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Statistical properties of electrically stimulatédS) and acoustically stimulate@d\S) auditory nerve

fiber responses were assessed in undeafened and short-term deafened cats, and a detection theory
approach was used to determine fibers’ abilities to signal intensity changes. ES responses differed
from AS responses in several ways. Rate-level functions were an order of magnitude steeper, and
discharge rate normally saturated at the stimulus pulse rate. Dynamic ranges were typically 1—-4 dB
for 200 pps signals, as compared with 15-30 dB for AS signals at CF, and they increased with pulse
rate without improving threshold or changing absolute rate-level function slopes. For both ES and
AS responses, variability of spike counts elicited by repeated trials increased with level in accord
with Poisson-process predictions until the discharge rate exceeded 20-40 spikes/s. AS variability
continued increasing monotonically at higher discharge rates, but more slowly. In contrast,
maximum ES variability was usually attained at 100 spikes/s, and at higher discharge rates
variability reached a plateau that was either maintained or decreased slightly until discharge rate
approached the stimulus pulse rate. Variability then decreased to zero as each pulse elicited a spike.
Increasing pulse rate did not substantially affect variability for rates up to 800 pps; rather, higher
pulse rates simply extended the plateau region. Spike count variability was unusually high for some
ES fibers. This was traced to response nonstationarities that stemmed from two sources, namely
level-dependent fluctuations in excitability that occurred at 1-3 s intervals and, for responses to
high-rate, high-intensity signals, fatigue that arose when fibers discharged at their maximum
possible rates. Intensity discrimination performance was assessed using spike count as the decision
variable in a simulated 2IFC task. Neurometric functiofp@rcent correct versus intensity
difference were obtained at several levels of the standd@jdand the intensity differenceA()
necessary for 70% correct responses was estimated. AS Weber fractions 410)layeraged

+0.2 dB (Al4g=3.1dB) for 50 ms tones at CF. ES Weber fractions averag2d.8 dB Al
=0.23dB) for 50 ms, 200 pps signals, and performance was approximately constant between 100
and 1000 pps. Intensity discrimination by single cells in ES conditions paralleled human
psychophysical performance for similar signals. High ES sensitivity to intensity changes arose
primarily from steeper rate-level functions and secondarily from reduced spike count variability.
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INTRODUCTION ably among subjects but are not appreciably smaller than
those observed in normal acoustic heariitdglson et al,
A major problem in hearing mediated by cochlear im-199¢).
plants is the limited dynamic range over which useful infor- Intensity coding mechanisms for electric stimulation
mation can be presented. The typical dynamic range in im(ES) can be inferred from auditory nerve fibéANF) re-
planted humans is 4-10 dB for bri¢t00-200us phasg  sponses, but the data are too limited to permit much insight.
biphasic pulses presented to bipolar electrod@snaldson It is known that ES rate-level functions are much steeper
et al, 1997, and it seldom exceeds 20 dBhannon, 1993  than those for acoustic stimulatidAS), dynamic range is
This is in sharp contrast with the dynamic range of more tharcorrespondingly smaller, and dynamic range depends on
100 dB for normal acoustic hearing. Various compressiorstimulus pulse ratéMoxon, 1971; Hartmanret al, 1984;
schemes are used in implant processors in an attempt to mdavel, 1990; Dynes and Delgutte, 1993teeper rate-level
the useful acoustic range to the limited electric range. Afunctions alone suggest that intensity discrimination should
potential problem with compression is that it may renderbe much better for ES than for AS, since a smaller intensity
important amplitude changes inaudible. The seriousness dficrement would be needed to achieve a criterion change in
this problem would be mitigated if sensitivity to intensity discharge rate. However, it is generally thought that the psy-
changes were significantly greater in electric hearing than ichophysical ability to discriminate intensity also depends on
acoustic hearing. Psychophysical data indicate that intensityariability in responses to nominally identical stimuli. Such
difference limengDLs) in implanted humans vary consider- variability or “internal noise” is a characteristic of sensory
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processing and is incorporated in all recent models of acous- The second part examines the role spike count variabil-
tic intensity discrimination. ity plays in intensity coding. A detection theory approach is

Response variability in ES has only begun to be considused to examine ANF’s abilities to signal intensity changes,
ered(Bruceet al, 1999, and the role it plays in perceptual and single-cell performance is related to psychophysical per-
processing is not well understood. The impact of stochastiformance in humans. It will be shown that fibers’ abilities to
response properties in intensity discrimination by ANFs cardiscriminate intensity are substantially better in ES than in
be investigated directly using a simulated psychophysicaRS, and that steeper slopes of rate-level functions and de-
task (Relkin and Pelli, 1981 Although such analyses have creased variability of spike counts both contribute to the ef-
provided insights into basic aspects of intensity coding in ASfect. It will also be shown that single-cell performance
conditions (Delgutte, 1987; Viemeister, 1983, 1988; Win- matches perceptual findings in implanted humans relatively
slow and Sachs, 1988; Winter and Palmer, 199 com-  well, but it falls somewhat short of accounting for perfor-
parable analyses exist for ES. mance in normal acoustic hearing.

Several investigators have incorporated random noise
sources into single-cell models for ES as a way of introduc!- METHODS

ing probabilistic response behavidverveen, 1962; White Single ANF responses to electric and acoustic stimuli
etal, 1987; Bruceet al, 1999. Although this approach pro- \yere recorded in cats. All AS animals and six ES animals
duces the needed effects, the stochastic properties of ﬂlﬁ)ssessed normal hearing prior to the experiment. Three

noise and the effects of absolute and relative refractorinesginer ES animals were deafened 6—12 weeks prior to single-
both of which affect the form of the variance function, are ynjt experiments by co-administering kanamycin and

still uncertain. Bruceet al. (1997 took stochastic behavior ethacrynic acid in a single sessiéXu et al, 1993. This
into account in developing a neural population model for ESmethod effectively eliminates outer and inner hair cells, as
and they applied it to intensity discrimination. However, eyidenced by a lack of acoustic responsiveness and no ran-
their model was based on limited physiological data fromgom spontaneous activity in the great majority of fiber re-
undeafened and acutely deafened ears. It is not clear that t@%onses. It also produced 20%—40% peripheral process loss
same results would have been obtained if model neurong, the basal cochlear turn by 12 weeks post-deafening. One
were based on responses from chronically deafened cochleasther ES animal was profoundly deafened as a kitten by se-
in which fibers often exhibit degraded stimulus coding caparijal kanamycin administration and experimented upon 3.7
bilities (Shepherd and Javel, 1997 years later.

Chronic deafness leads to variable, time-dependent I0ss  Animals were anesthetized with pentobarbit4d mg/
of spiral ganglion cell peripheral processes, cell death, andg, |M) and tracheostomized, and the animal's head was
reduction of average central-process axon caliber in survivmounted in a stereotaxic frame. The skull overlying the lat-
ing cells (Leake and Hradek, 1988; Spoendlin and Schrotteral posterior fossa was exposed and opened, and a portion
1989. Biophysical models of neuronal excitability to electric of the cerebellum was aspirated to reveal the cochlear
stimuli predict an inverse relationship between response varhucleus and brainstem. Small cotton pledgets were wedged
ability and the diameter of the node of Ranvier at the activepetween the brainstem and skull wall to expose the eighth
spike initiation site, and they predict a direct relationshipnerve at its point of exit from the internal auditory meatus. A
between node diameter and rate-level function slop@avies chamber was affixed to the skull, filled with warmed
(Verveen, 1962 Loss of peripheral processes necessarilymineral oil, and sealed by a clear plastic cover plate on
causes spike initiation sites to shift to central processes, andkhich a miniature hydraulic microdrivéFHC, Inc) was
on average, central processes have larger diameters than peeunted. The microdrive carried a 3M KCl-filled recording
ripheral processefliberman, 1980; Liberman and Oliver, micropipette with an ac impedance of 20—3@Wat 1 kHz.
1984. This implies steeper, rate-level functions and reducedhe tip of the micropipette was visually positioned over the
response variability, which translates into smaller intensityeighth nerve using an operating microscope, and the elec-
difference limens. On the other hand, deafness-induced rerode was advanced into the nerve with a remote-controlled
ductions in average central-process caliber implies shallowestepping motor.
rate-level functions and higher variability, and cell loss im- ES animals were acutely implanted with a custom-built
plies that fewer spikes are available for perceptual decisionelectrode array that was a smaller-diameter version of a
making. These effects would increase intensity difference liNucleus(Cochlear Corp.implant. It possessed 0.3 mm plati-
mens. Thus chronic deafness can have opposite effects on B&m bands on 0.75 mm centers. Band diameters decreased
intensity discrimination. from 0.6 mm at the basal end to 0.4 mm at the tip. To install

The first part of this paper examines variability in ANF the array, the bulla was opened from a posterolateral direc-
responses, with a particular emphasis on the statistical progion, the round window membrane was excised, and the array
erties of driven activity. It will be shown that spike count was gently inserted into scala tympani to a depth of approxi-
variability behaves differently in ES than in AS, with ES mately 6 mm. This located the apical-most band nominally at
variability typically being much smaller. It will also be the 15 kHz cochlear placé.iberman, 1982
shown that increasing pulse rate generally does not increase Custom software was used to specify stimulus sequences
variability, at least for pulse rates up to 800 pps, and thatonsisting of digitally synthesized 50—1@@ phase biphasic
some ES fibers exhibit time-dependent fluctuations in excitpulse trains(ES animaly or CF tones(AS animal3$. The
ability, the effect of which is to increase variability. digital-to-analog conversion rate was 100—200 kHz. For AS
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signals, conversion rates were chosen to put all aliased specemparison with the ES responses. These were selected on
tral components above 60 kHz. Unit activity was detectedhe basis of similar characteristic frequen&F), except for

with probe stimuli consisting of 100 pps pulse trains pre-the fibers with extremely high and low spontaneous rates,
sented at 1-2 mA in ES animals and 100 ms wide-bandvhich were included for completeness. The responses ex-
noise bursts presented at 70-80 dB SPL in AS animals. EBibit typical variation in threshold and spontaneous and
responses were obtained to pulse trains presented at usemaximum discharge rates. Normalized respongesver
specified rates, typically 200 pps, through an isolatedight pane) show that slopes are comparable across sponta-
voltage-to-current converteiBak). ES signals were deliv- neous ratéSachs and Abbas, 1974nd some fibers exhibit
ered in 50—-400 ms trains to a bipolar electrode pair consistsloping saturation$Sachset al., 1989.

ing of the most apical band and the second-or third-most  Consistent with earlier report§loxon, 1971; Hartmann
apical band. AS signals were sinusoids of 50 ms duratioret al, 1984; Javekt al, 1987; Dynes and Delgutte, 1992
presented through a calibrated Beyer DT-48 earphone in most ES fibers exhibited dynamic ranges of 1-4 dB. We
closed system. The duty cycle was 25%-50% for ES signalgefine dynamic range as the intensity range over which dis-
and 33% for AS signals. Single-fiber responses were coleharge rate increases from 10% above the spontaneous rate
lected as input—output functions for 20—200 repetitions ofto 90% of the maximum rate. While 1—-4 dB dynamic ranges
signals presented in increasing order of intensity. Step sizegre typical for ES, they are much smaller than the 15-30 dB
were 0.2-0.5 dB for ES signals and 5 dB for AS signals. dynamic ranges normally observed in AS at CF.

Action potentials recorded by the micropipette were am-  pulse-number distribution€PNDs are one of several
plified (WPI Instrumentsand displayed on an oscilloscope. measures of stochastic behavid@ieich and Khanna, 1985
Stimulus artifact caused by ES signals was eliminated byrhese are formed by plotting the proportion of times a fixed
microprocessor-controlled sample-and-hold blanking that besjgnal elicits a particular spike count. Representative PNDs
gan at pulse onset and was maintained for a user-specifiggr ES and AS conditions are shown by solid lines in Fig. 2.
time, normally slightly longer than the duration of the pulse.The dashed lines are the PNDs predicted by a Poisson pro-
The rising phases of spikes were voltage discriminated usingess with the same mean rate as the corresponding neural
the oscilloscope’s trigger circuit. Trigger pulses coincidentqata. The probability density function for a Poisson process
with the onset of each oscilloscope sweep were led to custofg defined byP=(uNe #)/N!, where P is proportion of
tlmlng hardware. Custom software was used to time incomoccurrenceSM is the mean Cour(tjischarge rate times dura-
ing spikes to 10us accuracy and to analyze and displaytjon), andN is the number of counts. Although it is known
neural responses in real time. that variability of AS responses deviates from Poisson-

Detailed information about methods, numbers of fibersyrocess predictions because of absolute and relative refrac-
recorded from each ES animal, and post-deafening cochleginess (Gray, 1967; Gaumonet al, 1982; Johnson and
morphology is provided in Shepherd and Ja#397. ES  gywami, 1983; Young and Barta, 19860iSSon-process ex-
responses described here are representative of data Obtai"tf‘&tations form a convenient reference to which ES and AS
from 200 fibers in undeafened ears and 158 fibers in dea response behavior may be compared. Figure 2 shows that
ened ears. AS responses shown here are based on data gRgributions of AS and ES spike counts both deviate pro-
ta_lin_ed from 43 fibers in one animal_and are representative (ﬁressively more from Poisson-process predictions as dis-
similar data from several other animals. Protocols were régharge rate increases, and that ES variability is smaller than
viewed and approved by the Creighton University Animal pzg variability over most of the dynamic range.

Care and Use Committee. Further information on spike count variability is pro-
vided in Fig. 3. These data came from the fibers whose rate-

Il. RESULTS level functions were shown in Fig. 1, and the same symbols

have been carried forward. The AS déaight pane) indicate

that Poisson-process predictions (varianoeean and s.d.

Representative raw and normalized rate-level functions= ymean, denoted by the solid lihare maintained up to
for ES and AS conditions are shown in Fig. 1. ES and AS1-2 counts per 50 ms trial or discharge rates of 20-40
responses came from different animals, but data in each sepikes/s, and that variability falls increasingly short of
came from the same ear. The ES data were obtained fromRoisson-process predictions at higher discharge rates. Re-
cat profoundly deafened for eight weeks prior to the singlesponses of fibers with different spontaneous rates all follow
cell experiment. They have been selected to show the ranghe same general trend. This implies that variability depends
of thresholds and dynamic range that are typically encounprimarily on overall rate. Important aspects of the AS re-
tered. Responses were elicited by 108 phase, 200 pps sponses are that variability increases monotonically with
biphasic pulse trains presented for 50 ms. The curves in thievel and that discharge rate saturation has no obvious effect
lower left panel of Fig. 1 show the same data as in the uppeon variability.
left panel, except that threshold has been normalized to 0 dB  The ES data shown in the left panel of Fig. 3 also follow
and discharge rate is expressed as a percentage of the maRibisson-process predictions up to 20—40 spikes/s and then
mum expected rate of 200 spikes/s. We define threshold atepart at higher discharge rates. However, notable differ-
the intensity eliciting a discharge rate of 10% of the maxi-ences exist between ES and AS data. First, once ES variabil-
mum driven rate. For 200 pps signals this is 20 spikes/s. ity departs from Poisson-process expectations, it tends to re-

AS responses are shown on the right side of Fig. 1 fomain at a constant value or “plateau” until discharge rate

A. ANF responses
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FIG. 1. Representative rate-level functions for ES at 200 (fgfy) and AS at CHright). Each set of functions came from the same ear. Raw rate-level
functions are shown in the top row. The same functions, normalized for both discharge rate and intensity relative to threshold, are shown inrthe. bottom
SR denotes spontaneous rate.

approaches the stimulus pulse rate, in this case 200 pps or 10991 and Young and Barta’$1986 variability data, ob-
counts per 50 ms trial. And second, variability rapidly de-tained using different counting intervals.
creases to zero when discharge rate approaches the stimulus Figure 4 shows rate-level functions and variability data
pulse rate and responses become deterministic, i.e., evefgr signals presented at pulse rates ranging from 100 to 800
pulse elicits a spike. pps. Data for three fibers are shown. One fiber came from an
The AS data in Fig. 3 resemble those reported by Youngindeafened ear, one came from an ear profoundly deafened
and Barta(1986, but average variability is slightly lower. for eight weeks prior to experimentation, and one came from
The discrepancy stems from differences in the counting inan ear profoundly deafened for 3.7 years. Rate-level func-
tervals. That is, Young and Barta considered only the steadytions exhibit differences in slope across fibers. The fiber
state portion of the response, and they purposely excludeflom the undeafened edtop row) exhibits the type of re-
spikes occurring during théhonstationary rapid and short- sponse seen most often, i.e., a discharge rate that saturates at
term adaptation periods at response or{¥éesterman and the pulse rate, no improvement in threshold with increasing
Smith, 1984. Our data, on the other hand, include thesepulse rate, and rate-level function slopes that remain constant
spikes because the “perceptual processor” likely uses thenmin absolute termgspikes/s/dB. The dependence of satura-
Analyses we performed on AS data, not shown here, indition rate on pulse rate produces a corresponding increase in
cated that the elevated discharge rates at response onset hay@aamic range.
relatively low variability. Although low variability at signal Discharge rates in the fiber from the eight-week-
onset reduces overall variability, the effect is small for sig-deafened eafmiddle row) also saturated at the stimulus
nals with all but the shortest durations. As evidence of thispulse rate, but thresholds increased with pulse rate. However,
one may note the similarity between Winter and Palmer'sat least some of the threshold increase may be artifactual due
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FIG. 2. PNDs obtained from ANFs at three intensities for ES at 20Q(lefi$ and AS at CHright). Dashed lines denote the distribution of counts predicted
by a Poisson process at the obtained mean rates.

to the fact that responses were collected in increasing ordespikes/s for the fiber from the undeafened ear and at 450
of intensity and pulse rate. That is, data at low intensities angdpikes/s for the fiber from the long-term-deafened ear. These
high pulse rates were collected just after the fiber had finwere the highest sustained rates elicitable from those fibers.
ished responding at high discharge rates to the next-lowekbsence of a variability increase for the fiber from the short-
pulse rate, and the fiber may have been temporarily fatiguederm-deafened ear likely stemmed from that fiber’s ability to
Other fibers from this ear exhibited similar threshold in- discharge at very high rates. Although it was not examined,
creases with increasing pulse rate. Unlike either of the othewe suspect that this particular fiber was capable of discharg-
two, the fiber from the long-term-deafened ¢laottom row ing in a sustained manner at rate800 spikes/s.

displayed large dynamic ranges and was unable to discharge
at rates higher than 500—-600 spikes/s.

The behavior of spike count variability for these fibers is
shown in the right-hand column of Fig. 4. Variability ini-
tially increased with discharge rate in accord with Poisson-
process predictions, and it deviated from predicted behavior 25| -
when rates exceeded 20—-40 spikes/s. This is similar to be-
havior shown previously in Fig. 3 for 200 pps signals. Vari-
ability decreased somewhat when the discharge rate ex-
ceeded 100 spikes/s, and it maintained a plateau value until
the discharge rate approached the stimulus pulse rate. Vari-
ability increased at high pulse and discharge rates for the os|- 8
fibers from the undeafened and long-term-deafened ear, but | 1 . i
not for the fiber from the short-term-deafened ear. e e e e B T B o

The point at which variability increases at high pulse Counts per 30 me Trid Counte per 58 me Trie
rates'and Ir.]tenSItleS appear;: to t.)e related to the max".”“me. 3. Representative variability functions for ES at 200 fieff) and AS
sustained discharge rate a given fiber can generate. In Fig. 4. crright). Functions are from the same fibers whose rate-level functions
increases in spike count variability occurred at 700are shown in Fig. 1, using the same symbols.
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FIG. 4. Rate-level functiondeft) and variability-count functiongright) for three ES fibers stimulated at pulse rates ranging from 100 to 800 pps.

Maximum discharge rates and variability of response<S variability normally occurs at 2—5 counts per 50 ms trial,
from other fibers in all three types of ear were distributedor 40—100 spikes/s. Spike count variability in our sample
over a range similar to that shown in Fig. 4. That is, somgormed two subtypes. One type, indicated in the upper left
fibers could discharge at high sustained rates, and conspanel, displayed low variability. The other type, indicated in
guently variability did not increase when stimuli at 800 ppsthe lower left panel, exhibited variability that spanned a
elicited discharge rates of 800 spikes/s. However, other fibenwide, generally high range. As discussed later, the two sub-
could not discharge at high rates, and variability increasedypes differed in the extent to which excitability varied from
when discharge rate approached the maximum possible. Difrial to trial. The dashed lines are a reference. They indicate
ferences among fibers likely stem from variation in the du-the Poisson-process prediction that a mean count @b8
ration of the absolute refractory period and the time constantesponding to 60 spikes/s for a 50-ms fristhould possess a
for recovery from relative refractoriness. These differencestandard deviation of 1.73 counts. The data in Fig. 5 indicate
exist in undeafened as well as short-term-deafened and longhat, like AS fibers, most ES fibers from deafened ears show
term-deafened ears. less spike count variability than a Poisson process predicts,

Distributions of maximum spike count variability ob- but a subset of fibers exhibits greater variability. Although
served for 50 ms, 200 pps signals are shown in the left-handur sample size is too small to draw firm conclusions, in-
column of Fig. 5. They were obtained by forming a variabil- creased variability appears to be more prevalent in short-
ity function for each fiber and noting the highest standarderm-deafened animals, and a larger proportion of fibers ex-
deviation. As previously indicated in Figs. 3—4, maximum hibit high variability as duration of deafness increases. In our
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FIG. 5. Left: Distributions of maximum spike count variability for 50 ms, 200 pps stimuli from ES fibers in deafened ears whose excitability remained
constant during data collectigtop) and fibers whose excitability fluctuated over tig®ttom). Right: Dynamic ranges of ES fibers with constéwoip) and
fluctuating(bottom) excitability.

sample, 34.3% of all fibers from short-term-deafened earshown in Fig. 7. The fiber’'s rate-level functidopper lef}
exhibited increased variability, but the proportion increasedlisplayed a rather broad dynamic range of 5.25 dB, and
from 28% to 42% between 6 and 12 weeks post-deafeningpike count variabilitylower left) greatly exceeded Poisson-
In contrast, fibers exhibiting increased spike count variabilityprocess predictions. Dot rastefmiddle column indicated

wer(fa rarely enCOlrJ]ntered in either l_an?afened or long-terMy, 4t at near-threshold intensities the fiber only responded at 3
deafened ears. Thus increased variability appears to be aS¥intervals. As intensity increased the period of the response

ciated with active cochlear degeneration. oscillations decreased to about 1 s, then progressively filled
The right-hand panel of Fig. 5 shows distributions of . ’ prog y

dynamic range for the same fibers whose variability is deln culminating in the fiber ultimately producing a spike for

picted in the left-hand panel. These data indicate that ES

fibers with high spike count variability also possess larger

dynamic ranges than fibers with low variabilit$.58 dB vs Discharge Rate (spikes/s)

2.19 dB. Differences between subtypes were statistically insaasanansensses BN L meme et

significant for both variability {=10.11, df=40.8, p L o0 SE7pnose |

<0.001) and dynamic range4.86,df=60.0,p<0.001). T 15T ]
Examples of rate-level and variability functions for

“high variability” fibers are shown in Fig. 6. These data all

came from the same eight-week-deafened ear. The rate-level

functions had typical shapes but larger than normal dynamic

ranges. However, in each case maximum spike count vari- s0f- iy

ability exceeded Poisson-process expectations for mean 5k

counts<<7 per 50 ms, 0K 140 spikes/s. Further examination ok 1 ol ]

of these responses and others like them showed that in every 52 54 56 56 60 62 64 55 TN S S ST

case increased spike count variability was associated with fnfensity (8 48 Meon Count per 50 ms Tric

periodic fluctuations in sensitivity. We call this phenom(:monFlG. 6. Rate-levelleft) and variability-count functiongright) for four fi-

“oscillating e_XCit_ab”ity-” An analySi_S of responses to 200 bers that exhibited oscillating excitability. All the fibers came from the same
pps pulse trains in a fiber from an eight-week-deafened cat ishronically deafened ear.
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FIG. 7. Rate-level functior{top left), variability-count function(bottom lefy, selected dot raster@entej, and PNDs(right) for a fiber that exhibited
oscillating excitability. The fiber came from a chronically deafened ear.

every stimulus pulse. PNDgight columr) show two modes deafened ear that was stimulated by 800 pps trains at 58.3 dB
at intensities in which excitability fluctuated, correspondinguA for 50 trials of 100 ms duration. The left-hand panel
to alternating periods of activity and inactivity. The large shows running averages for mean co(sulid line referred
range of counts elicited by repeated trials explains the higho left-hand axis and spike count variability calculated over
spike count variability. Although the observation that fluc- the 50-trial run(dashed line referred to right-hand axishe
tuations in excitability disappeared at high intensities isgischarge rate was initially higfv60—770 spikesjsand de-

seemingly enough to rule out the possibility that the phenomg,yed with time to an overall rate of 680 spikes/s. Variability
enon is artifactual, we nonetheless performed several tests {30 ed in the opposite direction, being initially low and in-

prove that oscillating excita.bilif[y did not arise from move- creasing with time. Although the overall standard deviation
.me.m .due to heart or respiration rate. l.t appears to be aBy approximately 4 counts per 100 ms was considerably
intrinsic property of ANF responses that is especially prevay o than Poisson-process predictions at 67—70 counts
lent in recently de-afferented ears, and fibers exhibiting the o . o

mely 8.2—8.4 counts, it is nonetheless high for ES activity.

phenomenon were interspersed along the same electrof& Analvzing th in five-trial block duced
track with fibers whose trial-to-trial excitability remained h na yzrllng gsehrespor:1s§s in five- Irlaf ocks pr(; uce
constant. Thus “oscillating excitability” is one form of non- the data shown in the right-hand panel of Fig. 8. The dis-

stationarity that causes increased variability in ES fiber re€harge rate decreased by 100 spikes/s over the first 20-25
sponses. Its origin is unclear. trials and then remained relatively constant. However, stan-

We also observed a second form of nonstationarity in gglard deviation in each five-trial block was only 1-2 counts
fiber responses that occurred 0n|y at very h|gh discharg@er 100 ms. This is within the range of standard deviations
rates. This consisted of a fatiguelike phenomenon in whictpbserved at lower pulse ratésf. Fig. 5. Thus increased
discharge rate progressively decreased during a data collegpike count variability over the entire duration of the run
tion run, leading to greater spread in PNDs and higher varistemmed from a progressive decrease in discharge rate over
ability. Results of one analysis are provided in Fig. 8, whichtime, but moment-to-moment variability was considerably
shows summaries of responses from an ES fiber in an ursmaller.
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FIG. 8. Behavior of spike counts and their variance as a function of time. 0.9 -
Left: Cumulative mean count&solid line referred to left axjsand spike
count variancédashed line referred to right axisver 50 presentations of a . 08pF
100 ms ES signal at 800 pps signal and 58.3.dB Right: The same data, %
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B. Intensity discrimination Algg

The ability of ES and AS fibers to signal intensity dif- £ 9. Neurometric functions obtained in a simulated 2IFC intensity dis-
ferences was assessed in a simulated two-interval-forcedtimination task in EStop) and AS(bottom conditions. ES stimuli were 50
choice (2IFC) intensity discrimination task. Proportion cor- ms presente}tions of 200_pps pu_Ise trains, and AS stimuli were CF tones
rect discriminatior] P(C)] was estimated by computing the 2 P00 & B0t o o e eited by the
proportion of times the number of SplkeS elicited by astandarc{l). If counts were equal, the response was taken to be correct with
higher-intensity presentatiorl £ Al) exceeded the number p(c)=0.5. Different symbols denote data from different fibers.
elicited by the standar(l), for each pairing of stimulus pre-
sentations in the 20—200 set of trials. When the counts were
equal, the number of correct responses was increased by Oreurometric functions at each value lof Thresholds were
corresponding to a ‘“‘guess.” Estimating performance thiscomputed only when there were at least two points for which
way avoids assumptions about the form of the probabilityP(C) was between 0.6 and 0.9 and were based on linear
distributions of counts and thus is advantageous over othenterpolation between the points closestR(C)=0.7.
measures, such as those basedibnAlthough we did not The upper panel of Fig. 10 shows Weber functions for
make a detailed comparison, it appears tR6C) based on several ES fibers from deafened ears. Discrimination thresh-
d’ (using means and standard deviations such as thos@ds have been converted to Weber fractioA$/() and are
shown in Figs. 3—#is nearly identical to the direct estima- expressed in dB. This measure is preferablétgg prima-
tion of P(C) used here. rily because it is considerably less compressive. For refer-

For a given value of, a “neurometric function”(Mov-  ence, corresponding values &f 4z are shown on thénon-
shonet al,, 1982; Relkin and Pelli, 1997vas constructed by linean right axis. At low intensities the Weber fraction for a
estimatingP(C) for increasing values oAl. A sample of given fiber increases with decreasing.e., performance be-
neurometric functions for ES and AS is shown in the uppercomes worse as intensity decreases. This simply reflects ab-
and lower panels, respectively, of Fig. 9. ES stimuli weresolute threshold. That is, whenis lower than the absolute
200 pps pulse trains, and data are from fibers in two shortthreshold, there is no response to the standard fhdt
term-deafened ears. The fiber whose responses are indicatialeshold corresponds to the difference between (tom-
by unfilled inverted triangles exhibited oscillating excitabil- stan} absolute threshold and signal intensity. At high inten-
ity, and it was stimulated by 100 ms signals repeated at 208ities the discharge rate saturates and the Weber fraction be-
ms intervals. The other fibers exhibited constant excitabilitycomes indeterminate because no intensity increase produces
and were stimulated by 50 ms signals repeated at 100 me reliable increase or decrease in spike cdufihe right-
intervals. AS stimuli were 50 ms CF tones, repeated at intermost points for each Weber function approximately reflect
vals of 150 ms. The parameter is pedestal intenkitin the saturation intensity. They essentially define the upper
principle, these functions can be directly compared with psylimit of the useful dynamic range for each fiber.
chometric functions for intensity discrimination by human The Weber fraction is approximately constant whes
observers. Unfortunately, neither the present data nor the hwvithin the fiber's dynamic range. Some fibers exhibited
man data are sufficiently detailed to make such a comparisogreater sensitivity to intensity changes, for example, the fiber
informative. whose responses are indicated by inverted triangles. Ignoring

The level difference at thresholdAlsz=10log(1 this fiber, the smallest Weber fractions across fibers are gen-
+Al/l)] necessary folP(C)=0.7 was estimated from the erally seen at larger values &f This trend suggests that
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FIG. 10. Weber functions for intensity discrimination of 50 ms signals by
several fibers in E®op) and AS(bottom) conditions. Electric stimuli were
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FIG. 11. Distributions of Weber fractions for intensity discrimination by ES

fibers with higher absolute thresholds may be slightly moréibers that did not exhibit oscillating excitabilititop), ES fibers that did
sensitive to intensity changes. It is consistent with the notioMiddie), and AS fibers(bottom. ES signals were at 200 pps, and AS
hat high-th hold . | d hei sl:gnals were at CF. Signal duration was 50 ms, and all AS fibers came from
that high-t reshold neurons are stimulate on their centrglic same ear.
processes, which in turn have larger node diameters, steeper
rate-level functions, and lower membrane noise. Sensitivity . . ) _ .
to intensity changes should also correlate with latency, whicl¢it@Pility are shown in the middle; and responses of AS fi-
is generally shorter for central-process activation sites thaR€rS aré shown at the bottom. Mean performance w52.8
for peripheral-process activation sitézavel and Shepherd, 9B for ES fibers displaying constant excitability,8.1 dB
1999. for ES fibers displaying oscillating excitability, anel0.2 dB

Weber functions for intensity discrimination in AS con- fOr AS fibers. _ _ o
ditions are shown in the lower panel of Fig. 10. Stimuli were ~ 1he €ffect of stimulus pulse rate on intensity discrimi-
50 ms CF tones repeated at 150 ms intervals, and all re-
sponses came from the same ear. The data are similar to

those previously reported by DelguttE987 and Viemeister -5l Duration = 50 ms
(1988, and the AS functions are presented here becél)se . 30;1%0 us/phase -1
data were obtained under conditions closely comparable to -7

those for ES and?2) the analysis was identical. Two major
differences exist between the AS data and the ES data. As
would be expected from the rate-level functions, the range
over which performance improves is considerably larger for
AS than for ES(note the difference iX-axis scales between
the two panels in Fig. J0More importantly, the asymptotic
values for Weber fractions in ES are considerably smaller
than the minimum ValueS for AS llIJO 2(|JO 3ll)0 4$0 5(|)0 6:)0 7(IJO Bt!JO 9EI)0 IOIOO
Distributions of Weber fractions for ES and AS condi- Pulse Rate (pps)
tions, averaged over values obtained within each fiber’s dy-
namic range, are shown in Fig. 11. Responses of ES fiberF§G' 12. Average inte_nsity discriminatk_)n performance as a functipn of
T . . ulse rate for nine ES fibers from five animals, for 50 ms signals. Solid and
whose excitability remained constant across time are Showghshed lines indicate mean1 s.d. and filled symbols denote data from one

at the top; responses of ES fibers exhibiting oscillating exef the fibers.

10 Log (Al/D)
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nation of 50 ms ES signals is shown in Fig. 12. Solid andity and variance in single-pulse and low-pulse-rate condi-
dashed lines indicate meanl s.d. for data from nine fibers tions (Bruceet al, 1999. While some fibers exhibited para-
in five animals, all of which were tested over the entire rangebolic variability functions for pulse rates of 200 pps.g.,
of pulse rates. Filled symbols indicate data obtained fronfilled circles in Fig. 3, most did not. Also, parabolic vari-
one of those fibers. Performance is not substantially differendance curves were never observed in high-iat€00 pp$
for pulse rates between 100 and 1000 pps. This might bstimulation, where refractory effects become significant.
expected on the basis of equivalent rate-level function slopeBruceet al. (1999 showed that increasing absolute and rela-
(when measured in absolute units of spikes/$/dBd com- tive refractory times flattens variability functions in predict-
parable spike count variability across pulse rdg. 4). able ways, and that choosing appropriate values can produce
curves which conform to the observed data relatively well.
An important point suggested by data presented here is that
the duration of the absolute refractory period and the time
A. ANF responses constant of the relative refractory period both need to be
Steeper rate-level functions and correspondingly re_increased substantially to account for ES variance curves.

duced dynamic range in E&ig. 1) reflect the fact that direct Furthermore, the existence qf plateaus in many ES variab!lity
electric stimulation is considerably more effective in eliciting fUnctions suggests that detailed shapes of rate-level functions
spikes from spiral ganglion cells than synaptic neurotransdiffer for ES vs AS. That is, flattened _varlablhty functions
mission. In addition, fibers can also respond at much higheff9ue that slqpes of ES rate-level func’qons are constant over
sustained discharge rates in ES than in(RR. 4. However, ~much of their extent. Our data also imply that integrated
slopes of ES rate-level functions measured in absolute unitgaussians, while convenient, do not describe shapes of ES
of spikes/s/dB are generally no different at high pulse rategate-level functions precisely. That is, the facts tia
than at low pulse rates, and variability does not change. Intrue” ES rate-level functions saturate at a very high dis-
terms of intensity discrimination, this implies that perfor- charge rates(2) slopes do not vary appreciably across pulse
mance should not depend on pulse rate. This generalizatidifte, and(3) maximum possible discharge rates vary from
holds for both single-fiber responségig. 12 and psycho- fiber to fiber mean that low-pulse-rate stimuli only reveal
physical performance in implanted humad@onaldson, per- Part of the underlying function. Given this, a better descrip-
sonal communication tion of ES rate-level functions would be provided by an in-
Variability of both ES and AS spike counts conforms to tegrated Gaussian that saturates at the maximum possible
Poisson-process predictions up to discharge rates of 20—4fischarge rate, appropriately truncated at the stimulus pulse
spikes/s and then falls increasingly short of predicted behavate.
ior at higher discharge rates. Variability in AS conditions  Related to the issue of internal noise, Rubinstetiral.
follows a monotonically increasing curve that resembles 41997 presented preliminary neural modeling work that pre-
power function. As noted earlier, several studies have showfliCts a decrease in ES input—output slope when inter-spike
that the discrepancy between observed behavior and Poissdhtervals (ISls) approach the absolute refractory time. The
process predictions stems primarily from the effects of absodecreased slope stems from increased noise, which in turn
lute and relative refractoriness. ES variability is smaller thargrises because fewer ion channels are available for conduct-
AS variability in fibers whose excitability remains constanting spikes when ISls are short. Thus as ISI decreases, neu-
across time. Increasing pulse rate does not increase spikens output spikes that have increasingly more variability,
count variability in ES conditions, at least for pulse rates lesgulminating in an inability to output any spikes when ISls
than 800 pps in fibers capable of responding at high disreach the absolute refractory time. The increase in variability
charge rategFig. 4). Variability in ES responses is usually we observed when neurons respond at their maximum pos-
maximal at discharge rates of 100 spikes/s, and it often asible rateqFig. 4) is in general agreement with this concept.
tains a plateau value that differs from fiber to fiber and isHowever, the observation that maximum possible discharge
maintained throughout most of the remaining dynamic rangerates differ across fibers suggests corresponding differences
One of two behaviors occurs at high pulse and dischargé absolute and relative refractory times from cell to cell.
rates, depending on the fiber's ability to respond in a susAlthough our data suggest that these both increase in chronic
tained manner at discharge rates that exceed the stimulggofound deafness, a considerably larger sample size is
pulse rate. For fibers that can do this, variability decreases toeeded to resolve this issue. The increased variability due to
zero when responses become deterministic and each pulSme-dependent fatigud=ig. 8 apparently stems from a dif-
elicits a spike. For fibers that cannot, variability increasederent source than refractoriness-related effects.
when the discharge rate approaches the maximum possible A recurrent theme in developing speech processing strat-
rate. The maximum possible rate appears to depend on duregies for cochlear implants at the present time is that increas-
tions of absolute and relative refractory times, and these varing pulse rates in each stimulation channel will change sto-
from fiber to fiber. ES variability becomes increasingly chastic properties of ES responses such that they better
smaller than AS variability as discharge rates exceed 4@pproximate AS responségVilson et al, 1994a. Changes
spikes/s, except in fibers exhibiting oscillating excitability. in stochastic behavior can be approached from more than one
Stochastic models of ES utilize rate-level functionspoint of view. On one hand, it can mean increased temporal
whose shapes conform to integrated-Gaussian curves, asgike dispersion, i.e., reduced phase-locking. However, since
they predict a parabolic relationship between spike probabilHartmann and Klinké1990 and Dynes and Delgut{d 992

Ill. DISCUSSION
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showed that ES responses to sinusoidal current are signifi- AL N
cantly phase-locked to at least 12 kHz, it appears that high- b ]

rate stimulation cannot substantially change this aspect of : 12
stochastic responsiveness. On the other hand, altered sto- R ::: 4
chastic behavior can also mean increased spike count vari- o5 |

ability, as evidenced in PNDs with counts distributed over a & F dos .3
larger range of values that better conform to Poisson-process S 7T [@ ees ri1 dos =
predictions or AS behavior. Data in Fig. 4 show quite clearly 2 [ |4 Jub ri4 Joz
that stimulation at rates up to 800 pps does not increase D fxe et

variability unless fibers discharge at their maximum possible er 3 LYT:)O r‘r]199 1%
rates, and even then the increase is relatively small. This _18', N T ,_0'07
suggests that increasing stimulation rates cannot alter the 4 4 48 50 52 B4 56 58

L L . Intensity (dB uA
low-variability nature of intrinsic neural noise, and that a ntensity (dB uA)

different approach is needed to increase variability. One wayiG. 13. Weber functions for intensity discrimination as a function of level
to achieve this is to add external noise to the sidkélson by implante_d humaps, from Nelsat al. (1996. Different symbols denote
et al, 1994b. While this certainly will succeed in increasing data from different listeners. Corresponding values bfs are shown on the

. . nonlineaj right axis for reference purposes.
randomness, a problem is that all neurons activated by thge
signal will tend strongly to respond in a similar manner.

Howev:_e_r ' glthough |nd|V|duaI_ neurons may exh|b|t_ mc_regsedon spike count. The remainder reflects the steeper rate-level
probabilistic response behavior when external noise is 'ntrofunctions for ES. Rate-level functions for 200 pps signals in
duced, variability in the active neural population should NOt=g are 620 times steeper than those for CF tones in AS, as
Increase. Fig. 1 illustrates. Consequently, a given intensity change pro-

The phfenomt;non_ of”“odscnllatmg eénqtabg'ty”hm AN:: duces a much larger change in count for ES, and the intensity
responses from chronically deafened é#igs. 6§ has no change necessary to produce a criterion change in count is

been described preymusly. It resemble§ .the. “'rhythm|c” re'correspondingly smaller.
sponses observed in auditory nerve activity in immature ears Figure 13 shows human psychophysical data from
(e.g., Walsh and McGee, 19B@However, unlike responses Donaldson(personal communicatiorfor ES intensity dis-

oftlmmagurte cell_s, dOSCII_Iatlng_tExlmtatl)lIg\)l/thoccur:sthat slower crimination. Although the conditions are only partially com-
rates and Its period varies with Jevel. ough the prOpc’r_parable to those used in the present experineitts, inter-

tion of fibers exhibiting oscillating excitability increased esting that the thresholds are similar to those shown for the
from 28% to 42% as duration of deafness increased from 6 25 neural data. Furthermore by pooling selected fibers from
1.2 weelgs, ?ltjr: samplel size |sft?ho srrr:all to draw firm ConClu'Fig. 10 one can obtain a rough account of the psychophysical
sions about the prevajence of the phenomenon. data, including the generally larger dynamic range. Such

TQ.?tor.lg'trr'] c:f OSCILI)atmg ex:na:@:nyl 'Sln?lt clea:. One Ipooling would seem to require that responses of saturated
possIbiity 1S that membrane potential SIow'ly TUCIUates Ovelg,q g 5re ignored, similar to a situation that may exist in AS

ZWide Lan_ge :jn _de-affe”relntelzd fcells.fVervee_(l‘_L’_962) in vitroh conditions (Viemeister, 1983, 1988; Delgutte, 1987; Win-
ata, obtained intracellularly from frog sciatic nerve, showg . -+ Sachs, 1988

such fluctuations when voltage was clamped to higi®0

The similarity between the ES neural data and the psy-
mV) potentials. This suggests the possibility that ion conduc y psy

chophysical data differs from the situation for AS. The We-

tances responsible for resting potential change when deb—er fraction for 50 ms, 1 kHz tones measured psychophysi-

afferentation silences a spiral ganglion cell. An interestingCally is about—4 dB (Florentine, 1988 versus—1 to +2
consequence of widely fluctuating membrane potentials i%IB for data from individual celle‘;Fig. 10 and a mean per-

that cells may exhibit regular but low spontaneous dischargvfaormance of+0.2 dB across cell§Fig. 1. The smaller

rates, even though the cell has no hair cell innervation. In OWn/aber fractions observed in psychophysical experiments can

slarr12ple,_kseveral A:\“:S from ?e_z;\fetr;]e(: tear(‘js de>§h|b|ted lO\t%e reconciled with the neural data by assuming that spike
(1-2 spikes/s spontaneous activity that tended to occur a counts are pooled over several fibers. More specifically, de-

regullta_r mtlervals. ible that ilati itability | ¢ cisions based on optimally weighted counts from six to seven
ent ,"S ta ?0 p,(,)ssr,: € that osc ha.l 'rr:g excita Illy 'i a r?n' independent fibers would reduce the neural Weber fractions
sient, “start-upphenomenon which occurs only when €lec~, y,,se ghserved behaviorally. However, the major discrep-

g.'c signals for:ce pr::‘.w.?uily silent (f:ells to tre:IFt)l‘?nd, hand '.tlancy between the neural and psychophysical AS data is not
sappears when activity becomes Irequent. ough 0SCllg,e “gifference in Weber fractions but the enormous differ-

lating excitability clearly occurs, more work is needed to . i dynamic ranges. A multi-fiber, multi-population ar-

estaplish it§ origin and impact on auditory perceptual pro'gument has been used to explain the psychophysical dy-

cessing in implanted humans. namic range for A§Viemeister, 1988 Of course, the fiber

populations involved in acoustic intensity coding would be

different at different frequencies, and many fibers would be
The difference in variability between ES and AS ac-required to code intensity over the entire frequency and dy-

counts for only about 4 dB of the largepproximately 13 namic range of normal acoustic hearing.

dB) difference in intensity discrimination thresholds based  The agreement between intensity discrimination perfor-

B. Intensity discrimination
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mance and dynamic range for ES fibers and implanted huThey do not appear this way in the upper panel of Fig. 10 because for
mans is surprising. Extending the argument above for AS intensities eliciting discharge rates at and near the stimulus pulse rate, no

optimally weighting contributions from fewer than three ES v_alue ofAI_produced the increase |r_1 discharge rate needed to estl_ma?e a
. difference limen. Hence, Weber fractions could not be estimated. This situ-

fibers could recongl_e the Weber fractions and the d_ynam'cation is particularly prevalent in ES because, unlike the situation in AS,
ranges. Although it is to be expected that deafness-inducedischarge rate saturates abruptly at the pulse rate for lowz860 pp3
cell loss would lead to fewer available fibers in implanted signals.
listeners, a functional populatiofper electrode so small 2To see this, consider performance in termslbfather tharP(C). For the

! . [ . present situation in which decisions are based on spike count,
seems implausible. One possibility is that similar numbers of™ ™\ '\

fibers are involved in ES and AS, but ES responses are not' =——————

. . . . 4
statistically mdependent._Rather, ES r_esp_onses are pos'tlv_elylherec(l +Al) andc(l) are mean counts elicited by two signals differing
correlated because of high synchronization to the pulsatilen intensity ande, is the standard deviation of the counts at intensjty
signals. In the limiting case, if responses across fibers wereassuming equal variance and a constant counting interval. Assuming lin-
perfectly phase-locked and deterministic the Weber fractionearity of the rate-level function in the coordinates of Fig. 1, this becomes
for a combination of fibers would be the same as for onedrzw,
fiber. Je

P TTIR . whereS is the slope of the rate-level function in spikes/s/dB anid the
Another pOSSIbIlIty is that human performance IS not counting interval. From Fig. 27 is lower by approximately a factor of 2

determined _by the_StO_Cha_StiC behavior Qf ANF responses angh; s than for AS when is within the dynamic range of the fiber. This
that the major limitation is “central noise,” one source of reduction in variability increased’ by a factor of 2. For 50 ms signals,
which could be sub-optimal information weighting. In this rate-level functions in ES are approximately 10 times steeper than those in

case inputs from more than three fibers might be required tOAS when me_asured in absc_)lute units of sp_ikes/s/dB an_d estimated at the
h . hi . h h steepest portion of the function. Thus for a given change in level the overall
overcome the noise. This view suggests that the agreemerg, should be a factor of 20 greater for ES. To express this in terms of

between the human psychophysical data and physiologicajiscrimination thresholds, note that is proportional toAl 4 so, for the
data from the auditory nerve is largely coincidental. Our samed’, Al will be reduced by a factor of 2 by the reductiondn and
opinion is that the agreement between neural and psychaoby 10 by the increase i8. From Fig. 5,A1 g is approximately 3.2 dB for

physical performance in ES conditions is not coincidental.AS. The factor of 2 reduction decreases the Weber fraction by 3.@alB
Rather. it is best explained by assuming statistical homo e_—3.5 dB), and the factor of 10 reduction further decreases the Weber frac-
’ P y 9 9€%ion by 10.5 dB(to —14.0 dB.

neity in the population response to ES signals and in therne stimuli used by Nelsoet al. (1996 were 200us phase, 125 pps
dynamic ranges of active fibers. biphasic pulse trains presented for 300 ms, and a 3IFC tracking procedure

Relative contributions of peripherédtochastizand cen- ~ Was employed to estimate the DL that yielde¢C)=0.794 @d'=1.63).

: : he data shown in Fig. 13 were obtained with 18 phase, 200 pps
tral noise to perceptual performance could be examined b)giphasic pulse trains presented for 50 ms, and the DL was estimated for

assessing im_enSity discrimination performance in ANF F€-p(C)=0.70 in 2IFC ¢’ =0.75). Decreasing pulse duration from 200 to
sponses to stimulus conditions that affect randomness in petoo us phase would not affect the psychophysical DLs at equal sensation
ripheral activity. Two examples of these are long-pulsewidth levels, nor would changing the pulse rate from 125 to 200Banaldson,

: personal communicationBased on acoustic dat&lorentine, 198§ de-
SlgnaIS(DyneS and DeIgUtte’ 1992nd pUIse rates800 pps creasing duration from 300 ms to 50 ms would increase the Weber fraction

(Rubinsteinet al, 1997. With r(.aga'\rld tp the former, Fergu- by approximately 2 dB. The psychometric functions presented in Nelson
sonet al. (1998 found that variability in behavioral thresh- et al. (1996 indicate thatd’ is a linear function ofAl. Thus the Weber
olds to electrical stimuli increases with pulsewidth, in accord fraction would be reduced by 10 log(1.63/0.#53.4 dB for P(C)=0.7 in

with ANF data and stochastic neural models. This suggest@":dc- Thedf_‘t?t result is fhf;tl iftfh?hpSYChopgnyiC?r'] data hﬁddbferlhObﬁngd
. . gn er conaitions comparable 1o those usea f1or the neural adata, the eoper
that perlpheral neural processing plays a larger role than ceng. . " 14 be reduced by 3-2—1.4 dB.
tral processing, at least for tasks related to absolute threSIZ‘?Iorentine(lQB& used a 2IFC adaptive procedure that estimated the DL for

old, and that central noise is both constant and of smallemr(C)=0.71. This performance level is nearly identical to the 0.70 value
magnitude than peripheral/stochastic noise. However, suffiused to define DLs in our analysis. It is well known that acoustic Weber

cient data to address the roles of peripheral versus centrdfactions decrease with the intensity of the standard, and it appears that this
“near miss” to Weber’s Law results from the nonlinear spread of excita-

noise in other tasks, one of which is intensity discrimination, tion to frequency regions remote from that of the standfmda review, see

are not yet available. Plack and Carlyon, 1995Florentine obtained a Weber fraction ef4 dB
at 1 kHz and 40 dB SPL, the lowest level used in that study. We use the
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