
Researchers have made progress over the past several 
decades with the use of various technologies in under-
standing the biological basis of emotions. The typical 
experiment involves an emotion induction or perception 
task with concomitant measures of psychophysiology or 
neuroimaging. However, several reviews reveal the limita-
tions of this approach in defining a uniform, biologically 
based pattern of response specific to even the most basic 
of emotions (Cacioppo, Klein, Berntson, & Hatfield, 
1993; Murphy, Nimmo-Smith, & Lawrence, 2003). The 
inherent limitations of individual biologically based as-
sessment tools may contribute to this failure. For example, 
whereas psychophysiology offers relatively good tempo-
ral resolution and sensitive measures of autonomic ner-
vous system (ANS) arousal (Lang, Greenwald, Bradley, 
& Hamm, 1993), there is disagreement on the extent to 
which physiological measures can consistently capture 
valence (i.e., positive vs. negative). In comparison, while 
neuroimaging data suggest some consensus on the struc-
tures involved in the valence of emotions (Wager, Phan, 
Liberzon, & Taylor, 2003), this modality lacks a consistent 
index of ANS arousal or intensity of response. Thus, there 
is a need to combine multiple biologically based mea-
sures into one emotion research paradigm. The present 
study was designed to integrate both psychophysiology 
and neuroimaging in a context-specific emotion induction 
research paradigm.

The modern notion that physiology provides a basis 
for the experience of individual human emotions dates 
back to the writings of William James, who suggested 
that feelings follow discrete patterns of physiological 
response (James, 1884). Despite the popularity of this 

idea, nearly a century of research reveals little consis-
tent empirical support for it. The lack of support is evi-
denced by a comprehensive review and meta-analyses of 
multiple psychophysiologic measures of the ANS that 
include body temperature, systemic blood pressure, re-
spiratory rate, skin conductance (SC), and cardiac mea-
sures including heart rate (HR) that found no significant 
examples of emotion specific patterns of ANS activity 
(Cacioppo, Berntson, Klein, & Poehlmann, 1997). The 
same authors conclude, in a more recent review, that de-
spite several trends—including the finding that negative 
emotions, especially anger, are more arousing than posi-
tive emotions—there was wide heterogeneity in the find-
ings and little replicable evidence for specific autonomic 
differences in discrete emotions (Cacioppo, Berntson, 
Larsen, Poehlmann, & Ito, 2000).

Despite the focus on the ANS in the literature, few stud-
ies have separated contributions of the sympathetic and 
parasympathetic branches involved with emotional experi-
ences. Frequency domain measures of cardiac function that 
require a mathematical transformation of the interbeat in-
terval into power spectral densities are commonly referred 
to as the analyses of heart rate variability (HRV) (Akselrod 
et al., 1981). HRV analyses have become increasingly com-
mon because of their ability to distinguish sympathetic and 
parasympathetic influences on the sinoatrial pacemaker of 
the heart (Berntson et al., 1997). HRV has been used in a 
variety of emotion research studies and reduced HRV has 
been shown in relation to several negative emotional states, 
including phobic anxiety (Kawachi, Vokonas, & Weiss, 
1995), hostility (Sloan et al., 1994), and depression (Carney 
et al., 2000). In the present study, we include a measure of 
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HRV to indicate the relative contributions of the parasym-
pathetic nervous system to the target emotion.

In addition to psychophysiologic measures of the 
ANS, functional neuroimaging techniques as applied to 
the study of brain regions associated with various emo-
tional responses have become increasingly popular over 
the past decade. Two recent comprehensive meta-analyses 
attempted to summarize the data in an effort to describe 
discrete neurobiological regions associated with basic 
emotions (Murphy et al., 2003; Phan, Wager, Taylor, & 
Liberzon, 2002). The two reports included many of the 
same studies, and both include research with diverse emo-
tion induction and perception techniques using functional 
magnetic resonance imaging (fMRI) and positron emis-
sion tomography (PET) in healthy adults. The two reviews’ 
findings were similar to the ANS ones: little evidence for 
unique activation patterns for discrete emotions (e.g., 
happy, sad, fear, anger, and disgust). The most consistent 
finding in both analyses was an association between fear 
and activation of the amygdala, but even this finding was 
only found in 40%–60% of studies analyzed.

Whereas the results of these analyses are discourag-
ing in their ability to confirm reproducible neurobiologi-
cal correlates of discrete emotions, the analyses include 
a number of limitations, the most glaring of which is the 
failure to control for the type of emotion provocation tech-
nique used, with both analyses combining emotion induc-
tion tasks (e.g., presenting a stimulus to induce an emo-
tion) and emotion perception tasks (e.g., viewing photos 
of facial expressions of emotion). Both sets of authors ac-
knowledge the failure to control for the technique used for 
provoking emotions as one of several challenges that limit 
the ability to draw firm conclusions from these important 
reviews (Phan et al., 2002; Murphy et al., 2003).

As evidenced in these reviews, there are many ways of 
provoking emotional responses in humans. Among the 
most common techniques found in experimental research 
are the use of emotion imagery (see, e.g., Lang, Bradley, & 
Cuthbert, 1998), film clips portraying emotionally evoca-
tive material (e.g., Hubert & de Jong-Meyer, 1993), view-
ing of emotional facial expressions (e.g., Carr, Iacoboni, 
Dubeau, Mazziotta, & Lenzi, 2003), forced expression of 
emotional facial expressions (e.g., Ekman, Levenson, & 
Friesen, 1983), and autobiographical recall and generation 
of personally relevant emotional memories (e.g., Pitman, 
Orr, Forgue, de Jong, & Claiborn, 1987). Each technique 
raises unique questions. First, is the emotion generated by 
predominantly internal stimuli (e.g., self-reflection on per-
sonal stories) or predominantly external stimuli (e.g., pho-
tographs depicting provocative but not personally relevant 
images)? Second, is the emotion that is induced person-
ally relevant, and therefore idiosyncratic, or is it standard-
ized? Third, how much cognitive processing is required 
to produce the emotion, and is this controlled for in the 
experiment? Fourth, is the stimulus social in nature or does 
it depict a scene that does not involve humans? There is 
evidence to suggest that all of these questions are impor-
tant. For example, personal relevance has been shown to 
be a significant factor in the amount of physiological re-
sponse induced; more personally relevant emotional scripts 

have resulted in more physiological arousal than have 
nonpersonally relevant scripts (Velasco & Bond, 1998). In 
addition, the amount of cognitive processing required can 
mediate physiological and neuroimaging findings, result-
ing in suggestions to subtract neutral versions of the same 
stimuli from the target stimuli to control for cognitive pro-
cessing (Gemar, Kapur, Segal, Brown, & Houle, 1996). 

The present study is an attempt to advance emotion re-
search by combining data from both psychophysiology 
and neuroimaging measures in a research paradigm using 
scripts of autobiographical recall to induce specific emo-
tions. We chose to use the recall of personally relevant 
emotional experiences, because previous research has 
found personally relevant emotion scripts to be more ef-
fective than standard emotion scripts in generating an 
emotional response (Velasco & Bond, 1998). In addition, 
we chose to subtract the neutral script from the other emo-
tions in an effort to control for cognitive processing used in 
generating the target emotion. Finally, in addition to PET 
imaging of the central nervous system responses, we in-
clude a measure of HRV in combination with SC, in order 
to monitor both the parasympathetic and sympathetic 
branches of the ANS, respectively (Hugdahl, 1995).

METHOD

Participants
Ten healthy participants were recruited, through advertisements 

in the community, as part of a larger study on emotion induction 
in major depressive disorder (Dougherty et al., 2004). Interested 
participants underwent screening for the study that included a Struc-
tured Clinical Interview for Axis I DSM-IV Disorders (First, Spitzer, 
Gibbon, & Williams, 1995) in order to rule out any current or past 
Axis I diagnoses. In addition, participants had no history of sig-
nificant neurologic or medical conditions. The participants (5 men 
and 5 women) had a mean age of 33.9 (SD  11.9). All participants 
were determined to be right handed by the Edinburgh Inventory 
(Oldfield, 1971), and had reported normal hearing, with normal or 
corrected vision. Written informed consent was obtained from each 
participant in accordance with approval from the Human Subjects 
Research Committee of the Massachusetts General Hospital.

Emotion Scripts
Scripts of past emotional experiences unique to each participant 

were developed using a previously published procedure (Dougherty, 
2004; Pitman et al., 1987). Prior to the study, participants provided 
written descriptions of events in their lives when they felt the most and 
second most of three target emotions: anger, sadness, and happiness. 
They also wrote two scripts describing a neutral topic (e.g., going 
for a walk, cooking dinner), leading to the creation of eight emotion 
scripts corresponding with two scripts for each emotion condition 
(i.e., neutrality, anger, sadness, and happiness). Using the written au-
tobiographical scripts, an investigator in the protocol (D.D.D.) edited 
and composed each script into a second person narrative and, in a 
neutral voice, made a recording that lasted approximately 30 sec.

Emotion Induction Paradigm
Participants were scanned using a randomized block design with 

PET imaging. Participants were scanned a total of eight times, with 
two scans corresponding to the neutral condition and six scans cor-
responding to the target script-induced emotions. Neutral conditions 
were performed first and last, whereas the order of the remaining 
three conditions (i.e., anger, sadness, and happiness) was counter-
balanced across participants. Before each scan, the participant was 
instructed as follows: “Close your eyes, listen carefully to the script, 
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and imagine the event portrayed as vividly as possible, as if you are 
actually participating in the event rather than just watching yourself 
in it.” Participants were asked to focus on the induced emotion for 
up to 60 sec following the recording. Thus, during the 60 sec im-
mediately after the script audiotape, participants continued to recall 
and imagine the event while PET data were acquired. Following ter-
mination of the PET data acquisition after the 60 sec imaging period, 
participants were instructed to stop imagining the event. Emotion 
inductions were separated by at least 10 min to allow for return to 
resting physiologic states (defined as within 10% of baseline levels) 
and for radiation decay to achieve negligible levels before beginning 
the next emotion induction.

Emotional State Subjective Report
Immediately following the last script, participants were asked to 

recall and rate their subjective emotional responses to each script. 
Participants rated their emotional responses on separate subjective 
0- to 10-point visual analog scales, with 0 indicating the complete 
absence of a response and 10 indicating the maximum possible re-
sponse for the target emotions. ANOVAs were used to compare dif-
ferences between ratings within subjects.

Psychophysiologic Assessment
Psychophysiologic measures were recorded continuously 

throughout the study period for each emotion induction. Measures 
included SC, HR, and derived HRV. SC and HR data were collected 
and analyzed using an ADInstruments PowerLab 8SP computer-
based modular instrument system and Chart software Version 4.2 
(ADInstruments, Inc., Sydney). The PowerLab system uses 32-bit 
processing at 16 MHz with a 16-bit analog to digital converter set at 
a 100 Hz sample rate. For this study, Ag–AgCl electrodes were used 
to measure SC level from the distal palmer surface of the third and 
fourth digits of the individual’s left hand. SC values are reported in 
microsiemens ( S). HR, including HRV variables, was extracted 
from the single lead chest EKG. HR is reported in interbeat inter-
vals (NN) in milliseconds (msec). The HRV measurements were 
calculated by means of frequency domain indices using commer-
cially available software (Chart HRV Module Version 5.0, ADIn-
struments Inc., Sydney, Australia). The frequency domain compo-
nents computed were high-frequency power (HF: 0.15–0.40 Hz), 
low-frequency power (LF: 0.04–0.15 Hz), and the LF–HF ratio. HF 
and LF results are reported in msec2.

Analyses of psychophysiologic data included the 30 sec before 
the reading of the script (baseline period) and the 60 sec following 
the playback of the emotion script while each PET image was re-
corded (imaging period). SC values were obtained by computing the 
area under the curve (AUC), whereas HR and HRV values were aver-
aged for each scan within the baseline and imaging periods. For each 
target emotion, we report paired t tests for the change from baseline 
to imaging period, corrected for the duration of SC, HR, and the HF 
variable of HRV used in the analyses. We limited our HRV analyses 
to the HF region, because the script imaging period was only 60 sec 
in duration, which is below the minimum suggested for analyses of 
LF regions of the power spectrum (Berntson et al., 1997). Change 
scores were calculated by subtracting the relevant immediate physi-
ologic baseline from the imaging period for the target emotion and 
then averaging the two trials for each of the angry, sad, and happy 
emotion scripts. Because of the high variability in the study condi-
tions for participants leading up to the start of the protocol—as re-
flected in the high variability in baseline autonomic physiology prior 
to the first neutral condition (SDs significantly greater than Ms when 
compared with subsequent conditions)—we limited the analyses of 
emotion responses to subtraction of the second neutral script occur-
ring at the very end of the protocol. Thus, a change score was calcu-
lated for the second neutral emotion script for each participant for 
the purposes of comparisons to the neutral condition, as described 
below. In addition, square root transformations were calculated on 
all physiologic means to reduce variability between participants that 
is common in physiologic signals (Hugdahl, 1995).

A final calculation was made in order to directly compare the 
physiology data with the neuroimaging data and to control for effects 
of cognitive processing of the emotion scripts. This comparison in-
volved independent calculations of the difference between the angry, 
happy, and sad change scores and the neutral script for each emotion. 
We report the change scores (imaging minus baseline period) for 
each physiologic parameter for the individual emotion conditions for 
the group, followed by the difference between those change scores 
for the target emotion script minus the neutral script.

PET Imaging Assessment
PET imaging involved a 15-slice whole-body tomograph used in 

its stationary mode (Scanditronix Model PC4096; General Electric 
Medical Systems, Milwaukee, WI). The slice geometry consisted 
of contiguous slices with center-to-center distance of 6.5 mm (axial 
field equal to 97.5 mm) and axial resolution of 6.0-mm full width at 
half maximum. Image reconstruction was performed using a com-
puted attenuation correction and a Hanning-weighted reconstruction 
filter set to yield 8.0-mm in-plane spatial resolution full width at half 
maximum. Additional processing was performed to account for scat-
tered radiation, random coincidence, and counting losses that were 
due to dead time in the camera electronics. Head alignment was made 
relative to the canthomeatal line using projected laser lines whose po-
sitions were known with respect to the slice positions of the scanner. 
An individually molded thermoplastic mask was used to minimize 
head motion. Once the head was in place, the participant was fitted 
with a pair of nasal cannulae and an overlying face mask, which were 
attached to the radio-labeled gas inflow and vacuum, respectively.

Immediately following each emotion induction, participants un-
derwent PET imaging while continuously inhaling tracer quantities 
of 15O-carbon dioxide that was mixed with room air for 60 sec. The 
concentration of the delivered gas was 2,960 Mbq/L (80 mCi/L), 
with a flow rate of 2 L/min, further diluted by the free mixture with 
room air within the face mask, which resulted in a rapidly rising 
count rate in the brain, reaching terminal count rates of 100,000 
to 200,000 events/sec. Previous unpublished data at Massachusetts 
General Hospital using radial artery cannulation has demonstrated 
that the integrated counts over inhalation periods up to 90 sec are 
a linear function over the flow range of 0–130 mL/min per 100 g. 
Therefore, for data to be produced with units of flow relative to the 
whole brain, no arterial access was necessary.

Statistical analysis of the PET data followed the theory of statisti-
cal parametric mapping (Friston, Frith, Liddle, & Frackowiak, 1991; 
Friston et al., 1995). Data were analyzed using the SPM99 statistical 
software package (Wellcome Department of Cognitive Neurology, 
London). PET images were motion corrected, spatially normalized 
to the standard normalized space established by the Montreal Neuro-
logical Institute (available at www.bic.mni.mcgill.ca), and smoothed 
to 10-mm full width at half maximum. At each voxel, the PET data 
were normalized by the global mean and fit to a linear statistical 
model by the method of least squares. Planned contrasts at each 
voxel were conducted; this method fits a linear statistical model—
voxel by voxel—to the data, and hypotheses were tested as contrasts 
in which linear compounds of the model parameters were evaluated 
using t statistics that were then transformed to z scores. We report 
regions containing foci of activation with z scores  3.09 (corre-
sponding to p  .001, uncorrected for multiple comparisons). Note 
that the data were inspected in a hierarchical manner: First, regions 
from the a priori hypotheses were inspected; next, the entire brain 
volume was inspected and, finally, post hoc findings were reported 
using a comparable threshold to reduce bias.

RESULTS

Emotional State Subjective Report
Because of the constraints of the PET data acquisition, 

participants rated their experience of the scripts retro-
spectively on the emotional state scales at the conclusion 
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of the final neutral emotion induction. In general, par-
ticipants reported high ratings of the target emotion. The 
ANOVAs comparing anger, happiness, and sadness dur-
ing the angry (F  29.92), happy (F  322.30), and sad 
(F  54.47) emotion inductions were all significant ( p  
.001). Tukey’s post hoc tests revealed that in response to 
the angry scripts, participants reported feeling signifi-
cantly more anger than either happiness or sadness, and 
significantly more sadness than happiness ( p  .01). In 
response to the happy scripts, participants reported feeling 
significantly more happiness than either anger or sadness 
( p  .001), with no difference between ratings of anger 
and sadness during the happy script. Finally, in response to 
the sad scripts, participants reported feeling significantly 
more sadness than either anger or happiness, and more 
anger than happiness ( p  .001).

Psychophysiology
The results of the psychophysiologic data are presented 

first as the difference between the imaging period minus 
the emotion-specific baseline period, and then as the dif-
ference between the target emotion and the neutral emo-
tion condition. The difference between the target emotion 
and the neutral emotion for SC, NN interval, and HF 
power are also presented in Table 1.

Neutral Condition
There was a significant increase in SC during the neu-

tral imaging period compared with the baseline period, 
with a mean increase of 3.21  3.44 S (t  2.95, p  
.016). In addition, HR also significantly increased from 
baseline to imaging period for the neutral script, with an 
average change in NN interval of 0.51  0.55 msec (t  

2.96, p  .016). There were no significant changes in 
the HF variable of HRV during the neutral condition from 
baseline (t  1.26, p  .239).

Angry Condition
There was a significant increase in SC during the anger 

imaging period compared with the baseline period, with a 
mean increase of 5.44  7.27 S (t  2.37, p  .042). HR 
also significantly increased from baseline to imaging for 

the angry emotion condition, with an average NN change 
of 1.40  1.14 msec (t  3.88, p  .004). In addition, 
the HF variable of HRV significantly decreased during the 
same anger condition, with a mean decrease of 39.57  
35.14 (t  3.56, p  .012).

When compared with the neutral condition, there was a 
significant increase in SC for the anger condition, with a 
mean increase of 4.33  4.20 S (t  3.26, p  .009). HR 
also increased during the anger condition when compared 
with the neutral script, with a mean NN interval change 
of 8.17  4.65 msec (t  5.55, p  .001). Finally, the 
HF variable of HRV also changed significantly compared 
with the neutral script, with a mean decrease of 39.57  
35.14 (t  3.56, p  .006).

Happy Condition
There was no significant change in SC during the happy 

imaging condition when compared with the baseline (t  
0.82, p  .431). However, there was a significant increase in 
HR from baseline to imagery for the happy condition, with 
an average NN change of 0.99  .98 msec (t  3.20, 
p  .011). The HF variable of HRV did not significantly 
change from baseline to imagery (t  1.38, p  .202).

When compared with the change in SC during the 
neutral emotion condition, there was no significant dif-
ference in SC for the happy condition (t  1.09, p  
.303). However, when compared with the change in HR 
during the neutral condition, there was a significant in-
crease in HR during the happy condition with a mean NN 
interval change of 6.57  5.53 msec (t  3.76, p  
.005). Although not significant, there was a trend for HF 
to decrease during the happy emotion script as compared 
with the neutral script (t  1.99, p  .078).

Sad Condition
There was no significant change in SC between the 

baseline and the imaging periods for the sad emotion in-
duction condition (t  0.53, p  .611). There was a trend 
for HR to increase from baseline to imagery during the 
sad emotion induction condition (t  2.07, p  .069), 
whereas the HF variable of HRV showed no change (t  

1.63, p  .137).
There was no change in SC during the sad condition 

when compared with the neutral condition (t  0.32, 
p  .757). There was a trend for an increase in HR during 
the sad condition in comparison with the neutral condi-
tion (t  2.22, p  .054). Finally, when compared with 
the change in the HF variable of HRV during the neutral 
emotion script, there was a significant decrease in the HF 
variable of HRV during the sad condition, with a mean de-
crease of 32.14  39.18 msec (t  2.59, p  .029).

PET Imaging
Table 2 summarizes the areas of increased rCBF for 

each of the target emotions. Whole-brain analyses were 
conducted similarly to those of the psychophysiology data 
by independently averaging the two emotion conditions 
for the three target emotions and subtracting the neutral 
emotion. The anger–neutral comparison demonstrated in-
creased rCBF in the left orbital frontal cortex (OFC; z  

Table 1  
Differences Between Change Scores for Target Emotion Versus 

Neutral Autobiographical Scripts

Emotion  M  SD  t Value  p Value

Anger
 SC AUC ( S) 4.33  4.20 3.26 .01
 NN interval (msec) 8.17  4.65 5.55 .01
 HF power (msec2) 39.57 35.14 3.56 .01
Happiness
 SC AUC ( S) 3.99 11.54 1.09 n.s.
 NN interval (msec) 6.57 5.53 3.76 .01
 HF power (msec2) 28.43 45.24 1.99 n.s.
Sadness
 SC AUC ( S) 1.05 10.45 0.32 n.s.
 NN interval (msec) 4.16 5.93 2.22 n.s.
 HF power (msec2) 32.14 39.18 2.59 .05

Note—AUC, area under the curve; S, microsiemens; NN, heart rate 
interbeat interval; HF, high frequency.



AUTOBIOGRAPHICAL RECALL OF EMOTIONS    247

3.42; MNI coordinates  10, 66, 12), as well as in 
the left insula (z  3.41; MNI coordinates  28, 18, 
12), the left cerebellum (z  3.30; MNI coordinates  

46, 72, 30), the right superior temporal gyrus (z  
3.48; MNI coordinates  50, 24, 2), and the left mid-
dle temporal gyrus (z  3.26; MNI coordinates  58, 

44, 8). The happy–neutral comparison demonstrated 
no significant increases in the prefrontal cortex, but sig-
nificantly increased rCBF in the left ventral striatum (z  
3.58; MNI coordinates  18, 26, 0), the left anterior 
temporal pole (z  3.21; MNI coordinates  38, 24, 

34), the right superior temporal gyrus (z  3.12; MNI 
coordinates  42, 36, 14), and the left middle tempo-
ral gyrus (z  3.89; MNI coordinates  56, 44, 6). 
Finally, the sad–neutral comparison also did not demon-

strate any significant changes in rCBF in the prefrontal 
cortex. However, the sad–neutral comparison did reveal 
significant rCBF increases in the left cuneus (z  4.09; 
MNI coordinates  2, 76, 8), the left caudate (z  
3.73; MNI coordinates  14, 18, 10), and the left mid-
dle temporal gyrus (z  3.13; MNI coordinates  58, 

44, 6).
Figure 1 illustrates changes in PET imaging activity, as 

well as the concomitant changes in psychophysiology for 
anger. Note that the results for the HRV have been trans-
formed for Figure 1 by dividing by a constant (k  10) in 
order for the data to fit on the same graph.

DISCUSSION

The present study combined measures of activity in the 
central nervous system using PET imaging with measures 
of activity in the peripheral nervous system using SC, HR, 
and HRV. The analyses of these multiple measures in healthy 
participants involved recall of autobiographical memories 
for three target emotions: anger, happiness, and sadness. 
The results show that anger was the only target emotion to 
show an increase in sympathetic nervous system activity 
when compared with the neutral condition. This increase 
in sympathetic activity was accompanied by a significant 
reciprocal decrease in parasympathetic activity, as reflected 
in decreased HF band of HRV and increased HR. Interest-
ingly, anger was the only emotion to show significant ac-
tivity in the prefrontal cortex, with significant increases in 
rCBF in the left OFC. In comparison, the results for the 
happy and sad conditions showed no significant increase 
in sympathetic activity and no activity in the frontal cor-
tex compared with the neutral condition, despite decreases 
in parasympathetic activity. The findings suggest that in-
creased sympathetic activity with reciprocal decreased 

Table 2 
Significant Differences in Increased Cerebral Blood Flow in 

Specific Brain Regions During Target Emotion Induction Versus 
Neutral Autobiographical Script

MNI Coordinates
Brain Region  Cluster Size  z Score  (x,  y,  z)

Anger  Neutral
 Orbital frontal cortex  49 3.42 10, 66, 12
 Superior temporal gyrus 215 3.48 50, 24, 2
 Insula  63 3.41 28, 18, 12
 Cerebellum  27 3.30 46, 72, 30
 Middle temporal gyrus  41 3.26 58, 44, 8
Sad  Neutral
 Cuneus 191 4.09 2, 76, 8
 Caudate 321 3.73 14, 18, 10
 Middle temporal gyrus  55 3.13 58, 44, 6
Happy  Neutral
 Ventral striatum 137 3.58 18, 26, 0
 Middle temporal gyrus 155 3.89 56, 44, 6
 Anterior temporal pole  13 3.21 38, 24, 34
 Superior temporal gyrus  21  3.12  42, 36, 14
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Figure 1. Significant physiologic responses and corresponding areas of in-
creased rCBF on PET imaging for emotion induction of anger using autobio-
graphical recall. Change scores represent the differences between the period of 
emotion induction and relative baseline. For the HF variable, absolute change 
was transformed to fit the graph. All change scores are significant changes from 
neutral ( p  .01). SC, skin conductivity; NN, heart rate interbeat interval; HF, 
high frequency heart rate variability.
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parasympathetic activity may be necessary to generate 
frontal activity in autobiographical recall of emotions.

Most theories of emotion support an essential role for 
physiology and neurobiology (Ekman & Davidson, 1994). 
Despite this fact, few studies have combined measures of 
both factors in research paradigms designed to study emo-
tion. Thus, to date, it has been difficult to assess the role 
of autonomic activity in neuroimaging studies and simi-
larly difficult to assess central nervous system responses 
in studies that rely exclusively on physiology. However, 
one consistency in the physiology literature is the find-
ing that negative emotions tend to have a steeper arousal 
curve when compared with positive emotions (Bradley, 
2000). In the present study, the low peripheral arousal of 
sadness and happiness—as evidenced by the decrease in 
SC activity in response to the relevant autobiographical 
memories compared with the neutral emotion—had dif-
ferent central activity (cuneus vs. striatum, respectively) 
and no significant activity in the prefrontal cortex. In con-
trast, the anger induction generated high levels of arousal, 
as evidenced by the reciprocal increase in sympathetic 
(SC) and decrease in parasympathetic (HF) activity. This 
high arousal was associated with increased left OFC ac-
tivity during the anger condition. This anger finding sup-
ports previous studies that show high arousal (Christie 
& Friedman, 2004) and left frontal activity (Dougherty 
et al., 2004; Goldstein et al., 2005) during anger emotion 
induction. Although speculative, these findings suggest a 
new model of emotion that requires a minimal threshold 
level of arousal to induce a response in the relevant region 
of the prefrontal cortex.

The present study also supports the need to consider 
the relative characteristics of the emotion stimulus and the 
ability of a multidisciplined approach for elucidation of 
the unique features of autobiographical recall of emotion. 
For example, the comparison of the baseline to imagery 
period for the neutral stimulus suggests that perhaps “neu-
tral” autobiographical scripts are not so neutral. The find-
ings of a significant increase in SC and HR without a sig-
nificant increase in the HF band of HRV suggest increased 
sympathetic activity in healthy participants to the neutral 
autobiographical script. This finding is particularly note-
worthy, given the fact that only the second neutral script 
was used, thus minimizing idiosyncratic factors such as 
the varying levels of state anxiety prior to the start of the 
research protocol. It is possible that this increased sympa-
thetic activity represents cognitive processing, which may 
include an orienting response to and language processing 
of the neutral verbal script, a hypothesis that is worthy of 
future study.

Another finding related to stimulus type is the lack of 
activity in the amygdala for any of the target emotions in 
the present study. Several studies now support the finding 
of amygdala activity for both positive and negative emo-
tions (Kensinger & Schacter, 2006; Wager et al., 2003). 
In addition, there are now several studies that support the 
role of the amygdala in emotion response beyond a sim-
ple reaction to fear-related stimuli (Glascher & Adolphs, 
2003; Wright et al., 2000). Consistent with Phan et al.’s 
(2002) proposal that the amygdala may respond to any 

personally meaningful stimuli, it is possible that in the 
present study, the neutral autobiographical scripts were 
quite meaningful to participants (since they were based 
on personal experience), thus eliminating any difference 
in the amygdala activation between the target emotion and 
the neutral condition. Because we did not scan during a 
nonscript neutral condition, we cannot be sure that neu-
tral is not at least partially affectively loaded due to the 
personally relevant nature of the stimulus, although the 
participant self-reports argue against this interpretation. 
An alternative explanation—given the temporal dynam-
ics of PET rCBF—may involve the timing of amygdalar 
responses to nonthreatening stimuli as transient and non-
significant in the context of a full minute of recording, as 
used in this research protocol. Regardless of the reasons, 
further consideration of what is “neutral” in emotion in-
duction and future studies examining other types of neu-
tral scripts are warranted.

Another finding of note in the present study is the com-
mon area of activation in PET activity that may be related 
to the type of induction technique used. In the present 
study, the only region of activity on PET imaging that was 
common to all three target emotions was the left middle 
temporal gyrus. Given that this area was not commonly 
active in the two meta-analyses discussed in the introduc-
tion (Murphy et al., 2003; Phan et al., 2002), it is possible 
that this area is unique to emotions induced by verbal 
playback of autobiographical scripts. This finding is sup-
ported by a recent neuroimaging study in amnesic patients 
(Buchanan, Tranel, & Adolphs, 2005). The authors found 
that when comparing patients with discrete versus exten-
sive hippocampal damage and normal controls, patients 
with more extensive damage to the surrounding temporal 
cortex had significantly reduced quality of autobiographi-
cal memories for unpleasant events. Given this finding—
and the emerging relationship between decreased volume 
of the left middle temporal gyrus and increased auditory 
hallucinations in patients with chronic schizophrenia (On-
itsuka et al., 2004)—one can speculate that the left middle 
temporal gyrus findings in the present study are related to 
the verbal and auditory nature of the emotion-induction 
scripts. At the very least, more careful consideration of 
the induction technique used and controls for language 
versus image-based approaches in emotion research is 
warranted.

The present study has several important limitations. 
First, despite attempts to collect subjective ratings of the 
target emotion, these ratings were given retrospectively 
following completion of all the emotion induction scripts 
and associated imaging. In addition, the ratings do not in-
clude a subjective report of level of arousal, an important 
consideration in the interpretation of emotional responses. 
Future studies should consider giving subjective recall 
questionnaires immediately following the experience 
and should include ratings of arousal. Second, as noted 
previously, the present study relied on autobiographical 
scripts to generate target emotions. Future studies should 
carefully consider the neutral condition and combine mul-
tiple induction tasks into a single research paradigm so 
that factors such as cognitive loading, personal relevance, 
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the social nature of the stimulus, and approach-versus-
 avoidance parameters can be controlled for and evaluated 
more thoroughly. Third, given the differences in the tem-
poral dynamics of PET and peripheral measures of auto-
nomic physiology, correlation and other statistical analyses 
combining all data types in this study are difficult. Future 
studies using fMRI and physiologic parameters may over-
come this limitation and provide an opportunity for cor-
responding network type analyses. Finally, in the present 
study, little consideration of the  cognitive-emotional style 
of the participants was made. There is evidence to sup-
port a distinction between arousal- and valence-focused 
individuals, which may bias subjective ratings of emotion 
(Barrett, 2004; Barrett & Niedenthal, 2004). Future stud-
ies that control for cognitive-emotional style while col-
lecting measures of central and peripheral nervous system 
activity are needed.

Despite these limitations, the present study success-
fully combined neuroimaging and measures of both divi-
sions of the ANS in an emotion-induction paradigm. One 
possible explanation for the heterogeneity of findings in 
recent reviews of both physiology and neuroimaging in 
the emotion literature is the association in the brain of 
differential networks representing discrete emotions with 
similar downstream physiologic responses that depend on 
both the level of arousal and the valence of the particular 
emotion. The present findings support a multidisciplinary 
approach, combining central and peripheral measures in 
emotion research. They suggest that future research stud-
ies including multiple measures and controlling for mul-
tiple variables—including type of emotion induction—
are needed to further evaluate the age-old question of the 
unique nature of emotions and the disorders associated 
with them.
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