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Summary

A variety of recent research indicates that when subjects are induced to experience certain negative emotions. there is greate;

suppression of alpha power in the right than lefl frontal region. while during the experience of positive emotion, alpha power asymmetry in this

region shows the opposite pattern. We have conceptualized this asymme

try as reflecting specialization for approach and withdrawal processes in

the left and right frontal regions, respectively. In this experiment, reward and punishment contingencies were directly manipulated to produce
approach and withdrawal emotional states. In addition, subjects responded to imperative stimuli using either an approach response (finger pressy
or a withdrawal response (finger lift). EEG was recorded from multiple scalp locations. During the foreperiod prior 1o the response to the
imperative stimuli, the EEG was extracted, Fourier-transformed and power computed in the theta, alpha and beta frequency bands. In addition.
the contingent negative variation (CNV) was derived from the identical epuch. Reward trials were associated with greater left frontal alpha
power suppression than punishment trials, while during the latter trials, there was greater right-sided frontal alpha power suppression than

during reward trials.

There was also some evidence to indicate that withdrawal responses were associated with greater right-sided alpha power suppression in the
temporo-parietal region compared with approach responses. Power in the theta and beta bands did not systematically vary with condition. The
CNV was larger during trials on which subjects responded quickly compared with slow trials. but did not differentiate between reward and
punishment contingencies. The findings support the hypothesis that approach-related processes can be differentiated from withdrawal-related
processes on the basis of asymmetrical shifts in alpha power in the frontal region. They also indicate that the CNV and spectral power estimates

from the identical epochs reflect different neural processes.
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Approach and withdrawal behavior represent funda-
mental behavioral reactions that are observed at many
levels of phylogeny (e.g., Schneirla 1959). Recently.
Davidson and his colleagues have conceptualized emo-
tion-related cerebral asymmetries as components of a
lateralized approach and withdrawal system. Specifi-
cally, positive affect which is approach-related has been
found to be accompanied by increased left-sided ante-
rior frontal activation. while negative affect which is
withdrawal-related is accompanied by increased right-
sided frontal activation (Davidson ct al. 1990b: see
Davidson and Tomarken 1989 for review). A growing
body of evidence using a number of diverse measures
converges on a similar conclusion (sec Leventhal and
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Tomarken 1986; Silberman and Weingartner 1986, for
reviews).

Previous research on the effects of phasically aroused
emotion on measures of hemispheric activation have
relied upon standardized mood induction procedures
(c.g.. Tucker et al. 1981) or the presentation of emo-
tionally evocative visual stimuli (c.g.. Davidson et al.
1990b) to arouse emotion in the laboratory. Unfortu-
nately, the emotion generated by the use of such pro-
cedures may be only loosely related to the activation of
approach and withdrawal behavior. Moreover, the
stimuli used in such procedures are typically relatively
long (i.e., on the order of minutes) and are likely to
produce considerable variability in subject responses. If
the electrophysiological measures are integrated across
the entire time period during which the stimulus is
presented, such indices are likely to reflect periods
during which the target emotion is present, as well as
periods during which other irrelevant emotions are
occurring and periods during which no emotion is
present. Although methods exist to circumvent many of
these problems (sce Davidson et al. 1990b), formidable
obstacles remain in the study of regional electrophysio-
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Jogical changes associated with approach and with-
drawal-related emotion.

Reward and punishment contingencies have more
consistently been linked to approach and withdrawal
tendencics than standardized laboratory emotion elici-
tors. Specifically, organisms are likely to approach cues
that are followed by reward and to withdraw from cues
that are followed by punishment. Accordingly. in this
experiment, we specifically manipulated reward and
punishment contingencies and examined changes in
brain electrical activity immediately following the pre-
sentation of the cues which signaled reward and pun-
ishment. Because of the nature of the task which the
subjects performed, we were able to achieve a tighter
time-locking between stimulus events and measures of
brain electrical activity than in most other studies of
EEG changes associated with emotion.

This experiment also included a simple. frank ma-
nipulation of the required motor response. In one
condition, an approach response was required — sub-
jects had to approach and press a key. In the other
condition, subjects began each trial with their finger
already depressing the response key. Upon secing the
imperative stimulus, subjects were required to with-
draw their finger from the key. This manipulation was
included to determine if approach or withdrawal motor
behavior by itself would be associated with different
patterns of anterior brain asymmetry. In addition, we
wished to determine if the reward and punishment
contingencies would interact with the motor response
type. In particular, is the combination of reward trials
and approach responses associated with the most pro-
nounced left frontal activation and punishment trials
and withdrawal responses associated with the most
pronounced right frontal activation?

These questions were tested in an experiment in
which the major dependent measure was changes in
power in the alpha band extracted by Fourier trans-
form from short segments of ongoing EEG. The method
is based upon an extensive series of studies done by
Davidson and his colleagues which have used the same
methods in a number of different paradigms (Davidson
1988, 1992; Davidson and Tomarken 1989). Using the
EEG in this way, decreases in power in the alpha band
are thought to be indicative of increases in activation
(e.g., Shagass 1972). Recently, Davidson et al. (1990a)
have reported that decreases in power in all frequency
bands are associated with activation. However, greater
task-dependent variation is present in the alpha band
and changes in this band consistently show the most
robust differentiation among tasks in the waking state.
In the present study, in addition to examining changes
m alpha power. we also examined task-related changes
in theta and beta power. Regional brain activity was
analyzed in the 4 sec period between the presentation
of a stimulus which denoted whether the trial was a

potential reward or punishment trial and the presenta-
tion of an imperative stimulus to which the subjects
were required to respond. We predicted that punish-
ment trials would be associated with greater right-sided
frontal activation compared with reward trials. We also
cxamined whether the manipulation of movement type
(i.e., approach versus withdrawal) systematically influ-
enced the asymmetry of brain activity just -prior to
response execution. In addition to examining the ef-
tects of our experimental variables on EEG power in
different frequency bands, we also examined the con-
tingent negative variation between the warning and
imperative stimuli. In this way. we could directly com-
parc the effects of our experimental manipulations on
these two classes of dependent measures.

Methods

Subjects v

Fifteen college students (7 males and 8 females)
ranging in age between 18 and 25 years served as
subjects. They received extra credit points for their
participation. As will be explained below, subjects also
had the opportunity to win money over the course of
the cxperiment. Only right-handed individuals were
included. Handedness was assessed with the Edinburgh
Handedness Inventory (Oldfield 1971). Subjects were
required to use their right hand on a minimum of 11 of
13 items. In addition, all subjects were required to have
normal visual acuity (with correction. if needed).

Procedure

The subject was comfortably seated in an acousti-
cally shielded room. The subject was seated 75 cm in
front of a 14 in. computer monitor. Subjects were
presented with a multiple trial task which involved
both reward and punishment contingencies. All trials
consisted of the same basic structure (see Fig. 1). All
stimuli were presented against a black background.
Each trial began with the presentation of a red fixation
point (0.15°} in the center of the screen. After a ran-
dom time interval that varied between 2 and 4 sec, an
arrow (3° wide X 5° high) was presented for | sec. On
approximately half of the trials, the arrow was pre-
sented in the up position and on the remainder of the
trials the arrow was presented in the down position.
The order in which these trial types occurred was
randomly determined. separately for each subject. Four
seconds following the presentation of the arrow stimu-
lus (during which time the fixation point re-appeared),
a square (2° X 2°) was presented in the center of the
screen for 1 sec. This was the imperative stimulus to
which subjects were required to respond (see below).
Two seconds following the offset of the square, a
feedback stimulus (3° X 5°) was presented for 1 sec
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which provided subjects with information about their
performance on that trial. An inter-trial interval (ITD
of 2 sec then occurred, after which the fixation point
was illuminated for the next trial. Throughout the trial
sequence, the fixation point was illuminated during all
times when another stimulus was not present, except
during the 2 sec ITI. Other than the fixation point, all
other stimuli were white.

There were two types of trial: “reward” trials during
which the arrow was in the up position and “punish-
ment” trials during which the arrow was in the down
position. The direction of the arrow denoted whether
the subject could potentially win or lose money on that
trial. The outcome on each trial was based upon the
subjects” reaction time to the imperative stimulus.
There were two possible outcomes on each trial. For
reward trials, subjects could cither win money or have
no change in their carnings. For punishment trials,
subjects could either lose money or have no change in
their earnings. The amount of money which was won or
lost on each trial was always $0.25.

Each subject took part in two identical experimental
sessions, each lasting about 1.5 h. Subjects were told
that they would receive $5 at the beginning of cach
session which represented their starting sum of money
in the game they were about to play. Subjects were
instructed that they could win additional money as well
as lose money from the $5 starting amount. They were
also told that the amount of money they ended up with
during the game would be theirs to keep.

During one-half of the session, subjects were in-
structed to make a button press response (i.e., ap-
proach) to the imperative stimulus. During another
half, subjects were instructed to make a button lift
responsc (i.e.. withdrawal) to the imperative stimulus.
Order of approach and withdrawal trial blocks was
counterbalanced across the two sessions. Half the sub-
jects began with approach trials and half with with-
drawal trials. For trials on which approach responses
were required, subjects had the index finger of their
right hand lightly touching the response button and
upon seeing the imperative stimulus, they were re-
quired to press the button as fast as possible. For trials
on which withdrawal responses were required, subjects
began the trial with the button depressed (with the
same finger) and upon secing the imperative stimulus,
they were required to lift their finger from the button
as fast as possible. Each half of the session began with
a block of 10 practice trials during which the subject
did not play for money. Following the practice trial
block. there were 5 blocks of 20 trials each. Between
blocks there was a 3 min break. In the middle of the
session there was about a 10 min break. Thus, there
were 100 trials per movement condition (approach /
withdrawal) during each session. The entire experi-
ment therefore consisted of a total of 400 trials, half of
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Fig. 1. Depiction of the stimuli used and the timing sequence of cach
trial.

which were reward and the other half punishment. Of
the 200 reward and punishment trials, half of each
required an approach response and the remainder
required a withdrawal response.

An IBM PS/2-60 computer acquired reaction time
data. The computer calculated median reaction time
for each trial block. For subjects to win money in the
reward trials, they were required to have a reaction
time which was faster than the median reaction time
from the previous block. On the basis of pilot data
from this task, we used a starting reaction time of 220
msec as the criterion for the practice trials. The crite-
rion for the first block of real trials was calculated from
the practice trial data. Subjects were not told that the
criterion reaction time values for a given block were
determined on the basis of their performance during
the prior block. Mean carnings per session was $8.45.

The basic structure of the feedback stimulus is illus-
trated in Fig. 1. The stimulus consisted of a 3-hox
ladder with a dot contained within 1 of the 3 boxes. On
reward trials, the dot could appear in either the top or
middle positions. A dot in the top position denoted
that the subject responded faster than the criterion for
that block and therefore $0.25 was earned. A dot in the
middle position denoted that the subject was slower
than the criterion and therefore no money was earned.
On punishment trials, the dot could appear in cither
the middle or bottom positions. A dot in the bottom
position denoted that the subject responded slower
than the criterion for that block and therefore $0.25
was taken away. A dot in the middle position denoted
that the subject was faster than the criterion and
therefore avoided any loss of money. Subjects were
given the amount of money they earned in each session
after that session. At the beginning of the study sub-
jects’ were acquainted with the task by the experi-
menter and then once more by instructions presented
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on the computer monitor. The subject was asked to
fixate his/her eyes on the fixation point and not blink
during the trials.

At two different times during cach session. subjects
were asked to rate ditferent aspects of their emotional
state. They were asked to make these ratings after the
first 5 trial blocks (at the midpoint of the session) and
then again at the end. They rated the following 4
questions on 1-9 point intensity scales, with 1 denoting
that they did not experience the emotion at all and 9
indicating that the emotion was experienced extremely
intensely:

(1) How happy were you when you saw the arrow
turned up?

(2) How sad, distressed or angry were you when you
saw the arrow turned down?

(3) How happy were you when your reaction was
fast enough and you gained money?

(4) How sad. distressed or angry were you when
your reaction was too slow and you lost money?

EEG recording and data reduction

EEG activity was recorded from 14 standard sites:
F3, F4, F7, F8, T3, T4, C3, C4, O1, 02, Pz, Cz
according to the 10/20 system and from the following
non-standard locations: TP3, TP4 located in the middle
of the distance between points T3-P3 and T4-P4. All
sites were referred to linked A1-A2 ! (see Senulis and
Davidson 1989). EEG was recorded with a lycra cap
(Electro-Cap, Inc.). All impedances were below 5 k2,
and the impedances of homologous electrodes were
within 1 k{2. EOG was recorded from the external
canthus to the supra-orbit of one eye. The side on
which EOG was recorded was varied between sessions,
with half the subjects starting with electrodes on the
left side and half with the opposite configuration. This
procedure was followed to climinate any systematic
differences in attentional bias produced by asymmetri-
cal electrode location across subjects.

All signals were amplified with a Grass Model 12
Neurodata system, with high and low pass filters set to
0.01 Hz and 100 Hz, respectively. An additional 24
dB/octave low pass filter (Rockland Model 432) set to
55 Hz was used to prevent aliasing. The output of the

" Although Nunez (1981) has suggested that linking the ears may
attenuate the magnitude of brain electrical asymmetries. recent
findings from 2 independent studies have not found any support for
this claim (Senatis and Davidson 198Y; Andino et al. 1990: Miller et
al. 1991). Even if linking the ears does slightly attenuate the magni-
tude of observed asymmetry, this would work against us finding
significant shifts in asymmetry within subjects between reward and
punishment conditions. Recent studies from our laboratory that have
directly compared several different referencing montages within the
same subjects in response to standardized tasks have found consis-
teney across references (e.g., Davidson et al. 19904; Henriques and
Davidson 1990).

amplifiers was digitized at a frequency of 200 sam-
ples /sec by a Nicolet Pathfinder and stored on digital
magncetic tape for off-line analysis. Triggers corre-
sponding to the different events within the trial se-
quence were stored along with the data. These triggers
were generated from the video input signal to the
monitor to insure their accuracy.

The period during which EEG was examined was
between the end of the arrow stimulus which denoted
the trial type and the imperative stimulus (period
length = 4 sec) in response to which subjects made a
button press (see Fig. 1). The EEG data were visually
examined off-line by an experimenter who was blind to
the condition from which the data were obtained and
only those 4 sec periods during which no eye move-
ment or blink artifact were present were accepted for
further analysis. Approximately 10% of the trials were
rejected because of artifact. These trials were rejected
prior to any EEG analysis. The EEG activity from each
trial was transformed to the frequenty domain by Fast
Fourier analysis and log power density (in wV:/Hz)
was calculated in alpha (8-13 Hz), beta (13-25 Hz)
and theta (4-8 Hz) bands. Our hypotheses were based
upon changes in the alpha band only since our previous
findings have consistently demonstrated more reliable
task-related effects in this band compared with other
bands (e.g., Davidson et al. 1990a,b). In these studics,
alpha power is interpreted to be inversely related to
activation (sce also Shagass 1972). We decided not to
examine EEG activity in delta band (1-4 Hz) because
of the likely presence of artifact in this band.

In addition to examining the EEG in the frequency
domain, the CNV was also assessed. CNV amplitude
was determined by measuring a baseline voltage during
the 250 msec period before the presentation of the
arrow stimulus and subtracting this voltage from the
averaged value of the last 250 msec of the 4 sec
foreperiod interval prior to the presentation of the
imperative stimulus. The effects of the experimental
variables on CNV were examined using the same ana-
Iytic strategy as was used for the EEG.

The visual stimuli were presented on an IBM 8513
monitor and controlled by Micro Experimental Labora-
tory (MEL; Schneider 1988) software. The computer
(IBM PS/2-60) which presented the stimuli also ac-
quired subjects’ reaction time and controlled the Nico-
let Pathfinder during data acquisition.

Results

Behavioral and self-report data

A 2X2Xx2 ANOVA was performed on the reaction
time data with movement type (approach /withdrawal),
valence (arrow up/arrow down) and outcome
(win/lose) as factors. It should be noted that on the up
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arrow trials, if the subject responded sufficiently
quickly, s/he actually won money; however. on the
punishment trials when the subject responded suffi-
ciently quickly. s/he avoided the loss of moncy. We
refer to both of these trial outcomes as “win™ for this
analysis. This ANOVA was first run with Sex also
included as a factor. Since no main effect of sex or
interactions with sex were found, the data from both
sexes were combined. The results of the ANOVA
revealed, as expected, a highly significant effect for
outcome (I (1, 14) = 127.0, P <0.0001). Importantly,
there were no significant differences in reaction time
between the positive and negative valence trials (arrow
up vs. arrow down). No additional main effects or
interactions were present in these data. The reaction
time data for each condition. split by win vs. losc are
presented in Fig. 2.

There were 4 questions asked about subjects’” emo-
tional reactions to different components of the task.
These 4 questions were completed twice per session.
The responses across all 4 administrations of the ques-
tions (twice per session. for two sessions) were aver-
aged for each subject. The first and second questions
asked about positive and negative affect experienced in
response to the arrow stimuli which denoted whether
the trial was a potential reward or punishment trial.
The third and fourth questions asked about positive
and negative emotion respectively, experienced in re-
sponse to feedback denoting a win (in response to
arrow up trials) vs. feedback denoting a loss (in re-
sponse to arrow down trials). A 2 X2 ANOVA was
performed on the questionnaire responses with trial
component {arrow stimulus /feedback stimulus) and va-
lence (positive /negative) as factors. This ANOVA re-

[ Approach
Withdrawal

270 1

260
250
240 1]

Time
{msec)

220
210

200

190
Reward Reward Punishment Punishment
Triais- Trials- Triats- Trials-Lose

Win No Win No Lose
Fig. 2. Mean reaction time, by trial type. Error bars represent
standard errors of the mean. Approach and withdrawal refer to
movement type - approach movements were finger presses and

withdrawal movements were finger lifts.
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Fig. 3. Mean ratings of self-reported positive and negative affect in
response to the valence stimulus (arrow up or down) and the feed-
back stimulus. Error bars represent standard crrors of the mean.

vealed a highly significant main effect for trial compo-
nent (£ (1, 14) = 30.36, P <0.0001). This effect is a
function of slightly, but consistently more intense emo-
tion reported in response to the feedback stimuli com-
pared with the arrow stimuli. No significant main effect
was obtained for valence, nor was the interaction sig-
nificant. The lack of a significant main effect for va-
lence is important since it indicates that the intensity of
positive affect in response to arrow up trials and to
winning was comparable to the intensity of negative
affect reported in response to arrow down trials and
losing. The means for the questionnaire data are pre-
sented in Fig. 3.

EEG data

An example of the grand mean (across subjects)
power spectrum in one experimental condition is pre-
sented in Fig. 4. As can be seen, for most electrode
sites, the majority of the power was in the alpha band.

The basic structure of these analyses consisted of
ANOVAs with movement type (approach /withdrawal),
valence (arrow up/arrow down), outcome (win /lose),
and hemisphere (left/right) as factors. Sex was not
included as a factor since preliminary analyses revealed
no main effects or interactions with this factor. Sepa-
ratc ANOVAs with these factors were performed on
the EEG data from each of the 6 regions (F3-F4,
F7-F8, C3-C4, T3-T4, TP3-TP4 and O1-02).

Alpha power data

The statistically significant results from the
ANOVAs on alpha power are presented in Table 1. Of
most relevance for the principal hypotheses of this
study were the valence X hemisphere interactions. We
predicted significant valence X hemisphere interactions
for the frontal leads. As can be scen from Table 1, this
interaction was significant for both F3/4 and F7/8,
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Fig. 4. Average spectra (across subjects), by channel, from one condition of the experiment. The condition displayed here is positive (arrow up)
during trials on which subjects won when they used a button press (approach response). The basic form of the spectra for other conditions was
very similar. The abscissa is calibrated in units of 3.05 Hz per division. The ordinate is calibrated in units of 10.1¢ #V? per division.

but was not significant for any of the other regions.
These interactions are depicted in Figs. 5 and 6. As can
be scen from these figures, the arrow up condition is
associated with more left-sided frontal activation (ie.,
less alpha power) compared with the arrow down con-
dition, while the latter condition is associated with
more right-sided frontal activation compared with the
former condition. Importantly, the valence X hemi-
sphere interaction is not significant elsewhere on the
scalp, indicating considerable specificity for the differ-
ence in asymmetry between positive and negative va-
lence conditions. The topographic difference in alpha

power between the positive and negative valence con-
ditions is illustrated in Fig. 7.

As Table T also indicates, there was a main effect
for hemisphere for the mid-frontal leads, with the left
hemisphere showing less alpha power compared with
the right. A similar main effect was obtained for the
central and temporo-parietal leads.

Table I reveals several additional noteworthy ef-
fects. We predicted that, across all other conditions,
approach movements would be associated with greater
left-sided anterior activation compared with with-
drawal movements. While this prediction was not con-

TABLE 1
ANOVA F and P values for analyses of alpha power, by region.
df F3-F4 F7-F8 C3-C4 T3-T4 TP3-TP4 01-02
Hemisphere 1,14 7.92 252 9.52 4.21 233 2.12
0.001 0.001 0.001
Valence X
Hemisphere L 14 5.48 495 2.02 0.34 1.10 0.07
0.03 0.04
Maovement X
Hemisphere I 14 2.21 4.44 0.52 0.15 5.75 0.18
0.03
Outcome . 14 0.55 0.39 1.21 1.58 4.35 5.48
0.03

Note: the ANOVASs reported include Movement, Valence, Qutcome and Hemisphere as repeated measures factors. Table includes all effects
that reached significance. P values are included below all significant F valites. If an effect was significant for one region, the F values for all

regions are presented.
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Fig. 5. Mean log-transformed alpha power (in uV?2 /Hz2) for the left
and right mid-frontal regions (F3 and F4) in response to reward and
punishment trials.

firmed for the frontal regions, we did find a significant
movement X hemisphere interaction in the temporo-
parietal region. As Fig. 8 reveals, approach movements
were associated with more left-sided activation (i.e.,
less alpha power) compared with withdrawal move-
ments, while the opposite pattern was obtained for the
right hemisphere.

One final effect presented in Table I is the main
effect for outcome in the occipital leads. Qutcome
refers to win vs. lose which is by definition associated
with fast vs. slow trials respectively. As predicted, fast
trials are associated with less alpha power compared
with slow trials. While this effect was present through-
out the posterior scalp region, it was significant only
for the occipital leads (see Fig. 9).

Correlations between alpha power asymmetry and self-re-
port of emotion

We hypothesized that anterior activation asymmetry
during the task would predict the reports subjccts
offered about their emotional experiences to the feed-
back stimuli. Specifically, we predicted that the greater

TABLE II
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Fig. 6. Mean log-transformed alpha power (in #V2/Hz) for the et
and right lateral frontal regions (F7 and F8) in response to reward
and punishment trials.

the left frontal activation during the task, the more
intense would be the positive affect subjects reported
in response to the feedback stimulus which denoted
winning and, conversely, the greater the right frontal
activation during the task, the more intense would be
the negative affect reported in response to the fecd-
back stimulus which denoted losing. For these analy-
ses, we used only data from the positive valence trials
during which subjects won, and the negative valence
trials during which subjects lost. The EEG measure
was a metric of asymmetry which we have used exten-
sively in our previous research (log right-log left alpha
power) (Davidson 1988). Higher numbers on this met-
ric denote greater relative left-sided activation. One
aspect of these predictions was confirmed. The greater
the left-sided frontal activation during the task, the
more intense was the positive affect reported in re-
sponse to the feedback stimulus which denoted win-
ning (midfronal: r=0.68, P <0.006; lateral frontal:
r=0.36, P=ns.). Contrary to prediction, we found no
significant relation between frontal asymmetry and
negative affect for the lose trials.

ANOVA Fand P yalucs for theta and beta power, by region (see note for Table I).

df F3-F4 F7-F8 C3-C4 T3-T4 TP3-TP4 01-02
Theta power
Hemisphere i, 14 11.34 217 2.04 017 5.78 1.03
0.005 0.03
Beta power
Hemisphere I, 14 7.93 .74 15.73 .94 (.99 0.59
0.02 0.001
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Fig. 7. Topographic map of the mean difference in alpha power between the reward and punishment trials {reward-punishment). The frontal

pole region is blocked out since we did not have electrodes in this region. The white-yellow end of the scale indicates greater alpha power during

the reward than punishment condition. No difference between conditions is represented at the point in the color scale where the red turns into

blue {sce calibration bar). As can be seen from this map. the primary difference between conditions is in the right frontal region, with the
punishment trials associated with more activation (i.e., less alpha power) compared with the reward trials.

Analyses of power in the theta and beta bands

We conducted ANOVAs on power in the theta and
beta bands for exploratory purposes. We were specifi-
cally interested in determining whether there were any
significant valence X hemisphere or movement X
hemisphere interactions in any region for theta and
beta power. In light of our considerable previous evi-
dence which indicated robust valence X hemisphere in-
teractions in the alpha band only, we did not expect
significant interactions for these bands in the current
Study. In neither band was the valence X hemisphere
or movement X hemisphere interaction significant for
any region. However, therc were several significant
main effects for hemisphere which paralleled the hemi-
Sphere main effects in the alpha band. As Table 11
indicates, in the theta band there were significant main
effects for hemisphere in the mid-frontal and

temporo-parietal regions. As we found for alpha power,
the right hemisphere was associated with greater power
compared with the left. In the beta band, hemisphere
main effects were obtained for the mid-frontal and
central leads. Again, the direction of the difference
was the same as we found for alpha power: less power
in the left than the right hemisphere. The fact that the
direction of the hemisphere main effect was the same
across band is consistent with our previous findings
(Davidson et al. 1990a).

CNV data

Fig. 10 presents the average wave forms for one
condition across all subjects for each electrode site.
The CNV can be readily seen, particularly in the
central leads. The structure of the analyses of CNV
amplitude was identical to those performed for the
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Fig. 8. Mean log-transformed alpha power (in uV? /Hz) for the left
and right temporo-parietal regions (TP3 and TP4) during trials
accompanied by approach and withdrawal responses.

EEG. Unlike our findings for EEG power, there were
no significant valence X hemisphere interactions for any
region. The only consistent effects were main effects
for hemisphere and outcome. In all regions except the
occipital, significant main effects for hemisphere were
obtained (mid-frontal: F (1, 14) = 22.76, P < 0.001; lat-
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Fig. 9. Mean log-transformed alpha power (in pV>/Hz) for the

occipital region (average of Ol and O2) during trials on which the

subjects’ reaction time was fast and they won (during reward trials)

or avoided loss (during punishment trials) and during trials on which

the subjects’ reaction time was slow and they did not win (during
reward trials) or lost (during punishment trials).

eral frontal: F (1, 14) =19.37, P < 0.001; central: F (1,
14) =8.34, P =0.01; temporal: F (1, 14)=22.08, P <
0.001; temporo-parietal: F (1, 14)=5.72, P=0.03).
The direction of this main effect was such that the
CNV amplitude was higher in the left compared with
the right hemisphere (see Fig. 11).
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Fig. 10. Average wave forms (across subjects), by channel, from one condition of the experiment. The condition displayed here is the same
condition represented in Fig. 4 (arrow up-button press-win trials). The abscissa is calibrated in units of 0.7 sec per division and the ordinate
calibrated in units of 11.93 uV per division for brain potentials and 47.75 uV per division for the EQG lead.
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Fig. 11. Mean CNV amplitude for left and right hemisphere elec-

trode sites, separately by region. Data are averaged across all other
conditions.

The main effect for outcome was a function of win
trials (during which RT was fast) showing greater CNV
amplitude compared with lose trials (during which RT
was slow) (all Fs > 4.92). This effect occurred at every
scalp position (see Fig. 12).

Correlations between CNV and EEG measures

We examined correlations between measures of al-
pha power and CNV amplitude, for cach electrode site
as well as for measures of asymmetry. These correla-
tions were computed both across condition as well as
separately by condition. No significant relation at any
clectrode location was detected between CNV ampli-
tude and power in the alpha band.
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Fig. 12. Mean CNV amplitude for fast (win) and slow (lose) trials,
separately by region averaged across hemisphere.
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Discussion

In this experiment, we directly manipulated reward
and punishment contingencies to obscrve their effects
on the topographic patterning of alpha power. Consis-
tent with our predictions, we found that punishment
trials were associated with less alpha power in the right
mid and lateral frontal regions (F4 and F8) compared
with reward trials. Reward trials, on the other hand,
were associated with less alpha power in the left mid
and lateral frontal regions (F3 and F7) compared with
punishment trials. Based upon the view of alpha power
inversely reflecting activation, the data support our
hypothesis of greater relative right-sided frontal activa-
tion during punishment trials compared with reward
trials. These effects were highly regionally specific,
since the valence X hemisphere interaction was not
close to being significant elsewhere on the scalp. Our
findings lend additional support to the notion that left
and right frontal regions in particular are differentially
specialized for approach and withdrawal behavior, re-
spectively (for other evidence, see Davidson et al.
1990b; see Davidson and Tomarken 1989 and Davidson
1992, for reviews). This is the first study in which frank
manipulations of reward and punishment contingencies
were found to shift frontal asymmetry within subjects.

Localization of this asymmetry to anterior cortical
zones is consistent with a large body of data using a
diverse array of methods which suggest that the left
frontal region is specifically implicated in certain forms
of positive affect, while the right frontal region is
implicated in certain forms of negative affect. Such
effects have been found in unilateral brain damaged
patients (c.g., Robinson et al. 1984). Depressed pa-
tients have been found to show specific decreases in
left frontal glucose metabolic activity (e.g.. Baxter et al.
1989) and to show accentuated alpha power specifically
in the left frontal region (Henriques and Davidson
1991). This pattern of decreased activation in the left
frontal region has been interpreted to reflect a perva-
sive deficit in depressives in the experience of positive
affect.

Our self-report data suggest that our reward and
punishment conditions produced comparable intensi-
ties of positive and negative affect respectively. This is
important for it suggests that we successfully produced
equivalent levels of positive and negative affect by our
reward and punishment contingencies. The reaction
time data are also consistent in revealing no differ-
ences between reward and punishment trials in overall
speed of responding. Taken together, these findings
indicate that the differences in brain activity we ob-
served during the reward and punishment conditions
were not produced by unintended intensity differences
between these conditions.

In addition to the inclusion of the reward/punish-
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ment manipulation, we also included a manipulation of
movement type (i.e., approach and withdrawal motor
responses). We found that approach responses are
associated with a pattern of greater left-sided tem-
poro-parietal activation compared with withdrawal re-
sponses. While we expected a more anterior distribu-
tion for this effect, the direction of the difference in
asymmetry between these two forms of response is
consistent with prediction. This 1s the first evidence of
which we are aware which demonstrates that the sim-
ple manipulation of response form (i.e., approach ver-
sus withdrawal) is predicted by differences in alpha
power asymmetry in the period immediately prior to
the response. We did not find that response form
interacted with valence in affecting asymmetry. It may
be that our valence manipulation was so strong that it
overrode any moderating effects of movement type. In
light of the large differences in self-reported emotion
between the reward and punishment trials. we suspect
that this may have been the case.

Another important finding consistent with predic-
tion was that frontal asymmetry during the 4 sec period
between the warning and imperative stimuli predicted
subjects’ reports of positive affect in response to the
imperative stimulus when they won. Frontal asymmetry
(F3-F4) during this period accounted for more than
45% of the variance in subjects’ reports of positive
affect in response to the subsequent presentation of
the imperative stimulus in this condition. We did not
find any significant association between frontal asym-
metry and reports of negative affect in response to the
subsequent presentation of the imperative stimulus
when subjects lost. [t may be that our questions did not
tap the negative emotions most relevant to this manip-
ulation. In addition to including other emotions, it
would also be useful in future research to include a
multi-item measure of emotion or mood to improve its
reliability.

As we expected from our previous findings (e.g.,
Davidson et al. 1990b), asymmetrics in the theta and
beta bands failed to differentiate between conditions.
We did, however, find main effects for hemisphere in
several regions across several different bands. The di-
rection of this main effect was always less power in the
left than right hemisphere. This is consistent with other
findings from our laboratory which have used right-
handed subjects.

Our findings on the CNV indicated that overall,
left-sided amplitude was greater than right-sided am-
plitude and that fast responses were associated with
greater CNV amplitude compared with slow responses.
The fact that the CNV was larger in amplitude over
the left hemisphere in most regions was likely a func-
tion of the fact that subjects were required to respond
with their right hands. We did not find any valence x
hemisphere interactions, nor did we find that our
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measures of EEG alpha power from the identical POl
in time were correlated with the CNV measure. Thig
pattern of data suggests that the CNV is reflecting 5
different sct of neural processes than is indexed by
alpha power. It is also clear that in the context of the
task presented in this study. measures of alpha power
showed considerably more regional specificity than sj.
multaneously obtained measures of CNV amplitude.

In conclusion, the findings from this study add fur-
ther support to the hypothesis that approach-related
processes are associated with greater left-sided ang
Iess right-sided anterior activation compared with with-
drawal-related processes. The data also underscore
both the regional and spectral selectively of this finding
by establishing that the reward and punishment-related
effects occur only in the frontal region and only in the
alpha band.
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