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tional role of auditory cortex in frequency processing and pitchontributes to frequency discrimination at the perceptual level.
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Microelectrode studies in nonhuman primates and other mammals hﬁYﬁmals and humans have been interpreted as evidence against
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AUDITORY CORTEX AND FREQUENCY PROCESSING

Computerized tomography (CT) demonstrated an old right frontotem-
poroparietal infarct and a new left temporoparietal infarct. Three
weeks later, he began to hear sounds as “buzzing noise.” Pure-tone
detection thresholds remained markedly elevated and sound localiza-
tion severely impaired. Two months after the onset of cortical deaf-
ness, pure tone and speech detection thresholds were mildly elevated,
and he began to recognize some environmental sounds. Three months
after onset, he began to recognize some music and, less consistently,
speech. Ten months after onset, spondee identification thresholds
were moderately elevated in both ears, more so on the left. One year
after onset, there were mild deficits in auditory sentence comprehen-
sion and visua confrontation naming, but identification of monosyl-
labic words presented monaurally and dictically via audiotape re-
mained severely impaired. Two years after onset, there were mild-to-
moderate deficits involving recognition of environmental sounds,
discrimination of voiced versus voiceless consonants, and discrimi-
nation of three-element sequences that varied with respect to tone
frequency pattern, temporal pattern, or vowel pattern. Eight years after
onset, pure-tone detection thresholds were within normal limits but
identification of monosyllabic words presented monaurally remained
impaired, with greater impairment for left ear stimuli. Sentence rep-
etition was mildly impaired. Identification of harmonic and inhar-
monic complex tones as “in-tune” or “out-of-tune” was severely
impaired, with a response bias in favor of “out-of-tune” judgments.
Performance on al subtests of the Seashore Measures of Musica
Talents (Seashore et a. 1960) fell below the 20th percentile, with
performance on the Timbre, Tonal Memory, and Time subtests below
the 5th percentile. Magnetic resonance imaging (MRI) revedled lesions
involving the entire right transverse gyrus of Heschl (TG), dl or amost
al of left TG, al or amost al of the right superior tempora gyrus (STG,
98% by surface area estimation), left posterior STG (20% of surface
area), and other structures (Figs. 1-3). Brain stem auditory-evoked po-
tentials were normal, and middle latency and long latency auditory-
evoked potentials were abnormal in both hemispheres. At the time of the
present experiments, case A1+ complained of difficulty understanding
words that were spoken or sung, especialy over the telephone or in noisy
environments. He reported difficulty localizing sounds. He enjoyed lis-
tening to music and was able to recognize familiar songs. Signs on
neurological examination included impaired speech perception, de-
creased speech intonation, a spastic left hemiparesis, and left somesthetic
loss. Medications were limited to coumadin. He works a home raising
two young children with his wife, a grade school teacher.

Case Al+ has a high school degree, was an avid music listener
before his strokes, and briefly took group guitar lessons in high
school. Judging from the sequential effects of his strokes, there is left
hemisphere dominance for language functions.

PATIENT CONTROLS. Four young adults with neurological disease
who did not have bilateral lesions of auditory cortex were recruited for
paid participation. These patient controls provided a means of assess-
ing nonspecific effects of brain lesions, such as difficulty sustaining
concentration, on auditory task performance. We refer to these patient
controls as“ AC= cases’ to designate variable, unilateral involvement
of auditory cortex. Further details of each case are provided below.

RIC. RIC, a 36-yr-old right-handed man, formerly employed as a
school administrator, suffered a small brain contusion secondary to
closed head trauma in a 1987 motor vehicle accident. CT demon-
strated a small hyperdensity in the dorsolateral midbrain in the region
of theright inferior colliculus and rostral lateral lemniscus (Fig. 4). At
the time of the present experiments, RIC complained of difficulty
localizing sound, balancing stereo headphones and car speakers while
listening to music, remembering details, sustaining concentration, and
using his right arm because of pain dating back to traumatic injuries
of the right clavicle and shoulder. Neurological examination was
within normal limits except for decreased light touch sensation and
tenderness over the supraclavicular region. Brain stem auditory-
evoked potentials showed decreased wave V amplitude following
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Fic. 1. Case Al+. T1l-weighted (left) and T2-weighted (right) corona
sections extending anterior-to-posterior (A—C) through the superior temporal
gyri (STGs) and transverse gyri of Heschl (TG, arrows). In the right hemi-
sphere, these is extensive damage to the frontotemporoparietal operculum
(signa hypointensities in T1-weighted images and hyperintensities in T2-
weighted images) that includes all of TGs (B, B'), al of the anterior STG (A,
A’), and al or most of the posterior STG (C, C’). In the left hemisphere, the
extent of the damage is limited to the posterior superior temporal region (C,
C’), including TG (B, B"). These images were obtained 8 years after his 2nd
(most recent) stroke. R, right; L, left. Reprinted from Tramo et al. (1990) by
permission of MIT Press.

left ear stimulation and a more moderately decreased amplitude
following right ear stimulation. Electroencephalography (EEG)
was normal. Medications included verapamil, which abolished
posttraumatic migraines, and paroxetine, which successfully
treated depression. RIC has a college degree and no formal music
training; recently he has been trying to teach himself how to play
guitar.

CAECTS CTS a27-yr-old left-handed woman, currently employed
as an account manager, has a left frontotemporal arachnoid cyst, left
congenital deafness, mild cerebellar tonsillar herniation, paroxysmal
nocturnal dystonia, left frontal sharp waves and slowing on EEG, and
achildhood history of learning difficulties. MRI in 1994 demonstrated
absence of normal tissue involving the anterior half of STG, middle
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FIG. 2. Flat map of the cortical surface of theright
hemisphere in case Al+. The spatia extent of the
lesion is shown in dark gray. Intrasulcal portions of
the cortex are shown in light gray. The central and
lateral fissures appear in bold; thin lines represent
sulci. Top: lateral schematic of the right hemisphere
showing the central (Rolandic) fissure, lateral (Syl-
vian) fissure, and planes of section (numbered) from
which the flat map below is reconstructed. Abbrevi-
ations refer to the gyri of the human cerebral cortex.
Damaged gyri (g) include: H, the transverse g of
Heschl; Ts, Tm, and Ti, superior, middle, and inferior
tempora g; Tp, temporal pole; U, uncus;, A, amyg-
dala; H, parahippocampal g; Sm, supramargina g;
Ang, angular g; Ps, superior parietal lobule; the ante-
rior and posterior insula; Cp, postcentral g; Ca, pre-
central gyrus; Fs, superior frontal gyrus, Fm, middle
frontal gyrus; Fiop, Fit, and Fiorb, inferior frontal g,
pars opercularis, pars triangularis, and pars orbitalis;
Or, orbitofrontal g; BF, basal forebrain; Fus, fusiform
0. Adapted from Tramo et al. (1990).
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temporal, inferior temporal, middle frontal, and inferior frontal gyri,
the temporal pole, and portions of the orbitofrontal gyri, precentral
gyrus, amygdala, parahippocampal gyrus, hippocampus, and fusiform
gyrus (Fig. 5). She cameto neurological attention because of common
migraine and muscul oskeletal headaches that responded to naproxen
treatment, treatment of her sleep disorder with carbamazepine, and
modification of her diet. Neurologica signs included sensorineural
deafness of the left ear and moderate end-gaze horizontal nystagmus.

5 10

CTS has a high school degree, never took music lessons, and enjoys
dancing and listening to music during aerobic exercise.

CASE MAH.  MAH, a44-yr-old right-handed man, currently employed
as a mail clerk, suffered closed-head trauma during a motor vehicle
accident in 1975 that was complicated by cerebra contusions and
complex partial seizures that typically begin with unformed auditory
hallucinations. CT in 1990 demonstrated three areas of hypodensity
involving the following structures: the posterior two-thirds of right
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STG, part of right TG, and adjacent portions of middle temporal,
inferior temporal, supramarginal, angular, and postcentral gyri; part of
the left inferior frontal gyrus and left precentral gyrus; and part of the
left superior frontal gyrus (Fig. 6). EEG in 1993 showed right and left
temporal lobe sharp waves and slowing. Excellent seizure control has
been achieved over the past 2 years with carbamazepine and cloraz-
epate. The neurological history is also notable for a mixed headache
disorder (musculoskeletal headaches and common migraine), cur-
rently treated with naproxen; depression, currently treated with par-
oxetine; and past polysubstance abuse, including 5 yr of daily ethanol
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FiG. 3. Flat map of the cortical surface of
the left hemisphere in case Al+. Shading,
schematic, and abbreviations as in Fig. 2.
Damaged gyri include: H, Ts, Sm, Ang, Ps,
Os, and the posterior insula. Adapted from
Tramo et al. (1990).
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ingestion, now in remission for 12 yr. At the time of the present
experiments, neurological signs included mild-to-moderate impair-
ments in concentration, spatial orientation, verbal and visual recall,
oculomotor control, gait, and distal peripheral nerve sensation. Lab-
oratory data were remarkable for amild anemia and folate deficiency.
MAH has a high school degree, 3 years of college education, and no
music training.

CASE YPT. YPT, a 28-yr-old right-handed woman, currently em-
ployed as bank clerk, suffered a spontaneous intracerebral hemorrhage
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in 1993. MRI demonstrated signal abnormalities involving posterior
portions of the right middle and inferior frontal gyri (Fig. 7). At the
time of the present experiments, Y PT was being treated with carbam-
azepine for seizure prophylaxis, and neurological signs included a

Fic. 5. Patient control CTS. A-C: corona T1-weighted MRI sections
through the frontal and temporal lobes. The decreased signal in the left inferior
frontal lobe and anterior temporal |obe represents an arachnoid cyst. D and E:
T1-weighted sagittal sections through the left hemisphere. F: T2-weighted
horizontal section through the cyst. R, right; L, left; A, anterior; P, posterior.

M. J. TRAMO, G. D. SHAH, AND L. D. BRAIDA

FIG. 4. Patient control RJC. Horizontal computerized
tomography (CT) sections extending fromt the rostral
pons to the quadrigeminal plate (A-C). Hyperdensity in
the right dorsolateral pons and midbrain represents a
traumatic intraparenchymal hemorrhage involving the in-
ferior colliculus and rostral lateral lemniscus. Images
were obtained on the same day as the closed head trauma.
R, right; L, left.

mild impairment in concentration and mild clumsiness of the left
hand. YPT has a college degree and no music training.

NORMAL CONTROLS. Eight adults with no active symptoms of
neurological or otological disease were recruited for paid participation
through advertisements. The age range was 30-52 yr with a median
of 40.5yr. The normal controls had from 12 to 16 yr of education with
a median of 155 yr. Four subjects were left-handed, four were
right-handed. None of the subjects was formally trained in music or
actively performing music.

Simulus synthesis and presentation

Sinusoids were digitally synthesized using an Ariel DSP-96 board
and converted to analog signals at a sampling rate of 11 kHz per
channel using a linear-phase digital anti-alias filter with a bandwidth
of 4.96 kHz. Analog auditory signals were attenuated using Tucker-
Davis PA4 programmable attenuators. Vibrotactile stimuli were am-
plified using a Crown amplifier model D-75. Sinusoida tones (pure
tones) were presented via calibrated TDH-39P headphones with the
subject seated in a double-walled, soundproof booth. The method
described by Gescheider et a. (1990) for measurement of vibrotactile
intensity difference thresholds was adapted to deliver sinusoidal vi-
brations at the thenar eminence via a custom-built 1.5 X 2.5 X 3 cm
vibrator secured with an elastic bandage.

Adaptive procedure and experimental tasks

A two-interval, two-alternative forced-choice paradigm and an
adaptive procedure associated with a 79.4% probability of correct
response (Levitt 1970) were used to measure difference thresholds for
judging whether: 1) the second of two pure tone bursts was “lower” or
“higher” in pitch than the first (frequency direction discrimination);
and 2) judging whether the second of two pure tone bursts was the
“same” as or “different” from the first (frequency change discrimina-
tion). To assess possible nonspecific effects of brain lesions (eg.,
impaired level of arousal, general attention, concentration, problem-
solving) on the performance of these two tasks, we also measured: 1)
difference thresholds for determining the direction of an intensity
change between two successive sinusoidal vibrations delivered to the
hand (vibrotactile intensity discrimination); and 2) accuracy on a
standardized match-to-sample test of visual line orientation perception
(Benton et a. 1983). To assess whether the brain lesions affected
auditory functions other than frequency discrimination, we also mea-
sured: 1) difference thresholds for determining the direction of a
duration change between two successive pure tones with along center
duration of 500 ms (duration discrimination); and 2) intensity thresh-
olds for pure tone detection.

Difference thresholds measured adaptively are expressed as Weber
fractions and reported as percentages. Weber fractions were cal cul ated
by averaging the six turnaround points in each run and averaging
across runs.
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FIG. 7. Patient control YPT. A-C: corona T1-weighted magnetic resonance
imaging (MRI) sections through the frontal lobe and temporal lobes. The
decreased signal in the right middle and inferior frontal gyri represents the
residuum of a spontaneous intracerebral hemorrhage. D: sagittal view of the
right hemisphere showing the lesion in premotor frontal cortex. E and F:
horizontal, T2-weighted MRI’s showing hemosiderin (hypointensity) and sur-
rounding necrosis (hyperintensity) in the right frontal lobe. Images were
obtained 4 mo (120 days) after the acute bleed. R, right; L, left; A, anterior; P,
posterior.

FIG. 6. Patient control MAH. Horizontal CT sections
extending inferior-to-superior (A—C) through the frontal,
temporal, and parietal lobes. A: the hypodensity in the
right temporal lobe likely reflects an old contusion that
involves Heschl’s gyrus and the superior temporal gyrus.
B: the superior continuation of the hypodensity seenin A
into the inferior parietal lobuleis shown; in addition, there
is a smal hypodensity in the left frontal operculum. C:
there is a hypodensity in left anterior superior frontal
cortex. R, right; L, left.

FREQUENCY DIRECTION DISCRIMINATION. Difference thresholds
for frequency direction discrimination were measured at center fre-
quencies (Fc's) of 250, 500, 1,000, and 2,000 Hz. Our method was
similar to that used by Moore (1973) to define frequency difference
thresholds in his highly practiced subject TC. The trial design is
schematized in Fig. 8 and the results of atypical run are illustrated in
Fig. 9. Each tone was presented binaurally at 40 dB above the
detection threshold at each ear [i.e., 40 dB sensation level (SL)] with
astarting phase of 0° and a duration of 500 ms (plateau = 480 ms, rise
time = 10 ms, fal time = 10 ms). A 200-ms silent interval separated
the two tones. Subjects pressed the space bar on the computer key-
board to begin each trial. Subjects were instructed to press a key
labeled “L” if the pitch of the second tone was lower than that of the
first tone or an adjacent, rightward key labeled “H” if the pitch of the
second tone was higher than that of thefirst tone. The order of “lower”
and “higher” trials was randomized. There was no constraint on
response time; subjects were encouraged to respond as soon as they
knew the answer and to guess if they were uncertain. If the subject
pressed an invalid key, thetrial was discarded. The time between trials
was controlled by the subject and was typically one to afew seconds.
Following three successive correct trials, the frequency difference
(AF) was halved; after each incorrect trial, AF was doubled. The AF
associated with areversal in the sign of the frequency change (i.e., an
increase or decrease in AF) was defined as a turnaround point. A run
ended when the 6th turnaround point was reached. The mean of the six
turnaround points was defined as the difference threshold for that run.
Each subject practiced with feedback for at least three to five runs or,
in afew cases, until performance worsened over any two successive
runs. After a few minutes rest period, three to five test runs were
completed without feedback. The initial value of AF on test runs was
set one to two steps above the largest AF on incorrect practice trials
so that theinitial direction of AF change was downward. The subject’s
frequency difference threshold was defined as the mean frequency
difference threshold of the test runs.

FREQUENCY CHANGE DISCRIMINATION. Difference thresholds for
frequency change discrimination were measured at a center frequency
of 1,000 Hz. Otherwise, the stimulus parameters, trial design, adaptive
procedure, and definition of difference threshold were the same as in
the preceding text. Subjects were instructed to press akey labeled “ S’
if the second tone sounded the same as the first tone or an adjacent,
rightward key labeled “D” if the second tone sounded different from
the first tone. The order of “same” and “different” trials was random-
ized.

DURATION DISCRIMINATION. Difference thresholds for duration
discrimination were measured at a frequency of 1,000 Hz and a center
duration of 500 ms. Stimulus parameters, trial design, adaptive pro-
cedure, and definition of the difference threshold were otherwise the
same as the preceding text. Subjects were instructed to press a key
labeled “ S’ if the second tone sounded shorter than the first tone or an
adjacent, rightward key labeled “L” if the second tone sounded longer

J Neurophysiol « VOL 87 « JANUARY 2002 « WWW.jn.org
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FIG. 8. Trial design of the 2-interval 2-alternative forced-choice paradigm
used to measure difference thresholds. The waveforms of acoustic and vibro-
tactile stimuli are schematized. SL, sensation level. Rise and fall times for al
stimuli were 10 ms. (In the tone duration experiment, the center duration was
500 ms. In the vibrotactile intensity experiment, stimulus intensity was 20 dB
SL)

than the first tone. The order of “shorter” and “longer” trials was
randomized.

VIBROACTILE INTENSITY (VTI) DISCRIMINATION. Difference thresh-
olds for VTI discrimination were measured separately for each hand
at a vibration frequency of 250 Hz and at a center vibration intensity
of 20 dB SL. The vibrator was secured at the thenar eminence with an
elastic bandage, and the arm was rested in the supinated position on
a foam rubber pad with the subject seated. The trial design, adaptive
procedure, and calculation of the difference threshold were the same
as those used for frequency direction discrimination, frequency
change discrimination, and duration discrimination. Because case
Al+ has aleft hemiplegia and thus could not respond manually with
the unstimulated hand, all subjects responded by saying “weaker” or
“stronger;” the examiner then entered the response on the computer
keyboard. The order of “weaker” and “stronger” trials was random-
ized. Patient control MAH had a peripheral neuropathy, presumably
caused by folate deficiency and chronic ethanol exposure in the past,
so he was excluded from this control task.

VISUAL LINE ORIENTATION MATCH-TO-SAMPLE TASK. The Judg-
ment of Line Orientation test (Benton et al. 1983) was administered
and scored in standard fashion. In this task, subjects match the
orientations of two lines to the two corresponding orientations em-
bedded in an array of eleven lines equally spaced from O to 180
degrees.

PURE-TONE AND VIBROTACTILE DETECTION THRESHOLDS. Pure-
tone and vibrotactile detection thresholds were measured for each ear
and hand, respectively, at each test frequency using a one-interval
down-up staircase procedure. Subjects were instructed to indicate
when the tone was heard or the vibration felt. The examiner silently
entered the response on a computer keyboard. All stimuli were 500 ms
in duration with 10 msrise and fall times. Initia intensity was at |east
10 dB above thresholds determined in pilot measurements. The in-
tensity was decreased randomly by 1-5 dB at pseudorandom intervals
ranging from 1 to a few seconds. The descending threshold was
defined as the first intensity at which no response was €licited. The
intensity was then decreased by 10 dB, and the intensity stepped up by
1-5 dB. The ascending threshold was defined as the first intensity at
which a positive response was €elicited. Pure tone detection threshold
was defined as the mean of the descending and ascending thresholds.

RESULTS
Freguency direction discrimination

The scatter plot in Fig. 10 shows AF thresholds for fre-
guency direction discrimination. Data for each run and all
subjects at all four center frequencies are illustrated. Thereisa
clear separation between case A1+ and the other 12 subjects.

Figure 11 shows Weber fractions averaged across runs for
each subject class. Table 1 summarizes the difference thresh-

M. J. TRAMO, G. D. SHAH, AND L. D. BRAIDA

oldsfor case A1+, AC= cases, and normal subjects on each of
the four psychophysical tasks that employed an adaptive pro-
cedure (frequency direction discrimination, frequency change
discrimination, duration discrimination, and VTI discrimina
tion). In case A1+, the mean Weber fraction of the five runs at
each Fc ranged from 12.0 to 15.8%, with a mean average
across Fc's of 13.7% (alittle over 2 semitones). In AC+ cases,
the mean Weber fraction ranged from 0.94 to 2.3% [mean =+
SE = 1.7 = 0.38%]. In normal subjects, the Weber fraction
ranged from 0.47 to 1.0% (0.72 = 0.09%). The Weber frac-
tions of our untrained normal controls were only slightly larger
than those previously reported in highly-practiced normals and
similarly showed a decrease in Weber fractions with increasing
Fc's in this frequency range (Moore 1973).

We carried out a two-way ANOVA to assess the effects of
subject class [case A1+ vs. AC+ cases vs. hormal controls
and Fc (250 vs. 500 vs. 1,000 vs. 2,000 Hz) on Weber fractions
(the dependent variable). The random factor was runs. As
expected from inspection of Figs. 10 and 11, there was a highly
significant effect of subject class [F(2,212) = 434.01; P <
0.0001]. There was no significant effect of Fc on Weber
fractions, indicating that, on average, AF thresholds were pro-
portional to Fc [F(3,212) = 2.74; P = 0.044]. There was an
interaction between subject class and Fc, indicating that the
pattern of performance across Fc's varied across different
subject classes [F(6,212) = 4.83; P = 0.0001].

Given the effect of subject class and the interaction between
subject class and Fc, we carried out separate ANOV As on each
subject class using Fc as the factor, runs as the random factor,
and Weber fractions as the dependent variable. There was no
effect of Fc in case A1+, indicating no significant variation in
Weber fractions across the four Fc's tested [F(3,16) = 0.40,
P = 0.76]. However, there was a significant effect of Fc in both
AC= cases[F(3,56) = 7.77, P = 0.0002] and normal controls
[F(3,89) = 17.42, P < 0.0001]. Thus in Fig. 10, the progres-
sive decline in mean Weber fractions seen with increasing Fc
was significant for these two subject classes.

To assess the effect of interindividual variation on Weber
fractions within the AC* cases and normal controls, we car-
ried out separate ANOV As on each popul ation using subject as

4 + +
21 —
18 —J

-

N 15—

T -

w ] \\ -

L R * + 1)
7 / \

______ - = T T - T T T T T == a

6 — <";l> + + + f/\tj)
] * + =)

TRIAL NUMBER

Fic. 9. Design of the adaptive procedure used to measure the frequency
difference threshold for 1 run. The 6 turnaround points are circled. The dashed
line shows the mean of the turnaround points. [For the tone duration experi-
ment, the ordinate would be “time” (ms). For the vibrotactile intensity exper-
iment, the ordinate would “intensity” (dBV).]
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a factor and runs as the random factor. For AC* cases, there
was a significant effect of subject [F(3,56) = 3.38, P = 0.024],
indicating that Weber fractions varied from patient to patient.
For normal controls, there was a highly significant effect of
subject [F(7,89) = 21.13, P < 0.0001], indicating that \Weber
fractions varied from individual to individual. Apparently, this
within-class variability did not compromise detection of
across-class variability on the initial two-way ANOVA.

In view of the significant effect of subject class, we also
compared Weber fractions between subject groups. Because
the number of runs for case A1+ and AC+ cases was small,
and because Weber fractions were not evenly distributed along
an interval or ratio scale, we used a nonparametric test, the
Mann-Whitney U test, to compare Weber fractions between
subject classes.

At each Fc, the Weber fraction for case A1+ was signifi-
cantly higher than the mean Weber fraction for AC* cases
[Fc = 250 Hz, U = 100, P = 0.0008; Fc = 500 Hz, U = 85,
P = 0.001; Fc = 1,000 Hz, U = 100, P = 0.0008; Fc = 2,000
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Hz, U = 75, P = 0.0012]. The Weber fraction for case A1+
was also significantly higher than the mean Weber fraction for
normal controls [Fc = 250 Hz, U = 160, P = 0.0004; Fc =
500 Hz, U = 140, P = 0.0005; Fc = 1,000 Hz, U = 165, P =
0.0004; Fc = 2,000 Hz, U = 140, P = 0.0005]. AC= cases had
significantly higher Weber fractions than normal controls for
all four Fc's at the P = 0.05 level of significance and for one
Fc at the P = 0.01 level [Fc = 250 Hz, U = 441, P = 0.0234;
Fc = 500 Hz, U = 329, P = 0.0118; Fc = 1,000 Hz, U = 463,
P = 0.0146; Fc = 2,000 Hz, U = 316, P = 0.0072].

For all Fc's combined, there were highly significant dif-
ferences between the mean Weber fraction in case A1+ and
the mean Weber fraction in AC* cases [U = 433, P <
0.0001]. Likewise, there were highly significant differences
between the mean Weber fraction in case A1+ and the mean
Weber fraction in normal controls[U = 2,420, P < 0.0001].
The mean Weber fraction in AC* cases was also signifi-
cantly higher than that in normal controls [U = 2,512, P <
0.0001].

20 Fc =250 Hz Fc =500 Hz
5 i X ]
]-
x X
~ X
2 X 15 — X [
& 10
2 X X X
3 10 - X i
=] o o
5 = o o 4
5 e
a4 a
L0805 i '
: [ 4 0
4 5 | 2 3 4

1 2 3
Fe = 1000 Hz
X
20
@15-
% X
%10— X X
= X
5 o
a E (=]
o} ¢ §
1 2 4 5

3

Run Number

wn

Fc = 2000 Hz
35
X
30 L
25 —1 —
X
20 -
15 — -
10 X X -
5 |
o+—41 3§ § %
3 4 5

Run Number

FIG. 10. Scatter plots showing AF thresholds for frequency direction discrimination. AF thresholds at each center frequency
(Fc) are expressed as Weber fractions (Fx) in % [(AF/Fc) X 100]. The results of every run for every participant are plotted. X,

case Al+. 0, AC+ cases. O, normal subjects.
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FREQUENCY DIRECTION DISCRIMINATION
[ ]
15 - . L
[ ]
]
§ 10 | I o Normals
bt O AC+- cases FIG. 11. AF thresholds for frequency direction discrimina-
; m Case At+ tion averaged across runs for each subject class. Bars = 1 SE of
w the mean. The error bars for normal controls are not seen
ﬂ because they are smaller than the radius of the circle.
-
54 L
o) fe) r;-]
o . . ° :
250 500 1000 2000

CENTER FREQUENCY (Hz)

Frequency change discrimination

In case A1+, the Weber fraction at Fc = 1,000 Hz was 6.9%
(alittle over 1 semitone). In AC* cases, the Weber fraction
range = 0.61-1.4% and the mean = SE = 1.0 = 0.2%. In
normal controls, the Weber fraction range = 0.31-1.5% and
the mean = SE = 1.1 = 0.2%.

An ANOVA was carried out using subject class as the
factor, runs as the random factor, and Weber fractions as the
dependent variable. There was a highly significant effect of
subject class [F(2,44) = 55.42; P < 0.0001]. Case A1+ had
significantly higher Weber fractions than AC=* cases[U = 40,
P = 0.008]. Case A1+ aso had higher Weber fractions than
normal controls [U = 90, P = 0.005]. The Weber fractions of
AC= cases and normal controls did not differ significantly
[U = 2135, P = 0.93]. We combined Weber fraction data for
the 12 participants without bilateral auditory cortex lesions and
found a significant difference between their mean Weber frac-
tion (1.05 = 0.15%) and the Weber fraction in case Al+ [U =
132, P = 0.0041].

To analyze the variability within the AC* and normal con-
trol populations, ANOVAs were run separately on each with
individual subjects as the factor, runs as the random factor, and
Weber fractions as the dependent variable. For AC+ cases,
there was an effect of subject [F(3,10) = 4.65; P = 0.028],
indicating significant variability among the four patients. For
the normal controls, there was also an effect of subject
[F(7,22) = 4.05; P = 0.005].

TABLE 1. Difference thresholds associated with a 79.4%
probability of correct response

Weber Fractions, %

AF Direction AF Change Duration VTI
Case A1+ 13.7 6.9 344 371
AC=* cases 1.7 11 21.9 225
Normals 0.7 1.0 193 10.0

Difference thresholds for frequency direction discrimination were averaged
across four center frequencies. VTI, vibrotactile intensity.

To consider how task requirements influenced AF thresh-
olds, we compared Weber fractions at Fc = 1,000 Hz for
frequency change discrimination (“same™—* different” judg-
ments) and frequency direction discrimination (“lower"—
“higher” judgments; Fig. 12). In case A1+, the mean Weber
fraction for frequency direction discrimination was larger than
the mean Weber fraction for frequency change discrimination
by afactor of 1.8. In contrast, for the eight normal controls, the
mean Weber fraction for frequency direction discrimination
was smaller than that for frequency change discrimination by a
factor of 0.7. Theratio in case A1+ was thus many SEs above
the mean for normal controls (Table 2) [Student’s t(7) = 12.4,
P < 0.001]. There was also a significant difference between
case A1+ and AC= cases with respect to the ratio of Weber
fractions for frequency direction:change discrimination [t(3) =
28, P < 0.001]. The latter ratio for AC* cases did not differ
significantly from that for normal subjects [t(10) = 1.24, P =
0.30]. This pattern of results indicates a disproportionate ele-

FREQUENCY DIRECTION vs FREQUENCY CHANGE DISCRIMINATION

I “Higher"-"Lower"
EZ2 "Same"-"Different"

—_
o
L

WEBER Fx (%)

(5]
1

0

Case A1+

Controls

FIG. 12. Bar graphs comparing AF thresholds for frequency direction dis-
crimination and frequency change discrimination in case Al+ vs. the 12
controls. Fx, fraction.
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TABLE 2. Ratios of Weber fractions, auditory: VTI

AF Direction: VTI AF Change: VTI Duration: VT
Case Al+ 0.34 0.19 0.93
Normals 0.059 =+ 0.015*** 0.11 =+ 0.02** 2.0 £ 0.25%*
AC* cases  0.051 + 0.017*** 0.053 + 0.021* 11+019
All controls 0.057 = 0.011*** 0.097 = 0.019*** 1.8 + 0.23**

P valuesrefer to the results of pair-wise comparisons between case AL+ and
the other subjects. Abbreviations asin Table 1. n = 8, 4, and 12 for normals,
AC= cases, and all contrals, respectively. * P < 0.05; ** P < 0.01, *** P <
0.001.

vation in Weber fractions for frequency direction discrimina-
tion compared with frequency change discrimination in case
Al+. The combined ratio in AC+ cases and normal subjects
(0.88) was significantly lower than that in case A1+ [t(11) =
3.25, P < 0.0077].

Duration discrimination

In case Al+, the Weber fraction for duration discrimination
was 34.4%. In AC+ cases, the Weber fraction range = 11.8—
32.5% (21.9 *= 5.0%). In normal controls, the Weber fraction
range = 11.7-28.06% (19.3 = 2.9%).

An ANOVA with subject class as the factor, runs as the
random factor, and Weber fractions as the dependent variable
revealed a significant effect of subject class [F(2,48) = 5.55;
P = 0.0068]. Separate ANOVAs on the AC*+ and normal
control populations revealed significant variability within both
subject groups [respectively, F(3,14) = 10.21; P = 0.0008;
F(7,22) = 3.02; P = 0.022].

In case Al+, the Weber fraction was significantly higher
than that of AC= cases and normal controls (respectively, U =
48, P = 0.008; U = 85, P = 0.0048). There was no significant
difference between the Weber fractions of AC+ cases and
normal controls (U = 349; P = 0.093). The Weber fraction in
case Al+ was significantly higher than the mean Weber frac-
tion of AC* cases and normal controls combined (combined
mean = 20.2 = 2.0; U = 133, P = 0.015).

This pattern of results is qualitatively similar to that ob-
served for AF thresholds and indicates an elevation in differ-
ence thresholds for duration direction discrimination around a
long center duration of 500 msin case Al+.

Vibrotactile intensity (VTI) discrimination

In case Al+, the Weber fraction in the hand ipsilateral to the
lesion of sensorimotor cortex was 37.1%. In AC=* cases (ex-
cluding MAH), the Weber fraction range in the dominant
hand = 8.60-32.3% (22.5 £ 8.8%). In norma controls, the
Weber fraction range in the dominant hand = 7.30-14.8%
(10.0 = 0.91%)).

An ANOVA with subject class as the factor, runs as the
random factor, and Weber fraction as the dependent variable
revealed a highly significant effect of subject class [F(2,36) =
46.86; P < 0.0001]. A separate ANOVA on the AC* cases
revealed significant variability from patient to patient
[F(2,4) = 99.87; P = 0.0006]. Within the normal control
group, there was no significant intersubject variability
[F(7,20) = 2.03; P = 0.102].

The Weber fraction in case A1+ was significantly higher
than that in AC+ cases (U = 30, P = 0.0062). The Weber
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fraction in case Al+ was significantly higher than that of
normal controls (U = 140, P = 0.0012). There was no signif-
icant difference in Weber fractions between AC=* cases and
normal controls (U = 111, P = 0.223). The Weber fraction in
case Al+ was significantly higher than the mean Weber frac-
tion in AC+ cases and normal controls combined [combined
mean = 13.7 = 2.86%; U = 185, P = 0.0004]. This pattern of
resultsis qualitatively similar to those observed for AF thresh-
olds and duration difference thresholds and indicates an eleva-
tion in VTI difference thresholds in case A1+.

Visual line orientation match to sample

Case Al+ correctly answered 29 of the 30 items on the
Judgment of Line Orientation test. This performance is classi-
fied as “superior” according to scoring standards based on the
distribution of corrected scores in Benton's normative sample
(Benton et al. 1983). The mean scores for AC* cases (22.2)
and normal controls (22.8) were in the “average” range.

Performance ratios

For each adaptive task, a performance ratio was computed as
WF, ., divided by WF .., Where WF,, , is the Weber frac-
tion for case Al+ and WF_,, the mean Weber fraction for
AC= cases and normal controls combined. The results are
illustrated in Fig. 13. Performance ratios for frequency direc-
tion discrimination (15.4) and frequency change discrimination
(6.6) were far higher than the performance ratios for the
duration direction discrimination (1.71), and VTI direction
discrimination (2.59).

To further compare the results among auditory tasks for case
Al+ and the other subjects, we computed performance ratios
using the VTI difference threshold as a reference, since it was
obtained in a different sensory modality using the same pro-
cedures (Table 2). The ratio of frequency direction discrimi-
nation to VTI discrimination was significantly higher in case
Al+ than in AC*x cases [t(2)]= 17.0, P < 0.01], normal
controls [t(7) = 18.7, P < 0.001], and AC= cases and normals
combined [t(10) = 25.7, P < 0.001]. A similar pattern of
results was observed for the ratio of frequency change discrim-
ination to VTI discrimination: A1+ versus AC#, t(2) = 6.50,
P < 0.05; A1+ versus normal controls, t(7) = 4.00, P < 0.01;
Al+ versus AC+ and normal controls combined, t(10) = 4.89,
P < 0.001. In contrast, the ratio of duration discrimination to
VTI discrimination was not significantly different in case A1+
and AC= cases[t(2) = 0.89, P > 0.20]. Moreover, the ratio of
duration discrimination to VTI discrimination was significantly
lower in case Al+ than in normal controls [t(7) = 4.28, P <
0.01] and in AC* cases and normal controls combined
[t(20) = 3.78, P < 0.01].

These results indicate that within the auditory modality,
difference thresholds for frequency direction discrimination
and frequency change discrimination were elevated more than
difference thresholds for duration direction discrimination cen-
tered at 500 ms. In addition, they emphasize that the AF
threshold elevations in case A1+ cannot be attributed to dif-
ferences related to nonauditory task requirements of the adap-
tive method.
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RATIO
Case A1+ : Controls

FREQ FREQ
DIRECTION CHANGE
WF% WF%
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PERFORMANCE RATIOS FOR ALL TASKS

LINE
ORIENTATION
Errors%

DURATION VTI

WF% WF%

FIG. 13.  Performance ratios computed as the performance of case A1+ divided by the mean performance of the 12 controls on
each task. For frequency direction discrimination, Weber fractions (WF) were averaged across the four Fc's. - - -, performance

ratio = 1.

Pure-tone detection thresholds

Figure 14 plots pure-tone detection thresholds at each Fc for
case Al+ and normal and patient controls combined. “Refer-
ence” thresholds correspond to 25 dB hearing level (HL), that
is, 25 dB greater than the zero reference level for mean audible
pressure recommended by the International Standards Organi-
zation (1975). For case A1+ as well as controls, detection
thresholds were within normal limits for both the left and right
ears by clinical standards. the mean of the thresholds at 500,
1,000, and 2,000 Hz was <25 dB HL (AAO-ACO 1979;
Yantis 1994). Still, left ear detection thresholds for case A1+
were more than 2 SEs higher than those of controls at all four
frequencies tested, raising the possibility of mild hearing loss
contralateral to his complete or near-complete right auditory
cortex lesion.

DISCUSSION

To summarize the main results: bilateral auditory cortex
lesions involving A1 were associated with elevations in fre-
guency difference thresholds. For frequency direction discrim-
ination (lower—higher pitch judgments), Weber fractions asso-
ciated with a 79.4% probability of correct response averaged
14% at center frequencies between 250 and 2,000 Hz. These
Weber fractions were about eightfold higher than those mea-

sured in neurological patients without bilateral lesions of au-
ditory cortex, and they were almost 20-fold higher than Weber
fractions measured in normal controls. For frequency change
discrimination (same—different pitch judgments), Weber frac-
tions averaged 7% at 1,000 Hz, about sevenfold higher than the
Weber fractions observed in the other groups. The pattern of
results on other auditory, tactile, and visual tasks indicates that
the observed elevations in frequency difference thresholds
cannot be attributed to nonspecific lesion effects on task per-
formance or on hearing in general.

We interpret the present findings as evidence that fine-
grained frequency processing at the perceptual level relies on
the integrity of finely tuned neurons in A1 and surrounding
areas. This interpretation is based on the anatomical localiza-
tion of the lesions in case A1+ and current knowledge about
anatomical-physiological correlates in humans and nonhuman
primates.

Anatomical considerations

Deficits in frequency processing in case A1+ were associ-
ated with chronic, bilateral hemispheric infarcts involving all
of the transverse gyrus of Heschl (TG) in the right hemisphere;
al or amost al of TG in the left hemisphere; the posterior
one-fifth of the left superior temporal gyrus (STG) and adjacent
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FIG. 14. Pure-tone detection thresholds. », case Al+; O, patient and normal controls; A, reference level corresponding to the
upper limits of normal by clinical standards (AAO-ACO 1979; Y antis 1994). Bars, 1 SE for normal and patient controls combined.

inferior parietal lobule; all or aimost al of right STG; and
portions of right frontal, parietal, medial temporal, and inferior
temporal cortex. None of the other four neurological patients,
including one with multiple cerebral contusions and right TG
and STG damage (case MAH), had a single experimental runin
which the frequency difference threshold was higher than the
23 thresholds measured in case Al+.

TG runs across the middle third of the superior surface of
STG deep within the lateral (Sylvian) fissure. Someindividuals
possess two or more TGs in one or the other hemisphere
(Campain and Minckler 1976; Musiek and Reeves 1990), and
most have a greater volume of white matter on the left than on
the right (Penhune et al. 1996). TG receives the geniculotem-
poral radiation and contains the highest concentration of neu-
rons and myelinated fibers in all of superior temporal cortex
(Brodmann 1909; Campbell 1905; Economo 1929; Galaburda
and Sanides 1980; Rademacher et al. 1993). These cytoarchi-
tectural and connectional features, combined with electrophys-
iological data on minimum response latencies measured with
intracortical electrodes (Liegois-Chauvel et al. 1991, 1994,
1995), cortical surface electrodes (Celesia 1976; Celesia and
Puletti 1969; Celesiaet al. 1968), subdural strip electrodes (Lee
et al. 1984), and scalp electrodes (Scherg et a. 1989), indicate
that al of Al resides within TG. However, TG and A1 are not
co-extensive: minor portions of TG (and all supernumerary
TGs) contain non-koniocortical fields (Rademacher et al.
1993).

Whether all of STG may be considered auditory association
cortex and whether auditory association cortex extends beyond
the boundaries of STG remain uncertain. Cortical depth and
surface electrode recordings of click-evoked potentials in hu-
mans suggest that all or amost all of auditory cortex lieswithin
the posterior two-thirds of superior temporal cortex (Celesia
1976; Celesia and Puletti 1969; Celesia et al. 1968; Howard et
al. 2000; Lee et a. 1984). Likewise, maximal increases in
glucose metabolism have been observed in posterior superior
temporal cortex during binaural stimulation with combined
speech and music (Mazziotta et a. 1982). Oxygen utilization
increases from the posterior extreme to amost the anterior
extreme of STG during binaural stimulation with speech and

white noise (Binder et al. 1994), and blood flow increases in
the middle temporal gyrus as well as STG during binaural
stimulation with speech and nonspeech sounds (Belin et al.
2000). In macaques, free-field stimulation with a potpourri of
species-specific vocalizations, human voices, and environmen-
tal sounds increases glucose metabolism throughout superior
temporal cortex, from the posterior end of the lateral fissure
anteriorly to the temporal pole (Poremba et a. 1999).

It is likely that residual auditory functions in case A1+ are
subserved by spared auditory association cortex residing in left
anterior STG and by subcortical structures. Although inputs to
the left auditory association cortex from damaged left A1 and
damaged right auditory cortex were interrupted, auditory infor-
mation may have reached the spared regions via ascending path-
ways from the dorsal and media nuclei of the media geniculate
complex, the pulvinar, the posterior nucleus, the suprageniculate
nucleus, and/or the limitans nuclel. These parallel ascending in-
puts to auditory association cortex are well-documented in ma:
caques (Akert et d. 1959; Burton and Jones 1976; Chow 1950;
Clark 1936; Clark and Northfield 1937; Hackett et a. 1998;
Hashikawa et al. 1992, 1995; Jones and Burton 1976; Locke
1960; Mesulam and Pandya 1973; Molinari et d. 1995; Morel et
al. 1993; Pandya and Sanides 1973; Pandya et a. 1994; Poliak
1932; Rauschecker et a. 1997; Siqueira 1965; Walker 1937). In
addition, the ventral nucleus of the medial geniculate complex, the
main source of afferent input to A1, provides weak inputs to
auditory association cortex surrounding Al.

Physiological considerations

At present, little is known about frequency processing at the
cellular level in human auditory cortex. However, a wealth of
knowledge is available in the experimental animal literature
(for reviews, see Clarey et a. 1992; de Ribaupierre 1997; Kaas
et al. 1999). For phylogenetic, anatomical, and functional rea-
sons, knowledge about the single-unit physiology of macague
auditory cortex may be especialy relevant to understanding
frequency processing in humans.

Like humans, macaques house koniocortex within the mid-
dle third of the superior surface of superior temporal cortex
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deep within the lateral fissure (Bonin and Bailey 1947; Sanides
1972; Walker 1937). Whileit is not customary to designate TG
in the macaque, several authors have identified a small eleva
tion along the superior surface of STG that stains heavily for
Nissl, myelin, cytochrome oxidase, and parvalbumin (Bonin
and Bailey 1947; Jones et a. 1995; Merzenich and Brugge
1973; Pandya and Sanides 1973; Tramo 1998). Bonin and
Bailey (1947) remarked that the superior surface of STG in
Macaca mulatta “bears a very dlight elevation, recognizable
when one is acquainted with Heschl’s [transverse] gyrus in
man, but easily overlooked otherwise” (p. 17). In M. fuscata,
Jones et a. (1995) identified a similarly situated “annectant”
gyrus as the gross anatomical correlate of koniocortex and
high-density parvalbumin staining. These observationsindicate
that macaques have a rudimentary gross morphological homo-
logue of human TG which houses histologically-defined A1l.
For heuristic purposes, it might be advantageous to refer to this
structure as the “transverse gyrus’ in macaques as well as
humans.

Microelectrode mapping studies of A1 and other “core areg”
fields in anesthetized macagues have demonstrated frequency-
selective neurons that are topographically organized with re-
spect to “best frequency”—the pure tone frequency associated
with maximal firing at a given intensity (Kosaki et al. 1997;
Merzenich and Brugge 1973; Morel et a. 1993; Pfingst and
O’ Connor 1981; Rauschecker et a. 1997). In addition, several
fieldsinthe“belt area’ of auditory association cortex surround-
ing A1 contain neurons that are frequency-selective and topo-
graphically organized. In general, neurons in these belt fields
are less sharply tuned than neuronsin core fields (Kosaki et al.
1997; Rauschecker 1995, 1997). In aert rhesus monkeys,
500-ms and 50-ms pure tones presented at frequencies and
intensities similar to those used in the present experiment
evoke responses in individual core area neurons over band-
widths ranging from approximately 0.02 octaves (about a quar-
ter of a semitone) to 5 octaves (60 semitones); the mgority of
cells respond over 0.1 octaves (about a semitone) or more
(Recanzone et al. 2000; Tramo 1998; Tramo et al. 1999).
Macaques can discriminate 50-ms pure tones differing in fre-
guency by about 3% (half a semitone) at 500 Hz and 60 dB
SPL (Sinnott and Brown 1993). Thus there may exist individ-
ual neurons with frequency selectivity sufficient to support
frequency discrimination at the difference thresholds observed
in our control subjects. Still, the overwhelming majority of
core area neurons in macagues respond over bandwidths
greater than a semitone. The results of microelectrode record-
ings in anesthetized owl monkeys who had been trained on a
frequency-change discrimination task indicate that perceptual
acuity correlates with the number of Al neurons tuned to
frequencies used in the task (Recanzone et al. 1993).

In human auditory cortex, extracrania recordings of local
field potentials and functional imaging techniques have pro-
vided evidence of frequency selectivity. Butler (1968) showed
that the peak-to-peak amplitude of the N100 potential recorded
at the vertex is sensitive to the frequency difference between
successive sinusoidal tones (monaural stimulation at 70 dB SL,
duration = 600 ms, IS = 4.4 s, probability of occurrence
standard tone:deviant tone = 3:1). The larger the frequency
difference between tones, the larger the amplitude. Butler
attributed the correlation between frequency difference and
N2100 amplitude to frequency-dependent refractoriness and dif-
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ferences in the amount of overlap between frequency-selective
neuron populations. The effect of frequency difference on
N100 amplitude is independent of the harmonic relationship
between the standard and deviant tones (Kussmaul et a. 1992).
The amplitude and latency of tone-evoked magnetic potentials
peaking around 100 ms poststimulus (N100m) vary monoton-
ically with the width of surrounding notched noise (Sams and
Salmelin 1994). N100 and N100m amplitude differences can
be elicited only at or above frequency difference thresholds for
same-different discriminations (Csépe et al. 1992; Sams et al.
1985). These findings suggest that neural mechanisms under-
lying the sensitivity of N100/N100m amplitude to frequency
differences are relevant to frequency resolution at the percep-
tual level.

The location of frequency-selective neurons generating the
N100 and other potentials has been extensively investigated
using dipole source analyses of scalp-recorded electrical fields
(Giard et a. 1994; Scherg and Cramon 1985; Scherg et al.
1989) and magnetic fields (Gallen et al. 1993; Hari et al. 1984;
Kuriki et al. 1995; Lavikainen et al. 1995; Nakasato et al. 1995;
Reite et a. 1994; Tiitinen et al. 1993). To summarize the main
results: most or al neural generators of lateral scalp potentials
peaking between 18 and 200 ms after acoustic stimulation lie
within TG or close by along the superior surface of STG, and
some potentials peaking between 150 and 300 ms may origi-
nate within the lateral surface of STG, dorsolateral prefrontal
cortex, and parietal cortex. In general, the effects of focal
lesions on extracranial electrical field potentials (Aaltonen et
al. 1993; Graham et a. 1980; Kileny et a. 1987; Knight et al.
1988; Kraus et al. 1982; Praamstra et al. 1993) and magnetic
field potentials (Makela 1993; Makela and Hari 1992) support
the notion that neuronsin TG and adjacent STG are the major
contributorsto evoked potential s peaking after about 13 msand
before 200 ms poststimulus onset. In our case A1+, middie-
and long-latency auditory-evoked potentials are grossly abnor-
mal (Musiek et al. 1994).

Evidence that neurons within human auditory cortex are
topographically organized with respect to frequency selectivity
was first obtained using magnetoencephalography (MEG).
Some authors reported alow- to high-frequency gradient of the
N100m potential along the anterior to posterior axis of poste-
rior superior temporal cortex (Elberling et al. 1982; Pantev et
al. 1988). Others reported a low- to high-frequency gradient
along itslateral to medial axis (Huotilainen et al. 1995; Romani
et al. 1982ab; Yamamoto et al. 1992), consistent with early
claims based on lesion effects (Economo 1929). One octave is
represented by approximately 2-3 mm of cortical surface.
Analyses of scalp-recorded electrical potentials also suggest
that posterior superior temporal cortex contains a topographic
organization of frequency-selective neurons, with the low-
frequency representation anteriorly and dlightly lateral to the
high-frequency representation (Scherg et al. 1989).

Functional imaging studies have provided converging evi-
dence of frequency selectivity and a low- to high-, anterolat-
eral-to-posteromedial frequency representation in and around
TG, abeit with considerable intersubject variability (Lauter et
al. 1985; Strainer et al. 1997; Wessinger et al. 1997). Conspic-
uously missing from some human studies is the multiplicity of
topographically organized fields one would expect on the basis
of microelectrode mapping experiments in macagques. Over the
past severa years, severa MEG studies have reported evidence
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for two frequency representations in posterior superior tempo-
ral cortex (Cansino et al. 1994; Pantev et al. 1995; Tiitinen et
al. 1993; Verkindt et al. 1995). Recent functional MRI results
obtained by Talavage and colleagues (2000) via stimulation
with high- and low-pass filtered music and band-limited, am-
plitude-modulated noise show four separate high-frequency
regions and four separate low-frequency regions. Among the
most significant pieces of evidence that human auditory cortex
contains frequency-selective neurons is the microelectrode
study of an epilepsy patient by Howard and colleagues (1996).
Of 26 neurons encountered in three penetration sites spanning
8 mm of TG, 19 were judged to be sharply tuned.

In summary, on the basis of the gross topography of the
lesions observed in case Al+, physiological-anatomical cor-
relates in macagues, and electrophysiological data in humans,
case Al+ likely had complete loss of frequency-selective
neurons in right A1 and surrounding areas, complete or near-
complete loss in left Al, and sparing of some frequency-
selective neurons in left belt areas anterior and adjacent to A1l.
Thus the fact that his ability to resolve frequencies was coars-
ened but not abolished may be attributable to preservation of
neurons in the belt areas of left STG.

Functional effects of auditory cortex lesions in primates

Perhaps the most influential experiments contributing to the
belief that primate auditory cortex plays no role in frequency
discrimination were carried out by Evarts (1952ab). Two
young M. mulatta learned an operant conditioning task that
required differential responses to 350 Hz (“go”) and 3500 Hz
(“no-go”) tones. Correct responses were rewarded with food,
and incorrect responses were punished by electric shock. The
intensity of the tones was approximately 50 dB SL re: human
detection thresholds. After they reached the response criterion
of 80% correct, all but a small portion of anterior superior
temporal cortex was aspirated in the left and right hemispheres.
Part of the insula was also taken. The extent of the lesions was
confirmed postmortem, and near-complete retrograde degener-
ation of the parvocellular portion of the medial geniculate
nucleus was observed. Ten days post-ablation, both monkeys
performed well in their initia training session and quickly
re-achieved the preoperative performance criterion. Two addi-
tional macagues were trained an unspecified amount of time
after surgeries that had been carried out for a previous exper-
iment. One macagque had near-complete bilateral lesions of
superior temporal cortex and one had a near-complete lesion on
the right and a partial lesion on the left that spared a large part
of the superior surface of posterior superior temporal cortex.
Both of these previously lesioned macagues learned the task as
quickly as the first two macagues had learned it before their
surgeries. Evarts interpreted these findings as evidence that
near-complete bilateral lesions of auditory cortex do not impair
the initial learning or post-lesion retention of frequency dis-
crimination. He found the results “difficult to reconcile with
the strict tonotopic organization” found in primate auditory
cortex and speculated that small remnants of remaining audi-
tory cortex were “of great functional importance.” Inasmuch as
Evarts' task incorporated afrequency difference threshold cor-
responding to a Weber fraction of 164%, these experiments
simply did not assess the role of auditory cortex in fine-grained
frequency discrimination.
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On the basis of animal lesion experiments on pure tone
frequency discrimination and his demonstration of impaired
virtual pitch perception following unilateral right anterior tem-
poral lobectomy in patients with intractable epilepsy, Zatorre
(1988) argued that “simple frequency discrimination (i.e., with
pure tones, or with complex tones when the fundamental
[frequency] is present) is not permanently disrupted even by
large bilateral lesions of auditory cortex.” However, patients
who committed more than 25% errors on a control task, in
which complex tone fundamental frequencies (FO's) were
present, were excluded from the missing FO task. In addition,
the FO differences tested by the method of constant stimuli
(Weber fraction = 40%) were well above normal threshold (cf.
Patterson 1973). Using a dichotic-diotic match-to-sample rec-
ognition task, Sidtisand Volpe (1988) found impaired complex
pitch perception with FO present in a population of right
hemisphere stroke patients; they did not use pure tone stimuli
nor did they report which gyri were lesioned. Robin et a.
(1990) subsequently demonstrated elevations in the FO differ-
ence threshold averaged across five stroke patients with lesions
involving right TG and/or STG (mean Weber fraction approx-
imately 14%); five patients with similar left-sided lesions had
normal thresholds (mean Weber fraction, less than 1%).

Among studies of bilateral auditory cortex lesion effects in
humans, the two cases reported by Jerger and colleagues (1969,
1972) are some of the best studied psychoacoustically and most
often cited. The first concerned a 21-yr-old ambidextrous man
with successive left then right hemispheric strokes diagnosed
on the basis of clinical history, examination, technetium brain
scan, EEG, and cerebral arteriography. (CT and MRI were not
yet available for routine clinical use.) Following the initial
stroke, there was a mild language deficit, mild right facial
weakness, and mild right-sided somesthetic loss. Following the
second stroke seven months later, he became deaf. Within three
months, pure-tone detection threshol ds returned to near-normal
levels. Abnormalities on technetium brain scan showed in-
creased uptake in the left temporal and right temporoparietal
regions. Although the resolution of nuclear brain scans does
not permit precise localization of the lesions, the combination
of sudden, transient deafness and these uptake abnormalitiesis
consistent with bilateral lesions involving TG and surrounding
cortex. Three months after the second stroke, a series of au-
diological tests and psychoacoustic experiments were carried
out. The method of constant stimuli and a two-interval, two-
alternative forced-choice paradigm were employed to assess
the patient’s ability to determine whether the first of two pure
tones was higher or lower in pitch than the second tone (Fc =
500 Hz, intensity = 80 dB SL, duration = 1,000 ms, presen-
tations binaural and monaural). The frequency difference was
fixed at a Weber fraction of 40% and the interstimulus interval
(ISl) was parametrically varied. The patient was able to
achieve the criterion performance of 75% accuracy at 1SIs
approximately equal to that employed in the present experi-
ment. Thus Jerger et al. tested frequency direction discrimina
tion approximately 40 times above the normal threshold we
measured in our control group; case Al+ would have been
able to reach criterion at this generous frequency difference.
Jerger’ s second case concerned a 62-yr-old man with impaired
speech recognition and normal pure-tone detection thresholds
in whom bilateral lesions of TG, posterior STG, and adjacent
structures were subsequently documented at autopsy. Fre-
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guency direction discrimination was tested using the same
paradigm, except the frequency difference was even greater
(Weber fraction = 164%). As we would expect, this patient
met the response criterion of 75% at 1SIs similar to those used
in the present experiments. The emphasis of Jerger's experi-
ments was on the effect of 1Sl manipulations on frequency
discrimination; indeed, he found that frequency discrimination,
even at this large frequency separation, was severely impaired
at short 1SIs. The observations of Efron (1963), Albert et al.
(1972), and Talla and colleagues (Tallal 1976, 1980; Talld
and Piercy 1974, 1975) indicate that left auditory cortex is
specialized to process rapidly occurring spectral events; this
may account, at least in part, for the auditory comprehension
deficits observed in patients with sensory (Wernicke's) aphasia
and pure word deafness (Phillips and Farmer 1990; Selnes et
al. 1983). The present results indicate that neural mechanisms
within the auditory cortex are essential to fine-grained resolu-
tion in the spectral domain as well as the time domain.

There is some precedent in the macague and human litera-
ture to suggest that auditory cortex lesions coarsen frequency
resolution. Massopust et al. (1967) measured frequency differ-
ence thresholds near 500 Hz in rhesus monkeys by stepping
down Weber fractions from 164 to 0.6% as criterion perfor-
mance (75% correct) was reached. Preoperatively, all ma
caques were able to reach criterion at Weber fractions of 3% or
lower (about a semitone or less). Five macagques had partia,
bilateral ablations of involving a third or more of superior
temporal cortex with extension into the insula and/or pericen-
tral operculum. Postoperatively, frequency difference thresh-
olds increased in the range of 7-25 Hz from preoperative
thresholds (Weber fractions increased between 1.4 and 4.9%),
and the size of the increase correlated with the size of the
lesion. Harrington et al. (2001) reported that two Japanese
macagues with near-complete bilateral lesions of superior tem-
poral cortex had pure tone frequency difference thresholds that
were over twice those of two monkeys without lesions (center
frequency near 625 Hz). The average Weber fraction associ-
ated with discrimination scores less than 0.80 [hit rate — (hit
rate X false alarm rate)] was 5.8% compared with 2.4% in
monkeys without superior temporal lesions.

Divenyi and Robinson (1989) reported a mean Weber frac-
tion of approximately 11% for frequency change discrimina-
tion in four right hemisphere stroke patients; the mean Weber
fraction was about 3% in left hemisphere stroke patients and
about 1% in eight normal controls. The anatomical location of
the lesions with respect to TG and STG was not given. Tramo
(1990) previously presented evidence of impaired frequency
direction discrimination in case A1+ on the Seashore Measures
of Musical Talents Pitch Discrimination subtest (Seashore et
al. 1960). Poor performance was attributable to a high error
rate in trials where the AF between pure tones was smallest.
Subsequently, preliminary studies employing an adaptive pro-
cedure showed elevated difference thresholds for frequency
direction discrimination (Tramo et al. 1994). Kazui et a.
(1990) measured frequency difference thresholds required to
discriminate a change in the frequency of a continuous pure
tone in a patient with bilateral temporal lobe lesions. Pure-tone
detection thresholds for left ear stimulation were “abnormally
high”; the method and criteria used to measure detection
thresholds were not defined. Findings on CT and MRI were
said to be consistent with acute “right temporal” and old “left
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temporal stem and left parietal subcortex” ischemic infarcts.
Our review of the six published MRI scans (3 sections in 2
planes) finds evidence of lesionsinvolving left TG and STG as
well as the white matter underlying right TG. Weber fractions
for pure tones at 500, 1,000, and 2,000 Hz ranged from 6.5 to
14.5% in the left ear and 5.5 to 8.5% in the right ear. The range
of threshold elevations observed by Kazui et al. overlapped
that observed in case A1+ for frequency change discrimination
in the present study (7% at 1,000 Hz). Recently, Johnsrude et
al. (2000) reported that seven of eight patients with right
anterior temporal lobectomies extending into right TG had
elevated difference thresholds for frequency direction discrim-
ination around 1 kHz. Weber fractions (mean = 10.8%) were
approximately three times higher than those of left anterior
temporal lobectomy patients and two times higher than those of
right temporal lobectomy patients without TG involvement.
Unlike Divenyi and Robinson’'s right hemisphere stroke pa-
tients, Johnsrude’s patients with right TG and anterior STG
excisions did not differ from normal controls and the other
patient groups in a frequency change discrimination task.
Taken together, these observations suggest that damage of
right TG and STG in case Al+ is principaly responsible for
his deficit in frequency direction discrimination, and they raise
the possibility that his impairment in frequency change dis-
crimination is attributable to additive effects of right and left
primary auditory cortex lesions.

Impaired tonal consonance perception has previously been
reported in case AL+ (Tramo et a. 1990). The elevations in
frequency difference thresholds observed in the present study,
combined with evidence of normal or near-normal roughness
perception (Tramo et al. 2001), support the hypothesis that his
bias to hear well-tuned musical chords as out of tune is attrib-
utable to a deficit in the fine-grained analysis of chord fre-
guency components and, consequently, an inability to extract
their harmonic relationships.

Concluding remarks

It isdifficult to reconcile our experimental results and review
of the literature with the traditional view that neurona fre-
guency selectivity in auditory cortex plays no role in frequency
discrimination at the perceptua level. The auditory cortex,
especialy Al and other subdivisions populated by sharply-
tuned neurons, makes an essential contribution to fine-grained
frequency discrimination, akin to the contribution of somato-
sensory cortex to two-point tactile discrimination (Adams et al.
1997; Head and Holmes 1911; Mountcastle and Darian-Smith
1968). This basic aspect of auditory cortex function supports
the perception of music, voice, speech, environmental sounds,
and auditory objects in general.
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