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Sixty-four patients with unilateral temporal-lobe excisions as well as 18 normal control subjects
were tested in a missing fundamental pitch perception task. Subjects were required to indicate
if the pitch of a pair of tones rose or fell. The excisions encroached upon Heschl's gyri in some
cases, whereas, in others, this region was spared. All subjects included for study were able to
perform well on a control task in which complex tones including a fundamental were
presented. Stimuli for the experimental task, which was procedurally identical with the control
task, consisted of several harmonic components spanning the same spectral range, but without
a fundamental. Only subjects with right temporal lobectomy in whom Heschl’s gyri were
excised committed significantly more errors than the normal control group on this task.
Patients with left temporal-lobe lesions or with anterior right temporal-lobe excisions were
unimpaired. These results suggest that Heschl’s gyri and surrounding cortex in the right
cerebral hemisphere play a crucial role in extracting the pitch corresponding to the

fundamental from a complex tone.

PACS numbers: 43.66.Hg, 43.63.Fv

INTRODUCTION

The perceived pitch of a periodic complex tone need not
correspond to a harmonic partial physically present in the
signal. Listeners typically perceive the pitch corresponding
to the fundamental period of vibration, even when no energy
is present at the fundamental. This phenomenon has been
referred to as pericdicity pitch, or the problem of the missing
fundamental (Licklider, 1951; Schouten, 1938; cf. Green,
1976, for a review). Despite considerable research into the
psychoacoustics of this phenomenon, very little has been es-
tablished regarding the neural substrate that may be in-
volved.

There is evidence, however, that central auditory mech-
anisms, particularly the auditory cortex, may play animpor-
tant role in perception of missing fundamental pitch. Psy-
chophysical results suggest a central locus for this
phenomenon (Houtsma and Goldstein, 1972) because sub-
jects are able to perceive the missing fundamental pitch even
when two different harmonics are presented dichotically.
This finding rules out the possibility that the fundamental
may be reintroduced by peripheral mechanisms, involving
interactions between harmonics at the cochlear level. There
is also electrophysiological evidence (DeRibaupierre et al.,
1972) that some neurons in the primary auditory cortex of
cats respond in a way that would allow coding of periodicity
pitch. Finally, there have been some behavioral studies with
animals (Symmes, 1966; Whitfield, 1980) in which it was
found that bilateral lesions of the primary auditory cortex

) Portions of this article were presented at the annual Meeting of the So-
ciety for Neuroscience, Washington, DC, November 1986.
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and surrounding regions impair the ability to respond to the
fundamental pitch.

No studies have been carried out, to my knowledge, to
assess the effects of unilateral focal cerebral lesions on per-
ception of the pitch of the missing fundamental in humans.
The present study was, therefore, carried out in order to
examine pitch perception in patients with unilateral exci-
sions in the temporal lobe, contrasting the perception of
complex tones containing fundamental energy with those
that do not. The patients included in this report are well
suited to such study because the extent of the cortical remo-
val (including or sparing Heschl's gyri) was known with
considerable precision, and lesions of the left and of the right
temporal lobe were comparable. This should, therefore, per-
mit the possible contribution of the primary auditory cortex
to perception of missing fundamental pitch to be examined
in a detailed fashion.

I. METHOD
A. Stimuli

Two sets of stimuli were prepared. For the control task,
complex tones were synthesized containing a prominent fun-
damental component plus eight harmonics. For the missing
fundamental task, the complex tones consisted of consecu-
tive harmonics of a given fundamental frequency, but con-
tained no energy at the fundamental. Stimuli were created by
digital synthesis using the MITSYN system (Henke, 1976)
running on a PDP-11/34 computer. They were output
through a 12-bit D/A converter at a 20-kHz sampling rate
and recorded on audio tape after low-pass filtering at 7.8
kHz via a Rockland model 852 filter with a 48-dB/oct
rolloff. Overall intensity of each complex tone was cquated
to within 3 dB before recording. Playback was binaural over
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matched TDH-39 earphones at low intensity ( < 55-dB A-
weighted sound-pressure level) in order to minimize the ef-
fects of distortion products. The desired spectral energy dis-
tribution was confirmed by Fourier analysis of the tape
output.

For the missing fundamental task, pairs of stimuli were
prepared such that the mean and range of spectral energy
was identical within a pair, but the periodicity, or fundamen-
tal frequency, differed (Fig. 1). When perceived correctly,
the effect in any given pair is to hear a change in pitch
between the two tones. For both control and missing funda-
mental tasks, the stimuli in each pair were 500 ms long, with
rise and fall times of 5 ms, and with no intertone interval.
The intertrial interval in all cases was 3 s.

Although the two stimuli within a pair necessarily dif:
fered slightly in timbre, insofar as they differed in their har-
monic composition, such a difference would be insufficient
to perform the task correctly because the subject was re-
quired to indicate the direction of pitch change. This can
only be accomplished if the pitch corresponding to the fun-
damental frequency is perceived, particularly since no exam-
ples or feedback were given during the missing fundamental
task.

For both control and missing fundamental tasks, three
frequency levels were created at a fundamental frequency

corresponding to 200 vs 300 Hz, 400 vs 600 Hz, and 600 vs.

900 Hz (see Fig. 1). In the missing fundamental task, tones

at each of these frequency levels were presented in each of
two spectral conditions, for a total of six different sets of
trials. In the low-spectrum condition, one tone of the pair
(the one with the lower fundamental frequency) contained
the second through the fourth harmonics, and the other (the
one with the higher fundamental frequency) contained the
third through the sixth harmonics. Similarly, in the high-
spectrum condition, one tone in the pair contained the
fourth to the sixth harmonics, and the other contained the
sixth through the ninth harmonics. In the control task, 18
pairs per frequency condition were presented, and, in the
missing fundamental task, 24 pairs in each of the six condi-
tions were presented. In all cases, the fundamental frequency
rose in half the trials and fell in the other half.

B. Subjects

Sixty-four patients who had undergone unilateral tem-
poral-lobe excisions at the Montreal Neurological Hospital
for the relief of medically intractable epilepsy were tested,
along with 18 normal control (NC) subjects. Subjects were
matched approximately for age, intelligence quotients, and
education (TableI), and gave their consent for testing. Most
patients suffered from seizures dating from birth or early life.
Epileptogenic lesions were static and atrophic in all cases
except for four cases of low-grade astrocytoma, two cases of
ganglioglioma, and four cases of angioma. Patients with neu-
rological evidence of bilateral or diffuse lesions, or with high-
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FIG. 1. Idealized stimulus spectra for stimuli used in missing fundamental task. Solid lines indicate components present in the stimulus, with corresponding
harmonic numbers above each. Dotted lines indicate fundamental (not present in the stimulus) corresponding to each set of harmonics: (a) low-spectrum

condition, (b) high-spectrum condition.
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TABLE . Characteristics of groups of subjects studied: number, sex distri-
bution, mean age, mean number of years of education, mean Wechsler full-
scale IQ scores, and mean extent of excision as measured from the temporal
pole to the resection margin along the first temporal gyrus, and along the
third temporal gyrus. Abbreviations: NC, normal control; LT, left temporal
lobectomy; RT, right temporal lobectomy; A, partial or complete excision
of primary auditory cortex (Heschl's gyri); a, sparing of primary auditory
cortex.

Age Educ. Extent of excision (mm)
Group N Sex (yr) (yr) 1Q 1st T.G. ird T.G.
NC 18 11M, 7F 251 136 -
LTa 15 9M, 6F 27.1 13.0 109.3 46 53
LTA 16 10M, 6F 254 13.0 1049 53 55
RTa 15 6M, 9F 304 129 113.1 52 58
RTA 18 M, 11IF 309 119 102.5 59 66

grade neoplasms were not included in the study. Also
excluded were patients whose postoperative electroencepha-
lographic studies indicated significant epileptogenic activity
contralateral to the excision, or beyond the resected region.
Subjects were either presumed to have speech functions rep-
resented in the left cerebral hemisphere based on handedness
and neuropsychological test data, or this was established di-
rectly by intracarotid sodium Amytal testing (Wada and
Rasmussen, 1960; Branch et al., 1964). No subject had ex-
tensive musical training.

The patient groups were subdivided according to the
side and extent of excision, as determined by the neurosur-
geon at the time of surgery. In some cases, the excision in-
cluded all or part of Heschl's gyri, whereas, in other cases,
the removal was confined to the anterior part of the temporal
lobe, sparing Heschl's gyri. Thirty-one patients underwent
left-temporal lobectomy, of whom 15 had sparing of
Heschl’s gyri (LTa group), and 16 had a partial or complete
resection in this region (LTA group). Of the 33 subjects who
underwent right-temporal lobectomy, 15 had sparing of
Heschl’s gyri (RTa group), whereas 18 had an excision in
this area (RTA group). Extent of cortical excision as esti-
mated by the neurosurgeon varied across groups, as shown
in Table 1. Measurements are given from the temporal pole
posteriorly along the first (superior) and third (inferior)
temporal gyri. Medially, the resections always included the
uncus and amygdala, but varying amounts of the hippocam-
pus and parahippocampal gyrus were excised, and this was
independent of the excision of Heschl’s gyri. Figure 2 shows
the approximate extent of removal in the right temporal lobe
for a subject with an excision encroaching upon Heschl’s
gyri.

Forty-seven patients were tested approximately 2 weeks
following surgery; the rest were seen in follow-up examina-
tion 1 or more years after surgery. Unilateral temporal lo-
bectomy is not associated with permanent hearing loss in
either ear (Jerger, 1960; Shankweiler, 1966). However, to
avoid any confounding effects, data were excluded for any
subject with pure-tone audiometric thresholds 15 dB or
more below normal in the frequency range between 250 and
8000 Hz.
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FIG. 2. Schematic diagram showing lateral view of the right cerebral hemi-
sphere with the Sylvian fissure opened to expose the upper bank of the tem-
poral lobe. The dotted line indicates the posterior extent of excision in the
right temporal lobe in a representative case in which the removal en-
croached onto Heschl’s gyri (auditory cortex, marked by the letter A). Sub-
jects in whom this region was spared would have a slightly more anterior
resection margin. Other abbreviations: F, frontal pole; 0, occipital pole; T,
temporal pole.

C. Procedure

On each trial, subjects heard a pair of tones and were
required to make a judgment as to whether the pitch rose or
fell. They indicated their choice by pointing to an answer
sheet containing the words up and down, and arrows point-
ing in the appropriate directions. The control task was ex-
plained to the subject with examples, and with several prac-
tice trials if necessary. Any subject who committed more
than 25% errors on any condition of the control task after
practice was excluded from further study. All subjects were
given the control task first, followed by the six conditions of
the missing fundamental task. The order of presentation was
fixed for all subjects, alternating between high- and low-
spectrum conditions, with the 200/ 300-Hz frequency level
first, 400/600-Hz frequency level second, and 600/900-Hz
frequency level third. Having established an adequate level
of performance on the control task, the purpose of this study
was to determine if pitch perception would be impaired
when the fundamental was missing. Therefore, neither prac-
tice nor feedback was given on the missing fundamental con-
dition.

1. RESULTS

Preliminary analyses were performed to ensure that the
patient groups were well matched on demographic variables.
Analysis of variance indicated that none of the subject
groups differed significantly in age [F(4,74) = 1.98,
p>0.10], in number of years of education [F(4,72) = 1.25,
p>0.25], nor in full-scale IQ scores [F(3,60) = 2.50,
p>0.05].

As shown in Fig. 3, all subjects retained for study were
able to perform well on the control task. There were no sig-
nificant differences between the normal control group and
the patient groups on this task. The results of the missing
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