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Emotional Activation of Limbic Circuitry
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Objective: This study was undertaken to identify brain structures associated with emotion
in normal elderly subjects. Method: Eight normal subjects aged 55–78 years were shown film
clips intended to provoke the emotions of happiness, fear, or disgust as well as a neutral state.
During emotional activation, regional cerebral blood flow was measured with the use of
[15O]H2O positron emission tomography imaging, and subjective emotional responses were
recorded. Data were analyzed by subtracting the values during the neutral condition from the
values in the various emotional activations. Results: The stimuli produced a general activation
in visual pathways that included the primary and secondary visual cortex, involving regions
associated with object and spatial recognition. In addition, the specific emotions produced
different regional limbic activations, which suggests that different pathways may be used for
different types of emotional stimuli. Conclusions: Emotional activation in normal elderly sub-
jects was associated with increases in blood flow in limbic and paralimbic brain structures.
Brain activation may be specific to the emotion being elicited but probably involves complex
sensory, association, and memory circuitry. Further studies are needed to identify activations
that are specific for emotion.
 (Am J Psychiatry 1997; 154:384–389)

P ositron emission tomography (PET) has been used
to examine the changes in cerebral blood flow

(CBF) associated with emotion (1–4). While experimen-
tal designs have varied from study to study, results sug-
gest that a variety of limbic, paralimbic, and cortical
regions mediate human emotion (1–4).

All of these previous studies have examined young

normal volunteers, typically in their early 20s. CBF
changes associated with emotion have not been studied
in the elderly. Age-related neurobiological changes (5),
metabolic changes (6), and blood flow changes during
cognitive tasks (7) provide a rationale for studying
brain circuitry activated by emotions in elderly persons.
We examined changes in regional CBF as determined by
[15O]H2O PET imaging in normal elderly subjects. In
order to standardize the stimuli, we selected film clips
that would elicit positive emotion (happiness) or nega-
tive emotion (fear/disgust). These were then compared
with reactions to clips containing a neutral stimulus.
We hypothesized that the emotional stimuli would pro-
duce activations in limbic and paralimbic regions and
that the degree and region of activation would vary ac-
cording to the type of stimulus presented.

METHOD

Eight nonsmoking, elderly subjects (two male and six female; mean
age=62.6 years, SD=6.8, range=55–78), seven of whom were right-
handed, were recruited from the community. They had no history of
psychiatric/neurological disorder, alcohol/substance abuse, or cur-
rent use of psychotropic medications. Their mean full-scale IQ was
111 (SD=11, range=99–130), their mean verbal IQ was 108 (SD=11,
range=99–124), and their mean performance IQ was 110 (SD=11,
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range=100–130). No gross brain abnor-
malities were found in the subjects’ T2-
and T1-weighted magnetic resonance im-
aging (MRI) scans by a neuroradiologist
who was blind to the aim of the study.
Several subjects, however, showed leuko-
araiosis and état criblé of the basal gan-
glia. The University of Iowa institutional
review board approved the project. After
complete description of the study, written
informed consent was obtained from the
subjects.

Activation Stimuli

Five soundless video excerpts from com-
mercial movies (about 60 seconds long)
were used to visually elicit happiness or
fear/disgust (8). After each video, subjects
verbally rated their emotional feelings (hap-
piness, amusement, sadness, fear, disgust,
and anger) on a 0- to 8-point analog scale.
The video sequence was randomly pre-
sented, but in reversed order of positive and
negative emotional presentations. The neu-
tral film was shown after any two emotional
film clips. The video clips were viewed on a
12-inch color video monitor in full view 18
inches from the subjects’ eyes while they
were lying in the PET camera. The room was
darkened; eye movements were not re-
stricted. Autonomic nervous system indexes
were not recorded.

On the basis of the ratings by the subjects,
the film clips were classified into four cate-
gories: happiness, fear, fear/disgust, and neu-
tral. Two of the film clips were given mean
ratings of 6 or higher on the analog happiness scale and ratings of 0 for
sadness, fear, disgust, or anger. These were designated “happiness 1”
and “happiness 2.” Happiness 1 is a clip from On Golden Pond and
portrays a proud New England woman (Katherine Hepburn) dancing
happily while rejoicing in the beauty of the woods. Happiness 2 is from
An Officer and a Gentlemen and shows Richard Gere going back to the
factory for an emotional reunion with his girlfriend. One of the fear clips
received a mean rating higher than 6 on both the fear and disgust analog
scales and ratings of 0 on the other scales. It was designated “fear/dis-
gust.” It portrays a man in a seedy hotel with a rat crawling into his
mouth (from the movie Cujo). The final emotion-induction clip pro-
duced a mean rating higher than 6 only on the disgust scale and was
therefore designated as “disgust.” It is from The Godfather and shows the
scene when a man awakens to find the head of his decapitated horse in
his bed. The neutral scene (a fire in a fireplace) received 0 ratings on all
scales apart from happiness, for which it was given a mean rating of 3.

Since novelty and familiarity appear to affect CBF (9, 10), the subjects
were questioned concerning their familiarity with the film clips. Eighty-
five percent of the subjects had previously seen On Golden Pond, 50%
An Officer and a Gentleman, and 83% The Godfather; none of them
had seen Cujo.

PET and MRI Data Acquisition

MRI scans, to be used for anatomic localization of functional ac-
tivity, were obtained with a 1.5-T GE scanner. Scanning parameters
of the T1-weighted three-dimensional SPGR sequence have been de-
scribed in previous papers (11, 12).

PET images were obtained with a GE 4096 Plus whole-body to-
mograph capable of producing 15 slices with an interslice separation
of 6.5 mm (11, 12). The PET acquisition details have also been de-
scribed elsewhere (11, 12).

Injections of the radioactive water were timed so that the radioactive
bolus reached the brain 10 seconds before the emotion-activating film
clip was completed (13). PET imaging data were analyzed by creating a

parametric flow image from 40 seconds of summed data starting imme-
diately after the bolus of [15O]H2O had transited the brain (i.e., approxi-
mately 30 seconds after injection).

Image Analysis

The BRAINS software (14–18) and an adaptation of the Montreal
method (18, 19) were used for image processing and analysis. Spatial
and signal normalization was performed according to the method de-
scribed by Worsley et al. (19).

Results were calculated by subtracting the data obtained in the neu-
tral condition from the data in the emotion-eliciting condition. Data
reported in tables 1–3 show the location of peaks (with anatomic local-
ization based on visual inspection of coregistered MRI and PET images
rather than on Talairach and Tournoux [20]) coordinates); the x, y, and
z Talairach and Tournoux coordinates; the tmax value (highest t test
value identified in the peak); and the volume of the peak in cubic centi-
meters that exceeds the t=3.61 (df≈1694) threshold. This threshold,
which has been consistently used by our center, corresponds to an un-
corrected significance level of <0.0005 per voxel. There were about
300,000 gray matter voxels in our images, representing approximately
242 resolution elements (19). After filtering, the three-dimensional im-
age resolution is 2.5 cc. The degrees of freedom were extremely large for
the t tests: df≈1694=number of resolution elements × (number of sub-
jects – 1). Only areas that exceeded 30 contiguous voxels were de-
scribed, so as to omit isolated outlying values.

RESULTS

In the happiness 1 condition, the subjects showed rela-
tively higher blood flow in the calcarine fissure, the
cuneus, bilaterally in the fusiform gyrus and posterodor-
sal temporal lobe (right greater than left), and in the right

TABLE 1. Neural Substrates of Emotion: Happiness Stimulus Conditions

tmax
a

Volume
(cc)

Coordinateb

Region Voxels x y z

Relative increased blood flow
Right entorhinal cortex 3.96  0.2  120 32 8 –23
Right middle posterior temporal/fusi-

form gyrus 6.71 12.5 6209 51 –55 5
Left fusiform gyrus 6.36 10.2 5041 –39 –57 –17
Left middle posterior temporal gyrus 4.70  0.8  398 –43 –69 14
Left superior temporal gyrus 3.81  0.1   59 –53 3 –14
Left parietal operculum 4.29  0.3  136 –37 –31 18
Primary and secondary visual cortex 6.18  2.6 1266 –2 –87 2
Cerebellum 4.95  0.5  254 –3 –55 –38

Relative decreased blood flow
Left anterior cingulate –4.11  0.3  145 –10 18 23
Left orbital frontal cortex –6.60  4.5 2226 –39 32 –19
Inferior medial frontal cortex –4.25  0.3  130 2 39 –26
Right parietal operculum –4.85  1.0  491 38 –23 17
Left middle cingulate –5.95  3.4 1684 –7 –26 29
Left precentral cortex –4.55  0.8  345 –39 –31 39
Left inferior temporal cortex –5.52  1.9  942 –51 –31 –29
Left precuneus –4.00  0.1   60 –6 –69 37
Cerebellum –4.40  0.8  415 43 –74 29

adf≈1694.
bCoordinates correspond to those from the Talairach and Tournoux atlas (20); x, y, and z
represent spatial coordinates with respect to a point located in a horizontal plane through the
anterior and posterior commissures (z=0), at the midline of this brain slice (x=0), and at the
midpoint between the anterior and posterior commissures (y=0). The x coordinate is the dis-
tance in millimeters to the left (positive) and to the right (negative) of the midline. The y coor-
dinate is the distance in millimeters anterior (positive) or posterior (negative) to the midpoint
between the anterior and posterior commissures. The z coordinate is the distance in millimeters
above (positive) or below (negative) a horizontal plane through the anterior and posterior com-
missures.
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entorhinal cortex (table 1 and figure 1, part A). Addi-
tional smaller areas of activity were seen on the left in the
inferior parietal lobule and the superior temporal gyrus.
Activation was also seen in the medial cerebellum.

The neutral condition produced relatively higher blood
flow compared to the happiness 1 condition in the inferior
medial and left orbital frontal cortex, left inferior tempo-
ral cortex, anterior and posterior cingulate, precuneus,
and right lateral cerebellum (table 1 and figure 1, part A).
These regions have been noted to be active during “rest”
or “neutral” conditions in a variety of PET studies (2, 11).

Comparison of the data from the second happiness
induction with the data from the neutral condition
showed virtually identical results. However, the first
happiness condition activated the right enthorinal cortex
(table 1), while the second happiness stimulation acti-
vated the left enthorinal cortex (tmax=3.83, df≈1694; x=
–33, y=11, z=–28). Activation in the right enthorinal
cortex did not reach significance during the second hap-
piness stimulation (tmax=2.52, df≈1694; x=32, y=8, z=–23),
and in the left enthorinal cortex it did not reach signifi-
cance during the first happiness stimulation (tmax=2.74,
df≈1694; x=–33, y=11, z=–28).

The disgust condition produced bilateral activations
in the fusiform gyri leading down into the inferior tem-
poral cortex and up into the supramarginal/angular cor-

tex in a pattern very similar to that
seen during the happiness condi-
tion (table 2 and figure 1, part B).
The cerebellum and visual cortex
were also activated. In addition,
there was increased flow in the
medial thalamus. The neutral con-
dition produced activations in the
inferior medial frontal, right fron-
tal, and retrosplenial cingulate cor-
tex and the precuneus.

The final stimulus, fear/disgust,
activated the visual cortex and ef-
ferent pathways to the inferior
temporal lobes through the fusi-
form gyri bilaterally (table 3). In
addition, this task activated the
left inferior orbital frontal cortex.
The regions of relative higher blood
flow during the neutral condition
were similar to those observed in
previous subtractions (table 3).

DISCUSSION

This study demonstrated that
mood induction in elderly normal
subjects produced a variety of
changes in regional blood flow.
Some of these were in limbic or
paralimbic regions. The happiness
film clips produced prominent ac-
tivations in both hemispheres in

areas thought to be active in the recognition and mem-
ory components of the stimuli. The clips eliciting hap-
piness produced activation in the entorhinal cortex, dis-
gust produced activation in the medial thalamus, and
the fear/disgust tape produced activation in the left or-
bital frontal cortex. These findings are consistent with
the hypothesis of a role for limbic structures in the me-
diation of human emotion and of regional specializa-
tion for emotion.

All three conditions produced similar activations in
the primary, secondary, and tertiary visual cortex, as
well as middle, inferior, and basal aspects of the tempo-
ral lobe bilaterally. This probably reflects the visual de-
livery of the emotional stimuli (21, 22), which activates
pathways used for visual functions such as facial, ob-
ject, and spatial recognition, detection of movement,
and association of specific memories with facial recog-
nition (21–26).

Some of the commonalities across the three condi-
tions may also reflect the memory and emotional com-
ponents of the stimuli. With the use of PET, the tempo-
ral inferior regions have been found active in memory
(9, 10, 26). They may integrate perceptual and memory
capacities (22). The type of memory involved may be
more than simple recognition of a previously seen
movie clip, since temporal lobes were activated by the

TABLE 2. Neural Substrates of Emotion: Disgust Stimulus Condition

tmax
a

Volume
(cc)

Coordinateb

Region Voxels x y z

Relative increased blood flow
Bilateral thalamus 6.76  0.8  409 –2 –18 8
Right inferior middle temporal/fusiform gyri 7.48 18.8 9350 38 –54 –16
Left inferior middle temporal/fusiform gyri 6.87 15.8 7851 –41 –76 6
Visual cortex 4.50  0.5  252 –4 –84 9
Cerebellum 4.32  0.3  150 –10 –70 –42

Relative decreased blood flow
Inferior medial frontal cortex –3.73  0.1   30 0 20 –28
Right dorsolateral frontal cortex –4.23  0.4  211 26 24 35
Right retrosplenial cingulate –4.12  1.3  660 4 –51 32

adf≈1694.
bSee footnote b, table 1.

TABLE 3. Neural Substrates of Emotion: Fear/Disgust Stimulus Condition

tmax
a

Volume
(cc)

Coordinateb

Region Voxels x y z

Relative increased blood flow
Left orbital frontal cortex 3.99  0.1   55 –23 8 –17
Right posterior middle temporal/fusiform gyrus 6.90 14.8 7352 50 –65 6
Left posterior inferior temporal/fusiform gyrus 5.73 12.3 6103 –36 –74 –10
Right secondary visual cortex 4.10  0.2   80 24 –82 29
Primary visual cortex 3.90  0.1   30 –3 –87 14

Relative decreased blood flow
Inferior medial frontal cortex –4.47  0.4  215 2 39 –22
Right dorsolateral frontal cortex –3.81  0.1   40 36 45 2
Right parietal operculum –4.25  0.3  162 39 –24 20
Bilateral retrosplenial cingulate –4.49  5.1 2508 –2 –31 27
Visual cortex –4.21  0.3  156 7 –97 –2

adf≈1694.
bSee footnote b, table 1.
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film clip to which they had not previously
been exposed (i.e., fear/ disgust). Activation
of the inferior temporal cortex during this
clip probably involved accessing memory
traces of a past moment of fear. There is ex-
perimental evidence that emotions are associ-
ated with memory (27).

The three different emotional activations
also showed specific differences in pattern of
activation, which may reflect different neural
pathways that are associated with these spe-
cific emotions. The subjects showed a relative
increase in blood flow in the three-layered en-
torhinal cortex of the limbic system during
the positive emotional activation. The en-
torhinal cortex includes the allocortical cor-
tex and gives rise to the most prominent input
to the hippocampal formation, especially to
the dentate gyrus and amygdala, and receives
inputs from the subiculum (28). The entorhi-
nal cortex is reciprocally connected with the
sensory visual cortex and with multimodal
association areas of the temporal neocortex.
The projections from primary sensory areas
are very weak compared with those of the
multimodal association areas. The entorhinal
cortex may thus almost exclusively receive
highly processed information that is commit-
ted to several modalities.

The left mesial orbital frontal cortex was
more active during the fear/disgust film clip.
The orbitofrontal cortex is part of the dorso-
lateral limbic circuit (29). Abnormality of
blood flow in the left prefrontal cortex has been
described in patients with major depression
(30, 31).

The disgust condition activated the thala-
mus, a structure of the subcortical limbic sys-
tem. The midline nuclei and the nucleus re-
uniens of the thalamus are highly connected
to cortical limbic areas such as the inferior,
anterior, and retrosplenial cortex of the cingu-
late and the prefrontal and entorhinal cortex.
Thalamic activation was recently observed
during emotional challenges (4). George et al.
(3) reported left thalamic ac-
tivation during sad stimuli.

Many PET studies use a
resting condition (typically,
lying quietly with eyes
closed) as the reference task.
Investigators using PET have
begun to question the possi-
bility of obtaining a genu-
inely neutral state of the
brain. Subjects may engage
in recall during the “resting”
state (11). This hypothesis is
consistent with the types of
activations seen during the

FIGURE 1. Neural Substrates of Emotion in a PET Study of Elderly Individualsa

aThree orthogonal views are shown. Crosshairs are used to show the location of the slice. Images follow
radiological convention. Statistical maps of the PET data are superimposed on a composite magnetic
resonance image derived by averaging the MRI scans from the eight subjects. The value of t is shown
on the color bar on the right. The “t map” (right side of image) shows the value of t for all voxels in
the image and provides a descriptive picture of the general geography of the activations. The “peak
map” (left side of image) shows areas where all contiguous voxels exceed the predefined threshold for
statistical significance. The planes have been chosen to illustrate the location of the relevant activity
for each specific task.
 A) Happiness stimulus condition 1. The transaxial (top) view shows a large area of activity presumed
to reflect emotion components of the task: the left entorhinal cortex. The sagittal plane (placed laterally
on the right side) indicates prominent activity reflecting visual recognition and memory in the fusiform
and inferior temporal gyrus both anteriorly and posteriorly. Areas of relative decreased activity (blue-
purple) in the medial inferior frontal lobes (transaxial plane) and in the parietal operculum presumably
reflect the free-association component of the neutral task.
 B) Disgust stimulus condition. The cognitive components of this task are nearly identical to those
seen in part A. The emotional nature of the task is probably reflected in prominent and bilateral
thalamic activity.

A

B
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neutral task, which occur in regions activated in studies
of memory, such as the frontal regions, cingulate, pre-
cuneus, and cerebellum. The interaction between memory
and emotion may explain the relative decreases in blood
flow observed in these regions in PET studies of emotion
(2, 3, 32).

Most studies of emotion induction have used recall of
past emotional experiences and have reported results
similar to those observed in the present study, such as
activations of the inferior frontal, thalamic, and tempo-
ral regions. Although these regions share a common as-
sociation in inducing emotional changes, the tasks were
usually not comparable. Both George et al. (3) and Lane
et al. (4) used visually induced emotion, however, and
the activations observed in their work differ in some
respects from those seen in our subjects. For example,
George et al. (3) noted that happy memories were asso-
ciated with increased flow in left temporal and right
frontal regions, while our results place this emotional
state in the right entorhinal cortex.

To our knowledge, this is the first study to examine
the effects of emotional stimulation on CBF in elderly
individuals. The differences between the findings in this
study and those of prior investigations may reflect the
examination of an elderly study group. Prior work by
Grady et al. (7) has shown that visual processing, which
was the primary mode of stimulation in the present
study, activates different regions in elderly individu-
als in comparison with younger individuals. Brain me-
tabolism has been shown to decline in elderly adults
compared to younger adults (6). The phenomenology
of altered emotional states such as depression and de-
pressive disorders in the elderly has proven to be quite
distinct from that of youthful subjects (33). Elderly de-
pressed patients experience more somatic symptoms
(e.g., weight loss) and fewer psychological symptoms
(e.g., feelings of worthlessness and guilt) (34, 35). This
may reflect the different recruitment of neuronal cir-
cuitry in older persons and is in keeping with the neuro-
biological and metabolic changes found with increasing
age (5, 36–38).

Several studies have posited that the cerebellum may
also perform cognitive functions (12, 39–44). Cerebel-
lar activity was reported by George et al. (45) during a
task of facial emotion recognition compared to a spa-
tial-position matching task. Reiman and colleagues (44)
reported increased cerebellar activity during visually
generated emotions similar to those reported in this
study. We found higher cerebellar blood flow during
two of the three emotion-activating conditions. There
was no motor component in any of the challenges.
Cerebellar midline structures (i.e., the vermis) were ac-
tivated. These structures, together with other older
cerebellar regions including the flocculonodular lobe
and fastigial nuclei, have been considered as the equiva-
lent of the limbic cerebellum (46).

This study had a variety of limitations. Because of the
relatively small size of the study group and because our
method of analysis does not allow quantitative inter-
hemispheric comparisons of blood flow, conclusions

about lateralized activity should be drawn cautiously
(47). Emotional activations were not “pure.” Film clips
provide a “standardized” emotional challenge of “real-
life” complexity, but they also make results more diffi-
cult to interpret, since several different types of emotion
(e.g., fear and disgust) are combined within a single film
clip. Further, on-screen duration, color, luminance, and
motion may not be equal across the films. The group
studied was predominantly middle-class, white, and fe-
male. Although the results in the two male subjects did
not appear to be grossly different, the results reported
here may be most clearly applicable to females (1). Data
from one left-handed patient were included in the
analyses, and this may have affected some of the find-
ings. The timing of data acquisition was determined by
using the method from previous work done by our
group (13); it was based on cognitive activation studies.
We do not know whether earlier or later PET acquisi-
tion would have produced different results. We did not
rescan subjects during viewing of the same clip to assess
reproducibility of results. However, the results ob-
tained while subjects viewed happiness videos 1 and 2
were virtually identical. We also did not have physi-
ological measures of emotions. Although autonomic
nervous system measures have been used to record emo-
tional arousal, there is a question about whether they
may be helpful in distinguishing emotions of a different
type and valence (48, 49, and personal communication
from D. Fowels).

In summary, visual emotional stimulation activates in
the elderly several limbic and paralimbic regions as well
as modality-specific and memory regions. Some limbic
areas of activation seem to be specific to the emotions
studied.

REFERENCES

 1. Pardo JV, Pardo PJ, Raichle ME: Neural correlates of self-in-
duced dysphoria. Am J Psychiatry 1993; 150:713–719

 2. Mayberg HS, Liotti M, Jerabek PA, Martin CC, Fox PT: Induced
sadness: a PET model of depression (abstract). Human Brain
Mapping Suppl 1995; 1:396

 3. George MS, Ketter TA, Parekh PI, Horwitz B, Herscovitch P,
Post RM: Brain activity during transient sadness and happiness
in healthy women. Am J Psychiatry 1995; 152:341–351

 4. Lane RD, Reiman EM, Ahern GL, Schwartz GE, Davidson RJ,
Axelrod B, Yun LS: Neuroanatomical correlates of happiness,
sadness and disgust (abstract). Human Brain Mapping Suppl
1995; 1:212

 5. Powers RE: Neurobiology of aging, in The American Psychiatric
Press Textbook of Geriatric Neuropsychiatry. Edited by Coffey
CE, Cummings JL. Washington, DC, American Psychiatric
Press, 1994, pp 35–70

 6. Azari NP, Rapoport SI, Salerno JA, Grady CL, Gonzalez-Aviles
A, Schapiro MB, Horwitz B: Interregional correlations of resting
cerebral glucose metabolism in old and young women. Brain Res
1992; 589:279–290

 7. Grady CL, Maisog JM, Horwitz B, Ungerleider LG, Mentis MJ,
Salerno JA, Pietrini P, Wagner E, Haxby JV: Age-related changes
in cortical blood flow activation during visual processing of faces
and location. J Neurosci 1994; 14(3, part 2):1450–1462

 8. Davidson RJ, Ekman P, Saron CD, Senulis JA, Friesen WV: Ap-
proach-withdrawal and cerebral asymmetry: emotional expres-

EMOTIONAL ACTIVATION OF LIMBIC CIRCUITRY

388 Am J Psychiatry 154:3, March 1997



sion and brain physiology, I. J Pers Soc Psychol 1990; 58:330–
341

 9. Andreasen NC, O’Leary DS, Cizadlo T, Arndt S, Rezai K, Wat-
kins GL, Ponto LLB, Hichwa RD: PET studies of memory, I:
novel and practiced free recall of complex narratives. Neuro-
image 1995; 2:284–295

10. Andreasen NC, O’Leary DS, Cizadlo T, Arndt S, Rezai K, Wat-
kins GL, Ponto LLB, Hichwa RD: PET studies of memory, II:
novel versus practiced free recall of word lists. Neuroimage
1995; 2:296–305

11. Andreasen NC, O’Leary DS, Cizadlo T, Arndt S, Rezai K, Wat-
kins GL, Boles Ponto LL, Hichwa RD: Remembering the past:
two facets of episodic memory explored with positron emission
tomography. Am J Psychiatry 1995; 152:1576–1585

12. Andreasen NC, O’Leary DS, Arndt S, Cizadlo T, Hurtig R, Rezai
K, Watkins GL, Ponto LL, Hichwa RD: Short-term and long-
term verbal memory: a positron emission tomography study.
Proc Natl Acad Sci USA 1995; 92:5111–5115

13. Hurtig RR, Hichwa RD, O’Leary DS, Boles Ponto LL, Narayana
S, Watkins GL, Andreasen NC: Effects of timing and duration of
cognitive activation in [15O]water PET studies. J Cereb Blood
Flow Metab 1994; 14:423–430

14. Andreasen NC, Cizadlo T, Harris G, Swayze V II, O’Leary DS,
Cohen G, Ehrhardt J, Yuh WT: Voxel processing techniques for
the antemortem study of neuroanatomy and neuropathology us-
ing magnetic resonance imaging. J Neuropsychiatry Clin Neuro-
sci 1993; 5:121–130

15. Pelizzari CA, Chen GTY, Spelbring DR, Weichselbaum RR,
Chen C-T: Accurate three-dimensional registration of CT, PET,
and/or MRI images of the brain. J Comput Assist Tomogr 1989;
13:20–26

16. Andreasen NC, Cohen G, Harris G, Cizadlo T, Parkkinen J,
Rezai K, Swayze VW II: Image processing for the study of brain
structure and function: problems and programs. J Neuropsychi-
atry Clin Neurosci 1992; 4:125–133

17. Cizadlo T, Andreasen NC, Zeien G, Rajaprabhakaran R, Harris
G, O’Leary D, Swayze V, Arndt S, Hichwa R, Ehrhardt J, Yuh
WTC: Image registration issues in the analysis of multiple-injec-
tion 15O H2O PET studies: BRAINFIT. Proceedings of the Soci-
ety of Photo-Optical Instrumentation Engineers 1994; 2168:
423–430

18. Arndt S, Cizadlo T, Andreasen NC, Zeien G, Harris G, O’Leary
DS, Watkins GL, Boles Ponto LL, Hichwa RD: A comparison of
approaches to the statistical analysis of [15O]H2O PET cognitive
activation studies. J Neuropsychiatry Clin Neurosci 1995; 7:
155–168

19. Worsley K, Evans A, Marrett S, Neelin P: A three-dimensional
statistical analysis of CBF activation studies in human brain. J
Cereb Blood Flow Metab 1992; 12:900–918

20. Talairach J, Tournoux P: Co-Planar Stereotaxic Atlas of the Hu-
man Brain. New York, Thieme Medical, 1988

21. Ojemann JG, Ojemann GA, Lettich E: Neuronal activity related
to faces and matching in human right nondominant temporal
cortex. Brain 1992; 115:1–13

22. Ungerleider LG, Mishkin M: Two cortical visual systems, in
Analysis of Visual Behavior. Edited by Ingle DJ, Goodale MA,
Mansfield JW. Cambridge, Mass, MIT Press, 1982, pp 549–580

23. Andreasen NC, O’Leary DS, Arndt S, Cizadlo T, Hurtig R, Rezai
K, Watkins GL, Ponto LL, Hichwa RD: Neural substrates of fa-
cial recognition. J Neuropsychiatry Clin Neurosci 1996; 8:139–146

24. Rolls ET: Neurons in the cortex of the temporal lobe and in the
amygdala of the monkey with responses selective for faces. Hu-
man Neurobiology 1984; 3:209–222

25. Corbetta M, Miezin F, Dobmeyer S, Shulman G, Petersen S: Se-
lective and divided attention during visual discrimination of
shape, color, and speed: functional anatomy by positron emis-
sion tomography. J Neurosci 1991; 8:2383–2402

26. Haxby JV, Grady CL, Horwitz B, Ungerleider LG, Mishkin M,
Carson RE, Herscovitch P, Schapiro MB, Rapoport SI: Dissocia-
tion of object and spatial visual processing pathways in human
extrastriate cortex. Proc Natl Acad Sci USA 1991; 88:1621–1625

27. LeDoux JE: Emotion, memory and the brain. Sci Am, June 1994,
pp 51–57

28. Lopes da Silva FH, Witter MP, Boeijinga PH, Lohman HM:
Anatomic organization of the limbic cortex. Physiol Rev 1990;
70:453–511

29. Robinson RG, Paradiso S: Insights concerning the cerebral basis
of emotion based on studies of mood disorders in patients with
brain injury, in Emotion: Interdisciplinary Perspectives. Edited
by Kavanaugh RD, Zimmerberg-Glick B, Fein S. Hillsdale, NJ,
Lawrence Erlbaum Associates, 1996, pp 297–314

30. Drevets WC, Videen TO, Price JL, Preskorn SH, Carmichael ST,
Raichle M: A functional anatomical study of unipolar depres-
sion. J Neurosci 1992; 12:3628–3641

31. Uytdenhoef P, Portelange P, Jacquy J, Charles G, Linkowski P,
Mendlewicz J: Regional cerebral blood flow and lateralized
hemispheric dysfunction in depression. Br J Psychiatry 1983;
143:128–132

32. Wik G, Frederikson M, Ericson K, Eriksson L, Stone-Elander S,
Greitz T: A functional cerebral response to frightening visual
stimulation. Psychiatry Res: Neuroimaging 1992; 50:15–24

33. Gallo JJ, Anthony JC, Multhén BO: Age differences in the symp-
toms of depression: a latent trait analysis. J Gerontol 1994; 49:
251–264

34. Blazer DG: Depression in the elderly. N Engl J Med 1989; 320:
164–166

35. NIH Consensus Conference: Diagnosis and treatment of depres-
sion in late life. JAMA 1992; 268:1018–1024

36. Suhara T, Inoue O, Kobayashi K, Suzuki K, Tateno Y: Age-re-
lated changes in human muscarinic acetylcholine receptors mea-
sured by positron emission tomography. Neurosci Lett 1993;
149:225–228

37. Iyo M, Yamasaki T: The detection of age-related decrease of do-
pamine D1, D2 and serotonin 5-HT2 receptors in living human
brain. Prog Neuropsychopharmacol Biol Psychiatry 1993; 17:
415–421

38. Dewey SL, Volkow ND, Logan J, MacGregor RR, Fowler JS,
Schlyer DJ, Bendriem B: Age-related decreases in muscarinic
cholinergic receptor binding in the human brain measured with
positron emission tomography (PET). J Neurosci Res 1990;
27:569–575

39. Leiner H, Leiner A, Dow R: Cognitive and language functions of
the human cerebellum. Trends Neurosci 1993; 16:444–447

40. Middleton F, Strick P: Anatomical evidence for cerebellar and
basal ganglia involvement in higher cognitive functions. Science
1994; 266:458–461

41. Akshoomoff N, Courchesne E: A new role for the cerebellum in
cognitive operations. Behav Neurosci 1992; 106:731–738

42. Bracke-Tolkmitt R, Linden A, Canavan AGM, Rockstroh B,
Scholz E, Wessel K, Diener H-C: The cerebellum contributes to
mental skills. Behav Neurosci 1989; 103:442–446

43. Schmahmann JD: An emerging concept: the cerebellar contribu-
tion to higher function. Arch Neurol 1991; 48:1178–1187

44. Reiman E, Lane R, Ahern G, Schwartz G, Davidson R, Yun L:
Neuroanatomical correlates of normal human emotion (abstract
155.1), in Society for Neuroscience Abstracts 19. Washington,
DC, Society for Neuroscience, 1993, p 371

45. George MS, Ketter TA, Gill DS, Haxby JV, Ungerleider LG, Her-
scovitch P, Post RM: Brain regions involved in recognizing facial
emotion or identity: an oxygen-15 PET study. J Neuropsychiatry
Clin Neurosci 1993; 5:384–394

46. Schmahmann JD: The cerebellum in autism: clinical and ana-
tomical perspectives, in The Neurobiology of Autism. Edited by
Bauman ML, Kemper TL. Baltimore, Johns Hopkins University
Press, 1994, pp 195–226

47. Davidson RJ, Hugdahl K (eds): Brain Asymmetry. Cambridge,
Mass, MIT Press, 1995

48. Levenson RW, Ekman P, Friesen WV: Voluntary facial action
generates emotion-specific autonomic nervous system activity.
Psychophysiology 1990; 27:363–384

49. Elliott R: The motivational significance of heart rate, in Cardio-
vascular Psychophysiology: Current Issues in Response Mecha-
nisms, Biofeedback and Methodology. Edited by Obrist PA,
Black AH, Brener J, DiCara LV. Chicago, Aldine, 1974, pp 505–537

PARADISO, ROBINSON, ANDREASEN, ET AL.

Am J Psychiatry 154:3, March 1997 389


