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Frequency difference limens for pure tones (DLFs) and for complex tones (DLCs) were
measured for four groups of subjects: young normal hearing, young hearing impaired, elderly
with near-normal hearing, and elderly hearing impaired. The auditory filters of the subjects
had been measured in earlier experiments using the notched-noise method, for center
frequencies ( £.) of 100, 200, 400, and 800 Hz. The DLFs for both impaired groups were
higher than for the young normal group at all £.’s (50-4000 Hz). The DLFs at a given f, were
generally only weakly correlated with the sharpness of the auditory filter at that f, and some
subjects with broad filters had near-normal DLF:s at low frequencies. Some subjects in the
elderly normal group had very large DLFs at low frequencies in spite of near-normal auditory
filters. These results suggest a partial dissociation of frequency selectivity and frequency
discrimination of pure tones. The DLCs for the two impaired groups were higher than those
for the young normal group at all fundamental frequencies ( f;) tested (50, 100, 200, and 400
Hz); the DLCs for the elderly normal group were intermediate. At f = 50 Hz, DLCs for a
complex tone containing only low harmonics (1-5) were markedly higher than for complex
tones containing higher harmonics, for all subject groups, suggesting that pitch was conveyed
largely by the higher, unresolved harmonics. For the elderly impaired group, and some
subjects in the elderly normal group, DLCs were larger for a complex tone with lower
harmonics (1-12) than for tones without lower harmonics (4-12 and 6-12) for f;’s up to 200
Hz. Some elderly normal subjects had markedly larger-than-normal DLCs in spite of near-
normal auditory filters. The DLCs tended to be larger for complexes with components added
in alternating sine/cosine phase than for complexes with components added in cosine phase.
Phase effects were significant for all groups, but were small for the young normal group. The
results are not consistent with place-based models of the pitch perception of complex tones;

rather, they suggest that pitch is at least partly determined by temporal mechanisms.
PACS numbers: 43.66.Hg, 43.66.Fe, 43.66.Nm, 43.66.Dc [WAY|]

INTRODUCTION

The discrimination of the pitch of complex sounds by
the hearing impaired has been studied relatively little, in
spite of the fact that it is of both practical and theoretical
interest (Hoekstra and Ritsma, 1977; Horst, 1987; Moore
and Glasberg, 1987, 1988, 1990a; for a review see Rosen and
Fourcin, 1986). One practical interest stems from the rel-
evance of pitch discrimination to speech perception. The
pitch patterns of speech indicate which are the most impor-
tant words in an utterance, they distinguish a question from
a statement and they indicate the structure of sentences in
terms of phrases. Supplementing speech reading with an au-
ditory signal containing information only about voice pitch
can result in a substantial improvement in the ability to un-
derstand speech (Risberg, 1974; Rosen et al., 1981; Grant et
al., 1985).
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The theoretical interest in studying pitch discrimination
in impaired listeners stems from the implications of the re-
sults for pitch theories. Modern pitch theories differ in the
extent to which they assume the use of temporal informa-
tion, especially temporal information from unresolved high
harmonics. In some theories, this information plays little or
no role. For example, in the theories of Goldstein (1973)
and Terhardt (1974), two stages are assumed to be involved;
a complex tone is first analyzed into its sinusoidal compo-
nents, and then the pitch is derived from the frequencies or
pitches of the resolved components (Goldstein, 1973; Ter-
hardt, 1974). In Terhardt’s theory, temporal information
from unresolved harmonics is assumed to play a secondary
role, but is not sufficient on its own to convey pitch; spectral
pitch cues are regarded as “essential” (Terhardt, 1977, p.
359). We will refer to theories in this category as spectral
theories, even though the frequencies of the resolved compo-
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nents may partly be coded in the time patterns of neural
impulses.

For a complex tone with equal-amplitude harmonics,
only the first five or six harmonics are resolved by normal-
hearing subjects (Plomp, 1964; Moore et al., 1984). Hence,
these theories predict that the pitches of such complex tones
should be determined primarily by the first five or six har-
monics. This prediction is supported by the finding that the
dominant harmonics for pitch tend to be the lower ones
(Plomp, 1967; Ritsma, 1967; Moore et al., 1984; Moore et
al., 1985). The spectral theories predict that pitch percep-
tion should be poor if the lower harmonics are absent, and
that the pitch discrimination of complex tones should be
unaffected by the relative phases of the components [accord-
ing to Terhardt’s theory, the pitch value perceived may be
influenced by relative phase “when sufficient envelope fluc-
tuations are present” (Terhardt, 1977, p. 360), but discrimi-
nation should still be determined by the resolved harmon-
ics].

Theories in the second category, called here spectrotem-
poral theories, assume that the pitch of complex tones is
derived from both spectral and temporal information; the
spectral analysis performed in the auditory filters is followed
by an analysis of the time pattern of the output of each filter,
as represented in the patterns of phase locking in the audi-
tory nerve (Moore, 1982, 1989; van Noorden, 1982; Srulo-
vicz and Goldstein, 1983; Moore and Glasberg, 1986a; Pat-
terson, 1987; Meddis and Hewitt, 1991). According to these
theories, the pitches of complex tones can be extracted from
higher unresolved components as well as from lower re-
solved components, a prediction supported by experimental
results (Ritsma, 1962, 1963; Moore and Rosen, 1979;
Houtsma and Smurzynski, 1990). Also, these theories pre-
dict that the pitch perception and discrimination of complex
tones may be affected by the relative phases of high harmon-
ics, as is also supported by experimental results (Moore,
1977, Houtsma and Smurzynski, 1990).

Subjects with sensorineural hearing loss often have au-
ditory filters that are broader than normal (Pick et al., 1977,
Glasberg and Moore, 1986; Tyler, 1986). Broader filters
lead to a reduced ability to resolve the harmonics of complex
sounds, which, according to the spectral theories, should
markedly impair pitch perception and discrimination. The
effects of broad filters expected from spectrotemporal theo-
ries are somewhat harder to predict. Pitch discrimination
might be somewhat impaired by broadened filters, because
the temporal information conveying pitch is more ambigu-
ous (Rosen and Fourcin, 1986), but for complex tones with
many harmonics, this effect should be small; spectrotem-
poral theories assume that information can be combined
across different frequency regions to resolve ambiguities.
However, it is also possible that temporal processing is ab-
normal in hearing-impaired subjects, in which case pitch dis-
crimination would be markedly impaired. Hypothetically,
then, some subjects with broad auditory filters might show
reasonably good pitch discrimination, while others (those
with abnormal temporal processing) would show marked
impairments. The spectrotemporal theories also predict that
pitch discrimination by subjects with broader-than-normal
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auditory filters might be more affected by the relative phases
of the components, since even the lower harmonics would
interact at the outputs of the auditory filters. There are some
data supporting this prediction, although the results tend to
be highly variable across subjects ( Rosen and Fourcin, 1986;
Moore and Glasberg, 1987, 1988, 1990a).

Consider now the pitch discrimination of pure tones.
One type of spectral theory suggests that the pitch discrimi-
nation of pure tones is determined entirely by place mecha-
nisms. According to such a theory, normal auditory filters
should be associated with normal pitch discrimination,
whereas broadened auditory filters should lead to poor pitch
discrimination. On the other hand, the pitch of pure tones
could be determined primarily by temporal mechanisms, for
example by the measurement of neural interspike intervals
(Goldstein and Srulovicz, 1977). In this case, some subjects
with broad auditory filters might show normal pitch dis-
crimination for pure tones, but an abnormality in temporal
processing could lead to poor pitch discrimination even if the
auditory filters were normal. Between these two extremes,
several workers have suggested that the pitch discrimination
of pure tones might involve both place and time information
(e.g., Srulovicz and Goldstein, 1983). In this case, either
broad auditory filters or poor temporal processing could
lead to poor pitch discrimination.

In the experiments reported here, we measured pitch
discrimination in normal and hearing-impaired subjects for
both pure and complex tones. The complex tones were cho-
sen to contain either low harmonics (1-5) which would be
primarily resolvable at fundamental frequencies above 100
Hz, high harmonics (6-12) that would be largely unresolva-
ble, or both resolvable and unresolvable harmonics (1-12).
In addition, a complex tone was used that contained har-
monics 4-12; the lower few harmonics in this tone would be
resolvable by a normal ear, but would probably not be resol-
vable by an ear with reduced frequency selectivity. The com-
plex tones had components added either in cosine phase, or
in alternating sine—cosine phase.

Four groups of subjects were tested: young subjects with
normal hearing; young subjects with impaired hearing; el-
derly subjects with normal or near-normal hearing; and el-
derly subjects with impaired hearing. “Hearing” in this con-
text refers to absolute thresholds. We had previously
measured auditory filter shapes in these subjects over the
range 100-800 Hz (Moore et al., 1990; Peters and Moore,
1992a,b). These filter shapes were measured using the
notched-noise method (Patterson, 1976; Patterson and
Moore, 1986), and a summary of the results will be present-
ed later.

The comparison of the first and third groups, and the
second and fourth groups, was intended to allow us to deter-
mine whether age per se has an effect on pitch discrimina-
tion. The first group should have both normal frequency
selectivity and normal temporal processing. The second and
fourth groups contained subjects who mostly had abnormal
frequency selectivity for at least some center frequencies
(Peters and Moore, 1992a). We expected that some of these
subjects might also have impaired temporal processing. Fin-
ally, the third group contained some subjects with almost
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normal auditory filtering (Peters and Moore, 1992b), but
who might have impaired temporal processing; it has often
been suggested that aging is associated with impaired tempo-
ral processing (Humes and Christopherson, 1991).

1. METHOD
A. Subjects

Group one was composed of five young, normal-hearing
subjects. Their thresholds were close to 0 dB HL at all audio-
metric frequencies. Group two was composed of five subjects
aged 24 1o 34 with hearing impairments of cochlear origin.
Group three contained 10 subjects, aged 62 to 83, with nor-
mal or near-normal audiograms at 2000 Hz and below. Al-
though most subjects in this group had thresholds somewhat
above 0 dB HL at some frequencies, thresholds for the ear
tested did not exceed 25 dB HL for frequencies of 2000 Hz
and below. Group four contained seven hearing-impaired
subjects, aged 66 to 82. The andiograms for the test ears of all
subjects in groups two, three and four are shown in Fig. 1.
The elderly subjects were all alert, readily able to follow
instructions, and with no obvious memory or concentration
problems. Most were retired professional persons, still lead-
ing active lives.

Subjects in groups two and four had been previously
examined in an audiology clinic and diagnosed as having
sensorineural loss. They were also examined by an otologist
to insure that the ear canal was not abstructed or liable to
collapse and to exclude other obvious otopathological condi-
tions not related to normal processes of aging or of hearing
loss. The audiograms of groups two and four were matched
as closely as possible, both in mean values and in the range of
thresholds, to insure that any effects of age would not be
confounded by absolute threshold differences between the
two groups. The match was generally good for frequencies
up to 2000 Hz (see Fig. 1).

Table I gives a summary of the characteristics of the
four subject groups, including the parameters of the auditory
filters derived in our earlier studies of the same subjects
(Moore et al., 1990; Peters and Moore, 1992a,b). The filters
were derived using the notched-noise method (Patterson,
1976), with an overall noise level of either 77 dB SPL or 87
dB SPL; the higher level was used for hearing-impaired sub-
jects with relatively large losses, to insure that masked
thresholds were above absolute threshold even at large notch
widths. The auditory filters were assumed to have the form
of the roex(p,r) filter described by Patterson et al. (1982):

W(g) = (1 —r)(1+pg) exp( —pg) +r,

where g is the normalized deviation from the center of the
filter (deviation from center frequency divided by center fre-
quency), p is a parameter determining the shape of the pass-
band of the filter, and r is a parameter that places a dynamic
range limitation on the filter. The value of p was allowed to
differ for the upper and lower halves of the filter. The upper
and lower p values are called p, and p,, respectively. The
value of r was assumed to be the same for the two sides of the
filter. Table I gives the means and standard deviations of the
parameters p,, p, and r for each group. It also gives the
equivalent rectangular bandwidths (ERBs) of the filters, ex-
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FIG. 1. Absolute thresholds in dB HL for the young hearing-impaired sub-
jects (top panet), the elderly subjects with near-normal hearing at low fre-
quencies (middle pancl), and the elderly subjects with impaired heanng
{bottom panel). These thresholds were obtained by conventional audi-
ometry.

pressed as a proportion of center frequency. The values of
the ERBs for individual subjects in groups two, three and
four are shown in Fig. 2. The subjects in the elderly normal
group had close to normal auditory filters at center frequen-
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TABLEL Characteristics of the four groups of subjects showing means and standard deviations (in parentheses) of the absolute thresholds (dBSPL) at each
test frequency, /. (Hz), and the parameters of the auditory filters, as derived by Moore et al. (1990) and Peters and Moore (1992a,b). The absolute
thresholds were obtained using a three-alternative forced-choice task tracking the 79.4% correct point on the psychometric function.

Absolute
Group A threshold Pu r ERB
Young normal 100 33(3) 9.1(3.0) 14.2(3.0) —54(19) 0.39(0.10)
200 20(4) 14.5(1.2) 21.3(3.0) —-63(17) 0.23(0.02)
400 16(3) 15.2(1.4) 23.5(2.9) —60(13) 0.22(0.02)
800 9(4) 18.1(3.3) 23.6(2.8) —55(18) 0.20(0.02)
Young impaired 100 438(14) 8.1(4.1) 12.5(3.7) —39(19) 0.52(0.36)
200 48(14) 12.1(4.8) 16.0(5.4) —34(13) 0.34(0.11)
400 42(13) 10.1(3.9) 18.6(10.9) —30(7) 0.36(0.15)
800 46(15) 14.1(3.7) 13.2(5.0) —28(10) 0.36(0.14)
Elderly normal 100 47(11) 5.8(3.7) 9.9(3.3) —49(19) 0.66(0.28)
200 31(13) 11.8(2.1) 16.4(4.4) —51(8) 0.31(0.07)
400 19(7) 15.4(1.6) 20.6(3.8) —55(13) 0.23(0.02)
800 16(7) 21.0(3.9) 23.3(2.2) —52(3) 0.19(0.02)
Elderly impaired 100 56(9) 8.7(4.8) 9.0(3.6) —25(14) 0.56(0.26)
200 48(11) 7.1(6.3) 11.1(7.5) —34(16) 0.76(0.59)
400 48(9) 10.7(4.3) 15.7(10.8) —32(11) 0.45(0.29)
800 45(10) 14.4(4.7) 19.0(7.2) —25(9) 0.30(0.12)

cies of 200, 400, and 800 Hz. At 100 Hz, there was consider-
able individual variability, with some subjects showing nor-
mal filters and some showing broad filters.

B. Stimuli

All stimuli were digitally generated using a 12-bit digi-
tal-to-analog converter (DAC). The sampling rate f, was 5
kHz for fundamental frequencies ( f;) of 50 and 100 Hz and
for pure tones upto 100 Hz, and was 10 kHz for f; = 200and
400 Hz and for pure tones above 100 Hz. The output of the
DAC was low-pass filtered at 0.44f,, using two Krohn-Hite
filters (model 3550, slope 48 dB/oct). All signals had 10-ms
raised-cosine ramps and a steady-state portion of 200 ms.
The interval between successive stimuli in a trial was 300 ms.
The level of the stimuli was determined by a Wilsonics pro-
grammable attenuator (PATT) and a manual attenuator
preceding the Sennheiser HD424 earphone.

1. Complex tones

The complex tones were harmonic complexes composed
of equal-amplitude harmonics with fundamental frequencies
(/o) of 50, 100, 200, and 400 Hz (the range of voice pitch).
Each component had a level of 75 dB SPL, chosen to be
above threshold for all subjects. It was checked that the stim-
uli were comfortably loud for each subject. The tones con-
tained harmonics 1-12, 6-12, 4-12, and 1-5. For f, = 400
Hz, the highest harmonic number was 10 (giving complexes
with harmonics 1-10, 6-10, 4-10, and 1-5) to insure that all
harmonics were audible for all subjects; absolute thresholds
were typically increasingly elevated above 4000 Hz for most
of the hearing-impaired subjects. For simplicity, however,
when referring to harmonic content, 1-12, 6-12, 4-12, and
1-5 will be used throughout the paper.

The components of the harmonic complexes were added
in one of two phase relationships, all cosine phase or alter-
nating cosine and sine phase. The former results in a wave-
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form with prominent peaks and low amplitudes between the
peaks. The latter results in a waveform with a much flatter
envelope.

2. Pure tones

Frequency discrimination of pure tones was measured
for frequencies of 50, 100, 200, 400, 800, 1000, 1200, 2000,
and 4000 Hz. The level of the tones was 25 dB above the
absolute threshold at the test frequency (25 dB SL).

C. Procedure

DLs were measured using an adaptive three-interval,
three-alternative forced-choice method. Each trial consisted
of three observation intervals, marked by lights. In two of the
intervals, the frequency (or f; ) of the stimulus was the same,
while in the third, selected at random, the frequency (or f; )
was higher. The task of the subject was to select the observa-
tion interval containing the higher frequency. Feedback was
provided by lights on the response box. A three-down one-up
rule was used to estimate the frequency difference corre-
sponding to the 79.4% correct point on the psychometric
function. The difference in frequency between the signal and
no-signal intervals started at 10% of the center frequency
(or of f ). For subjects and/or conditions where thresholds
were close to 10%, the starting difference was increased to
20%. After three consecutive correct responses, the differ-
ence in frequency was decreased by a factor of 1.4, while
after one incorrect response, the difference was increased by
the same factor. Twelve turnpoints were obtained and
threshold was taken as the geometric mean of the frequency
differences at the last eight turnpoints. For a few subjects,
only eight turnpoints were obtained, and threshold was esti-
mated from the last four. At least three threshold estimates
were obtained for each condition. Subjects were tested indi-
vidually in a single-walled sound-attenuating chamber.
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FIG. 2. Equivalent rectangular bandwidths (ERBs) of the auditory filters
for the young hearing-impaired subjects (top panel), the elderly subjects
with near-normal hearing at low frequencies (middle panel), and the elder-
ly subjects with impaired hearing (bottom panel).

Subjects were given only a small amount of training be-
fore data collection began. However, the three-interval task
used by us appears to be easier to learn than the two-interval
task more commonly used, and there was no evidence of
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subjects improving during the course of the experiment. It
seems likely that subjects find it easier to pick the “odd one
out” than to decide whether a pitch went up or down.

Il. RESULTS
A. Frequency discrimination of sinusoids

The geometric mean thresholds for the frequency dis-
crimination of sinusoids (DLFs) are plotted separately for
each group in Fig. 3. DLFs are expressed as a percentage of
frequency and plotted on a logarithmic scale. Error bars in-
dicate standard deviations (s.d.) across subjects. The DLFs
for the young normal subjects are broadly in line with pre-
vious work (Moore, 1973; Wier et al., 1977; Nelson et «l.,
1983), except that overall they are somewhat higher than
typically reported in the literature. The ratios of our mean
DLFs to those derived from the equation suggested by Nel-

son et al. {log(DLF) = af + k — m/SL, where fis fre-
quency, SL is sensation level, and the constants have values:
a=0.023, k= — 0.25, and m = 4.3] are 2.2, 2.0, 2.6, 1.8,
1.4, 1.7, 2.1, 2.0, and 2.1, for center frequencies of 50, 100,
200, 400, 800, 1000, 1200, 2000, and 4000 Hz, respectively.
The fact that our thresholds are about a factor of two larger
than predicted by Nelson et al. can be attributed mainly to
the fact that our three-interval forced-choice procedure
tracking 79.4% correct (corresponding to d' = 1.6) gives
thresholds about twice as high as the two-interval forced-
choice task tracking 70.7% correct (corresponding to
d’' = 0.78) typically used in earlier studies.

Both groups of impaired subjects showed larger DLFs
than normal, a result consistent with previous studies
(Zurek and Formby, 1981; Tyler et al., 1983; Moore and
Glasberg, 1986b). However, individual differences were
quite large. The elderly normal group also had larger than
normal DLFs, similar to those of the eclderly-impaired
group, except at 2 and 4 kHz, where their DLFs were some-
what smaller. The large DLFs in the elderly normal group
occurred even in the range 200-800 Hz, where both their
absolute thresholds and their auditory filters were almost
normal. This suggests a partial dissociation between fre-
quency selectivity and frequency discrimination. This disso-
ciation is illustrated more clearly in Fig. 4, which shows indi-
vidual results for three subjects from the elderly normal
group, selected because their auditory filters were very close
to normal at all center frequencies tested (100-800 Hz).
Error bars for the individual elderly subjects indicate the s.d.
of the three estimates for each condition. Error bars for the
young normal group (top-left panel) show s.d.’s calculated
in the same way for each subject and then averaged across
subjects.

One elderly subject, S9, shows near-normal DLFs at
most center frequencies, except, perhaps, at 100 Hz. The
other subjects show markedly elevated DLFs at all center
frequencies. Their DLFs are clearly higher than normal in
the range 100-800 Hz where their auditory filters are nor-
mal. This is not consistent with a strict place model of fre-
quency discrimination. It is, however, consistent with the
use of temporal information in frequency discrimination;
subjects S3 and S4 may have impaired temporal processing
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FIG. 3. Frequency DLs for sinusoids (DLFs), shown separately for each group of subjects. The DLFs were calculated as geometric means, and are plotted as
a percentage of center frequency ( f;), on a logarithmic scale. Error bars show standard deviations across subjects.

in spite of their normal auditory filters.

Another example of a dissociation between frequency
selectivity and frequency discrimination comes from consi-
deration of the individual results for the impaired subjects.
Figure 5 shows results for two elderly impaired subjects (S1
and S84), one young impaired subject (S2) and the mean
results for young normal subjects. Elderly subject S1 had
broader-than-normal auditory filters at each center frequen-
cy tested; the ERBs, expressed as a proportion of center fre-
quency ( f.), were 0.48, 1.54, 0.66, and 0.50, for £, = 100,
200, 400, and 800 Hz, respectively. This subject had DLFs
that were only slightly higher than normal at low frequen-
cies. Elderly subject S4 and young subject S2 both had near-
normal auditory filters from £, = 100 to 800 Hz. Both had
DLFs within the normal range for frequencies from 400 to
2000 Hz. However, elderly subject S4 had larger-than-nor-
mal DLFs at low frequencies, particularly at 100 and 200
Hz. Indeed, for frequencies of 50, 100, and 200 Hz, elderly
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subject S4 had larger DLFs than elderly subject S1, in spite
of the fact that S1 had broad low-frequency auditory filters
and S4 had near-normal filters. This relatively poor perfor-
mance by 84 is unlikely to be explicable in terms of a general-
ly poor ability to perform frequency discrimination, since at
midrange center frequencies S4 had smaller DLFs than S1.
The partial dissociation of frequency selectivity and fre-
quency discrimination is confirmed by an analysis of the
Pearson’s product-moment correlations between the DLFs
and the measures of frequency selectivity. There was gener-
ally only a small correlation between the ERB at a given
center frequency and the DLF at that same frequency. For
the combined data of the two hearing-impaired groups (2
and 4), the correlations were 0.23,0.17, 0.68, and — 0.01 for
J. =100, 200, 400, and 800 Hz, respectively. After partial-
ing out the effect of absolute threshold at each frequency
(Kendall and Stuart, 1967), these correlations became
—0.08,0.05,0.45,and — 0.07, none of which is significant.
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FIG. 4. DLFs for the young normal group and for three individual subjects from the elderly normal group, chosen because their auditory filters were almost
normal at low center frequencies. Error bars for individual subjects show sample standard deviations, calculated from the three threshold estimates for each
/.. Error bars for the young normal group show sample standard deviations calculated in the same way and then averaged across subjects.

Similarly low correlations were found between the DLFs
and the values of p, and p, at each center frequency. These
results are similar to those reported by Tyler ef al. (1983)
and by Glasberg and Moore (1989). The DLFs generally
showed small positive correlations with audiometric thresh-
olds (as shown in Fig. 1). The correlations were generally
higher between the DLFs and absolute thresholds at the
same frequency (e.g., 1, 2, or 4 kHz, where the correlations
were 0.35, 0.54, and 0.18, respectively) than between the
DLFs and absolute thresholds at either higher or lower fre-
quencies. This suggests that information about the frequen-
cy of each tone was being extracted primarily from the fre-
quency region (place) corresponding to that tone, rather
than from remote regions.

It should be noted that the low correlations between the
DLFs and the measures of frequency selectivity and absolute
thresholds do not result simply from poor reliability in the
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measures of the DLFs. This is indicated by the fact that
DLFs at adjacent frequencies were quite highly correlated.
For example, for the combined results of the two hearing-
impaired groups, the DLFs at 200 and 400 Hz showed a
correlation of 0.73, those at 400 and 800 Hz showed a corre-
lation 0of 0.93, those at 800 and 1000 Hz showed a correlation
of 0.64, and those at 1000 and 1200 Hz showed a correlation
of 0.77.

In summary, both the elderly and young hearing-im-
paired groups showed impaired frequency discrimination,
and some subjects in the elderly normal group also showed
impaired frequency discrimination. A partial dissociation of
frequency selectivity and frequency discrimination is indi-
cated by three aspects of the results: (1) some subjects had
normal auditory filters at low center frequencies but had
abnormally large DLFs; (2) one subject had broader-than-
normal auditory filters at low center frequencies but had
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almost normal DLFs; (3) The correlations between the
DLFs and measures of frequency selectivity were small, and
after partialing out the effect of absolute threshold they were
not significant. Overall, the results do not support the idea of
a purely place-based mechanism of frequency discrimina-
tion for pure tones at low center frequencies.

B. Frequency discrimination of complex tones

The geometric mean thresholds for the frequency dis-
crimination of complex tones (DLCs) are plotted separately
for each group in Fig. 6. DLCs are expressed as a percentage
of f; and plotted on a logarithmic scale. Each symbol repre-
sents results for a particular harmonic complex, as indicated
by the key in the upper right panel. Standard deviations
across subjects are not shown, to avoid clutter in the figure,
but the s.d. were comparable to those found for pure tones
(see Figs. 3, 4, and 5). The results have been averaged across

the two phase conditions; phase effects will be discussed lat-
er.

The DLCs for the normal subjects are 2-2.5 times larger
than reported in the literature (e.g., Moore et al., 1984;
Moore and Glasberg, 1990b). As for the DLFs, most of the
discrepancy can be explained by the higher value of 4’
tracked in our experiments. However, our subjects were not
highly trained, and this, or individual differences, may ac-
count for the small remaining discrepancy (a factor less than
1.3).

As was found for the DLFs, performance is clearly
worse for the two hearing-impaired groups than for the
young normal group. DLCs for the elderly normal group are
also higher than for the young normal group, especially at
low f;,’s. Indeed, at f; = 50 Hz, DLCs for the elderly normal
group are similar to those for the two impaired groups. For
all four groups, DLCs for f; = 50 Hz are higher for the com-
plex containing harmonics 1-5 than for any of the other

llIIlI T L} T IIIIII T T L] IIITII L] L) Illllll L] L] T
Young normal Elderly impaired Si, age 71
10 | =X Broad filters -]
s [ T ]
2 - ate -
s 'F T E
- C I ]
e [ I i
0 0.5 | + .
(=]
2
- | . AW e | . — el " g aal N —
o) IIIIII T T T llllll T L] L) llllll L} T IIIIlll T L 1
S Young impaired S2, age 34 Elderly impaired S4, age 82
5]
S 10 Near-normal filters xI Near-normal filters -]
a - T B
} [ I ]
L5t 1 ]
a N 1 4
2 3 - -
ir = -
05 L T ]
IIIJll ' J— Lljllll L L L Illlll L L il |||||| L 1 i

50 100 200 500 1000 2000

50 100 200 500

Frequency, Hz

1000 2000

5000
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cosine phase and alternating phase.

complexes. This suggests that, at very low f;’s, pitch is ex-
tracted primarily from harmonics above the fifth. This is
consistent with results presented by Moore and Glasberg
(1988, 1990a). In contrast, at f; = 400 Hz, the complexes
containing only high harmonics (6-12 and 4-12) tend to be
the most poorly discriminated, especially by the two im-
paired groups. These results indicate that the dominant re-
gion for pitch is not fixed in harmonic number, but shifts
upward in harmonic number as f; decreases, as suggested by
earlier work (Plomp, 1967; Patterson and Wightman,
1976).

The results for each group were subjected to an analysis
of variance (ANOVA) with factors: subject, harmonic con-
tent, phase (cosine or alternating), and f;,. The variance as-
sociated with the four-way interaction was used as an esti-
mate of the residual variance. The analysis program used
(GENSTAT) gave estimates of the standard errors of the dif-
ferences between pairs of mean scores (e.g., between com-
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plexes with different harmonic contents). These standard
errors were used to assess the significance of the differences
between means (Alvey et al., 1982, p. 81). The results were
as follows.

For the young normal group, all of the main factors
were significant: for subject, F(4,36) = 178.7, p < 0.001; for
harmonic content, F(3,36) =15.8, p<0.001; for phase,
F(1,36) = 5.7, p = 0.022; for f;, F(3,36) = 79.3, p < 0.001.
The DLCs for alternating phase were larger than those for
cosine phase; more detail will be presented later. There was a
significant interaction of harmonic content and Jj
[F(9,36) =12.7, p<0.001]; at f; = 50 Hz, DLCs were
higher for complex 1-5 than for the other complexes, while
atf, = 400 Hz, DLCs were higher for complex 612 than for
the other complexes. The fact that DLCs at f; = 50 Hz were
significantly larger for complex 1-5 than for the other com-
plexes, is contrary to what might have been expected from
spectral theories of pitch perception. The interactions of
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phase with harmonic content and with f; were not signifi-
cant.

For the young impaired group, the main effect of har-
monic content was not significant, but the other main effects
were: for subject, F(4,33) =57.2, p<0.00]; for phase,
F(1,33) = 9.9, p = 0.004; for f,, F(3,33) = 10.0, p <0.001.
The DLCs for alternating phase were larger than those for
cosine phase. There was a significant interaction of harmon-
ic content and f, [F(9,33) = 3.5,p = 0.004]; at f; = 50 Hz,
DLCs were higher for complex 1-5 than for the other com-
plexes, while at f; = 400 Hz, DLCs were higher for com-
plexes 4-12 and 6-12 than for the other complexes. The in-
teractions of phase with harmonic content and with f; were
not significant.

For the elderly normal group, all of the main factors
were significant: for subject, F(9,75) = 57.9, p < 0.001; for
harmonic content, F(3,75) =71.0, p <0.001; for phase,
F(1,75) =89, p=0.004; for f,, F(3,75)=1684,
P <0.001. DLCs were significantly larger for complex 1-5
than for the other complexes (p <0.01}, although this oc-
curred only at f; = 50 and 100 Hz. Also, DLCs for complex
1-12 were larger than DLCs for complexes 6-12 and 4-12
(both p < 0.01). This indicates that adding lower harmonics
to a complex tone can impair pitch discrimination. DLCs for
alternating phase were larger than those for cosine phase.
There was a significant interaction of harmonic content and
fo [F(9,75) = 46.7, p<0.001]; at f, = 50 Hz, DLCs were
higher for complex 1-5 than for the other complexes, while
at other f;’s DLCs were similar for all complexes. The inter-
action of phase with harmonic content was not significant,
but the interaction of phase with f; was significant
[F(3,75) = 11.9, p <0.001]; phase effects were greatest at
the lowest £ .

For the elderly impaired group, all of the main factors
were significant: for subject, F(7,54) = 270.0, p < 0.001; for
harmonic content, F(3,54) =15.4, p <0.001; for phase,
F(1,54) =105, p=0.002; for f,, F(3,54)=2825,
p<0.001. DLCs were significantly larger for complex 1-5
than for the other complexes (p <0.05). Also DLCs for
complex 1-12 were larger than those for complex 6-12
(p<0.05) and 4-12 (p <0.001). These effects occurred at
Jo =50 and 100 Hz. As for the elderly normal group, this
indicates that adding lower harmonics to a complex tone can
impair pitch discrimination. DLCs for alternating phase
were larger than those for cosine phase. There was a signifi-
cant interaction of harmonic content and f
[F(9,54) =379, p<0.001]; at f; =50 Hz, DLCs were
higher for complex 1-5 than for the other complexes, while
at f, = 400 Hz DLCs were higher for complexes 6-12 and 4-
12 than for the other complexes. The interactions of phase
with harmonic content and with f;, were not significant.

The pattern of these results lends support to spectrotem-
poral theories of pitch perception. It is clear that, at low f;’s,
pitch is derived primarily from the higher, unresolved har-
monics, both for normal and impaired subjects. For the two
elderly groups, performance was worse for complex 1-12
than for complexes 4-12 or 6-12, indicating that adding low-
er harmonics to a complex tone can actually impair perfor-
mance. This may happen because, when auditory filters are
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broader than normal, adding lower harmonics can create
more complex waveforms at the outputs of the auditory
filters, making temporal analysis more difficult. It should be
noted that several of the subjects in the elderly normal group
did have broader-than-normal auditory filters at center fre-
quencies of 100 and 200 Hz (see Fig. 2).

Figure 7 shows DLCs for the same subjects whose DLFs
were shown in Fig. 4. Recall that these subjects were selected
from the elderly normal group because their auditory filters
were essentially normal over the range 100-800 Hz. For
these subjects, DLCs are generally similar for the complexes
1-12, 6-12, and 4-12. Thus the presence or absence of the
lower harmonics has little effect on performance when audi-
tory filtering is normal. Parallel to what was found for the
DLFs, the DLCs for elderly normal subjects S3 and S4 are
markedly worse than normal, in spite of their near-normal
auditory filters. In contrast, elderly normal subject S9 shows
DLCs within the range found for young normal subjects.
Thus subjects with normal auditory filters can have quite
different abilities to discriminate the pitches of complex
tones.

The DLCs were mostly only weakly correlated with the
measures of frequency selectivity. Considering the results
for the two hearing-impaired groups together, the correla-
tion of the DLCs with the ERBs was typically about 0.4.
However, the DLC for f; = 200 Hz was correlated with the
ERB for f, =200 Hz (r =0.88, p <0.01) and f, = 400 Hz
(r=0.79, p<0.01) and these correlations remained high
(r = 0.90and 0.70) after partialing out the effect of the abso-
lute threshold at 200 and 400 Hz, respectively. Also, the
DLC for f, = 100 Hz was correlated with the ERB for
f. =400 Hz (r=0.77, p<0.01), and the correlation re-
mained reasonably high (» = 0.61) after partialing out the
effect of absolute threshold at 400 Hz. The DLCs for £, = 50
and 400 Hz were not significantly correlated with any of the
measures of frequency selectivity. Thus, while there is a
trend for large DL.Cs to be associated with poor frequency
selectivity, the relationship does not seem to be a close one.

The DLCs showed moderate positive correlations with
the absolute thresholds (audiogram values in Fig. 1) over
the frequency range covered by the harmonics. For example,
the DLCs for the complex tone with harmonics 1-12 with
Jfo =50 Hz were positively correlated with the absolute
thresholds up to 1 kHz (r = 0.59, 0.44, and 0.40 at 250, 500,
and 1000 Hz, respectively ), but showed essentially no corre-
lation for frequencies above 1 kHz. For f; = 400 Hz, the
correlations were about 0.5 for frequencies from 250 to 2000
Hz, but were close to O at 4 and 8 kHz. These correlations
probably reflect the fact that the stimuli were presented at a
fixed SPL, so sensation levels were lower for subjects with
higher absolute thresholds.

We turn now to a consideration of the effects on DLCs
of the relative phases of the components. For all four subject
groups, DLCs were, on average, larger for components add-
ed in alternating phase than for components added in cosine
phase. As described above, this phase effect was significant
for each subject group. The mean DLCs for each group,
harmonic complex and phase are shown in Fig. 8; results
have been averaged across f; s, since only one group showed
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harmonics than with DLFs corresponding to f;. For exam-
ple, considering the results of the two hearing-impaired
groups together, the DLCs at f, = 100 Hz were highly cor-
related with the DLFs at 200, 400, and 800 Hz (r = 0.83,
0.82, and 0.90, respectively), but were only weakly correlat-
ed with the DLF at 100 Hz (# = 0.26). This is consistent
with the evidence presented earlier that the pitch discrimina-
tion of these complex tones depended strongly on the pro-
cessing of information from higher harmonics.

1ll. GENERAL DISCUSSION

These results confirm earlier results in showing that
pitch discrimination of both pure and complex tones is worse
than normal in subjects with sensorineural hearing loss. Our
results do not show any clear differences between the young
and elderly hearing-impaired subjects. However, some of the
elderly subjects with near-normal absolute thresholds did
show markedly impaired pitch discrimination of both pure
and complex tones. This poor discrimination could reflect a
general cognitive difficulty rather than a defect in the basic
processing of spectral or temporal information. However,
our three-interval, three-alternative forced-choice task was
deliberately chosen to minimize this possibility. Subjects did
not have to identify the direction of a pitch change; all they
had to do was to pick the “odd” interval. Furthermore, it is
clear that subjects were able to master the three-interval
task, since they all gave consistent and reproducible results
in the measurement of masked and absolute thresholds.
Thus it seems more likely that the poor performance of some
of the elderly normal subjects reflects a difficulty specific to
pitch, possibly because of a reduced ability to process tempo-
ral information. |

The results for pure-tone frequency discrimination indi-
cate a partial dissociation of frequency discrimination and
frequency selectivity, at least at low frequencies. Some sub-
jects with near-normal auditory filters had large DLFs,
while another with broad auditory filters had near-normal
DLFs. This is inconsistent with a pure place theory of fre-
quency discrimination, but is consistent with the idea that
frequency discrimination at low frequencies depends at least
partly on temporal processing.

Several aspects of the results for complex tones support
spectrotemporal theories of pitch perception as opposed to
purely spectral theories. First, at low f;’s, discrimination
was better for complexes containing high harmonics than for
complexes containing only low harmonics. This suggests
that higher, unresolved harmonics are dominant in deter-
mining pitch at low f;’s for both normal and hearing-im-
paired subjects. Second, DLCs for the elderly impaired and
clderly normal subjects were sometimes larger for the com-
plex with harmonics 1-12 than for the complexes with har-
monics 612 or 4-12. Thus adding lower harmonics can im-
pair performance. Results similar to this have been reported
by Moore and Glasberg (1988, 1990a). This is difficult to
explain in terms of spectral theories. It can be explained by
spectrotemporal theories on the assumption that, for sub-
jects with broad auditory filters, adding low harmonics may
produce more complex waveforms at the outputs of auditory
filters responding to higher harmonics. This may make sub-

2892 J. Acoust. Soc. Am., Vol. 91, No. 5, May 1992

sequent temporal analysis more difficult.

A third aspect of the results supporting spectrotemporal
theories is the finding of significant effects of the relative
phases of the components. The effects were present for all
groups, but were somewhat larger for the impaired groups.
Some workers (e.g., Buunen ef al., 1974) have suggested
that the effects of relative phase on pitch can be explained in
terms of combination tones, particularly the cubic difference
tone, 2f; — f,. Changing the phases of the components in a
complex tone may affect the relative levels of the combina-
tion tones, which in turn might affect pitch. However, this
explanation seems unlikely to apply to our results, since the
levels of combination tones are lower in hearing impaired
than in normal subjects (Leshowitz and Lindstrom, 1977),
but the phase effects are generally larger for impaired than
for normal subjects. The effects of phase on the DLCs most
likely reflect a sensitivity to the time structure of the wave-
forms at the outputs of the auditory filters, as proposed by
spectrotemporal theories of pitch.

In conclusion, the frequency discrimination of both
pure and complex tones is worse than normal in young and
elderly hearing-impaired subjects. In addition, some elderly
subjects with normal absolute thresholds and normal audi-
tory filters show impaired frequency discrimination. This
may reduce the ability to take advantage of prosodic cues
during audiovisual speech perception. The resulis for both
pure and complex tones are more consistent with spectro-
temporal theories of pitch perception than with spectral the-
ories of pitch perception.
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