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Abstract

Individual differences in resting asymmetrical frontal brain activity have been found to predict subsequent emotional
responses. The question of whether frontal brain asymmetry can cause emotional responses has yet to be addressed.
Biofeedback training designed to alter the asymmetry of frontal brain activity was therefore examined. Eighteen
right-handed female participants were randomly assigned to receive biofeedback training designed to increase right
frontal alpha relative to left frontal alpia = 9) or to receive training in the opposite direction= 9). Five consecutive

days of biofeedback training provided signals of reward or nonreward depending on whether the difference between
right (F4) and left (F3) frontal alpha exceeded a criterion value in the specified direction. Systematic alterations of
frontal EEG asymmetry were observed as a function of biofeedback training. Moreover, subsequent self-reported affect
and facial muscle activity in response to emotionally evocative film clips were influenced by the direction of
biofeedback training.

Descriptors: Frontal EEG asymmetry, Biofeedback, Emotion, Approach-withdrawal model

Asymmetrical activation of the anterior cortical regions appears to  Individual differences in resting frontal EEG asymmetry have
influence emotional responding, with left hemisphere activity re-also been found to predict subsequent emotional responses in a
lating to approach-related emotional responses and right heminvide variety of contexts. For example, a consistent pattern of
sphere activity relating to withdrawal-related emotional responseseelatively greater right midfrontal activiticompared to lejtchar-
This observation is based on studies that have examined relatiomcterizes those participants who later show larger negative and
ships between individual difference measures and resting corticamaller positive affective responses to emotional film clieg.,
electroencephalographi&EG) activity—particularly in the alpha Wheeler, Davidson, & Tomarken, 1992dditionally, infants with
frequency band, which is inversely associated with cortical acti-decreased left midfrontal activity have been found to be more
vation. To illustrate, less right than left frontal alpti. increased likely to cry in response to maternal separati@avidson & Fox,
relative right activity is seen in depression and those with a 1989. Collectively, these findinggand others support the hy-
history of depressiofAllen, lacono, Depue, & Arbisi, 1993; Got- pothesis that resting frontal EEG asymmetry taps a fundamental
lib, Ranganath, & Rosenfeld, 1998; Henriques & Davidson, 1990dimension of temperament or affective style related to risk for
1991, and in those with Panic DisordéWiedemann et al., 1999  depressioriCoan & Allen, in press; Davidson, 1993, 1998; Harmon-
The opposite pattern is seen in individuals high in trait angerJones & Allen, 1997; Sutton & Davidson, 1997and that the
(Harmon-Jones & Allen, 1998 and those high in behavioral asymmetry—depending on its magnitude and direction—taps a
approach sensitivityHarmon-Jones & Allen, 1997 propensity to respond to emotionally evocative events with pre-
dictable emotional responses.

Although the neurophysiological underpinnings of this model
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right-frontally mediated propensity to withdraw from the environ- Elmehed, 2000of negative affect and positive affect, respectively.
ment. In assessing the adequacy of the theoretical accounts &acial EMG provides a second and independent measure of any
frontal brain asymmetry, emotions such as sadness and fear are rnmatential effects of manipulating frontal EEG asymmetry, and can
especially informative, as valence and motivational tendency ar@rovide a relatively covert and sensitive measure of emotional
confounded; that is, both a valence explanation and a motivationaxpression(Cacioppo, Klein, Berntson, & Hatfield, 1993; Dim-
explanation would make similar predictions. Recent research witlberg, 1990; Harmon-Jones & Allen, 200EMG is sensitive to

the emotion of anger, a negatively valenced but approach-relategven minute contractions of the facial musculature that produce
emotion, has suggested that the motivational model is a morenotor action potential¢Cacioppo, Tassinary, & Fridlund, 1990
adequate explanation for the pattern of data. Whereas a valenadten in cases where no observable change in facial expression can
explanation would predict that anger, like other negatively va-be detectedCacioppo et al., 1986; Schwartz, Brown, & Ahern,
lenced emotions, is characterized by relative right frontal activa-1980.

tion, a motivational explanation would predict that anger is

characterized by relative left frontal activation. Recent data

(Harmon-Jones & Allen, 1998; Harmon-Jones & Sigelman, 2001 Method

are consistent with the motivational explanation. o
Participants

The Present Study Eighteen strongly right-handed women aged 18-38 participated

Although previous research provides support for the hypothesi€or introductory psychology course credit and monetary remuner-
that asymmetrical resting frontal brain activity influences the pro-ation (Handedness scale range36—39; Chapman & Chapman,
pensity to respond with relatively greater emotional response§-987)- Participants were randomly assigned to receive biofeed-
associated with approach and withdrawal motivation, the findingack designed to increase right relative to left frontal alppha 9)
are not definitive, for studies have merely examined the correlatior?" t0 receive biofeedback designed to decrease right relative to left
between resting EEG and emotional responding—an approach thfontal alpha(n = 9). Because alpha activity relates inversely with
does not warrant causal inferences. Stronger support for the hy;ortical activity, increasing right relative to left frontal alpha should
pothesis that the asymmetrical activation of the anterior corticaincrease left relative to right cortical activity. This training direc-
regions causally influences responses to emotionally evocativion group will be referred to as “LEFT,” as training in this
stimuli would be found in an experiment in which the anterior direction should increase left compared to right frontal activity;
asymmetry was manipulated and the effects of this manipulatioﬁheory would suggest that training in this direction should lead to
on emotional responding were then observed. This is the approadROre approach-related responses. The other training direction group
adopted in the present study. will be termed “RIGHT,” as training in this direction should
Biofeedback training has proven successful in altering EEGincrease right compared to left frontal activity; theory would sug-
asymmetry in a variety of context®aehr, Rosenfeld, & Baehr, gest that training in this direction should lead to more withdrawal-
1997: Hardman et al., 1997: Rosenfeld, Cha, Blair, & Gotlib, 1995:r€lated responses. Thus training groups were named according not
Schwartz, Davidson, & Pugash, 197@lthough evidence sug- © the relative direction of alpha change, but the inferred direction
gests that changes in resting frontal asymmetry covary with change¥ change in cortical activation.
in mood state in patients undergoing biofeedback treatment for
depressioriBaehr et al, this evidence is not unequivocally causal Procedure and Materials
in nature, as these clinical case studies involved no control groupBarticipants visited the laboratory on five consecutive afternoons
and participants received treatments in addition to biofeedbackor evenings, starting each session within the same 3-hr time win-
Moreover, these studies trained participants in only the directiordow. Whereas all days involved biofeedback training, the first and
hypothesized to be therapeutimcreasing relative left frontal last day involved viewing of short film clips to elicit emotion
activity), but never in the opposite direction; this leaves open thebefore the start of training on Day 1, and after its conclusion on
possibility that the nonspecific aspects of the biofeedback trainindpay 5. This pre—post design allowed for responses during the
protocol, and not its specific effects on cortical activation, werefilm—both self-report and facial EMG responses—to serve as
therapeutic. The present study therefore sought to determine whethdependent measures of the impact of manipulating EEG asymme-
manipulation of frontal asymmetry was causally related to emo-ry with biofeedback training.
tional responding. Specifically, it sought to determine whether On the first day, after obtaining informed consent, partici-
EEG change could be obtained in both directions: increasing rightpants were fitted with a stretch-lycra cap to record electroenceph-
versus-left alpha power, and decreasing right-versus-left alphalographic(EEG) activity and with facial electrodes to monitor
power. To determine whether alteration of frontal EEG asymmetryeye movements and to record electromyografiG) activ-
could alter subsequent emotional responses, participants viewéty. Participants were then escorted to the adjacent sound-
emotionally evocative film clips after the conclusion of training dampened dimly lit recording room where they viewed three
and reported their affective responses to the films. short silent films that were pretested to elicit happy, neutral, or
In addition to self-report measures of affective responses tsad emotional respons€domarken, Davidson, & Henriques,
films, facial electromyographiCEMG) responses over the corru- 1990. Films were presented in one of two orders randomized
gator and zygomatic muscle regions were selected for use in thacross participants: happy—-neutral-sad, or sad—neutral-happy.
present study. Corrugator region activity was selected as a measuf@cial EMG was recorded for 1 min during each film, coincid-
of negative affect, and zygomatic region activity as a measure oing with the point in the film that pretesting indicated should
positive affect, consistent with research showing activity in theseelicit the target emotion. Participants rated their emotional re-
regions to be associated with the experie(€acioppo, Martzke, sponses following each film using a 9-point scale for each of
Petty, & Tassinary, 1988; Cacioppo, Petty, Losch, & Kim, 1986 the following emotions: interest, amusement, happiness, sadness,
and perceptionDimberg, 1982, 1990; Dimberg, Thunberg, & fear, disgust, and anger.
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Biofeedback Training For the second through fifth days, five 6-min biofeedback
Following the film viewing and emotion rating, biofeedback train- training blocks were conducted as previously described. The cri-
ing begart On the first day only, training began with a baseline terion value for the first block of each day was based upon the
session in which noncontingent feedback was delivered, with remean and standard deviation of the previous day'’s final block. On
ward tones presented randomly for 20% of the time. The purposthe fifth and final day, following the five training blocks, partici-
of this session was to establish the baseline asymmetry in a traininggants once again viewed the three short silent films in one of two
like environment. This baseline asymmetry was then used to comerders randomized across participants, and rated their emotional
pute the criterion for contingent feedback in the subsequent trainingesponses following each film.
trial.

Five 6-min biofeedback training blocks followed, with a 1-min Psychophysiological Recording and Quantification
break between blocks. Each block involved 150 2-s epochs. DurElectroencephalographiEEG) and electrooculographic signals
ing the first second of each 2-s epoch, EEG data were sampled #tére recorded on all five days. Additionally, during the film clips
256 Hz. Alpha powef8-13 H2 was then computed at righE4) shown on the first and the fifth day, facial EMG signals over
and left(F3) frontal leads using a fast Fourier transform algorithm corrugator and zygomatic muscle regions were recorded. EEG
with a Hamming window function. The difference in alpha power Signals were processed as described above in the section describ-
between right and leftR — L) was then computed and compared ing biofeedback training, whereas EMG signals were processed as
against the criterion valugee belowestablished for that block. If ~described below.
the R— L alpha power difference exceeded the criterion value in ) ) o )
the desired direction, a 300 Hz reward tone was played over the R€cOrding.EEG signals were recorded with tin electrodes in a
audio speakers: if the criterion was not exceeded, a 150 Hz norptrétch-lycra cap from sites F3 and F4 referenced on-line t Cz.
reward tone was played over the audio speakers. Tones werfelectrode |mpedqnces, for these EEG leads as well as all other
continuous, such that onset of one tone coincided with the offset of¢ads to be described below, were less than(b &nd F3 and F4
the previous tone. Epochs where ocular activity exceeded\s0 ~ Were within 1 KO of one another. EEG signals were amplified by
resulted in no tone for the next 2 s, and the data from those epoctfsfactor of 20,000 with AC differential amplifierandpass 0.1-
were not analyzed. Epochs where EEG activity exceeded the inpct0 H2 and digitized at 256 Hz. Facial EMG signals were recorded
range of the A-D card also halted tones fos and were excluded. with miniature AgAg-Cl ele_g_trodes attache_d bllater_ally in pairs
Following each block of 150 epochs, the mean-R. value and ~ ©Ver the f:orrugator supercilii and _zygomatlcgs major musclt_a re-
standard deviation were calculated. The criterion value for the nex@1OnS, using placements as described by Fridlund and Cacioppo

training block was then defined in terms of each participant's(1980- Bipolar EMG signals were amplified by a factor of 20,000

previous mean and standard deviation. For LEFT participantsVith AC differential amplifiers(bandpass 0.1 and 1,000 Fiznd

reward tones were presented when the Ralpha value exceeded digitized continuously at 1024 Hz. To monitor eye movements,
the criterion of the mear 0.85 standard deviations: for RIGHT Ag-AgCl electrodes were affixed to the superior orbit and inferior
participants, reward tones were presented when the [Ralpha orbit (amplification= 5 K, bandpass- 0.1-30 Hz and digitized at
value was less than the criterion of the mear0.85 standard 296 HZ.

deviations. This criterion value should, assuming a normal distri- ificati ¢ G Gd ded onl
bution of right—left values across the 150 epochs, result in re- Quantification of EMG.EMG data, recorded only on Day 1

inforcement on approximately 20% of the tridRosenfeld et al., and Day 5 during the presentation of the three films, were high-

1995. Moreover, by adjusting the criterion for each training block, p;srs fiIt(;r.ed(ll/Z ampIiI:ude frequencgzl 10 ;Z)’ andhrecti:]ied
the rate of reinforcement should remain relatively constant, regardQ -liné. signals were then st_agmente Into 2-s epochs. T. € mean
less of whether participants are altering their right—left asymm etr);ectlfled activity across all artifact-free epochs for a given film clip

scores. This strategy of constantly adjusting the training criterioﬁé"as taI;en asdthe_ |hn_dex thEMG _a_ct|V|ty. Tr:jese n:ldlces V\llere then
should keep the rate of reward, which itself could alter emotion, -tr.ans ormg within gac part|C|pant and eac . musce region
sing the six data points—three films before training and three

comparable for all subjects regardless of their success in alterin : h
EEG asymmetry, and regardless of whether subjects were train en; Z-transformations preserve the pattern of response for each
participant across films and time, while minimizing overall differ-

in the LEFT or RIGHT direction. b o . | L
During training, participants were told that biofeedback train- €NCes between participants in muscle activity.

ing involved using the activity of their brains to cause a computer

to generate high or low tones, and that they should try to make th&esults

high tone stay on. Participants were also informed that occasionsgg Training Effects

ally the tone might stop altogether and, that if this happens, they-ontal asymmetry scoreg®R — L alpha were first baseline ad-

should simply resume their focus on keeping the high tone onjysted for each participant, reflecting changes in asymmetry from
Participants were never explicitly told that the biofeedback was

contingent on asymmetry, nor were they told that excessive ocular
activity caused the “time outs.” No explicit verbal feedback was 2Several reference montages have been used in the research literature

provided to participants concerning their performance. Following®’ EEG asymmetry and emotion, and the correspondence between asym-
metry scores from data collected using different montages can vary sub-

ea.ch day of training, participants (?ompleted the Positive and Negétantially (see Reid, Duke, & Allen, 1998 Although it is increasingly

ative Affect Schedule—state versigRANAS; Watson, Clark, & = common, and desirable, to analyze EEG asymmetry data derived from

Tellegen, 1988to assess current mood. several off-line re-referenced montagesy., computer-averaged mastoids,

average reference, Cz referepdais strategy to date has not demonstrated

a clear superiority of one reference montéageid et al., 1998 Given that

in the present study feedback was to be presented on-line, the feedback
1Biofeedback training was controlled by a PC-compatible computerneeded to be provided on the basis of EEG asymmetry scores derived from

program generously provided by Peter Rosenfeld. a single reference montage.
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Training Effects: Asymmetry Scores
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Figure 1. Top panel displays EEG R L alpha asymmetry+ SE) as a function of training day. Higher numbers on the Y axis reflect
greater right than left frontal alpha, and therefore putatively greater left than right frontal activity. Lower panel displays the proportion
of time that the asymmetry scof® — L alpha was greater than zero. Asterisks signify that participants trained L@®&p&n bars

differed significantly from those trained RIGHEhaded bajsand thelJ symbol indicates the difference between the two groups
approached significandg < .06).

the baseline obtained during noncontingent reinforcement prior t@aehr, & Earnest, 1998 Therefore, this percentage was exam-
the start of biofeedback training. The LERmean= 0.23 and ined in a Direction(RIGHT/LEFT) X Day (1-5 X Block (1-5
RIGHT (mean= 0.15 groups did not differ on this baseline within each dayrepeated measures ANOVA. In the absence of any
asymmetry scoreF (1,16 = 1.49, ns. Asymmetry scores were significant main effects or other interactions, a significant Direc-
analyzed in a DirectiofRIGHT/LEFT) X Day (1-5 X Block tion X Day interaction emerged;,(4,64) = 3.04,p < .05, which

(1-5 within each dayrepeated measures analysis of varianceremained significant following G-G epsilon correction= .63,
(ANOVA). In the absence of any significant main effects or otherp < .05. Planned comparisons between the two groups on each day
interactions, a significant Directiox Day interaction emerged, of training revealed that those participants trained RIGHT differed
F(4,64 = 2.58,p < .05, which was marginally significant fol- from those trained LEFT on Days 3 and gk < .01 (see lower
lowing Greenhouse—Geiss€G-G) epsilon correctionge = .64, panel of Figure 1 Within each group, comparing training on Days

p < .07. Planned comparisons between the two groups on each d&¢5 to that on Day 1 revealed that for participants trained RIGHT,
of training revealed that those participants trained RIGHT differedsignificant training effects emerged on Day @,< .05, and a
from those trained LEFT on days 3 andpk < .01 (see upper marginally significant effect emerged on DayB< .06, whereas
panel of Figure 1 Within each group, comparing training on Days
2-5 to that on Day 1 revealed that for participants trained RIGHT,

significant training effects emerged on Days 3 ang4,< .05, 3Baehr et al(1999 used a slightly different metric, namely a ratio
whereas no significant training effect was evident for participantsscore of(R — L)/(R + L) > 0. This metric may be preferred because the
trained LEFT. R — L metric can change with changes in overall alpha in both hemi-

. . spheres, whereas this concern is mitiggtaat not eliminategithrough the
It has been reported that a potentially better index of frontaluse of the ratio score. On the other hand, for the purpose of the present

EEG asymmetry is the percentage of time that the alpha asymmemalysis, this is not of great concern, for any time that Ris greater than
try score is greater than zeftbe., R— L > 0; Baehr, Rosenfeld, zero, so too would the rati(R — L)/(R + L).
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once again no significant training effect was evident for partici- - Happy Film
pants trained LEFT. | . N A

These training effects were not the result of differential rates of 5 _I_
reinforcement, as LEFT participants and RIGHT patrticipants dif- | .
fered neither in the rates of reinforcemeiEFT receiving re- 4 1A 'I‘ ORight
inforcement on 13.8%t 2.1% [mean=+ SD] of trials; RIGHT 2 O Left
receiving 13.7%t 2.5%), nor in frequency of time-out6LEFT B3

o

2.2+ 2.0 times per trial; RIGHT 2.5t 2.3 times. A significant
decrease in time-outs across days for all participant4,64) =
3.72,p < .01, indicated that participants made fewer large ocular
movements as training proceeded. Additionally, there was a trend 11 |—I—l—1—1

for reinforcement rate to vary by dal (4,64 = 1.96,p = .14, - |_I—|‘I‘lr-:=1.j
G-G corrected, but this trend appeared to be accounted for entirely
by a low rate of reinforcement on the last day. When reinforcement
rate on Day 5 was directly compared to the mean rate on Days 1-4,
reinforcement rate on Day 5 was found to be significantly lower
than the average of the preceding ddy€l,16 = 12.73,p < .01.

In sum, frontal EEG asymmetry was altered as a function of
direction of training. It did not appear to be altered as a result of 5.
differential reinforcement or time-outs. All participants, however, -{-
received a lower rate of reinforcement on the final day of training, 4-
a point that will be further discussed subsequently.

o T T
Interest Amuse Happy Sad Fear Disgust Anger

Emotion

6 - Neutral Film
A A *

Self-Reported Emotion

For each film, participants rated seven self-reported emotions: in-
terest, amusement, happiness, sadness, fear, disgust, and anger. Fi 1.
ure 2 presents mean self-report ratings for each emotion for each !
film after training as a function of training direction. Responses : : ; E{-hj e
to each film were analyzed in a DirectioRIGHT/LEFT) X Emo- Interest Amuse Happy Sad  Fear Disgust Anger
tion (seven levels X Day (pre/post training repeated measures Emotion

ANOVA. The interaction between direction, day, and emotion was

of interest, as it would reflect a different pattern of emotional re- .

sponding as a function of training. This interaction was significant 6 - Sad Film

for the happy filmF (6,96 = 3.00,p < .01, but not for the neutral *

film, F(6,96 = .81,ns or the sad filimF (6,96 = .40,ns Simple 5
effects analyses for the happy film indicated that whereas there were T 'I'
no differences in the pattern of emotional responses between LEFT 4 1
and RIGHT participants in emotional responses prior to training
(DirectionX EmotionF[6,96] = 0.80,ns), the pattern of emotional
responses following training differed for the LEFT and RIGHT par-

ticipants(Directionx EmotionF [6,96] = 4.56,p < .001). Planned 27

comparisons revealed this effect was accounted for by RIGHT par- g

ticipants reporting significantly legp < .01) interest, amusement, |_I—’—x—|

and happiness than LEFT participants. o |sasal . . _ ;

In addition to self-report measures of mood in response to Interest Amuse Happy Sad Fear Disgust Anger
films, daily mood measures were also obtained daily using the
PANAS. Several studies have found that EEG asymmetry is not
related to resting unprovoked mood in nonclinical samjéeg. Figure 2. Ratings of the extent to which participants experienced various
Harmon-Jones & Allen, 1997; Sutton & Davidson, 1997; Wheeleremotions while watching film clips following biofeedback training. Aster-
et al., 1993 To assess whether manipulation of frontal EEG isk indicates LEFT(open barsparticipants differed significantlyp < .05

asymmetry affected unprovoked mood, PANAS scores, which werd €s? from RIGHT (shaded bajsparticipants, and thél symbol indicates
obtained following each day’s training, were subjected to a 2the difference between the two groups approached significgmee.10).
! Note that several bars for the LEFT participants depict a value of zero

(Direction) x 5 (Day) X 2 (Valence: pOS'ItIV'e. or negative affect (happy film ratings of fear and anger, and neutral film ratings of fear,
repeated measures ANOVA. The only significant effect to eMerg&yisqust, and anger

from this analysis was a main effect of Valené€1,16) = 31.8,

p < .001, which indicated that all participants reported signifi-

cantly higher positive affectyl = 21.5, than negative affed¥] =

13.2, across all days. All other effects in the analysis were far fronof training was not impacted by direction of training. This latter

statistical significance, alFs < 1.22. finding suggests that the differences between groups in self-
Thus self-reported affect elicited by one of the two emotionally reported emotional responses to films following training were not

evocative films was influenced by direction of training. Consistentmerely a reflection of mood-state differences between training

with other reports, however, unprovoked state mood on each dagroups, or mood state differences that resulted from training.

Rating
[

Emotion
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Facial Muscle Activity During Films Film Type,F(2,32 = .57,ns Planned comparisons indicated that
Z-transformed EMG scores were analyzed in a Training Direc-whereas RIGHT participants produced legs< .01, zygomatic
tion X Day (pre, poskt X Muscle Regior(zygomatic, corrugatgrx (“smile”) activity following training, LEFT participants produced
Film Valence(happy, neutral, sadepeated measures ANOVA. As less,p < .05, corrugator(“frown”) activity following training;

a validity check, the Film Valence Muscle Region interactionwas RIGHT participants demonstrated no change in corrugator activity,
significant,F(2,32 = 18.45,p < .001, G-G corrected, providing whereas LEFT participants demonstrated no change in zygomatic
support that facial EMG is sensitive to emotional valence. Plannedctivity. Thus training decreased muscle activity typically associ-
comparisons indicated that zygomatic activity was grepter,01, ated with positive affect in the RIGHT participants, while decreas-
during the positive filmmeanZ = .52) than the neutral filnfmean  ing the muscle activity associated with negative affect in the LEFT
Z = —.21) or negative filmgmeanZ = —.30) the latter not differ-  participants.

ing (p > .65 from one another. Corrugator activity, by contrast,

was significantly greatep < .001, during the sad filnimeanZ = Exploring How Emotion and EMG Effects Appear in the
.62) than during the neutrégimeanZ = —.29) or happy films(mean  Absence of Day 5 Training Differences
Z = —.33) the latter not differing p > .85) from one another. The finding that self-reported emotion and facial EMG on Day 5

The hypothesized Directiolx Time X Muscle-Region inter-  differed as a function of training direction, in the absence of
action was significant:(1,16) = 6.82;p < .05(see Figure B but significant differences in EEG asymmetry between groups on
this was not moderated by a higher order four-way interaction withDay 5, is somewhat puzzling and motivated exploratory analyses.

Despite significant overall training effects, some participants did

not respond especially strongly to the training. For these explor-
atory analyses, only participants who showed changes in the ex-
pected direction as a function of trainifige., “responderg’were

Zygomatic examined. Operationally, all asymmetry scofége blocks and
5 days were summed, and participants were divided into those
Z-Score O Right above and below the mediégmedian= —.038. These asymmetry
0.7 - [ Left scores had been baseline adjusteee aboveprior to this sum-
I mation, so that these scores reflected not trait differences between
0.5 1 l participants, but movement from each participant’s own baseline.
03 | When classified in this manner, 5 of the LEFT participants were
[ i above the median, and 5 of the RIGHT participants were below the
0.1 - T median. For these exploratory analyses, only these 10 participants
— - T x were included.
-0.1 - - As expected, the effects of training were evident in this sub-
0.3 4 1 sample of responders. Asymmetry scores were analyzed in a Di-
el rection (RIGHT/LEFT) X Day (1-5 X Block (1-5 within each
05 | T day) repeated measures ANOVA. In the absence of any significant
o Before l After main effects or other interactions, a significant DirectiorDay
07" interaction emergeds (4,32 = 4.11,p < .01, and remained sig-
nificant following Greenhouse-Geisser epsilon correction,.69,
p < .05. Planned comparisons between the two groups on each day
of training revealed that those participants trained RIGHT differed
from those trained LEFT on Days 2, 3, 4, andps,< .01 (see
Corrugator Figure 4. Planned comparisons of Days 2-5 to Day 1 revealed that
Z-Score for participants trained RIGHT, significant training effeqiss. .05,
07 - emerged on Days 3, 4, and 5. For participants trained Left, a sig-
| nificant training effect was evident only on Day @< .05. Thus
05 - among participants who were selected as responders, biofeedback
[ training effects were evident despite reduced power. These differ-
0.3 - - ences did not reflect differences in trait levels, as scores had been
J : baseline adjusted; moreover, the LEFT and RIGHT responders did
0.1 1 not differ from one another on Day 1, but only on subsequent days
01 T N of training. The important question remaining was whether these
' 1 [ responders would show self-report and EMG effects.
03 J - Self-report effects essentially replicated for these responders.
! l Responses to each film were analyzed in a DirectiBIGHT/
-05 LEFT) X Emotion (seven levels X Day (pre/post training re-
[ Before Afte peated measures ANOVA. The interaction between direction, day,
0.7 - and emotion was of interest, as it would reflect a different pattern

Figure 3. Muscle activity in the zygomatic and corrugator regions during of emf’“o,“,a' responding as a functlon of training. This interaction
film viewing, before and after biofeedback training. Participants trainedWa$ Significant for the happy filnf: (6,48 = 4.35,p < .02, G-G
RIGHT (shaded bajsevidenced significantly less zygomatic activity as a corrected, but not for the neutral filnf,(6,48 = 2.00,ns or the
function of training, whereas participants trained LEfpen barsevi-  sad film,F(6,48 = .76,ns Simple effects analyses for the happy
denced significantly less corrugator activity as a function of training.  film indicated that whereas there were no differences in the pattern
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resting asymmetry and individual differences related to emdtion.
The present research was designed to extend this body of evidence
by examining whether asymmetrical frontal activitgusedthese
emotional responses. The present study must be regarded as pre-
liminary in this regard, but supports the hypothesis that manipu-
lation of frontal EEG asymmetry, and by inference cortical activity,
alters the pattern of emotional responding consistent with predic-
tions derived from theoretical accounts of frontal brain asymmetry
(e.g., Davidson, 1998; Harmon-Jones & Allen, 1997, 1998
Although other investigations have shown that EEG alpha
asymmetry changes can occur as a result of biofeedback training
(Rosenfeld et al., 1995and that such asymmetry changes cooccur
with a reduction in depressive symptoiti&aehr et al., 199)7 this
is the first controlled investigation of the effect of such training
on emotional responses. Biofeedback training of frontal EEG
asymmetry produced results generally consistent with the ex-

right than left frontal alpha, and therefore putatively greater left than rightPected pattern of emotional responses, as indicated by both self-

frontal activity. Asterisks signify that participants trained LE@pen bars
differed significantly from those trained RIGHEBhaded bajs

of emotional responses between LEFT and RIGHT responders i
emotional responses prior to training(6,48 = 0.42, ns the
pattern of emotional responses following training differed for the
LEFT and RIGHT responders;(6,48 = 2.44,p < .05, butp <

.12 following G-G correction. Planned comparisons revealed thi
effect was accounted for by RIGHT participants reporting signif-
icantly less,p < .01, interest, amusement, and happiness tha
LEFT participants.

EMG effects also essentially replicated. The hypothesized Di
rection X Time X Muscle-Region interaction was marginally sig-
nificant, F(1,8) = 4.85;p < .06, but this was not moderated by a
higher order four-way interaction with film typ&;(2,16 = .21,
ns Planned comparisons indicated that whereas RIGHT respon
ers produced lesp, < .05, zygomatiq“smile”) activity following
training, LEFT responders produced legs,< .05, corrugator
(“frown”) activity following training; RIGHT responders demon-
strated no change in corrugator activity, whereas LEFT responde
demonstrated no change in zygomatic activity.

Because analyzing only responders resulted in a reduction i
statistical power, it is useful to consider not only statistical signif-
icance, but also the effect sizEta Squared Considering first the
self-report film finding(i.e., the interaction of Directiosxx Emo-
tion X Day for the happy film, the effect size for all subjects was
.16 and for responders it was .35, more than twice as larg
Considering the EMG finding Direction X Time X Muscle-
Region interactiop the effect size for the full sample was .30, and

for responders it was .38. The consistently larger effect size amon
responders compared to the entire sample provides further ev
dence consistent with the hypothesis that manipulating fronta
EEG asymmetry produces changes in emotional self-report and

facial expression.

Discussion

Extant evidence supporting the approach—withdrawal model o

frontal EEG asymmetry is substantial, but based largely on corre

r

€.

report and facial EMG. Consistent self-report effects emerged
only when participants viewed the happy film, but not the neutral

or the sad films. EMG effects emerged across all films. Neither
measure should necessarily be viewed as preferable or more ro-
bust, because each measure provides a somewhat independent yet
convergent index of emotional response, commensurate with the
yse of multiple measures advocated by Campbell and Fig&9

and others.

When effects were examined only among those participants
who responded to biofeedback trainirige., respondejs self-
report and EMG effects replicated despite a rather dramatic reduc-
ion in power, and effect sizes increased. The responder analyses
addressed not whether all participants show biofeedback effects,

rE)ut rather what the effects of asymmetry manipulation are in those

who show training-related changes. Responders trained LEFT and

RIGHT did not differ on the first day of biofeedback training, but
did on all subsequent days. Because responders were defined by
their change from their own baseline, self-report and EMG effects

Jrere not due to trait differences, but rather were due to specific

changes in asymmetry across the course of training.

Consistent with past research, asymmetrical frontal activity
does not relate to unprovoked mood in nonclinical samples, but
igstead relates to emotional responding to stimuli that evoke
approach- or withdrawal-related tendencig3avidson & Fox,
%989; Harmon-Jones & Allen, 1997, 2001; Wheeler et al., 1993
In clinical samples, asymmetrical frontal activity has oftéfien
et al., 1993; Gotlib et al., 1998; Henriques & Davidson, 1990,
1991; Wiedemann et al., 1998ut not ubiquitously(Reid et al.,
1998 been found to related to unprovoked mood, but such a
relationship has repeatedly not been found in nonclinical college
student sampleHarmon-Jones & Allen, 1997; Sutton & David-
son, 1997; Wheeler et al., 1993n normative samplegcollege
tudents and infants; e.g., Davidson & Fox, 1989; Wheeler et al.,
I_9939, it has consistently been the case that preexisting differences
jn frontal asymmetry are manifest in behavior only when the
ppropriate emotion-eliciting situation arises.

4Some studies in support of the approach—withdrawal model have
measured state-dependent changes in frontal asymmetry in response to
manipulations designed to elicit emotiofesg., films(Davidson, Ekman,
Baron, Senulis, & Friesen, 199@n insult(Harmon-Jones & Sigelman, in
press, and maternal separation in infarisox & Davidson, 198Y. Such a
design, in which frontal EEG is a dependent variable, does not directly

lational data—that is, the correlation between resting asymmetricalddress the central issue of the present study, namely whether resting EEG
activity and responses to emotionally evocative events, or betweessymmetry can cause emotional responses.
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Methodological Considerations direction. If participants were employing emotional strategies to
In the responders as well as the sample as a whole, it was easierabtain training effects, or if aspects of the training protocol were
obtain movement in the RIGHT direction. Several factors maydifferentially influencing the mood of participants trained LEFT
have made it easier to obtain effects in this direction, including theversus those trained RIGHT, this would likely have been reflected
use of a nondepressed participant population with baseline asynin the PANAS ratings, especially as participants completed the
metry scores greater than zero and a percentage of epochs favoriatate version where they reported the way they felt “right now, that
left activation(Figure 1, lower pang¢l Additionally, the protocol is at the present moment,” which was the time immediately fol-
required 5 consecutive days in the lab, and involved a limitedowing the each day’s last training trial. Third, although partici-
training time per day25 min) across only 5 days. Changes in the pants may have inferred the intent of biofeedback training by
LEFT direction were observed by Baehr et €997 over the virtue of having to rate emotiondor films and for the PANAS,
course of more than 34 training sessions. On the other hand, this again should be a constant for those participants trained LEFT
present study did observe some effects in the LEFT directiorversus RIGHT. Finally, at least one study suggests that specifically
among responders. attempting to alter one’s emotions is a poor strategy by which to
In the sample as a whole, but not among the responders, EE@lter the asymmetry of brain activity. In a study assessing the
asymmetry training effects appear to show regression to baselinenpact of biofeedback on asymmetry of slow potentials over fron-
by Day 5. This may, in part, reflect that participants came to the laltal cortex (Hardman et al., 1997 participants instructed to use
on 5 consecutive days, and may have fatigued by Déwtich emotional strategies did not demonstrate a training effect whereas
was always Thursday, Friday, or Saturflayhis speculation is participants given no such strategy did show a training effect.
consistent with the observation that the rate of reinforcement for Although these observations suggest that it is unlikely that
all participants—regardless of training direction—was lower onsubjects used emotional strategies to alter frontal EEG asymmetry,
Day 5 than on the previous 4 days. This observation, howeverthere remain two possible explanations for how EEG asymmetry
suggests that future studi€d) should use a training protocol was altered. The first is that subjects used some other strategy that
across nonconsecutive days, andBould investigate the longer- did not focus on emotions, but that might plausibly impact asym-
term effects of training to determine whether regression to baselinenetry in accord with predictions of the approach—withdrawal model

is common after more extensive training. (e.g., directing attention externally and engaging with the environ-
ment or directing attention internally thereby withdrawing from
What was manipulated? the environment, contemplating approach or withdrawal actions,

In any study of biofeedback, the question naturally arises concerretc). The second alternative, and one that would be difficult to
ing whether training directly impacted the system of interest, orestablish conclusively, is that the biofeedback training impacted
whether it impacted some third variable that is responsible for thérontal EEG asymmetry directly, without the use of such interven-
changes in physiology and behavior. As Rosenfeld aptly statesng strategies. The significance of the present results do not hinge
“the only thing we directly manipulate ... is the reinforcement upon accepting one or the other of these alternatives. Either ex-
contingency’(Rosenfeld, 1990, p. 104Although it is tempting to  planation supports the conclusion that altering frontal asymmetry,
treat the target of the conditioning—in this case-RL alpha  either directly or indirectly, produces changes in emotional re-
asymmetry scores—as an independent variable, and self-reportsponses. Moreover, the logic outlined in the previous paragraph
emotion and EMG activity as dependent variables, all three meawould imply that these changes in emotional response that follow
sures(EEG asymmetry, self-reported emotion, and EM&e, the manipulation of EEG asymmetry are not merely a reflection of
strictly speaking, dependent variables. Although it is parsimoniougmotional changes that occurred during the biofeedback training.
to think that any relationship between EEG asymmetry and the

other dependent variables arises from the biofeedback manipuleeiOnCIusionS

tion, this is but one of several interpretations.

An attractive alternative explanation would be that the trainingThe present research extends the past research by demonstrating
protocol in fact altered participants’ moods, and that this influ-that—in the absence of preexisting baseline differences in fron-
enced the asymmetry score as well as the self-reported emotidial asymmetry—biofeedback-induced changes in asymmetrical
and EMG activity to the films. Several observations suggest this idrontal activity influenced subsequent self-reported emotions and
not likely to be an adequate account of the present findings. Firsfacial EMG responses when participants were confronted with
the experimental protocol was designed to make the physicaémotionally evocative film clips. Thus, the present results sug-
feedback comparable for both groups of participants. All partici-gest a causal role of asymmetrical anterior cortical activity as a
pants received the same high and low tones, and received compdiathesis for responding with characteristic approach-related or
rable rates of reinforcement and time-outs. If aspects of the trainingvithdrawal-related emotional responses when confronted with
protocol would influence emotion, they should do so comparablyemotionally evocative stimuli. It remains to be determined whether
for participants trained LEFT and RIGHT. Second, self-report dateextended biofeedback training of frontal EEG could produce
of unprovoked moodPANAS) following each day’s training sug- changes in mood among those with clinical disorders, but the
gest that participants’ moods did not differ as a function of trainingpresent findings suggest the utility of testing this possibility.

REFERENCES

Allen, J. J,, lacono, W. G., Depue, R. A, & Arbisi,(2993. Regional EEG  Baehr, E., Rosenfeld, J. P., Baehr, R., & Earnedtl898. Comparison of
asymmetries in bipolar seasonal affective disorder before and after two EEG indices in depressed patients vs. normal contlaker-
phototherapyBiological Psychiatry 33, 642—646. national Journal of Psychophysiolog9l, 89-92.

Baehr, E., Rosenfeld, J. P., & Baehr,([®997). The clinical use of an alpha  Cacioppo, J. T., Klein, D. L., Berntson, G. G., & Hatfield, #993. The
asymmetry protocol in the neurofeedback treatment of depression: Two psychophysiology of emotion. In M. Lewis & J. M. Havilar{é&ds),
case studieslournal of Neurotherapy2, 10-23. Handbook of emotiongp. 119-142 New York: Guildford Press.



Manipulating EEG asymmetry alters emotion 693

Cacioppo, J. T., Martzke, J. S., Petty, R. E., & Tassinary, L(1988. Harmon-Jones, E., & Allen, J. J. B1998. Anger and prefrontal brain
Specific forms of facial EMG responses index emotions during an  activity: EEG asymmetry consistent with approach motivation despite

interview: From Darwin to the continuous flow hypothesis of affect- negative affective valencdournal of Personality and Social Psychol-

laden information processindournal of Personality and Social Psy- ogy, 74, 1310-1316.

chology 54, 592—-604. Harmon-Jones, E., & Allen, J. J. B2001). The role of affect in the mere
Cacioppo, J. T., Petty, R. E., Losch, M. E., & Kim, H. (&@986. Electro- exposure effect: Evidence from psychophysiological and individual

myographic activity over facial muscles regions can differentiate the  differences approache®ersonality and Social Psychology Bulletin

valence and intensity of affective reactiodsurnal of Personality and 27, 889-898.

Social Psychology50, 260-268. Harmon-Jones, E., & Sigelman,(200)). State anger and prefrontal brain
Cacioppo, J. T., Tassinary, L. G., & Fridlund, A(7990. The skeletomotor activity: Evidence that insult-related relative left prefrontal activation is
system. In J.T. Cacioppo & L.G. Tassinaftgds), Principles of psy- associated with experienced anger and aggresdmmnal of Person-

chophysiology: Physical, social, and inferential elemefgp. 325— ality and Social Psychology0, 797—803.

384). New York: Cambridge University Press. Henriques, J. B. & Davidson, R. 1990. Regional brain electrical asym-
Campbell, D. T., & Fiske, D. W(1959. Convergent and discriminant metries discriminate between previously depressed and healthy control

validation by the multitrait-multimethod matri¥sychological Bulle- subjectsJournal of Abnormal Psycholog®9, 22—31.

tin, 56, 81-105. Henriques, J. B., & Davidson, R. 199)). Left frontal hypoactivation in
Chapman, L. J., & Chapman, J.(R987). The measurement of handedness. depressionJournal of Abnormal Psychology00, 535-545.

Brain and Cognition 6, 175-183. Reid, S. A., Duke, L. M., & Allen, J. J. B(1998. Resting frontal electro-
Coan, J. A, &Allen, J. J. B(in pres$. The state and trait nature of frontal encephalographic asymmetry in depression: Inconsistencies suggest the

EEG activation Asymmetries Over the Frontal CortexK. Hugdahl & need to identify mediating factor®sychophysiologyd5, 389—404.

R. J. Davidson(Eds) Brain asymmetry2nd Ed). Cambridge, MA: Rosenfeld, J. P(1990. Applied psychophysiology and biofeedback of

MIT Press. event-related potentialbrain waveg Historical perspective, review,
Davidson, R. J(1993. Anterior brain asymmetry and the nature of emo- future directionsBiofeedback and Self-Regulatiatb, 99-119.

tion. Brain and Cognition 20, 125-151. Rosenfeld, J. P., Cha, G., Blair, T., and Gotlib, I. 995. Operant
Davidson, R. X1998. Affective style and affective disorders: Perspectives (biofeedback control of left-right frontal alpha power differences:

from affective neuroscienc€ognition and Emotion12, 307-330. Potential neurotherapy for affective disordelBsofeedback and Self-

Davidson, R. J., Ekman, P., Saron, C. D., Senulis, J. A., & Friesen, W. V.  Regulation 20, 241-258.
(1990. Approach-withdrawal and cerebral asymmetry: Emotional ex- Schwartz, G. E., Brown, S., & Ahern, G. [1980. Facial muscle pattern-

pression and brain physiology Journal of Personality and Social ing and subjective experiences during affective imagery: Sex differ-
Psychology 58, 330-341. ences Psychophysiologyl7, 75—-82.

Davidson, R. J., & Fox, N. A(1989. Frontal brain asymmetry predicts Schwartz, G. E., Davidson, R. J., & Pugash(E76. \oluntary control of
infants’ response to maternal separatidournal of Abnormal Psychol- patterns of EEG parietal asymmetry: Cognitive concomitaPsgcho-
ogy, 98, 127-131. physiology 13, 498-504.

Dimberg, U.(1982. Facial reactions to facial expressiofsychophysi-  Sutton, S. K., & Davidson, R. J1997). Prefrontal brain asymmetry: A
ology, 19, 643—-647. biological substrate of the behavioral approach and inhibition systems.

Dimberg, U.(1990. Facial electromyography and emotional reactions. Psychological Scien¢d, 204-210.

Psychophysiology27, 481—-494. Tomarken A. J., Davidson R. J., Henriques J.(B990. Resting frontal

Dimberg, U., Thunberg, M., & Elmehed, K2000. Unconscious facial re- brain asymmetry predicts affective responses to fildasirnal of Per-
actions to emotional facial expressioRsychological Scienc#l, 86—-89. sonality and Social Psycholog§9, 791-801.

Fox, N. A., & Davidson, R. J1987. Electroencephalogram asymmetry in Watson, D., Clark, L. A., & Tellegen, A(1988. Development and vali-
response to the approach of a stranger and maternal separation in 10 dation of brief measures of positive and negative affect: The PANAS

month old infantsDevelomental Psycholog?3, 233—240. scalesJournal of Personality and Social Psycholoéy, 1063-1070.
Fridlund, A. J., & Cacioppo, J. T1986. Guidelines for human electro- Wheeler, R. E., Davidson, R. J., & Tomarken, A(1993. Frontal brain

myographic researcti?sychophysiology23, 567-589. asymmetry and emotional reactivity: A biological substrate of affective
Gotlib, I. A., Ranganath, C., & Rosenfeld, J.(P998. Frontal EEG alpha style. Psychophysiology30, 82—89.

asymmetry, depression, and cognitive functioni@ggnition and Emo- ~ Wiedemann, G., Pauli, P., Dengler, W., Lutzenberger, W., Birbaumer, N., &

tion, 12, 449-478. Buchkremer, G(1999. Frontal brain asymmetry as a biological sub-
Hardman, E., Gruzelier, J., Cheesman, K., Jones, C., Liddard, D., Schle- strate of emotions in patients with panic disordérehives of General

ichert, H., & Birbaumer, N(1997). Frontal interhemispheric asymme- Psychiatry 56, 78—84.

try: Self regulation and individual differences in humaNsuroscience
Letters 221, 117-120.
Harmon-Jones, E., & Allen, J. J. BL997). Behavioral activation sensitivity
and resting frontal EEG asymmetry: Covariation of putative indicators
related to risk for mood disorderdournal of Abnormal Psychology
106, 159-163. (RECEIVED July 9, 1999;AccepTED January 2, 2001



