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Dorsolateral and ventromedial prefrontal cortex
orchestrate normative choice

Thomas Baumgartner>>#, Daria Knoch?®%, Philine Hotz!, Christoph Eisenegger!>> & Ernst Fehr!

Humans are noted for their capacity to over-ride self-interest in favor of normatively valued goals. We examined the neural
circuitry that is causally involved in normative, fairness-related decisions by generating a temporarily diminished capacity for
costly normative behavior, a ‘deviant’ case, through non-invasive brain stimulation (repetitive transcranial magnetic stimulation)
and compared normal subjects’ functional magnetic resonance imaging signals with those of the deviant subjects. When fairness
and economic self-interest were in conflict, normal subjects (who make costly normative decisions at a much higher frequency)

displayed significantly higher activity in, and connectivity between, the right dorsolateral prefrontal cortex (DLPFC) and the
posterior ventromedial prefrontal cortex (pVMPFC). In contrast, when there was no conflict between fairness and economic
self-interest, both types of subjects displayed identical neural patterns and behaved identically. These findings suggest that a
parsimonious prefrontal network, the activation of right DLPFC and pVMPFC, and the connectivity between them, facilitates

subjects’ willingness to incur the cost of normative decisions.

The capacity to curb self-interest for the sake of normatively valued
goals and to obey elementary social norms is a distinguishing char-
acteristic of the human species!. This capacity is well documented
and takes the form of costly behaviors such as voluntary participa-
tion in collective actions, helping strangers, reciprocating favors and
punishing norm violators even though the actor receives no material
benefits from these actions®. Despite their fundamental importance
for modern civilization and in the maintenance of social order, the
neurobiological mechanisms underlying normative behaviors are still
poorly understood. We know that individuals with injuries to the
prefrontal cortex>* or fronto-temporal dementia>® exhibit impaired
norm compliance. Although interesting, these findings cannot provide
conclusive evidence for the neural mechanism behind normative
decision making because normal and pathological subjects typically
differ in a considerable number of characteristics; even individuals
with similar lesions often have different lesion etiologies. Studies
on such subjects also have limited opportunities for experimental
manipulations, and there is the possibility of functional reorganiza-
tion after brain lesions, rendering the interpretation of behavioral
differences in terms of neural characteristics difficult. To overcome
these limits, recent studies used brain imaging methods’~!> and
brain stimulation methods!6~!® to investigate the neural mechanisms
behind normative decisions.

Although brain imaging methods such as functional magnetic
resonance imaging (fMRI) enable the identification of the neural
network that correlates with normative choices, they fail to provide
information about the causal role of the network, and the connectivity
between different network components, for the observed choices
unless they are combined with brain stimulation tools. In contrast,

non-invasive brain stimulation tools such as transcranial magnetic
stimulation allow researchers to causally affect subjects’ choices, but
they provide no information about the neural changes that trigger the
behavioral change unless they are combined with brain imaging tools.
Brain stimulation tools alone are not able to detect the neural network
or the change in connectivity in the components of the network that
the stimulation triggers, and hence cannot identify the network that
causes the behavioral change. Because of the limits of these methods
when applied in isolation, we exploited the synergies that arise when
they are used in conjunction. By combining these two methods, we
were able to overcome the above mentioned limits of pure repetitive
transcranial magnetic stimulation (rTMS) and pure fMRI studies.
In particular, we were able to identify the causal effect of rTMS on
the task-related activity in the stimulated brain region, which has
important consequences for the interpretation of the rTMS effect, and
we identified the modulation of the activity in and the connectivity
between other brain regions involved in the behavioral change.

To identify the neural network that is causally involved in norma-
tive decisions, we examined the responder’s behavior in the ultimatum
game!®20, In this game, a proposer is given a sum of money that he
can allocate between himself and a responder. The proposer can make
one offer to the responder, who can then accept or reject the offer. In
case of acceptance, the proposed allocation is implemented; in case of
a rejection, neither player receives anything. The key observation in
this game is that responders accept fair offers, that is, offers that are
close to the equal split, whereas, in Western cultures, low offers are
typically viewed as a violation of a fairness norm that deserves sanction-
ing!®20. However, punishing the proposer for a low offer is costly for
the responder, who also forfeits earnings. As a result of the existence of
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a fairness norm, the responder thus faces a conflict between a decision
based on economic self-interest, to accept the low offer, and a normative
decision, to punish the proposer for the unfair offer by rejecting it.

Previous neuroimaging evidence®?! indicates that DLPFC, ventro-
lateral prefrontal cortex (VLPFC), VMPEC, the anterior insula, and
the dorsal anterior cingulate cortex (dACC) are activated during the
responder’s decision phase, and subjects with higher average acti-
vation in anterior insula are more likely to reject unfair offers®. In
addition, disrupting the function of the right DLPFC by means of
low-frequency rTMS!®!7 and cathodal transcranial direct current
stimulation to the right DLPFC!8 has been shown to decrease rejec-
tion rates while leaving the ability to make fairness judgments intact.
However, it is not known how the interaction between different brain
regions gives rise to the normative behavior of rejecting an unfair
offer although different brain areas are very unlikely to act in isolation
during such a complex decision but are instead more likely to work
together as a network. The identification of the associated network
interactions is therefore important for understanding the neurobio-
logical mechanisms of normative social behavior.

It has been hypothesized, for example, that anterior insula acti-
vation encodes the emotional resentment associated with unfair
offers®21. This hypothesis is based on evidence that implicates the
anterior insula in disgust??, pain?® and more general negative emo-
tion processing!1?%. A bottom-up process in which anterior insula
provides information to prefrontal executive control regions might
elicit the rejection of unfair offers, and disrupting this bottom-up
process might cause the change in behavior observed after rTMS of
right DLPFC. It has also been hypothesized that dACC activation
encodes the conflict between the emotional impulse to reject an unfair
offer and the economic motive to accept the money. Perhaps other
executive control regions such as the DLPFC modulate and resolve
this conflict, enabling a final decision by communicating with dACC,
a communication that might be disturbed by rTMS of right DLPFC.
Another interesting hypothesis® is that DLPFC encodes the economic
motive of accepting the money and exerts top-down control on the
anterior insula, and the behavioral change induced by rTMS of right
DLPFC might therefore be caused by a disruption of this top-down
control. Finally, it is not known how the neural network that is active
in fairness-related decisions in social interactions relates to that in
non-normative decisions involving the purchase of private goods,
such as food items?>~?7, risky proceeds?® or the delay of immediate
gratifications for the sake of later larger rewards?*~3!. Recent research
has identified the pVMPFC as an important region that encodes the
valuation of these goods?>-3!. One recent study?’, for example, found
that the same region of the pVMPFC encodes the valuation of food
items, nonfood items such as DVDs and risky proceeds during the
decision to buy these items. Thus, perhaps activation in pVMPFC
encodes the decision value of the accept or reject decision in our
setting. It would be intriguing if non-normative decisions regarding
the purchase of food and risky proceeds and normative decisions
involving the enforcement of a fairness norm were to rely on simi-
lar valuation circuitry (as proposed by the common neural currency
hypothesis32) in the VMPFC, and if we were able to identify the causal
involvement of this brain region in fairness-related decisions.

There is thus a bewildering variety of possibilities—in fact, the
hypotheses mentioned above illustrate just a few of them—and the
evidence that is currently available does not provide much informa-
tion on the true neural interactions. For this purpose, we combined
offline rTMS with fMRI to study the neural networks involved in
an experimentally induced change in normative choice. The crucial
feature of offline rTMS is that the brain is not stimulated during the
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task, but rather during a certain period, in our case 15 min with 1 Hz,
immediately before the experimental task. This low-frequency rTMS
stimulation protocol is known to generate an aftereffect®? in which
the function of the stimulated brain region is disrupted. Previous
evidence indicates that low-frequency (1 Hz) offline rTMS to the right
DLPEC sharply reduces the responders’ rejection rate of unfair offers
relative to a sham stimulation, whereas rTMS to the left DLPFC does
not affect the rejection rate!®, that is, no substantial differences in
rejection rate between rTMS to the left DLPFC and a sham stimula-
tion are observed. Thus, by applying a low-frequency rTMS protocol
to the right DLPFC, we generated a deviant case compared with
the normal behavior in this task, whereas rTMS to the left DLPFC
did not generate deviant behavior. We compared the deviant to the
normal case to better understand the functioning of the normal case.
In other words, we know that rTMS to the right DLPFC must change
the functioning of decision-relevant neural networks, whereas rTMS
to the left DLPFC leaves the decision-relevant neural networks intact.
This means that we can identify the neural network that is causally
involved in the behavioral change by comparing the neural activa-
tions (and their interactions) after rTMS to right DLPFC (referred to
as right TMS) with those after rTMS to the left DLPFC (referred to
as left TMS). It should be noted that it is problematic to identify the
decision-relevant neural network by comparing right TMS to sham
stimulation because it is known that TMS to the PFC can be slightly
irritating and inconvenient for the subjects, which may cause behav-
ioral and neural effects. It is therefore important to keep these effects
constant across treatments, which requires an active TMS condition
(such as left TMS) as a control treatment. Otherwise neural activa-
tions triggered by subjects’ irritation that have nothing to do with
decision-making may confound the results.

We applied the offline low-frequency rTMS protocol to 32 subjects
(mean age = 21.6 years, s.d. = 2.2) while they lay on the scanner bed
in front of the scanner. The subjects were transferred into the scanner
immediately after the stimulation, where they played the ultimatum game
in the role of the responder (see Online Methods and Supplementary
Fig. 1). Each responder played 16 anonymous games with 16 different
partners and a stake size of CHF 20 (CHF 1 = USD 1.20). We limited
the proposer’s strategy by only permitting offers of CHF 10, 8, 6 or 4 to
generate enough observations on the responders’ side. CHF 10 is obvi-
ously the fairest offer, as it splits the stake size equally, whereas CHF 4 is
the most unfair offer. We applied low-frequency rTMS for 15 min either
to the right DLPFC (1 = 15, referred to as the right TMS group) or to the
left DLPFC (n = 17, referred to as the left TMS group).

We found that when fairness and economic self-interest were in
conflict, normal subjects (left TMS group) rejected unfair offers much
more frequently than did deviant subjects (right TMS group). Normal
subjects also displayed significantly higher activity in, and connecti-
vity between, the right DLPFC and the posterior VMPFC. In contrast,
when there was no conflict between fairness and economic self-interest,
both types of subjects displayed identical connectivity patterns and
behaved identically. Normal and deviant subjects also showed no dif-
ferential activation in any other brain region during the processing
of unfair offers, suggesting that a parsimonious prefrontal network,
the activation of right DLPFC and pVMPFC and the connectivity
between them, facilitates subjects’ willingness to incur the cost of
normative, fairness-related, decisions.

RESULTS

Behavioral results

We carried out a behavioral analysis of the rejection rate using a
repeated-measures ANOVA of treatment (left TMS, right TMS) x offer
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(4, 6, 8, 10), which revealed a main effect of offer (Fs,zs = 25.86,
P < 0.001, ETA2 = 0.74), a main effect of treatment (F1,30 = 6.11,
P=0.019, ETA2 = 0.17) and an interaction effect of offer x treatment
(F3)28 =3.19, P=0.039, ETA2=0.26; Fig. 1). The main effect of offer indi-
cates that the rejection rate strongly decreased with offer size. Offers of
4 were rejected, on average, in 62% of the trials, whereas the rejection
rate for the offers of 6 was 25%, and the offers of 8 and 10 were rejected
in only 1% of the cases. Notably, the main effect of treatment and the
interaction effect of offer x treatment were qualified by substantially
lower rejection rates for the unfair offers of 4 and 6 in the right com-
pared with the left TMS group (independent ¢ test for offers of 4 and
6, t,, = —2.56, P = 0.016, two-tailed). Rejection rates after right TMS
were only 45% for an unfair offer of 4 and 13% for an unfair offer of 6,
whereas unfair offers of 4 and 6 were rejected in 79% and 35% of the
cases, respectively, after left TMS. These large behavioral differences
across treatments raise the question of which changes in the neural
network are responsible for the changes in behavior.

Neural effects in the stimulated brain regions

We first examined the TMS effect on the stimulated brain regions: the
left and the right DLPFC. Directly comparing the left TMS group with
the right TMS group in the contrast unfair offers (4/6) > fair offers
(8/10), we found higher activation in the right DLPFC (Brodmann area
(BA) 46, x = 45, y = 24, z = 21) in the left than in the right TMS group.
In fact, the right DLPFC was strongly recruited in the unfair > fair
contrast for the normal subjects (left TMS group), who rejected a large
number of unfair offers, whereas the right DLPFC failed to be recruited
during the processing of unfair offers in the deviant subjects (right
TMS group), who showed a diminished rejection behavior (Fig. 2).
Thus, it seems that the recruitment of the right DLPFC in normal
subjects is important for their willingness to reject unfair offers with
the usual high frequency, as the willingness to reject strongly declines
if rTMS disrupts the function of the right DLPFC.

Moreover, activity in left DLPFC does not help to explain rejections
of unfair offers or to examine the differential rejection rates across the
right and left TMS groups (Fig. 2b), as this region was generally not
significantly activated during the processing of unfair offers (P > 0.20)
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Figure 1 Rejection rates. Rejection rates (means + s.e.m.) across
treatment groups, broken down for unfair (offer 4 and 6) and fair offers
(offer 8 and 10). Subjects whose right DLPFC was stimulated with rTMS
exhibited a much lower average rejection rate (29.2%) for the two unfair
offers of 4 and 6 than those subjects whose left DLPFC was stimulated
(57.3%) (independent t test for offers of 4 and 6, t;; = 2.56, P=0.016,
two-tailed).

and there was no significant difference in activation across right and
left TMS groups, even if we strongly lowered the threshold to P < 0.20
(uncorrected). Thus, although right TMS significantly reduced the
activity in the stimulated brain region (the right DLPFC) during the
processing of unfair offers, left TMS left brain activation in the stimu-
lated area (the left DLPFC) unaffected (Fig. 2).

Neural network effects in remote brain regions

After our assessment of the effect of TMS on the stimulated brain
regions, we examined the network effects on other brain regions.
Previous neuroimaging studies®?! have implicated the anterior insula
and the dACC in the processing of unfair offers. As these brain regions
are known to be involved in the processing of negative emotions and the
monitoring of conflicting cognitive or behavioral impulses!-2434-36,
they draw our interest to whether and, if so, how left and right TMS
are associated with differential neural activations in these regions.
One possibility might be that the behavioral change involves the
modulation of right anterior insula by the right DLPFC, as activity
in the right anterior insula has been shown to correlate positively
with the rejection rate for unfair offers. Alternatively, right TMS may
also cause the sharp decrease in rejection rates by affecting subjects’
ability to monitor conflicting motivational impulses as a result of
reduced recruitment of dACC. However, our data support neither
of these hypotheses, as we found similarly increased activations in
both treatment groups in the bilateral inferior frontal gyrus/anterior
insula regions (BA 47/13; Supplementary Fig. 2a) and in the dACC
(BA 24/32; Supplementary Fig. 2b and Supplementary Table 1)
in the contrast unfair offers > fair offers. Thus, left and right TMS
caused differential activation in neither the bilateral anterior insula
nor in the dACC. In addition, psycho-physiological interaction (PPI)
analyses’’ (see Online Methods) revealed no differential variation in
connectivity across treatment groups during unfair offers between the
right DLPFC and the right anterior insula (P > 0.89), the left anterior
insula (P > 0.76) or the dACC (P > 0.84). Thus, we found no evidence
that the TMS-induced behavioral change is caused by a top-down
modulation of anterior insula and dACC by the right DLPFC.

These findings suggest that if, as hypothesized®2!, anterior insula
and dACC encode the emotional resentment of unfair offers and the
motivational conflict between self-interest and fairness, respectively,
the subjects in the right and the left TMS groups are similarly engaged
in these emotional and cognitive processes. The same argument holds
for the observed activation in the dorsomedial prefrontal cortex
(dMPFC, BA 10; Supplementary Fig. 2b), which has been implicated
in mind-reading tasks in numerous studies!>3%3, Subjects in the right
and left TMS group showed no differential activation in these areas,
suggesting that this brain region is equally capable of processing the
reading of intentions behind unfair offers in both treatment groups.

Which rTMS-induced changes in remote brain areas might then
be responsible for the sharp reduction in the willingness to reject
unfair offers? Beyond the stimulated right DLPFC, we found only
one other area that displayed a differential activation across treat-
ment groups during the processing of unfair offers: the pVMPFC.
The left TMS group showed significantly higher activation in the
pVMPEFC (BA 10/11/32, P <0.005, x = -3, y = 39, z= —9; Fig. 3a and
Supplementary Table 2) compared with the right TMS group in
the contrast unfair > fair offers. In fact, the left TMS group showed
significantly positive activation of pVMPFC (P < 0.005), whereas the
right TMS group failed to activate this region during the process-
ing of unfair offers (Fig. 3b). In contrast, no brain region was more
strongly activated in the right TMS group in the unfair > fair contrast
(Supplementary Table 2).
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Figure 2 Differential group activation in the right DLPFC: left TMS (unfair > fain
right TMS (unfair>fain (3) Disrupting the right DLPFC with rTMS led to a
differential group activation pattern in the disrupted right DLPFC (x = 45,
y=24,z=21, P<0.005, uncorrected*?, cluster extent threshold = 15
voxels; activity in the DLPFC survived small volume family-wise error (FWE)
corrections at P < 0.05 in a 20-mm sphere defined by the peak reported in
ref. 8; see Online Methods), which was qualified by increased activation in
the left TMS group compared with the right TMS group during unfair offers.
No such differential group activation was observed in the left DLPFC even
at a strongly lowered threshold of P < 0.20 (uncorrected). (b) Bar plots
represent differences (mean + s.e.m.) in contrast estimates (unfair offers >
fair offers) of homologs spherical regions of interest (ROIs) (5 mm) in the
bilateral DLPFC around the peak coordinate of activation depicted in a (for
the left side, the x coordinate was mirrored), broken down for the treatment
groups (left TMS/right TMS). Bar plots indicate that a differential activation
across right and left TMS group was only observed in the right DLPFC.

Because the change in neural activity induced by right TMS origi-
nates in the right DLPFC, it seems likely that communication between
the right DLPFC and the pVMPEFC facilitates the neural changes in
the pVMPEC. Thus, right TMS might not just reduce activity in the
right DLPFC and the pVMPFC, but it might also change the connecti-
vity between the two regions during the processing of unfair offers. To
examine this question, we again applied PPI analyses>”. We found that
right TMS strongly affected the connectivity in a context-dependent
manner (Fig. 4). In particular, we observed in both treatment groups
that these two brain regions displayed no change at all in connectivity
(relative to baseline connectivity) during the processing of fair offers
(see fair connectivity in Fig. 4b), which suggests that there is no special
need for communication between the DLPFC and the pVMPFC
after a fair offer. However, after an unfair offer, when fairness and
self-interest are in conflict with each other, the left TMS group
exhibited a strong increase in connectivity between these two brain
regions relative to the baseline (see unfair connectivity in Fig. 4b),
implying that, if right DLPFC activity is high (which it is after an
unfair offer), pVMPFC activity is also high. In contrast, there was no
significant change in connectivity between the right DLPFC and the
pVMPEC in the deviant subjects (P > 0.20), suggesting that the usual
communication of these two regions during the processing of unfair
offers is disrupted. Thus, the subjects who received left TMS dis-
played a much higher connectivity level after unfair offers (Fig. 4b),
whereas subjects who received right TMS displayed the same baseline
connectivity level after fair and unfair offers (Fig. 4b). In fact, many
of the voxels in pVMPFC that exhibited lower activation in the devi-
ant subjects also lacked an increase in connectivity with the right
DLPEC (Fig. 4a). Thus, the TMS of the right DLPFC not only reduced
neural activation in this area but also removed the usual increase in
connectivity between the right DLPFC and the pVMPFC after unfair
offers, which was then also associated with a lower activity in the
pVMPEC. These findings suggest that the increased connectivity
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between right DLPFC and pVMPEC during the processing of unfair
offers is important for subjects’ rejection behavior.

This view would receive further support if individual connectivity
differences between these two regions were correlated with indi-
vidual differences in rejection rates. To examine this conjecture, we
computed the change in connectivity after unfair offers (relative to
fair offers) for each subject in the overlap area (Fig. 4a). We found
that subjects who displayed a larger increase in connectivity after
unfair offers rejected a higher proportion of these offers (correlation =
0.421, P = 0.016). The importance of this connectivity finding for
explaining individual differences in normative decision making was
further strengthened by the following two observations. First, neither
the activity in the DLPFC alone nor the activity pattern in the VMPFC
alone correlated with the rejection of unfair offers (all P> 0.10). Thus,
the strength of connectivity between the right DLPFC and VMPEFC is
a better predictor of rejection rates than the activity pattern in each
region alone. Second, disrupting the function of the right DLPFC
completely eliminated the predictive power of the DLPFC-VMPFC
connectivity (correlation = —0.221, P = 0.43). Thus, only in those
subjects with a normally functioning right DLPFC was the DLPFC-
VMPEFC connectivity able to predict individual differences in rejec-
tion behavior (correlation = 0.409, P = 0.05, one-tailed).

These activation and connectivity patterns suggest that the com-
munication between right DLPFC and pVMPFC in normal subjects
may be crucial for the upregulation of pVMPFC during the processing
of unfair offers and that this upregulation is distorted in the subjects
who receive right TMS. Finally, it is also noteworthy that the differen-
tial activation of pVMPFC (Fig. 3) cannot be the result of differential
input from the anterior insula or the dACC, as these regions were not
activated differentially across treatment groups (Supplementary Fig. 2
and Supplementary Table 1). In addition, when we computed a PPI
with either anterior insula or dACC as the seed region, we found no
differential variation in connectivity across treatment groups during

Figure 3 Differential group activation in pYMPFC: left TMS (unfair > fair) 5,
right TMS (unfair >fair) (3 Disrupting the right DLPFC with rTMS changed
neural activity not only in the disrupted brain area (depicted in Fig. 2),
but also in another task-related remote brain region located in

the pVMPFC (x = -3, y= 39, z= -9, thresholded at P < 0.005,
uncorrected?, cluster extent threshold = 15 voxels; activity in the
pVMPFC survived small volume FWE corrections at P < 0.05 in a 20-mm
sphere defined based on peaks in refs. 25-27,29,30; see Online Methods).
(b) Bar plots represent differences (mean + s.e.m.) in contrast estimates
(unfair offers > fair offers) of a functional ROl based on the depicted
activation, broken down for the two treatment groups (left TMS/right TMS).
Bar plots indicate that only the left TMS group reacted to unfairness with
increased activity (at P < 0.005) in the pYMPFC.
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Figure 4 Treatment group differences in
connectivity between right DLPFC and pVMPFC.
(a) Overlay of the pVMPFC cluster that showed
a larger change in connectivity after unfair
offers (compared with fair offers) with the right
DLPFC in the left compared with the right TMS
group (yellow, at P < 0.005, cluster extent =
18 voxels*2) and the pVMPFC cluster that
showed differential activation in the contrast
unfair > fair offers in the left compared with
the right TMS group (red). Overlapping voxels
are displayed in orange. (b) Bar plots based on
the functional ROI (red) from a indicate that
the differential context-dependent change in
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connectivity connectivity

connectivity between the left and right TMS group was qualified by a differential change in connectivity during unfair offers (unfair connectivity), but
not during fair offers (fair connectivity). The left TMS group therefore only showed an increased connectivity between the right DLPFC and pVMPFC at

P < 0.01 during unfair offers, whereas the connectivity between these two brain regions did not change (relative to baseline connectivity) after fair
offers. Moreover, after right TMS, the connectivity between right DLPFC and pVMPFC never deviated from the baseline (indicated by the two black bars);
that is, these brain regions no longer communicated more after unfair offers. Bar plots depict mean + s.e.m.

unfair offers between these brain regions and the pVMPFC (ante-
rior insula, P = 0.81; dACC, P = 0.52). Thus, the anterior insula and
the dACC displayed neither differential activations nor differential
connectivity patterns during the processing of unfair offers across
treatment groups, suggesting that they are not involved in the behav-
ioral change induced by right TMS.

Validation of the reported behavioral and neuronal patterns
Finally, to further check the robustness and validity of the reported
behavioral and neuronal findings, we conducted an additional control
treatment in which subjects did not receive any rTMS before playing
the ultimatum game in the scanner (no TMS condition with n = 18
healthy male subjects). The no TMS group enabled us to confirm that
the behavior of the left TMS group was very similar and statistically
indistinguishable from the behavior of the no TMS group (P > 0.20;
Supplementary Fig. 3). Moreover, similar to the left TMS group, the
no TMS group rejected unfair offers significantly more often than the
right TMS group (P = 0.024). In addition, the comparison between
the no TMS and the right TMS group in terms of neural activations
and connectivity patterns yielded basically the same results as the com-
parison of the left TMS with the right TMS group (Supplementary
Analysis 1 and Supplementary Figs. 4 and 5). These findings confirm
that the left TMS group can legitimately be treated as a normal control
group in terms of both behaviors and behaviorally relevant neural
activations and connectivity patterns.

DISCUSSION

We combined offline rTMS with the examination of the changes in the
neural networks associated with the TMS-induced behavioral changes.
By comparing the deviant cases (after right TMS) with subjects’ normal
behavior and normally functioning neural network after left rTMS, we
were able to overcome the limits of pure fMRI and pure TMS studies
and achieved a deeper understanding of the neural interactions that
are causally involved in fairness-related, normative decisions.

We observed that right TMS (but not left TMS) prevented the
recruitment of the right DLPFC during the processing of unfair offers.
Previous pure TMS studies!®!” did not observe this because they
lacked measures of neural activation. This finding suggests that the
neural activation in the right DLPFC during the processing of unfair
offers is decisive in the ability to make costly normative decisions. In
contrast, we find no differential neural activation across treatment
groups in the left DLPFC which may explain why left TMS causes no
behavioral effects.

Another important finding is that rTMS of the right DLPFC had
no discernible effect on activity in areas such as the anterior insula
(which has been implicated in the emotional processing of the unfair-
ness of bargaining offers)®2!, the dACC (which has been implicated
in the monitoring of motivational and cognitive conflicts)!">3> and
the dMPFC (which has been implicated in theory of mind tasks)33°.
Furthermore, we found no evidence that right DLPFC is involved in
a top-down regulation of these areas. Thus, activity and connectivity
in these brain regions cannot explain the sharp decline in rejec-
tion rates after right TMS. Notably, emotion processing and mind
reading are crucial for judging the fairness of a given offer. It is, for
example, well known that many subjects attribute greedy intentions
to low offers and that this attribution is a crucial input in the fair-
ness evaluation®?, suggesting that fairness judgments are hampered
if mind-reading abilities are reduced. Similarly, if subjects cannot
feel the unfairness of a low offer, it is difficult to see how they can
judge it to be so. The absence of a TMS effect on these areas may
explain why brain stimulation of right DLPFC leaves subjects’ ability
to judge the (un)fairness of low offers intact!®!8. Finally, the absence
of a differential activation in anterior insula, dACC and dMPEC
across treatment groups does not imply that these brain regions are
generally not involved in normative choice. In fact, if these regions
are crucial for the ability to attribute fairness intentions and for mak-
ing fairness judgments, they are likely to be involved in the extent
to which behavior and judgment are aligned. However, the absence
of a differential activation across treatment groups in these regions
indicates that they are not causally involved in the behavioral change
across groups.

The only other region that was differentially activated during
processing of unfair offers in the right compared with the left TMS
group was the pVMPFC. The deviant subjects showed a lower acti-
vation than the normal subjects, suggesting that deactivation in
this region reduces the ability to make costly normative decisions
after right TMS. Moreover, we observe telling connectivity patterns
between the right DLPFC and the very same voxels in the pVMPFC
that show reduced activation after right TMS. When normal sub-
jects faced unfair offers leading to a conflict between self-interest and
fairness, they displayed a significant positive change in connectivity
between the right DLPFC and the pVMPFC, which was not the case
if they faced fair offers. Right TMS, however, removed this increased
connectivity, suggesting that DLPFC and pVMPFC were then unable
to interact with each other in the manner necessary to facilitate the
normative decision.
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This conjecture is particularly intriguing in light of recent evidence
regarding the functional role of pVMPFC in decision making, which
suggests that pVMPFC encodes the decision value of consumption
g00ds?>~%7 and normatively valued goods”!>14. In fact, the peak of
the rTMS-induced reduction in VMPFC activity (at MNI coordinates
x =-3,y =39, z=-9; Fig. 3) occurs in the same area of pVMPFC
that has been shown to provide a common neural representation
of the decision value of different consumption goods (located in
voxels around MNI coordinates x = =3, y = 42, z = -6, ref. 27). It may
be the case that pVMPFC correlates with decision values and that
pVMPEFC activation is causally involved in the implementation of
subjects’ goals. In this view, the pVMPFC may encode the decision
value of a rejection (please see Supplementary Discussion for a pre-
cise definition), which may be upregulated in normal subjects through
communication with the right DLPFC in contexts in which fairness
is in conflict with self-interest. This interpretation is consistent with
the fact that normal subjects showed an increase in the activation of
pVMPEC when they faced unfair offers and that they rejected these
offers much more frequently, whereas the deviant subjects lacked this
increase in pVMPFC activation and displayed a considerably lower
rejection rate.

The above interpretation of pVMPFC activation may seem puzzling
in light of the fact that parts of the VMPFC have often been impli-
cated in the experience of positive stimuli, such as attractive faces or
monetary rewards. In contrast, in our setting, pVMPFC was active
during the processing of unfair offers, which can hardly be described
as positive stimuli. It is therefore not possible to interpret the observed
pVMPEC activation as a signal of the experienced value of a stimulus;
itis better interpreted as a signal of decision value, that is, the value of
a rejection. In fact, recent evidence?! suggests that value signals that
encode positive experiences and value signals that predict choice may
be encoded in distinct areas of the VMPFC: the passive experience of
positive stimuli (attractive faces and receipt of money) activates the
anterior VMPFC (aVMPFC), but these activations do not predict
subsequent choices when subjects face a trade-off between money and
the viewing of attractive faces. Activation in posterior VMPFC during
passive consumption does, however, predict subsequent choices. In
view of this evidence, it would be reassuring for our interpretation
if we could also find the distinct encoding of positive stimuli in the
aVMPEFC. In our setting, the receipt of a fair offer is an unambiguously
positive stimulus because a fair offer provides a monetary benefit and
a fairness benefit without any cost. For this purpose, we computed the
contrast between fair and unfair offers and found activation in only
two regions: the ventral striatum and a distinct area in the aVMPFC
(Supplementary Table 1 and Supplementary Figs. 6 and 7). Notably,
the left and the right TMS group showed no differential activations
in these areas, suggesting that TMS did not change the encoding of
the experience of positive stimuli.

In summation, our results suggest that the context-dependent com-
munication between the right DLPFC and the pVMPFC is important
for a neural model of normative decision making: no special commu-
nication between these regions seems to be needed in the absence of
conflicting motives. However, an increased need for communication
between these brain regions seems to arise in case of strongly con-
flicting motives, thus facilitating the choice of the costly normative
option. The fact that subjects who display a larger context-dependent
change in connectivity between right DLPFC and pVMPFC reject
unfair offers more frequently also suggests the possibility of a deeper
understanding of individual differences in normative behavior in
terms of connectivity differences between these brain regions. Thus,
our findings may also help to explain the implications of brain damage

ARTICLES

in these prefrontal brain regions. Finally, these results also may have
implications for the therapeutic use of non-invasive TMS in (forensic)
psychiatric patients displaying persistent antisocial and aggressive
behaviors resulting from a hypoactivation in the VMPFC. Given that
the VMPEC is not directly accessible through non-invasive brain
stimulation, the fact that we could affect activation in the pVMPFC
by stimulating the right DLPFC suggests that it might be possible
to increase activation in the VMPFC with high-frequency rTMS or
anodal transcranial direct-current stimulation of the DLPFC.

Taken together, combining non-invasive offline brain stimulation
and neuroimaging provides a powerful approach for studying the
neurobiological mechanisms of decision making. Imaging this form
of virtual neuropsychology provides potentially important insights
into the neural substrates of decision-making in the healthy brain,
which may be useful for a deeper understanding and in the therapy
of normative behavioral pathologies in psychiatric patients.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Participants. We studied 32 right-handed men (mean age + s.d. = 21.6 £ 2.2
years, range 19-27 years). Subjects gave informed written consent before partici-
pating in the study, which was approved by the local ethics committee (Zurich,
Switzerland). Each subject participated in only one of the two treatment condi-
tions (rTMS of left DLPFC, rTMS of right DLPFC), and none experienced TMS
or participated in the ultimatum game previously. No subject had a history of
psychiatric illness or neurological disorders. There was no difference between
groups with respect to age (independent ¢ test, t,; = 0.059, P = 0.954). Subjects
neither experienced serious adverse side effects nor reported scalp pain, neck
pain or headaches after the experiment.

The ultimatum game. Every responder received four offers of 4, four offers of
6, three offers of 8, and five offers of 10. The sequence in which subjects received
these different offers was randomized across subjects. The distribution of these
offers was derived from our behavioral pilot experiments, in which the propos-
ers generated, on average, this distribution. We asked these proposers after the
pilot experiments if we could use their offers again in subsequent experiments.
If they agreed and we actually used their decisions in the scanner experiment,
they were paid based on player B’s decision in the scanner. Thus, the responders
in the scanner faced the decisions of 16 real human interaction partners and their
choices actually affected the interaction partners’ monetary payoffs.

Each subject received CHF 60 (CHF 1 = USD 1.20) as a show-up fee in addi-
tion to the money earned in the ultimatum games. Subjects knew that 8 of the 16
bargaining trials would be randomly selected at the end of the experiment for pay-
ment. The payment was made according to the outcome of the trial; for example,
both players earned nothing in a selected trial if the responder had rejected the
offer in this trial. Subjects received instructions that explained the rules of the
game before stimulation. Each subject was required to complete a series of test
questions successfully after reading the instructions to verify comprehension.

rTMS. rTMS was administered to the dorsolateral prefrontal cortex (DLPFC) for
15 min before subjects participated in the ultimatum game (off-line procedure)
using a Magstim Rapid Magnetic Stimulator (Magstim) and a commercially avail-
able nonferromagnetic figure-eight coil (70-mm diameter double-circle) with
an magnetic resonance-compatible 9-m cable. Subjects lay down in the scanner
room on the scanner bed, which was located in the starting position outside of
the scanner. The coil was fixed and the subject’s head was firmly held in place by
means of a magnetic resonance-compatible coil and head holder. The TMS coil
was placed over F4 and F3 using the electroencephalogram 10-20 coordination
system for stimulation of the right and left DLPFC, as in previous studies!”43-4.
The stimulation intensity was set at 54% of maximum stimulator output. The
coil was held tangential to the subject’s head with the handle pointing rostrally.
Subjects received a single 15-min, 1-Hz rTMS train (900 pulses) over either the
left DLPFC or right DLPFC. The rTMS parameters were well within currently
recommended guidelines*® and resulted in a suppression of excitability of the
targeted cortical region for several minutes following completion of the rTMS
train®*. The magnetic resonance-compatible coil and head holder were removed
immediately after the rTMS stimulation and the scanner bed was automatically
placed into the scan position inside of the scanner. All pre-scan measurements
(including, for example, the localization scan and the slice alignment procedure)
were conducted before the rTMS stimulation. This procedure allowed us to start
the scanner measurements and the ultimatum games 40 s after the cessation of
rTMS train. In total, the 16 ultimatum games lasted approximately 6 min. The
responders’ decisions in the 16 games were thus well within the borders of the
r'TMS aftereffect?”.

fMRI image acquisition. The experiment was conducted on a 3 T Philips
Intera whole-body magnetic resonance scanner (Philips Medical Systems)
equipped with an 8-channel Philips sensitivity-encoded (SENSE) head coil.
Structural image acquisition consisted of 180 T1-weighted transversal images
(0.75-mm slice thickness). For functional imaging, a total of 150 volumes were
obtained using a SENSE*® T2*-weighted echo-planar imaging sequence with
an acceleration factor of 2.0. We acquired 35 axial slices covering the whole
brain with a slice thickness of 3 mm (inter-slice gap of 0.4 mm, non-interleaved
acquisition, repetition time = 2,500 ms, echo time = 35 ms, flip angle = 77°, field
of view = 22 mm, matrix size = 128 x 128). To optimize functional sensitivity

in orbitofrontal cortex and medial temporal lobes, we used a tilted acquisition
in an oblique orientation at 30° to the AC-PC line.

fMRI preprocessing. The statistical parametric mapping software package
(SPM5, Wellcome Department of Cognitive Neurology) implemented in Matlab
(Version R2006a) was used for the preprocessing and statistical analyses. All
images were realigned to the first volume for analysis, corrected for motion arti-
facts and time of acquisition in a TR, normalized (3 x 3 x 3 mm?) into standard
stereotaxic space (template provided by the Montreal Neurological Institute)
and smoothed using an 8-mm full-width-at-half-maximum Gaussian kernel.
A band-pass filter, which was composed of a discrete cosine-basis function with
a cut-off period of 128 s for the high-pass filter, was applied. To increase signal
to noise ratio, we minimized global intensity changes by scaling each image to
the grand mean.

General linear model. We performed random-effects analyses on the functional
data for the decision phase. For that purpose, we defined a general linear model
that included four regressors of interest and three regressors of non-interest.
The four regressors of interest were modeled for the decision phase consisting of
offer 4, offer 6, offer 8 and offer 10. Onsets for these regressors were at the time
of decision screen appearance. These screens were displayed for a duration of 6 s
and were modeled accordingly. In addition to the four regressors of interest, three
regressors of non-interest were modeled. One of these regressors preceded the
decision screen regressors and had a length of 6 s, during which the subjects in
the scanner were informed that the Players A were considering the offer. Another
regressor followed the decision screen regressors and informed the subjects in the
scanner that a new Player A was being assigned. This regressor was modeled with
a duration of 3 s. Finally, the last regressor of non-interest modeled the feedback
period presented at the end of the total 16 decision rounds and had a length of
20 s (see Supplementary Fig. 1 for a timeline of screens in a single trial of the
fMRI experiment and see Supplementary Analysis 2 for statistical analyses of the
response times). All regressors were convolved with a canonical hemodynamic
response function. The six scan-to-scan motion parameters produced during
realignment were included as additional regressors in the SPM analysis to account
for residual effects of scan-to-scan motion.

Linear contrasts of regression coefficients were computed at the individual sub-
jectlevel and then taken to a group-level random effects analysis of variance. The
following two different contrast images were calculated for the different analyses
of the decision phase at the individual level using the four regressors of interest:
unfair offers (regressor offer 4 and 6) > fair offers (regressor offer 8 and 10) and
fair offers (regressor offer 8 and 10) > unfair offers (regressor offer 4 and 6).

For second-level random effects analysis, the single-subject contrasts were
entered into one-sample and two-sample ¢ tests. We calculated two simple
contrasts and two serial subtraction terms based on these ¢ tests: unfair > fair
offers in all subjects (irrespective of treatment groups), fair > unfair offers in
all subjects (irrespective of treatment groups), left TMS (unfair > fair offers) . yjght
TMS (unfair > fair offers) 41 4 right TMS (unfair > fair offers) 5 oft TMS (unfair > fair offers)
The two described serial subtraction terms were exclusively masked at P < 0.005
with the reversed second contrast of the serial subtraction term to ensure that
the observed differences between the two groups were not a result of differences
in the reversed second contrast.

Statistical analysis: correction for multiple comparisons. The correction
for multiple comparisons was carried out using a two-step approach. First, we
applied an uncorrected P value of 0.005 combined with a cluster-size threshold of
15 voxels to our a priori regions of interest*2, which encompassed emotion- and
conflict-related areas of the anterior insula and the dorsal ACC, mentalizing-
related areas of the DMPFC, control-related areas of the DLPFC and valuation-
related areas of the VMPFC. We reported other brain regions that were significant
at the same threshold (see Supplementary Tables 1 and 2). However, we are
reluctant to make any interpretations based on these results because we made no
a priori hypotheses. Second, we checked whether our a priori regions of interest
survived small-volume FWE corrections at P < 0.05. The small volumes were
either defined anatomically or functionally using the WFU PickAtlas toolbox*’.
The anatomically defined small volumes were based on the automated anatomical
labeling atlas®® included in the toolbox and consisted of the anterior insula and
the ACC. The functionally defined small volumes were based on a 20-mm sphere
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around the peak of activity reported previously. For the mentalizing-related area
of the DMPFC, we used a recently published meta-analysis* on social cognition
to define the center of the sphere in the DMPFC (x = -3, y = 48, z=30). We used
the average coordinates of the peaks of activations in the reviewed mentalizing
tasks in ref. 39, which includes tasks involving intention/trait inferences and
moral judgment tasks in economic game situations. For the control-related area
in the DLPFC, we used the peak coordinate (x = 39, y = 37, z = 26) of a previous
study® whose disruption by rTMS!® has been shown to reduce subject’s ability
to make normative decisions. For the valuation-related area in the VMPFC, we
averaged the peak coordinates (x = 2, y = 41, z = —6) of recent neuroimaging
studies on non-normative choice?>-272%3% which consistently demonstrated that
the activity in the posterior part of the VMPFC encodes the decision value of con-
sumption goods, or in economic terms, the willingness to pay for consumption
goods. Note that, before averaging, all coordinates were transferred into MNI-
space using the WFU PickAtlas toolbox*’. Finally, to ensure that the spherical
ROIs were only composed of gray matter, these ROIs were intersected with the
respective Brodmann areas (DMPFC, BA 9/10; DLPEC, BA 9/46; VMPEC, 10, 11,
24, 32). We found that all of our a priori regions of interest survived this multiple
comparisons correction procedure at P < 0.05.

ROI analyses. We created either functional or spherical ROIs (5 mm in diameter)
around the peak of activation using the MarsBaR software (Figs. 2-4). Functional
ROIs were created by selecting all voxels that were significantly activated at
P <0.005 together with a cluster extent threshold of 15 voxels in the correspond-
ing analyses.

PPI analysis. To determine whether the treatment groups (left/right TMS) dif-
fered in connectivity patterns as well as in activity, we conducted PPI analyses”.
These analyses, usually framed in terms of effective connectivity, seek to detect
context-dependent changes in connectivity (for example, enhanced connectivity
during unfair compared to fair offers) between a seed region (for example, right
DLPFC) and other brain regions. For this purpose, we extracted the individual
mean-corrected time series of three seed regions (right DLPFC, dACC and right
anterior insula) from a 5-mm spherical ROI around the peak of activation based
on the corresponding contrast analyses (see Supplementary Table 1 and 2).
Using these three time series, we conducted three independent PPI analyses as
follows. The activity in remote brain regions was regressed on a voxel-wise basis
against the product of these time series (either right DLPFC, dACC or right
anterior insula) and the vector of the psychological variable of interest (unfair
offers minus fair offers), while the physiological and the psychological variables
alone served as regressors of no interest. The results of these first-level analyses

were then taken to random-effects group analyses using two-sample ¢ tests. The
goal of these analyses was to examine whether we found brain regions showing
a differential context-dependent change in connectivity between the left TMS
and right TMS group. In other words, we searched for brain areas in which the
left TMS and the right TMS group showed a different change in the connectivity
between the seed region and other (remote) regions during the processing of
unfair compared to fair offers. The rationale for this procedure is that a context-
dependent and treatment group-specific connectivity pattern could provide an
explanation for why the left TMS group rejects unfair offers at a much higher
rate compared with the right TMS group. We focused in our analyses of con-
nectivity patterns primarily on regions that either demonstrated an enhanced
activity in the left compared with the right TMS group (right DLPFC, pVMPFC;
Supplementary Table 2) or that were differentially activated during unfair com-
pared with fair offers (dAACC, anterior insula; Supplementary Table 1). As a result
of this strongly reduced search volume, the significant threshold for the PPI was
set at P < 0.005 (uncorrected), with a cluster extent threshold of 15 voxels*2.
For the sake of completeness, we also report differential connectivity effects in
other regions not known to be activated during the responders’ decision in the
ultimatum game (Supplementary Table 3).
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