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-~ ~Despite normal pure tone,sensmnonﬂnesholds at 250-8000 lesions of primary auditofy cortex combined with partial bilat-
Hz, the perception gtgr_mlwmsmclympmmd such - eral lesions of auditory association cortex chronically impair
that harmonic structures (major triads) were almost uniformly -tonal consonance perception; (3) cognitive functions that hi- '
judged to sound dissonant; yet, the assodiative priming of spec- -~ —erarchically stracture pitch information and generate harmonic
tral intonation judgments by harmonic context was preserved, expectancies during music -perception do not rely on the in
indicating that cognitive representations of tonal hierarchies in . tegrity of primary auditory cOrtex; and (4) musical priming may
music ‘remained intact and accessible. Brainprints demon-  be mediated by broadly mned subcomponents of the thala-
strated complete bilateral lesions of the ‘transverse gyri of _mocortical auditory system. n , Sl

e,

Heschl and partial lesions of the i bt and left superior tem- "

- ”_t;usmmgbthnemo@xjwwﬂ@ewnmm mediating tonal mformglion—proc&ssm@g:-

INTRODUCTION ) o " Although the cortical representation of sensory infor-

’ S . mation (e.g., frequency receptive fields) has been exten- -
The orderly arrangement of anatomical zones within the sively - documented in the cat and monkey using
anditory cortex has inspired a fumber ‘of authors neuronal-evoked potential techniques (for reviews se€ -
assign fine structure a role in_ functional specialization. - “aitkin et al. 1984; Brugge and Reale 1985), we know little - -
The belief that structural complexity and ‘connectivity about how physical features of acoustic signals are pro-
patterns reflect functional complexity ‘and " hierachical . - céssed to form psychological representations of sound, -
processing was expressed long ago by Campbell (1905),  and how knowledge about sound contributes to sensofy
who designated the granular cortex of the supratemporal integration and percept formation. The effects of bilateral -
plane “audiosensory” and the surrounding belt “audio- - ablations in animals indicate that these’higher levels of -
psychic.” However, empirical data about the organization . Processing rely on the integrity of auditory cortex (for
of cognitive functions mediating auditory information ~ reviews see Neff et al. 1975; Whitfield 1985); the relative
processing outside the verbal domain remain scarce. roles of the primary and secondary areas have not yet
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been distinguished. In man, physiological studies em-
ploying depth electrodes (Celesia 1976), magnetoence- = -

phalography (Hari et al. 1980; Romani et al. 1982), and
radioisotope imaging (Lauter et al. 1985) have primarily

focused on the problems of boundary definition and
tonotopicity, and have therefore used elementary acous-

tic stimuli such as clicks and pure tones to evoke cortical
responses. Anatomical data derived from the study of
neurological populations are likewise wanting given the
rarity of auditory-nonverbal deficits gross enough to
cause overt symptoms following focal unilateral lesions,
the rarity of focal bilateral and symmetrical lesions, and
the proximity and common vascular supply of the pri-
mary and secondary auditory areas. Furthermore, brain
scans obtained for clinical indications provide a limited
view of the supratemporal plane because of their ori-

entation (horizontal) and slice thickness (810 mm), and
therefore frequently fail to capture the transverse gyri of

—Heschl, which typically house the primz dits

and the full extent of the superior temporal gyrus, tem-

“permitted the localization and quantification of damave

to the presumed gross anatomical landmarks of the

‘mary auditory cortex and auditory association. areas un-

aged by thin-section coronal magneuc r&onanoe

'smnnmg (MR).

RESULTS
Pure Tone Sensation Thresholds

Intensity thresholds for detecting a 500 msec pure tone
at 250, 500, 1000, 2000, 4,000, and 8000 szere wnhm
normal limits for each ear (Fig. 2). :

Spectral Intonation Judgmens
Intonation 1udgments about harmonic spectra major

‘triads) ‘and quastharmonic~ spectra (rmstunéd - major -

triads) were performed better than charce [56% W47

] SD below the mean of normals Derfonnance >_on_the

poroparietal junction, parietal operculum, and temporal
pole, which typically house the auditory association areas

- {Galaburda and Sanides 1980).

In the present study, we examined a well-documented
__case of cortical hearing loss (Mendez and Geehan 1988)
-under -éxperimental conditions designed to tap selec-

uvmymmmr@mmvmmomﬁ.fmﬁmm&r*mxw priming 1 taskisillus——

11% Bharuc!m and

more difficult priming task (83
Stoeckig 1987) -

; hoiceof a— wated 10 Figire 3 Zl‘longsme_data previously- obtai
- musical pnmmg Bamdxgm (Fig. 1; Bharucha and Stoeckig

from 13 normal sub;ects usmg the _same sumuh A

~ = 1986,1987) reflected:the desire 1o engage cognitive pro-

procedure. T _

cesses that hierarchically structure sensory information . —QOverall accuracy. msﬂ-d;aace [18% 1(951 < 1]_d

. was to judge whether the tar-

~__and thereby facilitate spectral pattern perception. The

~ cortical mapping procedure of Jouandet et al. (1989)

ne L e

fell greater than._{ Lhtee_,standarchemano below the-
mean of the normal '7 :

Figure 1. Trial design in the
musical priming task. Bach trial
began with a rapid sequence

of randomly selected frequen-
cies to mask the influence of

the previous trial. Following a

1 sec pause, a prime chord

(major triad) was presented for .
3 se, followed by a target

chord, the onset of which

marked the start of response
recordings. The target was ei-
ther harmonically related or Mask
harmonically unrelated to the
prime (defined by high and
low transition probabilities in

in<tune or mistuned by flatten-
ing the fifth a fraction of a
semitone. The subject’s task

get was in-tune or out-of-tune

ooy
* F#mOZFE unreioted

Prime . Torget,

(see Methods for details).
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e Figure 3. Accumcyofmtomﬁouiudgmmtsinadxofmefourpﬁme-mgetcondiﬂons. In patient M.S.,thereisannrkedout—of—mnerespoﬁse ‘
,v;‘7',"’V::bias,yetdleimemaionbetwemintonaﬁonandrdatednessissig:ﬁﬁammdlemedirhcﬁmzsdmnonndintemctionpreviously:eportedby
Bharucha and Stoeckig (1987). ,

reaction time data was precluded by the absence of any

was a marked bias to judge target chords “out-of-tune”
correct responses in the in-une/unrelated condition.

[A(1,23) = 11266, p < .0001]. However, the interaction
“between target intonation and the harmonic relatedness '
-of the prime to the target was significant in the predicted .
dlrecuon[i(l,23)= 541, p < .05]. As in normals, M.S. ,BI 1:ainprintsn i and Quaatitative Lesion
was more accurate when (1) in-tune target chords were ]
" - -:preceded by a prime chord that was harmonically related  Straight-line two-dimensional surface maps of the un- =
.+ - to the target; and (2) mistuned target chords were pre-  folded right and left cerebral hemispheres are illustrated -
""" ceded bya prime chord that was not harmonically related  in Figures 4'and 5, respectively. Coronal MR sections -
7 10 the target. In none of the 24 in-tune/unrelated trials through the superior temporal region representative of -
.- was the target correctly perceived to be in-tune. Statistical  those used to map the auditory cortex arc shown in
- analysis of the intonation/relatedness interaction using  Figure 6. The surface areas (SA) of individual regions of
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Figure 4. Brainprint of M.S. sngbtoaebmloomCoronalMRsecuonsarcnumberedseqummleﬁ'omamcnortopostenor(ngtnwldton
the page). Gray areas indicate intrasulcal cortex; yellow area indicates cortex lying within and/or overlying abnormal MR signal. Reglonalmrfaoe

area measurements are given in Table 1 and regional lesion measurements in Table 2. For glossary of abbreviations, see Appendix.




@ 35 _
L
172}
S 40
c
S a2 L
o i
(&)
= 45 o
5 ;(')‘ edial
<T
3 Dorsal
=
p=/
w -
a Anterior Posterior
Ventral
Medial B

Isometric Scale {cm)

85— : 0 5 :5

-Distance Along Anterior —Posterior Axis (cm)
Figure 5. Brainprint of M.S.’s left hemisphere. Coronal MR sections are numbered sequentially from anterior to posterior (left to right on the

m).ﬁ&ﬁgurc&fordcmﬂsabomgmphi@,’[ablesldeforquanﬁmﬁvemwum,anddxeAppmdixforabbreviaﬂons.

-~




Table 1. Regional Cortical Surface Area Measurements for the Right and Left Hemispheres
e ‘ T - Right Hemispbere Left Hemisphere
'ﬂ . cn® % bemisphere an® % bemgg;bere
" Temporal Lobe 159 20 ' 176 20
Transverse gyrus 3 3

Superior temporal gyrus 27 A
Temporal pole 9 ‘ 8
Middle temporal gyrus 32 43
Inferior temporal gyrus 40 41
Hippocampal region 15
Uncus
Amygdala . L .2
Fusiform 26 21
Parietal Lobe .~ . ' 183 23 208 23
- -~-Postcentral gyrus 32 44 :
- Supramarginal gyrus / 2 - - e F P
Angular gyrus 45 35
.. Superior parietal lobule .. .. %63 72
- *~—Prec1in‘eus”” - . 1 36

__ Fomallobe— ———— - 236~ " S Y R R
"SuPerior @E@M“?;— il 74_ ;‘T”__‘T e T = “_:_‘_ . 72 e e _"‘ - I i o

Occipial Lobe 151 19 190 : 21
laeral occipicl gy 113 149
Cuneus o . 12 11
Lingual 2% 30
Other/Paralimbic
Insuia
Cingulate gyrus
Basal forebrain
Total Hemisphere -: o




Table 2. Percent Regional Cortical Surface Area Contained within or Undercut by the Lesion

Right Hemispbere .. - Left Hemispbere 7
% Lesion % wihin % undercwt % lLesion  %within % undercut
Temporal Lobe 64 27 37 7 7 -
Tranverse gyrus(i) 100 100 — 100 100 -
Superior temporal gyrus 98 76 22 20 20 —
Temporal pole 100 100 — - — -
Middle temporal gyrus 70 43 27 4 4 —
Inferior temporal gyrus 53 12 41 —_— — —
Hippocampal region 68 68 —_ — —
Uncus 100 33 67 — — —
Amygdala 100 - 100 - - -
Fusiform 35 — 35 -— — -
Parietal Lobe 45 14 - 31 15 9 6 -
Postcentral gyrus 91 48 43 — — -
 Supramarginal gyrus 100 3 7 ]
“Angular gyrus 46 Sz - 44
Superior parietal lobule 29 3 26
Precuneus — — —
Frontal Lobe 40 19 21 — — - S
 Superior frontal gyrus 15 - s e
Middle frontal gyrus - 48 — 2B ~25——— — = - e e
Inferior frontal gyrus -
Pars orbitalis 9 — 9
_Pars triangularis-—« — -~ 59 — 59 -
Pars opercularis 100 88 12
Precentral gyrus 94 49 45
Orbitofrontal gyri 35 1 24
Rectal gyrus 5 — 5
Occipital Lobe — — -
Lateral occipital gyri
Precuneus -
Cuneus —
Lingual -
Fusiform -
Other/Paralimbic
Insula 100 100 —_ 9
Parainsular area 100 100 _ 100
Cingulate gyrus — — — —
Basal forebrain 4 4 — —
Total Hemisphere 36 17 19 5




interest are listed in Table 1, and the proportion of ~ grossly inaccurate, and ther¢ was a response bias indi
each region that was affected by the lesion is listed in  cating that tonal consonance perception was sever =
Table 2. ‘impaired; and (3) the associative priming of specu.u
There were complete, bilateral lesions of the trans-  intonation judgments by harmonic -context ‘was pre- :
‘verse gyri of Heschl. Their SA measured 3 cm® on each  served. Brainprints demonstrated (1) complete bllateral_
side, almost 2 SD below the mean of previous normal  lesions of the transverse gyri of Heschl, and (2) partial
measurements obtained by the same method (7.6 = 2.5  bilateral lesions of the superior temporal gyri involving
cm?, N = 12; Jouandet et al. 1989, and unpublished data). ~ 98%-of the cortical surface area on the right and 20% on -
In the right hemisphere (Figure 4), almost all superior  the left. The right hemisphere infarct spared portions of
temporal gyrus SA (98%) and all temporal pole SA were the planum temporale, temporoparietal juniction, and in-
contained within and/or overlay areas of abnormal MR ferior parietal cortex; the left hemisphere infarct spared
signal. Most of the planum temporale was undercut by all of the anterior superior temporal gyrus and temporal -
the lesion; a small portion of its posterior extension into pole and parts of the planum temporale, temporopanetall .
- and including the temporoparietal junction was spared.  junction, inferior parietal cortex, and insula. S
Elsewhere in the temporal lobe, 70% of middle temporal
~ gyrus SA and 53% of inferior temporal gyrus SA were Fun: 1 Dissociations
affected by the lesion; there was extensive involvement : ;
of medial temporal structures, including 68% of the hip-  The perception of tonal consonance is determmed by '
pocampal region, all of the amygdala, and all of the the frequency relationships among simultaneous ele- .
uncus. In the parietal lobe, all of the operculum was  ments within tonal spectra (Helmholtz 1863/1954; Levek
involved; 100% of supramarginal gyrus SA, 91% of post- et al. 1966; Terhardt 1974, 1984) and is influenced by the
central gyrus SA, and 46% of angular gyrus SA were  harmonic context established by prior spectra (Bharucha
within or undercut by the lesion. All of the insula was  and Stoeckig 1986, 1987; Marin and Barnes 1985). Normal
- involved. In the frontal lobe, the pars opercularis was  subjects exhibit a dissociation between spectral content g
.. completely infarcted; in addition, the posterior portions  and associative priming as they influence intonation judg- -
of the pars orbitalis (38%_SA), pars triangularis (59%), = ments: degrading the spectrum by removing some har-
middle frontal gyrus (48% SA), superior frontal gyrus ~ monics renders the intonation Jjudgment more difficult
ST T UTT(15% SA), and orbitofrontal gyri (35% SA) and almost all - but does not diminish the priming effect (Bharucha 7 o
of the precentral gyrus (94% SA) were mvolved. Ocapltal Stoeckig 1987). In M.S., frequency information could .
lobe structures were completely spared.— detected at normal thresholds, but fine-grained analysis
In the left hemisphere (Figure 5), the posterior 20%  of the frequency relationships among major . triad
of superior temporal gyrus SA, including all but small ~ components was severely impaired. Still, “top-down” in-
. posterolateral segments of the planum temporale and  fluences on tonal consonance perception remained op--
" temporoparietal junction, was contained within areas of  erative. Sensory, perceptual, and cognitive functions
abnormal MR signal; the superior temporal gyrus ante-  mediating tonal information processing thus appw w0
~rior to the transverse gyrus and all of the temporal pole  be neurologically dissociable. :
* -were spared. Four percent of adjacent middle temporal ‘A number of authors have proposed that audltory per-'
- gyrus SA was affected by the lesion, mostly within the cepts are reconstructed from fragments of sound at
+..superior temporal sulcus. In the parietal lobe, much of  higher, associative levels of processing. (for reviews see
the operculum was lesioned posteriorly; 32% of supra- - Hartmann 1988; Whitfield 1985). That associative pro-
" marginal gyrus SA and 56% of angular gyrus SA were cesses which generate harmonic expectancies in music
involved. The anterior 91% of insula SA was spared. Small  can be activated even when elementary components of
portions of the superior parietal lobule (5% SA) and  musical stimuli are degraded or the capacity t0 make
anterior lateral occipital gyri (<4% SA) were involved. discriminations at this level is lost suggests that synthetic
In the right hemisphere, the lesion extended deep  processes (e.g., the integration of frequency relationships
into the subcortical white matter, putamen, caudate nu-  into a harmonic whole) do not depend entirely upon
+-~cleus, globus pallidus, claustrum, internal capsule, exter-  fine-grained analytic processes (e.g., the ability to resolve
" nal capsule, and extreme capsule (Figure 6); ucompnsed frequency differences between individual speaml com-
~.27% of total right hemisphere volume. The left hemi- ponents) in music perception.
- . sphere lesion was largely superficial and comprised 4%, ;

oftoml left hemisphere volume‘ Lesion Localization
N , If correlations between gross surface structure landmarks
e DISCUSSION and microscopically distinct zones of auditory cortex r

rTo summarize the results: (1) pure tone sensation thresh-  be cautiously entertained on the basis of normative daw.
olds were normal; (2) intonation judgments about har-  from six hemispheres (Galaburda and Sanides 1980), the
monic spectra and mistuned harmonic spectra were  topography of M.S.’s lesions (Figures 4 and 5) indicates
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Figure 6. Oormdmingaddmpeﬁsﬂvmregimreptmddwmgeabnswmmdephedinmebzainprims.MRsa
and 2’ are T1- and T2-weighted images, respectively, of the anterior superior temporal gyrus (aSTG). MRs b and b’ are sections through the
transverse gyri of Heschl (TG); the T2-weighted image dearly demonstrates lefi- 2s well as right-sided hypgrintense signal abnormalities.
Sectlonscandc'showmeplanumwmpomle(ﬂ),dmporﬁonofmeaxpeﬁormpomlgymslyingposterioruodlenmsversegymsof
Heschl. Note the extensive destruction of the deep white matter and basal ganglia in the right hemisphere?




—— - ———————have-been-infarcted. -

complete, bilateral lesions of the koniocortical fields. In
the right hemisphere, some of the temporoparietal iso-
cortex and perhaps a small posterior portion of the ex-
ternal parakoniocortex may have been spared. Much of
the remaining posterior association belt on the right,
including most of the external and all of the internal and
caudodorsal parakoniocortex, appears to be undercut by
the lesion. Right perisylvian structures anterior and me-
dial to the transverse gyrus, including the rostral
parakoniocortex, prokoniocortex, rostral isocortex, para-
insular zone, and temporopolar proisocortex, appear to
be infarcted. in the left hemisphere, small posterolateral
portions of temporoparietal isocortex and perhaps ex-
ternal parakoniocortex may have been spared; much or
all of the rostral parakoniocortex, isocortex, and proiso-
cortex along the anterior superior temporal gyrus, tem-
poral pole, and parainsular zone appear to be spared.
All of the internal, external, and caudodorsal parakon-
jocortex as well as the prokoniocortex on the left may

- ——-— The physiological properties of neurons within the

perisylvian areas that are spared in M.S. can only tenta-
tively be surmised on the basis of their response char-
acteristics in presumably homologous Tegions of the
monkey, which themselves have only partially been
- -worked. out_(Imig-et al. 1977; Katsuki. et al._1962;-Mer-

_ . ___sociation areas with

show inconsistent frequency responses and irregular
tonotopicity in both the monkey (Gross etal. 1974)z
cat (Aitkin 1973; Calford 1983; Phillips and Irvine 1979), -
no sharply tuned, tonotopically organized frequency in- -
formation may have been available to the spared cortical
association areas; at the very least, it was likely incom-
plete, perhaps owing to projections from sharply wned f
cells in some regions of magnocellular MGB (Aitkin
. 1973) and lateral pulvinar (Phillips and Irvine 1979). -
The corticocortical connectivity patterns of the audi- .
tory areas that appeared to be spared in M.S. may likewise -
be considered with regard to presumably homologous ..
areas in the monkey (for review see Pandya and Yeterian
1985). In the right hemisphere, the intrinsic rostral con- .
nections of the spared posterior association areas with -
the primary area and anterior superior temporal region -,
appear to be completely interrupted; long projections §
and from prefrontal cortex may have likewise been de
stroyed, but reciprocal connections of the ‘posterior-as-*;
the posterior cingulate gyrus_and
heteromodal temporoparietal régions may have been 2t
least partially spared. In the left hemisphere, caudal con-
nections of the spared anterior association’ areas wer
-~ likely .interrupted, but the_ intrinsic connections ‘of «the
_rostral parakoniocortex,  isocortex, %and Zprx
_—-along the anterior superior temporal region and the long ™

—enich and Brugge 1973; Pfingst et al. 1977; Vaadia et al.
1982). If all or part of the left rostral parakoniocortex
ared in M.S., and if the tonotopically organized

connections of these areas to prefrontal cortex and me-_
entirety. The island of preserved posterior associativ.. -

- rostral field (R of Imig et al 1977) of the monkey is

———— —~functionally a5 well-as anatomically (Galaburda-and San-

ides 1980) homologous to the rdstral parakoniocortex in
man, sharply tuped, tonotopically organized frequency

~- -~ information may have been available for processing; the
flow of information would be limited posteriorly by the
lesion but could proceed rostrally to higher order mo-
dality-specific and heteromodal association areas. How-
ever, even if portions of sharply tuned, tonotopically
organized regions of association cortex were spared in
M.S., the principal source of such information, the pri-
mary area, was lesioned bilaterally. The afferent input to
the spared auditory association areas might therefore be
limited to projections from the thalamus.

The differential distribution of thalamic afferents to
the various auditory fields is uncertain in man. The con-
nectivity patterns of presumably homologous regions in
the monkey (Burton and Jones 1976; Jones and Burton
1976; Mesulam and Pandya 1973; Trojanowski and Jacob-
son 1975) show that the auditory association areas re-

ceive direct input from the thalamus. In M.S., sensory . 7

information may have reached the cortex almost exclu-

sively via projections from dorsal and medial regions of

the medial geniculate body (MGB) and from the pulvi-
nar-posterior nuclear complex. In the right hemisphere,
the deep@psularextensionoftheinfarctmayhzve
interrupted the thalamocortical projections altogether.
Given that many of the neurons in these thalamic regions

~cortex on the left appears to be completely disconnected ~
— —from-the rostral-primary-and -asseciation- areas;-but-its—
reciprocal connections with posterior cingulate  gyrus_
and heteromodal temporoparietal cortex may
at least partially spared. PR

structure—Function Considerations

There has been some controversy in the animal
as to whether or not bilateral lesions of auditorycortexz:
permanently impair pure tone sensation (for review see
"Neff et al. 1975), but recent psychoacoustic:measurc-
ments in monkeys have documented increased c

thresholds, most prominently in the mid-frequency
range, as long as 1 year after extensive bilateral ablations
(Heffner and Heffner 1986). In the neurological litera-*
ture, long-term follow-up measurements of pure tone
sensation thresholds in patients with cortical hearing loss .
are few, especially in young individuals in whompe
eral hearing loss secondaty to aging can be ruled ¢
Eamest et al. (1977) reported the case of a 27:ye
- man who manifested increased pure tone "thre
more than 3 years after successive, contralateral, 1
cerebral artery strokes; judging from the publishe:
puterized transaxial tomograms and Matsui and Higan
(1978) atlas, there were bilateral infarcts of the transversc
.gyri, superior temporal gyri, frontoparietal opercula, in-:
ferior parietal areas, and insulae. Jerger et al




refbrted_ persistent but improving hearing loss at 3

. months follow-up in a 20-year-old man following suc-

cessive, contralateral middle cerebral artery strokes; no

... anatomical data were available beyond angiography and
+ technetium brain scan. The present case was previously

reported to show complete deafness 3 weeks following
his second stroke and moderately increased (and varia-
ble) pure tone thresholds 18 months out (Mendez and
Geehan 1988). Apparently, recovery of sensory functions
can continue and attain normal levels more than a year
and a half afier onset. In view of the lesion localization,
the normal sensory thresholds may be attributed to spar-
ing of the thalamus (beyond any possible retrograde
degeneration not imaged by MR), partial sparing of as-
sociation cortex, or both.

Bilateral lesions .of auditory cortex in animals are

known to cause permanent deficits affecting the discrim-

ination of various complex spectra, including intermit-

- —tent vs. steady white-noise (Symmes 1966), human vowel

~ sounds (Dewson 1964; Dewson et al. 1969), and species-
specific vocalizations (Heffner and Heffner 1988). The
clinical literature contains a number of case reports in
which the perception of complex tonal spectra, including -
-musical sounds, is impaired out of proportion to hearing

loss (at least_overtly) following-bilateral temporal lobe -

cessing is essential to tonal consonance perception. The N
functional significance of the different amounts of spar- -
ing within the right and left association areas in the = .

present case cannot be ascertained beyond the assertion o

that they were sufficient to sustain musical priming. -
A nfumber of confounding variables preclude broad-
ranging structure-function correlations in the present
case. Because M.S. suffered his second stroke 9 years
ago, some reorganization of auditory functions within
the spared anatomical zones may have taken place. Fur-.
thermore, the uncertainties surrounding hemispheric
specialization in auditory-nonverbal functions make it

difficult to ascertain whether the spared posterior asso- -

ciation areas in the right or left hemispheres, spared
anterior association areas in the left hemisphere, or all .
the spared areas combined subserved residual functions.

-Our recent observation of musical priming by the nght ;
hemispheres of two split-brain patients (Tramo and Bhar-
ucha 1990).is too limited to permit generalizations con- - -

— cérning Hterality effects in.the present case. Even if < -

laterality effects in right-handers were konown, MS.’s
mixed handedness would preclude a straightforward

- conclusion. Finally, there are the uncertainties surround- =
ing the interspecies comparisons entertained above, -
which are especially troublesome in view of the uniquely

strong lateralization of auditory-verbal functions in man.

lesions (for reviews see Benton 1977; Hecaen and Albert

the cat that the capacity to derive the harmonic “best-fit”

- _ﬁ197g Marin 1982; Vignolo-1969:"Wertheim-1969):-Two —=The most patsxmomous interpretation ofthe: Pl’%emdm
~ " previous experimeénts aré particularly televant to the st (L
" ‘present observations. Whitfield (1980) demonstrated in

primary auditory cortex combined with partial bilateral

of a schedoharmonic series was permanently abolished —lesions of auditory association cortex; and (2) musical

following bilateral ablations of primary auditory cortex
and part of the, succoundmg fields, while relative pitch
" discriminations based on differences between individual
spectral components could be relearned. In man, Zatorre
(1988) has recently reported that removal of all or part
of the right transverse ‘gyrus(i) along with all of the
anterior superior temporal region commonly impairs the
perception “of the -“missing ‘fundamental”:: (Schouten
1938), which like tonal consonance petoepﬁon requires
the capacity to abstract constancies among the frequency
relationships of -simultaneous_: spectral ‘componeants.
These latter cortical regions were infarcted in M.S.
Several authors have commented on the possible cor-
relation between the severity of auditory deficits caused
by cortical lesions and lesion size within specialized
anatomical zones .(Allen -1945; Dewson et al 1969;
Symmes 1966). Colombo _et al. :(1990) have ‘recently
rmsedd:epossmmtythatthesnzeoflsxonshmitedto
auditory association cortex may influence the recovety
of short-term memory for pitch. In man, there is evﬁxdence
that the quantity of damage to the left auditory cortex
influences the recovery of smgle ‘word comprehension
(Selnes et al. 1984) and sentence comprehension (Naeser
et al. 1987) following middle cerebral artery stroke. In
MS,, the lesions of the primary areas were complete,
suggesting that their role in frequency information pro-

priming does not rely on the integrity of primary audxtory -

Cortex.

Neural Networks in Music ’ -
On the basis of the cytoarchitectonic and connectional o

organization of the superior temporal region in the rhe- .,

sus monkey, Galaburda and Pandya (1983) have pro-- ..
posed that the auditory cortex comprises three parallel .=
processing streams, the “root,” “core,” and “belt” lines,
which are oriented rostrocaudally along the circular sul- .
cus (Fig. 7). Within each line, cytoarchitectonic differ-
entiation progresses caudally in a stepwise fashion across
four stages. Each stage is richly and reciprocally con-
nected to adjacent stages within each line and o0 its
corresponding stages across lines. Pandya and colleagues
have hypothesized that the existence of multiple stages .
of auditory representation signifies hierarchical levels of

“information processing, such that the rostral flow of con-

nections from cortical layer o to layer IV mediates the
successive elaboration of thalamic input and the caudal -
‘flow of connections from’ layers V and VI to layer I
mediates the integration of 3 nbic influences on percep-
tion (Galaburda and Pandya‘ 1983; Pandya and Yeterian
1985). If a similar organizatipn characterizes human au-
ditory cortex, as Galaburda and Sanides’ (1980) work

ically unpmred foHommmplaebﬂﬂeral lwons—of—




Figure 7. Anatomical model
of the auditory cortex pro- -
posed by Galaburda and Pan-
dya (1983) on the basis of
cywoarchitectonic trends and
connectivity patterns. See text
for description. Cis, circular
sulcus; KA, koniocortex; paAc,
caudal parakoniocortex; paAlt,
lateral parakoniocortex; paAr,
rostral parakoniocortex; pal,
parainsular area; pAll, periallo-
cortex; Pro, proisocortex of the
temporai pole; proa, prokonio-
cortex; reit, retroinsular area;
STG, superior temporal gyrus;
STP, supratemporal plane; STS,
superior temporal sulcus; Tpt,
temporoparietal isocortex; Ts;,
Tsg, Tss, rostral superior tem-
poral isocortex. (From Pandya
and Yeterian 1985, Copyright

- by Plenum Publishing Corp.
Reprinted by permission.)

" suggests, all three streams were disrupted "bilaterally in~
M.S. by lesions within the koniocortex and adjacent as-
~ sociation areas; stages lying at the rostral and caudal
extents of each stream, which have features of isocortex
and proisocortex and interact with paralimbic and het-
eromodal association areas, were spared to varying de-
grees in each hemisphere.
The hierarchical organization of auditory information

- ““Three stages of processing are identified: the tope level,
whose units abstract octave-equivalent pitch information;
the chord level, whose units abstract more complex har-
monic festurés; an whose unis sbsirsct
even more complex harmonic features. The Connectivity
patterns between different stages of processing can be
learned by extensive exposure to music on the basis of
a number of available neural net:leaming algorithms,

processing, as it pertains to harmony perception in mu-  including. competitive learning (Rumelhart and Zipser

sic, has also been modeled as a parallel distributed sys-
tem on computational grounds (Bharucha 1987; Fig. 8).

Figure 8. Computational
model representing the sche-
matic organization of tonal
hierarchies in music. Letters
the key, chord, and tone levels
of representation. Links be-
tween nodes refleat the mem-
bership of tones in chords and
the membership of chords in
keys. Sensory input activates
the network from bottom-up,
and associative influences on
information processing are ex-
erted top-down. (From Bharu-
cha 1987, Copyright by the
Cognitive Science Society. Re-
printed by. permission.)

1986). Once learned; the hietwork embodies hierarchical
feature relationships that can achieve (1) bottom-up ac-
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BN - sampled population in the latter than in the former.

tivation of representations of complex features such as
tone chroma, chords, and keys form the sounded tones;
and (2) top-down activation of representations of chords
and tone chroma from the activated keys and, conse-
quently, the observed facilitation of chord intonation
judgments. In the context of Galaburda and Pandya’s
anatomical model of auditory cortex, and in view of the
present findings, the neural substrate for top-down influ-
ences in musical priming may be distributed within the
rostral and/or caudal reaches of auditory association cof-
tex. Given this localization, and given that cognitive rep-
resentations of tonal hierarchies in music are presumably
leamed, it is noteworthy that frequency-specific response
plasticity during associative learning is a common prop-
erty of neurons in the auditory association cortex of the
cat (Diamond and Weinberger 1984; Weinberger and
Diamond 1988); cells within both the primary and sec-
ondary fields manifest frequency-specific response plas-
ticity, and they comprise a greater proportion of the

The existence of cortical feature detectors that are’
selectively responsive to musical sounds (Katsuki et al
1962) and to the harmonic composition of sounds (Win-

ter and Funkenstein 1973) has been previously hypoth-
‘esized on the basis of neuronal responses to complex
_ spectra in monkeys. Response selectivity to acoustic tran- ~ He had great difficulty with figure-ground separation; for .

5 - —example, he stated he had trouble understanding speech ...

sients in-human speech sounds, including fundamental

tic events in musical priming, it is interesting that the *
responses of broadly tuned cortical auditory neurons to .
a given frequency are often influenced by the stimulus
relationship to a prior frequency (McKenna et al. 1989
Whitfield and Evans 1965). AR

Of course, these parallels between anatomical, physi-
ological, and computational models of tonal information -
processing must remain conjectural in anticipation of . -
further empirical justification. :

METHODS

Neurological History and Examination

The details of the neurological history have been previ-

ously published by Mendez and Geehan (1988). Briefly, . .
M.S. is a 30-year-old man who in 1980.and 1981 suffered
focal infarcts in-the distribution of the right and left
middle cerebral arteries, respectively, presumably sec- “
ondary to cardiogenic emboli. His first stroke presented .

“—with Teft hemiparesis and his'sécond with transient deaf- —

ness and persistent deficits involving both speech and
environmentzl sound perception. :

. At the time of the present observations, M.S. reported - -
a pervasive sense that “everything doesn’t sound dear”

frequency, has been ‘réported  (Steinschneider et al. ---when-more-than one person was talking, and when he -

1982). Neurons_in the secondary fields appear to be

sightly more selective for complex features than tiose:
in the primaty field, but a considerable degree of varia-

-bility in both response selectivity and response patterns

has been observed.at the single ceil level (Manley and
Mueller-Preuss 1978; Newman and Wollberg 1973). Unit
responses to simultaneous pure tones cannot be pre-

“dicted with certainty even on the basis of that unit’s

‘responses to each pure tone element (Katsuki et al

1962). This variability has led Manley and Mueller-Preuss
'(1978) to postulate the existence of “detection networks”
. whose units respond in a probabilistic rather than de-

" terministic fashion and collectively contribute to percept

formation based on the conglomerate pattern of unit
discharges. ‘

' That contextual influences on chord intonation judg-
ments remained operative in M.S. even though the cort-

__ical association areas may have been deafferented from

finely tuned, tonotopically organized frequency infor-
mation raises the possibility that broadly tuned subcom-
ponents of the thalamocortical auditory system mediate

 musical priming. From 2 cognitive perspective, broad
: »_.tum'ngisnotsomuchalackofﬁnetuningasanatm’bute
7 that is well-suited to a system that abstracts constancies
. among the spectral features of different acoustic signals
- and ignores small differences among elementary 3coustic

parameters that are insignificant to categorical processing
and stimulus recognition. Given the observed interaction

_between incoming sensory information and prior acous-

fode in his-car with the window-down he had to greatly — -

increase the loudness of his radio in order to apprebend — —
the music being played. His wife, a speech therapist, "
noted that in the face of competing sounds his speech -
comprehension was aided by facing him and by talking -
somewhat slowly. o L
M.S. almost exdlusively listened to music sold before -
his strokes. He denied that music unfamiliar to him had
an unpleasant, dysacusic, or dissonant quality. He had
difficulty understanding the lyrics of new songs, but he
remembered the lyrics (and music) of familiar old fa- ~
vorites well enough to recognize them when he heard
them on the radio. Although he spent fewer hours per
day listening to music than before his strokes, he atiri-
buted this to a change in life-style rather than a lessened
appreciation of music. He denied ongoing difficulty rec-
ognizing eavironmental sounds, and remarked that he
was able to differentiate foreign car horns from American
ones by their tonal quality. : ’
The neurological examination was remarkable for dys-
prosodic speech, a spastic left hemiparesis, and left hem-
isensory loss to all tactile modalities. M.S. was alert,
attentive, and highly motivated to perform well on all
tasks. His speech was fluent and well-articulated and he'
followed spoken commands quickly and accurately. He -
distributed spatial attention normally. He was ambulatory
with a cane and independent in most activities of daily
life. Medications were limited to coumadin. The Edin-
burgh Inventory (Oldfield 1971) indicated mixed hand-

-




edness with right predominance premorbidly (Laterality
Quotient = +64, Decile R2).

-~thresholds for 2500 msec

M.S.'s premorbid level of musicality corresponds ap-

- proximately to’ Grison’s (1972) third level of musical

culture, which lies in the middle of her classification
scheme. M.S. took guitar lessons for 1 year at age 15; he
was riot trained in theory and had not played the guitar
for several years before his first stroke. In his teens and
early twenties, he was an avid listener of popular music;
he accumulated a large record collection and listened
attentively to music several hours 2 day.

Standard Aundiometric and Psychometric
Tests

Pure Tone Sensation Thresholds ... .-

Audiometry was performed with the subject seated in a
sound-treated room (IAC). Acoustic stimuli were gener-
ated using a Grason-Stadler 16 Diagnostic Audiometer
and presented through TDH49 earphones. Detection

2) were established using the modified Hughson-West-
lake procedure (Carbart and Jerger 1959). ‘

Speech Perception ,_

~~~~~ The Northwestern University List Number 6 (Tillmanand ___ mist
_ degree by a fraction of a semitone (a frequency factor

Carhart 1966) was presented monaurally 35 dB above
average pure tone threshold. A response accuracy of 90%
and interear differences of 12% lie within the 95% con-

_fidence interval in normals (Thornton and Rafflin 1978).
left ear trials and

M. repeated 4/50 words accurately i
23/50'in rlgm,&r;t_nals e

Psychometric Tests

and Kaplan 1983), :Bostort - Naming - Test

(Goodglass et al. 1983), Perfo
vised Wechsler Adult Intelligence Scale (Wechsler 1981),
and the Revised Wechsler Memory Scale (Wechsler 1987)
were administered in standard fashion in a quiet room.
During the presentation of the auditory-verbal subtests
of the BDAE, the examiner took care to face away from
the patient and speak at a customary rate and loudness.
Performance on the BDAE showed normal single word

recognition (36/36 correct). However, M.S. ‘made three -

paraphasic errors on the sentence repetition subtest, the
nature of which are pertinent to the present experimen-
wal observations. He said “The bat leaps” for :The vat
leaks,” “The Chinese man had a rare emerald” for “The
Chinese fan had a rare emerald,” and “They hieard him
speak from the radio” for “They heard him speak on the

radio.” The subject substitution errors in the first two'

instances are far more frequent in the lexicon (Francis
and Kudera 1978), suggesting that M.S. was activating
cognitive representations. of speech sounds via a2 “de-

pure tone at 250-8000 Hz {Fig. .

. “*tonic (fs), mediant (2

rice’ Subtest of the Re-"*

- monic

< they did not share component tOnes.

" :seconds in duration and targets were 4
. ration. .

graded” signal in an attempt to enhance his impoverished
consonant—vowel phoneme discrimination. Consist¢
with this i retation is the observation that he subsu- .
tuted “leaps” for “leaks” to follow his error “bat,” pre-
sumably to resolve the impending semantic incongruity,
yet failed to correct the open-class substitution error -
“from,” which did not alter the meaning of the sentence.
Performance on the Boston Naming Test was within
normal limits (59/60 correct), the Performance IQ was
95, and the Memory Quotient was 91. On the WMS. he
scored below the 50th percentile on the logical memory
subtests and below the 25th percentile on the visual -
reproduction subtests; of course, performance on the .
former could have been affected by impaired speech )
discrimination. . T

Musical Priming Task
Stimuli and Apparatus _
The stimuli used in the present experiment have been

_ previously described by Bharucha and Stoeckig (1987).

To summarize, chord spectra were synthesized using
Apple Macintosh microcomputer. Each prime chord and
“in-tune” . target chord is a.major triad composed of the—
X fo), and dominant (27", X fo)
across the equal-tempered scale. “Out-of-tune” targets
are major triads that are mistuned by flattening the fifth

2%). Chord components were sampled from a five «

-tave range (65.41-4186.2 Hz; As = 440 Hz) with an am~™

requency domain, such that the -

plitude envelope in the-

. lowest and highest frequency components tapered off to
> the threshold of hearing as determined by the Fletcher
“ and Munsen (1933) isoloudness curves. This procedure

minimizes the salience of the lowest and highest spectral

. components (Shepard 1964; Krumhansl et al. 1982b). The

The Boston Diagnostic Aphasia Won (BDAE, -4+ waveform of each of the 15 component tones contained

he first four harmonics with equal amplitudes. .-

“The degree of association (harmonic relatedness) be-
tween the prime chord and target chord was varied in
accordance with previous experimental analyses of har-
relatedness judgments in normal subjects (Bhar-
ucha and Krumhansl 1983; Krumhansl et al. 1982a),
which corroborate theoretical accounts of harmonic
structure in Western music (for review see Piston 1978).
Related pairs (eg. A™ and G™) shared parent keys, but
Primes were 3
seconds in du-

M. performed one block of 96 trials. Trial presenta-

" tions were internally randomized by the computer. Brief
. pauses lasting up to 1 min were
- .mately every 12

interspersed approxi-
trials. Each of the 12 major chords oc-
curred four times as a prime. The prime was follo

equally by each of the following target conditions: «-,
in-tune/related, (2) in-tune/unrelated, (3) out-of-tune re-
lated, and (4) out-of-tune unrelated.
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Stimuli were presented in free field in a quiet room
using a Macintosh II and a Sansui A-707 amplifier and
speaker system. Stimulus frequencies lay within the high
end of the pure tone frequencies used to measure sen-
sation levels, and stimulus intensity was adjusted to 60—
65 dB using a Quest sound level meter. Response accu-
racy and reaction time measurements were internally
synchronized with chord target onsets.

Procedure

A training session was conducted during which feedback
was given after each practice trial. The amount of mis-
tuning was increased by a frequency factor of 2" until
M.S. was to get five consecutive trials correct, but it
became apparent that he had difficulty with “in-tune”
targers, even at a factor of 2'**, the maximal level of
deviation from the equally tempered scale. We then
tested him with single chords, that is, targets without
primes, but he still did not reach criterion. In collecting

data for statistical analysis, we decided to mistune the -
out-of-tune targets by a factor of 2, the maximal level ~

of mistuning,

M.S. was instructed to press one of two horizontally
adjacent keys on the computer keyboard that were la-
beled “IN” and “OUT” He used his right hand, which
was his preferred hand for fine motor control premor-
bidly. Power, rapid alternating movements, and propri-

‘oception at the fingers wére normal, and there was no

evidence of response disinhibition on informal “go/no-

'go” testing.

To begin each trial, the examiner pressed the space
bar on the computer keyboard. The trial began with a 2
sec mask consistifig-of-16 tones of random pitch, fol-
lowed by a 1 sec pause, then the prime chord, then the
target (Fig. 1). '

Error rates were analyzed using an analysis of variance
with replications as the random factor.

Spectral Intonation Judgments in the
Absence of a Prime

The stimuli, apparatus, and procedure were the same as
described in the priming task, except that the mask was
followed by a single chord, that is, an in-tune or out-of-
tune major triad target without a prime. M.S. heard each
target twice and performed one block of 48 trials.

Brainprints

MR scans were obtained using a Siemens 1.0 Tesl Mag- ;

netom MR System. Forty-two contiguous T1-weighted co-
ronal sections were obtained in the coronal plane (TR
= 40 msec; TE = 20 msec; slice thickness = 3.8 mm;
gap = 0; acquisitions = 4; in-plane resolution 1.2 X 1.2
mm). In addition, two sets of 20 T2-weighted images
were obtained (TR = 2500 msec; TE = 45, 90 msec; slice
thickness = 6.0 mm; gap = 1.5 mm; acquisitions = 1;

" Hirano (1978) and Krieg (1963). The tracing was then

in-plane resolution 12 X 12 mm). T2 weightings are
routinely more sensitive than T1 for infarct imaging, and -
the TR/TE 2500/45 weighting was particularly helpful for -
discriminating infarcted tissue from cerebrospinal fluid
within ex vacuo change. Mid-sagittal scouts were ob-_ -
wined at the outset to align and ‘mark the planes of =
section on an internalized grid and ruler and to measure R
the anterior—posterior distance between the frontal and =
occipital poles. R
The computer reconstruction method used to flat map
each hemisphere was originally detailed by Jouandet et
al. (1989) and will be only briefly described here, along - -
with minor modifications adopted for pathoanatomical S
analysis. Copies of each T1-weighted image were placed *
in a Beseler 23IIC photographic enlarger and projected .
onto paper; the pial surface of each hemisphere and the
borders of the lesion (if it appeared on that slice) were,_
traced. T2-weighted images were projected anto the clos
est corresponding T1-weighted tracings, from which th
were 1.7-2.0 mm away, to further estimate the pial mars
gins of necrotic tissue and the borders of abnormal signal
not apparent on the Tl-weighted images. Reference
points demarcating individual gyri, intrasulcal vs. super-
ficial cortex, surface structures lying within aréas of ab-
normal MR signal, and surface structures ovetlying areas,
of abnormal signal in subjacent white matter were nur
bered sequentially from dorsomedial to ventromedial.
The cortical convolutions on each section were labeled
in accordance with the coronal atlases of Matsui and

entered into the computer via a Kurta 1S/One digital = -
graphics tablet for straightening, alignment, connection, ..

scaling, and supplemental graphics. The surface
individual regions of interest were measured using
digitalized planimeter. Hemispheric volumes wr
sured by tracing the surface of each hemisphere on each

slice using the planimeter, then tracing the ventrick Lo
(when necessary), subtracting the ventricular, surface
area from total hemisphere surface area, and multip
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APPENDIX

Glossary of Abbreviations for Brainprint Regions of Interest

A Amygdala Ig

Ang Angular gyrus Oi Infenor lateral occxpml gyrus'
BF Basal forebrain Om Middle lateral occxpnal gyrus

Ca Precentral gyrus Or Orbitofrontal gyri

Ci Cingulate gyrus Os Superior lateral ocaﬁ{mj gyrus
Cp Postcentral gyrus Pc Precuneus -

Cu  Cuneus s Superior parietal lobule -
Fiop Inferior frontal gyrus, pars opercularis R Rec gyrus R

Fiorb Inferior frontal gyrus, pars orbitalis Sm Supramarginal gyrus

Fit Inferior frontal gyrus, pars triangularis Ti  Inferior temporal gyrus - -

Fm Middle frontal gyrus Tm Middle temporal gyr;;sq

Fs Superior frontal gyrus TP Temporal pole

Fus Fusiform gyrus Ts Supenor temporal gyrus

H Hippocampal region, including the parahippocampal gyrus U Uncus

Transverse gyrus(i) of Heschl

R




