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Objective: Positron emission tomography was used to investigate the neural substrates of
normal buman emotion and their dependence on the type of emotional stimulus. Method: Twelve
healthy female subjects underwent 12 measurements of regional brain activity following the
intravenous bolus administration of ['SO]H,O as they alternated between emotion-generating
and control film and recall tasks. Automated image analysis techniques were used to characterize
and compare the increases in regional brain activity associated with the emotional response to
complex visual (film) and cognitive (recall) stimuli. Results: Film- and recall-generated emotion
were each associated with significantly increased activity in the vicimity of the medial prefrontal
cortex and thalamus, suggesting that these regions participate in aspects of emotion that do not
depend on the nature of the emotional stimulus. Film-generated emotion was associated with
significantly greater increases in activity bilaterally in the occipitotemporoparietal cortex, lateral
cerebellum, bypothalamus, and a region that includes the anterior temporal cortex, amygdala,
and hippocampal formation, suggesting that these regions participate in the emotional response
to certain exteroceptive sensory stimuli. Recall-generated sadness was associated with signifi-
cantly greater increases in activity in the vicinity of the anterior insular cortex, suggesting that
this region participates in the emotional response to potentially distressing cognitive or intero-
ceptive sensory stimuli. Conclusions: While this study should be considered preliminary, it iden-
tified brain regions that participate in externally and internally generated human emotion.

{(Am ] Psychiatry 1997; 154:918-925)

‘ x / hile studies of laboratory animals have begun to

characterize the brain regions and pathways that
participate in dissectable components of fear (1), studies
of human subjects are required for determining how they
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are related to the full range of emotions, experiential as-
pects of emotion, and the emotional response to different
kinds of emotional stimuli (e.g., thoughts and memories),
In this study we used positron emission tomography
(PET) measurements of regional brain activity (2) to in-
vestigate the neuroanatomical correlates of internally
and externally generated human emotion independent of
emotional type or valence. In a separate report in this
issue (3), we consider the neuroanatomical correlates of
happiness, sadness, and disgust.

Several laboratories have used PET measurements of
regional brain activity to investigate the neural sub-
strates of normal human emotion. In the earliest study
of an experimentally induced normal human emotion
(4), anticipatory anxiety was associated with increased
activity in the vicinity of the temporal poles. However,
these findings could be partly attributable to the com-
bined effects of increased blood flow in temporalis mus-
cles, partial-volume averaging, and a thresholding pro-
cedure used to exclude data outside the brain (5,6). In
a study that controlled for these potential confounding
factors and included a larger number of subjects (6),
anticipatory anxiety was associated with increased ac-

Am | Psychiatry 154:7, July 1997

- thalamus, ce:
i that includes
¢ tal cortex. In
“peutral” tas.
calization (7)
_ with increase
i tal cortex. In
erating task
i ations while
expressions)
activity in an
. rior cingulate
. mis, and stri
- vestigate the
. related to em
they are relat
- including sir
stimuli, inte
stimuli.

This study
strates of no
the type of &
erate intense
sadness, and
trol for pote
tion-generati
memory), to
ments of em
increases in
emotional r¢
cognitive (re

5

METHOD

A screening
neurologically
teers who were
t  [aboratory. Tt
maximize the h
brain activity ¢
f  emotional expe
. male volunteer
to accurately ¢
; Prospective st
E medical histor:
I Non-Patient E
¥ and aneurolog
L if they reporte
gust during the
least 6 on a 0-
intense experit
each of an alte
sadness, and ¢
subjects provi
been fully exp
the study, anc
lines. One sub
because of ba
The 12 subjec
23.3 years (SL
Imagery Ques
age scores col

Am ] Psycl



:rnally

Ph.D.,
3.B.S.,

s of
velye
v the
iting
erize
f‘e fo
§tz'on
wital
inot
ot h
pral
ala,
:nse
i
bar
ivz-

i

berienttial as-
= to different
# memories).
fomography
ity (2) to in-
| internally
ependent of
port in this

orrelates of

rements of
eural sub-
Fliest study
n emotion
+ increased
However,
) thC com-
ralis mus-
Iding pro-
i(5,6). In
founding
rects (6),
kased ac-

%uly 1997

Livity in anterior insular, anterior temporal, temporo-
bparietal, and lateral prefrontal regions, the caudate,
ithalamus, cerebellar vermis, midbrain, and a region
 that includes the anterior cingulate and medial prefron-
ul cortex. In a study that did not use an emotionally
 <neutral” task to control for recall memory and subvo-
 alization (7), recall-generated sadness was associated
with increased activity in the vicinity of the orbitofron-
Ll cortex. In a study that used a complex emotion-gen-
erating task (i.e., recalling emotionally relevant situ-
ations while looking at emotionally congruent facial
B cxpressions) (8), sadness was associated with increased
activity in anterior insular, medial prefrontal, and ante-
[ rior cingulate regions and the thalamus, cerebellar ver-
E mis, and striatum. Additional studies are needed to in-
E vestigate the neural substrates of emotion, how they are
lated to emotional type (3) and valence (9), and how
¢y are related to different kinds of emotional stimuli,
including simple and complex exteroceptive sensory
stimuli, interoceptive sensory stimuli, and cognitive
: stimuli.

This study used PET to investigate the neural sub-
| strates of normal human emotion and their relation to
b the type of emotional stimulus. It was designed to gen-
E erate intense target emotions (in this case, happiness,
b sadness, and disgust) in the laboratory setting, to con-
 trol for potentially confounding features of the emo-
tion-generating tasks (e.g., visual stimulation and recall
i memory), to obtain subjective and objective measure-
ments of emotion, and to characterize and compare the
| increases in regional brain activity associated with the
b emotional response to complex visual (silent film) and
E cognitive (recall) stimuli.

- METHOD

A screening procedure was used to identify 12 right-handed,
neurologically and psychiatrically well, unmedicated female volun-
teers who were likely to have intense emotional responses in the PET
laboratory. The study group was restricted to female subjects to
maximize the homogeneity of emotion-dependent changes in regional
brain activity and to increase the likelihood of intense self-reported
emotional experiences (10). An advertisement was used to recruit fe-
male volunteers between the ages of 18 and 30 years who were “able
to accurately describe [their] emotional reactions to daily events.”
Prospective subjects were initially screened with psychiatric and
medical histories, the Structured Clinical Interview for DSM-III-R—
Non-Patient Edition (11), the Edinburgh Handedness Inventory (12),
and a neurological examination. They were included in the PET study
if they reported separate experiences of happiness, sadness, and dis-
gust during the previous 6 months; rated each of these experiences at
least 6 on a 0-8 visual analog scale (in which 8 represented the most
intense experience of the particular emotion in their lives); and rated
each of an alternate screening set of three films targeting happiness,
sadness, and disgust, respectively, at least 5 on an 8-point scale. The
subjects provided written informed consent after the procedures had
been fully explained, received compensation for their participation in
the study, and were studied in accordance with institutional guide-
lines. One subject withdrew from the PET study before its completion
because of back discomfort; her data are not included in this report.
The 12 subjects who completed the PET protocol had a mean age of
23.3 years (SD=3.2), above average scores on the Vividness of Visual
Imagery Questionnaire (13), a measure of imagery ability, and aver-
age scores compared with those of women of the same age on the
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Affect Intensity Measure (14), an estimate of the tendency to experi-
ence emotions intensely.

Experimental Design

During the PET session, three empirically validated film clips from
a silent color feature film (15) were used for the external generation
of three subjectively, facially, and electrophysiologically well-charac-
terized target emotions: happiness, sadness, and disgust. Three addi-
tional emotionally “neutral” film clips from a silent nature film were
used to control for potentially confounding features of the emotion-
generating film task, such as emotionally irrelevant visual stimulation
and eye movement. Each emotion-generating and control film clip
was approximately 2 minutes long, began before the radiotracer was
administered, and continued throughout each PET scan. The 1-min-
ute segment of each emotion-generating film clip that had been found
to elicit the most intense emotional responses in the investigators was
synchronized to the 1-minute scan.

During the PET session, autobiographical scripts of three recent
experiences were used for the internal generation of the same three
target emotions. These scripts were used to identify a time within
the past 6 months in which the target emotion was experienced
intensely and other emotions were experienced much less intensely.
Three additional emotionally “neutral” autobiographical scripts of
recent experiences were used to control for potentially confound-
ing features of the emotion-generating recall task, such as emotion-
ally irrelevant visual imagery, recall memory, and the recency of the
recalled situation.

Immediately before each PET scan, subjects listened to a brief syn-
opsis of a film clip or autobiographical script. For the emotion-gen-
erating tasks, subjects were asked to feel the relevant target emotion;
for the control film and recall tasks, subjects were asked to feel emo-
tionally “neutral.” During each PET scan, subjects watched a film
with their eyes fixed on the center of a ceiling-mounted 27-inch tele-
vision monitor or contemplated the situation recalled in the previous
reading of the autobiographical script with their eyes closed and di-
rected forward. Immediately following each scan, subjects rated their
experience of seven emotions {interest, amusement, happiness, sad-
ness, fear, disgust, anger) on separate 0-8 visual analog scales.

To address potential order effects, the six film tasks and six recall
tasks were performed in counterbalanced blocks; within each block,
emotion-generating and control tasks were performed in alternating
order and counterbalanced for which came first; within these con-
straints, the film clips and autobiographical scripts were presented in
random order.

Imaging Procedures

Before the PET session, magnetic resonance imaging (MRI) was
performed with a 1.5-T Signa system (General Electric, Milwaukee).
T,-weighted sagittal and coronal images of the brain were used to
minimize tilt and optimize axial sampling in the PET scanner. A T;-
weighted, three-dimensional, volume spoiled-gradient recalled acqui-
sition in the steady-state pulse sequence was used (TE=5 msec, TR=33
msec, angle=30°, number of excitations=1, field of view=24 cm, im-
aging matrix=256x192) to acquire 128 contiguous, 1.5-mm-thick
horizontal slices of the brain to rule out gross anatomical abnormali-
ties and facilitate comparisons between brain function and structure
as described below.

Preparation of the subjects for psychophysiological measurements
during the PET session included the placement of leads on the head,
forearms, left leg, and fingers to record quantitative EEG, electro-ocu-
lographic, ECG, pulse wave, and electrodermal activity; placement of
tonometers on the wrists for noninvasive blood pressure monitoring
and a blood pressure cuff on the right arm for tonometer calibration;
and placement of a hidden video camera in the ceiling-mounted tele-
vision monitor to record facial expressions. (The quality of facial re-
cords was found to be unsatisfactory for blind ratings of facial expres-
sion with use of the Facial Action Coding System [16]; the other
psychophysiological correlates of emotion will be described in a sepa-
rate report.)

Preparation of the subjects for PET included the insertion of a
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and Disgust During Film and Recall Tasks® full width at half maximum and a slice thickness of 5 mm full width ith siegnif
: ; 58 0 : : with signi
at half maximum. For data analysis, a Gaussian filter yielded an iz | 2 . .
- . _ plane resolution of about 20 mm full width at half maximum and s : brain activ
e ] 0 Film slice thickness of about 10 mm full width at half maximuni. . tex, thala:
3 1 B Recail 4 tex, late
g 64 4 CO.r >
“ Image Analysis ¢ midbrain,
8 §  anterior tc
5 Automated algorithms were used to align each subject’s sequental S8 (table 1; fig
5 PET images (17), to transform her PET images into the spatial coordi- I were unre
n nates of a standard brain atlas (18, 19), to investigate increases in re- JRE . .
) - P o - foundinge
£ glonal brain activity independent of variations in whole brain measure. JE .
e ments with the use of analysis of covariance (20), and to generare & porahs .
:‘f normalized ¢ value (i.e., z score) maps of 1) increases in regional brai | Like filr
© activity during externally generated emotion (i.e., an average of thethree & orared emo
‘: images acquired during the emotion-generating film tasks minus an ay. cantly inct
‘o erage of the three images acquired during the control film tasks), 2) in- | 1 d di
] creases in regional brain activity during internally generated emotio; i a0d MEdia
g (i.e., an average of the three images acquired during the emotion-gener- §l€ ure 2, par
£ - - ating recall tasks minus an average of the three images acquired during ¥ was also a
Happiness Sadness Disgust the control recall tasks), and 3) differences between the increases in re- creased br:
gional brain activity during externally generated and internally gener- ior in
Each increase reflects the mean difference between ratings of the tar- ated emotion (18). To reduce type | errors, we used a critical z score of anterio ‘
get emotion during the emotion-generating task and the average rat- 2.58 (p<0.003, uncorrected for multiple comparisons) to characterize tal and an
ing of the target emotion during the three control tasks on a 0-8 significant increases in regional brain acuvity. A critical z score of 1.6§ figure 2 pa
visual analog scale. There were significant increases in subjective rat- (p<0.05, uncorrected for multiple comparisons) was used post hoc if the tivity in th
ings of each target emotion during the film and recall tasks. region was implicated in the independent comparison or the opposite cortex cou’
hemisphere. Automated algorithms were used to .
transform each subject’s brain MRI into standard JE insular co
TABLE 1. Significant Increases in Regional Brain Activity During Film-Generated Emotion? atlas coordinates (21), to compute an averageof JlE  tamen. Th
the 12 subjects’ MRIs (21), and to superimpose: € anterior te
' Mean each z score map onto the averaged MRI to per- M generated -
, Atlas Coordinate (,har}glc n mit visual inspection of the composite images. b the combir
) Brodmann’s  —o—— z Activity A procedure developed and tested in our | thecom
Region Area X y z Score (%) laboratory was used post hoc to address the JE  In tCmPOH
s g Medial prefrontal cortex 9 0 +50 428 2.93 1.4 combined effects of fa.cial muscle activity agd . averaging.
Thalamus 6 -14 0 311 1.9 partial-volume averaging on measurements in In com|
5 +10  —18 0 254 1.9 anterior temporal and inferolateral prefromal_ brain act
Occipitotemporoparictal 19,21,22, -46 -52 412 5.2 2.8 regions (6). Data from an independent study of emotion,
cortex 37.39 48 42 8 567 43 jaw clenchmg in 14 subjects were used to iden- 2 >
Anterior temporal cortex” 21,28, 38 -34 +4  -16 540 3.0 tify these regions and exclude them from the st
i 442 410 20 7.06 6.1 tlst_xcql maps gene_rareci in this study;_danydre
b maining increases in activity were considered to .
g Amygdala —24 -2 da8 1.8 arise inbthe brain. Another procedure developed *After color
; +16 -4 =12 4.06 1.8 ‘ e ) - was used post hoc they were s
A Hypothalamus 0 -6 -12 403 2.4 and tested in our ldbpratory was used post hoc subjects” br.
Midbrain 2 20 4 315 1.9 to gddrcss the gomhme_d effects of r_eSJdual ac- correspond
: Lateral cerebellum 38 —66 16 351 31 tivity in asgendmg arteries (e.g., the mtcrr}al ca- the number
i rotid arteries) and partial-volume averaging on I
. +34  -52  -20 4.14 3.4 . ; tance in mil
measurements in the anteromedial temporal 3 - ontal
. *The locations of maximal z scores were defined according to the brain atlas of Talairach lobes (22). For each subject, algorithms were B h.orl%()ll 3
| and Tournoux (19), such that x is the distance in millimeters to the right (+) or left (=) of used to coregister high-tesolution PET and MR [E rnor %r)mrrxtll;
i the midline, y is the distance in millimeters anterior (+) or posterior (=) to the anterior images, to negate differences in activity in as- & Eo,n IS ocn <_(
commissure, and z is the distance in millimeters superior (+) or inferior (=) to a horizontal cending arteries and other structures ourside the 1 3’ an "tiv
plane through the anterior and posterior commissures. brain, and to apply a Gaussian filter to blur the [ o rgsl)ut,c
: Increases in activity in the anterior temporal cortex and amygdala could not be distin- PET images to an in-plane resolution of 20 mm [ ate smloirllc
: guished because of limitations in spatial resolution and the anatomical localization method full width at half maximum. 1 mc)zirll;la rof
‘ used in this study. 3 ?il;itl()tcrl;p(
3 bellum (Ce,
catheter in the left antecubital vein to permit tracer administration; RESULTS 3 and a regic
use of a head rest, foam, and tape to immobilize the head (since a 3 cortex (AT
= fast-hardening foam mold would not permir quantitative EEG); and | in part B, re
- the performance of a transmission scan in which a germanium-68/gal- In comparison with the average of the three control with signifi
lium»68 ring source was used to correct subsequen{ emission images tasks, there were significant increases in ratings of the [ iI]l t{]cn\]/lx;m(}
§ lfgr[ }r]ici':“p n attenuation. During each scan, the subject rested quiey target emotion during each emotion-generating film task thala is
4 pine position without movement. . K tempora
g Twelve 31-slice PET images of regional brain activity (counts per (repeated measures analysis of variance, F=226, df=1, 11, . film-genera
§ pixel per minute) were obtained from each subject as she alternated p<0.001) and each recall task (F=1041, df=1, 11, p<0.001) § call-genera
[ 19"?‘1";’;;“ emo“"(’é‘_genefaf‘gg an‘_illco%m)l t)az%& “g?,“SEd an EC?T (figure 1) and minimal increases in nontarget emotions [ fgm"ﬁ;‘i
S scanner (siemens, Knoxville, Tenn.), 40-mCi intravenous bo- : . - 4 € 0CC
lus injections of ['SO]H, 0, 60-second scans, and an interval of 10-15 (3). In compansop Wlth the film tasks’ the re.call t%Sks ; cerebellum
minutes between scans. The radiotracer was administered at prede- were associated with slightly greater increases mratings  § that includ
termined times shortly after the film and recall tasks began. PET im- of the target emotion (F=9.68, df=1, 11, p<0.01) (figure 1). amygdala {
920 Am | Psychiatry 154:7, July 1997 Am | Psy




about 10 mm
mm full width
vielded an ip-
sximum and 3
mum.

ot’s sequential
wpatial coord;-
acreases in re-
;’ain measure-
i to generate
fegional brain

ge of the three ]

iminus an av-
i tasks), 2) in-
ated emotion
hotion-gener-
quired during
Creases in re-
ynally gener-
tal z score of
characterize
icore of 1.65
st hoc if the

were used to
ato standard
n average of
luperimpose
MRI to per-
£ images.
ited in our
hddress the
ctivity and
rements in
prefrontal
mt study of
£d to iden-
bm the sta-
Vi any re-
hsidered to
developed
i post hoc
ksidual ac-
prernal ca-
braging on
‘temporal
hms were
‘and MRI
’if)’ In as-
utside the
o blur the
bf 20 mm

control
: of the
Im task
=1, 11,
£0.001)
fotions
| tasks
ratings
ure 1).

' 1997

the opposite 1

Film-generated emotion was associated
with significant, symmetrical increases in
beain activity in the medial prefrontal cor-
wex, thalamus, occipitotemporoparietal

| cortex, lateral cerebellum, hypothalamus,
| midbrain, and a region that includes the

anterior temporal cortex and amygdala
table 1; figure 2, part A). These increases
were unrelated to the potentially con-
founding effects of ascending artery or tem-
poralis muscle activity.

Like film-generated emotion, recall-gen-
erated emotion was associated with signifi-
antly increased activity in the thalamus
and medial prefrontal cortex (table 2; fig-
ure 2, part B). Recall-generated emotion
was also associated with significantly in-
creased brain activity in the vicinity of the
anterior insular cortex and the orbitofron-
wl and anterior temporal cortex (table 2;
figure 2 part B). The increases in brain ac-
fivity in the vicinity of the anterior insular
cortex could reflectincreases in the anterior

- insular cortex, claustrum, or lateral pu-

mmen. The increases in orbitofrontal and

 anterior temporal regions during recall-
L generated emotion appear to be related to
' the combined effect of increased blood flow

in temporalis muscles and partial-volume

| averaging.

In comparison with the increases in
brain activity during recall-generated
emotion, film-generated emotion was as-

sAfrer color-coded z score maps were computed,
thev were superimposed onto an average of the
subjects’ brain MRIs. Brain sections in each image
correspond to the coordinates of a brain atlas (19);
the number next to each section reflects the dis-
tanice in millimeters superior (+) or inferior (-) to a
horizontal plane between the anterior and poste-
tior commissures; the right hemisphere in each sec-
tion is on the reader’s right. The images in parts A,
B.and C, correspond to the data in tables 1, 2, and
3. respectively. As indicated in part A, film-gener-
ated emotion was associated with significant, sym-
metrical increases in activity in the vicinity of the
medial prefrontal cortex (PF), thalamus (Th), oc-
cipitotemporoparietal cortex (OTP), lateral cere-
bellum {Ce), hypothalamus (Hy), midbrain (Mb),
and a region that includes the anterior temporal
cortex {AT) and the amygdala (Am). As indicated
in part B, recall-generated emotion was associated
with significant, symmetrical increases in activity
in the vicinity of the medial prefrontal cortex (PF),
thalamus (Th), anterior insular cortex (AI), and
temporalis muscles (Tm). As indicated in part C,
film-generated emotion was distinguished from re-
call-generated emotion by significantly greater,
symmetrical increases in activity in the vicinity of
the occipitotemporoparietal cortex (OTP), lateral
cerebellum (Ce), hypothalamus (Hy), and a region
thar includes the anterior temporal cortex (AT),
amygdala (Am), and hippocampal formation (Hi).
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FIGURE 2. Images of Significant Increases in Regional Brain Activity During Film-Gen-
erated Emotion (A), of Significant Increases in Regional Brain Activity During Recall-
Generated Emotion (B), and of Significantly Greater Increases in Regional Brain Ac-
tivity During Film-Generated Emotion Compared With Those During Recall-Generated

Emotion (C)?
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NEUROANATOMICAL CORRELATES OF HUMAN EMOTION

TABLE 2. Significant Increases in Regional Brain Activity During Recall-Generated

region was restricted to recall-generated

Emotion? sadness and that this increase was signif;- |
Mean cantly greater than that associated with]
Atlas Coordinate Changein either film-generated sadness or recall-gen- |
Brodmann’s ———— z Activity erated happiness (z>2.58, p<0.005, un-]
1 - 0, . .
Region Area x Y z__ Score (%) corrected for multiple comparisons).
Medial prefrontal cortex 9 +2  +42  +28 254 1.3
Thalamus -16 -22 0o 272 1.4
+16 -18 0 2.88 1.9 DISCUSSION
Anterior insular cortex” -34 +18 0 258 1.4
+44  +14 0 2.41 2.0 . . . .
Anterior temporal and 38,47 44 +16 -16 2.87 3.0 This study provides new information |
orbitofrontal cortex +44 422 12 295 3.7 about the neuroanatomical correlates of |

The locations of maximal z scores were defined according to the brain atlas of Talai-
rach and Tournoux (19), such that x is the distance in millimeters to the right (+) or
left (<) of the midline, y is the distance in millimeters anterior (+) or posterior (—) to
the anterior commissure, and z is the distance in millimeters superior (+) or inferior
(=) to a horizontal plane through the anterior and posterior commissures.

bIncreased activity in this region, which encompasses the anterior insular cortex, clau-
strum, and lateral putamen, appears to be attributable to recall-generated sadness.

“Inspection of figure 2, part B, and post hoc analysis indicate that increased activity
in this region is at least partly attributable to the combined effects of increased tem-

poralis muscle blood flow and partial-volume averaging.

TABLE 3. Significantly Greater Increases in Regional Brain Activity
During Film-Generated Emotion Compared With Those During Re-
call-Generated Emotion?

7 .
Atlas Coordinate

Brodmann’s —4—m8M88 — z

Region Area x y z Score
Occipitotemporo- 19,21,22, -38 -72 -4 361
parietal cortex 37 +50 -58 -4 496
Anterior temporal 21,28, 38 -30  +4 =20 3.10
cortex? +36 +8 20 440
Amygdalab -28 -2 -16 3.84
422 -4 -16  3.50

Hippocampal forma- =32 -12 20 323
tion +34 -12 -16  3.65
Hypothalamus 0 -4 -12 356
Lateral cerebellum -34 42 -24 320
+36 -42 24 294

The locations of maximal z scores were defined according to the
brain atlas of Talairach and Tournoux (19), such that x is the dis-
tance in millimeters to the right (+) or left () of the midline, y is the
distance in millimeters anterior (+) or posterior (=) to the anterior
commissure, and z is the distance in millimeters superior (+) or infe-
rior (=) to a horizontal plane through the anterior and posterior com-
missures.

bIncreases in activity in the anterior temporal cortex, amygdala, and
hippocampal formation could not be distinguished because of limi-
tations in spatial resolution and the anatomical localization method
used in this study.

sociated with significantly greater, symmetrical in-
creases in brain activity in the occipitotemporoparietal
cortex, lateral cerebellum, hypothalamus, and a region
that includes the anterior temporal cortex, amygdala,
and hippocampal formation (table 3; figure 2, part C).
In comparison with the increases in brain activity dur-
ing film-generated emotion, recall-generated emotion
was not associated with significantly greater increases
in brain activity in any region. Subsequent analyses
found that the increase in activity in the anterior insular
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normal human emotion and their relation
to the type of emotional stimulus. Since
film- and recall-generated emotion were
each associated with significant, symmetri-

gions appear to participate in aspects of
emotional stimulus. Since film-generated

emotion was distinguished from recall-
generated emotion by significantly greater,

cal increases in brain activity in the media 3
prefrontal cortex and thalamus, these re-

emotion that do not depend on the type of §&

symmetrical increases in brain activity bilaterally in the

occipitotemporoparietal cortex, lateral cerebellum, hy-
pothalamus, and a region that includes the anterior

temporal cortex, amygdala, and hippocampal forma- ] ‘

tion, these regions appear to participate in aspects of

emotion that depend in part on the presence of an ex-

teroceptive sensory stimulus. To the extent that subjec-
tive ratings reflect the intensity of an emotional re-
sponse, this distinction does not appear to reflect
differences in the intensity of film- and recall-generated
emotion.

The medial prefrontal region could be involved in the
conscious experience of emotion; initiation, monitor-

ing, or modulation of emotion; inhibition in the expres- §

sions of emotion; emotionally relevant decision mak-
ing; or some combination of these cognitive operations
(23). Kihlstrom (24) postulated that “the difference
that makes for consciousness” is the connection be-
tween cognitive or perceptual processes and an inte-
grated representation of the self that resides within
working memory. If, like the dorsolateral prefrontal
cortex (25), the medial prefrontal region is involved in
working memory, it could participate in the conscious
experience of emotion. If, like the dorsolateral prefron-
tal cortex (25), the medial prefrontal region participates

in executive operations, it could participate in the initia-

tion, monitoring, or modulation of emotion. Since the §

medial prefrontal region has been implicated in the ex-

tinction of conditioned fear (26) and restraint from so- ¥

cially inappropriate emotions (27), it could be involved ]

in the inhibition of excessive expressions of emotion.
Finally, studies of Phineas Gage and others with medial

frontal lobe damage support the possibility that this re-
gion monitors the individual’s emotional state in order §&

to make personally relevant decisions (27).
Limitations in spatial resolution and anatomical lo-
calization prevent us from identifying the thalamic nu-
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E cleus responsible for the observed increases in thalamic
 activity, The thalamus could participate in expressive
or experiential aspects of emotion. Cannon and Bard’s
studies of “sham rage” suggest that the anterior thala-
L mus participates in the integrated behavioral and auto-
 nomic expression of emotion (1). Researchers postulate
| that certain thalamic nuclei (e.g., intralaminar and re-
L ticular nuclei) participate in a network of structures
| that mediate consciousness (28). Auditory and visual
| rclay stations in the thalamus (the medial and lateral
| geniculate, respectively) have been implicated in the
| evaluation process that invests modality-specific simple
| ensory stimuli with emotional significance (1). Since
| anincrease in thalamic activity was observed in the ab-
sence of an exteroceptive sensory stimulus (i.e., during
| the recall-generated emotion), it does not appear to re-
 flect this evaluative aspect of emotion.

This study supports involvement of the amygdala,
| hippocampal formation, and hypothalamus in the emo-
F ronal response to a complex exteroceptive sensory (in
b this case, visual) stimulus; however, it raises the possi-
E bility that these structures are less relevant to emotions
L that are elicited in response to cognitive or interoceptive
- ensory stimuli. The amygdala, hippocampal forma-
 tion, and hypothalamus have long been thought to be
E involved in the generation of emotion (1). The amyg-
b dala and hippocampal formation are supramodal sen-
 sory association areas that could participate in the
E evaluation process that invests exteroceptive sensory
stimuli with emotional significance (1, 29). The hypo-
| thalamus could participate in autonomic or behavioral
 expressions of emotion (1).

| This study, a recent study of picture-generated nega-
| tive emotion (9), a recent study of picture-generated
positive and negative emotion that controlled for emo-
tional arousal (unpublished data of R.D. Lane et al.),
and a study of film-generated fear (30) implicate poste-
L rior visual association areas in the emotional response
1o visual stimuli. While the occipitotemporoparietal re-
gions implicated in the present study are visual associa-
tion areas that could participate in the evaluation of
complex visual stimuli (31, 32) and the recognition of
faces (33, 34), we postulate that modality-specific sen-
sory association areas preferentially attend, evaluate,
| and prepare to respond to unpleasant or emotionally
arousing sensory stimuli (9).

In this study, a region in the vicinity of the anterior
insular cortex, claustrum, or lateral putamen was pref-
erentially activated during recall-generated emotion.
This increase in regional brain activity was significantly
greater during recall-generated sadness than during
either film-generated sadness or recall-generated happi-
ness (3). Increased activity in the vicinity of the anterior
insular cortex was also found during another study of
recall-generated sadness (8) and studies of lactate-in-
duced panic attacks (35), normal anticipatory anxiety
{6), the perception of temperature and pain (36), taste
{37), and the luteal phase of the menstrual cycle (38).
These findings and others (39) lead us to postulate that
this region is preferentially involved in the evaluative,
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experiential, or expressive aspects of internally gener-
ated negative emotions. We propose that it participates
in the evaluation procedure that invests potentially dis-
tressing cognitions, interoceptive sensory stimuli, or
bodily sensations with emotional significance, perhaps
serving to warn the individual about internal dangers.

In order to interpret PET findings, it is important to
recognize limitations of this imaging technique. Limita-
tions in the spatial resolution of our PET images, the
contrast resolution of individual PET subtraction im-
ages, and the accuracy of the image deformation algo-
rithm used to compute statistical maps make it difficult
to specify the regions (e.g., specific thalamic nuclei;
which structure in the vicinity of the insular cortex,
claustrum, and lateral putamen; and which structures
in the anterior temporal lobe) that are responsible for
the observed increases in regional brain activity. Since
increases in regional brain activity appear to reflect the
activity of terminal neuronal fields (including those
from local interneurons and afferent projections arising
in other sites) (40), it is difficult to specify the neuronal
projections that account for the observed increases in
regional activity. Although this study provides informa-
tion about the neuroanatomical correlates of emotion,
lesion studies are required in order to determine
whether the implicated regions are necessary or suffi-
cient for the generation of emotion or its potentially
dissectable components.

The use of a critical z score of 2.58 raises the possi-
bility that some of the observed increases in regional
brain activity could be attributable to the large number
of regions compared in our statistical maps. On the ba-
sis of theoretical considerations alone, this criterion
might seem too liberal, yielding an unacceptably high
likelihood of statistical type [ errors. However, it was
chosen on the basis of a study in which we empirically
evaluated the number of true signals and false signals
associated with different critical values. Using the same
radiotracer methods, imaging system, and brain-map-
ping algorithms used in this study, we analyzed PET
images acquired in a separate group of normal volun-
teers during a well-characterized motor task and two
baseline tasks to simulate true signals and false signals.
We found that a critical z score of 2.58 was associated
with 0-1 false signal in the entire statistical map (far
fewer than one would expect considering the large
number of resolution elements in the data set), that it
improved the sensitivity for detecting true signals, and
that it provided the best trade-off between type I and
type Il errors (unpublished data). Since most of the in-
creases in regional brain activity were bilateral and the
increases in midline structures have now been repli-
cated in independent comparisons of film-generated
emotion, recall-generated emotion, and picture-gener-
ated emotion (6, 9), we believe that they are unlikely to
reflect statistical type [ errors. Still, our results were not
statistically corrected for the potential number of inde-
pendent comparisons and, thus, should be considered
preliminary. Additional studies are needed to replicate
the observed increases in regional brain activity and
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help characterize the potentially dissectable compo-
nents of emotion to which they are related.

Although our direct comparison of the increases in
regional brain activity during film- and recall-generated
emotion indicates that certain regions are preferentially
involved in the emotional response to certain extero-
ceptive sensory stimuli, this study cannot rule out their
involvement in the emotional response to cognitive
stimuli. Failure to detect significant increases in re-
gional activity could reflect limitations in spatial reso-
lution, statistical power, heterogeneity in the cognitive
strategies used to perform the task, or a change in the
pattern rather than the level of neuronal activity.

Finally, the combined effects of partial-volume aver-
aging and either facial muscle activity or residual activ-
ity in ascending arteries can have potentially confound-
ing effects on activity measurements in neighboring
brain regions (5, 6). This study capitalized on tech-
niques recently developed and tested in our laboratory
to characterize these potential confounding factors and
distinguish them from increases in activity in neighbor-
ing brain regions (6, 22).

Although the control tasks used in this study at least
partially addressed the potentially confounding effects
of visual stimulation and visual imagery (41), the emo-
tionally “neutral” film clips did not control for several
aspects of the visual stimulus, such as the recognition of
faces (33, 34), facial emotions {34), and social interac-
tions, and the emotionally “neutral” recall tasks did not
control for the characters or setting of the recalled ex-
periences. While this study and others (6) suggest that
the observed increases in regional brain activity cannot
be completely attributed to aspects of the tasks that are
unrelated to emotion, additional studies are needed to
consider this issue further. Additional studies are also
needed to determine the extent to which modality-spe-
cific sensory association areas and anterior temporal
lobe structures participate in the emotional response to
other kinds of exteroceptive sensory stimuli, the extent
to which anterior temporal lobe structures participate
in internally generated fear (an emotion that is distin-

guished from the target emotions elicited in this study
by consistent increases in autonomic activity [42, 43]),
and the extent to which our findings can be generalized
to males, different age groups, people who are not
right-handed, individuals who vary in their ability to
have intense emotions, and those who are not in-
structed to feel the target emotion.

Recently, we used PET and the International Affec-
tive Picture System (44) to investigate regions of the
brain that are involved in picture-generated pleasant
and unpleasant emotion (9). The study group was re-
stricted to adult females but included a larger age range,
was identified independent of the subjects’ ability to
have intense emotions, and received no instructions to
experience emotion during the PET session. Picture-
generated positive emotion and negative emotion were
each distinguished from picture-generated “neutral”
emotion by significantly increased activity in the same
medial prefrontal and thalamic regions implicated in
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the present study. In addition, picture-generated neg:
tive emotion was distinguished from both picture-gen-
erated positive emotion and neutral emotion by signifi
cantly increased activity in the occipitotemporal cortex,
lateral cerebellum, and a region that includes the lef
amygdala, hippocampal formation, and parahippo-
campal gyrus.

This study demonstrates the ability to generate and
measure normal human emotions in the PET labor-
tory. It identifies neuroanatomical correlates of inter.
nally and externally generated emotion, supports sey-
eral long-held beliefs about the neural substrates of
emotion, and challenges others. It underscores the in-
portance of studying interactions between emotion and
different types of emotional elicitors, including simple
and complex exteroceptive sensory stimuli, interocep-
tive sensory stimuli, and sensory-independent cognitive
stimuli. When used in conjunction with other neuro.
scientific methods (45), functional brain imaging tech-
niques promise to help characterize how multiple men-
tal operations and the spatially distributed processes
that subserve them work in concert to produce normal
human emotions—and how they conspire to produce
emotional disorders.
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