 2
from Miskolczy-Fodor's(1960 loudness-matching data be- ms? Ruggeret al. (19923 examined basilar membrane re-
tween impaired ears and a normal ears. The four BM 1/QOsponses to clicks and tones and found that the responses
functions from healthy chinchilla ears are from a study bywere similar. A temporal analysis showed that initial re-
Ruggeroet al. (1997. Ruggeroet al. (1997 measured BM  sponses to clicks were linear, but later responses grew non-
responses from 129 chinchillas and obtained useful datﬁlneany, as they do for long-duration tones. Cooper and
from 43 of their preparations. The four shown in our figure Rhode (1996 showed that two-tone suppression, which is
represent the four most sensitive BM responses to CF tonegrongly believed to be related to the active process, appears
for which measurements were made between threshold and basilar membrane responses within 1 ms of the stimulus
at least 90 dB SPL. The slopes of these four functions rangenset. The significance of these findings is that the cochlear
from 0.2 to 0.42 (mean0.32) for stimulus levels between amplifier is operative after only a minimal delay.

50 dB SPL and 90 dB SPL. Assuming that the loudness of a short-duration tQree,

The derived BM I/O functions are based on the simpleduration greater than 1 ms but less than 10 fos an ear
assumption that the hearing loss ear is linear. For this analywith thresholds within normal limits grows in a compressive
sis, the slope of the derived function is simply the inverse ofmanner, does a 60-dB threshold shift yield results consistent
the matching functiorii.e., the ordinate in Fig. 1 is the ab- with a linearized cochlea? The detection threshold for a
scissa in Fig. 2 To compare quantities for the derived func- short-duration tone in noise is elevated relative to the thresh-
tions (loudnessto the physiological datévelocitieg, ordinal  old for a long duration tone by an amount approximated by
values on the derived functions in Fig. 2 were scaled so thadifferences in energy in the two stimulior duration up to
values for 20 dB SPL were lined up for both data sets. Fol00—300 m} (Florentineet al., 1988. Thus a lower noise
the 40 dB SPL condition, the transformed loudness data arapectrum level is required to shift the threshold of the short-
on average, steeper than the BM I/O curves, especially foduration tone to 60 dB SPL than is required to shift the
high levels. This finding is consistent with the idea that thethreshold for a long-duration tone to the same level. It is
hearing loss ear was not linear and the active process was nahknown whether the system behaves in a linear manner
eliminated completely. The derived BM data for the remain-when the detection threshold for a particular stimulus is el-
ing conditions resemble the physiological data. evated to a certain poirfe.g., 60 dB SP)or when a fixed

% 100 ;.’5‘; e [ Wier, 1987; Florentineet al., 1988; Schlauctet al, 1994;
8 :E.ﬁ:?mittgi:‘"m“z? De Gennaro and Braida, 1997The effect of a broadband
+  Transformed Loudness N . 1
3 —— noise on the response of tones at the level of the basilar
& o ' S . . .
8 4o | 60dB SPL Loss . [80dBSPLLoss - membrane has not been investigated; however, studies of
£ .
$ . ; .
5
&

10°

10!

2012 J. Acoust. Soc. Am., Vol. 103, No. 4, April 1998 Schlauch et al.: Loudness coding 2012



TABLE II. Detection thresholdgdB SPL) for 4.0-kHz tones in quiet and in noise for each subject. The
abbreviation “DNT” meansdid not test

Low-level High-level
Quiet noise noise

Subject 2 ms 250 ms 2ms 250 ms 2ms 250 ms
S1 25.3 6.0 63.9 375 82.4 61.2
S2 26.4 6.8 59.8 DNT 84.1 60.7
S3 25.3 7.6 DNT DNT 81.7 59.3
S4 29.4 15.3 61.0 38.5 82.0 59.6
Average 26.6 8.9 61.6 38.0 82.6 60.2

noise spectrum level is placed into an ear. To examine thiZ9% correct detection@ evitt, 1971). Correct answer feed-
idea, loudness matches between tones in quiet and in noiseck was provided after each trial. The results for 2-ms and
were made fof1) short-duration tones an@) long-duration ~ 250-ms tones are shown in Table Il. As expected based on
tones. temporal integrationWatson and Gengel, 1969; Florentine
et al, 1988, thresholds for the 2-ms condition are elevated
by roughly 20 dB more than are the thresholds for the
Four young adultgage 22—-2#with hearing sensitivity =~ 250-ms tone in quiet or in conditions with the same level of
within normal limits participated. Subjects were selectednpise.
based on the following criteria. First, thresholds were 10 dB | oudness matches were measured using a 2IFC adaptive
HL or better(lesg at audiometric frequencig®ctave inter-  procedure for subjective judgmentdesteadt, 1980 Each
vals between 250 and 8000 H&econd, bilateral thresholds trial contained two observation intervals marked by lights
for a 4.0-kHz, 250-ms tone differed by 5 dB or less. Theseand separated by 500 ms. The standard tone was presented to
thresholds at the test frequen¢¥.0 kH2 were measured one ear and the comparison tone to the other. Two perfor-
using an adaptive procedure that targeted 79% correct detegrance levels were tracked concurrently by interleaving trials

A. Subjects

tions and were based on four 50-trial blocks. controlled by separate decision rules. One track converged
on the stimulus level judged louder 21% of the time; the
B. Stimuli other track converged on the stimulus level judged louder

A stimulus frequency of 4.0 kHz was selected to mini- 79% of the time(Levitt, 197). The subject's task was to

mize the effect of splatter on judgments of loudness. At thié'ndicate which interval con_tained the louder ton_e by depress-
frequency, the critical bandwidth is 700 HScharf, 197§ ing a response button. Listeners were n_ot given fe_edback
which would encompass nearly all of the energy of a 2_mgegardlng performance because loudness is a subjective mea-
tone with a gradual rise and fall time. sure.

Pure tones at 4.0 kHz were digitally generated at a sam-__ Starting levels for each track were begun 10 dB above
pling rate of 20 kHz by a custom-designed, 16-bit digital-to- (7 9% trach or 10 dB below(21% track the expected equal

analog converter. Tones were either 2 ms or 250 ms wit oudness level. If the initial starting levels were not close to
co< rise and fall times of 1 ms. Two channels were er.n_the final stopping point of the run, that initial track was dis-

ployed. One channel-generated the standard tone. The oth@irded and subsequent runs were based on a revised starting
channel generated the comparison tone. The level in ea&ﬁvel that allowed subjects to bracket the point of subjective

channel was adjusted by separate, computer controlled agduality. The step size was 3 dB at the beginning of a block
tenuators. of trials and was reduced to 1.5 dB after two reversals in

One of the pure-tone channels was mixed with broagleVvel- Thresholds for each track were calculated based on the

band noise that was low-pass filtered at 10 kikemo Mmean of reversals in stimulus level direction excluding the
model VBF/25. The noise was produced by a custom- first two reversals, which were discarded. Data points plotted

designed generator. The spectrum level of the noise, whicfP!" €ach subject represent the mean thresholds of between
was left on continuously during a block of trials, was eitherour @nd eight 100-trial blocks.

18 dB/Hz or 38 dB/Hz. Noise levels were selected based on 10 control for potential biases, measurements were

pilot data which showed that detection thresholds for anade for conditions with the standard tone in the quiet ear

250-ms tone were shifted to 40 dB SP18 dB/H2 or 60 dB and for the standard tone in the noise-shifted ear. For both

SPL (38 dB/H2. In subsequent sections of the paper the 1ghoise conditionghigh and low level and a 2-ms tone, stan-
and 38-dB/Hz conditions will be referred to as the Iow-leveldard levels in quiet ranged from 30 dB SPL to 90 _dB SPLin
and high-level noise conditions, respectively. 10-dB steps. Standard levels for the 2-ms tone in the low-

level noise conditiofcomparison tone in quigtanged from

65 to 90 in 5-dB steps whereas standard levels for the 2-ms

tone in the high-level noise condition ranged from 85 dB
Prior to data collection, tonal thresholds were measure&PL to 103 dB SPL in 3-dB steps. For the 250-ms tone,

in continuous broadband noise and in quiet. Thresholds werstandard levels in quiet were 15, 25, 35, 45, 55, 65, and 80

measured using a 2IFC adaptive procedure that targetadB SPL. For the high-level noise condition, standard levels

C. Procedure

2013 J. Acoust. Soc. Am., Vol. 103, No. 4, April 1998 Schlauch et al.: Loudness coding 2013



100 S1250 ms: Lo Noise / $1 250 ms: Hi Noise / S12 ms; Lo Noise / S12 ms: Hi Noise
80 4 2
/ /
60 / /
40 / s
/ /
20 / y4
o / S /
100 S2 250 ms: Lo Noise / $2 250 ms: Hi Noise / ' s2 2'ms: L'o Noirse i} / S2 2 ms: Hi Noise
©r DNT // // /
~ o y / y / h p 7 >
o
R / ég /
@ »f s / 7
=~ o / A
u“j 100 | 53250 ms: Lo Noise / | 53250 ms: HiNoise / "S32ms: LoNoise / $32ms: HiNoise
B / % y P
8 80 D N T / / /'O' O /
60 / / S Gt /
o s e L/
20l | & Sonddcamous|t / /
ol / S /
10p | 54250 ms: Lo Noise / 4250 ms: Hi Noise Pz "S42ms: LoNoise / S42ms: HiNoise
80 4
/ /
60 /| /. /
. % s /
/ / /
20 /S / 4 /
s Y /- 7

0 20 40 60 80 100 O 20 40 60 38 100 O 20 40 60 80 100 O 20 40 60 80 100

Threshold Shifted Ear (dB SPL)

FIG. 3. Loudness matches for individual subjects for 2-ms tones and 250-ms tones for high and low noise levels. Open symbols represent conditions where
the standard tone was in the quiet ear. Filled symbols represent conditions where the standard tone was presented in noise. The lines fitted to each data set ar
best-fitting second-order polynomial regressions. Error bars represent plus and minus one standard deviation. Error bars are omitted for levels with a standard
deviation less than 1 dB.

for the 250-ms tone in noise ranged from 65 dB SPL to 90across listeners for identical conditions. Group-mean data for
dB SPL in 5-dB steps. Due to attrition, only two of the four each of the conditions are shown in Fig. 4. As reported in
subjects completed the low-level noise condition for theother studies, the slope of the loudness function is steeper in
250-ms tone. Standard levels for the low-level noise condia high-level noise condition than it is in a low-level noise
tion ranged from 45 dB SPL to 95 dB SPL in 10-dB steps. condition (Stevens and Guirao, 1967We also found that

Data for the 2-ms tone for both noise levels and for theshort-duration tones can produce a steeper matching function
250-ms tone in the high-level noise condition were collectedhan long-duration tones in the same level of background
in semi-random order. Data for the 250-ms low-level noisengijse. Richard$1977 reported a minor increage few de-
condition were collected at the end of the study. Subjectgrees in the slope of the matching function with a decrease
were run in 1- or 2-h blocks until data collection was com-iy signal duration, but comparisons are difficult with his
pleted. study because the stimuli were different. Richar(877
shortest-duration tone was 10 ms and the tones being
matched were of different durations.

Figure 3 illustrates loudness matches for four listenersin ~ The lower portion of Table | shows an analysis of
two levels of noise. The matching functions are very similarmatching-function slopes for each condition for the average

D. Results
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FIG. 4. Group-mean loudness matches for 2-ms tones and for 250-ms tones for high and low noise levels. The symbols are identical to those of Fig. 3.
Regression lines were fitted to the entire data set in each peolil lineg and to the data between threshold and 30-dB sensation(dagthed lines as in
Fig. 1. Standard deviations were not calculated for the 250-ms, low-noise condition given that only two subjects participated.

data. The simulated thresholds show the same trend as the Figure 5 shows a comparison of Ruggetaal’s (1997
cochlear losses in the upper portion of the table; thegm |/O functions and BM I/0 functions derived from loud-

matching-function slope increases with the amount of thresh- ) : )
old shiftin the poorer ear. ness matches for group-mean data. The method for this com

The variability of data obtained with the standard tone inParison is identical to that used to transform loudness data
the noise-shifted ear is greater than the variability of datghown in Fig. 2. The group-mean data are shown for condi-
obtained with the standard tone in quiet. This finding hagdions with the standard tone in noigiéled symbolg and for
been reported by othetsiellman and Zwislocki, 1964; Hell- the standard tone in quiédbpen symbols The derived func-
man et al, 1987; Rankovicet al, 1989. Average within tions are similar in appearance to the BM I/O functions of
subject standard deviations are 3.5 dB and 2.2 dB for condiRuggeroet al. (1997.
tions with the standard tone in the noise-shifted ear and the Figure 6 shows the quantitative relation between the de-
quiet ear, respectively. Average standard deviations argved basilar membrane slog80—-90 dB SPI.and detection
nearly identical for 2-ms tones (s=2.8 dB) and for the threshold in the continuous noise for the various conditions
250-ms tones (s.e:2.9 dB). for each subject. These values are shown for conditions with
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FIG. 5. A comparison of basilar-membraf@M) input—output(I/O) functions from a study by Rugget al. (1997 and BM 1/O functions derived from
group-mean loudness-matching data for conditions of simulated unilateral hearirigigps®. Lines represent BM 1/O functions for four chinchillas from the

study by Ruggeret al. (1997). Filled circles represent data derived from conditions with the standard presented in the threshold-shifted ear. Open symbols
represent conditions with the standard in presented in quiet. The lowest levels of the derived functions for standards in quiet and in noise were scaled so that
the midpoint of those two measures matched the BM velocities for Ruggeats (1997 functions for those levels.
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FIG. 6. The relation between detection threshold in né@é® SPD and the slope of the derived BM I/O function between 50 and 90 dB SPL. Squares
represent conditions with 2-ms tones. Circles represent conditions with 250-ms tones. Open symbols are for conditions with the standard tone in the quiet ear.
Filled symbols are for conditions with the standard tone in the threshold-shifted ear. The solid line represents a regression line fitted to data for all of the
conditions(left-hand panel or for conditions with the standard tone presented to the ear in quigtt-hand pangl Dotted and dashed horizontal lines
represent the range of BM I/O slopes for four healthy chinchilla cochleas from Ruggato(1997.

the standard tone in quiébpen symbolsand the standard outside this range. By contrast, for conditions with threshold
tone in noisg(filled symbolg. Both methods show the same shifted to 60 dB SPL many of the derived slopes are within
general trend; the slope of the derived BM I/O function be-the range of BM 1/O slopes. For threshold shifts of 80 dB
comes shallower as threshold increases. The standard toneS#L, the slopes for the derived functions and actual func-
the noise-shifted ear produced more variable data, as notdibns are more nearly comparable.
earlier, and for all but one condition for one subjét8 out
of 14 comparisonsthe slope of the derived BM I/O func'tlon IV. GENERAL DISCUSSION
was steeper when the standard tone was presented in noise
than when the standard tone was presented in quiet. When all The nonlinear BM I/O function is presumably produced
of the data are evaluatégtandard tone in quiet and standard by an active process or “cochlear amplifier” that is physi-
tone in noisg¢ the regression line relating derived basilar ologically vulnerable(Ruggero, 1992 The cochlear ampli-
membrane slope and detection threshold in noise shows feer is described well by a compressive function with a shal-
functional relation. The regression line for this analysis,low slope. When the active process is removed temporarily
shown in the left-hand panel of Fig. 6, accounts for 38% ofby a drug, such as furosemide, the BM I/O function steepens
the variancdr =0.615; df=24; p=0.001.% The right-hand until the system becomes linear and there is a corresponding
panel of Fig. 6 shows that when only the less variable conloss in sensitivity(Ruggero, 1992 Our BM /O functions
ditions with the standard tone presented to the ear in quiederived from loudness matching data between shifted thresh-
are evaluated, the fit improves. The regression line in theld ears and ears with normal hearing sensitivity resemble
right-hand panel accounts for 82% of the variange actual BM I/O functions, but the correspondence between
=0.91;df=11; p<0.00). By comparison, when threshold loudness and BM I/O functions is not perfect. The notable
was shifted to 60 dB SPI2-ms low-level noise and 250-ms differences are related to the degree of hearing loss and the
high-level noisg the slope of the derived BM 1/O function effect of tonal duration.
showed no apparent difference due to changes in spectrum Physiological data show that elimination of the active
level. The regression line fitted to derived BM I/O function process results in a roughly 40—80 dB loss in gain and that
slope and spectrum level for conditions with thresholdthis loss is closely related to the health of the preparation
shifted to roughly 60 dB SPL accounted for 7% of the vari-(Ruggero, 1992; Ruggeret al, 1997. The reason for the
ance for conditions with the standard presented to either edarge range in estimates of the gain of the cochlear amplifier
(all data with threshold shifted to 60 dB SPIr=0.269; results from differences in methods commonly used to
df=12; p=0.35. When only the conditions with the stan- specify the gain. One method compares the difference in
dard tone presented to the quiet ear are fitted, the regressisensitivity to tones at CF in a healthy specimen and in the
line accounts for only 9% of the variande=0.295; df same animal shortly after deatRuggeroet al,, 1997. This
=7; p=0.52. method yields gain estimates of between 60 and 81RIR)-
Horizontal dotted lines in Fig. 6 delimit the range of geroet al, 1997%. Another method compares the difference
slopes for BM 1/O functions for the four functions selectedin gain between low-level tones at CF and high-level tones at
from Ruggeroet al. (1997). All of the data for our derived the place yielding the largest response. This second method
slopes for the low-level noise and long-duration tone fallyields gains of between 39 and 60 dBuggeroet al,, 1997.
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Moore and Glasber¢l997 modeled loudness growth in co- elimination of the active process by cochlear hearing loss
chlear hearing loss and assumed that the gain of the cochleginould result in a parallel shift of the BM I/O function with
amplifier has an upper limit consistent with estimates madehanges in tonal duration. That is, the slope of the BM 1/O
using this second approa¢s5 dB—65 dB. function is predicted to remain the same for changes in tonal
In their model of loudness in cochlear hearing loss,duration. Oxenham and Pla¢k997, who examined the re-
Moore and Glasber(l997 assume that the loss of inner hair lation between BM /O functions and psychophysical for-
cells (IHC) results in a simple attenuation of gain whereasward masking in persons with cochlear hearing loss, report
the loss of outer hair cell®©HC), which are linked with the such a finding, but their range of durations was much smaller
active process, results in a steepening of the loudness funt4 ms—14 msthan ours(2 ms—250 mps
tion as well as a loss of gain. Moore and Glasbé&tg§97) A possible explanation for the finding that the slope of
assumed that complete damage to OHC would result in ¢he derived BM I/O function follows threshold rather than
loss of 55 dB for frequencies below 2.0 kHz; this assumptiorthe spectrum level of the noise is that noise-shifted thresh-
implies that the loudness function reaches its maximunolds do not mimic cochlear hearing loss in every way. Al-
slope for complete OHC loss. Moore and Glasb€t§97  though broadband noise and cochlear hearing loss result in
compared the predictions of their model to Miskolczy- nearly identical loudness functions for long-duration tones
Fodor's(1960 data and found close agreement with this idea(Hellman, 1988, the same may not be true for short-duration
for losses between 40 and 60 dB SPL. For Miskolczy-tones and this difference may be related to changes in tem-
Fodor’s group with 80 dB SPL losses, however, many datgoral integration for detection. The amount of temporal inte-
points fell outside the range of slopes predicted by theimgration for detection thresholds for tones in noise follows
model® This result is probably due to the loudness functionsignal energy(Florentineet al, 1988 as it does in quiet
steepening for losses greater than 60 dB. AlthougHPlomp and Bouman, 1959; Watson and Gengel, 1969t
Miskolczy-Fodor’s (1960 data for 80 dB SPL losses are in cochlear hearing loss the amount of integration is reduced
somewhat variable and not as extensive as his data for lossefgnificantly (Florentineet al, 1988. Why is the amount of
of 40, 50, and 60 dB SPL, Hellman and Meiselmd893  temporal integration different in noise-shifted ears than it is
found that, on average, the slope of the loudness functioin ears with cochlear hearing loss? It is possible that noise
continues to steepen for hearing losses greater than 60 dihd cochlear hearing loss both linearize the cochlea but the
SPL. Our data for conditions of noise-simulated hearingcochlear hearing loss damages the system in an additional
losses support this idea as well. manner not simulated by the noise. Indirect evidence for this
There are several possible explanations for the loudnedtding is seen in the slope of the psychometric functions for
function steepening for losses as great as 80 dB SPL. Firstletection. In noise shifted thresholds, the psychometric func-
the effective gain of the cochlear amplifier could be as greation slopes are identical to those obtained in quiet from per-
as 80 dB, as estimated by the technique that compares sesens with hearing thresholds within normal lim{tompari-
sitivity in healthy, live preparations to that of fresh, deadson between results in Green and Swets, 1966, p. 192, and
ones. Another possibility is that cochlear gain is more tharthose of Watson, 1972 In cochlear hearing loss, the slope
simply “active” gain. Ruggeroetal. (1997 found 66 of the psychometric function for detection is sometimes
dB-76 dB of gain between the BM and the stapes. Thisteeper than the slope for persons with normal hedvng-
estimate includes passive and active gain, both of which malartet al,, 1990; Carlyoret al, 1990.
be relevant for loudness coding in shifted thresholds. Finally, = The possibility that mechanisms responsible for loud-
the neural population response that contributes to loudneswss perception may be different in cochlear hearing loss and
may differ in an important way from BM I/O functions. BM noise-shifted thresholds has implications for modeling loud-
I/O functions represent the velocifpr displacementat a  ness. Many investigators assume that loudness can be mod-
single place whereas the neural response to an intense souel@d as a power function of intensity and that hearing loss
represents excitation along a major extent of the BM. Al-represents a subtractive componédteinberg and Gardner,
though loudness measures in cochlear hearing(ldsbman,  1937; Zwislocki, 1965, 1970; Humest al, 1992, perhaps
1994; Mooreet al,, 1985 and in noise simulated hearing loss due to a reduction in the number of neurg®einberg and
(Schlauch, 199are influenced to a small extent by spread-Gardner, 193y or a reduction in the overall firing rate of
ing excitation, the effect may be large enough to result inneurons that are able to convey information about signal in-
slope changes across conditions as noted in our study.  tensity. For this class of models, the exponent relating inten-
The results from our study for conditions with noise- sity to loudness does not change with the degree of hearing
simulated hearing loss and short-duration tones are also difess. For this genre of models, the equation formulated by
ficult to explain based on known properties of the BM. In ourZwislocki (1965 provides an excellent description of loud-
study, the loudness function steepened and the derived BMess functions for tones for persons with sensorineural hear-
I/O function became more compressive as tonal duration waisg loss (Hellman and Meiselman, 199@nd hearing loss
reduced from 250 ms to 2 ms. This result suggests that theimulated by broadband noig&chlauchet al, 1995. An
slope of the loudness function in noise is coupled tightlyalternative method would be to describe loudness based on a
with threshold, which changes with tonal duration, and notpower function in which the exponent varies to reflect a
the spectrum level of the noi§eGiven that the active pro- steepening of the loudness function with cochlear hearing
cess is believed to be operative within about 1 ms of stimuloss (e.g., Stevens, 1966; Launer, 199%0 model changes
lation (Ruggeroet al, 1992a; Cooper and Rhode, 1996 in BM function, the exponent would be a low valdless
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105 _ discrepancy between the loudness function and the BM 1/O
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------- BM /O 9 kHz CF - Animal 125
—— BM I/O 8 kHz CF - Animal 126

@ WMagniuds Scaiing V. CONCLUSIONS

Loudness data (Hellman)

104 4
(1) There is a striking resemblance between BM I/O

functions and ones derived from loudness-matching func-
tions for long-duration tones between an ear with normal
hearing and one with threshold shift of 60 dB or more.

(2) Despite the similarity between BM 1/O functions and
ones derived from matching functions, there are some no-
table differences. Namelya) the loudness-matching func-
tion continues to steepen for hearing losses as great as 80 dB
which results in a derived BM I/O function that becomes
more compressive as the hearing loss increases. According to
some measurements, the gain of the active process is thought
to be 60—65 dB and a tight coupling between loudness and
BM 1/O functions would predict that the loudness function
would not become steeper for losses exceeding the active
gain of the system(Moore and Glasberg, 1997(b) The
loudness-matching function became steeper as the duration
of a tone in noise was shortened resulting in the derived BM
FIG. 7. A comparison of the square of the BM I/O function and the Ioudnessllo_ fur_mtlor? becoming more compressive. |f eradb_and
function for a 3.0-kHz tone. The BM I/O functions are from Ruggetal. ~ NOISe linearizes the cochlear response, tonal duration, in the
(1997). The loudness function is from Hellmdf976. The loudness func- range of values selected for this study, is not predicted to
tion was arbitrarily scaled so that the‘ magnitude of the datum for 4_0 dB SPlgffact the slope of the derived BM 1/O function.
was centered among squared velocities for the four BM I/O functions. (3) On average, the slope of the BM I/O function is

one-half the slope of loudness functions obtained using mag-
. . . nitude scaling procedures for long-duration tones. Given that
than ong in normal hearing and increase to a value of one g square the output of the BiGoodmanet al, 1982,
. X ) the slope of the cochlear output function in log units would
stud_les need to be conducted to examine the appropnatene&guble and be consistent with loudness scaling data. Thus
of either of these models for conditions of hearing l0ss angj giope of the loudness magnitude scaling function follows

simulated hearing loss. the output of the cochlea for long-duration tones.
Finally, it is of interest to note that the average slope of

the BM 1I/O functions in Ruggeret al’s (1997 study is
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striking resemblance. Thus if the link between the BM 1/Q Power La‘”:
function and loudness is real and interspecies differences arb=P " _ _ _ (_1)
minimal. the slope of the loudness magnitude scaling funC_whereL is loudnessin sone$, P is pressure (N/A), andk is a scaling
fi ' b ted f tthe | | of th hi This i constant(Scharf, 1978 If units of power are used, the exponent is 0.3.
_Ion may be accounted tor at the level of the cochiea. IS 1S7 modified power functione.g., Zwislocki, 1965 provides a better fit to
in contrast to the report by Zereg al. (1998 who argue that  loudness-matching data than a linear function; however, the slope obtained
central factors play a large role in determining the shape offrom a linear regression summarizes the main effect of threshold shift and
the loudness function. They assume that loudness COmpreé)_rovides a method for summarizing and comparing different conditions in a

L . ) I\Qanner that is interpreted easil§.g., Stevens, 1966
S|on_|s a perlpheral process th_at occurs at the level of the B uggeroet al. (1997 measured BM I/O functions in chinchilla for CFs
and is followed by more centréle., at the level of the brajn  between 9.0 and 10.0 kHz. Chinchilla hearing sensitivity is excellent at
loudness exponentiation expansion which recovers the origilhese frequencies. The mean threshold for frequencies of 8.0 kHz and 11.0
. ; ; ; kHz is 7 dB SPL for six studie@~ay, 1988. Hearing sensitivity for humans

nal 100. dB qy”"?‘m'c range of the Input stimulus. For the at 4.0 kHz(Fay, 1988, the test frequency in the present study, and the one
comparison in Flg. _71 we foun_d It unnecessary to assume &sed for comparison with the chinchilla results, is also excellent.
central exponentiation-expansive process to account for thi®etection thresholds for subject($3 were not measured for the 2-ms,
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