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Regional cerebral blood flow (BF) was examined in the human
medial prefrontal cortex (MPFC) with positron emission tomog-
raphy during anticipatory anxiety. Transient anxiety was in-
duced in normal subjects by having them anticipate a painful
shock to the fingers of one hand. BF was decreased during
anticipatory anxiety, relative to an eyes-closed resting condi-
tion, in two regions of the MPFC (Brodmann Areas 10/32 and
24/25). BF decreases in these areas were inversely correlated
with anxiety self rating, such that the least anxious subjects
exhibited the largest BF reductions, whereas the most anxious
subjects showed no significant BF reduction or a slight increase.
BF changes in MPFC and in the midbrain were correlated with
each other and with anxiety self rating. These results are
consistent with the hypothesis that BF reductions in MPFC,
previously observed in cognitive tasks, reflect a dynamic balance
between focused attention and subject anxiety and may occur
from a functionally active baseline or default state. The charac-
terization of such relationships within the human brain enables
new insights into the integration of cognition and emotion.

Previous functional brain imaging studies in humans, with
positron emission tomography (PET) and functional MRI
(fMRI), have demonstrated consistent reductions in medial
prefrontal cortex (MPFC) blood flow (BF) during the perfor-
mance of a wide range of cognitive tasks (e.g., see refs. 1-3),
which may, in part, represent an attenuation or inactivation of
elements of a functionally active, baseline, or default state of
brain activity (4). Because of the large body of data implicating
these areas, especially those within ventral MPFC, and their
connections in emotional processing within the brain (e.g., see
refs. 5-9), it has been hypothesized that the observed changes
reflect a dynamic interplay between ongoing cognitive processes
and the emotional state of the subject (10).

In pursuit of this hypothesis, we examined in an accompanying
paper (11) the relationship between attention-demanding cog-
nitive performance and activity in MPFC in the task of gener-
ating aloud verbs for visually presented nouns (12). As subjects
initially performed the task, the expected decreases in BF in
MPFC were observed with PET but, surprisingly, were no
greater than those seen with the much less demanding task of
word reading. Practice of the task significantly improved per-
formance as we have previously shown (12). Somewhat more
surprisingly, the practiced—induced performance improvement,
as measured by voice-onset latency, was associated with further
BF reductions in MPFC. The greater the improvement in
performance, the greater the regional reductions in BF in
selected regions of ventral MPFC. Furthermore, these reduc-
tions were accompanied by changes in hypothalamic BF (11).

These imaging results suggested a possible relationship be-
tween performance-induced anxiety (high initially but reduced
with practice) and the BF changes we observed. To test this
hypothesis, a parallel behavioral study of this cognitive task,
without imaging, was performed, in which physiological as well
as self-report measures of anxiety were obtained (11). Consistent
with our hypothesis, anxiety was significantly increased during
the initial performance of the task but decreased to baseline
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levels with practice as performance improved. Anxiety returned
with the introduction of a novel word list.

The above data provided strong inferential evidence that
changes observed in MPFC reflected a dynamic interplay be-
tween focused attention, elicited in this instance by a demanding
cognitive task, and performance anxiety. Lacking were mea-
surements of MPFC BF changes during more controlled ma-
nipulations of emotion, in this case anxiety. Therefore, the goal
of the current experiment was to examine BF in the MPFC in
normal subjects experiencing anxiety in the absence of having to
perform an explicit cognitive task.

A preliminary report of this work has been presented in
abstract form (13).

Materials and Methods

Subjects. Sixteen normal volunteers were recruited from the local
population of students and staff at Washington University and
paid for their participation. They were divided into two groups,
according to which hand-stimulating electrodes were placed (see
below). There were 8 subjects in the right-hand group (2 females;
mean age 22 = 2, range 19-25) and 8 subjects in the left-hand
group (2 females; mean age 25 = 5, range 20-35). All subjects
were strongly right handed, as measured by the Edinburgh
handedness inventory (14), and had no significant neurological
history. Informed consent was obtained before participation
following guidelines approved by the Human Studies Committee
and the Radioactive Drug Research Committee of Washington
University.

Experimental Paradigm. Subjects wore stimulator coils connected
to a stimulator (model S8, Grass Instruments, West Warwick,
RI) on the finger pads of the index and middle fingers. Subject
preparation included delivery of one threshold and one supra-
threshold electrical stimulus at least 25 min before scanning.
Subjects were informed that this identified the voltage necessary
to elicit pain. Stimulus voltage was in the range of 1-10 volts.
In the first scan, no stimulus was expected or received, and the
subject rested with eyes closed. In the second scan, subjects were
instructed that during the scan they would be shocked at
approximately 10 times the intensity of the threshold stimulus,
and that the longer the delay from the onset of the scan, the more
intense the shock would be. Subjects were told that this level of
electrical stimulus would be sufficient to cause pain but would
not cause burning or other injury. No stimulus was in fact
delivered during the scan. Rather, a stimulus of moderate
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Table 1. BF decreases in MPFC

Brodmann'’s

Region Area X y z Pvalue
A. Ant. MPFC 10/32 1 41 -8 <0.01
B. SGPFC 24/25 -1 17 -8 <0.0001

Centers of mass are in the coordinates of Talairach and Tournoux (22). Ant.,
anterior; SGPFC, subgenual prefrontal cortex.

intensity was delivered immediately after scan data acquisition.
In the third scan, subjects were instructed that no stimulus would
be delivered and were scanned again in the resting state.

PET Scanning Procedures. Scans were performed by using a Sie-
mens CTI 953B/31 PET camera in the two-dimensional mode
with septa inserted. Brain BF was measured by using H}’O (15,
16) and PET scanning methodology developed at Washington
University (17-20).

Behavioral Measures. Immediately after each of the three scans,
subjects rated their anxiety level during the scan by using a
10-point visual analog scale (VAS) and the state portion of the
Spielberger State-Trait Anxiety Inventory (STAI) (21). Heart
rate was monitored throughout the experiment by using a
portable electrocardiogram device (Lifepak 7, Physio-Control,
Redmond, WA).

Several months after completion of the PET study, an attempt
was made to contact all 16 participants in the study for the
purpose of administering a personality questionnaire, the Tem-
perament and Character Inventory [TCI (22, 23)]. We wished to
determine whether any group differences existed as a function
of the hand on which the stimulating electrodes had been placed.
Twelve subjects were located, and they successfully completed
the TCI. These included five of the eight who had had electrodes
on the right hand (one female) and seven of the eight who had
had electrodes on the left hand (two females).

Data Analysis. Peak changes in MPFC BF were identified with
an automated search algorithm (20) in the averaged subtrac-
tion image. Spherical regions of interest (ROI) were defined
around those peaks nearest the coordinates of MPFC BF
decreases listed in Table 1 of the metaanalysis reported by
Shulman et al. [(1); focus 10 or Brodmann Area (BA) 8/9 and

focus 12 or BA 32, which includes some of BA 25 as well]. The
ROIs were used to quantify BF in the individual activation
(anxiety) minus control (resting) scan pairs for each subject.
One-sample ¢ tests were used to determine the significance of
BF changes.

Pearson correlations were performed on the regional BF
changes (i.e., value for anxious scan minus value for resting scan)
for each subject with the behavioral and physiological measure-
ments described above. Fisher’s r to z test (STATVIEW, Abacus
Concepts, Berkeley, CA) was used to assess the significance of
Pearson r values.

To determine whether other brain areas were correlated with
subjective anxiety, a covariance image was generated by using
the VAS rating during the anxiety scan for each subject as the
dependent variable. The formula for covariance,

n

> =D —7)

i=0

where x; is the VAS rating for subject i, y; is the value at a given
voxel for that subject, and n is the number of subjects, was
applied to generate this image. Regions of interest were defined
on candidate regions of correlation in the image. Pearson
correlations were then performed to assess significance.

Results

Self Report and Heart Rate. VAS, STAI, and heart rate measure-
ments for the three scans are shown in Fig. 1. Repeated measures
ANOVA (Super ANOVA, Abacus) revealed a significant effect
of scan condition for VAS [F (3,15) = 56.6, P = 0.0001), STAI
(F = 27.4, P = 0.0001)], and heart rate (F = 21.8, P = 0.0001)
measurements. Post hoc comparisons (paired one-tailed ¢ tests)
indicated that VAS in the anxiety condition was significantly
higher than in the first or second resting condition (P <
0.000001). This was also true for STAI (P < 0.0001) and heart
rate (P < 0.0001). Post hoc comparisons of the two resting scans
(paired two-tailed ¢ test) indicated that VAS scores for the first
resting scan (scan one) were significantly higher than those for
the second resting scan (scan three) (P < 0.05). STAI scores and
heart rate were not significantly different for scans one and
three. Because VAS was lower for the second resting scan, this
scan was used for image subtraction to avoid any potential
confounding because of anxiety in the initial resting scan. Heart
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Fig. 1.

Behavioral measurements (mean + SEM) obtained from 16 normal subjects during PET BF scans obtained before (Scan 1), during (Scan 2), and after (Scan

3) the anticipation of a painful shock to the hand. STAl refers to the STAI (21). During Scan 3 (anticipatory anxiety), all three measurements differed significantly
(**, P < 0.000001; *, P < 0.0001) from baseline measurements (Scans 1 and 3). For the VAS, Scan 3 was significantly lower than Scan 1 (+, P < 0.05).
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Fig. 2.
anterior. x coordinates indicate distance from the midline in millimeters.

rate was significantly correlated with VAS rating (r = 0.57, P =
0.02). The STAI score was not significantly correlated with heart
rate (r = 0.40, P > 0.1) or VAS (r = 0.41 P > 0.1).

The VAS scores were significantly higher for the subjects
wearing electrodes on the fingers of the right hand (i.e., they
were more anxious) than those wearing electrodes on the fingers
of the left hand (6.00 = 1.5 and 4.06 £ 1.7, respectively;
two-tailed unpaired ¢ test; P = 0.03).

PET. Overall for the group of 16 subjects, BF was not increased
in the MPFC in the anxiety-minus-rest comparison. However,
there were two prominent BF decreases (Fig. 2, Table 1). In the
posterior region, which corresponds to the subgenual prefron-
tal cortex (SGPFC), 14 of 16 subjects exhibited a decrease,
whereas in the anterior MPFC region, 12 of 16 subjects
exhibited a decrease. In the tables and figures, the anterior
MPEFC region is referred to as region A and the SGPFC region
as region B.

An averaged PET subtraction image overlaid on an averaged anatomical MRl image showing significant decreases in two MPFC regions, A and B. Left,

In the covariance image, in which we used the VAS rating for
each subject as the dependent variable, we identified an addi-
tional region in or near the hypothalamus or midbrain (Fig. 3,
region C) in addition to regions A and B (compare Figs. 2 and
3). A region of interest was defined for this hypothalamic/
midbrain region (center of mass 3, —19, —20) and was applied
to the original anxiety minus rest scans. We then assessed the
correlations between changes in PET-measured activity induced
by anticipatory anxiety in all three regions and our behavioral
measurements.

The anxiety-induced BF changes in MPFC regions A and B
showed significant inverse correlations with the VAS rating
during the anxiety scan (Fig. 4). Thus, subjects with the highest
reported anxiety exhibited the least change from the resting
baseline state, whereas those reporting the least anxiety exhib-
ited the greatest decrease from the resting baseline. Heart rate
was significantly correlated with BF change only in region A
(r = 0.51; P < 0.05). There were no significant correlations with
STAL

Fig. 3.
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A covariance image indicating regions that varied with subject VAS ratings. The midbrain region referred to in the text is labeled C on slice x = 3. Regions
A and B, seen in the averaged subtraction image (Fig. 1) are also seen in this covariance image.
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Fig.4. Scatter plots of VAS used for the assessment of anxiety during the anticipation of an electric shock on the hand vs. BF change in the regions identified
in the averaged subtraction (regions A and B, Fig. 2.) and covariance (region C, Fig. 3) images. The Blood Flow Change scale is a linear scale of normalized

radioactive count differences.

The reduction in BF in region B was greater in the eight
subjects wearing the electrodes on the fingers of the left hand
than in the eight subjects who had the electrodes placed on the
fingers of the right hand (two-tailed unpaired ¢ test; P = 0.059).
This is consistent with the observation that the subjects with the
electrodes on the fingers of the right hand were significantly
more anxious, as measured by VAS, than the subjects with the
electrodes on the fingers of the left hand (see above). Despite
these differences in behavior and scan results, no significant
differences were noted between the two groups along any of the
seven trait dimensions measured by the Temperament and
Character Inventory (22, 23) personality questionnaire (two-
tailed unpaired ¢ test; P = 0.575 to 0.996). We note, however, that
our sample size was small, and data were missing on three
subjects (see Materials and Methods).

Although BF change in region C (midbrain/hypothalamus;
Fig. 3) exhibited the same significant (» = 0.73; P < 0.001)
inverse correlation with the VAS as did regions A and B (Fig. 4),
the changes appeared about equally distributed above and below
the baseline.

Discussion

In our accompanying paper (11), we provided evidence support-
ing the hypothesis that the degree to which reductions in activity
occur in regions of the MPFC while performing a cognitive task
reflects a combined effect of the attentional demands of the task,
causing reductions and accompanying performance anxiety that
attenuate those reductions. Reductions were greatest when
attentional demands were high and performance anxiety was
minimal. Reductions were least when attentional demands and
performance anxiety were both, either high or low.

In the present experiment, we eliminated an explicit attention-
demanding cognitive task and deliberately introduced a signif-
icant degree of anxiety. The ‘“task” became solely one of
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anticipating a painful shock to the fingers of one hand. We hoped
thereby to obtain a more complete understanding of the rela-
tionship between anxiety itself and BF changes in MPFC. One
might have anticipated that, whereas an attention-demanding
cognitive task alone would depress activity in MPFC, anxiety
alone would be associated with an increase in activity. Such a
prediction would receive some support from extant studies in the
literature (for review, see ref. 10).

Despite the prediction that anxiety alone would be associated
with an increase in activity in the MPFC, the changes we
observed there during anticipatory anxiety were more complex.
In fact, decreases were observed (Fig. 2) and were inversely
correlated with the anxiety level experienced by our subjects
during the PET scan (Figs. 3 and 4). Relative to a baseline
nonanxious resting condition, BF in the ventral MPFC regions
was decreased most in those subjects with the lowest levels of
anxiety. Subjects experiencing higher levels of anxiety exhibited
much smaller decreases (Fig. 4). The two subjects with the
highest levels of anxiety actually had slight increases in BF.

BF changes in the midbrain/hypothalamus (region C, Fig. 3)
correlated in the same manner as did the regions in MPFC with
the level of subject anxiety. However, the midbrain/
hypothalamus BF changes were almost equally distributed be-
tween decreases and increases from the baseline resting level of
activity (Fig. 4). As with the changes in the MPFC regions, the
decreases below baseline were associated with lower levels of
anxiety, whereas the increases above baseline were associated
with higher levels of anxiety. Because these changes were almost
equally distributed above and below the baseline level of activity
in region C, the simple difference image comparing anxiety and
rest (Fig. 2) does not show a change in this area, whereas the
correlation image readily identifies the anxiety-correlated
changes.
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Correlated changes of this sort we have observed, of course,
do not establish a causal relationship between the level of
anxiety experienced by our subjects and the BF changes we
observe in MPFC and the hypothalamus/brain stem. Other
factors not immediately apparent to us might also be playing
a role. However, the results presented in our accompanying
paper (11) provide support for a causal relationship. There we
varied anxiety within each subject producing deviations in
MPFC BF directionally consistent with the results of the
present experiment.

The cortical decreases we observed occurred in two ventral
regions of the MPFC. The more posterior region (region B) lies
at approximately the junction of areas 24a, 25, and 32m in what
is more generally referred to as the subgenual prefrontal cortex.
The more anterior region (region A) lies approximately in area
10r. The cytoarchitectonics of the ventral MPFC within which
these areas lie, along with the orbital prefrontal cortex, have
been mapped in detail in nonhuman primates (24-26). Recently
these maps have been extended to the human cerebral cortex
(27). The organization of the ventral medial and orbital pre-
frontal cortices reflected in these maps is relevant to an inter-
pretation of our results.

In general, areas on the orbital surface of the prefrontal cortex
indirectly receive sensory information from the external envi-
ronment as well as the internal milieu (28). This sensory
information is relayed to the ventral MPFC through a complex
set of interconnections. Areas within the ventral MPFC are
heavily interconnected with the hypothalamus (29), the amyg-
dala, and the periaquaductal gray matter of the brain stem (6,
30). Such anatomical relationships suggest a role for these medial
areas in the integration of the visceral motor aspects of emotion
with information gathered from the internal and external envi-
ronment. These connections would be consistent with the
changes we observed in the hypothalamus (11) and midbrain
(region C).

A conceptually important feature of our data is the fact that
BF in regions of the ventral MPFC shows little difference
between a nonanxious resting state (e.g., awake but resting
quietly with eyes closed) and significant levels of anxiety. Al-
though BF in these regions is positively correlated with the level
of anxiety in anticipation of an aversive stimulus, those experi-
encing the most intense anxiety exhibit the smallest difference
from the nonanxious baseline state in which no apparent threat
of an anxiety-provoking event exists. Thus, a correlation with
anxiety exists only in an anxiety-provoking state. This observa-
tion is of both practical and theoretical importance.

From a practical point of view, these results emphasize the
importance of carefully understanding the reference state to
which results are to be compared. Comparing anxiety levels
among subjects anticipating an aversive stimulus might lead one
to hypothesize that activity levels in regions of ventral MPFC
directly reflect anxiety levels experienced by normal subjects,
rising as levels of anxiety increase. However, such an interpre-
tation is inconsistent with our observations that (i) those most
anxious exhibited BF little different from our control state (i.e.,
eyes closed rest without the threat of an aversive event); and (if)
those least anxious in the face of a threatening aversive event
showed the greatest difference (i.e., a decrease) from this control
state. Clearly the baseline against which results are compared
alters the perspective on which interpretations are based.

From a theoretical perspective, these relationships between
anxiety and changes in MPFC BF revealed by our data have
challenged us to rethink the functional significance of so-called
baseline activity in areas like MPFC where reductions in activity
are more commonly seen than increases or so-called “activa-
tions” (1). We suggest that our data are consistent with a
hypothesis developed in detail in our accompanying paper (4)
that within the MPFC as well as elsewhere in the cerebral cortex
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reside areas whose functionally active state is present as a default
option rather than necessarily triggered by transiently occurring
events. Further, we would like to suggest that this functionally
active default state within regions of the ventral MPFC is
necessary for the ongoing detection and evaluation of environ-
mental and internal stimuli of relevance to the motivational state
of the individual (4).

If elements of the MPFC are involved in ongoing monitoring
of environmental and internal stimuli for their motivational
significance, subjective feelings of anxiety may require an active
state within elements of ventral MPFC, explaining the small or
nonexistent decreases in MPFC BF in the most anxious subjects.
Similarly, if cognitive or other coping strategies that reduce or
suppress subjective anxiety are used, MPFC BF may be reduced
in a manner analogous to the reductions seen in more “purely”
cognitive experimental paradigms (1). Thus in the anticipatory
anxiety paradigm, an anxiety-provoking thought (i.e., “I will
receive a painful shock”) produces subjective anxiety unless the
anxiety-provoking features of this thought are minimized by a
coping strategy reflected in the changes we observe in the
MPFC. We hypothesize that in the presence of such a strategy,
ventral MPFC BF is lower, activation of the midbrain and
elevation of the heart rate are attenuated, and subjective feelings
of anxiety are minimized.

Interestingly, such a formulation parallels the relationship
between attention and the subjectively evaluated threat value of
a stimulus or situation described in the cognitive—motivational
model of anxiety put forth by Mogg and Bradley (31). In this
model, a situation that is evaluated as mildly threatening triggers
the direction of attentional resources away from the stimulus,
i.e., avoidance. As the evaluated threat value of the stimulus
increases, attention is directed back toward the stimulus, in
preparation for dealing with the threat. We suggest that a similar
relationship between attention and threat might be instantiated
in the brain, at least in part, within elements of the ventral
MPFC.

Our observations have an interesting and potentially infor-
mative parallel in the rodent aversive conditioning literature.
Lesions in the MPFC of rats have been shown to affect the
acquisition and extinction of conditioned fear (32). Of interest is
the fact that aversive conditioning can be associated with a
significant reduction in unit activity in the prefrontal cortex of
the rat (e.g., see ref. 33). Garcia et al. (33) were able to show a
highly significant correlation between the freezing behavior of
their rats and the suppression of unit activity in the prefrontal
cortex. The greatest suppression of neuronal activity was asso-
ciated with the most freezing behavior. Thomas and Yadin (34)
suggested that freezing behavior might represent a mechanism
for fear management (i.e., a coping strategy in anticipation of an
aversive event). In the rat, better coping would then be equated
with a greater tendency to freeze and a greater reduction in
prefrontal unit activity. Although vast differences obviously exist
between rats and humans, we venture to suggest that our
observations would be consistent with such an interpretation.

Combining our observations with those from the rat aversive
conditioning literature provides an opportunity to explore how
the reductions in activity in the MPFC might be achieved
neurobiologically. The connections between the MPFC and the
amygdala are well established (6). Stimulation of the amygdala
produces inhibition of unit activity in the MPFC of rats (35), yet
direct projections from the amygdala to the MPFC are excita-
tory. Although inhibition could be achieved through the exci-
tation of inhibitory interneurons, this seems an unlikely expla-
nation of imaging findings. If this were the mechanism,
functional brain imaging with either PET or fMRI would record
an increase in activity rather than a decrease, as inhibitory
activity of this type is associated with increased energy con-
sumption equal to that of excitatory activity (2, 36).

Simpson et al.



Alternatively, the reductions in unit activity observed in
rodents and the reductions in activity observed with PET and
fMRI might both be mediated by the release of dopamine in the
MPFC. Dopamine has been shown to exert an inhibitory effect
on neuronal activity in the MPFC (37, 38). A reduction in activity
mediated directly by dopamine might more likely result in
reduced energy demands of the tissue and hence might be seen
by imaging devices like PET and fMRI as a reduction in activity.
Furthermore, it has been shown that the amygdala plays an
important role in the coordination of dopamine release in
response to psychological stress (39). Our data provide little
additional insight into the role of the amygdala in such a process.
In the present experiment, we observed no change in the
amygdala, although a change in one of its component nuclei
might well have been missed because of the limited resolution of
PET. Future research may benefit from increased communica-
tion between aversive conditioning studies in laboratory animals
and behavioral imaging work in humans. These two lines of
investigation appear to offer very complementary insights.

Finally, we note the unexpected finding that subjects antici-
pating a shock on the right hand were, as a group, more anxious
than those anticipating a shock on the left hand. Simple expla-
nations for this effect of electrode placement seem unlikely. All
subjects were strongly right handed. Furthermore, our retro-
spective assessment of their personalities, although missing a few
subjects in both groups, revealed no obvious differences in our
limited sample. Finally, such components as age and gender
appear equally balanced between the two groups.

As we have previously reported (40), the anticipation of a
tactile stimulus to the surface of the body resulted in significant
reductions in those areas of the somatosensory cortex outside of
those areas where the anticipated stimulus would be processed.
Our interpretation of this finding was that anticipation at a
specific location led to a filtering or suppression of information
from nonattended locations, the implication being enhanced
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signal detection. Among the experimental groups included in
that report (40) were the eight subjects from the present study
with electrode placement on the right hand (the eight subjects
with electrode placement on the left hand had not been studied
at the time of that report). Of additional interest was the fact that
the degree of suppression at the nonattended locations was
directly related to the level of anxiety experienced by the subjects
(i.e., the greater the anxiety, the greater the suppression). No
suppression of activity in MPFC was noted. The other two
groups included in that report (40) involved the anticipation of
nonaversive stimuli to the right and left great toe.

The addition of subjects with electrode placement on the left
hand brought to the study, as we have noted, subjects with a
significantly lower group average level of anticipatory anxiety.
This lower level of anticipatory anxiety was accompanied by
significant reductions in activity within ventral MPFC not seen
in the original eight subjects with electrode placement on the
right hand (40) and no evidence of activity reductions in
somatosensory areas outside of those areas where the antici-
pated stimulus would be processed.

Several questions come to mind. Are there both qualitative
and quantitative differences in the neural instantiation of a
response to threat that are reflective of the level of anxiety
experienced by individual subjects? Do subjects who exhibit
minimal anxiety preferentially use elements of the ventral MPFC
and their connections to attenuate the visceral motor aspects of
anxiety, whereas those who exhibit intense anxiety preferentially
use a filtering strategy that focuses attention on the expected
stimulus? Are these strategies mutually exclusive? Is the hemi-
sphere in which the expected aversive stimulus is to be processed
a factor in the strategy used? Our data are currently insufficient
to answer such questions. Only further experimentation, which
must include attention to personality differences, will suffice.
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