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Current cochlear implant processors poorly represent sound waveforms in the temporal discharge
patterns of auditory-nerve fibe(ANFs). A previous studyLitvak et al, J. Acoust. Soc. Am114,
2079-20982003 ] showed that the temporal representation of sinusoidal stimuli can be improved

in a majority of ANFs by encoding the stimuli as small modulations of a sustained, high-rate

(5 kpp9g, desynchronizing pulse traifDPT). Here, these findings are extended to more complex
stimuli by recording ANF responses to pulse trains modulated by bandpass filtered vowels.
Responses to vowel modulators depended strongly on the discharge pattern evoked by the
unmodulated DPT. ANFs that gave sustained responses to the DPT had period histograms that
resembled the modulator waveform for Igw5%) modulation depths. Spectra of period histograms
contained peaks near the formant frequencies. In contrast, ANFs that gave a traqdientn)
response to the DPT poorly represented the formant frequencies. A model incorporating a linear
modulation filter, a noisy threshold, and neural refractoriness predicts the shapes of period
histograms for both types of fibers. These results suggest that a DPT-enhanced strategy may achieve
good representation of the stimulus fine structure in the temporal discharge patterns of ANFs for
frequencies up to 1000 Hz. It remains to be seen whether these temporal discharge patterns can be
utilized by cochlear implant subjects. @003 Acoustical Society of America.

[DOI: 10.1121/1.1612494

PACS numbers: 43.64.Nf, 43.64.P¢/PS|

I. INTRODUCTION through existing implants, which often provide only enve-
lope information.

In a healthy ear, the fine-time structure of acoustic  Although it would be conceptually straightforward to
stimuli is represented in the temporal discharge patterns ahclude fine-time structure information in the electric stimuli
auditory-nerve fiberfANFs) for frequencies up to 5 kHz generated by a cochlear implant processor, and, in fact, some
(Johnson, 1980 For a complex sound, the auditory nerve is processors such as those using compressed analog strategies
able to represent several frequency components simult@lready do so, physiological studies suggest that the fine
neously in the temporal discharge patterns. For examplestructure will be poorly represented in the temporal discharge
with a sustained vowel stimulus, both the information inpatterns of ANFs for any of these schemes. Responses to
the envelope and the information in the fine-time structurevowels delivered electrically occur primarily at the largest
(e.g., formant frequencigsre represented in the temporal Peak of the vowel waveform over a wide range of vowel
patterngDelgutte, 1984; Miller and Sachs, 1984; Young and@mplitudesivan den Honert aqd Stypulkowski, 1987; Knauth
Sachs, 197 Future cochlear implant devices may attemptet al, 1994. Thus, only the pitch-related envelope, and not

to reproduce these temporal discharge patterns in the dere formant-related fine-time structure, is coded reliably in
cochlea. Doing so may provide more information to theANFtemporaI discharge patterns. This is true even if vowels

implantees about the incoming sounds than is availabl&8"® amplitude compressed tp the psychophysical dynamic
range(Knauth et al, 1994. This poor temporal representa-
tion reflects basic characteristics of electric stimulation, in-
@Portions of this work were presented as a poster at the ARO Midwinterduding a small dynamic range, very high discharge rates
Meeting in St. Petersburg Beach, FL, 2001 and the CIAP Conference in . ! .
Monterey, CA, 2001. amplifying refractory effects, and excessive synchrony of re-

YElectronic mail: leonid.litvak@advancedbionics.com sponses across fibers.
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Rubinsteinet al. (1999 proposed that the temporal cod- A

ing of the waveforms of electric stimuli might be improved Modulated CIS Pulse Train

i i i iah- i7i L. Modulation Depth Modulated Pulse Train
by mtrod_ucmg an ongoing, _h|gh frequgncy, desynchronizing (Large Modulation Depth) {Low Modulsiion Deptf)
pulse train(DPT) over the stimulus delivered by the proces-
sor. The purpose of a DPT is to desynchronize the spike +  er
activity across auditory nerve fibers, much as spontaneous /

activity does in a normal ear, thereby expanding the dynamic

range and reducing temporal distortions due to neural refrac-

toriness. In a companion papéritvak et al, 20033, we B

recorded ANF responses to sinusoidal modulations of long-

duration (10-min), 5-kpps DPTs. We found that, for small %HHHHH
modulation depthg<5%), temporal discharge patterns of N
some fibers to sinusoidal modulators resembled responses to

pure tones in a healthy ear. Specifically, the spike discharges

of fibers that gave sustained responses to the unmodulated

DPT were stochastic, occurring every one, two Or MOI€FIG. 1. (a) Implementation of the DPT-enhanced stimulation strategy. The
c_ycles,_ and provided a more accurate representa’;ion of tHehf} panel Thzwsrotg/ézsrg:l_ssnteragrg:rr;ulint(f)ﬁtlI;:L?dhtiftehgtznlesrz?egatlnyaﬁdc%e
S|_nus_0|dal .StImU|us waveform than responses to either elecfc)-theeirl:r:]]rzggulgﬂed, is thé DP’T. We ?i;/sume that tr’1e DPT—enharﬁ]ced’ stimulus
tric sinusoids(Hartmannet al, 1984; van den Honert and can be modeled by a carrier of the same frequency as the DPT that is more
Stypulkowski, 198Y or modulated pulse trairn&.itvak et al., weakly modulated than the original CIS stimuliight). (b) Schematic rep-
2001) presented without a DPT. In addition, both the averagéesentation of the electric stimuli used in this study. The stimulus consists of

: P P sustained DPT, which is modulated every second for 400 ms. The modu-
dlscharge rates and the SynChromzatlon indices grew mon@;\tion waveform and/or modulation depth are changed on each successive

tonically with modulation depth, together providing a total modulated segment. The entire cycle of modulation waveforms and modu-
dynamic range of about 20 dB, comparable to that found foration depths repeats for up to 10 min.

acoustic stimulation with pure tones. The relatively large dy-
namic range to sinusoidal modulations suggests that compleyenerally if the time constant of the neural membrane is large
waveforms having peaks of differing heights might be faith-compared to the intervals between DPT pulses. In either
fully represented in the temporal discharge patterns of susase, this scheme maps the amplitude of the CIS-type stimu-
tained responders with a DPT. To test this hypothesis, wWgs onto the modulation depth of the DPT. This scheme dif-
recorded responses of ANFs to DPTs modulated by filteregers from a standard, high-rate CIS strategy in tfiatthe
vowels. We focused on vowels because of the perceptualnmodulated DPT is large and continuously pres&)tthe
importance of these stimuli, and because their representatiafiodulation depths are always smati15%); and(3) there is
in a normally functioning ear has been extensively charactemo envelope detector and no half-wave rectification of the
ized (Delgutte, 1984; Miller and Sachs, 1984; Young andinput signal, so both positive and negative deflections of the
Sachs, 1979 acoustic waveforms are represented in the modulated pulse
In the companion papdtitvak et al, 20033, we pro-  train.
posed a simple stochastic threshold mo@&TM) that de-
scribes ANF responses in the presence of a DPT. For simﬁ METHODS
soidal modulations of the DPT, the model successfully "
predicted the dependence of threshold and dynamic range on The animal preparation, electrical stimulation, and re-
the discharge rate evoked by the unmodulated DPT, whickording methods have been described in a companion paper
we refer to as “pseudo-spontaneous rate.” We suggested afhitvak et al, 2003b. Briefly, cats were anesthetized with
elaboration of the stochastic threshold model that might alsdial in urethane (75 mg/kg, then deafened by co-
predict responses to complex modulators by incorporating administration of kanamycifsubcutaneous, 300 mg/kgnd
linear modulation filter. The modulation filter is introduced ethacrinic acid(intravenous, 25 mg/kg(Xu et al, 1993.
to account for differences in sensitivity across modulationTwo intracochlear stimulating electrodgg¢00 mm Pt/Ir
frequency. To test this idea, we estimated the modulatiomalls) were inserted into the cochlea through the round win-
filter from the responses to vowels, and compared the ANFlow. One electrode inserted approximately 8 mm was used
responses to vowel modulators with predictions of the modias the stimulating electrode. The return electrode was in-
fied STM. serted just inside the round window. To minimize the pos-
As in the companion paper on sinusoidal stimiuitvak  sible effects of residual hearing in our preparation, we only
et al, 20033, the vowels were encoded as small modulationgeport responses from neurons having no spontaneous activ-
of a high-rate pulse traifFig. 1(@)]. We assume that neural ity in absence of a DPTsee Litvaket al. (2003 for de-
responses to a high-rate pulse train with a low modulatiortails].
depth are similar to those elicited by the superposition of an  Standard techniques were used to expose the auditory
ongoing, unmodulated DPT and a highly modulated pulsaerve via a dorsal approach and record from single fibers
train (as might be produced by a CIS procegsdhis as- using glass micropipettes filled with 3M K(Kiang et al,
sumption is necessarily true if the same pulse carrier is useti965. For small modulation depths, most of the stimulus
for both the DPT and the CIS stimulus. It may hold moreartifact could be removed online using a digital signal pro-

1 sec
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cessor implementing a moving average filter whose lengtfABLE 1. Vowel stimuli used in this study. The fundamental frequency was

matched the 0.2-ms pulse period. Neural responses were al$gf Hz- Band 1 refers to the frequency range 0-500 Hz, band 2 to 500—
o ) .~ 71000 Hz.

recorded digitally at a sampling rate of 20 kHz for off-line

analysis. To remove the artifact from these records, we usesound Band Formants Waveform
an extension of the iterative method described in the com
panion paper for sinusoidal modulatorditvak et al, /ol 5 F1=750 Hz A

V. ..\
yvev N

2003a. This modified method is described in Appendix A.

A. Stimuli /3/ 1 F1=450 Hz r\vf\v VAV/

We conducted a neural population study by investigating
responses to a single DPT level in each animal. The DP" ,, 1 F1=250 Hz
level was set at 8—10 dB above the electric compound actio
potential threshold, so that a large fraction of the ANF popu-
lation would respond to the DP{Litvak et al, 2003b. Ju/ 2 p— Y. O,

The DPT was a 5-kpps pulse train composed of biphasi
(cathodic/anodic pulses(25 us per phase In order to ac-
quire responses to both the unmodulated DPT and to modu- , L ,
lations of the DPT for several modulation waveforms and"Vith this definition, the rms amplitude of the envelope can
depths, the stimulus consisted of alternating moduladee  differ by 1.5 dB between vowels at a given modulation
ms) and unmodulate6500 m3 segment$Fig. 1(b)].* Modu- depth. In Iater.expenments, We.redefmed modulatlon_ depth
lation depth and/or modulation waveform was changed or?® S t0 equalize the rms amplitudes of the modulation en-
each successive modulated segment. Modulation waveform€!0Pes across vowels. Specifically, for the first vowel in the
were derived from synthetic vowels as described belowS€duencelthe low-pass ), modulation depth was set as
Modulation depth ranged from 0.5% to 15%. Modulation apove. The other vowels were then no_rmahzed so that, for a
was applied such that the mean amplitude of the carriefiven modulation depth, the rms am_phtude of each r_n_odula-
pulses was the same during modulated and unmodulated s on waveform matched that of the f_|rst vowel. Specifically,
ments. The entire sequence of modulated and unmodulatdg® modulation envelope was defined As(1+m-e(t)
segments had a duration of 13—16 s, and was repeated cor</"MS(€(t))), whereK is the ratio of rms to peak ampli-
tinuously either for 10 min or until contact with a fiber was tUde for the lowpass/. L
lost. The differences between the two definitions of modula-

The modulation waveforms were derived from synthetiction depth are small compared to the variability in ANF re-
vowels having a 100-Hz fundamental frequency created byPOnses for a given modulation depth. For example, for a
Assmann and Summerfiell990 using a series formant 10% mo_dulat|on depth based on rms amplitude, thg actual
synthesizer(Klatt, 1980. A single 10-ms period of each mogIL_JI_atlon depths for the other vowelsnder the original
vowel was extracted, and digitally resampled at 40 kHzdefinition would be 10.7%, 11.9%, and 11.1%. In fact,
From each vowel, two modulation waveforms were pro_a_naly3|s of responses to yowel modulators revealec_i no con-
duced by filtering the vowel period into two frequency bandsSistent (_jependence of discharge rate on the definition of
(0 to 500 Hz, and 500 to 1000 MzThis filtering roughly modulation depth. For the purpose (.)f.t.hIS paper, therefore,
mimics that performed by multi-channel cochlear implantWe Pool the data from the two definitions together when
processors. Although some of the vowels used by Assmafl€Scribing population responses.
and Summerfield1990 had second formants as high as 2.2
kHz, we did not analyze formants above 1000 Hz becaus
higher frequencies cannot be represented with a 5-kpps car- Responses collected during the unmodulated DPT seg-
rier pulse rate without significant aliasing. Filtering was ac-ments were used to classify ANFs into two groups as in the
complished by computing the discrete Fourier transform oftompanion papetLitvak et al, 2003h. Some fibers exhib-
the vowel period, zeroing the harmonics outside of the pasied only a transient response to the DPT, and adapted to a
band, and then computing the inverse Fourier transform. Thpseudo-spontaneous discharge rate near @€t spikes/s
filtered vowel periods were concatenated to produce 400-mafter a minute of DPT stimulation. We refer to these fibers as
modulators. Finally, only band-vowel combinations that con-“transient DPT responders.” Fibers that responded through-
tained at least one formant were investigated. Table | givesut the unmodulated segments with a pseudo-spontaneous
the characteristics of the four vowel-band combinations usedate above 5 spikes/s are referred to as “sustained respond-
in this study. ers.”

Two definitions of modulation depth were used to In a normally functioning ear, each ANF represents the
specify the amplitude of the vowel stimuli. In early experi- frequency components of the vowel stimulus close to its
ments, modulation depth was defined based on the peak aroharacteristic frequency in its temporal discharge patterns
plitude of the modulation waveform. Specificallyeift) rep-  (Delgutte and Kiang, 1984; Young and Sachs, 1978 de-
resents a filtered vowel waveform, the DPT envelope wasermine whether the fine-time structure of vowels is also
defined asA- (1+ m- e(t)/max(e(t)|)), wheremis the modu- coded in responses to a modulated DPT, period histograms
lation depth and\ is the amplitude of the unmodulated DPT. were computed locked to the 10-ms period of the vowel. To

g. Data analysis
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eliminate the effect of possible phase locking to the 5-Kpps ) sioduation] ) [ Threshold f
carrier, the histograms were computed using 0.2-ms bins™ | Fitter | Detector =
The magnitude and phase of the response to each vowel ha
monic were determined from the discrete Fourier transform Vir

of the period histogram. If the period histogram is scaled to n(t)-N(0,) >é‘ a(t) ?(rm !
L: t=t
eO

represent the instantaneous discharge rate in spikes/s, the
each Fourier component also has units of spikes/s, and rep
resents the synchronized rate, i.e., the average discharge ra
multiplied by the synchronization index to that component
(Young and Sachs, 197_9 FIG. 2. Block diagram of the stochastic threshold model for predicting ANF
To formally characterize the transformation between thd€sPonses to arbitrary modulation waveforms applied to the DPT. The model

. . takes as input the modulation wavefom(t), which is passed through a
modulation waveform and the neural response in the fre- P (1) P 9

’ . ] modulation filter. It produces a spike whenever the filtered input crosses a

quency domain, we estimated neural modulation transfefoisy threshold. The threshold is the sum of a Gaussian noiserigjnand

functions (MTFs). A MTF expresses, as a function of fre- a deterministic termg(t) which depends on the time since the previous

quency, the complex ratigmagnitude and phaseof the spilée.I The n;]odel o(l;tpl)ut_s thﬁlset Orf] spike‘tin{le}rs]. Frﬁelgarargetﬁrs of_the
PR PR odel are the modulation filter, the resting thresheéld and the noise

mpdulatlon in .the neural response tg the modulation in thég:andard deviation. 9

stimulus. Traditionally, MTFs are estimated from responses

to sinusoidal modulatorgée.g., Mgller, 1974 At frequency

:;']I‘ j[htgere'\:-r:ng;a?g';ugﬁ]:fs;\i’(\;';ler;g%jé ?ggriglii?éf: t')ndexsolute and a relative refractory period, and a Gaussian noise
P A Y term. In the absence of any input, the STM has a pseudo-

the modulation depth of the stimulus, and the MTF phase is . L . .
the mean phase of the response minus the phase of the StimsLi)_ontaneous discharge rate which is determined by the ratio
of the noise standard deviatiento the resting thresholé,.

lus. Alternatively, if the system behaves linearly, the MTF . .
can be estimated directly from the Fourier transform of theWe showed that this model successiully predicts the depen-

period histogram for a complex stimuludgller, 1973; de_nce of thres_hold and dynamic range of responses to sinu-
Mgller and Rees, 1986 MTFs were estimated from re- smdal_modulatlons.on the pseudo-spontaneous dlschargg rate
sponses to vowel modulators by computing, for each voweft @ 9iven modulation frequency. However, the model failed
harmonic, twice the ratio of the synchronization index at thel© _account for the dependence of ANF sensitivity on modu-
harmonic frequency to the same component of the vowel'd2tion frequency. To account for this dependence, we intro-
Fourier transforn(e.g., Young and Sachs, 197%n the case du_ce a linear _modulat|0n fllt_er as a first stage_of the model
of sinusoidal modulators, this definition is identical to the (Fi9- 2. We will show that this filter can be estimated from
traditional one. We used bootstrap techniques to derive corPNF responses to complex modulators. Specifically, we will
fidence intervals for the MTF of each fibéEfron and Tib-  use neural MTFs derived from vowel responses to estimate
shirani, 1993 These techniques allow confidence intervalsthe model's modulation filter.

to be determined for arbitrary functions of the data without ~ Because the output of the STM is in the form of a spike
requiring specific assumptions about the probability distribuirain, the STM has an MTF which can be estimated using the
tions of the data. Specifically, we resampled the spike time§ame methods as for actual neural data. A necessary condi-
with replacement to generate 500 bootstrap replications dion for using the neural MTF as an estimate of the STM’s
the spike train. The MTF was computed for each bootstrapnodulation filter is that the model's own MTF matches the
spike train, and confidence intervals were estimated by dednderlying filter. We tested this assumption by computing
termining, for each modulation frequency, a range that inMTFs from spike trains produced by the model in response
cludes 99% of the bootstrap MTF values. To test the linearityto vowel stimuli. When the model’s pseudo-spontaneous rate
assumption, we compared MTFs computed from responsesgas set to 50 spikes/s, the model’'s empirical MTF differed in
of the same fiber to different vowel modulators. For a linearshape from the underlying modulation filter. However, if the
system, the MTF should be independent of the stimulus. Wenodel's pseudo-spontaneous rate was increased to 300
also compared the average MTF estimated from vowel respikes/s, there was good agreement between the model MTF
sponses to the estimates at three modulation frequenciegd the underlying modulation filteinot shown. For this
(104, 417, and 833 Hzbased on responses to sinusoidalreason, we used only data from ANFs with high pseudo-
modulators described in the companion pafiétvak etal,  spontaneous rates>130 spikes/sin estimating the STM's

20033. modulation filter. Although such fibers form only a small
fraction of our sample, we will show that the STM filter
C. Stochastic threshold model derived from responses of these fibers can also predict re-
In a companion papefLitvak et al, 20033, we intro-  sponses of fibers with lower pseudo-spontaneous rates.
duced a simple functional stochastic threshold m@8a&M) After setting the STM’s modulation filter, we computed

of ANF responses in the presence of a DfFfg. 2. The  model responses to vowel modulators with different modu-
model takes as input the modulator wavefangt), whichis  lation depths, and compared them to ANF responses to a
compared to a noisy threshold. A spike is produced by thenodulated DPT. The modulation filter was applied directly in
model whenevem(t) crosses the threshold. The threshold isthe frequency domain for each harmonic of the stimulus;
the sum of a deterministic term, which includes both an abtherefore the model in its present form can only predict
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[o/ /3/ u/ hu/
500-1000Hz 0-500Hz 0-500Hz 500 -1000 Hz

Modulation
D

epth a0

19% 150 37 30] 80 28 36 FIG. 3. Period histograms of responses to vowel modu-
° | I l : I | | I lators for a sustained DPT respondépseudo-
0 0 0 spontaneous rate: 28 spikgs/Sop row: waveforms of

LEEL

0
200 150 800 the four filtered vowel modulators. Lower four rows:
2.59/, 600 73 a1 35 65 Period histograms of responses to each vowel for four
0 l;;- I. |“ A modulation depths. The ordinate in each panel is in
2000 0 0 0 - spikes/s. The numbers in each panel indicate the aver-
800 300 2000 age discharge rate during the vowel modulator in
5% 159 53 139 :
° l I spikes/s.
0 I N 0 0 0 .
3000 1500 198 [1500 3000

10% 1 1 289 116 260
RN | |

0
024681 024681 024681 0246810
Time (ms)

3
i

responses to periodic stimuli with a 100-Hz fundamentalmodulators at four different modulation depths. During the

The model was simulated using 0.2-ms time steps. unmodulated DPT segments, this sustained responder had a
pseudo-spontaneous discharge rate of 28 spikes/s. For all
[ll. RESULTS modulation depths, the period histograms broadly resemble

Our results are based on 36 responses recorded from rie modulation waveforms. In particular, modes in the period
ANFs in four cats to DPTs modulated by vowels. Each Istograms match peaks of the modulation waveform. The

record was composed of responses to four filtered vowels aPte"vals between peaks in the modulation waveforms are
four or five modulation depths ranging from 1% to 15%. In related_ to the vowel formant frequencies. This result suggests
17 of these records, the fiber responded to the DPT at a raffiat With a DPT, the responses to modulated vowels code the

exceeding 5 spikes/s throughout the stimulus duration; in th¥0Wel formant frequencies. _

other 19 records, the fibers stopped responding to the un- Although the peaks of the modulation waveform are rep-
modulated DPT after 1—2 min of stimulation, although it still "ésented for all modulation depths, the best resemblance be-
responded to modulations of the DPT. The percentage diveen the modulation waveform and the period histograms
transient responses in this data 8% did not significantly ~ occurs for modulation depths below 5%. For example, the
differ (p=0.26, binomial exact tesfrom the 46% found in time between the two largest peaks in the waveform of the
a larger data set from ten animdlstvak et al, 20038. filtered b/ is 1.2 ms. This interval matches the distance be-

tween the two largest modes of the corresponding period
histogram for modulation depths between 1% and 5%, but

Figure 3 shows period histograms computed from thenot for 10% where the interval between modes increases to
responses of one fiber to each of the four filtered-vowell.4 ms. Similar distortions can be seen in responses to the

A. Temporal discharge patterns

[o/ 3/ fu/ fu/
500-1000Hz 0-500Hz 0-500Hz 500-1000 Hz

Modulation
Depth 5 5 4
4]
0
FIG. 4. Period histograms of responses to the vowel
2.5% 0 0 0 0 modulators for a transient DPT respondgseudo-
7% spontaneous rate: 0 spike/Same format as in Fig. 3.
40 100
5% 2 300_1 12 4] 60 1 2
o] I 0 0 o]
3000 3000 3000 4000
98 96 100 98
o 1] | 1
0 0 0 0
0246 810 024861810 024681 0246 810

Time (ms)
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vowel /u/. In addition, some of the smaller peaks in the Modulation Depth 2.5%
MRt | gl L1

modulation waveform are only represented at the lower —

modulation depths. T -
In contrast to sustained DPT responders, transient re- § A A+HE &

sponders poorly represented the complex modulation wave- 08 o Aa 4 + ;‘&%* ig j‘

forms. Figure 4 shows the response of a fiber that respondec o a & e © ; .

only transiently to the unmodulated DPT. The fiber did not i " ° mE

respond significantly to the vowel modulator for modulation

depths below 5%. This observation is consistent with the 047 i

lower sensitivity of transient DPT responders to sinusoidal

modulations(Litvak et al, 2003a. At modulation depths of .2 02 + S Band 3 i

5% and 10%, the fiber did respond with high synchrony to % o i ,2;’,32',1,.,1 |

the modulator, but spikes occurred almost exclusively in re- g : % BB:::”‘z

sponse to the largest peak in the modulation waveform. Oneo o e .

exception is the response to the second largest peak for the@ o1 1 w0 100
filtered vowel #/ at 5% modulation. These responses re- Modulation Depth 10%
semble responses to vowels presented electrically without a T R L
DPT (van den Honert and Stypulkowski, 1987; Knaethal,,
1994).

espon

mulus-R

To quantify the resemblance between the modulation 2 os Lt + + 5
waveform and the period histogram of ANF responses, we a . At
computed the correlation coefficient between the two. To ac- 05§, - x st 2% H 2:
count for possible neural delay, the modulation waveform o Bi o A, ° ’¢“§ +
was shifted successively in steps of 0.2 (mg to 2 m$, until 0.4 o9 A
the largest stimulus-response correlation was obtained. Fig-
ure 5 shows the maximum stimulus—response correlation °~2" "
against pseudo-spontaneous discharge rate for modulatiot
depths of 2.5%top) and 10%(bottom. At 2.5% modulation, 0
all but two responses from sustained DPT responders

(pseudo-spontaneous rates above 5 spikbsits correlations 02— AR

above 0.6, with a median correlation of 0.79, implying ex- o Pseudo.épontaneouéoRate (spik;‘é’/s)
cellent representation of the vowel waveform. In contrast,
transient DPT responders tended to have lower correlatior@G: 5 Maximum correlation coefficient between the period histogram of

. . . . F responses and the vowel waveform as a function of pseudo-
(medlan 0.65 The difference in 'cor.relgpon between tran- spontaneous rate for 2.5¢@p) and 10%(botton) modulation depths. Sym-
sient and sustained responders is signifi¢grt 0.001, per-  bols code the correlation coefficients for each vowel. Data are only included
mutation test(Good, 2000, p. 3i1. At 10% modulation if the response contains at least ten spikes and the bootstrap 90% confidence
depth, the correlation for both sustained and transient relfervals for the correlation coefficient are below 0.1.

sponders was lowgimedian 0.55 than at 2.5% depth, and

the difference betwegn the two de.pths. is_highly sign?fican(Nere computed from histograms containing two stimulus
(p=0.001, permutation te)st.At this h|gher_ modulation cycles. Because neural responses to the periodic vowels con-
depth, correlations for transient and sustained respondeﬁn both a stimulus-locked, periodic component and an ape-

were more similar. Thus, the representation of 'the VOWElindic, noise component, the amplitudes of the Fourier com-
waveform in theANFtemporaI discharge patterns is bette.r ?&Onems located between vowel harmonié®., at odd
the 2.5% modulation depth than' at the 10% modglatlo ultiples of 50 Hz give a measure of the noise flodfoung
depth, and, at the lower modulation depths, better in SUS3nd Sachs, 1979

tained responders than in transient responders. Magnitude spectra of individual fiber responses de-

pended strongly on the pseudo-spontaneous discharge rate.
While there were notable differences in the shape of the
The high correlations of responses to vowel modulatorspectrum between transient and sustained DPT responders,
with the stimulus waveform at low modulation depths within each group the spectra were more similar. Figure 6
strongly suggest, but do not directly show, that the spectrathows the average magnitude spectra for both bands of the
peaks of the modulation waveform are well represented irvowel /u/[0-500 Hz(left) and 500—1000 Hzright)] at two
the temporal discharge patterns. In the case of vowels, theseodulation depth$2.5% and 10% Separate averages were
spectral peaks correspond to formant frequencies, which ammputed for transier{top) and sustaine¢bottom respond-
important cues for vowel identificatigiPeterson and Barney, ers. Average spectra for the other two vowels showed the
1952. To determine whether the spectral peaks of the modusame general trends, and are not shown.
lation waveform are accurately represented in the ANF tem-  In general, peaks in the average response spectra for
poral patterns, we computed the discrete Fourier transform afustained DPT responders qualitatively match those in the
the period histograniYoung and Sachs, 19Y9Transforms  stimulus spectrum. In particular, a first-formant peak at 200

B. Representation of formant frequencies
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FIG. 6. Average of period histograms for two vowel modulators. The topFIG. 7. Pooled autocorrelation histograms for two vowel modulators. The

row shows the spectra of the two vowels. Peaks in these spectra occur at t %o row shows the autocorrelation functions of both vowels. Dashed lines

harmonics of the 100-Hz fundamental that are closest to the a formant 0" multlp_les O.f the stimulus perlod._The bottom two rows ShOW pooled
frequency: 200 Hz for low-pass /u/, and 800 Hz for high-pass /ul. Theautocorrelatlon histograms of the electric responses for modulation depths of

of (i o ; -
bottom two rows show the average spectra of period histograms in respon 5% (middle row and 10%(bottom row. Numbers in each panel indicate

to both vowels for modulation depths of 2.506ft) and 10%(right). The e number of fibers whose responses were included in the pooled autocor-
spectra were averaged separately for tra.nsient DPT respo(mklﬂsdo- relation histogram. Responses had to contain at least ten spikes to be in-
spontaneous rates below 5 spikes/s; middle)r@amd sustained responders cluded. Ordinates in each panel are numbers of intervals per bin.

(bottom row. Numbers in each panel indicate the number of fibers whose

responses are included in the average. Responses had to cqntain at least{i§mANE temporal discharge patterns. Arbitrary response peri-
spikes to be included. The ordinates of each panel are in spikes/s. odicities can be revealed using all-order intertak.a. auto-
correlation) histograms(Cariani and Delgutte, 1996a, b;
Hz is apparent in responses to the low-pass /u/ at both modyagller, 1970. We computed the autocorrelation histograms
lation depths, and a local maximum at 800 Hz gives a repof individual fibers, and then summed them over the entire
resentation of the second formant for the high-pass /u/. Howfiper population(including both transient and sustained re-
ever, at both modulation depths, the response spectra shayponders to create “pooled” autocorrelation histograms.
components well above the noise floor at frequencies fofigure 7 shows the pooled autocorrelation histograms for
which the stimulus contains no energgbove 500 Hz for poth filtered /u/ stimuli at modulation depths of 2.5%
low-pass /u/, and below 500 Hz for high-pass /uldicating  (middle row and 10%(bottom row. Autocorrelation histo-
a nonlinear transformation between the stimulus and the reyrams for the other two vowels show the same general trends
sponse. These distortion components are particularly appagnd are not shown.
ent at the higher modulation depth. Part of the nonlinearity A pooled histograms have a pronounced mode at the
may just be half-wave rectification, which is clearly apparentyowel| period of 10 ms, suggesting that the fundamental is
in the period histograms of Fig. 3. robustly coded in the temporal patterns of ANF responses. In
The average response spectra for transient DPT responggdition, the fine structures of the histograms are very differ-
ers gave a poorer representation of the stimulus spectra thaint for the two stimuli. The smaller modes in the histogram
those of sustained responders. Although there is a small locghatch peaks in the autocorrelation function of the filtered
maximum at 200 Hz for the low-pass /u/ at both modulationygwel waveform (top row). Because minor peaks in the
depths, it barely exceeds the noise floor. For the high-pass /dtimulus autocorrelation are related to formants, this result
there may be a small second-formant-related peak near 8Qhows that the pooled autocorrelation histogram codes the
Hz at 10% modulation depth, but not at 2.5% depth. How-formant frequencies in its pattern of secondary peaks. A
ever, for both stimuli and both modulation depths, the pressjmilar result has been reported for pooled autocorrelation
ence of the peaks well above the noise floor at the harmoniqzﬁstograms computed from ANF responses to vowels pre-

of the fundamental indicates that the response is locked t@ented acousticallyCariani and Delgutte, 1996a).b
the fundamental frequency. For the high-pass /u/, the largest

non-dc component of the average spectrum is the fundametE)-
tal frequency. Thus, transient DPT responders represent pri-’
marily the fundamental in their temporal discharge patterns.  The modulation transfer functiotMTF) is defined as
the ratio of modulation in the neural response to the modu-
lation of the stimulus. Traditionally, MTFs are measured us-
ing sinusoidal modulator®.g., Mgller, 1974; Delguttet al.,
Because analyses based on period histograms requid®98. However, for a system that is nearly linear, the MTF
that the stimulus period be known, they cannot be used tocan in principle also be estimated using complex, periodic
directly test how well the vowel fundamental is representednodulators that contain several frequency components. We

Linearity of responses

C. Representation of fundamental frequency
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10 FIG. 9. Magnitude(top) and phasegbottom of the average neural MTF
[ 500 1000 0 T 500 1000 estimated from responses to vowel modulators with 1% modulation depth.

The black solid line shows the grand average MTF, which was computed by

averaging individual MTFs across the four vowel modulators for ANFs with
0/é)seudo-spontaneous rates above 130 spikes/s. The symbols show the aver-
. . A e MTF based on responses to individual vowels. The stars indicate the
modulation depth for three fibers with pseudo-spontaneous rates below 1 ) . -

- i } verage, and the error bars 99% confidence intervals of the MTF magnitude

spikes/s(left), and three with pseudo-spontaneous rates above 130 splkes?s ; ; ) h .

; . : estimated from responses to sinusoidal modulators with 1% modulation
(right). Each panel shows the neural MTF magnitudes estimated from re- :

%eé)th(thvak et al, 2003a.

sponses of one fiber whose pseudo-spontaneous rate is indicated inside t
panel. Symbols code estimates based on different vowels. The MTF could

only be estimated at frequencies for which the vowel stimulus has energy. ) . .
Error bars represent the 99% confidence intervals computed by bootstrapow 130 spikes/¢Fig. 8, left column, MTF estimates clearly

ping ANF spike trainssee Sec. )l For the three fibers on the right, the depend on the vowel stimulus. These responses are not con-
?ntrinsic periodicities(defined as the inverse of the largest mode in the sistent with linearity. The most noticeable nonlinearity is
interval histogram of responses to the unmodulated D#dre, from top to e L . . . . .
bottom, 234. 537, and 383 Hz. half-wave rectification, which is apparent in period histo-
grams (e.g., Fig. 3. The dependence of MTF shape on
stimulus spectrum does not necessarily imply that a model
tested the linearity assumption by computing MTFs fromthat includes a linear modulation filter cannot predict the
responses to different vowels. In a linear system, the MTHesponses of these fibers if the model also includes nonlinear
estimate should be independent of the modulator waveformlementgas the STM doesThe data do show, however, that
used to estimate it. neural MTFs cannot be used to estimate the model's modu-
Figure 8 shows the MTFs estimated from responses ttation filter when the pseudo-spontaneous rate is below 130
vowels at 1% modulation depth for six ANFs, three with spike/s.
pseudo-spontaneous rates below 130 spikéft$, and three Figure 9 shows the magnitude and the phase of the av-
with rates above 130 spikes(sight). Estimates based on erage MTF computed from the responses of all fibers with
responses to different vowels are denoted by different sympseudo-spontaneous rates above 130 spikes/s. The average
bols. For each vowel, the MTF can only be estimated foMTF obtained by combining responses to all the vowels
frequencies at which the modulator has spectral energy. (solid lineg resembles the MTFs obtained by averaging data
For this 1% modulation depth, the modulation gain of allfrom each individual vowe(symbolg over each half of the
fibers is strikingly large, exceeding 100 at frequencies neaspectrum, except at 1000 Hz. The average MTF magnitude
400-500 Hz. This means that a stimulus with a 1% modulahas a bandpass shape, with a center frequency near 400—600
tion depth produces a fully modulated response, consisteriz, and a steeper cutoff on the low-frequency side than on
with our earlier observations for sinusoidal modulattiri- the high-frequency side. The stars show the MTF magnitudes
vak et al, 2003a. estimated at three frequencies from responses to sinusoidal
MTFs computed from responses of fibers with pseudomodulators described in the companion pafiétvak et al.,
spontaneous discharge rates above 130 spikeglg panels 20033. These sinusoid-based estimates follow the general
in Fig. 8 are nearly independent of the vowel used to com-shape of the vowel-based MTF, although with a slightly
pute the MTF. This can be seen from the overlapping confihigher gain. The lower modulation gain with vowel stimuli
dence intervals for the different vowels. The independence afay reflect the synchrony suppression known to result from
the MTF from the vowel stimulus is consistent with the lin- half-wave rectification of complex waveforni&reenwood,
earity assumption. However, there are statistically significani986. The MTF phase shown in the bottom of Fig. 9 is
differences in MTFs across fibers. approximately linear for frequencies between 200 and 1000
For fibers with pseudo-spontaneous discharge rates béiz, indicating a constant group delay of 708.

Modulation Frequency (Hz)

FIG. 8. Neural MTFs estimated from responses to vowel modulators at 1
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E. Predictions of the stochastic threshold model Figure 10 shows the period histograms of responses of a
model fiber with a pseudo-spontaneous rate of 50 spikes/s to

duced a stochastic threshold mo@8TM) for predicting re- all four vowel modulators fo_r modula_tion (_jepths ranging
sponses of ANFs in the presence of a DPT. We showed thdfo™ 1% to 10%. The predicted period histograms have
the STM successfully predicts many aspects of the respons8any features in common with measured histograms for sus-
to sinusoidal modulations of the DPT. Here, we examind@ined DPT respondet§ig. 3). Both encode the peaks of the
whether the STM can also predict responses to COrm)|e;podulator waveform as modes of the period histogram. The

modulators by comparing measured and model responses f@fations and the numbers of major peaks are similar in mea-
vowel modulators. sured and model histograms. Moreover, the correlations be-

The parameters of the STM are the resting thresiggld  tween the vowel waveform and the model respofsseond
the noise standard deviatien and the modulation filter. The humber inside each panelre in the range observed for ANF
threshold-to-noise ratio 6,/c  specifies the pseudo- sustained respondel§ig. 5. For both model and neural
spontaneous discharge rate. To use the STM with arbitrarjesponses, the greatest correlations and the smallest dis-
stimulus waveforms, both the modulation filter amdnust ~ charge rates are observed for the low-pass /u/. However, the
be specified. We chose the average neural MTF shown by thgiimulus-response correlations are somewhat lower for the
solid lines in Fig. 9 as the modulation filter. The noise am-data than for the model at the higher modulation depth.
plitude o was set to 1.7 in order to match the MTF gain of a Figure 11 shows the responses of a model fiber with a
model fiber with a pseudo-spontaneous rate of 300 spikesfsseudo-spontaneous rate near O spikes/s to the four vowel
with the gain of the neural MTF in Fig. 9 at 400 Hz. modulators. The responses of this model fiber to vowel

In a companion pape(Litvak et al, 20033, we intro-

o/ /3/ faf fu/
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FIG. 12. Correlation coefficient between the period histograms of STM
responses to vowel modulators and those of ANF responses as a function
pseudo-spontaneous discharge rate for modulation depths of(&ppand

mates of the period histograms and, therefore, the correla-
tions. For both modulation depths, the model—data correla-
tions are high, significantly better than the stimulus—
response correlations in Fig. $€0.001, permutations test

For the lower modulation depth, the median model—data cor-
relation is 0.93. Although the modulation filter was estimated
from responses of fibers with pseudo-spontaneous rates
above 130 spikes/s, the correlations at the lower modulation
depth are nearly independent of pseudo-spontaneous rate.
This result, as well as the ability of the STM to improve
correlation, suggests that the model captures some of the
nonlinearities in the neural responses. The correlations are
somewhat lower for the 10% modulation deptimedian
0.78. Thus, the STM is best at predicting responses to low
modulation depths, which are likely to be more linear.

IV. DISCUSSION

A. Representation of vowel modulators in ANF
responses

In response to filtered vowels, auditory-nerve fibers that
gave sustained responses to the unmodulated DPT had com-
plex period histograms whose modes matched peaks in the
modulation waveform. Fourier and autocorrelation analyses
revealed that sustained responders represent both the funda-
mental and the formant frequencies in their temporal dis-
charge patterns. Because peaks in the vowel waveform can
gjffer substantially in amplitude, only neurons with a wide
dynamic range would be able to simultaneously represent

10% (bottom). Each data point shows the correlation coefficient between theseveral of these peaks in their temporal discharge patterns.
period histogram for one ANF and the histogram for a model fiber havingThe ability of sustained DPT responders to represent the en-
the same pseudo-spontaneous rate. To account for differences in neural dte- . . .

ire vowel waveform is therefore consistent with the rela-

lay across fibers, we allowed £0.4-ms shift between the two responses.

Symbols code responses to different vowels. Data are only included if théively wide (17-23 dB dynamic range demonstrated previ-
response contains at least ten spikes and the bootstrap 90% confidence @usly using sinusoidal modulato(kitvak et al,, 2003a.

tervals for the correlation coefficient are below 0.1.

The closest resemblance between the period histograms
of sustained responders and vowel waveforms occurred for

modulations resembles those of transient DPT responderaodulation depths below 5%. At larger modulation depths,
(e.g., Fig. 4. Both the model fiber and transient DPT re- the period histogram showed distortions in the representation
sponders require large modulation depths to produce a ref the fine-time structure. In addition, for modulation depths
sponse. For both the model and neural data, responses teabove 5%, the average discharge rates could exceed those
to occur only at the largest peak of the vowel waveform.seen acoustically.

These responses, therefore, are most accurate in representing As with sinusoidal stimuli, the representation of vowels
the fundamental and poorly represent the formant frequenis more accurate in sustained DPT responders than in tran-
cies. However, responses of both the model fiber and theient responders. A typical response pattern for a transient
transient DPT responder do represent the two largest peal3PT responder is a single spike per stimulus period occur-

of the high-passedl/.

ring at the modulator peak. For the modulation depths stud-

To quantify how well the STM predicts the temporal ied, transient DPT responders are poor at representing the
discharge patterns of ANFs in response to vowel modulatordprmant frequency. They do, however, accurately represent
we computed the correlation coefficient between the periodhe fundamental. Responses of transient DPT responders re-
histogram of the neural response and the period histogramemble responses to vowels presented electrically without a
predicted by the STM. The STM was fit to each fiber by DPT (Knauthet al, 1994; van den Honert and Stypulkowski,
adjusting the threshold, so as to match the model fiber’s 1987.
pseudo-spontaneous rate to the data. Figure 12 shows the Reproducing the exact spatio-temporal pattern of ANF
correlation between measured and model responses fauctivity in a healthy ear in response to acoustic stimuli would

modulation depths of 2.5%top) and 10%(bottom against

require an ability to stimulate narrower portions of the

the pseudo-spontaneous rate. Larger modulation depths wetechlea than is possible with current cochlear implants.
used for this correlation analysis than the 1% depth used fardowever, because the pooled autocorrelation histogram of
estimating the modulation filter because the higher dischargeesponses to complex modulators resembles the autocorrela-
rates at higher modulation depths allow more accurate esttion of the stimulus, reproducing the pooled interspike
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interval distribution of acoustic responses may be achievabldrop off is consistent with low-pass filtering in the neural
through manipulation of the modulation waveform in a membrane. Adaptation of electric respond@gnes and Del-
DPT-enhanced strategy. It remains to be seen whether ingutte, 1992; Killian, 1994; Litvalet al., 20033 may cause
planted subjects can make use of such interspike intervadhe drop in the magnitude of the MTF for very low frequen-

information. cies(Delgutteet al., 1998. Another mechanism for the low-
frequency drop off may be a partial excitation block for high-
B. Modulation transfer functions frequency stimulation. For example, Litvadt al. (20013

Q_oted that modulation of a 5-kpps carrier often produced an

We h hypothesized that f tained
> nave Typoresize al Tesponses of sustanec r crease in discharge rate, even though the peak amplitude of

sponders to low modulation depths can be characterized by'% dulated oulse trai h that of th
linear relationship between the modulation waveform and thé € modulated pulse train was the same as that of thé un-

period histogram. We tested the linearity assumption by esr_nodulated carrier, and therefore the rms amplitude of the

timating neural MTFs for individual fibers using responses tc)modulated stimulus was lower. The mechanism for excitation

different vowels. Under linearity, the estimated MTF shouldbIOCk was hypothesized to be the interaction between the

be independent of the vowel used to derive the estimate. \Agynamms of sc?dlll_Jm_channeIs and .hlgh_—freq_uen.cy sﬂmul_a-
found that, for a modulation depth of 1%, linearity held for tion. One possibility is t.hat t.he sodium macpvaﬂon gate is
the small fraction of fibers with pseudo-spontaneous rate9€Ver able to recover with high-frequency stimulation.
above 130 spikes/s. As expected, linearity did not hold a
well for fibers with lower pseudo-spontaneous rates. Becaus
these responses showed significant half-wave rectification In the companion papefLitvak et al, 20033, we
even at 1% modulation deptk.g., Fig. 3, it is possible that showed that the stochastic threshold mo@&IM) quantita-
linearity would hold for a larger number of fibers at smallertively predicts many features of single ANF responses to
modulation depths. However, accurately measuring periogdinusoidal modulations of a DPT, including growth of syn-
histograms to smaller modulations would require very longchrony and discharge rate with modulation depth, and the
data collection times. dependence of modulation threshold and dynamic range on

While consistent with linearity, MTFs estimated from pseudo-spontaneous rate. In order to extend the STM to ar-
fibers with pseudo-spontaneous rates above 130 spikes/s difitrary modulation waveforms, a modulation filter needs to
fered somewhat from one fiber to the next. We have previbe specified for the model. Because responses to sinusoidal
ously reported that fibers with high pseudo-spontaneous ratesodulators were only measured at three modulation frequen-
tend to have preferred interspike intervals in response to theies, these data did not allow us to estimate the modulation
DPT, and that these intrinsic periodicities interact with peri-filter with sufficient resolution. However, we determined that
odicities in the modulation waveform in determining re- the modulation filter can be estimated directly from re-
sponses to modulations of a DRTitvak et al, 2003a,h.  sponses to vowel modulators. This approach assumegljhat
One possibility is that these intrinsic periodicities, which dif- the system behaves linearly and tk2ft the measured MTF
fer from fiber to fiber, may be partly responsible for differ- accurately reflects the shape of the underlying modulation
ences in MTFs among fibers with high pseudo-spontaneouiter. We tested the linearity assumption and found that it
rates. Since synchrony to a sinusoidal modulator is highedteld for 1% modulation depth in fibers with pseudo-
when the modulation period coincides with the intrinsic pe-spontaneous rates above 130 spikes/s. To test the second as-
riod (Litvak et al, 20033, this hypothesis predicts that the sumption, we measured the MTF of the STM and compared
MTF gain should be above average when the modulatioit to its modulation filter. We found that, for fibers with high
period coincides with the intrinsic period. Qualitative analy- pseudo-spontaneous rates, the measured MTFs from model
sis of three fibers with pseudo-spontaneous rates above 13@ers resembled the modulation filter. This result confirms
spikes/s suggests that this may indeed be the &®ecap- that, if the STM is applicable to the responses of ANFs, then
tion of Fig. 8. However, we do not have sufficient data to the modulation filter can indeed be estimated from measured
conclusively test this hypothesis. neural MTFs.

The average neural MTF estimated from the responses With the modulation filter of Fig. 9, the STM approxi-
of fibers with pseudo-spontaneous rates above 130 spikestsately predicted the shapes of period histograms in response
had approximately the same frequency dependence as th@ vowel modulators. At a modulation depth of 2.5%, the
average modulation gain at three frequencies for the sinumedian correlation coefficient between neural and model pe-
soidal modulators investigated in the companion papis riod histograms was 0.93. Interestingly, the model was as
vak et al, 2003a. The estimated MTF showed a bandpasssuccessful at predicting responses of fibers with low pseudo-
characteristigpassband 400-600 Hzin the passband, the spontaneous rates as those of fibers with high pseudo-
modulation gain was extremely higmear 100, meaning spontaneous rates, even though only data from the latter
that a stimulus with 1% modulation depth produces a fullywere used in deriving the model's modulation filter. This
modulated response. Above the passband, the responBeding suggests that the model captures some of the nonlin-
dropped off very gently with frequency, suggesting that, withearities in the neural response, including half-wave rectifica-
a DPT, ANFs could represent formant frequencies in theition. However, model predictions were poorer for 10%
temporal discharge patterns up to at least 1000 Hz. modulation depth than for 2.5% depth. Responses of ANFs

The neural mechanisms responsible for the bandpags stimuli with large modulation depths are strongly influ-
characteristic of the MTFs are unclear. The high-frequencynced by the fiber's refractory properties because these

. Stochastic threshold model
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stimuli drive the fiber at high discharge rates. By adjustingAPPENDIX A: ARTIFACT REJECTION METHOD
the refractory characteristics of the model to better fit those
of ANFs, it might be possible to make the STM better ap-
proximate the responses at large modulation depths.

It is worth emphasizing that the STM does not explicitly

To remove the artifact in response to vowel modulators,
we used a generalization of the method used for sinusoidal
modulators in the companion papéritvak et al, 2003a.

. . 2 Briefly, the recorded microelectrode signal was first pro-
represent the DPT. The input to the model is the modulatlerssgOI through a low-pass digital ﬁltéig KHz cutof top

waveform, not a modulated DPT, and the effect of the DPT 'Semove the linear component of the stimulus artifact. The

only mimicked by adjusting the resting threshold so as to se emaining artifact was significantly below the spikes for

the mo_dels pseudo-spontan_eo_us rate. The success of tr}'r?ost responses except at the largest modulation depth
very simple model in predicting responses to complex

timuli furth s th t made in th ~(10%—-15%. To further cancel the residual artifact, we used
stimuli further supports the argument made in the Companion , ja atjye algorithm to find the closest fit between the fil-
paper(Litvak et al,, 2003a that the exact details of a DPT

b talin . Gmul ding in t tered, recorded signal and a model signal consisting of the
May Nnot be essential In Improving stimulus coding In l€Mpo-g,, ) o synthetic spikes and a periodic artifact template com-
ral discharge patterns of ANFs, so long as it evokes a suiﬁ

tained d ¢ disch i d the stimul osed of N harmonics of the stimulus periotee Litvak
ained pseudo-spontaneous discharge rate and the stimulu ellsal., 2003a for details This periodic template was sub-
a small signal compared to the DPT.

. . ._tracted from the recorded waveform to derive the estimated
Our results suggest that, with the estimated modulatlor%pike train

filter, and at least for small modulation depths, the STM can Because the stimuli used in this study are more complex
a_ccurately predict the discharge probab|_||t3_/ of ANFs _f_or athan the sinusoids used in the companion paper, the number
bitrary modulato_r waveforms. The_ pred|_ct|v_e capability of ¢ o monicsN in the artifact template had to be increased
the STM makes it a useful tool for investigating the pSyChO'from 3 to 16. Because some of these harmonics lie in the

physics of electric hearing. In particular, the STM can bel—z-kHz frequency region where spikes have most of their
useful in interpreting psychophysical responses of human coz

. . S : energy, the derived artifact template could in principle in-
chlear implant subjects to small stimuli superimposed upon Aude the spike waveform as well as the artifact proper if the
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