Loudness perception with pulsatile electrical stimulation:
The effect of interpulse intervals®

Colette M. McKay and Hugh J. McDermott
The University of Melbourne, Department of Otolaryngology, Parkville 3052, Australia

(Received 23 June 1997; accepted for publication 16 April 1998

The effect of interpulse intervals on the perception of loudness of biphasic current pulse trains was
investigated in eight adult cochlear implantees at three different stimulus levels encompassing the
psychophysical dynamic range. Equal-loudness contours and thresholds were obtained for stimuli in
which two biphasic pulses were presented in a fixed repetition pédi@hd 20 my and also for
single-pulse/period stimuli with rates varying between 20 and 750 Hz. All stimuli were of 500-ms
duration, and the phase durations of each pulse werg.4@0 less. The results of these experiments
were consistent with predictions of a three-stage model of loudness perception, consisting of a
peripheral refractory effect function, a sliding central integration time window, and a central
equal-loudness decision device. Application of the model to the data allowed the estimation of
neural refractory characteristics of the subjects’ remaining peripheral neural population. The
average neural spike probability for a 50-Hz stimulus was predicted to be about 0.77, with an
associated neural refractory time of 7.3 ms. These predictions did not vary systematically with level,
implying that the effect of increasing current level on loudness results more from recruitment of
neurons than from any increase in average spike probability.19@8 Acoustical Society of
America.[S0001-496628)00708-3

PACS numbers: 43.66.Mk, 43.66.Ch, 43.66[J¥/H]

INTRODUCTION threshold versus rate function monotonically decreased for
. . . . shorter pulse duration€00 us per phase but was bowl
For electrical stimulation of the acoustic nerve, as for P €500 p per p o :
Lo . . . shaped for longer pulse duratiof® ms. This result was
acoustic stimulation, the main parameter which controls the_ ", . . : .
; : . . consistent with previous data obtained with monkeys or hu-
resultant loudness percept is the stimulus magnitude. This IS L . ]
o ) . . . mans(Shannon, 1985, 1989; Pfingst and Morris, 1993; Moon
controlled in biphasic pulsatile stimulation by the current

amplitude or phase duration of the pulses, with loudness bee-t al, 1993, gxcept for a species difference affec;tmg the
ulse separation at which the 2-ms pulse duration curve

ing a monotonic function of both these parameters. In thid hed the mini threshold. Pfinestal. al q
paper, we investigate the more subtle effects on loudness ggached the minimum threshold. Pfingstal. also measure

temporal parameters of the signal, in particular the effects otfh_reShOIdS for stimuli with a fixed number of puls@sor 10

interpulse intervalgthe time between onsets of successiveW'th stimulus duration covarying. In this case, the threshold

biphasic pulses The effect of varying interpulse interval is versus pulse separation functions had the same shape as for

difficult to study as an independent factor, because there aff® fixed-duration stimuli, for each pulse duration ugsado
associated covariables such as rate, number of stimulués @nd 2 ms The main difference between the two-pulse,

pulses, or stimulus duration, which may also affect loudnesd€n-Pulse, and 500-ms stimuli was that stimuli with more
For pulse trains that utilize a single interpulse interval andPUSes had lower thresholds, and produced threshold versus
fixed stimulus duration, the rate of stimulation and numbePuISe separation curves with steeper slopes. The authors con-
of stimulus pulses covary. In stimuli with a fixed number of cluded that the pulse separatitr interpulse intervalcon-
stimulus pulses, the stimulus duration covaries with inter{ributed significantly to the shape of the threshold versus rate
pulse interval. curves (as opposed to ratper se or number of stimulus
Pfingst et al. (1996 have studied the effect of pulse pulses. They stated that their results were consistent with
separation(the time between the end of the first waveform the presence of an integrating mechanism which was most
and the onset of the next waveforon thresholds of detec- effective within about 5 ms, and that, in the case of very long
tion in human implantees, when pulse separation was varieBulsé durations, the non-monotonic threshold versus rate
in stimuli of fixed 500-ms duratiofwith rate and total num- functions were consistent with a neural inhibitory mecha-

ber of stimulus pu|SeS CovaryihgThey showed that the nism which Operated for short time intervals after |0ng-
duration pulses. They suggested that this inhibition may be

o _ due to an alteration in the ion channel kinetics of auditory
dSome of the data in this paper were presented at the 131st meeting of the dbyi tivati f sodi h Is f
Acoustical Society of America, Indianapolis, May 1996 M. McKay and neurons, caused by Inactvation or sodium channeils Tor sev-

H. J. McDermott(1996 “The effect on pitch and loudness of major inter- €ral milliseconds following an action potential, or following
pulse intervals within modulated current pulse trains,” J. Acoust. Soc. Am.a long-duration subthreshold pulse.

99, 2584A) (1996, and at the British Society of Audiology short papers fne ind ; ;

meeting, Nottingham, September 1987. M. McKay and H. J. McDer- . T_he above studies |nd|_cate that interpulse interval has a
mott (1997 “A loudness model for electrical stimulation: implications for S'gn'ﬂcam effect on detection thresholds. There are several

physiological differences among cochlear implantdes” mechanisms which may be involved in temporal interactions
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between pulses, both at the level of individual neurons, antevels. A model of loudness perception will be used to pre-
at the level of central processing of multiple neural re-dict the data and infer predicted physiological differences
sponses. At the level of individual neurons, an inhibition ofamong implantees based on the data. In the first two experi-
responsivenesgefractorinesgwill follow an action poten- ments, equal-loudness relationships were measured for pulse
tial. For electrically stimulated auditory neurons, an actiontrains containing pairs of biphasic pulses presented at a fixed
potential is followed by an absolute refractory time of aboutrepetition rate, but with a variable interpulse interval within
1 ms, and a relative refractory time of up to 6-10 ms, ineach pair. In contrast with previous electrical stimulation ex-
which the probability of eliciting a second action potential is periments described above, interpulse interval was the only
zero or reduced below its normal val@®typulkowski and variable in these stimuli, but there were necessarily two dif-
van den Honert, 1984; Parkins, 198®n the other hand, an ferent interpulse intervaléwithin the pulse pairs, and be-
excitatory effect on an individual neuron may occur if re- tween the second pulse and the first pulse of the nexj pair
sidual charge remains on the neural membrane following &hich covaried over different ranges. With this stimulus pat-
subthreshold pulse. Such an excitatory effect has been dertern, any overall effect on loudness could then be attributed
onstrated by Butikofer and Lawren¢&979 in a simulation to differences in the effects of interpulse interval over the
using the Frankenhauser—Huxley model of neural stimulatwo covarying interval ranges. In the third experiment,
tion. Since residual charge dissipates quickly, however, thesequal-loudness contours were measured for rates of stimula-
excitatory effects are unlikely to be significant for pulsetion between 20 and 750 Hz, in order to compare the effect
separations more than about 4Q8. on loudness of interpulse interval alone to the effect for
Mechanisms at a more central level, involving multiple stimuli of differing overall pulse rate.
neural responses, are also sensitive to interpulse interval du- In this paper, the stimuli used in the three experiments
ration. Temporal integration is an example of such a mechaare described first, and a model of loudness perception is
nism, and is one of four stages in models which have beeRroposed which enables the prediction of the effect on loud-
commonly applied to account for temporal resolution abilityness of interpulse intervals in electrical stimuli for the three
in the auditory systenfViemeister, 1979; Buus and Floren- experimental stimulus paradigms. This model incorporates
tine, 1985; Green and Forrest, 1988: Moaeal, 1988; the refractory effects in electrically stimulated peripheral au-
Plack and Moore, 1990, 1991; Oxenham and Moore, 1994 ditory neurongstage 1, as well as central integratidstage
In these models, the first two stagesiditory filter and com- 2), and decision mechanisnistage 3, the last two stages
pressive nonlinearityrepresent the processing which occursPeing similar to those previously postulated from acoustic
in the periphery and cochlea. The third and fourth stage§xPeriments. The experimental procedures and results are
(sliding temporal integrator with an effective window dura- then presented and compared to the model predictions. The
tion of 3—-10 ms and decision devijcenodel more central model-fitting procedure results in an inferred description of
mechanisms, and are thus likely to be applicable withouthe refractor.y. characteristﬁcs of the subjects.' peripheral neu-
modification to electrical stimulation. Such a four-stagefons. In addition, information about the spatial and temporal
acoustic model was used in a series of experiments measufgSPonse patterns of each individual implantee’s population
ing detection of increments and decrements of various durd? residual auditory neurons is deduced by studying the in-
tions in sinusoidal stimuliMoore et al, 1993, 1996; Peters dividual differences in the data.
et al, 1995. Those authors found that the model parameters
which provided the best fit across frequency and level cony sTiMULI AND MODEL
ditions were an integration time window with equivalent o
rectangular duratiofERD) of about 7 ms, and a decision A Stimull
device which used a criterion of constant integrator output ~ The stimuli in these experiments were biphasic current
change(on a dB scalgacross conditions to detect changes inpulse trains, with a total duration of 500 ms, delivered in a
intensity (Moore et al,, 19986. bipolar or common-ground stimulation mode. The current
Viemeister and Wakefieltl 991) proposed an additional amplitude was equal for all pulses in each stimulus. Short
feature of central processing to explain the longer term temeluration pulse$50—100us) were used throughout these ex-
poral effects such as the decrease in threshold that occupgeriments, partly because speech processors used with co-
with increasing signal duration up to about 300 ms. In theirchlear implants require these short durations to produce rates
model of auditory detection, multiple “looks™ are stored in that can adequately code temporal information extracted
memory and can be used selectively to facilitate decisionfrom the speech signal. As pulse duration has been shown to
about detection and discrimination. Each “look” involves affect the refractory and excitatory state of auditory neurons
short-term integration, over about 3 ms, of the output of thegsee abovk it is important to note that this factor was held
auditory filters. The time constant of the “look” limits tem- constant in these experiments, and the conclusions drawn
poral resolutionsuch as gap detectigrbut improved infor-  later about neural response characteristics will apply only to
mation can be obtained by combining “looks” over much short-pulse-duration stimuli, such as those used in speech
longer time scalesup to about 300 msfor tasks such as processors.
threshold detection. The test stimuli for experiments 1 and 2 are illustrated in
The purpose of the experiments reported below was téig. 1. They consisted of two biphasic pulses which were
study the effects on loudness perception of interpulse interrepeated with a period of 20 m@xperiment 1 or 4 ms
vals in current pulse trains at threshold and suprathresholexperiment 2 The test interpulse interval was defined as
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Test Complementary B. The temporal interaction model of loudness

In:terv:al Interval : The first stage of our model describes the effects of re-
= ; fractoriness on peripheral neural excitation elicited by the
electrical current pulses within a stimulus. This first stage
50 HZ replaces the first two stages of the acoustic models outlined
Repetition in the Introduction(auditory filter and compressive nonlin-
Rate earity). The second stage of our model is a sliding temporal
integration window, and the third is a central decision device
250 Hz for comparing loudness percepts.
Regettition ‘ 1. Stage 1: Peripheral neural excitation
ate

For the two-pulse stimuli with 20-ms repetition period
—— — T (experiment ], we have assumed that the excitation pro-
0 5 10 15 20 2> duced by the first of the two biphasic pulsdsl( is unaf-
time (ms) . .
fected by refraction, or other temporal effects, since the no-
stimulation period preceding this pulse is always longer than
FIG. 1. The test stimuli used in experiments 1 an@2-ms segmentThe 10 ms.(It follows that the excitation produced by each pulse
test interpulse interval was varied between the smallest pogiisiethan 1 jn the 50-Hz pulse train is a|951_) The excitation produced

ms) and a maximum of 10 ms for the 50-Hz repetition rate, or 2 ms for the . .
250-Hz repetition rate. The interphase gap was approximatefys43 by the Sec‘?”d prthIC pUISEZ)_ was assumed to depend
on the test interval, in the following way:

the time between the start of the leading phases of the two E2(t)=E1
biphasic pulses, and the complementécypvarying inter-
pulse interval was the interval between the start of the secondere E2(t) is a sigmoid function which was chosen based
pulse and the beginning of the first pulse in the next periodon the simple assumptions that the activated neurons will
The pulse separatidras defined by Pfingst al. (1996 and  have a range of thresholds, leading to a range of spike prob-
described abovecan be derived from the interpulse interval abilities and refractory time&ince these depend on the sig-
by subtracting two phase duratiotiisted in Table } and the  nal amplitude relative to the individual threshadldand that
interphase interval of 4&s. these values are normally distributeB2(t) has a value
The minimum available pulse separation was limited byclose toE1(1—R) for small values of, rising to a value of
the fixed data transmission time of the implaapproxi- E1 for large values of. The parameteR can range from
mately 445 us). The test interpulse intervals were varied near zero to 1, and can be thought of as the average spike
from the minimum(less than 1.0 msto a maximum of half  probability for the first pulse for all neurons with thresholds
the repetition period10 or 2 ms for experiments 1 and 2, below the stimulus currerand for the second pulse for all
respectively. In addition, pulse trains with a single pulse per such neurons that did not fire on the first pulSehat is, arR
period(i.e., a 50-Hz or 250-Hz pulse trdiwere included. In  near zero would represent a low proportion of available neu-
experiment 3, one-pulse/period pulse trains were also usedyns firing on the first pulse, resulting in little decrease of
with rates between 20 and 750 Hz. excitation for the second pulse no matter how small the test

1 W)' @

TABLE |. Details of subjects who took part in the study. The last two columns list the stimulus parameters used in each experiment. The numbers that
describe the electrode specify the two rings comprising the bipolar pair used, or in the case of subjects 6 and 7, the single active ring in common ground mode.
The rings of an electrode array are numbered 1 to 22 in the basal-to-apical direction. The sixth column lists the electrical dynamic range of the electrode used,
measured using 100-Hz pulse trains with pulse durations as listed for experiment 1.

Electrical
Length of dynamic range Pulse
Age Implantation profound for 100 Hz Experiment duration
Subject (yr) Etiology date deafness (dB currenj no. (us) Electrode
1 65 Progressive/genetic May 1986 30 yr 2.2 1,3 50 (17,19
2 50 (17,19
2 54 Otosclerosis October 1990 5 yr 4.3 1 100 (15,19
2 70 (16,19
3 55 Meningitis September 1990 39 yr 3.0 1,3 100 (18,20
2 50 (18,20
4 35 Sudden onset/unknown July 1989 5 months 2.2 1 100 (16,18
2 50 (16,18
5 59 Otosclerosis February 1992 14 yr 2.7 1,3 100 (10,12
6 51 Trauma November 1988 17 yr 3.1 1,3 70 20
7 48 Progressive/genetic January 1987 1yr 55 1 100 15
8 41 Otosclerosis November 1992 6 yr 3.3 1 70 (18,20
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interval. In contrast, a value d® near 1 would represent a stimulus. The ratio of the two spike probabilities was used as
situation where most available neurons fire on the first pulsa fitting parameter in our model for experiments 2 and 3.
and are thus in a relative or absolute refractory state for the

second pulse, resulting in lower excitation for small test in-

tervals. 2. Stage 2: Temporal integration window

The value off in Eq. (1) specifies the midpoirin time) The relative excitation per pulse given by the refractory

e era0 e Lo A1C)model of sage 1 s used s e ot 10 tmporl e
. . o - “grator . We hav lidin mmetric, expo-
kins (1989 measured the interspike intervals for 2500-Hzg ator (stage 2 We have used a sliding, asymmetric, expo

SO . ) ) nential time windowW(t), with time constants on each side
pulse trains in single auditory neurons in squirrel monkeyséj

He showed that the average time a neuron remains refractory : and 7o) such thatr, is 0.63 timesr, [as determined by

o . . xenham and Moor€l994)], i.e.,

is inversely related to the amount by which the stimulus

current exceeds its physiological threshold. The mean inter- W(t)=e'n,  t<0,

spike times were more than 4 ms for currents within about W =e U2 t>0

1.6 dB of threshold, and reached an asymptote of about 1 ms '

for currents more than 7 dB above threshold. The standardheret is time (in ms).

deviation of refractory times in the population of neurons  The equivalent rectangular durati¢BRD), defined as

which responded to the first pulse of our stimulwehich 7+ 7,, was set to 7 ms, based on the parameters found for

determines the slope of the sigmoid funciiavas set to 0.8 discrimination of intensity changes in sinusoids by Moore

ms [see Eq.(1)]. Initial analysis of the data showed that et al. (1996. Since this integration most likely occurs more

goodness-of-fit of the model was insensitive to this parameentrally than the acoustic nerve, implantees were assumed

eter within the range 0.5-1.1 ms. to have the same parameters as normally hearing subjects.
The modeling of relative excitation from the two pulses This assumption may be invalid if the pathology causing

within the 4-ms repetition periodexperiment 2 and for deafness in the implantees affected that part of the central

each pulse for the different rates in experiment 3, is moreuditory pathways which is responsible for the temporal in-

complicated than described above, since, for overall ratetegration. However, our assumption is supported by mea-

exceeding about 100 Hz, every pulse in a stimulapart surements of temporal resolution in implantees, who have

from the firs) will be subject to refractory effects. The total exhibited generally similar performance to that of normally

effect for any particular pulse will depend on its position hearing subjectyShannon, 1993 The suitability of this

within the whole stimulus pulse train. For example, a high-ERD value for our subjects was supported by initial data

rate pulse train would be expected to produce a large rdfitting procedures in which the ERD was a variable param-

sponse on the first pulse, followed by a decaying oscillatioreter (see Sec. I)l.

in response amplitude until a steady-state response occurs

[see Javel1990, Fig. 17.22 for an exampleWe will as-

sume for the purpose of our model that the implantee’s loud3. Stage 3: Equal-loudness decision criterion

ness comparisor_l is based on the stgady-state portion of the The third stage of our model is analogous to the fourth

response. We W|Il_also assume that, in the steady part of th&age of Mooreet al’s (1996 model of intensity discrimina-

response, ea_lch stimulus pulse produces the same total €Xfon, in which a fixed ratio change of output from the inte-

tation which is dependent on the pulse reeperiment 3 or grator was used as a criterion for detection of intensity

average pglse ratée_xpenme_nt 2 Slr_lce the range of tes.t change. In our model, a decision of equal loudness is based
|_nterpulse intervals in experlmentlz is small, and the eXC_'ta'upon a criterion of equal output from the integrator of stage
tion prqduced by any one pu!sg will be affect.ed by up o f"’ez (or a difference less than that used for detection of intensity
preceding pulsegoccurring within the preceding refractory-

i f about 10 msit i ted that the effect of difference. Since the stimuli used in our experiment had a
Ime range ot about Msit is ‘expected that the ellect of “g.04 guration, we assumed that the longer-term temporal
changes to the test interpulse interval on the relative excit

. o . E\'ntegration(which causes the threshold of stimuli to decrease

tion arising from the_ two pulses will b_e small, co_mpared it increasing stimulus duration up to about 300 mvsuld

the effect of changing the average interpulse interal not affect our data. That is, we have assumed that if the

overall rat_e). . . output of the short-term integration time window is equal for
We will denote the average spike probability for thosetwo stimuli, then the total loudness will be equal after apply-

neurons contributing to the steady-state response to a pulﬁc?g the processing of the longer integration time window.

train of rater asg, . We wil assume that the total number of The validity of this assumption, as assessed by the results of
neurons above threshold is dependent only on the currepf. study, will be discussed below
magmt.ude(and not on the raje The depgndence of total The first two stages of our model predict how the output
excitation per pulsel,) on rate at any particular current can of the integrator changes when interpulse interval changes,
then be expressed as given an invariant stimulus current. For experiments 1 and 2,
E,=(6,/Orer) Erers 2) the ratio change of integrator oqtp(ﬁxpres;ed in dBwas
calculated for the two-pulse/period stimuli versus the one-
where Ozee is the average spike probability afigher is the  pulse/period stimulus, as a function of test interpulse inter-
total excitation produced by each pulse in the referenceal. Some examples of these model predictions are shown in

)
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controlled in this implant in discrete steps, and the current
produced at each step was determined from the calibration
data obtained from the manufacturer for each subject’s im-
plant.

Experiment 1
[T=5 ms, ERD =7 ms]

53
e
g
O
—g 4 ] The electrodes used, and their dynamic range for 100-Hz
Q 3 pulse trains, are listed in Table |, along with the pulse dura-
% . tions used. The spatial extefdistance between the compo-
% 2 1 nent rings of the bipolar paiwas chosen for each subject in
5 1 ] each experiment based upon the minimum needed to achieve
= | comfortable loudness without excessive currents. Two sub-
2 0 jects used common ground motle.
E bt ——— —
o 0 2 4 6 8 10 B. Experimental procedures
o Test Interpulse Interval (ms)
o 1. Experiment 1: 20-ms repetition period
;:;5_ 6 1 . O500/0260 = 1 The effect on loudness of varying the interpulse inter-
5 54 Experiment 2 vals between the pairs of pulses in stimuli with a 50-Hz
®) 4+ [ERD =7 ms] repetition rate(see Fig. 1 was measured by balancing the
s 4 -w loudness of each test stimulus with that of a fixed reference
g 3 1 stimulus. The reference stimulus was the two-pulse/period
o 1 stimulus with the smallest interpulse interval for each sub-
£ o4 ject. This reference was chosen to minimize the perceptual
2 + 0 /6 =06 differences (apart from loudnegs between the pairs of
5 14+ 500 2% stimuli being loudness balanced, as any other differences
g T . | | | (such as pitch or timbjecould introduce a loudness bias. A
0 t 1 t ! y T ’ 50-Hz pulse train was also balanced with the same reference
0.0 0.5 1.0 1.5 2.0 stimulus. The loudness-balance procedure was conducted at
Test Interpulse Interval (ms) two current levels: first with the reference stimulus at a com-

fortably loud level, and second with the reference set to half
FIG. 2. Some examples of the predicted effect of test interpulse interval oﬁhe number Qf current steps abovg threshold current com-
the temporal integration window output for the two-pulse/period stiBi ~ pared to the first reference level. Third, the threshold currents
re: the output for single-pulse/period stimufior 20-ms repetition period  for all stimuli were measured using a modified Hughson—
(top panel, and 4-ms periodbottom panel The separate lines show the :
effect of changingR (top panel and the ratiofsq/ 6,5, (bottom panel Westlake adaptive proceduf€arhart and Jerger, 1959.
while the other parameters are kept constant as shown. The IO_UdneSS _balance procedure was a two-interval
forced-choice adaptive procedure, whereby the reference and
. . . test stimuli were presented in random order, and the subject
Fig. 2, where the predi ff f changing th rameter ; .
Rgi]n e’x e?inewzetnte 1p Z?\gtfhdeeraigis (7 ac azngexgérier}nzitaz et?/vas asked whether the first or second stimulus was louder.
P : 0077250 P ' The current of the test stimulus was initially set so as to

are llustrated. produce a percept clearly louder than that of the reference
(usually several current stepJhe current was then adjusted
1. METHODS up or down by one current stéppprox. 0.12 dBwhenever
A. Subjects and hardware the te_st stimulus was considered softer_ or Iquder, respec-
' tively, in at least two out of three consecutive tridse entry

Eight adult subjects participated in this study, all users8 in Table | in Levitt, 1971 The procedure continued until
of the Mini System 22 implant, manufactured by Cochlearll turning points were obtained and the last 8 of these were
Ltd. All are postlinguistically profoundly deaf, and had no averaged. To overcome potential bias due to the initial loud-
useful hearing before implantation. Details concerning theiness or to which stimulus was being adjusted, the procedure
etiology, length of profound deafness, and implant experiwas repeated with the two stimuli interchanggd., adjust-
ence are given in Table I. ing the current of the reference stimulus to match the loud-

The Mini System 22 cochlear implant consists of anness of the test stimulusin this case, the test stimulus cur-
intracochlear array of 22 active electrodes, spaced at interent was set at the previously found equal-loudness current,
vals of 0.75 mm, which are activated by an implantedand the current of the reference stimulus was initially ad-
receiver—stimulator. The receiver—stimulator receives digijusted to produce a loudness greater than that of the test
tally encoded signals from a speech processor via a transcatimulus. Thus two estimates were obtained of the test-
taneous inductive link. In these experiments the speech pratimulus current required for loudness equal to that of the
cessor was interfaced with an IBM-compatible personakeference stimulus, with the test stimulus starting from above
computer which, with specifically designed software, wasand below the loudness of the reference.
used to control the parameters of stimuli in each experiment  For purposes of comparison with the model predictions,
and to record the subject’s responses. Stimulation current ihe current reduction@n dB) of the two-pulse/period stimuli
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compared to the current of the equally loud one-pulse/periodmall changes of current, and to be stimulus independent, but

stimulus were calculated by subtracting the average currentas allowed to be subject and level dependent.

value for the equally loud one-pulse/period stimulus from The model predictions, when divided I, therefore

each of the current values for the two-pulse/period stimuli. predict the current increase which would have elicited the
same increase in excitation as the change in stimulus type

2. Experiment 2: 4-ms repetition period (from one- to two-pulse/period, or 50 Hz to a different jate

The adaptive loudness balancing procedure describeWh”e keeping current constant. This is equal tortba@uction

above was used to equalize the loudness for pairs of biphas}@ current(relative to the reference stimulus currergquired

pulses with 4-ms repetition period, and test interpulse intert© reduce the excitation of the test stimulus to a value equal

vals of up to 2 ms. In this experiment, the reference stimulu® that of the reference stimuléas measured in the experi-
was selected to be the 250-Hz pulse train. This choice ornents.

reference stimulus allowed the reduction in current for the

two-pulse/period stimuli compared to the equally loud one-2, podel-fitting procedure

pulse/period stimulus to be obtained directly, and was made
possible by the smaller pitch or timbre differences among the
stimuli. Subjects 1-4 participated in this experiment, and the"
equal-loudness relationship was measured at the comfortab
loud level only. t

For experiment 1, the prediction for the current increase
hich would produce the same increase in excitation as the
ange from one- to two-pulse/period stimuli was fitted to
e experimentally measured reduction in current for the
two-pulse/period stimulirelative to the reference stimulus
curren}, to make it equal in loudness to the one-pulse/period
stimulus(see above

The equal'loudness relationShip for different rates of The f|tt|ng procedure was an iterati\Aé minimization
stimulation between 20 and 750 Hz were obtained at a Conbrocedure based on the Levenberg_Marquardt algorithm
fortably loud level for SubjeCtS 1, 3, 5, and 6. Each StimulUS(Marquardt, 196B Three f|tt|ng parameters were USM:T,
was loudness balanced with the 50-Hz stimulus. In this CaS%nd S. As mentioned above, the integration time window
the loudness balance was obtained using a method of adjus{as assumed to have an ERD of 7 ms. Initially, however,
ment. The test and referent&0 Hz) stimuli were presented fitting was attempted with ERD as a free fourth parameter
alternating continuously, separated by 500-ms silent inter¢hyt constrained to be equal across the three stimulus levels
vals, and the subject altered the current of the test stimulugyr each subjegtto investigate whether the data were con-
with an unmarked knob, until the loudness was judged equaljstent with this 7-ms value. In five out of the eight subjects,
to that of the reference. An average result of four balanceﬁ']e dependence of ERD on the value of at least one other
was Calculatec(tWO with the reference fixed, and two with parameter was too great to Obtain a Va”d estimate Of ERD.
the reference adjusted, with the adjustable stimulus alway$he results for the other three subjects gave estimates for
started at a level perceptibly softer than the fixe@his  ERD which were generally consistent with the 7-ms value.
loudness-balance procedure was chosen because it was mqige ERDs(in m9 and their standard errors were: 64,
time efficient, and the balanced current differences were exerp= 7.5(1.3); for S6, ERD=5.3(0.7); for S7, ERD
pected to be larger than in the previous two experiments-g.8(0.5). Based on these results, and their consistency
thus not needing the greater measurement precision of thgith our initial assumptions about the integration time win-
adaptive method. Thresholds for all stimuli were obtained agjow, the ERD was fixed at 7 ms for all subjects and stimuli.

3. Experiment 3: Equal loudness for different rates

in experiment 1. The reduction of current for the test stimu- In experiment 2, the current-to-excitation exponesit,

lus relative to that of the equally loud 50-Hz stimulirsdB)  \which was obtained in the fitting procedure for experiment 1

was then calculated. for each subject at comfortable loudness, was reused. Thus
there was a single fitting parametékq,/ 6-59, used to fit the

C. Comparison of experimental data with model model predictions to the data.

predictions In experiment 3S was also constrained to be equal to

1. Current-to-excitation transformation the values for comfortably loud and threshold stimuli derived

In order to quantitatively relate the experimental resultsby the fitting procedure for experiment 1. The fitting param-

to the model output, it is necessary to adopt a transformatioﬁter in this case was the rati / fso.
between the change in stimulus current and the change in

neural excitation. However, the precise nature of the relationy], RESULTS

ship between current and neural excitation is unknown, an
it may also be subject, electrode, or level dependent. As
first approximation, we have assumed that the excitation pro- The results of experiment 1 for the eight subjects are
duced by a current pulse can be described by a simple powshown in Fig. 3, where the reductions in current for the two-
function of current, with exponer8, at least over the small pulse/period stimuliin dB relative to that of the equally loud
current range used to balance the loudness in each expetdne-pulse/period stimulusre plotted against the test inter-
ment. In other words, the change in integrator outputiB)  pulse interval for comfortably loud, mid-intensity, and
resulting from a current changki (in dB) was assumed to threshold stimuli. It can be seen from the figure that the
beS Ai. This scaling factor was assumed to be constant overepeated loudness balancing results at comfortably loud and

g«. Experiment 1: 20-ms repetition period
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FIG. 3. The threshold and loudness balancing results for different test interpulse intervals in experiment 1, with the best-fit model predictions. Each row
contains the data for one subject, and each column the data for each stimulus level. The vertical axes show the current reduction required to make each
two-pulse/period stimulus equal in loudness to the one-pulse/period stimulus. The horizontal axes represent the test interpulseenfégvdl The pair

of symbols at each interpulse interval in the comfortably loud and medium loudness panels show the two loudness balaiiseerésyitd he solid lines

represent the best-fit model predictions, using an ERD of 7 ms and the parameter values shown in Table Il. The dotted lines for subject 2 represent predictions
with a smaller ERD(5.5 mg.
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TABLE II. The values of the fitted parameteBs R, andT which gave the best predictions of the data, for each

of the eight subjects at the three levels tested. All fitted functions were with a time-window ERD of 7 ms, with
the exception of the second set of values for subject 2, where 5.5 ms was used. Asterisks denote the values
which were fixed to avoid high dependency among paramésess texk

Comfortably loud level Mid-dynamic range level Threshold
fitted parameters fitted parameters fitted parameters
Subject (standard errops (standard errops (standard errops
1 S=1.85(0.17) S=2.05(0.3 S=1.41(0.18
R=0.85(0.2) R=0.74(0.4) *R=0.795
T=6.7(0.3 ms T=7.0(0.5 ms T=12(5) ms
2 S=6.1(0.9 S=2.6(0.2 S=1.9(0.15
*R=0.3 *R=0.3 *R=0.3
*T=7.3ms *T=7.3ms *T=7.3ms
2 S$=5.3(0.7) S=2.4(0.2) S=1.7(0.2)
ERD=5.5ms *R=0.3 *R=0.3 *R=0.3
*T=7.3ms *T=7.3ms *T=7.3ms
3 S=2.3(0.9 S=2.6(1.0 S=1.15(0.12
R=0.83(0.09 R=0.95(0.05 R=0.85(0.2
T=7.3(0.7 ms T=9.2(1.7 ms T=8.4(0.49 ms
4 S=2.5(0.6 S=1.59(0.12 S=1.23(0.19
R=0.69(0.08 R=0.71(0.03 R=0.70(0.09
T=7.6(1.00 ms T=5.9(0.4 ms T=6.4(0.6) ms
5 S=5.3(1.9 S=2.8(0.9 S=1.59(0.12
R=0.68(0.11) R=0.62(0.11) R=0.70(0.05
T=75(1.39 ms T=8.5(1.1) ms T=6.4(0.6) ms
6 S=2.9(0.5 S=3.8(0.6) S=1.85(0.5
R=0.83(0.2 R=0.80(0.03 R=0.90(0.03
T=8.4(0.7 ms T=7.5(0.5 ms T=5.9(0.7 ms
7 S=0.73(0.09 S=0.45(0.09 S=1.4(0.3
R=0.88(0.01) R=0.89(0.0) R=0.40(0.15
T=6.9(0.2 ms T=8.7(0.3 ms *T=7.8ms
8 S=3.85(0.7) S=1.27(0.15 S=1.12(0.12
R=0.63(0.10 R=0.70(0.09 R=0.79(0.03
T=5.6(1.1) ms T=7.7(0.5 ms T=6.2(0.4 ms

mid-intensity levels were generally within 0.1 dB. Also threshold stimuli p=0.53) for five subjects. The medand
shown in this figure are the best-fit predictions of the modektandard deviationof the 19 estimates d® was 0.77(0.11).
to these data. One-way analysis of variance showed that level also did
Table Il contains the values of the parameters and theinot significantly affectT for the five subjects wheré was
confidence limits for the model predictions plotted in Fig. 3.derived for all three levelsp=0.47). Similarly, pairedt
Using the three free paramet&sT, andS, 19 out of the 24  tests showed no effect of level oh between comfortably
sets of data were successfully fitted with the fitting algorithmloud and mid-level stimuli for seven subjects= 0.29), and
without excessive parameter dependence leading to uncepetween mid-level and thresholg <€ 0.33) or comfortably
tainty about parameter values. Threshold data for subjects Ibud and threshold stimulig=0.37) for five subjects. The
and 7, and all three sets of data for subject 2, required at leastean(and standard deviatiprof the 19 estimates of was
one of the three parameters to be fixed in order to reduce the3 (1.1) ms.
parameter dependence. These fixed parameter values were One-way analysis of variance showed that level did sig-
chosen based on the analysis of the remaining data describadicantly affectS for the five subjects wher8 was derived
below, and are marked with an asterisk in Table II. for all three levels p=0.02). Paired tests for these subjects
The 19 sets of data which were successfully fitted withshowed a significant difference i8 between comfortably
three free parameters were used to investigate the relatiofsud and threshold stimulip=0.02) and between mid-level
ships between the parameter values and intensity level. Onend threshold stimuliff=0.04), although the difference be-
way analysis of variance showed that level did not signifi-tween comfortably loud and mid-level stimuli did not reach
cantly affectR for the five subjects wher® was derived for  significance for a paired test with seven subjectsp(
all three levels p=0.91). In addition, paired tests showed =0.24). The means and standard deviationsSftar the five
no effect of level orR between comfortably loud and mid- subjects where all three levels were analyzed were: at thresh-
level stimuli for seven subjectp&0.93), and between mid- old 1.4(0.1); at mid-level 2.4(1.0); and at comfortably loud
level and threshold {=0.89) or comfortably loud and level 3.3(1.5).
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The above analysis was used to fix various parameters in
the five remaining sets of data, in order to obtain the best fit
that was consistent with the other data sets. In the case of the
threshold data for subjects 1 and 7, initial fitting with all
three parameters produced a situation wher@as highly
dependent o (andvice versa. Based on the insignificant
effect of level onR andT values seen in the other subjects,
best fits were obtained first with the value set to the aver-
age of the other twd values at the higher levels, and then
with the T value similarly fixed. The best outcome of these
two fitting procedures is shown in Fig. 3, and the parameters
used are in Table Il. For subject 1, the best-fitting option was .
with R fixed, and for subject 7 witi fixed.

Subject 2's data were more difficult to fit, as the initial
fitting with all three parameters resulted $1being highly
dependent o for all three stimulus levels. This was due to
the monotonic exponential shape of the data. It can be seen
from Fig. 2 that this shape is consistent with a low value of 0.0 4————————T—"———T——T—7T
R, where refractory effects are likely to have only a small 04 08 08 10 12 14 16 13 20
influence. All values ofR below about 0.3 produced an Interpulse Interval (ms)
equally good fit(with S covarylng with theR valug. Given FIG. 4. The current reduction required to make the two-pulse/period stimuli
that theR values for other subjects were all greater than 0.Gqual in loudness to the one-pulse/period stimulus in experiment 2, along
(with one exceptio)‘] subject 2'sR value was set to 0.3, with the best-fit model predictions. As in Fig. 3, the two results for each
which was the maximum value that produced a reason(,:lb[@terpulse interval are.re'presented separately, and the dotted line for subject
. . S 2 represents the prediction for ERI3.5 ms.
fit. SinceT had a very insignificant effect on the model pre-
diction for thisR value, it was set to the averageé.3 m9
found for the 19 well-fitted sets of data. It can be seen fronof a smaller ERD for subject 2 did not produce a signifi-
Fig. 3 that the model predictions for these val(sdid lineg cantly different ratig 0.682(0.006]. Thus, for all four sub-
fail to predict the data shape for long interpulse intervals. Tgects, the model predicted that doubling the overall rate from
improve the model predictions at longer interpulse intervals250 to 500 Hz would lead to a drop in the average spike
it was necessary to narrow the integration time window. Theprobability by a factor of approximatel:.
fitting procedure described above for subject 2 was repeated
at successively smaller ERDs and tprevalues compared. It
was found that ERD values within 0.5 ms of 5.5 ms providedC. Experiment 3: Equal loudness for different rates
the best model predictions. The dotted lines in Fig. 3 show
the predictions for an ERD of 5.5 ms for subject 2.

® Subject 1
A Subject2
O Subject3
o

Current reduction for two-pulse/period stimul
(dB relative to equally-loud one-pulse/period stimulus)

The results of experiment 3 are shown in Fig. 5 for
subjects 1, 3, 5, and 6, where the current reduction relative to
the current for the equally loud 50-Hz stimulus is shown for
rates from 20 to 750 Hz. It can be seen that, as rate increased,
The results of experiment 2 are shown for subjects 1—4here was a monotonic increase in the current reduction re-
in Fig. 4, where the reductions in current for the two-pulse/quired to maintain equal loudness. The threshold data are in
period stimuli (in dB relative to that of the equally loud accordance with previous published results for short duration
one-pulse/period stimulusre plotted against the test inter- pulses as described in the Introduction. The comfortably loud
pulse interval. Also shown in this figure are the best-fit pre-data show a similar increase in current reduction for increas-
dictions of the model for these data. The valuesSafhich  ing rate, but the magnitude of the effect is smaller than that
were derived from experiment 1 at comfortable loudnesdor threshold, leading to a steadily increasing dynamic range.
were used to make the model predictions. The only fitting  Unlike the stimuli in the first two experiments, the total
parameter was the ratisgg/ 0,59. It should be noted that number of stimulus pulses in experiment 3 covaried with
this parameter influences the vertical position of the preinterpulse interval for the different rates. The model predicts
dicted curve and not its slope, the latter being determined bthat there will be two opposing influences on integrator out-
S and the ERD of the time window. The two fitted lines for put as rate increases: there will be an increasing number of
subject 2 correspond to the two ERD values used for thipulses within the integration window; and there will be a
subject in experiment 1. It can be seen in Fig. 4 that thedecrease in excitation per pulse caused by a falling spike
slopes of the predicted curves match the slopes of the dagarobability (as seen in experimen).2
fairly well, thus lending support to th& values obtained The effect of the increasing number of pulses in the
from experiment 1. The smaller ERD value of 5.5 ms forintegration time window was first calculatéde., keeping
subject 2 improved the fit of the slope for these data, as it didpike probability constaptThe lines in Fig. 5 show the pre-
in experiment 1. The values of the ratiyoy/ 6,5, (and the  dicted current reduction due to this effect alone, using an
standard errojsfor subjects 1-4 respectively were 0.671 ERD of 7 ms and the values &derived in experiment 1 for
(0.003; 0.69(0.1); 0.568(0.003; and 0.6550.006. The use  comfortably loud and threshold stimuli. The model predicts

B. Experiment 2: 4-ms repetition period
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FIG. 6. The predicted effect of rate @h derived from Fig. 5, assuming that
FIG. 5. The loudness balancing results at comfortable loudness and thresthe vertical distances between the data and the corresponding line in that
olds for stimuli with different rates in Experiment 3. The current reduction figure are due to a reduction in average spike probability, and &hais
relative to the threshold or reference current for the equally loud 50-Hzequal to theR value (at threshold or comfortable loudngstetermined in
stimulus is shown, along with the model predictions for the effect of theexperiment 1(Table Il). The four dotted lines in the second panel show the
integration time-window without refractory effects. spike probability versus rate functions extrapolated from Fig. 17.21 in Javel
(1990, for a single neuron at four different current levels: 51, 51.5, 52, and
54 dB(re: 1 uA).
that the actual reduction in current should be less than that

given by these lines by an amount given by @Wg(6:/  gpike probability below 50 Hz, which will be considered

50 . ) _ below) Second, the curves for threshold and comfortably
The ratios6, / 650 were calculated from the vertical dis- |o,q |evels are similar, implying that the effect of rate on

tance between each data point and the corresponding Cungerage spike probability is largely independent of stimula-
in Fig. 5. These were then multiplied by the subjed®s {ion jevel.

values(equal tofsy), determined from experiment 1, to cre-
ate the derived functions df, seen in Fig. 6.

Since 6, was an arbitrary rate-dependent fitting param-
eter, which would allow a perfect fit to any data of current The results of experiment 1 have shown that the effect
adjustment versus rate, the plausibility of our model therof changing the test interpulse interval within pairs of pulses
rests with the appropriateness of the derived functiong, of having a 20-ms repetition period could be successfully ac-
as descriptions of the averaged spike probabilities across aaeunted for by a model which considered both the effects of
ditory neurons. Javel1990 measured the spike probability refractoriness on the second of the two pufsasd a sliding
versus intensity for a single auditory neuron in a cat at dif-central integration window with ERD of 7 ms. The applica-
ferent stimulation rates. The spike probability versus ratdion of the model to the experimental results allowed the
data, interpolated from his Fig. 17.21 for four fixed intensi-individual specification of the “average” refractory charac-
ties within about 3 dB of the neuron’s threshold of activa-teristics R andT), and the transformation between current
tion, are plotted in Fig. 6, in the same panel as subject 3'€hange and neural excitation charigésen by the exponent
data. The behavior of the predicted average spike probabilit$). In experiments 2 and 3, the effects of refractoriness were
is consistent with these data, given that it represents an awvaodeled as a reduction of spike probability with increasing
erage over many neurons all at different levels in their dy+ate. The application of the model, using the valuesSof
namic range. The proportion of neurons that are activated athich were derived in experiment 1, provided good predic-
saturation probability would, in general, make the slope oftions for the results of experiments 2 and 3, and led to a
the average data less steep than for a single neuron nepllausible prediction of how spike probability changes with
threshold. rate. Thus, the model was able to consistently describe the

There are two further points of interest in the derivedeffect of interpulse intervals on loudness for three different
average spike probability versus rate functions. First, thewtimulus structures.
predict that spike probability is essentially unaffected by = As mentioned in the Introduction, refractoriness is only
stimulus rates less than 100 Hz, which is consistent with thene of several factors that can affect the amount of excitation
absence of refractory changes for time intervals longer thafrom a pulse which is preceded by another pulse. For stimuli
about 10 ms(In some cases, there is a slight drop in derivedwhich use very long pulse duratioiiever 1 m3, there ap-

IV. DISCUSSION
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pears to be an additional inhibitory mechanism which oper- - 1.0
ates after subthreshold pulses, and, for pulses separated byg 1 (r=0.78, p = 0.04)
less than 40Qus, there is possibly an excitatory mechanism g (g '
whereby charge can be integrated on the neural membrane & ] u
across more than one pulse to achieve a response spike. IfE .
either of these stimulus conditions are pres@nmt a single 0.84 u
electrode, then these effects would have to be incorporated -
into the function which describes the excitation for the sec- 0.7 4
ond pulse compared to that for the first pul&s. (1)]. For ; u
the stimuli used in these experiments, and for stimuli typi- 0.6
cally produced by existing speech processors, these condi-
tions are not expected to arise, and a model based on refrac-
toriness alone is sufficient to describe the peripheral 0.51
temporal effects.
0.4 T T v T T I T M
A. Average peripheral refractory characteristics 0 10 20 30 40 50

If the model assumptions about peripheral neural refrac- Length of Profound Deafness (years)

T[OI‘y be_hawor and_ the sub_sgquent _process of n_eural Sp”ﬁG. 7. The relationship dR determined in experiment(averaged over the
integration are valid, then it is possible to make inferencesnree levelsto the length of profound deafness prior to implantation, for the
from the data about the refractory behavior of the activatedeven subjects wher values were uniquely determined. The correlation
neural population of individual subjects who took part in theand statistical significance (andp) are shown in the panel.
experiment. Single-neuron spike probabilities are determined
by the magnitude of the stimulus current relative to the neu-
ral threshold until saturation occurs. Similarly, the valud&of This would lead to individual differences in the wRyand T
is determined by the magnitude of the stimulus current comvary with level. For example, subject 7 had a large increase
pared to the distribution of neural thresholds that are lowein R (0.4 to 0.9 between threshold and mid-dynamic-range
than that current. Th® values from experiment ffor 19  (see Table Ii. This could be due to a lower density of neural
sets of datahad a mean value of 0.77, and ranged fromfibers at sites more distant from the stimulation site, so that
0.4—0.9(although subject 2 may have had values lower thart higher currents there were not enough neurons being re-
this range. The fact that, on averag® remained constant cruited to maintain a low average spike probability.
across the subjects’ dynamic ranges implies that, as current It is possible that the different average spike probabili-
increased, and neurons activated at the lower current movdigs among subjects may reflect the overall density of surviv-
towards a higher or saturated spike probability, the averagg neural fibers. A subject with a very sparse population of
spike probability remained relatively constant due to othemerve fibers may have a slow rate of recruitment of addi-
neurons, with higher thresholds, being activated at lowetional fibers as the current is increased, and this would lead
spike probabilities. Thus, for the “average” subject, the in-to a higher average spike probability than a subject with a
crease in total excitation per pulse arising from an increase idense population of available nerve fibers. One factor which
current is due mostly to an increase in the number of neuronsay affect the density of surviving nerve fibers is the length
activated, rather than any increase in the average spike probf profound deafness. For our subjects there was a significant
ability across those neurons. relationship between thie values(averaged across the three

TheT values(the mean time that neurons which fired on levelg and the length of profound deafness before implanta-
the first pulse remained refractgrgepend in a similar fash- tion. Figure 7 shows the average spike probabilities and
ion on the relative magnitude of the stimulus current comdengths of profound deafness for seven subjects along with
pared to the distribution of neural thresholds that are lowethe results of linear regression analysis=(0.78,p=0.04).
than that current. It is not surprising, then, that the mearSubject 2 was omitted, as no defini® predictions were
value of T (7.3 mg was also not significantly affected by obtained for him. This result supports the proposition that
stimulus level. The interspike interval versus “neural sensathere is a loss of neural density over time in the absence of
tion level” data for single neurons measured by Parkinsauditory stimulation, and that this leads to higher average
(1989 indicate that a refractory time of 7.3 ms would be spike probability among the stimulated fibers. Another factor
expected for a neuron activated less than 1 dB above itwhich may influence the density of surviving nerve fibers is
threshold. Thus, the average spike probability and interspikéhe etiology of deafness. Three of the subje@s5, and 8
interval data obtained in these experiments support the hykad a partially conductive deafneghie to otosclerosjsand
pothesis that, as current increases, significant numbers of ade may have more surviving nerve fibers than those whose
ditional neurons are recruited, leading to large proportions ofleafness was wholly sensorineural. These three subjects had
neurons being activated close to their thresholds, regardleskree out of the four lowest averagevalues(assuming that
of the stimulus current. subject 2 had a value below 0)65

The rate of recruitment of neurons with level is likely to In summary, then, the results of the experiments suggest
be different for each subject, depending on the local densitthat average spike probability does not change much with
and type of neural fibers surrounding the stimulation sitelevel of stimulation, but that there are differences in spike
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probabilities among the subjects which are consistent with 5
varying degrees of neural survival.

derived from Nelson et al. (1996)
<— the present study
B. The current-to-excitation transformation

H
1

To fit the data from experiment 1 with the model, the
scaling factor applied to the current adjustment to transform ©
it into neural excitation units needed to be significantly larger
for higher levels of stimulation than that needed at threshold.
Given the assumptions of the model, this result suggests tha'§
a single simple power function is not appropriate to describe
the current-to-excitation transformation over the entire dy- §
namic range. In contrast, the data imply that a ratio current
change will cause a larger ratio increase in neural excitation
at higher stimulus levels compared to lower levels.

The same conclusion was reached by Nelsral. 1 — ——————
(1996, who studied the effect of electrical stimulus level on 0 20 40 60 80 100
intensity discrimination. They found that, for most subjects, Percentage of Dynamic Range
Weber fractions decreased as a power function of intensity
(1) relative to absolute threshold. When the electrical intenFIG. 8. The change in the power exponeB} Of the current-to-excitation

sity was normalized between subiects by usinag “percent Ofransformation(ratio_ relative to that at threshc)ld(ersus level within the
y J y 9P dynamic range, derived from the data presented in Neds@i. (1996 from

the dynamlc range” on a dB scal@DR), the S|0p_e of the seven subject&solid line), along with the ratios of scaling factofaveraged
Weber function (averaged across seven subjectsas over five subjectsfrom our experiment Xarrows encompassing the most
—0.08 dB/%DR, i.e., likely regions of the dynamic range for medium and comfortably loud lev-

l9).
Wfse=10log (Al/1)=—0.08%DR}+ 10 log (B). (4 o

The 10 log B) term in the above equation represents the subdata. However, we propose that, in the “average” subject,
ject’s overall sensitivity to intensity change. They interpretedthe increase in relative excitation at higher levels is due more
their data as suggesting that the effects of current on neuréd increases in the number of neurons activated than any
excitation increased with increasing level. This interpretationncrease in the average spike probability.

was based on the assumption that the central decision device In the individual implantee, however, there is a role for
for intensity increment was similar to that in acoustic hear-both factors in explaining the different patterns of loudness
ing, and involved a level-invariant criterion based on a segrowth. Our subject 5 showed a very large increase in scal-
neural excitation ratio increment. It is possible to derive howing factor between thresholdl.6) and comfortably loud
our scaling factorgof current to neural excitation on log (5.3 (see Table ), indicating a large increase in relative
scale$ would have changed with level for their seven sub-effect of current on excitation. At the same time, the average
jects to produce the relationship in Ed). The derived scal- spike probability changed very little between threshold and
ing factors for different points in the dynamic ran¢gs a  comfortably loud levels, indicating that the increase in exci-
ratio of the threshold factpmare shown in Fig. 8, along with tation was mostly due to an increased number of neurons
the ratios from our experiment. The loudness that our subactivated. In contrast, subject 7 is atypical of our subject
jects called “comfortably loud” would probably have been group, in that her scaling factor decreases above threshold,
considerably lower than the “maximum acceptable loud-whereas her spike probability more than doubles between
ness” measured by Nelsoet al, so we have denoted our threshold and higher levels. This is consistent with the re-
data by arrows encompassing 70%—90%DR for “comfort-cruitment rate of neurons not being sufficient to maintain a
ably loud” and 35%—-45%DR for the “medium level.” It low average spike probability, and in this case, the increase
can be seen that our results are broadly consistent with, ain spike probability would significantly contribute to the total
though somewhat lower than, the values derived from théncrease in excitation with level. Her large dynamic range
Nelsonet al. paper. The difference may be due to the con-(see Table )l may therefore be due to low neural density at
siderable variability in both subject groups. sites distant from the electrode.

Nelson et al. proposed a simple qualitative model in Nelsonet al.found that, in their subjects, a flat and very
which the relative increase in excitation for higher currents issensitive Weber functioicorresponding in our experiment
caused by the stimulation activating peripheral neural proto a large and relatively constant scaling fatrtwas associ-
cesses near threshold, and more distant axonal processesat#d with a smaller dynamic range and superior ability to
higher levels. Thegpresumably less dense residual periph- discriminate electrodes. Our subject 6 would fit this psycho-
eral processes would need a larger current increment to rehysical description fairly well, and he has both excellent
cruit more neurons, and have a less steep rate-intensity funelectrode discrimination and speech discrimination ability.
tion, compared to the more dense axonal processes, whidtlowever, our subject 7 has similar electrode and speech dis-
would need a smaller current increment to recruit the samerimination abilities to subject 6, but has a very large dy-
number of neurons, and where there is a steeper ratetamic range and low sensitivity to level changeferred
intensity function. This model is partially consistent with our from the small scaling factprThus the relationship between

tor
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w
1
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1
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intensity discrimination and electrode discrimination may be  In summary, the experiments have shown that it is pos-
more complicated than that proposed by Nelsb@al. More  sible to predict neural response behavior from psychophysi-
research is needed to define better what neural response chaal performance. This information is potentially useful both
acteristics are required for good electrode discrimination. Foin understanding differences in implantees’ speech percep-
example, it is not known whether dense and small areas dfon performance, and in devising more advanced ways of
neural activation would be easier to discriminate than largegontrolling the stimulus response in order to improve percep-
partially overlapping regions. tion of complex signals such as speech.
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n general, the duration of an integration window depends on the physical

(over about 200 msrather than the maX|mum_ O_Utpm' this quantity being integrated. For example, in some acoustic models the signal
would have minimal effect on the model predictions for ex- intensity is integrated, and in others, the signal intensity is transformed by
periments 1 and 2, where the one- and two-pulse/periocgpandpass filtering and nonlinear compression before integration takes place.

; ; ; ; ; The more compression which is applied to the input signal, the smaller the
stimuli have the same period. However, in experiment 3, anyERD of the integration window which explains the experimental data. The

“averaging” process would reduce the loudness estimatioNjntegration window with ERB-7 ms used herérom Mooreet al, 1996

for low rates <about 100 Hy where the sliding window  was derived from a model with a bandpass filter and nonlinear compression
output fluctuates. Figure 5 shows that, for some of the databefore integration. We have assumed that these initial stages model the
there is a reduction in loudness as rates fall below 50_1Odransformation, due to cochlear processing, from acoustic intensity to units

. . . . . . of peripheral excitation, and hence that the integration window in our
Hz, and this reduction is reflected in a reduction of the in- model is operating on the same physical units as the acoustical model,

ferred average spike probabilitffig. 6). However, the loud-  when an analogous transformation of current intensity to excitation is ap-
ness reduction is more likely to be due to an averaging pro-lied before the integration window.

cess over longer periods by the central decision device. These subjects used common-ground stimulation nﬁahka'm the!r clini
cal speech processor majbecause there were suspected intermittent short-

ing problems between particular electroddsstant from the ones used in
this experiment This electrode configuration will not produce uncomfort-
V. CONCLUSIONS able sensations, even if shorting occurs.
. . 3It is interesting to ask whether a model which did not include these refrac-
These series of experiments have measured and modelaghy effects would be able to predict the data consistently across the three
the effect on loudness of varying the interpulse intervals experiments. To investigate this question, we fitted the data from experi-
within stimulus pulse trains with short-duration puls{&QO ment 1 to a model where there were two parameters: an integration time-

dl The t | del of loud ti window ERD, which was subject but not level dependent, and the power
us an esp € temporal model of loudness perception, exponentS. This model will always predict a monotonic decrease in cur-

which incorporated peripheral refractory effects, a sliding rent reduction with widening interpulse interval. For some subjects the
central integration time window, and a central loudness de-goodness-of-fitas measured by?) was comparable, but in othefsuch as
cision device, was able to predict the data from the threesubject 7, where the data were clearly nonmonotonic, the goodness-of-fit

; : : was significantly worse. The derived parameters showed a much larger
experiments in a consistent way. The output of the mOdelintersubject variability than for the model with refractory effects: values of

allowed compz_iri_sons among S_UbjeCtS of the average refraCerp varied between 5 msubject 2 and infinity (subject 3, and values of
tory characteristics of the activated neural population S between 2.Qsubject 2, thresho)dand 65(subject 1, mid-level In the

terms of average spike probability, and average refractorwo—refractory—effects modgl, the ERD afdvalues complete.ly define the
time). Since these factors were not correlated with stimuluséxpected results for experiments 2 and 3. In only one tasgject 3 were

level it can be concluded that the most sianificant contribu-the predictions of this model for experiment 2 reasonably close to the data.
! 9 For the other three subjects the slope of the model prediction was too flat

tor to increase of total excitation with current is an increase (subjects 1 and)or gave absolute values about a factor of 2 different from
in number of neurons activated, rather than an increase inhe data(subject 2, half the data values; subject 1, double the data yalues
their average spike probability. The predictions for experiment 3 also failed to match the data accurately

. . . for three out of four subject$l, 3, and 6, with the threshold current
The model predlcted that the relatlonshlp between(:hanges being underestimated and the comfortable-level changes being

change in total excitation and change in current is not a conpverestimated.

stant power function across the entire perceptual dynamic
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