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Difference limengDLs) for changes in electric current were measured from multiple electrodes in
each of eight cochlear-implanted subjects. Stimuli were 26@hase biphasic pulse trains
delivered at 125 Hz in 300-ms bursts. DLs were measured with an adaptive three-alternative
forced-choice procedure. Fixed-level psychometric functions were also obtained in four subjects to
validate the adaptive DLs. Relative intensity DLs, specified as Weber fractions in decibels
{10 log(Al/1)} for standards above absolute threshold, decreased as a power function of stimulus
intensity relative to absolute threshdWil/1 = B(1/1,)“} in the same manner as Weber fractions for
normal acoustic stimulation reported in previous studies. Expor{entsf the power function for
electric stimulation ranged from-0.4 to —3.2, on average, an order of magnitude larger than
exponents for acoustic stimulation, which range freid.07 to —0.11. Normalization of stimulus
intensity to the dynamic range of hearing resulted in Weber functions with similar negative slopes
for electric and acoustic stimulation, corresponding to an 8-dB average improvement in Weber
fractions across the dynamic range. Sensitivity to intensity ch@t@ég g} varied from—0.42 to

—13.5 dB compared te-0.60 to—3.34 dB for acoustic stimulation, but on average was better with
electric stimulation than with acoustic stimulation. Psychometric functions for intensity
discrimination yielded Weber fractions consistent with adaptive proceduresl’angs a linear
function of Al. Variability among repeated Weber-fraction estimates was constant across dynamic
range. Relatively constant Weber fractions across all or part of the dynamic range, observed in some
subjects, were traced to the intensity resolution limits of individual implanted receiver/stimulators.
DLs could not be accurately described by constant amplitude changes, expressed as a percentage of
dynamic rangdAA(%DR)}. Weber fractions from prelingually deafened subjects were no better or
worse than those from postlingually deafened subjects. The cumulative number of discriminable
intensity steps across the dynamic range of electric hearing ranged from as few as 6.6 to as many
as 45.2. Physiologic factors that may determine important features of electric intensity
discrimination are discussed in the context of a simple, qualitative, rate-based model. These factors
include the lack of compressive cochlear preprocessing, the relative steepness of neural
rate-intensity functions, and individual differences in patterns of neural survival.19€5
Acoustical Society of America.

PACS numbers: 43.66.Ts, 43.66.Sr, 43.66.Ch, 43.64I1M¢& ]

INTRODUCTION limens(DLs) in monkeys using primarily sinusoidal electric

The ability of deafened listeners to discriminate Sma”stimu-latior-], and reported a consistent improvemenF in the
changes in electric current is a fundamental consideratioPL with stimulus level. They also re_ported_that electric DLs
with respect to the design of implantable cochlear prosthese/ere somewhat poorer than acoustic DLs in monkeys. Shan-
Previous studies suggest that intensity discrimination fof"0n (1983 described electric DLs for a single human subject
electric stimulation of the cochlea is sometimes better andSing 100- and 1000-Hz sinusoids and different electrode
sometimes worse than it is for acoustic stimulati@im- configurations. DLs improved with stimulus level and were
mons, 1966; Douelet al, 1977; Eddingtonet al, 1978; slightly better than acoustic DLs. Hochmair-Desoytral.
Fourcinet al, 1979; Aran, 1981; Hochmair-Desoyet al., (1981, using 300-Hz sinusoids in a single subject, reported
1981; House and Edgerton, 1982; Hochmair-Des@eal,  €lectric DLs that were an order of magnitude smaller than
1983; Tonget al, 1988, depending upon the psychophysical acoustic DLs, but improved only slightly with stimulus level.
method used to collect the data, the particular stimulus wavePillier et al. (1983, using 100-Hz biphasic pulses, also re-
form used, and the level at which intensity discrimination isported electric DLs that were an order of magnitude better
measured. For a complete review, see the reports by Pfing#tan acoustic DLs. One of their subjects improved with
and co-workerg1983, 1984, 1988 stimulus level but the other did not. These studies involve

Only a few studies have investigated intensity discrimi-too few subjects and too few stimulus conditions to ad-
nation across the entire dynamic range of electric hearingequately address questions of mechanisms underlying inten-
Pfingst and co-workeréPfingstet al, 1983; Pfingst, 1984; sity discrimination or to evaluate the significance of intersub-
Pfingst and Rai, 199Cevaluated relative intensity difference ject variability. Furthermore, data are sparse for bipolar
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TABLE I. Subject code, age at implant surgery, insertion depth of electrodeschemes used in the design and fitting of cochlear implant
array (mm from round window, number of years of deafness before sur- Processors
gery, and primary cause of deafness. )

Subject  Age Depth Yrs deaf Primary cause of deafness | METHODS

JWB 51 20 4 Cochlear_ otosclerosis A. Subjects

TVB 41 22 8 Progressive snhl

DVS 44 22 10 Congenital; progressive snhl Subjects were seven postlingually deafened adults and
RFM 57 22 1~ Meniere's disease one prelingually deafened adulAMA) who had been im-
i >2 24 4 Hereditary; progressive snhl lanted with a Nucleus 22-electrode device. Table | displays
EES 54 17 4 Cogan’s syndrome p . . : ) . play
EXC 64 25 4 Noise-induced; progressive snhi  the age of each subject at the time of implantation, depth of
AMA 58 19 58 Congenital insertion of the electrode array, the number of years each

subject was deaf before implant surgery, and the primary
cause of deafness. All subjects were experienced implant us-
pulsatile stimuli, even though such stimuli are in widespreackrs, having used their devices for 4 to 7 years prior to par-
clinical use. ticipating in this study. For most subjects, electric stimula-
The present research evaluates relative intensity DLs, aion was bipolar between every other electro@®P+1),
Weber fractions, as a function of stimulus level, using bipo-which corresponds to a spatial extent of 1.5 mm between
lar pulsatile stimuli. It was undertaken to address severaglectrode pairs. For two subjects, electric stimulation was
general issues: First, given the wide range of electric DLsipolar between adjacent electrodes, which corresponds to a
reported by previous studies, using a variety of psychophysispatial extent of 0.75 mm. In this report, electrodes are num-
cal methods and stimulation schemes, we wanted to detebered from 01 to 22, starting at the apical end of the elec-
mine whether such large differences could be demonstratettode array: Electrode pairs are specified by the more basal
either across subjects or across electrodes in a particular suthember.
ject, when psychophysical method and stimulation scheme  For four subjects, Weber fractions were measured on six
were held constant. If large differences do exist, then thelectrodes across the electrode array. One electrode near the
may stem from local differences in absolute threshold andasal end, one electrode near the apical end, and four addi-
dynamic range along the electrode array, which, in turn, mayional adjacent electrodes that demonstrated disparate dy-
reflect characteristics of the surviving neural population. Furnamic ranges, were chosen for testing. In cases where only a
thermore, such differences may contribute significantly tdimited number of electrodes was available, due to subopti-
differences in subjects’ speech recognition performancemal insertion depth or undesirable percets., facial nerve
Second, we wanted to determine how Weber fractionstimulation, the most basal or apical electrodes available
change across the dynamic range, so that comparisons coulgkre tested. In the remaining four subjects, three electrodes
be made to acoustic Weber fractions in normal-hearing liswere selected for testing, one each in the apical, middle and
teners. In acoustic listeners, Weber fractions for tones imbasal regions of the implanted array. Table Il lists the bipolar
prove consistently with increasing sensation lefddsteadt separation and electrode pairs used with each subject.
et al, 1977, presumably reflecting the nonlinear spread of
excitation that occurs with stimulus level in the cochlea. For
a thorough review of intensity discrimination with acoustic
stimulation in humans see Viemeistdi988. Since nonlin- Experiments were controlled by a 12-MHz 80286 AT
ear excitation patterns are not present in electric stimulationgomputer connected through a parallel port to a BTNI co-
comparisons of electric and acoustic Weber fractions maghlear implant interfacé€Shannoret al,, 1990. The interface
provide clues to the theoretical mechanisms underlying inallowed computer control of the Nucleus receiver/stimulator.
tensity discrimination. Finally, a more definitive knowledge Stimuli used in this study were either 500- or 300-ms pulse
of Weber fractions in individual implant subjects is neededtrains comprised of 20@s/phase biphasic current pulses
to evaluate the appropriateness of various compressiopresented at a rate of 125 pulses/s.

B. Stimuli

TABLE Il. Subject codes, stimulation scheme and electrode pairs tested. Stimulation modes used were bipolar
(BP) or bipolart+1 (BP+1), corresponding to spatial extents of 0.75 and 1.5 mm between electrode pairs.
Electrode numbers increase from apex to base. Each electrode pair is referred to in the text by the higher-
numberedmore basalelectrode.

Subject Stimulation Electrode pairs tested

JWB BP+1 07:05 11:.09 12:10 13:11 14:12 17:15
TVB BP 08:07 15:14 16:15 17:16 18:17 21:20
DVS BP+1 06:04 09:07 10:08 11:09 12:10 19:17
RFM BP+1 05:03 13:11 14:12 15:13 16:14 21:19
JPB BP+1 07:05 11:09 16:14

EES BP+1 05:03 11:09 18:16

FXC BP+1 05:03 11:09 18:16

AMA BP 04:03 11:10 19:18
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C. Psychophysical procedures rect answer feedback was provided after each trial. The com-
parison stimulus was initially 1-3 dB more intense than the
standard stimulus. For the first four reversals, the comparison
level was altered according to a one-down/one-up stepping
Absolute detection thresholds and maximum acceptabl@yle, with step size equal to one-fourth of the initial differ-
loudness level$MALs) were measured on all available elec- ence(e.g., 2 dB/4=0.5 dB). These initial four reversals were
trodes of each subject’s implanted array, using an ascendingtended to quickly move the adaptive procedure into the
method of adjustment. Subjects were presented with 500-mgrget region of discrimination threshold. After the fourth
trains of biphasic pulses at a repetition rate of 1 train per Sreversal, step size was reduced to one-eighth the initial dif-
The tester slowly increased stimulus level until the subjectgrence (e.g., 2 dB/8=0.25 dB and a three-down/one-up
indicated that a sound was just audilébsolute threshold  stepping rule was assumed. This stepping rule estimates the
then continued to increase current until MAL was reachedstimulus level corresponding to 79.4% correct discrimination
Absolute threshold and MAL estimates for three runs werq eyitt, 1971). Step size was constant for all remaining trials
averaged to obtain a single measure of each. Absolute thresfinjess the decision rule called for the comparison stimulus to
olds and MALs were rechecked periodically to insure thathe presented at the level of the standard. If this occurred, the
there were no consistent changes during the course of thgogram moved from a fixed step size to a step size corre-
experiment. sponding to a factor of Ze.g., 0.25/20.125 dB until the
Additional absolute threshold estimates were obtained tqaye| difference between the standard and the last presenta-
verify the initial method-of-adjustment absolute thresholdsgign |evel again exceeded the previous fixed step size.
using either a modified Bekesy tracking technique or a three-  a|| stimulus levels presented during the 3AFC adaptive
alternative forced-choic€AFC) adaptive procedure. For the track were translated into the nearest realizable current step
modified Bekesy tracking technique, 500-ms trains of biphaynijt (CSU)? using a calibration table provided by Cochlear
sic pulses were initially presented 2 dB above the absolutgorp. for each subject’s implanted electrode array. On occa-
threshold obtained with the adjustment procedure. Subjecigion, the adaptive stepping rule called for a level difference
were instructed to depress a mouse button as long as theyat, when translated into CSUs, corresponded to the same
heard a sound and to release it when the sound became igsy for both the standard and the comparison intervals. If
audible. Stimulus level was slowly reduced in 0.5-dB stepshis occurred on five consecutive trials, the run was aborted
until the subject released the button; stimulus level was thegng restarted. Trials continued until a total of 12 reversals
reduced another 2.0 dB and an ascending run was begufecurred. The mean of the final eight reversals was taken as
This time, the level of the stimulus was increased in 0.5-dBthe DL estimate. The level difference at discrimination
steps until the subject pressed the button indicating that thgyreshold was then converted to a Weber fraction in decibels.
sound was again audible. Stimulus level was then increased \weber fractions were determined in this manner for four
2.0 dB and another descending run began. Alternating dep seven intensity levels of the standard spanning the dy-
scending and ascending runs continued until 12 “turn-namic range of each electrode tested. Data were obtained in
arounds” (levels at which the subject released or depressedets, where a single set was comprised of one adaptive track
the mouse buttgrwere obtained. The mean value of the final 3t each stimulus intensity, in increasitigw-to-high) order.
eight turn-arounds was taken to be absolute threshold. Afh most cases, three or more sets were tested during a single
adaptive 3AFC threshold procedure estimated the currenfstening session, which allowed any learning effects to be
level corresponding to 79.4% correct detection using a threegjstributed across stimulus levels. Between each low-to-high
down/one-up stepping rule. The same basic paradigm as jave| series, absolute threshold was retested to check for au-
the adaptive intensity discrimination procedure was used gjtory fatigue effects. No obvious fatigue effects were ob-
described beloly except that a 300-ms train of biphasic served. Sessions were repeated until at least three Weber
pulses was presented in only one of the three listening intefractions fell within a range of 5 dB at each stimulus level. In
vals. The subject’s task was to detect which interval conthjs report, we will use the term “Weber function” to refer
tained a sound. Absolute threshold determinations from thregy 5 set of Weber fractions obtained as a function of the level
3AFC tracks were averaged to obtain the final threshold esyf the standard for a single electrode.
timate.

1. Absolute thresholds and maximum acceptable
loudness levels

2. Adaptive Weber fractions

. . . . 3. Psychometric functions for intensity discrimination
Weber fractions were obtained using a 3AFC adaptive

procedure. Stimuli were 300-ms trains of 28/phase bi- Psychometric functions for intensity discrimination,
phasic pulses at 125 Hz, presented in three listening intemwhich define performancén d’ units) as a function of the
vals. Two stimuli were presented at a fixed leyglandargl  size of the intensity changeA(), were evaluated in four
and the third was presented at a higher |elegimparisoin subjects to confirm results obtained with the adaptive proce-
with the comparison interval chosen at random on each trialdure. Stimuli were identical to those used in the adaptive
The subject’s task was to decide which interval was “loud-procedure. A two-alternative forced-choi¢@AFC) para-
est” and respond by pressing the corresponding button on digm was used in which the standard and comparison stimuli
three-button computer mouse. Stimulus intervals were cuediere presented in random order and the subject was in-
by three sequentially lighted boxes on a video monitor. Corstructed to choose the interval with the louder signal. Ten

2395 J. Acoust. Soc. Am., Vol. 100, No. 4, Pt. 1, October 1996 Nelson et al.: Intensity discrimination with electric stimulation 2395



60

50 |

40 t

dB re 1 yAmp

30

60

50 |

dB re 1 yAmp

40

30

60 F

50 t

40 +

dB re 1 uAmp

30

60

50

40 |

dB re 1 pAmp

A A A
30 L. é .A PN L s 30 %. L ) '

0 5 10 15 20 25 0 5 10 15 20 25
Electrode Number Electrode Number

FIG. 1. Absolute thresholds and maximum acceptable loudihdas ) levels for the eight subjects from whom Weber fractions were measured, plotted as a
function of electrode number. Lower numbered electrodes are more apical along the electrode array. The upper curves in each panel show the average MALs
(wide shaded curyeobtained over a series of test sessions, along with values one standard deviation above and below eacthavetages. The lower

curves in each panel indicate the average absolute thre@hiole dark curvg obtained over a series of test sessions, along with values one standard deviation
above and below each averaglein curve$. The electrodes for which Weber fractions were measured are indicated by the shaded triangles at the bottom of
each panel.

levels of the comparison stimulugusually consecutive Il. RESULTS AND DISCUSSION

C_SUs) were tested for .discrimination from the standardA_ Absolute thresholds and maximum acceptable

stimulus whenever possible. If the standard level was neag dness levels

the MAL and ten steps could not be tested, then the maxi-

mum number of steps available was used. Stimuli were pre- Figure 1 shows absolute thresholds and maximum ac-
sented in blocks of 20 trials. Each point in the psychometricceptable loudness levelMALs) for all usable electrodes in
function was based on four to five blocks, or a total of 80—each subject’'s implanted electrode array. The top set of
100 trials per point. curves in each panel shows the mean MALs across elec-
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trodes(wide shaded curye together with values one stan- 4) that this metric produces measures of intensity discrimi-
dard deviation(s.d) above and below the means. The bottomnation with constant variance across stimulus level, as in the
set of curves shows the mean absolute threshold obtained @toustic case. Since the present stimuli are specified in terms
each electrodéwide dark curvg along with=1-s.d. values. of electric current, the Weber fraction may be specified as:
Symbols(shaded trianglésalong the bottom of each panel Wf=AA2%/A2+2AA/A, whereA is current amplitude ipA
indicate those electrodes selected for intensity discriminatiofiPfingstet al, 1983.
testing. Whenever possible, electrodes with widely different ~ As noted previously, we refer to the curve describing
absolute thresholds were chosen. Weber fractions in dB as a function of the stimulus level of
The MALs for two subjects were not well defined by the standard above absolute threshold, &eder function
discrete limits. As stimulus level was increased, loudnes&mpirical Weber functions are well described by a power
growth ceased before MAL was reached, i.e., no growth irfunction of stimulus intensity relative to absolute threshold
loudness was observed above a given current level, and thattensity as follows:
level was below MAL. This occurred on some electrodes for

subjects JWB and RFM. In such cases, MAL was taken to be Allt=p(10)*, (13

the level where loudness growth saturated. Wfgg=a-10 log(I/1o) +10 log B), (1b)
Absolute thresholds varied both among subjects and

across electrodes within a subject. The lowest threshold of Wfgg=a(dB SL)+b, where b=10log ). (10

g?/é dBrr]_eI: 1t# Ah(.6ﬁ'2’?ﬁ‘]) Wis isdeepso‘?)n ;Egg f;or; subject Equation(1) has been used successfully to describe intensity
b ,wc:e eELISSGfS resb_o t(I;FM. Vs'th' s _)was b discrimination as a function of sensation level in normal-
observea on r rom Subjec - Within a given su “hearing acoustic subject§lesteadtet al, 1977; Schroder

ject, the largest threshold differences across electrodes wegg o 1994. Equation (1) expresses the Weber fraction
seen for subject DVS. This subject revealed unusually Iarg?AI/I') in terms of the ratio between the intensity of the
threshold differences for adjacent electrodes rEL09, rELlOstandard () and the intensity at absolute threshdlg) for

rEL11, and rEL12, with the largest difference between ; .
’ ’ . ; I >1,, while Egs.(1b) and(1c) express the Weber fraction in
rELO6 and rEL11(9.6 dB). This curious pattern of alternat- ecibels(Wfg) in terms of the sensation levéBL) of the

ng bhllgh apt(;l] Itcr)lw abzplu;[:e thres.hol?st.maly trefle;:t ba,n T:?elgll/l tandard. The same equations can be used to specify inten-
probiem wi IS subject's receiver/stimulator. subjec ity discrimination for electric simulation.

also exhibited a large threshold difference betyveen rELO To illustrate the application of Eq1) to electric inten-
anddrI?L15(10 dB), tht these electrodes were widely Seloa'sity discrimination, averaged Weber functions for two elec-
rateD fom one another. d he diff b trodes from subject TVB are shown in the left panel of Fig.
MAL yngtml;c rlanger,] exrp]) r?sszB aslt € d ((j—:-rence etvt\)/eeg_ Both functions were fitted to Eqlc) by linear least-

: and absolute thresholgin ).' aiso varied among sub- squares regression. The resulting parameters are given in Fig.
jects and across electrodes. Subject JWB exmblted the Iargk- nd the best fitting Weber functions are plotted as heavy
est Qynamlc ranges across electrod.es, averag|ng.1'0.8 d 3faded lines. An index of overall sensitivity to intensity
varying from 3.6 tp 12.4 dB. Subject DVS exhibited the change(B), given by the interceptl0 log 8=b) of Eq. (10,
greatest variation in dyn_amlc range across e_Iectrodes, b jas better for the bottom curve-2.05 dB than for the top
tween 5.5 and 13.5 dB, with an average dynamic range of 8 urve (+1.66 dB. In addition, the exponerfix) of the We-

dB. Subjects EES and AMA had the smallest dynamlcber function, which defines the change in Weber fractions

ranges, averaging 3.6 and 3.4 dB, respectively, and the%ﬁith intensity, is 2.5 times smallgisteeper negative slope

were quite constant across electrodes. Such large differenc%sr the bottom curve(—1.96 dB/dB than for the top curve

in absolute threshold and dynamic range among subjects aTQO.78 dB/dB. This application of Eq(10), derived from a

across ellectrodes w.|th|n the. same SUbJeCt. provu;ied a unialGandard metric of intensity discrimination in normal acous-
opportunity to examine relations between intensity discrimi-

f d absolute threshold or d - hich mi tic hearing, demonstrates that differences in both the sensi-
nation and absolute thresnold or dynamic range, which mig ivity term (8) and exponenta) of the Weber function can
stem from differences in surviving neural function.

be observed for electric stimulation on different electrodes.
Figure 2 also illustrates that dynamic range can influ-
ence measures of intensity discrimination. Dynamic range
Common metrics for specifying intensity discrimination (DR) is specified as 20 logA\/Ao), whereA,, is the current
in acoustic listeners are the intensity increment in dBat the maximum acceptable loudness level Agds the cur-
{A145=10 log(l +Al)—10 log(l)}, the Weber fractofWf rent at absolute threshofdin this example, the dynamic
=Al/l}, and the Weber fraction expressed in decibelsranges for the two electrodes in the same subject are grossly
{Wf,z=10 log(Al/1)}, wherel is the intensity of the acous- different. Notice that the electrode with the smaller dynamic
tic stimulus in W/cni (Viemeister, 1988 Of these, the We- range(DR=5.6 dB) exhibits a Weber function with better
ber fraction in decibels yields the most constant variance irsensitivity and a larger exponent than the electrode with the
threshold estimates across stimulus level. Since a primararger dynamic rangéDR=12 dB). That is, both the slope
aim of the present study was to evaluate stimulus level efand the intercept of the Weber function appear to vary in-
fects on electrically elicited intensity discrimination, it was versely with dynamic range, which implies that normalizing
important to select a metric with this characteristic. Thus thehe intensity dimension by the dynamic range should reduce
Weber fraction in dB is used here. It will be shown lateéig.  the variability among slopes of Weber functions obtained

B. Metrics for measuring intensity difference limens
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FIG. 2. Weber functions for two electrodes with different dynamic ranges from subject I&fBpanel Mean Weber fraction§in dB) plotted as a function

of stimulus level in dB SL and fitted with E@1). Right panel Mean Weber fractionén dB) plotted as a function of stimulus level expressed as a percentage
of the dynamic rangé€DR) for each electrode and fitted with E¢R). Parameters from least-squares fits to the two equations are given in the panels.
Normalization of stimulus level by DR, shown in the right panel, tends to equalize slopes of Weber functions.

from electrodes with disparate dynamic ranges. This is actions obtained during multiple test sessions from representa-
complished by modifying the exponent in Ea) as follows: tive electrodes in all eight subjects. Each panel shows Weber
Al/l :ﬁ(lllo)a(DRxloo. (2a) fractions(Wf4g) obtained from a single electrode, plotted as

his | ival ifing th fractid ) a function of stimulus level in %DR. The top two rows of
This is equivalent to specifying the Weber fractiam dB) in panels show data from the four subjects for whom six elec-

terms of stimulus level expressed as a percentage of dynam{?odes were tested; the bottom row shows data from the four

range(%DR):

ge(%DR) subjects for whom three electrodes were tested. Individual
20 log A/A i i i

Wi o= a[ gA/Ag) ]* 100+ b, (2b) Weber fraction estlmates_, are shown by shaded dlamonds_ and
20 logAp /Ao) the means of those estimates are connected by dark lines.
SL(dB) Other features of Fig. 3 will be discussed later. Test—retest

Wigp=a] —=——= 1*100+D, (20)  variability was sometimes quite larde.g., JWB rEL14, at
DR(dB) ) :

the highest two stimulus leveglsHowever, there was no sys-
Wfi=a{%DR}+b, where b=10 log 3). (2d  tematic change in variability with stimulus level, even

Thus the slope terms in E4Lo) and Eq.(2d) are related by though many of the average Weber fractions improved with

the DR according to the equation: increasing level.
Standard deviations for multiple Weber fraction esti-
a=a- (100/DR. 3) P

mates are shown in Fig. 4 for all of the electrodes tested in
The right-hand panel of Fig. 2 demonstrates the resultsive subjectdJWB, TVB, DVS, JPB, EEBwhose sensitivity

of normalizing the stimulus level dimension by the dynamicyas not strongly limited by the resolution limits of their

range as in Eq2d). Visual inspection of Fig. 2 suggests that 1o ceiver/stimulatorésee below: The left panel shows stan-

Eq. (1) and Eq.(2) provide good quantitative representations o4 deviations for Weber fractiorim dB) as a function of

of Weber fractions as a function of stimulus levet values . . . .
stimulus level in %DR. Regression analysis revealed that the
are 0.97 and 0.91 for the lower and upper curves, respec-

tively). With the normalization to DR, slopes of the V\/ebervariance did not change significantly with stimulus leyel
functions for TVB's two electrodes are nearly equal, at about=0-54- The predicted average standard deviation across

—0.10 dB/%DR(—0.094 and-0.109, and the primary dis- tests increased from 1.26 dB at 5% of DR to 1.36 dB at 95%
tinction between the two functions is a difference in sensi-of DR, a change of less than 7%. Standard deviations for
tivity (+1.66 vs—2.05. This suggests that the Weber frac- another common index of intensity discrimination, the just
tion for electric stimulation is a function of the level of the detectable intensity increment in dB1 4g), are shown in the
standard expressed in %DR, a premise that will be evaluategght-hand panel of Fig. 4. For th&l 5 index, the variance
below. However, we will firs.t consider the va.riance assocCi-gid change significantly with stimulus lev@d =0.0002. Av-

ated with adaptively determined Weber fractions and some, 46 standard deviations across tests decreased from 0.35

limitations inherent to Weber fraction measurements. dB at 5% of DR to 0.17 dB at 95% of DR, a change of more
o _ than 100%. This result is similar to that reported for normal
C. Variability of Weber fractions acoustic listenergéViemeister, 1988and supports the use of

The variability that can be expected with electric Weberthe Weber fractioriin dB) as a measure of intensity discrimi-
fractions is illustrated in Fig. 3, which shows Weber frac- nation for electric stimulation.
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FIG. 3. Representative Weber fractions obtained from multiple tests with a 3AFC adaptive procedure. Individual estimates from the adaptive procedure are
shown(shaded diamondisalong with mean Weber fractions at each stimulus Iés@hnected by dark solid linpand the Weber functioV {’) fitted to those

means using Eq2) (wide shaded line Corresponding Weber fractions obtained from psychometric functions for intensity discrimination are shown for some
subjects(open squargs The intensity resolution limits of the implanted receiver/stimulator, corresponding to 1.0 and 0.5 CSUs, are shown at the bottom of
each panel(thin dashed lings The adaptive Weber fractions around 80% DR for RFM were all better than 0.5 CSUs and are not plotted.

D. Intensity resolution limits of implanted nation of these mean data suggests that Weber fractions tend
receiver/stimulators to improve with stimulus level when large Weber fractions
In Fig. 3, the mean Weber fractions at different stimuluseXxist, and they tend to remain constant with stimulus level
levels are connected by dark lines, and the Weber functionghen highly sensitive Weber fractions exist. The trend to-
resulting from a linear least-squares fit of those means to Eqvard improved Weber fractions with stimulus level was evi-
(2d) are shown by the wide shaded lines. Preliminary examident throughout the entire dynamic range in subjects JWB,
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FIG. 4. Scattergrams showing standard deviations for multiple DL estimates on individual electrodes, plotted as a function of stimulus level expressed in
percent dynamic rang@oDR). Left-hand panelStandard deviations for DLs expressed as Weber fractions in decibels as a function of the stimulus level
(%DR). The best-fit linear regression is shown by the wide dark line. The coefficient of determination for the regfe3sieas zero, indicating no
statistically significant relationship betwe8&., and %DR(p=0.54). Right-hand panelStandard deviation for DLs expressed as intensity incren{antg)

in decibels. The best-fit linear regression is shown by the heavy line. The regression coefficient was signifio20201. The regression equation and the

derived parameters are also shown in each panel.
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FIG. 5. Representative psychometric functions for intensity discrimination. Intensity discrimination performaghceriits is plotted against stimulus
intensity increment sizeAl, expressed in intensity unitd\| =2A* AA+ AA?). Psychometric functions were fitted with straight lines through zero using
least-squares regressiofashed lingson data points shown by filled squar@kata points shown by unfilled squares were not used in the regresdiaes

panel is for a different electrode. Two psychometric functions for subjects with poorer sensitivity to intensity change are shown in the left-hand panels. Two
psychometric functions for different electrodes from the subject with the best sensitivity to intensity change are shown in the right-hand panels. Note, from
the tic spacing, that the range on the abscissa for the bottom right hand panel is less than half that for the other panels. The level of t&dtangard

and the stimulus increment j@A that corresponds tod’ of 1.63 are listed in each panel, along with the corresponding Weber fra@tifg) and intensity
increment in decibel§éAl 4g). For subjects RFM and TVB, the consecutive symbols correspond to the smallest current steps achievable with their implanted
receiver/stimulators. For subject DVS, consecutive symbols correspond to twice the smallest current step.

TVB, and DVS. Their Weber fractions were among the larg-cluded measurement of better Weber fractions, especially at
est measured. Improvement in the Weber fraction withthe highest stimulus levels tested.
stimulus level was evident only over the bottom half or two
thirds of the dynamic range in subjects JPB, EES, FXC, and _ _ _ S
AMA. In the upper half or one third of their dynamic ranges, E. Psychometric functions for intensity discrimination
where Weber fractions were most sensitive, Weber fractions  The observation of extremely small Weber fractions in
were relatively constant. Finally, relatively constant Weberone of the earlier subjects testé@FM) prompted the mea-
fractions were seen across the entire dynamic range in sulBurement of psychometric functions as a means of validating
ject RFM. His Weber fractions were among the most sensithe adaptive Weber fractions. Psychometric functions were
tive measured. subsequently obtained for 21 of 24 electrodes tested with
This trend toward constant Weber fractions in regions ofadaptive Weber fractions in four subje¢BVS, JWB, RFM,
highly sensitive intensity discrimination can be partly ex-and TVB). Four representative psychometric functions are
plained by examining the smallest CSUs realizable with eackhown in Fig. 5. Intensity discrimination performance is
individual's implanted receiver/stimulator. Weber fractions specified byd’ as a function of the increment in intensity
corresponding to comparison stimuli that were 1 CSU above¢Al) between the standard and the comparison stimulus.
the standard ang CSU above the standard, respectively, areLinear regression with a zero intercept permitted estimation
indicated in each panel of Fig. 3 by the upper and lower thirof the Al corresponding to d’ of 1.63, which is the perfor-
dashed lines. Notice that Weber fractions from subjects witimance level tracked by the 3AFC adaptive procedure
relatively flat Weber functiondRFM), or regions of rela- (Hacker and Ratcliff, 1979 The corresponding Weber frac-
tively constant Weber fractions in the upper half of the dy-tion in dB is listed in each panel, along with the correspond-
namic range(JPB, EES, FXC, and AMA also exhibited ing Al value, the increment inA, and the level of the
Weber fractions that were closest to the limits imposed by &tandard inuA. Psychometric functions in the left-hand pan-
1-CSU step. In these subjects with extremely small Webeels are from two subjects, DVS and TVB, who exhibited
fractions, it appears that the resolution limit of 1 CSU pre-poorer than average sensitivity to intensity increments. For
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FIG. 6. Weber functions from individual electrodes in eight subjects. Mean Weber fra¢iodB) are plotted as a function of stimulus level expressed as

percent of dynamic rang€6DR). Each panel contains Weber functions obtained on different electrodes from a single subject. Different electrodes are coded

by different symbols within each panel. Each of the Weber functions from individual electrodes was fitted2p &gl the average slope and intercept was

used to generate a composite Weber function for each subject, shown by the wide shaded curve in each panel. The average fitting parameters are shown within
each panel for Eq1) in terms of dB SL and for Eq(2) in terms of %DR.

these subjects, the rising portion of the psychometric funcef intensity discrimination. A secondary but critical finding
tion is well defined by a linear functiofdashed lineswith a  was that psychometric functions were monotonic dhevas
relatively flat slope. The Weber fractions estimated fromlinear with Al. Psychometric functions must be monotonic
these psychometric functions-3.50 and —8.92 dB are for valid adaptive measures to be obtained.
within the range of those obtained with the adaptive proce-
dure. The two psychometric functions in the right-hand pan-F Weber fractions as a function of stimulus intensit
els are from the subject who exhibited the smallest Weber * y
fractions(RFM). Consecutive symbols represent the smallest  Figure 6 shows the mean Weber fractidins dB) as a
CSUs available from this subject’s receiver/stimulator. Forfunction of stimulus levelin %DR) for all of the electrodes
rELO5, performance better thati=1.63 was exhibited at 1 tested in each of the eight subjects. Preliminary examination
CSU, the intensity resolution limit of the receiver/stimulator. of these data indicated that Weber fractions tended to im-
The fitted psychometric functions have extremely steepprove with stimulus level. Furthermore, the improvement
slopes, yet the corresponding Weber fractigrsl6.5 and  with level seemed to be the greatest on those electrodes
—16.4 dB are within the range of those obtained with the where Weber fractions were poorest at low levédsg.,
adaptive procedure. JWB), and to be the least where Weber fractions were the
For some of the electrodes shown in Fig. 3, Weber fracbest at low levelde.g., RFM. To examine these observa-
tions estimated from psychometric functions are shown asions further, linear regressions were performed on the mean
unfilled squares in Fig. 3. For example, the psychometridVeber fractions as a function of stimulus level. Table Il
functions from RFM shown in Fig. 5 correspond to datasummarizes the results of the regression analyses for indi-
points in Fig. 3(unfilled squaresat stimulus levels of 29 and vidual electrodes(Regression lines for individual electrodes
55%DR on electrodes rEL 05 and rEL 15, respectively. Ex-are not plotted in Fig. 6; wide shaded lines represent com-
amination of adaptive thresholds at these stimulus levelposite Weber functions for each subject, discussed bglow.
(Fig. 3 indicates that the Weber fractions estimated from Four parameters are given in Table Il for each regres-
psychometric function slopes correspond to the lowest Wesion. Mean Weber fractions were fitted to EQc) with a
ber fractions estimated by the adaptive proceduire.the least-squares procedure to yield an estimate of the Smpe
other subjects, examination of adaptive Weber fractions andnd the intercept) of the Weber function in terms of %DR.
those calculated from psychometric functions, some ofThe coefficient of determinatior?) provided a measure of
which are plotted in Fig. 3, indicated acceptable corresponthe relative variance accounted for by the regressioratios
dence between the two types of estimates. This led us teere calculated to determine if the slopes were significantly
conclude that the adaptive procedure provided a valid indexifferent from a slope of zero. Finally, the exponén) in
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TABLE lIl. Parameters from regression analyses of Weber functions, specified in terms of WBfSI4(1/1,)“], and specified in terms of percent dynamic
rangg Wf = B(1/1,)*(PR100)]: a=o(DR/100.

JWB TVB
rEL 10 log B) a a r? rEL 10 log B) a a r?
07 —-3.50 —-0.45 -0.05 0.8609 08 —-2.05 -1.95 -0.11 0.9768
11 —2.65 —0.69 —-0.08 0.8488 15 0.69 -1.86 -0.12 0.9328
12 -2.92 -0.61 -0.06 0.966% 16 1.66 -0.78 —-0.09 0.9104
13 —3.47 -0.01 -0.08 0.8168 17 —4.84 -0.67 -0.03 0.2687
14 —-1.52 -0.91 -0.11 0.8802 18 —2.77 -0.83 -0.05 0.6004
17 —-2.85 -0.57 -0.07 0.7598 21 —3.32 -1.63 -0.07 0.922%
DVS RFM
rEL 10 logB) a a r? rEL 10 log B) a a r2
06 0.32 —0.63 —-0.08 0.905% 05 -18.65 0.75 0.04 0.7418
09 —2.81 -1.17 —-0.06 0.7828 13 —-13.01 -0.32 -0.02 0.0618
10 —4.26 0.02 0.00 0.0034 14 -11.38 —-0.47 -0.03 0.5778
11 —-0.45 -1.47 -0.09 0.9628 15 -12.62 -0.06 0.00 0.0043
12 —-0.07 -0.47 —-0.05 0.9768 16 -13.92 0.20 0.01 0.0238
19 4.77 ~1.64 -0.12 0.9683 21 —-11.29 —-3.24 —-0.09 0.6772
JPB EES
rEL 10 log B) a a r2 rEL 10 log B) a a r2
07 -10.51 —-1.30 —-0.08 0.7192 05 —-8.75 —2.92 —-0.09 0.8631
11 —-5.81 —2.56 -0.17 0.856D 11 —~7.00 —4.09 -0.15 0.9633
16 -7.07 —-1.53 -0.10 0.74483 18 —-6.38 —2.46 -0.08 0.9058
FXC AMA
rEL 10 logB) @ a r2 rEL 10 logB) @ a r?
05 —-12.76 -0.27 —-0.01 0.1019 04 —9.56 —-1.309 -0.07 0.8012
11 -6.11 —2.04 -0.14 0.977% 11 —9.45 -2.66 -0.09 0.5976
18 —9.58 -1.51 —-0.06 0.87883 19 —-13.47 0.04 0.00 0.0012
3y<0.05.
bp=0.01.

Eqg. (1), which defines the slope of the Weber function in SL [Eq. (1)], the composite Weber function slopes varied
terms of dB SL, was calculated froenusing Eq.(3) and the  from —3.21 (EES to —0.27 dB/dB (RFM). Among the
corresponding DR on each electrode. Table Il indicates thateven subjects whose Weber fractions were not markedly
the Weber function slopes were clearly negative for 23 of 3Qrestricted by the intensity resolution limits of their receiver/
electrodes tested in seven subje@®B, TVB, DVS, JPB, stimulators, the average composite Weber function slope was
EXC, EES, and AMA. Slopes for five of the other seven —0.08 dB/%DR. This corresponds to an 8-dB improvement
electrodes in these subjects, although negative, were not sig the Weber fraction over the entire dynamic range. In terms
nificantly different from zero. of dB SL, the average Weber function exponent in the same
Examination of the mean Weber functions in Fig. 6 in- subjects was-1.5[Eq. (18)].
dicates that, for individual subjects, slopes tended to be simi- Examination of the mean Weber function for rEL 10
lar across electrodes. There were small differences amorfgom subject DVS, shown as triangles in Fig. 6, reveals that
electrodes but no obvious trends toward dramatically differ\Weber fractions increased with level up to about 60% of the
ent Weber functions from electrodes in the apical versus thdynamic range, and then decreased with further increases in
basal region of the electrode array. These observations westimulus level. This electrode also exhibited an unusually
confirmed by statistically insignificant regressidips>0.40 sensitive absolute thresholdee Fig. ], which was accom-
between slopes$a) or intercepts(b) and electrode number panied by much higher absolute thresholds on neighboring
(see Table IV. Therefore, a composite Weber function was electrodegrEL09 and rEL1]. The reason for the large dif-
calculated for each subject from the average slope and aveferences in absolute threshold on adjacent electrodes is un-
age intercept across electrodes. These composite Webelear, but it is worthy of note that an atypical Weber function
functions are shown by the wide shaded lines in Fig. 6. Thevas associated with the more sensitive absolute threshold.
average slopes and intercepts for each subject are listed Perhaps the more sensitive threshold is spurious because of
each panel, in the form of parameters for E@9. and (2). local characteristics of the implanted array.
The composite Weber function intercepts varied frof.42 One subjectRFM) exhibited relatively flat Weber func-
dB (Al4g=2.9) in subject DVS t0—13.48 dB(Al45=0.19  tions on all electrodes, none of which had slopes signifi-
in subject RFM. Expressed in terms of %[)Rq. (2)], the cantly different from zero. From Fig. 6, it can be seen that
composite Weber function slopes varied fron®.12 (JPB this subject demonstrated the smallest Weber fractions. Also
to —0.02 dB/%DR(RFM). Finally, expressed in terms of dB notice that the Weber functions from AMA showed shallow
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TABLE IV. Correlations among Weber-function parametéd,«), dynamic ranggDR), absolute thresholdTHS), electrode numbe¢EL#), and pitch-
ranking parameters: cumulative at 0.75-mm spatial separatig@umd’) and spatial separation fa'=2.0[SSd’'=2)].

b (p) @ (p) DR (p) THS (9) EL# (P
a —0.55 <0.001 +0.80 <0.001 0.02 0.917 -0.14 0.401 —0.04 0.805
b —-0.17 0.322 0.50 0.002 —-0.48 0.003 +0.14 0.400
@ 0.49 0.002 -0.37 0.025 —-0.08 0.630
DR —0.67 <0.001 —0.14 0.416
THS —-0.02 0.925

Cumd’ (p) SS(d'=2) (p) DR (p) THS (9)

b —-0.84 0.009 +0.74 0.036
@ +0.32 0.438 —-0.18 0.666
Wi s (25%DR) —-0.78 0.022 +0.72 0.044 0.57 <0.001 —0.58 <0.001
Wrfyg (50%DR —-0.69 0.057 +0.68 0.065 0.61 <0.001 —0.65 <0.001
Wi g (75%DR) -0.58 0.133 +0.61 0.108 0.61 <0.001 —0.69 <0.001

negative slopes in the lower half of the dynamic range buthe Weber-function fitting parameters, were then compared
relatively flat slopes in the upper half where Weber fractionsvith measures of absolute threshold and dynamic range by
were extremely sensitive. This tendency, toward relativelylinear regression analysis.
constant Weber fractions where sensitivity was best, was Correlation coefficients describing relations among the
also exhibited for some electrodes in three of the subject®eber-function parameters, dynamic range, absolute thresh-
who had significantly negative Weber-function slogéBB, old and electrode number are shown in Table IV. Exponents
EES, and FXQ. In support of this observation, comparisons of the Weber power functiofa) were positively correlated
of slopes and intercepts among all electrodes tested reveal@dth dynamic rangéDR) and negatively correlated with ab-
a moderate but significant negative correlation-@f.55 be-  solute thresholdTHS), although neither correlation was ex-
tween slopesga) and interceptgb) across subjectsee Table ceptionally strong. After normalizing to dynamic range,
IV). A contributing factor to this tendency toward constantslopes(a) were no longer correlated with either dynamic
Weber fractions where sensitivity was best may be the resaange or absolute threshold. Sensitivity constdbiswere
lution limits of the implanted receiver/stimulators. Examina- positively correlated with DR and were negatively correlated
tion of data for electrodes with constant Weber fractions ovewith THS and Weber-function slop@). Electrode number
part or all of the dynamic range revealed that the Webervas not correlated with any of the other variables.
fractions were usually near to or below the 1-CSU limit. It is, Table IV also shows that Weber fractions were inversely
therefore, likely that the slopes of these Weber functiongproportional to absolute threshold, especially in the upper
were limited by the resolution limits of the implanted half of the dynamic rangde.g., at 75% DR, =-0.69,
receiver/stimulator. Had smaller current steps been availablg<<0.00J). To illustrate this relation, a scattergram of Weber
steeper negative slopes might have been observed. fractions at 75%DR vs. absolute threshold is shown in the
To summarize, regression analyses of Weber functionteft-hand panel of Fig. 7. Examination of within- and across-
indicated that Weber fractions generally improved withsubject data in this figure reveals that there was a strong
stimulus level across the dynamic range. Improvement iriendency for subjects with higher absolute thresholds to ex-
Weber fractions with stimulus level averaged 8 dB over thehibit better Weber fractions, but there was not a tendency,
dynamic range, and the improvement appeared to be inwithin subjects, for electrodes with higher absolute thresh-
versely related to the overall sensitivity of the Weber func-olds to exhibit better Weber fractions. The relation between
tion, possibly because the smaller Weber fractions at higlsize of the Weber fraction and absolute threshold across elec-
stimulus levels were limited by the intensity resolution limits trodes was significarpp<<0.05 for only two subjectTVB
of the implanted receiver/stimulators. There were no consisand RFM at each of two stimulus level$0% and 75% of
tent differences between Weber functions obtained fronDR).

electrodes in different regions of the implanted array. Calculated Weber fractions at all three stimulus levels
were also significantly related to dynamic rari@able V).

G. Correlations with absolute threshold and dynamic This was expected due to a clear inverse relation between

range absolute threshold and dynamic range across subjects

=—0.67, p<0.00), which is illustrated in the right-hand

Recall, from Fig. 1, that absolute threshold and dynamic . . .
. : : anel of Fig. 7. Again, the relation was not apparent across
range varied considerably among subjects and even acro8

electrodes in the same subjdetg., DVS and RFW Such etf‘ecf[r_odes within |_nd|V|duaI subjects; only DVS exhibited a
: : ; . _significant correlatior{p<0.05 between dynamic range and
differences afforded the opportunity to examine the relation

. absolute threshold across electrodes.
between Weber fractions, absolute threshold and dynamic
range. Since Weber fractions are level dependent, Web
fractions were calculated at 25%, 50%, and 75%DR from th
fitted Weber functions for individual electrodes using the Seven of the subjects in this study had previously par-

parameters in Table Il and ER). These values, along with ticipated in an investigation of electrode “pitch” ranking

i—ﬁ. Weber fractions and electrode pitch ranking
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FIG. 7. Scattergrams showing the relationship between Weber fractions, dynamic range and absolute thefshaldd panel Weber fractions in dB
calculated at 75% of dynamic range are plotted against absolute threRigiitthand panelDynamic rangdin dB) is plotted against absolute threshold. Data

from multiple electrodes are shown with identical symbols; different symbols are for individual subjects. Results of the linear regression across subjects and
electrodes are given in the insert within each panel.

(Nelson et al, 1995. The eighth subjectFXC) was also tion parameters. Correlations between pitch-ranking mea-
tested on this task following the intensity-DL measurementssures and calculated Weber fractions at 50% and 75% DR
The ability of subjects to discriminate “pitch” differences also approache¢but failed to reachsignificant values; the

on the basis of electrode location presumably requires theestricted range of Weber fractions at these higher stimulus
existence of a relatively large and tonotopically organizedevels probably limited the magnitude of correlations. These
population of surviving neurons. Therefore, comparisons beresults indicate that subjects who can best discriminate pitch
tween pitch ranking performance and intensity discrimina-differences on closely spaced electrodes also exhibit the
tion performance may help to elucidate the physiologicalsmallest Weber fractions.

mechanisms underlying both abilities.

Pitch-ranking stimuli were 500-ms bursts of 206-
phase biphasic pulses presented at a rate of 125 Hz and at
comfortable loudness level. Pairs of stimuli were pres;entecria nge
on electrodes separated by a variable distance and subjects Shannon(1983 characterized amplitude discrimination
were asked to judge which of the two stimuli sounded highefrom one cochlear implant subje@EB) as being a constant
in pitch or “sharper” (2AFC). A wide range of pitch-ranking 4%-8% of the dynamic range. This observation led us to
abilities was seen across subjects. Some subjects could cotensider the possibility that DLs correspond to a constant
sistently distinguish stimuli presented on adjacent electrodegroportion of the dynamic range of electric stimulation.
whereas others could not discriminate the pitch of adjacenBince Shannon was assessing amplitude DLs, the hypothesis
electrodes at all and required large spatial separati®8s  suggested by his observation is thaf/DR, is constant,
between electrodes before they could tell that a stimulus présoth across the dynamic range of any particular electrode,
sented on one electrode was higher in pitch than one preand across electrodes with differing dynamic ranges. Here,
sented on a comparison electrode. For purposes of compak-A is the just detectable increment &, or amplitude DL,
ing pitch ranking and intensity discrimination abilities, pitch- and DR, is the dynamic range expressed ipA
ranking scores were specified in terms of the cumulatiVe (uApa. —#ATHS)-

.aAmpIitude DLs as a constant proportion of dynamic

score achieved across all adjacent electrqdamulatived’ To examine this hypothesis, Weber fractions obtained
for SS=0.75 mm) and in terms of the spatial separation re-from 36 electrodes in eight subjects were transformed into
quired to achieve d’ score of 2.0(SS ford’'=2). amplitude DLs: AA/DR,-100 or AA(%DR,). The trans-

Correlations between pitch-ranking indices and Weberformed data are shown in Fig. 8, where mean amplitude DLs
function parameters are shown in Table IV. Compositefor individual electrodes are plotted as a function of stimulus
Weber-function parameters and Weber fractions calculatetevel in %DR. Notice that the ordinate has been expanded for
from those parameters at 25%, 50%, and 75% of dynamithree subject§TVB, DVS, and EE$ to accommodate their
range were compared with cumulatidé scores and spatial larger amplitude DLs. Linear regression analyses were used
separation scores using linear regression procedures. Pitthh determine whether mean amplitude DLs improved with
ranking scores and intensity discrimination scores weré&oDR. In addition, a composite amplitude DL curve was con-
clearly related: Cumulativd’ scores were negatively corre- structed for each subject by averaging the resulting regres-
lated with Weber-function sensitivitgl0 log 8=b) and the sion coefficients across electrodes. These composite curves
calculated Weber fraction at 25% of dynamic range. In adare shown in Fig. 8heavy shaded lingsalong with the
dition, the spatial separation required to react af 2.0 was fitting equations that describe them.
positively correlated with the same two intensity discrimina- For six subjects(TVB, DVS, JPB, EES, FXC, and
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FIG. 8. Amplitude DLs from individual electrodes in eight subjects, expressed as a percentage of dynamiic raAgeMean amplitude DLs, expressed as

percent of dynamic rang@\ A in %DR), are plotted as a function stimulus level and are referred to as amplitude DL curves. Each panel contains the mean
amplitude DL curves obtained from different electrodes in a single subject. Different electrodes are coded by different symbols within each panel. Each
amplitude DL curve was fitted by linear least-squares regression, and the average slope and intercept across electrodes was used to generate a composit
amplitude DL curve for each subject, which is shown by the wide shaded curve in each panel. The average fitting parameters are also given within each panel.
Note that the ordinate is modified for TVB, DVS, and EES to accommodate larger DLs.

AMA), amplitude DLs were not a constant proportion of thedata. Closer inspection showed that DLs for one of these
dynamic range, either across electrodes or across stimulssibjects(RFM) approached the resolution limits of the im-
levels. Results of linear regression analyses for individuaplanted receiver/stimulator throughout the entire dynamic
electrodes indicated that data from nearly half of the elecrange and that “true” DLs may not have been measured.
trodes(11 out of 24 were well fit (p<<0.01) by linear func- Thus only subject JWB yielded amplitude DLs that corre-
tions with negative slopes. Figure 8 shows that amplitudesponded to a relatively constant percentdg#—13% of
DLs tended to improve with stimulus level in these six sub-dynamic rangé.
jects, although this was not the case for all electrodes in  In summary, our data suggest that amplitude DLs are not
every subject. For example, for subject DVS, some eleceonstant across dynamic range and that the appearance of
trodes exhibited negative slopes while others exhibited flat oconstant DLs may reflect the resolution limits of implanted
even positive slopes. In four subjed¥B, EES, FXC, and receiver/stimulators.
AMA), amplitude DLs improved substantially with stimulus
level in the lower half of the dynamic range, but remained o .

. - - J. Number of steps for coding intensity
relatively constant in the upper half of the dynamic range
(see bottom row of panels in Fig).8n each case but one Envelope cues have been shown to be particularly im-
(EES, rEL18, amplitude DLs in the upper half of the dy- portant for transmitting speech information through cochlear
namic range were artificially restricted by the intensity reso-prosthese¢Van Tasellet al,, 1992. Critical to that process
lution limits of the implanted receiver/stimulator, and this is the accurate representation of intensity changes over time.
prevented us from estimating “true” DLs. In three subjects The number of resolvable intensity steps available to repre-
(TVB, DVS, and EES$intercepts of the amplitude DL curves sent envelope cues should directly affect the amount of en-
for different electrodes varied considerably, indicating thatvelope information transmitted, with a larger number of re-
amplitude DLs were also variable across electrodes. For exsolvable intensity steps leading to better resolution of
ample, intercepts for subject DVS decreased from 58% oé&nvelope detail. The fact that Weber fractions improve sub-
DR on rEL19 to 4% of DR on rEL18.Thus amplitude DLs stantially with intensity, precludes an estimate of the number
or six of eight subjects were not constant across stimulusf discriminable intensity steps from a single measurement.
level for a majority of the electrodes tested. However, such estimates can be calculated from the compos-

In two subjects(JWB and RFM, curves for individual ite Weber functions obtained here. This was done for each
electrodes tended to cluster together and their slopes weselbject in the present study by simply cumulating consecu-
relatively flat or positive, suggesting that a constant amplitive discriminable intensity steps from the composite Weber
tude DL across levels and electrodes might describe theiunctions shown in Fig. 6. Representative results of those

2405 J. Acoust. Soc. Am., Vol. 100, No. 4, Pt. 1, October 1996 Nelson et al.: Intensity discrimination with electric stimulation 2405



TABLE V. Fitting parameters for Weber functions obtained with electric
1, stimulation and acoustic stimulation in terms of dB SN f= B(1/1,)“] and

wh in terms of %DR[W f= B(1/1,) “PR197]; a=(DR/100.
°t Electric stimulation
8t Present study: 10 log) a a
a
3 7t
j ok DVS -0.42 -0.73 -0.07
£ TVB -1.77 -1.22 —-0.08
E St JwB -2.82 -0.68 -0.08
3 4t EES —-7.38 -3.21 -0.11
3f JPB —=7.79 —1.82 —-0.12
N FXC -9.48 -1.35 -0.07
1 E AMA —10.83 —-1.25 —0.05
. RFM —13.48 -0.27 —-0.02
0 20 40 60 80 100
h 1 : 101
Stimulus Level (%DR) Shannor(1983 Olog (8) @ a
ELO1,02 —2.67 —0.52 -0.13
” EL05,06 -455 -0.38 -0.07
NRM A tic:
NRM Acoustic: 452 EL15,16 -2.61 —0.69 -0.15
500Hz 87.8 -
40 1000Hz 74.3 Dillier et al. (1983: 10log (B) a a
® 2000Hz 81.9
I soorz 2 RG -10.27 -0.87 -0.10
2 EP —20.40 —-0.07 -0.01
4
s Pfingst and Ra{1990: 10log (B) a a
g 20/
£ M1 1.37 —-0.49 -0.10
2 M2 1.39 -0.33 -0.08
10 M3 2.00 —0.49 -0.12
M4 2.18 —-0.69 -0.11
o Acoustic stimulation
DVS TVB EES JWB AMA FXC RFM JPB Jestead{1977): 10 log (,3) o a
FIG. 9. Cumulative discriminable intensity steps across dynamic range and —3.34 —0.07 —0.06

the number of discriminable intensity steps per subjegper panel Cu-
mulative Al 4 {10 log(l + A1)— 10 log(l)} as a function of stimulus level in  Schroderet al. (1994: 10 logB) a a
percent dynamic rang@eDR in dB), which were calculated from the com- _ . B
posite Weber functions in Fig. 6. Curves for JPB and FXC were not plotted 288 E; _;gg _883 _88;
because they overlapped with the curve for RAMwer panel The total 1000 Hz _0'30 —0-08 —0.08
number of discriminable intensity steps across dynamic range is given for 2000 Hz 660 _0'11 _0'10
each of the eight subjects. The total number of discriminable intensity steps : : ’
for normal acoustic hearing, calculated from Weber fractions reported by 3000 Hz —0.26 —0.10 —0.09
Schroderet al. (1994, are shown for each of five frequencies within the
inset.

tion slope, but her dynamic range was so small that the total

calculations are shown in the top panel of Fig. 9, which plotsstep count only reached 8.8. Subject RFM also had a small
cumulativeAl 4z as a function of stimulus level in %DR. For dynamic range, but his sensitivity was so good that the step
this exercise, calculations of consecutiVk,g steps began at count reached 35.7. Similar results were seen for JPB and
0.5 dB SL and continued to the top of the dynamic rangeFXC, whose step counts reached 45.2 and 29.2, respectively
For example, if the\l 45 at 0.5 dB SL was 2 dB then the next (the cumulativeAl 45 curves for these subjects are not shown
Al4s was calculated at 2.5 dB SL, and so on. From thesdecause they overlap with the curve for REMs indicated
calculations, the number of consecutive discriminable intenby the insert within the bottom panel of Fig. 9, the average
sity steps was counted for each subject. The resulting stepumber of discriminable intensity steps for normal acoustic
counts are shown in the bar graph in the bottom panel of Fighearing is 82.8. This estimate was calculated from param-
9. A wide range of discriminable step counts was observedgters for the composite Weber functions reported by Schro-
from a low of 6.6 in DVS to a high of 45.2 in JPB. deret al. (1994 at 300, 500, 1000, 2000, and 3000 Hz given

Dynamic range varied considerably among subjects, buin Table V. If the 30-dB dynamic range of speech were
the sensitivity and slope of each subject's Weber functionmapped into the top 30 dB of the acoustic dynamic range,
and the dynamic range of the electrode in question, were athe average number of discriminable steps would be 43.2,
determinants of the total discriminable step count. For exabout the same number of steps available for JPB across his
ample, JWB had the widest dynamic range, but his Webeentire dynamic range.
fractions were large at low levels so step size at low levels  In summary, the total number of discriminable intensity
was large. The Weber function was moderately steep, so stegteps varied widely across subjects, more so than casual in-
size at higher levels was smaller, and the total step courgpection of Weber fractions at a single level might suggest.
reached 15 by the top of the dynamic range. Subject EES habhe cumulativeAl 4z curves in the top panel indicate that the
better Weber fractions at low levels and a steep Weber funadiscriminable step count is dependent upon overall sensitiv-
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FIG. 10. Weber fractions in dB and composite Weber functions calculated for data from other investigations. The fitting parametet%) fandE&.q.(2)

are shown within each pandlpper left panel Weber fractions calculated from data reported by Shard®83 for one cochlear implant subje¢EB).
Individual symbols indicate Weber fractions for different electrodes, labeled with electrode number and stimulatidbprelipolar; mp—monopolar A
composite Weber functiotheavy shaded linewas calculated from the mean fitting parameters for individual electrggfeelectrodes only Upper right

panel Weber fractions calculated from data reported by Pfingst and 80 from four monkeysLower left panel Weber fractions from three human
subjects reported by Schrodetral. (1994, replotted here as a function of percent dynamic raf9PR). Lower right panel Weber fractions calculated from

the most sensitive modulation-detection thresholds of temporal modulation transfer functions reported by Ql#a#horhin dashed lines in each panel are

the composite Weber functions from subject Di&p) and RFM(bottom), who demonstrated the worst and best Weber fractions, respectively, in the present

study.

ity, the slope of the Weber function, and total dynamic rangeimprove systematically with stimulus intensity over the dy-
This procedure for calculating resolvable intensity steps froomamic range. This finding is consistent with results from
subjects’ composite Weber functions might prove useful inother investigations in humans and in monkeys. Shannon
evaluating differences in subjects’ speech discrimination1983 reported DLs for 100- and 1000-Hz sinusoids over
abilities. The present data indicate that, in some subjects, th@e dynamic range of one cochlear implant subi&®). His
30-dB dynamic range of speech is coded by fewer than sevegata for 1000-Hz sinusoids are replotted as Weber fractions
discriminable intensity steps; in others, the number of disin the upper-left panel of Fig. 10. Weber functions from the
criminable intensity steps is close to the number of stepshree bipolar electrodes tested were fitted with E).and
available in the top 30 dB of the normal acoustic dynamicihe fitting parameters are given in Table V. The composite
range. Further research is needed to determine whethgeper function(shaded line in Fig. J0describes the trend
speech perception in some implant subjects is limited by & 1455 |evel for these three electrodes. Weber fractions im-
reduced number of discriminable intensity steps. proved with stimulus level and were not systematically dif-
ferent across electrodes. Slopes and intercepts for individual
electrodes fell within the range seen in the present study.
Shannon’s subject CB exhibited Weber fractions that be-
haved very much like those seen in the present study, al-

The principal finding of this study is that electric inten- though they were not as sensitive as those obtained from our
sity discrimination is well described by Weber fractions thatbest subjects.

IIl. GENERAL DISCUSSION

A. Electric Weber fractions from other studies
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Dillier et al. (1983 reported DLs for one electrode in sensitivity to intensity change falls in the same range. Sensi-
each of two prelingually deafened subjects. They used 10Qivity is slightly better for subjects N2—N5 than for subjects
Hz, biphasic, 20Qss phase pulse trains presented at threeR1-R5. This could be due to differences in electrode con-
stimulus levels throughout the dynamic range. For purposefiguration (bipolar versus monopolgaror to stimulus type
of comparison, we converted their data to Weber fractiongpulsatile versus sinusoidalor could stem from the use of
and fitted the resulting Weber functions with E&). The  the more rigorous 2AFC psychophysical procedure with sub-
resulting fitting parameters are given in Table V. Subject RGects N2—N5. The similarity between modulation-detection
demonstrated a Weber function with a steep slope and and increment-detection Weber functions suggests that the
moderate intercept, like many of the subjects in the presenhtensity dependence seen in temporal modulation transfer
study. Subject EP’s function had a flat slope and an exfunctions stems from the same underlying mechanisms that
tremely small intercept—20.4), representing the smallest control the intensity dependence of Weber fractions. These
Weber fractions seen in any subject to date. mechanisms are discussed below.

Busby et al. (1992 also measured DLs with 100-Hz Pfingst et al. (1983, Pfingst and Suttor(1983, and
trains of 200us phase biphasic pulses. They used a 4AFGpfingst and Rai1990 reported intensity discrimination data
adaptive procedure that estimated 50% correct intensityfrom jimplanted monkeys, obtained with sinusoidal stimuli at
decrement detection at a “comfortable listening level” on seyeral different frequencies. Data from four monkeys for
one electrode for each of ten prelingually deafened subjectg.00-Hz sinusoids are replotted from Pfingst and Rai as We-
In addition, they measured psychometric functions for idenye fractions in the upper right panel of Fig. 10. Again, We-
tification of level differences in three of those subjects. When, o functions were fitted with Eq2) and the fitting param-
we transformed their data into Weber fractions at a perforgiers gre given in Table V. The composite Weber function

mance level ofd’=1.63, the resulting Weber fractions (ige shaded linedescribes the trend across level exhibited
ranged from-3.4 to—14.4 dB. This range is consistent with o ingjvidual electrodes. Weber fractions improved with

the Weber fractions obtained from _SUbleCtS in the Presentimulus level and were not systematically different across
study a't 75% DF{sge left panel of Fig. )7 Wheregs Busby * gjectrodes. Slopes for individual monkeys fell within the
et- al. d'd not specify the egact levels of their stgnda_rd range seen in the present study for humans, with an average
stimuli, it has been our experience that comfortable |IStenln%Iope 0f—0.10 that was just slightly steeper than the average
levels typically correspond to stimulus levels within the up-Slope 0f—0.08 reported here for humans. However, the in-

per third of the dynamic range. Although the dynamic range§ercepts were always higher for the monkey date Table

of their SUbJeCtS. ranged from 2 to 16 QB, the correlgno_n_v), indicating that the monkeys were less sensitive at all
between dynamic range and Weber fractions was not signifi-

stimulus levels. This difference in the overall sensitivity to
cant(p=0.5. Absolute thresholds were not reported, intensity change could stem from differences in the psycho-
Shannon1992 measured modulation transfer functions y 9 PSy

for electric stimulation using amplitude-modulated sin- physical tasks, or could reflect real interspecies differences.

. : ._Alternatively, the poorer sensitivity to intensity change in
ewaves or pulsewidth-modulated pulse trains as Camer[nonke < could well stem from the use of stimuli with a
stimuli. They reported the most sensitive modulation detec- y

tion thresholds in terms of dB modulatid@0 logm, where longer effective charge duration: Shanno(@983 DLs for

m is the modulation depjhas a function of carrier level for iggoHﬁ Si_nUSOi_(;S [\:/’vf(_are slilghiI;/S poorer tgan thosgaL for
seven implanted patienttheir figure 4. The Weber fraction -Hz sinusoids, Pfingst al. (1983 reported poorer DLs

for modulated stimuli can be expressed in decibels asf.(_)r lower frequency sinewave stimuli, and White($984)

10 log(A1/1) =10 log(2m+m?) & Weber fractions for six of single-pulse DLs in one subject were larger for 1800- than

Shannon’s subjects are shown in the lower right panel of Fig©f 200 pulsewidths. Pfingst and Rai used 100-Hz sinu-

10. Three subjectR1, R4, R5 were tested with a modified soids that are more like biphasic pulses with effective pulse-

method of limits procedure using amplitude-modulated sin\Vidths between 2000 and 50Q&s while the present study

ewave carriers between 500 and 4000 Hz, and were stim{!S€d biphasic pulses with 2Qfs pulsewidths. This suggests
lated with a monopolar electrode configuration. Anotherth_at slopes of Weber functiqns might be similar for stimuli
three subjectgN2, N3, N4 were tested with an adaptive With short and long pulsewidths, bu_t_that DLs for longer
2AFC procedure using pulsewidth-modulated }Jphase pulsewidths would show poorer sensitivity overall.

biphasic 1000-Hz pulse trains, and were stimulated with a In summary, studies evaluating intensity discrimination
bipolar electrode configuration. Weber functions were fit toUsing biphasic pulses and sinusoids reveal a wide range of
each curve individually and the composite Weber functionVeber functions. In most cases, Weber functions improve
shown by the wide solid curve in Fig. 10 was calculatedWith stimulus level by 7 to 15 dB over the entire dynamic
from the average slope and intercept across subjects; parafitnge. A few Weber functions do exhibit zero slopes, and
eters for the composite Weber function are given in the figthose tend to occur in subjects who exhibit extremely small
ure. Note that Weber fractions derived from modulation de-Weber fractions. With respect to the present data, it is inter-
tection thresholds exhibit the same intensity dependencesting to note that subject AMA, who was prelingually deaf-
observed here and in other studies using gated intensity irened, and subject RFM, who was deafened later in life, both
crements. Weber functions are well described by a poweexhibited small Weber fractions. As mentioned above, other
function of intensity relative to absolute threshold. Expo-investigators have also reported sensitive DLs from prelin-
nents are somewhat larger than seen in the present study byually deafened subjects. Thus in general, Weber fractions
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for prelingually deafened subjects appear to be no better nor The improvement with stimulus level for acoustic We-

worse than those for other subjects. ber fractions obtained with sinewaves has been referred to as
the “near miss” to Weber's law(McGill and Goldberg,

B. Comparisons of electric and acoustic Weber 1968. This departure from Weber’s law is partially attrib-

fractions uted to the steeper growth of resporieqy., discharge rate

with stimulus intensity in fibers best tuned to frequencies

intensity discriminati vinated with studi ; Iabove the stimulus frequency and partially attributed to an
intensity discrimination originated with studies ot normal;, e in the number of neural fibers excited as stimulus

acoqstlc heaf'”.g- In '.:'g' 4, itwas dempnstrated that Webelrevel increasegViemeister, 1988 Presumably, at least two
fractions exhibit relatively constant variance across the dy-

. in electric heari thev do | tic h '?hysiological effects contribute to improvement in Weber
namic range In Electric nearing, as they do In acoustic Nealg,qtions with stimulus intensity: Stimulation on the tails of

ing. On this basis, it can be argued that the Weber fraction 'ﬁigh—frequency fibers results in steeper rate-intendRy)
an appropriate metric for evaluating intensity discriminationsIopes for individual neuronsEvans, 1974: Abbas and

as a function of stimulus level in electric hearing. In acousticGorga 1981; Harrison, 1981; Gorga and Abbas, 1981
hearing, the Weber function is typically expr_essed In terms, nich ’Ieads té) a smalle; DL for’ a rate-based detecti,on crite-
of the sensation level of the standard, as in E&. The rion. More gradual(frequency rejection slopes of neural

bottom left panel in Fig. 10 demonstrates that acoustic Wefuning curves in their tail regions results in a faster spatial

ger fra(?tions can be.deéc;ibgt_jregluallly L/)vell by nzrmalizri]ng Yecruitment of contributing fibers with increased stimulus in-
ynamic rang;e,bas '?. qb).' 3 eh (bottom) ?EOWZS t, € tensity(Evans, 197h Both of these physiological factors, R
parameters of best fit obtained when Ef) or Eq. (2) is slopes and spatial recruitment, are likely to contribute to im-

a1p57lled tg Sacr:) uztlctvvlebleggfra_(lz_tr:ons from tJest?%daL. fit proved Weber fractions with stimulus level for acoustic
(1977 and Schrodeet al. (1994. The parameters of best fi stimulation. The nonlinear mechanisms that control these

obtained with Eq(1) or Eq. (2) are also shown in Table V factors in the normal cochlea do not exist for electric stimu-

for electric stimulation(top). lation. Thus different physiological mechanisms are needed
1. Intensity dependence to explain improvements in Weber fractions with stimulus

Consider first the exponents for acoustic and electricIevel for electric stimulation. Such mechanisms must operate

Weber functions. Equatiofi), which expresses Weber func- without the 10:1 intensity compression of acoustic hearmg_,
. . . . and they must lead to steeper RI slopes and faster spatial
tions in terms of dB SL, results in exponer(®) ranging

from —0.07 to—0.11, averaging-0.09, for acoustic listen- recruitment of fibers as stimulus level is increased. Possible

. ; .mechanisms are discussed bel®ec. Il C.
ers. In contrast, exponents for cochlear implant listeners in 9

the present study range from0.27 to —3.21, averaging
f1.3. Thus the average exponent f_or electric Wet_)er func,, Sensitivity to intensity changes
tions, expressed in terms of dB SL, is at least ten times that
for acoustic Weber functions. When the intensity dimension  As indicated in Table V, sensitivity constar{t0 log )
for acoustic data is normalized by dynamic range, as in Egfor intensity discrimination in normal acoustic subjects range
(2), exponentga) of Weber functions range from0.06 to  between+0.60 and—3.34 dB, depending on the study and
—0.10 across studies, and are similar to exponents obtaind@st frequency. These values fall above and overlap with the
in electric hearing, which range from0.02 to—0.15 across upper range of sensitivity constants obtained with electric
studies. stimulation (—0.42 to —20.40. This suggests that Weber
The similarity of Weber function exponents for electric fractions are somewhat more sensitive in electric hearing
and acoustic hearing, when both are normalized by the dythan in acoustic hearing. Sensitivity differences in acoustic
namic range, has some interesting implications. It suggestersus electric Weber fractions may stem from differences in
that the centrally based decision process must be similar fahe respective RI slopes of primary auditory neurons, al-
electric and acoustic intensity discrimination, and that thethough differences in spatial recruitment of fibers may also
principal difference between acoustic and electric Webebe involved at higher SLs. Slopes of RI functions for acous-
fractions can be explained by an appropriate transformatiofically driven auditory-nerve fibers are inversely proportional
of stimulus intensity. That transformation can be approxi-to fiber dynamic rang¢DR), with DR expressed as the dB
mated by scaling the exponent in the power function of Eqdifference in stimulus intensities producing 10% and 90% of
(1) by the ratio of the dynamic range for acoustic and electrignaximum driven response. These slopes are well-described
hearing, as follows: by a unit-less quantity equal to 38.5/DBachs and Abbas,
1974. Slopes computed from fiber spontaneous rate, fiber
te=ad DRac/DRe). @ maximal filraing rate,pand stimulus intenpsity, average 1.98 for
Since the dynamic range in normal acoustic hearing is apacoustically driven fiberg§Javel, 1995 the DR correspond-
proximately ten times the average DR in electric hearing, Eqing to this mean slope is 19.4 dB8.5/1.98. Slopes of RI
(4) predicts that the exponent of the power function for elec-functions for electrically driven fibers depend upon several
tric intensity discrimination is approximately ten times the factors, including stimulus presentation rate, pulsewidth, and
exponent for acoustic hearing. This implies that the intensitydegree of neural degeneration. For 1@8phase biphasic
dimension in acoustic hearing is compressed by a 10:1 ratistimuli presented at 200 Hz, RI slopes for electrical stimula-
compared to electric hearing. tion average about 26 in short-term deafened anirdaeel,

Use of the Weber fraction in decibels as an index of
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unpublished Thus slopes for electrical stimulation are
around 13 times steeper than the average slope of 1.98 for
acoustically driven fibers.

Again, the absence of cochlear preprocessing may be the
primary determinant of steeper RI functions for electrical e
stimulation. The magnitude of the difference in Rl slopes for
acoustic and electric stimulation is consistent with average
sensitivity constant¢10 log/3) for electric stimulation re- \‘
ported here, which are about an order of magnitude better
than for acoustical stimulatiofisee Table V. If intensity <A] [ Sinte Mot (wronst i) | E">
discrimination is based upon spike courits firing rate,
then the steeper RI functions in electric hearing can, in gen- %DR
eral, account for the smaller Weber fractions observed

10
here. . . . FIG. 11. Rate-based qualitative model of electric Weber fractions, incorpo-
This comparison between Weber-function parametersating different modes of neural excitation and different patterns of neural

for electric and acoustic listeners suggests the folIowingsurvivaI.The two solid curves represent Weber functions that encompass the

three generalizations: First, Weber functions obtained witijwo extremes of Weber functions observed for electric stimulation. For the
) ' upper curve, two modes of neural excitation, dendfitype B) and axonal

electric and acoustic St'mu_lat'on are Wel! descr'bed_ by th§y e ), are presumed to contribute to intensity discriminationicated
same power function of stimulus sensation level given byby the shaded arrows Dendritic stimulation with more gradual rate-

Eq. (1). Second, the exponent of the power functian for intensity functions predominates at low levels; axonal stimulation with steep

; ; ; ;rate-intensity functions predominates at high levels. Other factors associated
electric Weber functions is, on average, an order of ma‘gmwith the upper curvdupper insetinclude: low absolute threshold@HS),

tude larger than that for acoustic Weper fupctlons, prOb?-bW_arge dynamic rangéDR), poor electrode pitch rankingEPR for comfort-
because the normal cochlear-based intensity compression dsly loud stimuli, and presumably sparse axonal survival because electrode
absent in electric hearing. Third, sensitivity to intensity Pitch ranking is poor. For the lower curve, a single mode of neural excitation

- : : presumed to contribute to intensity discriminatiGndicated by the
Changes appears to be better for electric stimulation, at leagﬁaded arrows Axonal stimulation near cell bodies within the modiolus

partly because RI functions for individual neurons areeags to steep rate-intensity functions at all stimulus levels. Other factors

steeper in the electric case. associated with the lower cuné®wer insej include: high absolute thresh-
old, small dynamic range, good electrode pitch ranking, and presumably
dense axonal survival because electrode pitch ranking is good for comfort-
ably loud stimuli.

Wt

C. Physiological mechanisms behind individual

differences S .
mented. To explain differences among cochlear implant sub-

Viemeister(1988 demonstrated that a rate-based neura]ects, one must look to physiological mechanisms that
code, or neural count model, can account for the overall serncorporate one or both of these factors.
sitivity to intensity change under acoustic stimulation. His As described earlier, Weber functions normalized to dy-
analysis of neural firing rates in acoustically driven fibersnamic range for electric hearing tend to fall between two
suggests that excellent sensitivity to intensity change can bgxtremes. Those two extremes are illustrated by the solid
traced to response statistics of auditory neurons. Such a negurves in Fig. 11. The uppermost, negatively sloped, Weber
ral count model assumes that the neural response to an ifunction represents poor Weber fractions at low intensities,
cremented stimulus exceeds the response to a standajfghich improve dramatically over the dynamic range. As in-
stimulus by some criterion. It also assumes that the decisiogiicated within the upper inset, other factors associated with
statistic for this rate code is mediated central to the cochleahis extreme were low absolute thresholds, large dynamic
which is likely to be the case for electrical stimulation as ranges and poor pitch ranking. The lower, flat-sloped, Weber
well. If so, then major differences between acoustic and elecfunction represents excellent Weber fractions, which remain
tric Weber functions should stem from differences in co-relatively constant over the entire dynamic range. As indi-
chlear preprocessing. As previously stated, those differencesated within the lower inset, other factors associated with
are characterized by a 10:1 difference in Weber-function exthis extreme were high absolute thresholds, small dynamic
ponents and a difference in overall sensitivity to intensityranges and good pitch ranking. In order for a rate-based in-
change. Both may be explained by the existence of cochleaensity code to explain electric intensity discrimination,
preprocessingdintensity compressignin the acoustic case physiological mechanisms that differentially affect neural
only. Since cochlear preprocessing is absent in the electrigrowth rates must be identified, and those mechanisms must
case, individual differences in intensity discrimination ability account for Weber functions ranging between the two ex-
among cochlear implant subjects must stem primarily fromremes shown in Fig. 11.
differences in neural function. We will focus on such indi-
vidual differences in the discussion that follows. 1. Two modes of neural excitation: Dendritic and

The criterion increase in neural spike count necessary t§0na/
achieve increment detection in a neural count model can oc- One such physiologic mechanism involves the existence
cur in one of two ways(1) by increasing the average firing of two modes of neural excitation. One mode of excitation
rate in a fixed set of auditory-nerve fibers,(@j by increas- produces more gradual rate-intensity functions, operates at
ing the number of fibers responding as intensity is incredower stimulus levels than the other, and can be associated
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with different neural survival characteristics. Specifically, threshold result in simultaneous excitation of many neurons
Van den Honert and Stypulkowski984), Javel(1990, and at their proximal processes. Rate-intensity functions are
Javel et al. (1991 have reported different types of neural steep at all stimulus levels, due to the predominance of ax-
responses to intracochlear electric stimulation of auditory-onal excitation sites. A small increase in intensity produces a
nerve fibers. Each has a characteristic latency and rate oélatively large increment in the total spike count; thus the
response growth, and is associated with a specific mode afiterion increase needed for increment detection is achieved
neural excitation. At low stimulus levelsBaresponse, with a with only a small stimulus change. Consequently, Weber
long latency(0.7 m9 and gradual rate of response growth, fractions are small throughout the dynamic range and do not
predominates. This response is thought to be associated witimprove significantly with level.

neural excitation from unmyelinated peripheral processes The simple model just described, which incorporates
that have long time constaniglendritic stimulation). At  two modes of neural excitation and variable patterns of neu-
higher stimulus levels aA response, with a shorter latency ral survival, accounts qualitatively for the range of Weber
(<0.5 m9 and a very steep growth rate, predominates. Thigunctions revealed here. Given this, Weber-function patterns
response has been associated with direct excitation of thmight be useful as an index of neural morphology in indi-
fiber near the cell body and a short neural time constantidual subjects. Of course, caution should be exercised in
(axonalstimulation. In the population neural response, thesedrawing conclusions about underlying neural status from
two level-dependent modes of neural excitation coexist. Th&Veber fractions, since very limited morphologic data are
mode with the more gradual growth rate, associated wittavailable for animals in which psychophysical measures
dendritic stimulation, may predominate for low-level stimu- have also been obtained. However, those data that do exist
lation near absolute threshold; the mode with the steepeare encouraging. In monkeys, Pfingstal. (1983 found that
growth rate, associated with axonal stimulation, may preintensity discrimination was poorer in two cochleas showing
dominate at high stimulus levels; both modes may contributeelatively little pathology, as compared to three cochleas

to neural growth rates at moderate stimulus levéls. showing more severe pathology but better intensity discrimi-
nation. Indices reported were spiral ganglion cell counts and
2. Qualitative model of intensity discrimination observations of myelinated nerve fibéesons, thus, direct

v\'}nferences related to dendritic survival cannot be made from

the existence of level-dependent dendritic and axonal excité—helr work. However, It seems Ilkely_ that some perlphera!
Qrocesses might have been present in the two cochleas with

tion might contribute to rate-based explanations of electri S
intensity discrimination. The upper, negatively sloped, We-th(_a least pathology. _If SO, then the fmdmg_s reported by
ber function represents the case where intact auditory fibenP fingstet al. are consistent with the qualitative model of-
with some functional unmyelinated peripheral processes pr ered here.
sumably exist. Larger Weber fractions occur at low stimulus
levels where typeB (dendritig responses and gradual rate- 3. Contributions of neural density and spatial spread
intensity functions predominate. Smaller Weber fractions oc?! current
cur at high levels where typ& (axona) responses and steep In addition to physiological factors that modify firing
rate-intensity functions predominate. This pattern was obrates in individual nerve fibers, one must also consider how
served in the present study for several subjects whose abstie spatial spread of current might recruit additional fibers.
lute thresholds were low and dynamic ranges were largdhis is necessary because the dynamic range over which in-
(e.g., JWB. In these cases, it is reasonable to theorize théensity discrimination can be measured is considerably larger
survival of substantial numbers of spiral ganglion cells withthan the dynamic range of individual fibers. At low pulse
some intact peripheral processes that exhibit relatively longates(<200 H2, fibers that respond near absolute threshold
time constants. This assumption predicts low absolutesaturate within a few decibels above threshold. To maintain
thresholds(and wide dynamic ranggssince unmyelinated the intensity code with increasing level, these saturated fibers
peripheral processes exist in close proximity to the bipolamust be supplemented by unsaturated fibers. Unsaturated fi-
stimulating electrodes, and, in addition, their longer timebers may be recruited at the edge of the spatial excitation
constants may integrate current over time to achieve sengpattern as intensity increases, or they may be recruited by
tive absolute thresholds. current flowing into the modiolus and producing global acti-
Several other cochlear implant subjettsy., RFM ex-  vation of fibers.
hibited extremely small Weber fractions with little intensity For the case where the Weber function is similar to that
dependence, as illustrated by the lower solid curve in Fig. 11shown by the upper curve in Fig. 11, we have postulated
The same qualitative model described above should accousbme survival of peripheral processes. As stimulus intensity
for this pattern. In this case, dendritic processes may be alincreases above threshold, new fibers are recruited at a
sent near the stimulating electrodes, and consequently, exairadual rate because the density of peripheral processes is
tation is primarily axonakmodiolap at both low and high presumed to be relatively low. As a result of relatively shal-
stimulus levels. Absolute thresholds are high because the alew rate-intensity functions and gradual rates of fiber recruit-
onal targets are distant from the stimulating electrodes anthent, the increase in total spike count associated with a fixed
their shorter time constants may not be conducive to integraincrement in intensity is small. Thus relatively large incre-
ing low currents over time. Related to this, dynamic rangesnents in stimulus intensity are needed to reach a criterion
are narrow because stimulus levels only slightly abovencrease in spike count for increment detection. This trans-

The shaded insets and arrows in Fig. 11 illustrate ho
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lates to large Weber fractions. As stimulus intensity in- The relationship between differential sensitivity to inten-
creases to moderate and high stimulus levels, the curremity change and neural survival characteristics is clearly com-
field expands to encompass more peripheral processes aloplgx. We have offered a simple qualitative model that, to a
a wider extent of the cochlear partition, botore impor-  first approximation, can account for large individual differ-
tantly, fibers nearest the electrode become stimulated at theances in intensity discrimination and electrode pitch ranking
central (axona) processes. Not only are rate-intensity func-by invoking two modes of neural excitation and differential
tions steeper for axonal stimulation, but neural density ipatterns of neural survival. However attractive this simple
probably higher in the modiolus. These two fact@Gsteeper model might seem, it is still largely speculative. Clearly, ad-
RI slopes and higher neural dengitpay combine to gener- ditional research is needed to establish relevant links be-
ate rapid growth in overall response with stimulus level, andween morphology, physiology, and behavior in animal sub-
a smaller intensity increment is required to achieve a critejects. Knowledge from such studies may permit a confident
rion increase in spike count. The result is smaller Webeunderstanding of individual subject differences, which can
fractions. In this way, Weber fractions that are relativelythen be applied to the design of optimized processing
large near absolute threshold, may decrease substantially ashemes for individual implant users.

level increases over the dynamic range.

IV. CONCLUSIONS

4. Electrode pitch ranking and intensity discrimination (1) Intensity discrimination of 20Qes/phase biphasic

The strong positive correlation between electrode pitchelectric pulses can be accurately quantified by Weber frac-
ranking and intensity discriminatiofTable 1V) also seems tions in decibel§10 log(Al/l)}, which improve as a power
consistent with the qualitative model depicted in Fig. 11.function of stimulus intensity relative to absolute threshold
Excellent electrode pitch ranking for comfortably loud {Al/l1=8(1/1y)“}, just as they do for acoustic stimulation.
stimuli was exhibited by subjects whose Weber functionsThe exponents of electric Weber functions vary between
approached the bottom curve, i.e., highly sensitive and flat-0.4 and—3.2, compared to exponents betwee8.07 and
Weber functions accompanied by high absolute thresholds-0.11 for acoustic stimulation. The average Weber-function
and small dynamic ranges. Although little is known aboutexponent for electric stimulation is an order of magnitude
the physiological mechanisms underlying good pitch rankdarger than the average exponent for acoustic stimulation.
ing, the demonstration of excellent pitch ranki@nd excel- This probably reflects the absence of nonlinear cochlear pre-
lent electrode discriminatigrsuggests to us that the under- processing, which results in a nearly linear intensity dimen-
lying fiber population must be dense and probablysion for electric stimulation.
tonotopically organized. Furthermore, the fact that the elec- (2) Normalization of Weber-function exponents to the
trode pitch ranking experiment was carried out with stimulidynamic range of hearinfr(DR/100} equalizes improve-
in the upper third of the dynamic range, probably indicatesments in Weber fractions with stimulus intensity, both for
that the stimulated fiber population was primarily axonal. Asacoustic versus electric stimulation, and for electrodes with
argued earlier, small Weber fractions at low sensation leveldisparate dynamic ranges. The average improvement in We-
suggest that axonal stimulation is primarily involved. Thusber fractions over the dynamic range is approximately 8 dB,
both excellent pitch ranking and excellent intensity discrimi-for both acoustic and electric stimulation. This suggests that
nation are consistent with good survival of cell bodies withincentrally based decision mechanisms are probably the same
the modiolus. but that the peripheral transformations of stimulus intensity

At the other extreme, poor electrode pitch ranking wasare quite different for acoustic and electric stimulation.
exhibited by subjects whose Weber functions approached the (3) Overall sensitivity to intensity chang@d0 log 8} is
top curve in Fig. 11, i.e., less sensitive and steeply slopetetter for electric stimulation than for acoustic stimulation.
Weber functions, accompanied by low absolute threshold3his probably reflects steeper neural rate-intensity functions
and large dynamic ranges. As argued earlier, larger Webdor electrical stimulation.
fractions at low intensities suggests that dendritic stimulation  (4) Some subjects who exhibit very small Weber frac-
was involved. Poor pitch ranking ability for comfortably tions also exhibit little change in sensitivity across the dy-
loud stimuli suggests that the underlying axonal populatiomamic range, or across portions of the dynamic range. In
was relatively sparse and perhaps patchy throughout the corany cases, constant Weber fractions occur because the in-
chlea. These outcomes are consistent with our qualitativeensity resolution of implanted receiver/stimulators prohibits
model: The longer time constanisr closer proximity to the measurement of smaller Weber fractions.
stimulating electrodgsof dendritic processes resulted in (5) Forced choice adaptive procedures yield electric We-
lower absolute thresholds, and the gradual RI functions adser fractions that are consistent with those obtained from
sociated with dendritic stimulation were responsible forfixed-level procedures. Fixed-level procedures demonstrate
poorer Weber fractions at low intensities. At intensities neatthat psychometric functions for intensity discrimination are
the top of the dynamic range, axonal stimulation predomi-monotonic and thatl’ is a linear function ofAl.
nated, and Weber fractions improved. However, the slightly  (6) Weber fraction variance for electric stimulation is
poorer Weber fractions seen at high intensities in these sulzonstant with stimulus level, just as it is for normal acoustic
jects may reflect the somewhat poorer ganglion cell survivahearing.
that we have associated with poorer electrode pitch ranking. (7) Weber fractions from prelingually deafened subjects
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appear no better or worse than those from postlingually deafdynamic range. Changing the Weber function slope-@.05 yields an
ened subjects. amplitude DL curve with a slope 0f0.02, which will appear as a wors-

(8) The cumulative number of discriminable intensity ening amplitude DL across the_ dynamic range. Thu_s Weber functions that‘
. . . ; vary across a range of negative slopes, as seen in the present data, will

steps across the dynamic range of electric hearing varies congpear differently when viewed as amplitude DL curves.

siderably among subjects, from as few as 6.6 to as many dShannon’s 2AFC psychophysical procedure tracked 70.7% correct, which

45.2 steps, depending upon dynamic range, overall sensitjvestimates a performance leveldf=0.78, while the 3AFC procedure in the

. . Lo . current study tracked 79.4% correct, which estimates a performance level
ity to intensity increments, and rate of improvement of the of d'=1.63. Therefore, Weber fractions calculated from Shannon’s data

Weber fraction with stimulus level. should be corrected by-3.2 dB {10 log(1.63/0.78} to conform to those
(9) DLs, expressed as amplitude increme{&\j, were obtained in the present study. Such a correction would yield an intercept of
not constant across dynamic range. —0.08 instead of-3.28 for the composite Weber function in the upper left

. LT . panel of Fig. 10.
(10 Intensity discrimination was related to absolute 80ne can derive DLs from modulation detection thresholds, if one assumes

threshold, dynamic range, and electrode pitch ranking. Subthat a Weber fraction41/1) is equivalent to(I (1+m)2—1)/l=2m+mZ
jects with larger Weber fractions exhibited lower absolute Then the Weber fraction in decibels becomes

thresholds, wider dynamic ranges, and poorer electrode pitch 19 jogAi/1)=10 log2m+n?).

ranking. A qualitative model associates this pattern Withoror the acoustic data from Schrodetral. (1994, estimates of maximum
more gradual neural rate-intensity functions and sparse denacceptable loudnesMAL ) levels were not available. Thus to approximate
dritic survival. Subjects with excellent Weber fractions ex- dynamic ranges for acoustic stimulation, an MAL at 100 dB SPL was

o . . ssumed for all test frequencies, and dynamic range was specified as the
hibited high absolute thresholds, small dynamic ranges, an@iﬁ‘erence in dB between MAL and mean absolute threshold for their sub-

excellent electrode pitch ranking. The model associates thigects at each test frequency.
pattern with steep neural rate-intensity functions and dens¥For the purposes of this discussion, differences in the underlying variance
axonal survival. of the distribution of spike counts has been ignored. Any realistic spike-
count model must take this into account; unfortunately, neurophysiological
lldata are lacking in this regard.
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