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Individuals differ in the extent to which they experience negative
mood states over time. To explore the relationship between
individual differences in negative affect (NA) and brain activity, we
asked healthy subjects participating in positron-emission tomography scans to rate the extent to which they had experienced NA
terms during the month before scanning. In two independent
samples of subjects, resting regional cerebral blood flow within the
ventromedial prefrontal cortex (VMPFC) correlated with ratings of
NA. The finding converges with recent evidence implicating the
VMPFC in emotional and autonomic processing. Moreover, it
demonstrates that variability in basal VMPFC activity across
subjects is related to individual differences in subjective emotional experience.

N

egative affect (NA) emerges as a higher order factor in
almost every study of self-rated mood (1). The factor
reflects general subjective distress and consists of a range of
unpleasant mood states, such as irritability, anxiety, and anger
(2). Individuals show marked differences in the extent to which
they experience NA over time. These individual differences in
affective experience show stability over time (3) and influence
the risk of developing psychiatric conditions. Specifically, subjects with high trait levels of NA demonstrate a significantly
elevated risk of developing anxiety disorders and clinical depression (4).
Differences in the basal activity within certain cortical and
subcortical brain regions involved in emotional processing may
underlie individual differences in personality and affective disposition (5). Neuroimaging techniques, such as positronemission tomography (PET), provide a means of assessing these
relationships (6, 7). However, the large number of subjects
necessary to provide adequate statistical power and confidence
limits has generally limited assessment of these issues.
To examine the relationship between regional cerebral blood
flow (rCBF, an index of regional neuronal activity) and NA, we
routinely collected data during one or more baseline scans as a
part of H215O PET studies ongoing in our laboratory. The
baseline scans consisted of subjects resting with their eyes closed
in a quiet darkened room. Brain activity in this condition is
characterized by an organized and consistent pattern of rCBF
levels and uniform oxygen extraction factors across all nonvisual
cortical regions (8). Measurement of rCBF in this state shows
reasonable within and across session reliability, and comparable
variability across studies.¶储** Thus, although rCBF is dynamic
and changes with task demands, measurement of resting rCBF
provides a relatively stable estimate of brain activity in the
absence of stimulation. Here we report on two studies involving
large samples of subjects. In both studies a correlation emerged
between self-ratings of NA for the month before scanning and
resting rCBF within the ventral frontal lobe.
Materials and Methods
Human Subjects. Fifty-one right-handed subjects participated in
Study 1 (28 males and 23 females; age 18–50 years, median age ⫽
2450 –2454 兩 PNAS 兩 February 19, 2002 兩 vol. 99 兩 no. 4

23). Thirty-eight right-handed subjects participated in Study 2
(24 males and 14 females; age 19–55 years, median age ⫽ 26).
All subjects completed a brief screening questionnaire. Exclusion criteria for both studies included: history of neurologic or
medical disorders; history of major head trauma; and current use
of psychotropic medications. All potential subjects were
screened for psychiatric disorders with a computerized, selfadministered questionnaire (12) and excluded on meeting criteria for any major psychiatric diagnoses (two subjects were
included when subsequent detailed clinical interviews revealed
false-positive diagnoses). Subjects were also excluded if they had
received exposure to any emotionally evocative stimuli (e.g.,
aversive or highly rewarding stimuli) during the scanning session.
All subjects completed written informed consent approved by
the Minneapolis Veterans Affairs Medical Center’s Institutional
Review Board.
Affect Ratings. All subjects retrospectively rated the extent to

which they had experienced NA-related mood states over the
past month by using the Positive Affect Negative Affect Schedule
(PANAS) (13). NA measured over such a time span provides an
estimate of the subjects’ general level of affective experience, but
couches the question in the context of a definable period.
Subjects rated their experience of each positive affect (PA) and
NA mood term on the PANAS, using a 5-point, anchored scale.
NA scores represent the aggregate of the 10-NA terms with a
minimum possible score of 10 and a maximum possible score of
50. To assess state levels of negative mood during scanning,
subjects rated their average mood during the scanning session
with the Profile of Mood States (POMS) (14) immediately
following the scanning session. The POMS provides a more
extensive assessment of different mood terms than the PANAS,
and includes terms that do not selectively correlate with NA or
PA. We therefore limited analysis of the POMS to the Tension–
Anxiety and Anger–Hostility subscales, which both reflect
lower-order factors of NA. Although each subscale represents
only one aspect of NA, they provide a reasonable proxy because
of the heavy loadings of the anxiety and hostility subfactors on

This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: NA, negative affect; PA, positive affect; VMPFC, ventromedial prefrontal
cortex; PET, positron-emission tomography; rCBF, regional cerebral blood flow; POMS,
Profile of Mood States.
§To

whom reprint requests should be addressed at: Cognitive Neuroimaging Unit–11P,
Veterans Affairs Medical Center, 1 Veterans Drive, Minneapolis, MN 55417. E-mail:
jvpardo@james.psych.umn.edu.

¶Ball,

S., Fox, P., Herscovitch, P. & Raichle, M. (1988) Neurology 38, Suppl. 1, 363 (abstr.).

储Ball,

S., Fox, P., Pardo, J. V. & Raichle, M. (1988) Neurology 38, Suppl. 1, 362 (abstr.).

**Dickhaut, J. W., Nagode, J. C. & Pardo, J. V. (2000) Neuroimage 11, 591 (abstr.).
The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org兾cgi兾doi兾10.1073兾pnas.042457199

Table 1. Location of areas correlating with NA over the past month in both studies
Study

Brain area

1
2
1
2

Posterior VMPFC (10m兾25兾32m)
Posterior VMPFC (10m兾25兾32m)
Anterior VMPFC (10m兾10r)
Anterior VMPFC (10m兾10r)

Peak coordinate
(x, y, z)*

Peak correlation
(r, P value)

Volume
(mm3)

8, 18, ⫺16
3, 18, ⫺14
⫺7, 46, ⫺11
3, 55, ⫺9
⫺3, 44, ⫺9

0.44, ⬍0.001
0.46, ⬍0.005
0.36, ⬍0.05
0.46, ⬍0.005
0.36, ⬍0.05

261
43
65
92

*Peak coordinates in Talairach space (18) in mm: x ⫽ medial–lateral to the midline (⫹ ⫽ right), y ⫽ anterior–
posterior to the anterior commissure (⫹ ⫽ anterior), z ⫽ inferior–superior relative to the intercommissural plane
(⫹ ⫽ superior).

PET Imaging and Analysis. rCBF was assayed using an ECAT 953B

camera (Siemens, Knoxville, TN) with septa retracted; a slowbolus injection of H215O [0.25 mCi兾kg; e.g., 17.5 mCi (648 MBq)
for a 70-kg person; 1 Ci ⫽ 37 GBq] infused at a constant rate over
30 s; and a 90-s scan acquisition. Images were reconstructed with
a three-dimensional reconstruction algorithm using a 0.5 cycleper-pixel Hanning filter (16). We applied no additional smoothing to maintain the highest possible spatial resolution. Post hoc
analyses performed after additional spatial smoothing confirmed the primary study results. AUTOMATED software (17)
performed normalization for global activity (scaled to a mean of
1,000 counts), detection of the intercommisural plane, intrasubject scan alignment, resampling to a pixel size of 2.25 mm3,
and nonlinear warping to Talairach space (18). Forty-two of the
subjects in Study 1, and 17 of the subjects in Study 2 received two
or more resting scans that were averaged together before
analysis. All images were inspected with in-house visualization
software to ensure that the ventral frontal and temporal lobes
were within the field of view of the PET camera and were not
subject to interpolation errors associated with the threedimensional image reconstruction. Correlational analyses
were performed with in-house software that applied Pearson
product moment calculations on a pixel-by-pixel basis, with
subsequent confirmation of peak correlations using SPSS-10
(SPSS, Chicago). Cytoarchitectural labeling of areas demonstrating a correlation with NA follows the nomenclature of
Öngur and Price (19).
Results
In the first study, the largest volume demonstrating a significant
correlation between rCBF and NA (P ⬍ 0.001, uncorrected for
multiple comparisons) localized to a posterior portion of the
ventromedial prefrontal cortex (VMPFC) (see Table 1 and Figs.
1 and 2a). The peak correlation in VMPFC fell within the right
hemisphere near the boundary between areas 10m, 25, and 32m.
A statistical difficulty arises in this type of analysis as a consequence of the large number of pixels in the brain. Multiple
comparisons across all pixels increase the risk of a spurious
correlation emerging somewhere in the brain by chance, but
leaves the Bonferroni correction (i.e., adjusting the threshold for
statistical significance by the total number of voxels examined in
the brain) too restrictive. Although the large volume (i.e., 261
mm3) of correlated cortex argues against chance, we decided to
collect a second, independent sample of subjects to test for
replication.
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In the second study, rCBF within the VMPFC again demonstrated a significant correlation with NA ratings. Although the
volume of correlated cortex was smaller in this replication
sample, the magnitude and location of the correlated region
were similar (the peak varied by no more than 4 mm in any
direction—see Figs. 2b and 3). To confirm that the correlated
areas in the two studies occupied similar areas of cortex, we
performed a logistic convergence analysis of areas exceeding a
P ⬍ 0.05 threshold. A volume of 29 mm3 of VMPFC showed
statistically significant correlations in both studies. Although
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the higher-order NA factor (15). All subjects in the first study
completed the POMS. Only 29 subjects in the second study
completed the POMS (because some studies did not include a
POMS rating as part of their standard protocol). POMS scores
were converted to T-scores before analysis by using the scale
conversions provided by the POMS manual.

Fig. 1. The figure displays the VMPFC area where rCBF correlates with NA in
Study 1. For display purposes the correlation maps were resampled to 1 mm3
pixels, thresholded to only show areas with significant correlations, and
overlayed on a high-resolution, Talairach-warped MRI template. The correlations are color coded by their level of statistical significance with areas in
purple equivalent to P ⬍ 0.05, and areas in white equivalent to P ⬍ 0.001. The
figure displays a transverse slice through z ⫽ ⫺16 with the peak area of
correlation marked with an arrow. A highly significant correlation can also be
seen in the left parainsular region, but this focus failed to replicate. R, right;
L, left.
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Fig. 2. Scatter plots of NA and rCBF at the peak correlated pixel within the posterior VMPFC. Examination of both scatter plots reveals the presence of an outlier
with particularly low VMPFC rCBF in each study. However, in both cases the correlation remained significant even after post hoc reanalysis with the outlier
removed (r ⫽ 0.39, P ⫽ 0.005 for Study 1; r ⫽ 0.44, P ⫽ 0.005 for Study 2). Because no a priori reasons warranted removal of these subjects’ data from the analyses,
the data were included in all other reported analyses.

several other brain areas exceeded the P ⬍ 0.05 threshold in the
first or second study, only one other area exceeded this threshold
in both studies (see Table 1). This second area of overlap falls
in a more anterior portion of VMPFC (area 10m兾10r; 12 mm3
converging across studies). The area of overlap between the two
studies is limited to the left anterior VMPFC, although in the
second study the correlated region consists of two subpeaks that
straddle the midline.
The causal direction of the observed association between NA
and VMPFC activity cannot be addressed by a correlation
analysis. For instance, the association might arise as a consequence of state levels of NA experienced during the scanning
session. This possibility takes on added importance given recent
findings that statewise increases in NA during anxiety provocations are associated with rCBF changes in the VMPFC (20, 21).
However, in the present study, subjects were not exposed to any
anxiety provocations and instead were resting during the period
of scanning. To assess NA-related mood states during the period

of scanning, we analyzed the Tension–Anxiety and Anger–
Hostility subscales from the POMS, which were retrospectively
rated immediately following the conclusion of scanning. Scores
on the Anxiety–Hostility ratings were not normally distributed,
with over half of the subjects receiving the lowest possible score
(T ⫽ 37) on this scale (pooled mean ⫽ 39.5, SD ⫽ 4.5). These
low scores reflect the lack of exposure to anything annoying or
irritating during the scanning period. Not surprisingly, no correlations emerged between Anxiety–Hostility ratings and activity in the VMPFC. Although subject ratings of Tension–Anxiety
were relatively low (pooled mean ⫽ 40.5, SD ⫽ 7.1, range ⫽
30–60), they showed a more normal distribution and range.
Across the two studies, correlations between resting rCBF and
Tension–Anxiety ratings emerged in four areas of the brain: the
right frontal pole, the retrosplenial cortex bilaterally, the right
middle and superior temporal gyri along the posterior superior
temporal sulcus, and the border of the left inferior and middle
frontal gyri (see Table 2). No significant correlations arose in the

Fig. 3. VMPFC areas demonstrating correlations with NA in Study 2. The left side of the figure displays a transverse slice through z ⫽ ⫺14. The right side of
the figure displays a sagittal slice of the frontal lobe through x ⫽ 3. In both slices the posterior VMPFC focus is marked with a P. The right hemisphere component
of the anterior VMPFC focus also appears on the sagittal slice (marked with an A). However, the anterior VMPFC area demonstrating convergence across the two
studies falls strictly in the left hemisphere. R, right; L, left; Ant, anterior; Pos, posterior.
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Study

Brain area

Peak coordinate (x, y, z)*

Peak correlation (r, P value)

Volume (mm3)

1
2
1
2
1
2
1
2

Medial frontal pole (10)
Medial frontal pole兾pregenual cingulate (10兾32)
Superior temporal sulcus (39)
Superior temporal sulcus (22兾39兾40)
Retrosplenial cortex (29兾30)
Retrosplenial cortex (30)
Inferior and middle frontal gyri (45兾46)
Inferior and middle frontal gyri (45兾46)

12, 64, 16
10, 50, 14
37, ⫺64, 16
34, ⫺39, 18
⫺3, ⫺46, 16
⫺3, ⫺50, 16
⫺48, 37, 14
⫺48, 44, 11

0.44, ⬍0.005
0.47, ⬍0.01
0.41, ⬍0.005
0.72, ⬍0.00005
0.37, ⬍0.01
0.47, ⬍0.01
0.32, ⬍0.05
0.60, ⬍0.001

113
104
115
504
45
43
79
252

VMPFC regions identified in Table 1. Thus, there was no
evidence that the correlation between VMPFC and long-term
levels of NA was a consequence of NA experienced during the
scan session itself.
We also examined whether VMPFC activity was uniquely
related to self-reported NA, or was related to an overall level of
emotional experience that also involved variation in selfreported PA. One would not predict such a relationship given the
independence of PA and NA when measured over long time
periods. As expected, there were no significant correlations
between PA and rCBF in the VMPFC. Thus the correlations
between NA and VMPFC activity appears specific to the NA
dimension of mood.
Discussion
The present studies indicate that resting rCBF in the VMPFC
correlates with self-reported ratings of NA during the month
preceding the scan. Increasing evidence indicates that the
VMPFC plays a role in linking emotional appraisals with autonomic responses (22). For instance, patients with brain lesions in
this area fail to show normal autonomic responses to socially and
emotionally meaningful stimuli (23). Moreover, these patients
demonstrate a general pattern of decreased NA states. They
display a markedly impaired ability to appreciate future risks and
fail to produce anticipatory autonomic responses to potential
rewards or punishments (24, 25). The posterior aspects of the
VMPFC (i.e., infralimbic cortex) represent a primary cortical
region for the control of somatovisceral functions in many
mammalian species (26). In primates, the region sends direct
projections to a variety of subcortical areas that in turn control
autonomic effector sites (27). Electrical stimulation of the
posterior VMPFC produces marked modulations of autonomic
functions (28). This association between long-term levels of NA
and processing within a region that modulates autonomic pathways dovetails with the robust correlations between measures of
NA and self-reported autonomic arousal (29). Less data directly
addresses the functions of the anterior VMPFC (area 10m兾10r),
although given its pattern of efferent and afferent connections,
its functions appear closely related to the visceral processing of
the posterior VMPFC (19).
It is important to note that the NA ratings that correlated with
VMPFC activity involved a retrospective rating of mood during
the month before scanning. When measured over time periods
such as a month, NA scores reflect an implicit aggregation of
situations in which NA was elevated. Given the stability of such
long-term ratings over time, they at least in part reflect trait-wise
differences in the disposition to experience NA states. The
present data thus raises the possibility that resting VMPFC
activity is associated with a trait-wise disposition to experiencing
NA. However, it must be noted that reporting biases and more
temporally specific influences on mood states (i.e., unique events
or situation occurring in the last month) also influence retrospective ratings of NA. Studies using longitudinal measures of
both NA and VMPFC activity may in the future prove useful in
Zald et al.

determining the stability of the relationship between NA and
VMPFC activity and help clarify the specific factors contributing
to the relationship.
Although activity in the VMPFC showed no correlation with
statewise levels of negative mood in the absence of overtly
NA-provoking stressors, previous studies indicate that the extent
to which VMPFC activity changes during overtly stressful situations is closely related to anxiety. The VMPFC shows reliable
rCBF decreases when subjects move from a resting state to a
more active, attention demanding cognitive state (30). The
extent of this decrease appears inversely correlated with the
amount of anxiety experienced by subjects in the more active
state (20). For example, when anticipating an electric shock,
subjects experiencing high anxiety levels show little or no change
in VMPFC rCBF, whereas those experiencing little anxiety show
substantial decreases (21). Thus, those subjects who fail to lower
activity in the VMPFC experience the greatest level of transient
anxiety when anticipating a potentially aversive stimulus. Two
areas of the VMPFC show this relationship with transient
anxiety. One falls in the posterior VMPFC (at y ⫽ 18) and the
other in the anterior VMPFC (at y ⫽ 41). Thus, the same two
regions whose resting activity predicts long-term NA ratings
show an association with transient anticipatory anxiety during
exposure to an overtly anxiety provoking situation. This convergence suggests a potential mechanism through which higher
VMPFC activity at baseline might directly relate to a greater
disposition or vulnerability to experiencing NA over time. Specifically, because of their higher starting point, these individuals
may experience greater difficulty suppressing VMPFC to the
extent necessary to minimize anxiety or other NA states.
In psychiatrically healthy subjects, moment to moment, state
levels of NA are generally low (31) in the absence of stressors,
and are reflected in the low scores observed on POMS Tension–
Anxiety and Anger–Hostility scales collected during scanning
(although receiving a PET scan might be considered a mild
stressor in itself, most subjects are typically quite relaxed by the
time scanning actually starts). Nevertheless, individual differences emerged in ratings of Tension–Anxiety for the scanning
period, which correlated with resting rCBF in the right medial
frontal pole, a posterior portion of the right superior temporal
sulcus region, left inferior兾middle frontal gyri, and the retrosplenial cortex. All of these areas, along with the VMPFC, have
been previously identified as part of a ‘‘default’’ or ‘‘baseline’’
network of structures, which are more active during rest than
during active tasks or sensory stimulation (30, 32, 33). The
present data suggest that activity within several components of
this default network is associated with the current emotional
tone of the subject during the resting state. The association with
the medial frontal pole is intriguing given previous data suggesting its importance in self-referential processes, such as
self-monitoring of ones current emotional state (34). The correlation with activity in the retropsplenial cortex is even more
intriguing in that the retrosplenial region frequently activates
during exposure to emotion-inducing stimuli (with particularly
PNAS 兩 February 19, 2002 兩 vol. 99 兩 no. 4 兩 2453
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Table 2. Location of areas correlating with Tension–Anxiety during the scan session in both studies

specific portions of the VMPFC. The finding converges with
previous evidence implicating this area of the brain in emotional
disturbances arising in neurologic conditions. However, the
major implications of the present results fall within the normal
boundaries of human affective experience.

frequent activations arising during exposure to unpleasant or
fear inducing stimuli) (9). Thus, activity in the retrosplenial area
appears related to negative mood factors both in the presence
and absence of overtly anxiety-provoking stimuli. This pattern
stands in contrast to the VMPFC, whose activity shows no
association with moment to moment anxiety levels at rest.
Psychologists have long speculated that aspects of personality
and affective experience arise from individual differences in
brain functioning. Previous electrophysiological (5) and neuropharmacological studies (10, 11) have supported these hypotheses, but have lacked the spatial resolution to localize the specific
brain areas contributing to dispositional features in healthy
normals. By capitalizing on PET’s ability to quantitate baseline
physiological activity, we were able to demonstrate and replicate
an association between long-term NA ratings and activity within
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