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Frequency modulation detection in cochlear implant subjects®

Hongbin Chen® and Fan-Gang Zeng®

Hearing and Speech Research Laboratory, Departments of Anatomy and Neurobiology, Biomedical
Engineering, Cognitive Sciences and Otolaryngology—Head and Neck Surgery, University of California,
Irvine

(Received 16 January 2004; revised 30 June 2004; accepted 1 July 2004

Frequency modulationFM) detection was investigated in acoustic and electric hearing to
characterize cochlear-implant subjects’ ability to detect dynamic frequency changes and to assess
the relative contributions of temporal and spectral cues to frequency processing. Difference limens
were measured for frequency upward sweeps, downward sweeps, and sinusoidal FM as a function
of standard frequency and modulation rate. In electric hearing, factors including electrode position
and stimulation level were also studied. Electric hearing data showed that the difference limen
increased monotonically as a function of standard frequency regardless of the modulation type, the
modulation rate, the electrode position, and the stimulation level. In contrast, acoustic hearing data
showed that the difference limen was nearly a constant as a function of standard frequency. This
difference was interpreted to mean that temporal cues are used only at low standard frequencies and
at low modulation rates. At higher standard frequencies and modulation rates, the reliance on the
place cue is increased, accounting for the better performance in acoustic hearing than for electric
hearing with single-electrode stimulation. The present data suggest a speech processing strategy that
encodes slow frequency changes using lower stimulation rates than those typically employed by
contemporary cochlear-implant speech processors.20@4 Acoustical Society of America.
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I. INTRODUCTION Dooley and Moorg1988 showed that the thresholds of up-
Similar to the Fourier transform in which a signal can beWard and downward sweeps changed from approximately 4

decomposed into a series of sinusoids, a signal can also l?ez at standard frequency O.f 500 Hz'to 7 Hzata staqdard
decomposed into a combination of amplitude and frequenc;fequenc_y of 1000 Hz. Pre\(lous studies were not con_'slstent
modulation componentéLoughin and Tacer, 1996 Fre- in reporting whether there is an asymmetry'm detection of
quency modulatiofFM) dynamically changes a signal's in- theé downward and upward frequency glides. Schouten
stantaneous frequency without necessarily affecting the int1989 found that discrimination of upward sweeps required
stantaneous amplitude. The FM direction and rate, tweshorter durations and slower sweep rates than that of falling
important features that influence speech perception, are us§weeps. Collins and Cullef1978 reported an asymmetry in
ally determined by two basic components: the carrier and théhe detectability of upward and downward glides of short
modulator. In speech and music sounds, frequency modul&luration, with upward sweeps detected at lower signal inten-
tions in the form of formant transitions, fundamental fre- sities in the frequency ranges 200-700 Hz and 1200-1700
quency changes, and fine structure changes carry critical ifdz. On the other hand, Tsumued al. (1973 and Arlinger
formation for speech recognition, speaker identification, anet al. (1977 found no significant difference between upward
music appreciation. and downward sweeps.

FM detection has been systematically studied in normal- Demany and Semd[Ll989 measured detection of sinu-
hearing listeners for frequency sweg@ergeant and Harris, soidal frequency modulation as a function of carrier fre-
1962; Pollack, 1968; Nabelek and Hirsh, 1969; Tsumuraguency from 250 to 4000 Hz and as a function of modulation
etal, 1973; Arlinger etal, 1977; Tyler etal, 1983; frequency from 1 to 64 Hz. They found relatively indepen-
Schouten, 1985; Dooley and Moore, 1988; Madden and Firedent effects of carrier frequency and modulation frequency
1996 and sinusoidal FMHartmann and Hnath, 1982; De- on the detection threshold when the data were expressed in
many and Semal, 1989; Moore and Glasberg, 1989; Edwardspsolute Hz and plotted on a log scale; the difference limen
and Viemeister, 1994a,b; Sek and Moore, 1995; Moore anthcreased monotonically with the carrier frequency, but re-
Sek, 1996. Generally, difference limens for frequency mained relatively constant for different modulation frequen-
sweeps are positively proportional to the standard frequencyies. Other data suggested that the average difference limen
and are relatively independent of the stimulation level,, o consistently larger when the amplitude of the frequency-
modulated stimuli was either sinusoidally or randomly
dportions of this work were presented at the 26th Midwinter Meeting of themodulated(Grant, 1987.
b)Association for Research in Otolaryngology, Daytona Bez_;lch, FL, 2_003}. Two theories have been put forward to explain the fre-
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TABLE I. Subject information of three Nucleus-22 cochlear-implant users who participated in this study.

Duration
Age Cause of of implant Vowel Consonant
Subject Gender (years deafness use(years recognition recognition
S1 F 69 Cochlear 13 69% 69%
otosclerosis
S2 M 59 Hereditary 6 59% 72%
S3 M 45 Trauma 10 71% 79%

the other uses the “temporal code” or “phase locking code” edge, there is only one study in the literature that has mea-
in the auditory nervedSiebert, 1970; Goldstein and Srulov- sured FM detection in cochlear-implant uséf®ng et al.,
icz, 1977. In the place theory, the cochlea is modeled as @982. The difference limen was about 10% of the standard
bank of filters and the cochlear filters’ response is called affrequency for a 100-Hz carrier with 10-Hz modulation fre-
excitation pattern. When the stimulus frequency is changedjuency in two cochlear-implant users. In general, studies in
the filters’ output is changed systematically dependent upoelectric hearing indicate that temporal cues might play a role
the filters’ bandwidth and slope. Based on this theory, a comin frequency discrimination and FM detection at low fre-
mon mechanism is used for processing both frequency disjuencies.
crimination and frequency modulation. However, Moore and  To further investigate the mechanism underlying dy-
Glasberg (1989 compared the difference limen between namic frequency encoding, the present study systematically
pulsed sinusoids and frequency modulations. The datemeasured FM detection in cochlear-implant subjects. The
showed that difference limens of pulsed sinusaiB&Fs) goals of this study were twofold. One goal was to character-
varied more with frequency than did the difference limens ofize cochlear-implant users’ ability to detect frequency modu-
frequency modulatiofFMDLs). In addition, DLFs were less lation. This goal was driven by a need in applications. Con-
affected by the random variation in level and by the additiontemporary cochlear implants typically extract the temporal
of bandpass noise than the FMDLs. These data were na&nvelope but discard the temporal fine structure in the acous-
consistent with the prediction of the excitation model, whichtic stimulus. The temporal envelope is typically used to am-
posits that different mechanisms are involved in frequencylitude modulate a fixed-rate carrier, which clearly does not
discrimination and frequency modulation detection. Differentreflect the natural way by which the acoustic information is
from the place code, a temporal code extracts frequenciransmitted to the brain via the auditory nerve. This study
changes from the temporal firing patterns of the nerve fiberbopes to provide psychophysical evidence for using FM to
that innervate the same cochlear pld&oseet al, 1967. convey additional speech and music informatiblie et al,,
There is a body of evidence for a temporally based mecha2004h. The second goal, which has a more theoretical un-
nism in FM detection, particularly at low-modulation rates derpinning, was to use the electric hearing data to help de-
(e.g., <20 H2 and in hearing-impaired listenef&dwards lineate the mechanisms underlying FM detection in acoustic
and Viemeister, 1994a; Moore and Sek, 1995, 198®w-  hearing.
ever, phase locking to sinusoids only occurs at frequencies
lower than 4000-5000 Hz in the mammalian auditory nervg, ETHODS
(Palmer and Russell, 198€and it is unlikely that temporal _
cues can encode FM at high frequencies. A. Subjects

In acoustic hearing, one of the critical issues has beento  Three post-lingually deafened adults with Nucleus-22
reduce the interaction between “temporal coding” andcochlear implants participated in this study. The subjects
“place coding” so that the two mechanisms can be studiettanged in age from 45 to 69 years with a mean age of 58
separately. Electric stimulation of the auditory nerve pro-years and were all native speakers of American English. All
vides a unique opportunity to address the relative contribusypjects had 6 or more years of experience with the device
tions of the place and temporal mechanisms to frequencynd consonant recognition scores of at least 69% correct.

coding. For frequency discrimination tasks, the electricThey also had extensive previous experience in psychophysi-
stimulation rate can be varied and delivered to the same elegz| and speech tests. Detailed subject information is pre-

trode, presumably producing a change in the firing rate of thgented in Table I.

auditory nerve without any change in the excitation place.  Three normal-hearing subjects also participated in this
Under these conditions, electrical rate discrimination taskstudy. Their ages ranged from 20 to 25 years with a mean
have shown that some cochlear-implant users can detegge of 23 years. None of the normal-hearing subjects had

pitch differences only up to 300-500 HBilger, 1977; Ed-  prior experience in psychophysical tests. They gave informed
dingtonet al, 1978; Simmonst al, 1981; Shannon, 1983; consent and were paid for their participation.

Fearnet al, 1999; Zeng, 2002while others show that pitch

saturates at about 1000 H@ochmair-Desoyeet al., 1983; 5. stimuli
Townshencet al, 1987. These data have been interpreted as™
an indication of the 500—1000-Hz upper limit for purely tem- Three types of frequency modulation, upward sweep,
porally based mechanism for pitch encoding. To our knowl-downward sweep, and sinusoidal frequency modulation,
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were used in the experiment. For the upward sweep anc 1500
downward sweep, the electric stimulation parameters studiec
were electrode positiofapical versus basgl stimulation

T T T L]
— Standard Frequency 500Hz
------- 1000 Hz upward sweep

level (most comfortable level versus soft leyednd different 00 e
standard frequencies. Loudness was measured using ur | e o
modulated stimuli at each standard frequency. The subject: |

first received subthreshold stimulation and then had to indi- 500 =

cate when the soft and the most comfortable ley®IEL)

were reached with gradually increasing current level. The 0
MCL was 65%—-70% of the maximum loudness level that 1500
subjects could tolerate, while the soft level was 25%—-30% of ___

the maximum loudness level. An additional parameter stud- R
ied was the FM rate for the sinusoidal FM pattern. To avoid ; 1000 | A e
aliasing, the modulation rate was set at least 40% less thai2 Fm

the standard frequency, being systematically varied from 5 to$

320 Hz at the 1000-Hz standard frequency, from 5to 160 Hz g 500
at 500 Hz, from 5 to 80 Hz at 250 Hz, from 5 to 40 Hz at 125

Hz, and from 5 to 10 Hz at 75 Hz. All stimuli were repre-

— Standard Frequency 500Hz
------- 1000 Hz downward sweep

0 ' : ' : :
sented as 300-ms trains of biphasic pulses and were pre 1500 || — standard frequency 500Hz
sented to a single, bipolar electrode pair in-BPmode || e FM depth = 200Hz, FM rate 40 Hz
(1.5-mm spacing between the active and reference elec 1000 |

trodes. The phase duration and temporal separation betweet
opposite phases of each pulse were 200 an@gi20respec-

tively. The electric stimuli were delivered to the subject and 500 TRY TRTETRY TRE
controlled via a customized research interfa¢8hannon WO OW A VMR U A VY
et al,, 1990.

Figure 1 shows three types of FM stimuli in the
frequency-time domain. The standard is represented by the
solid line while the signal is represented by the dotted line. Duration (s)

The parameter to be measured is the frequency difference _ o

between the signal and the standard at the end for the upwaF{P‘ 1 Three patterns of frequency modulation exa_mlned in the present
o study: upward sweefftop pane)l, downward sweegmiddle panel, and

sweep, at the beginning for the downward sweep, and modWinysoidal frequency modulatidbottom panel

lation depth for the sinusoidal FM stimuli.

To minimize the loudness cue due to the change in theions could produce pitch shift with level, providing subjects
stimulation rate, the instantaneous amplitude of each pulse With additional cues in frequency discrimination.
the electric stimuli was roved by a value that was uniformly
distributed between-1 and 0 dB. Amplitude roving was C. Procedures
applied to both standard and FM stimuli, so that levels of all  =\1 Gifference limens were measured using a three-

three stimuli in each trial were randomized. Although 1 dBintervaI, forced-choice, adaptive procedure. A three-down,

may be small, it corresponds to 1020 dB roving in acoustiG,ne ;1 decision rule was employed to track the 79.4% per-
hearing because current cochlear-implant users typicallggn correct point on the psychometric function. In each trial,
have a narrow dy.namlc range of 10-20 (Bg., see Zeng , g pject heard three sounds including two steady-frequency
and Galvin, 1999; Zengt al, 2002. Zeng and Shannon ganqard signals and one frequency-modulated signal. The
(1999 reported essentially no loudness change as a functiogqer of presentation was randomized. The subject was asked
of pulse rate from 100 to 3000 Hz in six cochlear-implant jgentify the interval with the greatest change in pitch by
users. For example, the maximum difference in current Ieve'ﬁressing a button on a computer monitor. Visual feedback
producing equal I(gudness was only 0.40 dB between 1000 @4 given after each trial. The run terminated after 13 rever-
2000 Hz. With 30% or less frequency modulation and 1-dBgyis or 60 trials with at least eight reversals. The step size
roving in this study, loudness was unlikely to be a confoundyyas about 25% of the standard frequency for the first four
Ing cue. o _ _ ~ reversals and reduced to 3%—5% thereafter. The difference
In acoustic stimulation for the normal-hearing subjects,imen was averaged over the last eight reversals. All subjects

the carrier was a sinusoid generated using TDT System Ilfompleted at least three successful runs with an average stan-
equipment(RP2.] and presented at 65 dB SPL monaurally y5rq deviation of about 50% of the mean value.
via Sennheiser headphon@90A). Neither level roving nor

background noise was used. Moore and Glaska&g9 IIl. RESULTS
showed a nonsignificant effect of level randomization on FM
detection in normal-hearing listeners with a relatively small
range of level variation&3 dB). Emmerichet al. (1989 sug- Figure 2 shows frequency sweep difference limens in
gested that level randomization with a large range of variaHertz (Hz) as a function of standard frequency for the up-

0 005 01 015 02 025 03 035

A. Frequency sweep
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‘ ‘ " cochlear-implant subjects. The upper panel represents
110 160 10‘00 10 160 10‘00 the data from the upward sweep and the lower panel
represents the data from the downward sweep. Each
Standard frequency (Hz) graph shows the data for a single subject or the mean
data (bottom-right graph in each panelThe x axis is
1000 the standard frequency and theaxis is frequency
s1 s2 modulation difference limen. Circles represent the data
collected from the basal electrode while squares repre-
sent the data collected from the apical electrode. The
100 = open symbols represent the data at the soft level while
- the filled symbols represent data at MCL.
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ward sweep(upper four panejsand the downward sweep tric hearing ranged from 22 Hz at 75-Hz standard frequency
(lower four panels The individual data are represented ac-to 361 Hz at 1000-Hz standard frequency, corresponding to
cording to the subject numbé6# and the mean data are Weber fractiongthe ratio of difference limen to the standard
shown in the bottom-right panel. The data from the apicafrequency of 0.29 and 0.36, respectively.
electrodes are represented by squares while those from the In contrast to the rising function in electric hearing,
basal electrodes are represented by circles. The data for tlermal-hearing listeners show a relatively flat function with
MCL are represented by filled symbols while those from thea much smaller difference limen between 5 and 10 Hz at all
soft level are represented by open symbols. standard frequencies tested. Except for the lowest standard
In general, the difference limen is proportional to the frequency(75 H2), there is no overlap in the difference limen
standard frequency regardless of the sweep type, electrodenctions between acoustic and electric data. The higher the
position, and loudness level. A four-way ANOVA with a standard frequency, the poorer the performance in electric
within-subject design and repeated measures confirms a sigearing as compared to acoustic hearing.
nificant main effect for the standard frequeng¥ (4,8)
=36.4,p<0.01] but not for the other variablep$ 0.05).
To compare the FM sweep detection between acoustic an%‘
electric hearing, Fig. 3 shows the grand averaged data across Figure 4 shows the individual and mean difference li-
all conditions in cochlear-implant subjedflled circle as  mens for sinusoidal FM as a function of standard frequency
well as the acoustic data averaged over the upward anidh cochlear-implant subjects. Since neither stimulation level
downward sweep types from three normal-hearing subjectsor electrode site produced any significant effects, the data
(open circles? The grand averaged difference limen in elec-were averaged over both levels and electrodes.

Sinusoidal frequency modulation

2272 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 H. Chen and F.-G. Zeng: Frequency modulation detection
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o
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=
FIG. 3. The mean of difference limens for frequency sweeps for both 5

normal-hearindfilled circles and cochlear-implant subjectspen circles
Error bars represent plus and minus one standard error.

The obtained data were analyzed in two ways to deal ——z
with the missing data at higher modulation rates. First, the Moore & Sek
data from modulation rates at 5, 10, and 20 Hz were exam- 1 - :
ined using a within-subject design and a four-way repeated- 1 10 100
measures ANOVA(sU_mgIatlon leveKelectrodex standard Modulation rate (Hz)
frequency<FM rate). Similar to the FM sweep result, stan-
dard frequency was the only significant main factor: the dif-FIG. 5. Comparison of difference limens between normal-hearing and
ference limen increased monotonically from about 10 Hz afochlear-implant subjects for sinusoidal frequency modulation. Difference

] ) imens are plotted as a function of modulation rate. Different symbols rep-
the 75-Hz standard to about 100 Hz at the 1000-Hz Standaﬂr@gent different standard frequencies from 50 to 1000 Hz. Previous data

[F(4,8)=21.4,p<0.05]. Second, a three-way ANOVA Was from Demany and Semdll989 are presented as three dotted lines and
used to examine the main effects of electrode, loudness, anibse from Moore and Sel996 are presented as three dashed lines. Each
modulation rate at different standard frequencies. No signifif the three lines represents a different standard frequé@30, 500, and
cant main effect was found except for the greater differencg>° "2 for lines from top to bottom, respectivly
limen at higher modulation rates than at the lower modula-
tion rates. The difference limen was 294.3 Hz for the 160-H2Vith no significant effects of either standard frequency or
modulation rate at the 500-Hz standdié(5,10)=12.0, p modulation rate p>0.05). If anything, there was a trend for
<0.05], 400.0 and 549.4 Hz for the 160- and 320-Hz rates afigher modulation rate§.60 and 320 Hgto produce smaller
the 1000-Hz standaricF(6,6)= 14.4,p<0.05], respectively. difference limens than the lower modulation raféq2,4)

To facilitate comparison, the averaged data from three~ 9.6, p=0.06].
normal-hearing listeners are shown on the bottom-right panel
of Fig. 4. Again, in contrast to the cochlear-implant data, thgy. pISCUSSION
averaged normal-hearing data show a relatively flat functior)A\

. Comparison with previous studies

1000 1 - - - Eigure 5 replo'gs the sipusoidal FM datkig. 4)' as a
e 7, function of modulation rate in cochlear-implant subjets-

100 per panel and compares the difference limens between the
= present and previous studies in normal-hearing subjects
z 4 (lower panel. Previous data from Demany and Serti989
H are presented as three dotted lines and those from Moore and
£ 1 Sek (1996 are presented as three dashed lines. Each of the
§ 83 L Mean s three lines represents a different standard frequeéh6g0,

%100 cl 500, and 250 Hz for lines from top to bottom, respectiyely
E Different standard frequencies are represented by different

0 SRR symbols in the present study.

e NH Given that only three cochlear-implant subjects were

— Pl raie = 20 ke : ;% tested and all were good users, the current data may not
"o 100 1000 10 100 1000 represent the performance of the broader cochlear-implant

Standard frequency (Hz) population. However, several general trends could be

gleaned from the limited data. First, for standard frequencies

FIG. 4. I_leference I_|mens of smusmd_al frequency modulation in three of 200 Hz and higher, the difference limen for sinusoidal FM
cochlear-implant subjects. The bottom-right panel represents the mean valye

in both cochlear-implantCl) and normal-hearingNH) subjects. Different  |S ONe t0 tWQ Order$ of magnitude poorer in elegtric hearing
symbols represent different modulation rates. than acoustic hearing. Second, the difference limen mono-
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1000 = = implant subjects typically could not detect a pitch difference
based on rate above 300—500 Hz, but appeared to be able to
detect FM differences, with sinusoidal modulation producing
the smallest difference limens at these high frequencies. The
100 + £3 ability to detect sinusoidal frequency modulation with high
carrier frequency and low modulation rate may be related to
previously observed temporal pitch changes between the
pitch of the carrier and the pitch of the modulator in sinu-
soidal amplitude modulation@VicKay et al,, 1995; McKay
—— and Carlyon, 1999 Further study is needed to determine
—&— rate discrimination . R . .
—A— sweep FM whether FM and AM related pitch changes in electric hearing
T sinusoidal FM have the same underlying mechanisms.
There are at least two reasons that sinusoidal FM pro-
duced the smallest difference limen. First, for a constant dif-
Standard frequency (Hz) ference limen, the frequency-varying rate in sinusoidal FM is
FIG. 6. Comparison of difference limens between rate discrimingfitbed greater than that in frequency sweeps. For instance, the dif-
circles, frequency sweeffilled triangles, and sinusoidal frequency modu- ference limen of 229 Hz at 500 Hz for a 300-ms upward
lation (unfilled triangle$ in cochlear-implant subjects. The data for the fre- sweep would produce a frequency-varying rate of 763 Hz per
quency sweep represent the average of both sweep types, levels, electrodg&cond AF/At=229Hz/0.3 763 Hz/s). On the other
and all subjects. The data for the sinusoidal frequency modulation represeit . . ’ ) .
the average across levels electrodes modulation rates, and subjects. The dd@nd, the difference limen was 129 Hz for the 300-ms sinu-
for the rate discrimination represent the average of four subjects on botsoidal FM with 500-Hz standard frequency and 5-Hz modu-
electrodes from a previous studgeng, 2002 lation rate. The frequency-varying rate in one cycle can be
approximated by the peak-to-valley frequency difference di-
: - : - . vided by half of the period, equaling tAF/At=129/0.1
tonically increases with the standard frequency in electric” ! . .
y a y =1290 Hz/s. Second, the sinusoidal FM can be viewed as a

hearing. | tic hearing, although th t dat in~ .
earing. fn acoustc hearing, athougn he present data are;%nes of frequency downward and upward swespe Fig.
)

=y
o
N
t

Difference limen (Hz)

10 100 1000

the same range as the previous data, this monotonic relatio : . ) : .
g P . It is possible that “multiple looks”(Viemeister and

ship is not as orderly as it was in the previous data. On . .
possible reason is that relatively high ratios of modulation akeﬂek_j, 1991 at fr_equer_1cy changes prodﬂuged smalle;r dif-
rence limens for sinusoidal FM than the “single look” for

rates to standard frequencies were used in the current stu
and this may have allowed subjects to rely more strongly o equency sweeps.
place cues to differentiate the stimuli. Third, the difference
limen is relatively independent of the modulation rate in both
acoustic and electric hearing, with the difference limen  The present results may shed light on two unresolved
showing an increasing trend at the highest modulation rateissues in dynamic frequency encoding. One issue is the rela-
(160 and 320 Hgin electric hearing and a decreasing trendtive contributions of spectral and temporal cues to FM pro-
at these rates in acoustic hearing. cessing. The spectrum of sinusoidally frequency-modulated
Because only the temporal cue is available to cochlearsignal consists of the carrier frequency plus and minus all the
implant subjects, we interpret the present result as providingnteger multiples of the modulation rat€howning, 1973
evidence for a significant role of the place cue in FM detec-At low modulation rateg5-80 H2, a listener can process
tion for normal-hearing listeners. The difference limens betemporally varying pitch by following changes in instanta-
tween acoustic and electric hearing are close in value only ateous frequencies. This mechanism is primarily temporally
low standard frequencies. As the standard frequency inbased, as evidenced by the relatively close values in differ-
creases, FM difference limens in cochlear-implant users arence limens at these low modulation rates between acoustic
elevated significantly. The opposing trend at high modulatiorand electric hearing. At higher modulation rates, FM detec-
rates(160 and 320 Hgbetween acoustic and electric hearingtion is likely to be performed by detecting the timbre change
further suggests that the temporal cue is most effective at lownduced by the additional sidebands. This is a spectrally
modulation rate$<80 Hz). Together, these data suggest thatbased mechanism, requiring the ear to resolve sidebands in
the temporal mechanism operates only for low standard frethe frequency domain. Cochlear-implant subjects cannot per-
guencies at low modulation rates. form this task via single-electrode stimulation, thus produc-
Figure 6 compares cochlear-implant subjects’ pulse-raténg increasingly poorer performance at higher modulation
difference limens from a previous studfilled circles; from  rates.
Zeng(2002] with difference limens for sinusoiddunfilled The other issue is whether amplitude and frequency
triangles and sweep(filled triangles FM in the present modulations are processed independently by the auditory
study. The data represent a grand average across subjectgstem (Moore and Sek, 1992; Edwards and Viemeister,
levels, and electrodes. Data could not be collected for rat&994b; Saberi and Hafter, 1993 his controversy has been
discrimination at 1000 Hz as subjects reported no pitch difdifficult to resolve because amplitude modulation and fre-
ference between stimuli. Difference limens were generallyjquency modulation interact at the excitation pattern level in
similar for standard frequencies less than 300 Hz for all thre@coustic hearingZwicker, 1952. A “pitch-sampling model”
tasks, but diverged at higher standard frequencies. Cochlednas been proposed to explain the FM processing, in which

B. Mechanisms

2274 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 H. Chen and F.-G. Zeng: Frequency modulation detection



FM detection is based upon successive samplings of a stimand other pitch related tasks including speaker identification,
lus’s pitch using a relatively short-term temporal window auditory object segregation, and tonal language perception
(Hartmann and Klein, 1980; Demany and Semal, 1986- (Xu and Pfingst, 2003; Kongt al,, 2004; Nieet al., 2004a.
wards and Viemeistg1994h compared the discriminability
of equally detectable amplitude- and frequency-modulated/ CONCLUSIONS
signals and suggested a second frequency-modulation encod- )
ing mechanism that tracks the instantaneous frequency. The FM detection was assessed for upward frequency
present study provides direct evidence for such a mechanis§fV€epPs, downward frequency sweeps, and sinusoidal FM in
given that cochlear-implant subjects cannot resolve the siddfée cochlear-implant and three normal-hearing subjects.
bands in frequency modulations. The present study also ex."€ following conclusions could be made:
tends the boundary that such a temporally based cue may hg) Regardless of the FM type, the FM difference limen in-
available from 10 Hz or below to at least 80 and possibly  creased monotonically as a function of standard fre-
320 Hz (Moore and Sek, 1995, 1986Because FM differ- quency in electric hearing. On the contrary, the differ-
ence limens at these modulation frequencies are always ence limen was nearly constant as a function of standard
poorer in electric hearing than in acoustic hearing, the tem-  frequency in acoustic hearing. Only at low standard fre-
poral coding of FM is considered “sluggish.” quencies(75 Hz) did the difference limen in electric
Finally, inconsistent with the Schout¢h989 study, the hearing approach that in acoustic hearing. At high stan-
present result shows no perceptual imbalance between up- dard frequencies, the difference limen in electric hearing
ward and downward sweeps. This inconsistency may be ex- was one to two orders of magnitude larger than that in
plained by the findings of Kohlrausch and Sanded95 and acoustic hearing.
Carlyon and Datta(1997 that asymmetry in frequency (2) There was no significant difference in difference limens
modulation is due to the cochlear nonlinearity. In their stud-  petween upward and downward sweeps. Neither stimu-
ies, a complex tone with positive or negative Schroeder |ation level nor electrode position was a significant fac-
phase was used to mask a sinusoidal tone, and the result tor in FM detection in electric hearing.
showed that the positive Schroeder-phase stimuiosvn-  (3) The difference limen for sinusoidal FM detection was
ward sweepproduced much less masking than the negative  not significantly affected by modulation rate except at
Schroeder-phase stimuléspward sweep Interestingly, re- 160 and 320 Hz for detecting sinusoidal FM in electric
cent studiegRecio and Rhode, 2000; Summeitsal,, 2003 hearing.
presented direct evidence that the nonlinear cochlear filtef4) The present result supports the existence of an indepen-
produces more amplitude modulation with the positive  dent temporally based FM coding mechanism, particu-
Schroeder-phase stimulus than the negative Schroeder-phase |arly at low standard frequencies and at low modulation
stimulus, pointing again to a possible common mechanism rates.
between amplitude and frequency modulation. In cochlear¢s) The present finding suggests that FM via varying pulse
implant subjects, the cochlear nonlinearity is totally absent,  rate may be used to encode the temporal fine structure in
producing no difference in FM detection between downward  cochlear implants to improve their performance in pitch

and upward sweeps. perception and other pitch-related tasks such as speaker
identification, auditory object segregation, and tonal lan-
C. Clinical application guage perception_

The present result may also help improve speech-
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