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Previous reports of frequency modulations, or glides, in the impulse responses of the auditory
periphery have been limited to analyses of basilar-membrane measurements and responses of
auditory-nervg AN) fibers with best frequencidBFs) greater than 1.7 kHz. These glides increased

in frequency as a function of time. In this study, the instantaneous frequency as a function of time
was measured for impulse responses of AN fibers in the cat with a range qPBBs4500 HEx

Impulse responses were estimated from responses to wideband noise using the reverse-correlation
technigue. The impulse responses had increasing frequency glides for fibers with BFs greater than
1500 Hz, nearly constant frequency as a function of time for BFs between 750 and 1500 Hz, and
decreasing frequency glides for BFs below 750 Hz. Over the levels tested, the glides for fibers at all
BFs were nearly independent of stimulus level, consistent with previous reports of impulse
responses of the basilar membrane and AN fibers. Implications of the different glide directions
observed for different BFs are discussed, specifically in relation to models for the auditory periphery
as well as for the derivation of impulse responses for the human auditory periphery based on
psychophysical measurements. 1®99 Acoustical Society of Amerid&0001-49669)03204-X

PACS numbers: 43.64.Bt, 43.64.Pg, 43.66[B®F]

INTRODUCTION chleae using click stimulideBoer and Nuttall, 1997 The
increasing frequency glides are also consistent with other
The properties of auditory nervéAN) fibers can be reports of mechanical measurements of click responses from
characterized using their responses to impulses, or clicks, ase base of the cochle@Robleset al, 1976; Recioet al,
well as to wideband noise. These properties have implicai998. deBoer and Nuttal(1997 referred to impulse re-
tions for our understanding of signal processing in the audisponses based on click responses da®ct impulse re-
tory periphery and of the neural cues provided by the periphsponses, and those estimated from noise responsieslias
ery to the central nervous system. Responses of neurons tectimpulse responses.
wideband noise stimuli have been studied for many years in  Characterization of the tuning of AN fibers based on
an effort to characterize both linear and nonlinear responsgesponses to wideband noise requires an extension of the
properties(e.g., deBoer, 1967; deBoer and deJongh, 1978¢ross-correlation technique. Because the response of a fiber
Marmarelis and Marmarelis, 1978; Eggermattal, 1983; s a series of action potentials, rather than a continuous-time
Carney and Yin, 1988; Eggermont, 1993The cross- waveform, one cannot perform a simple cross correlation
correlation function of the response of the system to a widebetween the stimulus waveform and the response. However,
band noise with the stimulus waveform provides an estimate spike-triggered average of the stimulus waveform preced-
for the system’s first-order Wiener kerriélee and Schetzen, ing each action potential yields a derived impulse response,
1965. For a linear system, the first-order kernel is also thethe reverse-correlatiofrevcon function (deBoer, 1967; de-
impulse response. Boer and Kuyper, 1968; Kker, 1977; deBoer and deJongh,
This cross-correlation analysis technique has been sua978; Marmarelis and Marmarelis, 1978; Eggermenal,,
cessfully applied to mechanical measurements of basilart983. Equivalently, a cross correlation between the noise
membrane motior{deBoer and Nuttall, 1997; Reciet al,  stimulus waveform and the peri-stimulus tifleST) histo-
1997. These measurements have characterized the impulggam constructed from responses to multiple repetitions of
responses as narrow-band signals having a frequency modthe stimulus yields an estimate of the impulse response
lation, or glide. For these mid- to high-frequency (Mdller, 1977.
(>~1.7 kH2 fibers or places, the carrier frequency of the  The reverse-correlation procedure is only successful for
tuned impulse response increases as a function of time fronelatively low-frequency AN fiber¢§BFs <~4000 H2 be-
a frequency lower than the best frequertBy, the frequency  cause it requires phase-locking of the fiber to the fine struc-
to which the system is most responsivap to the BF. The ture of the stimulus waveform. Revcor functions for low-
glides estimated from responses to wideband noise are cofrequency AN fibers are consistent with click responses
sistent with impulse responses measured in the same cgeasured for the same fibei@arney and Yin, 1988 indi-
cating that this technique for the indirect estimate of the AN
dAuthor to whom correspondence should be addressed. Electronic mailMpulse response is consistent with direct estimates of im-
carney@bu.edu pulse responses.
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Pseudolinear characterizations of AN fibers across aneasurements made at high-BF pla@@Bode, 1971; Sellick
range of stimulus levels provide a characterization of ANet al, 1982; Roblest al, 1986; deBoer and Nuttall, 1997;
fibers that is adequate for predicting temporal response progrecio et al, 1997, 1998 The frequency modulations, or
erties to resonant stimuli at different sound levé@arney glides, in the impulse responses of AN fibers with BFs less
and Yin, 1988. A population of revcor functions has served than 1500 Hz reported in this study have different slopes
as a basis for a pseudolinear model for a population of ANhan those previously reported for responses of fibers with
fibers (Carney and Yin, 1988as well as for a nonlinear, higher BFs(Mdller and Nilsson, 1979; Mter, 1981, 1983
time-varying model for AN responses to arbitrary stimuli or high-frequency places on the basilar membréteBoer
(Carney, 1998 However, these models were based onand Nuttall, 1997; Reciet al, 1997, 1998 Flat or decreas-
simple parameterizations of the revcor functions as gammang frequency glides for fibers with BFs below 1500 Hz were
tone functions. The gammatone models used to characteriz#served in this study.

AN impulse responses have constant frequency as a function These frequency glides have interesting implications
of time, and thus do not accurately represent impulse reboth for our understanding of signal processing in the audi-
sponses that contain frequency glides. tory periphery and for cochlear modeiddller and Nilsson,

Reports of frequency glides in the revcor functions of1979; deBoer and Nuttall, 1997; Reced al, 1998. The
AN fibers have been consistent with the descriptions of th@ssociation of level-dependent shifts in peak frequency with
direct and indirect impulse responses of the basilar memthe compressive nonlinearity make the time and level depen-
brane. Mdler and Nilsson(1979; also Mder, 1981, 1983  dence of the frequency glides an important issue. As pointed
illustrated an increasing frequency glide in the revcor func-out by deBoer and Nuttall1997), the presence of the glide
tions for two rat AN fibers with BFs of approximately 2 and in both the indirect impulse response based on steady-state
3 kHz. deBoer and Nuttal{1997 reported increasing fre- noise responses and in the actual impulse response indicates
quency glides in revcor functions for AN fibers with BFs as that it is not a reflection of a time-varying nonlinearity. In
low as 3 kHz. They also reported increasing frequency glidegddition, they report that the glide is remarkably consistent
in impulse responses derived from the phase measuremerfi4er a wide range of stimulus levels, consistent with the
of tuning curves of AN fibers with BFs as low as 1.76 kHz reports of Recicet al. (1997, 1998 This was also the case
(deBoer and Nuttall, 1997 for AN fibers in this study, regardless of the direction or

The goal of this study was to characterize the impulseslope of the glide. The frequency glide does not appear to be
responses of AN fibers with low to moderate BFs, rangingdirectly associated with the active process or the associated
from approximately 250 to 4500 Hz. Across this frequencycompressive nonlinearity; the frequency glide persists nearly
range, it is possible to measure indirect impulse responséfichanged across the wide range of levels te€20¢:80 dB
using the reverse-correlation technique. Revcor functions opPL), while the bandwidth and gain of the system vary.

a large population of AN fiber&Carney and Yin, 1988; Car- Impulse responses with frequency glides have recently
ney, 1990 were examined in this study. The nature of thearisen in another area of auditor_y research: impulse re-
frequency glides in these derived impulse responses and tfgPonses with upward frequency glldégamm.achirp}shave

variation of the glides as a function of stimulus level wereP€€n proposed to model the filters associated with asym-

investigated. The frequency glides are consistent with gemetrical psychophysical tuning curvésino and Patterson,
scriptions of the shift in peak frequency of tuning as a func-1997- However, because the asymmetry of psychophysical
tion of stimulus leveldeBoer and Nuttall, 1997; Recé al,  tUning curves varies with stimulus levee.g., Rosen and
1997 that is, changes in the latency of the envelope of the3@ker, 1994, Irino and Pattersot1997 proposed that the
impulse response as a function of level, along with the unPeripheral filters should have glides that vary in slope as a
derlying (but level-independentfrequency glide, result in function of stimulus IeveI.. Such flltgrs yvoulq be at odds with
apparent shifts in the tuning as a function of level. For ex-measurements of both direct and indirect impulse responses
ample, for BFs with glides that increase as a function of"oM the auditory periphery. The variations in asymmetry of
time, responses to high-level stimuli are determined by imps_ychophysmal tu.nlng Curves as a funct!on of level must
pulse responses that peak during the early, Iow-frequenc?”se from propertles.other than changes in the slope of fre-
portion of the frequency glide. Alternatively, responses todUeNcy glides in the impulse responses.

low-level stimuli are determined by impulse responses that

peak at longer latencies, during the high-frequency part o[ METHODS

the glide. Thus, the increasing frequency glides at high BFs

are consistent with a downward shift in the peak frequency  Noise responses of AN fibers were obtained from a data
of tuning as stimulus level increases. Because some low-BBrchive collected as part of previous studigarney and
fibers have been described as having shifts in tuning that g¥in, 1988; Carney, 1990 The physiological procedures

in the opposite direction, it was not anticipated that the glidesised to obtain the functions are detailed in those papers.
would necessarily be similar to those described for high-BFBriefly, the responses of AN fibers to widebat0-kHz
measurements. For example, very low-B& 1000 H2 fi- bandwidth noises were recorded in barbiturate-anesthetized
bers have been described as having peak frequencies thadts. Typically, 40 repetitions at each sound level of an
shift upwards as stimulus level increaseEvans, 198)],  800-ms duration noise sample were obtained at 1-s intervals.
which is opposite in direction to the shift seen for high-BF Sound levels reported here are in dB SRomputed over
fibers (Evans, 1981; Mter, 1977 and basilar-membrane the 10-kHz bandwidth of the noisdor consistency with
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other studies, rather than the peak-equivalent levels reporteA 11—, . . . v
previously(Carney and Yin, 1988; Carney, 1990

The results presented were based on revcor functions
typically computed for noise responses measured at two 0 4
more sound levels, for 214 fibers from 13 cats. The originalg 4 S

(unsmoothel revcor functions are accessible for further
study via an ftp sitdAppendix A). OM@V@%V*
Each revcor function was computed using the cross- ‘ ,

correlation function for the stimulus waveform and the PST {
histogram of the noise respongdeBoer and deJohngh, 1100 Hz
1978. PST histograms were binned at m@- resolution, 0
which matched the sampling time of the stimulus waveform.
A one-octave bandpass filter, centered at the peak frequenc
of the spectrum of the revcor function, was used to smooth® [ 1ss0 1z’
the revcor functions. The 8th-order bandpass filter was - A_A
implemented inMATLAB ™, and the output signal was com- v v
pensated for the delay of the filter. The filtered revcor func- -1 ‘ '
tions were tested to ascertain that the filter did not introduceE 2000 iz '
any phase distortion that could have affected the positions o o Q Q A s

zero crossings; this test was accomplished by superimposin Y W v o
the filtered and original signals and carefully comparing the 4 . : :
locations of the zero crossings. F 1 ;
At very low stimulus levels, the BF of the revcor func- § 9150 HZMA
tion matches the characteristic frequen(&F) based on a e 0 v WWA"
<

threshold-tuning curve; however, as stimulus level increases ‘ ‘ .
these two frequencies may diverge, depending on(€§:., 0 2 4 Time?msec) s 10 2
Evans, 198L The BF was estimated using the peak fre- _ o
quency of the spectrum of the revcor function, computecf'_G-_l- Revcor funct|pns for Six fibers. R_evcors for several SPLs are over-
. . . . _laid in each panel, with the higher amplitude waveforms corresponding to
with the fast Fourier transform. When gl|des were studie he higher SPLs. The BF computed from the revcor function at the lowest
across several SPLs, the average BF across the SPLsS W&@L is indicated in each panel. Amplitudes are in arbitrary units; all wave-
used as the fiber's BRFig. 7(A)]. forms were normalized by the same value here and in all subsequent figures.

The instantaneous frequency of the revcor functions Wa'sl'hese Wa_veforms illustrate the reveor funcgons after a simple 3-pt smooth
was applied; the octave-band filter used in subsequent analysis was not

estimat(_ad in two ways: using a _H”ber_t'tranSform teChnique@.lpplied to the waveforms shown her@) Unit 86204u3; 60, 70, 80 dB
and using zero crossings. Using Hilbert-transform tech-spL.(B) Unit 86100us8; 50, 60, 70, 80 dB SP(C) Unit 86100u24; 50, 60,

niques, the instantaneous frequeritfy) and envelope of an 70, 80 dB SPL(D) Unit 86065u5; 20, 30, 40, 50, 60, 70, 80 dB SRE)

. - . - _ Unit 86100u25; 30, 40, 50, 60, 70, 80 dB SKE) Unit 86204u28; 50, 60,
analytic signal could be determiné8ippendix B. This tech 70, 80 dB SPL. The same waveforms were used for the analyses of instan-

nique was used to analyze the impulse responses derivegheous frequency illustrated in Fig. 3, with different symbols for each SPL.
from basilar-membrane responses to n@deBoer and Nut-

tall, 1997; Recioet al, 1997. A preliminary study found
that this technique was also appropriate for AN revcor funcings was susceptible to dc bias introduced in the waveform
tions (Shekhter, 1997; Shekhter and Carney, 1997 before determination of zero crossings, or indeed, to alter-
A limitation of the Hilbert-transform technique is noise; ations of the dc content of the signal that were introduced by
because the derivative of the phase of the analytical signal ismoothing techniques. In order to minimize the contribution
involved in the computation of the IF, the technique is veryof dc fluctuations(which are unavoidable over short-time
sensitive to noise in the original signal. In addition, largeintervals of amplitude-modulated signglthe following pro-
fluctuations obscure the estimate of IF derived from the Hil-cedure was used: The time range to be analyzed was deter-
bert transform when the amplitude of the envelope of themined by computing the envelope of the revcor function
signal decrease@eBoer and Nuttall, 1997 An alternative  (Appendix B and finding the time range for which the am-
technigue for estimating instantaneous frequency is to conmplitude of the envelope was within 12 dB of the peak of the
pute the intervals between zero crossings of the signanvelope(deBoer and Nuttall, 1997 The mean(dc) value
(Mdller, 1977. This technique typically results in a less was then computed over an integer number of cycles of the
noisy estimate of IF, but provides fewer measures of IF as &est frequency centered within this time range. This mean
function of time. The two methods provide results that arevalue was then subtracted from the waveform before zero
generally consistent with each other, as shown belBiy.  crossings were detected. Zero crossings were determined by
2). The zero crossings provided a simple description of thedentifying the two time samples in the 56 resolution
major trends in the IF as a function of time that was lesswvaveform that spanned the crossing, and then applying linear
prone to fluctuations caused by either noise in the signal ointerpolation between the two time samples.
changes in the envelope amplitude. A related technique for computing IF is to measure the
The IF estimated using the intervals between zero crosddistances between maxima and/or minima in the impulse re-
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FIG. 2. (A) Revcor function for an AN fiber with BE400 Hz[same as in Fig.(®)]. The dashed line is the envelope computed with the Hilbert transform
(Appendix B. A 3-point smooth was applied to the envelopes to reduce the influence of high-frequency noise on the determination of the temporal window
to be analyzedsee methods Asterisks indicate zero crossing8) Same agA), for an AN fiber with BF=3150 Hz[same fiber as in Fig.(E)]. (C), (D) IF

for each fiber computed using the Hilbert transfgisolid line9 and using zero crossingsircles connected by dashed I)n€ircles are positioned along the

time axis midway through each zero-crossing interval.

sponse. This approach is not susceptible to changes in dmro crossings as a function of time were much smaller for
bias of the waveform; however, it is susceptible to high-the intermediate BF fibers. For the highest BF filbEig.
frequency noise in the vicinity of the maxima and minima. 1(F)], the zero crossings became more closely spaced as a
Results using the latter approach were consistent with th&unction of time. Close scrutiny of previously reported rev-
dc-compensated zero-crossing approach for the majority afor functions(e.g., Evans, 198%and click response&iang
the fibers; however, the IFs based on maxima and minimet al, 1969 for fibers with different BFs also reveal changes
were particularly noisy for the very low-BF fibers; thus, this over time in the intervals between zero crossings or intervals
approach was not used for the results presented here. between histogram peaks that are similar to those shown in
Fig. 1.

A striking feature of the revcor functions shown in Fig.
1 is that the zero crossings were nearly unchanged over a

Revcor functions for six fibers with a range of BFs arewide range of SPLs. This fact is consistent with earlier re-
illustrated in Fig. 1. Each panel shows revcor functions for aports of AN revcors at several SP(Sarney and Yin, 1988
single fiber computed from noise responses at several SPLand with click responses measured either in the @&ang
waveforms with higher amplitude peaks correspond to reet al, 1969 or basilar membranéRecio et al., 1998. The
sponses to higher amplitude stimuli. The amplitude of theconsistency of the zero crossings over a wide range of SPLs
revcor function$ (expressed in arbitrary unjtin this figure, indicates that the instantaneous frequency, whether it
and all other figures, was normalized by the same value tochanged or remained stationary over time, would be similar
allow comparison across plots. The fibers illustrated herecross SPLs.
were arbitrarily chosen from fibers that were studied at a  The analysis of instantaneous frequertly) is illus-
number of SPLs; the properties of these responses were tygrated in Fig. 2. Panels A and C show the revcor functions
cal for the revcor functions in this study. for two fibers at 80 dB SPLsame fibers as in Fig(A),(F)].

Changes in the distances between zero crossings can b&ie envelope of the revcor function, as determined by the
observed directly in some of these plots. For the lowest BHilbert transform(Appendix B is shown as the dashed line,
fiber [Fig. 1(A)], the first two zero crossings were clearly and zero crossings are indicated by asterjgkg. 2(A),(C)].
more closely spaced than subsequent ones. Changes in thike IF computed using the Hilbert transform is indicated as

Il. RESULTS

2387 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999 Carney, McDuffy, and Shekhter: Frequency glides in AN impulse response 2387



A 600 T T T 4000 4000

500F 400 Hz _ z ©86065 — c86095
3000 3000
400F i %
2000 “Z 2000 ==
. L i _— —
————— \_‘

300 !

1000 1000
B 1000 . , ‘ : . o —_
800} 600 Hz 1 0 2 4 6 8 10 12 0 2 4 6 8 10 12
6001 M—Aﬁ/‘ i 4000 4000
400 ‘ . . . 86100 i 86159
3000 // 3000 %
C a0 ‘ I I ILevels (dB SPL) 2000 /,& 2000
1200f 1100 Hz W = =
v 20 - 1000
1000F 430 1000 — i%%
. , ‘ ‘ 0
800 . % 2 4 6 8 10 12 0 2 4 6 8 10 12
D 2000 " " ; ¢ 60
4000 4000
1550 Hz . 086166 - c86204
1600y \ , 3000 P 3000 -
1200 A — 1 2000 T 2000 é
_ —
E 2400 : . : ; 1000 _ 1000 —_—
2000 Hz 0 — 0
20001 h . 0 2 4 6 8 10 12 0 2 4 6 8 10 12
N
1600 ‘ - : %4000 st 4000 88368
1
F 4000 ; ; i 3000 / 3000
o) 3150 Hz g 2000 2000 /
0001 329% 4 =
8 £1000 % 1000 -
20005 4 6 8 10 £ 0 0 A ——
Time (msec) ‘_é’ 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (msec) Time (msec)

FIG. 3. IF trajectories as a function of time for the six fibers in Fig. 1, at FIG. 5. 1st-order regression lines through IF trajectories for groups of fibers

several SPLs. Symbols for SPLs in the legend apply to all plots. IF WaSom eight cats. All fibers studied in each cat are included in each plot. IF

computed from zero crossings, as illustrated in Fig. 2. T.h‘? BF of each f'bertrajectories were based on zero crossings. All responses were at 80 dB SPL.
computed from the revcor function at the lowest SPL, is indicated on each

plot.

puted from zero crossings was quite consistent with the IF
the solid line[Fig. 2(B),(D)]. These functions tended to be from the Hilbert transforniFig. 2(D)], including some of the
noisy, as described in the methods, and they were particituctuations over time that were characteristic of especially
larly sensitive to noise when the amplitude of the envelopeigher-BF results from the basilar membrafsee deBoer
dropped to low valuegat the beginning and end of each and Nuttall, 1997.
waveform). The IF computed on the basis of zero crossings  Figure 3 illustrates the IFs for the six fibers in Fig. 1,
is illustrated by the circles and dashed lines. The IF comeach computed at several SPLs using zero crossings. The
lowest BF fiber[Fig. 3(A)] had an IF that decreased as a
function of time, whereas the highest BF filjEig. 3(F)] had
€86100 an increasing frequency glide. Intermediate BFs had smaller
3000¢ ’ 0 T ' ] changes in IF as a function of time, progressing gradually
P from negative slopes at very low BFs to positive slopes at
' . higher BFs. Consistent with the nearly invariant zero cross-
% ings at different SPL4Fig. 1), the IF trajectories for each
fiber (Fig. 3) were very similar over the range of SPLs stud-
ied here.
M Figure 4 illustrates IF trajectories based on zero cross-
ings for several fibers from one cat at one SB0 dB SPL.
s Each trajectory was fit by a first-order linear regression.
These regressions and their slopes will be reported in the
following figures. For nearly all fibers studied, a 1st-order
\B\gi\\_g regression provided a reasonable representation of the IF
) glide. Some fibers had glides that were not linear functions
‘ : : of time; for example, sever#but not al) of the very low-BF

0 2 4 6 8 10 : ) )
Time (msec) fibers had a bend in the IF trajectdisee the two lowest BF

d . Core fibers in Fig. 4 and the fiber in Fig.(B) and Fig. 3A)].
FIG. 4. IF trajectories at 80 dB SPL for six fibers from one cat. IFs were ; _ ; ; ; _
determined using zero crossing@rcles connected by dashed lineSolid However, hlgher order regressions did not improve the char

lines are 1st-order regressions fit through each trajectory. Units 2, 7, 18, ZﬁcFerizaﬂqn of the major trends in the glides across t.he popu-
22, and 26 from cat 86100. lation of fibers studied. Furthermore, there was no improve-

2000} ;

1000
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FIG. 6. Slopes of the trajectories in Fig. 5 as a function of best frequency Distance from Apex (mm)

(BF). BF was estimated by the peak of the fast Fourier transform of the . . .

revcor function. Each asterisk indicates the slope of a single regression IinEIG' 7. Slope of the 1st_—0rder regressions of IF trajectories based on re-

in Fig. 5. The solid lines are first-order regressions for each set of datgPonses at _aII SPLs stud|e_d for 214 fibers in 13 cats. The BF for each fiber

points. was determln_ed by averaging the BFs across the SPLs stlﬂm)aﬂu_esults_
plotted on a linear frequency axi®) Results plotted on a place axis, using

Liberman’s(1982 expression for place as a function of CF. Vertical dotted

ment in characterizing these glides by representing them des are positioned by eye at 750 and 1500 Hz to illustrate trends over

functions of log€), which was the form of the gammachirp different frequency regions.

suggested by Irino and Patters@®97. Functions of this

type could not provide a simple representation for IF glidesvere used to determine the 1st-order regression lines; the
across the range of BFs, because the glides vary significantgverage BF across the SPLs studied for each fiber was used
across BF in direction and overall latency. to determine the position along the BF axis.

Figure 5 illustrates the same characterization as in Fig. 4  Figure TA) illustrates the slope of the 1st-order regres-
for the eight cats in which several fibers across a range ddion for each fiber, plotted in terms of linear frequency. Fig-
BFs were studied. All responses shown in this figure are foure 7B) plots the slope of the IF regression as a function of
80-dB SPL noise stimuli. Only the 1st-order regression linegistance along the basilar membrane, using Liberman’s
are shown to reduce the complexity of the figure. The majo1982 function for the relationship between CF and place
trend in the data is apparent in all cats: positively sloping IFalong the cochlea. The latter plot illustrates the spatial range
glides at high BFs, flat trajectories at BFs near 1000 Hz, an@long the basilar membrane in the cat for which the IF tra-
negatively sloping IF glides at very low BFs. jectories are negative or relatively flat. Based on previous

Figure 6 shows slopes of the trajectories in Fig. 5 as aeports of increasing glides for high-BF fibers and basilar-
function of best frequencyBF). Each asterisk indicates the membrangBM) responses, it would be assumed that the IF
slope of a single regression line in Fig. 5. The slope of the IRrajectories remain positive for all basilar-membrane posi-
trajectories(in Hz/mg increased as a function of BF in all tions further from the apek.e., BFs higher than 4 kHz
cats. Slopes were typically positive and relatively large for ~ The vertical dotted lines in each pl@Eig. 7) were po-
high BFs, small for BFs near 1000 Hz , and negative for verysitioned at 750 and 1500 Hz to demarcate the three interest-
low BFs. ing regions of BFs and IF slopes. For fibers with BFs below

Trends in the slope of the IF as a function of BF are also750 Hz, 78% of the slopes of the IF trajectories were nega-
apparent in Fig. 7, which illustrates the slopes for 214 fibergive (38 out of 49 fiberg and the positive slopes were quite
from all 13 cats. For the results shown in this figure, the IFsmall(all below 25 Hz/mg. For fibers with BFs between 750
was estimated at all SPLs for each fiber. Responses to SPlasid 1500 Hz, 70% of the IF trajectories had positive slopes
that yielded a clean IFe.g., more than three zero crossings(43 out of 61 fibers Again, these slopes were relatively
and at SPLs high enough to yield detectable revcor funcsmall: 93% had slopes less than 100 Hz/ms. Above 1500 Hz,
tions) were included in this population plot. IFs for all SPLs the IF trajectories of nearly a(@7%, 101 out of 104fibers
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had positive slopes. The size of the slopes varied a great deaéw constraints on these models. An increasing frequency
for the high-BF fibers; some of this variability was due to glide is not an inherent property of the impulse responses of
combining responses across cats. The results in Fig. 5 fokN fibers across all BFs. Either the properties of the co-
individual cats showed less variability within each animal;chlear mechanics that contribute to the glide must vary along
Fig. 5 also showed large differences in the absolute values dhe length of the cochlea, or interactions at the low-

the high-BF slopes across animals. frequency end of the cochlea, within approximately 6 or 7
mm of the helicotrem@Fig. 7(B)], must result in significant
IIl. DISCUSSION changes in the nature of the IF glides.

These results show that the frequency modulations, or . creasing frequency glides have also been hypothesized

glides, in the impulse responses of low-frequency AN fiberd® be a g?tope”y OT ierUIS; rezponses forhtunring_ inltr:e hu'
(<1500 H32 are inherently different from those at high BFs. man al: rtory zegpttery ai‘; 7??} psychop tysme; uning
Whereas the high-BF AN and basilar-membrane responsecs“hrves( rino and Patterson, 1997The asymmetry of psy-

reported previously all had glides that increased in frequencfr eozgs(':'cilngj dnl:?:tec;r\i/ris l\j\(: T:sdecl)ﬁgebyt?uime;::r?ahcﬁra
as a function of time, the direction of the glides is the oppo- q y P P ’ 9 P-

site at very low frequencies. Furthermore, in the mid_However, proposed changes in the slope of the gam-

f ion750—1500 Hz the glid lativel machirp’s IF .glide as a fuqction of SPL, which WOL!|d pro-
ﬂr;{(.quency region % the glides are relatively duce the desired changes in the asymmetry of the filters as a

ér(ynction of SPL, would be inconsistent with this and other

The available database did not include responses to ve ) . .
high SPL stimuli, so it cannot be determined whether th eports that the IF glides of the auditory periphery are nearly

glides would remain unchanged at very high SPLs. Recentl)},j
Lin and Guinan(1998 reported significant changes in the
impulse responses of AN fibers in the cat in response to very
high-level clicks, consistent with a change in the nature o :
the mechanical input to the hair cells at very high levels

nchanged as a function of SPL.

Future work will explore the implications for human
erception of the IF glides, including their change as a func-
on of BF. The influence of the IF trajectory of the impulse
response on the responses to simple and complex sounds will

More work is required to determine whether similar changeéje compllcate?d. 'tl)'hehtrajet:ﬁtotlesdlr: ”.: ;een n t;[h'?h mpulsiz
would be found in indirect estimates of impulse response§eSponse would be hypothesized 1o Infiuence both the rate
based on noise responses. and temporal response properties of individual AN fibers, as

As pointed out for measurements of high-BF AN fibersWeII as the spatiotemporal response patterns across the popu-

and places(deBoer and Nuttall, 1997; Reciet al., 1997, lation of AN fibers.
1998, the trajectories of IF do not change significantly with
SPL over the levels studied here. This result is interesting foACKNOWLEDGMENTS
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change with SPL, but with IF trajectories that remain un-APPENDIX A INSTRUCTIONS FOR ACCESSING
changed. A framework for considering the input—outputREVCOR FUNCTIONS VIA FTP
cross-correlation functions for nonlinear systems, and for re-  The unsmoothed revcor functions for all the fibers in-

lating them to linear systems with equivalent cross-cjuded in this study are available via ftp at the address:
correlation functions, has recently been outlined in deBoer'%ngc.bu.edu_ogin asanonymouswith your user name as
EQ-NL theory (deBoer, 1997 Thus, according to that the password. Typedpubandatato move to the proper
theory, the results presented here suggest that there must algiectory. Further instructions about the file formats and file
be a related class of linear SySte(ElS well as nonlinealthat names are in theeadme.txffile in this directory_

exhibit the nearly invariant IF over a wide range of SPLs,

while varying in other respeci®.g., gain and bandwidth APPENDIX B: TIME-DOMAIN ANALYSIS OF REVCOR

. The constraints that the increasing IF glides for mid- tOFUNCTIONS USING THE HILBERT TRANSFORM
high BFs have placed on cochlear models have been recog-

nized previously(Mdller and Nilsson, 1979; deBoer and A revcor functionh(t) can be decomposed into its en-
Nuttall, 1997%. The additional evidence that the slope andvelope and instantaneous frequency using the Hilbert trans-
direction of the glides changes as a function of BF placesorm (e.g., Haykin, 1994 First, an analytic signal is formed
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a(t)=h(t)+jh(t),

Whereﬁ(t) is the Hilbert transform oh(t), andj=,—1.
Then, the envelope of the revcor function envis equal to
the magnitude of the complex functi@{t)

envt)=|a(t)|,

while the instantaneous frequen@f, in Hz) is proportional
to the derivative of the phase angle afft)

IF(t) =[d/dt{ 2a(t)}]/(2m).
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