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Abstract  
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique used both 
experimentally and therapeutically to modulate regional brain function. However, few studies have 
directly measured the aftereffects of tDCS on brain activity or examined changes in task-related brain 
activity consequent to prefrontal tDCS. To investigate the neural effects of tDCS, we collected fMRI data 
from 22 human subjects, both at rest and while performing the Balloon Analog Risk Task (BART), before 
and after true or sham transcranial direct current stimulation. TDCS decreased resting blood perfusion in 
orbitofrontal cortex and the right caudate and increased task-related activity in the right dorsolateral 
prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC) in response to losses but not wins or 
increasing risk. Network analysis showed that whole-brain connectivity of the right ACC correlated 
positively with the number of pumps subjects were willing to make on the BART, and that tDCS reduced 
connectivity between the right ACC and the rest of the brain. Whole-brain connectivity of the right 
DLPFC also correlated negatively with pumps on the BART, as prior literature would suggest. Our results 
suggest that tDCS can alter activation and connectivity in regions distal to the electrodes.  

 
Introduction  

Transcranial direct current stimulation (tDCS) is a 
technique for noninvasive brain stimulation whose use 
has rapidly increased in recent years, with 176 papers 
published in 2011 (up from 75 in 2010, 66 in 2009, and 
67 in 2008). Its safety, low cost, and ease of application 
make tDCS preferable to transcranial magnetic 
stimulation (TMS) in some contexts—notably prefrontal 
stimulation, where the TMS pulse may activate facial 
muscles, making subject retention difficult and sham 
stimulation impossible. However, because tDCS relies 
on an electrical current running between an anode and a 
cathode, it can be difficult to ascribe any observed 
behavioral effects of tDCS to specific stimulation sites.  

In this study, we sought to improve our 
understanding of the effects of tDCS on the brain by 
imaging subjects during a task and at rest, both before 
and after real or sham tDCS to the prefrontal cortex. We 
analyzed task-related BOLD activity as well as resting-
state relative cerebral blood flow (rCBF) computed from 
arterial spin labeling (ASL) perfusion fMRI, and used 
graph-theoretic techniques to interrogate the effects of 
tDCS on resting network connectivity. We selected the 
Balloon Analog Risk Task (BART; Lejuez et al., 2002) 
for two main reasons. First, a version of the BART 
adapted for fMRI produces extremely robust activation 
in prefrontal and subcortical reward systems, including 
the dorsolateral prefrontal cortex (DLPFC) bilaterally 
(Rao et al., 2008, 2010; Fukunaga, Brown, and Bogg, 
2012; Schonberg et al., 2012), consistent with a rich vein 
of work implicating the DLPFC in decision-making and 
risk processing more generally (Kim and Shadlen, 1999; 
Wallis and Miller, 2003; Rao et al., 2008; Venkatraman 
et al., 2009, inter alia; for reviews, see Trepel et al., 
2005; Brand et al., 2006; Rangel et al., 2008). This 
reliable activation profile makes it a good candidate for 

examining tDCS-related neuromodulation. Second, 
tDCS applied to the DLPFC bilaterally has been reported 
to reduce risk-seeking on the BART (Fecteau et al., 
2007a), consistent with results from lesion and brain 
stimulation studies using different tasks (Manes et al., 
2002; Clark et al., 2003; Fellows and Farah, 2005; 
Knoch et al., 2006; Fecteau et al., 2007b). Thus, we had 
prior reasons to believe that bifrontal tDCS would affect 
the DLPFC activity elicited by the BART. We followed 
Fecteau et al. (2007a,b) in applying anodal (excitatory) 
stimulation to the right DLPFC and cathodal (inhibitory) 
to the left. A decrease in number of pumps on the BART 
consequent to excitation of right DLPFC would be quite 
consistent with the inverse pattern (increased risk 
tolerance after damage or TMS to right DLPFC) 
observed in prior work. However, we allowed that we 
might observe other patterns of activation, as Fecteau et 
al. (2007a) observed qualitatively similar effects on risk 
tolerance regardless of the position of the anode—
suggesting that these prima facie opposite montages 
might lead to similar brain changes, perhaps in regions 
distal to the stimulation sites. 

This research offers three main contributions. First, 
few studies have examined the neurocognitive changes 
consequent to prefrontal tDCS. Of the few studies that 
combine tDCS and neuroimaging, most examine the 
effects of tDCS over motor cortex (Baudewig et al., 
2001; Lang et al., 2005; Kwon et al., 2008; Jang et al., 
2009; Antal et al., 2011, 2012; Nair et al., 2011; Polanía 
et al., 2011a,b,c; Zheng et al., 2011), or the effects of 
prefrontal tDCS on resting-state activity (Merzagora et 
al., 2010; Keeser et al., 2011; Peña-Gómez et al., 2012). 
Prefrontal tDCS and fMRI have been used together to 
study picture naming (Holland et al., 2011) and verbal 
fluency (Pereira et al., 2013), but never decision under 
risk. Second, our graph-theoretic approach allowed us to 
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relate whole-brain connectivity to behavior and assess its 
susceptibility to tDCS, revealing alterations in 
information flow not easily detected by activation fMRI. 
Finally, the fMRI BART task allowed us to distinguish 
neural responses to risk, wins, and losses, whereas the 
behavioral variables furnished by the BART cannot 
separate subjects’ responses to those facets of the 
paradigm. 

 
Materials and Methods  

Subjects. 22 subjects (9 female, ages 19–35) 
participated in the experiment. 11 (3 female, ages 19–31) 
underwent sham tDCS and the rest (6 female, ages 19–
35) true tDCS, as described below. All participants had 
normal or corrected-to-normal vision, were right-handed 
and had no history of neurological or psychiatric 
disorders. Participants were informed of the 
experimental procedures and written consent was 
obtained from all participants according to the 
University of Pennsylvania Institutional Review Board. 
All research was performed in compliance with the 
Declaration of Helsinki. Each participant was 
compensated $40 for participating in the study. 

 
Overview of experiment. See Figure 1a for a 

schematic of the experimental design. Each subject was 
randomly assigned to receive true or sham tDCS and 
scanned immediately before and immediately after 
stimulation. Subjects were scanned with both 
conventional blood oxygen level-dependent (BOLD) 
fMRI and pseudo-continuous ASL perfusion fMRI (Dai 
et al., 2008; Chen et al., 2011). The first scanning 
session consisted of an anatomical scan, during which 
the subject practiced the BART for approximately 6 
minutes, followed by a resting ASL scan (84 volumes 
acquired over 6 minutes), a BOLD scan during which 
the subject performed the BART (400 volumes acquired 
over 11 minutes), and another resting ASL scan (84 
volumes, 6 minutes). The subject was then removed 
from the scanner for tDCS, which took place in the 
control room directly outside the scanner, and replaced 
in the scanner as soon as the tDCS procedure was 
complete. The second scanning session was identical to 
the first except without the anatomical and concomitant 
training. The delay between the end of tDCS and the 
beginning of the third ASL scan was approximately 3–5 
minutes.  

 
BART protocol. We adapted the BART protocol 

used by Rao et al. (2008). Like the classic BART, this 
protocol presents subjects with a succession of 

“balloons,” each of which can be “pumped” several 
times to add value to a temporary bank. Subjects may 
choose to redeem the balloon at any point to add the 
value of the temporary bank to a persistent bank; 
however, each pump increases the risk that the balloon 
will “pop,” in which case the value accumulated for that 
balloon is lost. A BART run is naturally divided into 
balloons, each of which starts from the initial 
presentation of an uninflated balloons and progresses 
through a series of pumps culminating in either a win, 
when the participant elects to add the value of the 
temporary bank to the persistent bank, or a loss, when 
the balloon pops after one too many pumps, subtracting 
its value from the persistent bank. In our study, the 
“money” gained and lost was entirely virtual; 
participants were paid a flat rate of $40. Use of virtual 
rewards is common in studies of decision under risk 
(Rogers et al., 1999; Paulus et al., 2003; Fishbein et al., 
2005; Gonzalez et al., 2005; Fecteau et al., 2007b; 
Delgado et al., 2008; Rao et al., 2008, 2010). 

 Participants were informed of these features of 
the task and directed to maximize their virtual reward. 
They were told that the balloon could explode at any size 
and that larger balloons were associated with both 
greater risk of explosion and greater virtual reward. On 
each pump, they were presented with a realistic image of 
a balloon in the center of the screen, which increased in 
size with each pump, as well as with information on the 
balloon’s current value and the money in their persistent 
bank; they were not explicitly informed of the maximum 
number of inflations (12) or the explosion probabilities. 
Pump timing was controlled by a small circular cue that 
was either red or green; participants could press a button 
to continue or discontinue inflation only when the color 
of the cue was green. Subjects pumped with the right 
thumb and redeemed balloons with the left. After a 
pump, the cue immediately turned red for an interval of 
random duration between 1.5 and 2.5 s, after which the 
cue turned green again to invite the next decision. After 
a win or loss, there was a jittered 2–4 s interval prior to 
the presentation of a new balloon. As described above, 
the number of balloons in a run was not fixed; rather, the 
duration of the run was fixed, and the number of 
balloons completed was determined in part by chance 
and in part by participants’ appetite for risk. In any given 
scanning session, subjects completed between 19 and 59 
balloons; sham and stimulated subjects did not differ on 
response speed (see Results). Figure 1c schematizes the 
design of a single trial of the BART.  

Our protocol differs from the classic BART in four 
main ways. First, we use a picture of a balloon rather 
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than the schematic circle used in the classic BART, for 
added realism. Second, while the classic BART allows a 
balloon to be pumped up to 120 times before popping, 
ours allows a maximum of 12 pumps; this modification 
allows subjects to complete a reasonable number of 
balloons given the delay between pumps, which is 
introduced to make imaging of separate components of 
the BART task feasible (Rao et al., 2008) and not 
present in the classic BART. Third, our BART subtracts 
the value of a popped balloon from the persistent bank, 
whereas the persistent bank is inviolate in the classic 
BART; this modification increases the risk attendant on 
pursuing large rewards. In these three respects our 
BART is identical to that used by Rao et al. (2008). 
However, in our case the wager increased exponentially 
(from $0.05 at the first pump, doubling each time to 
$204.80 at the final pump before explosion was assured). 
Rao et al. (2008) used a wager schedule that increased 
more than linearly, but less than exponentially, whereas 
the wager schedule in the classic BART is linear ($0.05 
per pump). We introduced this change to the wager 
schedule in the hopes of more strongly engaging the 
prefrontal and limbic systems known to respond to 
active BART performance, as prior work has 
demonstrated that those systems respond in proportion to 
the magnitude of a possible reward (Rao et al., 2008, 
2010; Fukunaga, Brown, & Bogg, 2012; Schonberg et al, 
2012).   

 
tDCS protocol. The tDCS protocol was modeled 

after Fecteau et al. (2007a), with the anode over right 
DLPFC and the cathode over its left counterpart (Figure 
1b). DLPFC was localized with locations F3 (left) and 
F4 (right) on an EEG cap laid out according to the 
International 10-20 System. True stimulation lasted 15 
minutes at 1.5 milliamps (mA), with an additional 30-
second ramp-up time at the beginning of stimulation and 
a 30-second ramp-down at the end. Sham stimulation 
involved the same ramp-up and ramp-down periods with 
only 15 seconds of stimulation in between, after which 
subjects sat with the electrodes affixed for the remainder 
of the 15 minutes. Subjects were not told whether they 
had undergone true or sham stimulation. TDCS was 
conducted with a Magstim Eldith stimulator 
(Carmarthenshire, UK) and 5 × 5-cm rubber electrodes 
inside saline-soaked sponges, which were affixed to the 
scalp with rubber straps.  

 Subjects were removed from the scanner for 
tDCS; after tDCS, the tDCS apparatus was removed 
from the participant’s head and the participant was 
immediately replaced in the scanner. This necessitated 

an important deviation from the procedure used by 
Fecteau et al. (2007a), who administered tDCS during 
the BART, rather than before. The 3–5-minute delay 
between the end of tDCS and the beginning of the third 
ASL scan, plus the 6-minute duration of the third ASL 
scan, meant that 9–11 minutes elapsed between the end 
of tDCS and the beginning of the second BART session. 
15 minutes of tDCS has been demonstrated to produce 
changes in cortical excitability of at least an hour’s 
duration (Nitsche & Paulus, 2001; Nitsche et al., 2003), 
although these studies were done in motor cortex and 
have not, to our knowledge, been replicated in the 
dorsolateral prefrontal cortex. 

 
Image acquisition. Imaging was conducted on a 

Siemens 3-Tesla Trio whole-body scanner (Siemens AG, 
Erlangen, Germany), using an 8-channel array coil. At 
the beginning of the first scanning session, high-
resolution T1-weighted anatomical images were 
obtained using an MPRAGE sequence (TR = 1620 ms, 
TI = 950 ms, TE = 3 ms, flip angle = 15°, 160 
contiguous slices of 1.0 mm thickness, in-plane 
resolution 1 mm × 1 mm) while the subject performed 
training trials of the BART. Conventional BOLD images 
were acquired using a standard echo-planar imaging 
sequence (TR = 1500 ms, TE = 30 ms, flip angle = 90°, 
25 interleaved axial slices with 5 mm thickness, in-plane 
resolution 3.44 mm × 3.44 mm), identical to Rao et al. 
(2008). ASL images were acquired using a pseudo-
continuous ASL sequence based on gradient-echo 
echoplanar imaging (Wu et al., 2007; Dai et al., 2008; 
Chen et al., 2011) with the following parameters: TR = 4 
s, TE = 17 ms, flip angle = 90°, FOV = 22 cm, matrix = 
64×64, labeling time = 1.5 s, post-labeling delay = 1.2s, 
18 axial slices with 6 mm thickness and 1.2 mm gap, in-
plane resolution 3.44 mm × 3.44 mm. 

 
Analysis of behavioral results. We entered several 

behavioral variables into a two-factor mixed ANOVA 
with factors Group (between subjects; true versus sham 
tDCS, coded V [“verum”] versus S below) and Time 
(within subjects, before versus after tDCS, coded T1 
versus T2 below). The dependent variables were total 
number of balloons, total number of wins, percentage 
wins, mean pumps per balloon, mean pumps per winning 
balloon (“adjusted pumps” in Fecteau et al., 2007a), and 
total earnings. Our statistic of interest was the Group × 
Time interaction, which would reveal whether tDCS 
affected the change in a variable’s value over time.  
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Image analysis. We used AFNI (Cox, 1996) to 
motion-correct and spatially normalize the resting ASL 
and task-related BOLD functional images, and to skull-
strip and spatially normalize the anatomical images. 
Functional and anatomical images were normalized to 
the Colin brain template in Talairach space at 2 × 2 × 2-
mm resolution. After normalization, functional images 
were blurred with an 8-mm full-width at half max 
Gaussian kernel.  

We extracted the BOLD contrast from the resting 
ASL images by regressing out a binary covariate that 
alternated with each TR; this regressor coded the 
presence or absence of the labeling pulse in the tagged 
ASL scans. The residuals of this regression yield BOLD 
contrast. We refer to these images as “ABC” (ASL with 
BOLD contrast) to distinguish them from the cerebral 
blood flow (CBF) images computed from the ASL 
scans, as well as from the task-related BOLD scans.  

Difference images for the quantification of CBF 
from the ASL data were generated by simple subtraction 
from the raw ASL scans (Aguirre et al., 2002); CBF was 
calculated by the method of Wang et al. (2003b). For 
each of the four ASL scans administered to each subject, 
images with a global mean CBF more than 3 standard 
deviations away from that scan’s mean were censored 
and a mean CBF image was calculated from the 
remaining images. We then calculated relative CBF 
(rCBF) by dividing each voxel’s mean CBF by all 
intracranial voxels’ mean CBF to control for global 
scan-to-scan variation. The FMRIB Automated 
Segmentation Tool (FAST; Zhang et al., 2001) was used 
to segment the skull-stripped anatomical into grey 
matter, white matter, and cerebrospinal fluid (CSF); 
voxels were designated as white matter or CSF if the 
FAST output indicated 100% confidence in that 
designation.  

Following Rao et al. (2008), we used multiple 
regression on the task-related BOLD images to measure 
each subject’s reactivity to risk, losses, and wins. Binary 
regressors encoding losses and wins and a parametric 
regressor encoding risk were convolved with a canonical 
double gamma hemodynamic response function and 
entered into a general linear model (GLM); risk was 
quantified by the amount of money subjects stood to win 
or lose (ranging from $0.05 at the first pump to $204.80 
at the final possible pump), mean-centered over each 
BART run. Every decision (to pump or to cash out) was 
thus represented in one of the three regressors: Non-
losing pumps in risk, losing pumps in losses, and cash-
outs in wins. Motion estimates, linear through fifth-
degree polynomial terms (following the recommendation 

issued by AFNI), and mean signal intensity from white 
matter and CSF were entered as covariates of no interest. 
Following Rao et al. (2008), “activation” for risk, losses, 
or wins simply refers to the coefficient of the 
corresponding regressor (not, e.g., a contrast with the 
others). 

At the group level, we first conducted whole-brain t-
tests against zero for risk, loss, and win conditions 
(collapsing across both Group and Time) in order to 
assess how well we replicated the results of Rao et al. 
(2008). To examine the effects of tDCS, we conducted 
whole brain analyses as well as ROI analyses for the 
seven regions identified in Rao et al. (2008) as 
responsive to active rather than passive risk: bilateral 
dorsolateral PFC, bilateral striatum, bilateral insula, and 
one region of anterior cingulate cortex (see Table 1 for 
coordinates of central voxels). We were particularly 
interested in these regions because their activation 
survives a contrast against the passive BART, which is 
equivalent in a sensorimotor sense but involves no 
decision under risk (Rao et al., 2008). For any given ROI 
and regressor, we took the average coefficients for that 
regressor within a 4-voxel-radius sphere (257 voxels) 
around the peak reported in Rao et al. (2008) and entered 
them into a two-factor mixed ANOVA identical to that 
applied to the behavioral variables. Mean resting rCBF 
in each ROI was entered into another such ANOVA.  

Identical ANOVAs were also run for each of these 
four conditions (risk, loss, win, resting rCBF) on a 
whole-brain basis. To determine the reliability of the 
clusters we observed, we ran 10,000 simulations using 
AFNI’s 3dClustSim tool, which calculates the minimum 
cluster size for statistical significance given an 
intracranial volume, a smoothing kernel, and a statistical 
threshold. Setting our statistical threshold to p < 0.005 
determined that a cluster of 151 voxels would emerge 
from noise with p < 0.05.  

 Finally, we examined resting-state functional 
connectivity with a graph-theoretic approach, described 
in detail below. For this analysis, we concatenated the 
two pre-stimulation resting ABC scans (normalized and 
blurred as described above) into a single time course 
with 168 volumes, and likewise with the post-
stimulation resting ABC scans. We divided the brain 
into 66 ROIs using the AFNI Talairach atlas and used 
ANTs (Avants et al., 2010) to extract the time course 
from the grey matter in each ROI. ROI time courses 
were bandpass filtered to retain frequencies between 
0.02 and 0.1 Hz, and the correlation between each pair of 
ROI time courses was computed to generate a 66 × 66 
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correlation matrix. Each subject’s data gave rise to two 
such matrices, one pre- and one post-stimulation.  

 
Graph analysis. We transformed correlation 

matrices into adjacency matrices by applying a 
minimum correlation threshold, with an edge defined 
between two regions if the correlation between their 
filtered time courses was at least equal to that threshold. 
We then examined six centrality metrics (betweenness, 
closeness, coreness, degree, efficiency, and eigenvector 
centrality) in the ROIs corresponding to the BART 
network (bilateral middle frontal gyrus, insula, and 
putamen; right cingulate gyrus). The higher a region’s 
node centrality, the stronger its connectivity to the rest of 
the brain (Bonacich, 1972; Bonacich, 2007). We also 
examined four graph-wide metrics (efficiency, clustering 
coefficient, characteristic path length, and small-
worldness). These metrics measure efficiency of 
information transmission and community structure. 
Betweenness, closeness, coreness, degree, and 
eigenvector centrality were calculated with the R 
package igraph (Csardi and Nepusz, 2006); the other 
graph metrics were calculated with the R package 
brainwaver (Achard et al., 2006). In each case, we 
submitted the resulting graph metric or node centrality 
metric to the same ANOVA described above. These 
analyses were repeated for correlation thresholds ranging 
from 0–0.7, in increments of 0.01. For similar 
approaches, see Supekar et al. (2008), Liu et al. (2008), 
and Liang et al. (2012).  

As a follow-up analysis, we quantified the 
relationship between the ROIs’ whole-brain connectivity 
and risk-seeking by calculating the correlation 
coefficient between MAP and eigenvector centrality in 
each ROI at each correlation threshold.  

 
Results  

Replication—fMRI. We replicated the results of Rao 
et al. (2008) in some detail (Figure 2). We treat the three 
conditions—risk, wins, and losses—separately below.  

Our subjects strongly replicate the observations of 
Rao et al. (2008) for activity in response to active risk 
(i.e., risk chosen, rather than merely observed, by the 
subject). Striatum, anterior cingulate, anterior insula, and 
bilateral DLPFC are strongly active in both experiments. 
Likewise, we too see activations in regions that 
responded to risk regardless of whether it was active or 
passive, notably inferotemporal and posterior parietal 
cortices bilaterally (not shown). Our results also 
replicate the qualitative finding of Rao et al. (2008) that 
activity in right DLPFC was stronger and more 

widespread than activity in its left-lateralized 
counterpart; indeed, at more stringent statistical 
thresholds, left DLPFC response to parametric risk drops 
out entirely.  

Rao et al. (2008) do not report activations for active 
losses or active wins on their own, but only in 
comparison with the counterpart passive condition. 
Thus, it is not surprising that we find activations for, 
e.g., active losses, that they do not find for active vs. 
passive loss; however, it might be surprising if we fail to 
find activation that survived that more stringent contrast 
in their results. Our loss activations are nearly a superset 
of theirs, including the ACC as well as right-sided 
activity in DLPFC, insula, and caudate; however, we do 
not find loss-related activity in the left caudate, as they 
do. For wins, we find right DLPFC activation similar to 
theirs, but not ACC activation. To see whether these 
effects might have been extinguished by tDCS, we 
repeated the analysis in sham subjects only, but in 
neither case did the sham subjects show the expected 
activation (data not shown). However, our results 
capture the main features of those documented by Rao et 
al. (2008), namely the strong involvement of PFC, 
insula, and striatum in processing active risk, and the 
consistent role of right DLPFC in processing risk, losses, 
and wins.  

 
Analysis of behavior. No behavioral variable showed 

a main effect of Group or a Group × Time interaction. 
Several variables showed main effects of Time: At T2, 
subjects in both groups earned more and pumped more, 
both overall and on winning balloons, consistent with 
Fecteau et al. (2007a). They also completed fewer 
balloons at T2 (inapplicable in Fecteau et al., 2007a, 
where subjects completed a fixed number of balloons). 
They won fewer times numerically at T2, but not as a 
proportion of total balloons. Analyses breaking down the 
results within T1 and T2 periods yielded much the same 
conclusions; subjects earned more, pumped more per 
winning balloon, and won fewer times as a percentage of 
balloons over time in any given BART run, but no 
interaction with Group was observed. Although the 
mean number of adjusted pumps (MAP) increased over 
time, it was nonetheless stable across subjects, with 
intraclass correlation coefficients of r=0.83 (p=0.002) in 
the stimulated group and r=0.90 (p=0.0002) in the sham 
group; these two correlations did not differ on a test for 
the difference between independent correlations, as 
implemented in the R package psych (p=0.57; Cohen & 
Cohen, 1983). 
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Results from task-related activation. Figure 3 
presents a graphical summary of ROI positions and 
results from the ROI analysis. In these seven ROIs, we 
observed significant interactions only for losses, and 
only in right DLPFC and ACC (F(1,20) = 5.04 and 5.51 
respectively, p = 0.036 and 0.029). The groups differ in 
ACC activation at T1 (t(20) = −2.15, p = 0.04) but not 
T2 (t(20) = 0.61, p = 0.55), suggesting that the observed 
interaction at this site is due to pre-stimulation 
differences. Right DLPFC shows the opposite pattern, 
with subjects indistinguishable at T1 (t(20) = −0.91, p = 
0.38) but different at T2 (t(20) = 2.58, p = 0.02). 

Results from the whole-brain analysis are 
summarized in Table 2. It should be clear that the 
statistics presented there are biased in that they are 
computed over regions selected to show differences—
that is, since the ROIs were defined as contiguous sets of 
voxels showing a Group × Time interaction, the fact that 
the simple effect of Group varies over Time is only to be 
expected, and any effect size estimates originating from 
ROIs so defined would be inflated (Kriegeskorte et al., 
2009; Vul et al., 2009). However, as the ROI analysis 
shows, there can be meaningful differences between 
activation profiles that exhibit the same sign on the 
contrast term; the cluster statistics are used to 
communicate a qualitative sense of these differences, 
particularly important in those cases where the 
interaction is driven by pre-stimulation differences only. 
The p values for simple effects are computed as in the 
ROI analysis above, i.e. derived from a t-test on the 11 
truly stimulated (V) and 11 sham (S) subjects at a given 
time point.  

The principal result of interest from the whole-brain 
analysis of task-related activation is the replication of 
our ROI result in DLPFC (Table 2, Fig. 4). Various 
other regions in the occipital, temporal, and parietal 
cortices also show tDCS-related changes in task-related 
activation. Those regions are not near the stimulation 
sites and, because they do not survive a contrast between 
the active and passive versions of the BART (Rao et al., 
2008), we have no evidence that they play a role in 
decision under risk over and above their sensorimotor 
functions; we thus have not visualized them and do not 
analyze them further. 

 
Results from resting ASL data. None of the seven 

ROIs taken from Rao et al. (2008) showed a significant 
Group × Time interaction in resting rCBF. In the whole-
brain analysis, we observed suppression of resting rCBF 
by tDCS in the right caudate and medial and right OFC 
(Fig. 4). The latter regions are widely known to be 

intimately involved in reward processing. We also found 
similar interactions in left superior and middle temporal 
gyri. 

 
Results from network analysis of  resting-state 

BOLD data derived from ASL. In the network analysis, 
eigenvector centrality of the right cingulate gyrus 
(corresponding to the right ACC ROI from Rao et al., 
2008) showed a significant Group × Time interaction 
over a number of correlation thresholds, with truly 
stimulated subjects showing relative disconnection of 
this region post-stimulation (Fig. 5). Eigenvector 
centrality differs from the other centrality metrics in that 
it is raised not only by the number of connected nodes, 
but also the connectivity of those nodes; nodes with high 
eigenvector centrality are usually connected to other 
highly central nodes (Bonacich, 1972; Bonacich, 2007). 
Whole-brain connectivity in the same region was 
positively correlated with risk-seeking as quantified by 
MAP over a wide range of thresholds as well (green dots 
on Fig. 5).  

Eigenvector centrality of the right middle frontal 
gyrus (corresponding to right DLPFC) was negatively 
correlated with risk-seeking at correlation thresholds 
between approximately 0.5 and 0.6 (red dots on Fig. 5). 
Interestingly, this overlaps well with the range of 
thresholds at which the disconnection effect of the right 
cingulate by tDCS is strongest.  

Fig. 5 does reveal that the Group × Time interaction 
is a crossover—there appear to be group differences at 
both T1 and T2, in the opposite direction. We have no a 
priori reason to expect group differences in node 
centrality of the ACC at T1, and it may be that the 
treatment effect (as quantified by the Group × Time 
interaction) was inflated by this chance difference in a 
small sample. However, the positive correlation between 
ACC centrality and risk tolerance (Figure 5b) is 
consistent with a treatment effect disconnecting ACC, 
particularly since other studies have shown that the 
tDCS treatment reduces risk tolerance (Fecteau 
2007a,b). 

 
Discussion  

Summary of principal findings. We replicated most 
of the hemodynamic signatures of active participation in 
the BART reported by Rao et al. (2008), notably the 
responsiveness of right DLPFC to losses, wins, and 
increasing risk. Our fMRI results indicate an effect of 
bifrontal tDCS on task-related brain activity and resting 
connectivity. In our ROI analysis, we saw that tDCS 
amplified the brain’s response to losses in right DLPFC 
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and ACC. Our whole-brain analysis recapitulated this 
result in right DLPFC but not right ACC. The whole-
brain analysis also uncovered tDCS-related decreases in 
resting rCBF in the OFC and right caudate, as well as 
various effects on resting and task-related BOLD in 
posterior cortices. Finally, network analyses revealed 
that whole-brain connectivity was positively correlated 
with MAP in right ACC and negatively correlated with 
MAP in right DLPFC, and that tDCS reduced 
connectivity between the right ACC and the rest of the 
brain. Thus, it appears that prefrontal tDCS can affect 
both activity and resting connectivity in brain regions 
outside the stimulated sites—including regions known to 
be implicated in valuation and choice. 

However, although we observed tDCS-related 
changes in task-related brain activation, resting 
perfusion, and functional connectivity, we did not 
observe an effect of tDCS on BART performance, as 
was previously reported by Fecteau et al. (Fecteau et al., 
2007a). Subjects undergoing true bifrontal tDCS were 
not distinguishable from those undergoing sham tDCS 
on any behavioral metric tested. We suspect that this null 
result is due to differences in task parameters. We 
replicate the results of Rao et al. (2008) in evoking 
robust prefrontal and limbic activation in response to 
risk, losses, and wins (Figure 2), suggesting that our 
version of the BART successfully engages the same 
brain systems that theirs did. However, the adaptation of 
the paradigm for imaging results in a relative paucity of 
behavioral data that may reduce our sensitivity to 
individual differences in risk tolerance relative to the 
classic version (Lejuez et al., 2002), which Fecteau et al. 
(2007a) demonstrated to be sensitive to bifrontal tDCS. 
Notably, as a fraction of the range of possible pumps, the 
approximately 10-pump effect observed in Fecteau et al. 
(2007a) is equivalent to one pump in our study; our 
effects might thus be more vulnerable to noise. 
Additionally, the nonlinearity of the reward schedule 
may have pushed subjects to concentrate in a certain part 
of the 12-pump range irrespective of tDCS. 

 
DLPFC findings. Our tDCS protocol has been 

reported to increase risk aversion (Fecteau et al., 2007a), 
although we did not observe this effect. However, we 
did observe that loss-related DLPFC activity during the 
BART was sensitive to tDCS, and that resting 
connectivity of DLPFC was negatively correlated with 
MAP, although that association was unaltered by tDCS. 
We discuss these two effects in turn. 

In our BART protocol, loss-related and risk-related 
activity differ only in terms of outcome; the choice (to 

pump the balloon rather than to collect winnings) is 
identical in both cases. Thus, our observation of a tDCS 
effect for losses but not risk implies a greater reactivity 
in response to the outcome rather than the choice. In the 
literature on DLPFC and decision under risk, DLPFC is 
variously described as supporting working memory for 
the decision task (Manes et al., 2002; Clark et al., 2003; 
Fellows and Farah, 2005), sending sensory and 
mnemonic information to OFC (Knoch et al., 2006; 
Camus et al., 2009; but see Fecteau et al., 2007a), and 
integrating reward information with sensory and 
decision-related information (Kim and Shadlen, 1999; 
Wallis and Miller, 2003; Tanaka et al., 2004; Taylor et 
al., 2004; Rao et al., 2008; Weber and Huettel, 2008). 
Thus, our observations may be of some interest for 
understanding the neurobiology of value-based decision 
making. 

Although it is unmodulated by tDCS, the negative 
correlation between MAP and resting whole-brain 
connectivity in the right DLPFC is also consistent with 
the previously cited lesion and stimulation work; the 
more central the right DLPFC is in the network 
produced by inter-regional correlations at rest, the fewer 
pumps our subjects are willing to make (Figure 5c).  

 
ACC findings. The ACC’s relationship to decision 

making has also been extensively studied, with multiple 
theories about its functional role on offer. Different 
accounts of ACC function hold that ACC generates a 
conflict signal that flags the need for more cognitive 
control (Botvinick et al., 2004; Carter and van Veen, 
2007) and, alternatively, that ACC evaluates action 
outcomes and encodes action-reward associations 
(Rushworth et al., 2007; Rushworth et al., 2011). Along 
the latter lines, animals with ACC lesions are less 
inclined than controls to sustain responses known to be 
rewarding, and are much more inclined than controls to 
choose a small reward requiring little effort in preference 
to a large reward requiring more effort (Walton et al., 
2002; Walton et al., 2003; Walton et al., 2006; 
Kennerley et al., 2006; Walton et al., 2007). Likewise, 
ACC activity tracks reward magnitude discounted by 
effort (Croxson et al., 2009). Thus, the observed effects 
of tDCS on the ACC’s reactivity to losses and its 
centrality in the network of inter-regional resting 
correlations might be of some interest for understanding 
the neurobiology of value-based decision making.  

 
OFC and striatal findings. The reduction of resting 

perfusion in OFC and caudate may also be relevant in 
interpreting the behavioral results from brain stimulation 
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studies of DLPFC. OFC may integrate value information 
computed in amygdala and ventral striatum with 
working memory representations supported by lateral 
PFC (McDannald et al., 2011; Schoenbaum et al., 2006; 
Schoenbaum and Esber, 2010; Takahashi et al., 2011), 
and the caudate is critical for integrating sensory and 
value information and acquiring action-outcome 
associations (Kawagoe et al., 1998; Hassani et al., 2001; 
Kawagoe et al., 2004; Yin et al., 2005). Our results 
emphasize the importance of frontal-frontal and frontal-
striatal connections for understanding the DLPFC’s 
involvement in value-based decision making.  

Although we saw no modulation of task-related 
activity in OFC and caudate, tDCS might have reduced 
the absolute level of activity in those regions without 
reducing the activity’s covariation with task variables. 
Additionally, OFC activation can be difficult to detect in 
BOLD data due to the static susceptibility gradients in 
this region, whereas the ASL sequence utilizes a shorter 
echo time and the CBF calculation does not depend on 
susceptibility contrast (Detre et al., 2012). Thus, tDCS 
effects on OFC may have been detectable in CBF 
quantified from ASL data, but not in the BOLD scans. 
Interestingly, Schonberg et al. (2012) observe that OFC 
activity is negatively correlated with risk and losses in 
the BART, and infer that OFC may code the decreasing 
marginal expected value of each successive pump. We 
observe those same negative correlations, as well as a 
similar one for wins, in task-related BOLD (data not 
shown), although they are unmodulated by tDCS. 

 
Other effects and future work. These conjectures on 

the functional effects of tDCS on reward-related 
neuroanatomy do not explain the effects we observe in 
posterior cortices. It is notable that these effects overlap 
or abut sites characterized in Rao et al. (2008) as 
responsive to risk but indifferent to whether the risk was 
chosen or merely viewed. Given this indifference, and 
the fact that risk has a reliable sensory correlate in our 
task (namely the size of the balloon), these sites most 
likely handle sensory aspects of the BART rather than 
valuation and choice; their modulation by tDCS is likely 
due to alterations in top-down input from reward-related 
regions.  

Future work should address the physiology of the 
DLPFC-ACC and DLPFC-OFC interactions underlying 
these brain dynamics, as well as the details of the 
relationship between whole-brain ACC and DLPFC 
connectivity and risk aversion. In light of our results, it 
would be particularly interesting to distinguish between 
accounts of tDCS-induced risk aversion that appeal to 

increased uncertainty about outcomes (suggested by the 
drop in resting rCBF in OFC) versus increased aversion 
to cognitive effort (suggested by the association between 
risk-seeking and whole-brain connectivity in ACC). 

 
Connection to theories of decision under risk. Like 

the work of Rao et al. (2008, 2010), our work was not 
intended to arbitrate among competing theories of 
decision under risk (e.g., expected utility theory versus 
prospect theory); indeed, these theories apply principally 
to contexts in which the risk is known, whereas in our 
task the explosion probabilities were unknown and had 
to be learned. Rather, our study’s main goal was to 
suggest neural mechanisms for the already documented 
effect of bifrontal tDCS on risky choice. Accordingly, 
our measure of risk tolerance elides several theoretically 
distinct definitions of risk; the value of the balloon, the 
variance of the reward, and the probability of a loss are 
all extremely strongly correlated (r=0.81—0.99, all 
p<0.003). Future work should attempt to elucidate which 
particular representation of risk is altered by tDCS. 

 
Graph centrality measures. Eigenvector centrality 

was the only measure of brain connectivity that was 
affected by tDCS across a large range of correlation 
thresholds. It is also arguably a better measure of a brain 
region’s influence on overall brain activity than 
measures such as betweenness, closeness, and degree, as 
these metrics are insensitive to the connectivity of a 
node’s neighbors—e.g., a node with n neighbors has the 
same degree regardless of whether its neighbors are 
themselves strongly or weakly connected. In contrast, a 
node’s eigenvector centrality is higher when its 
neighbors are themselves strongly connected (Bonacich, 
1972; Bonacich, 2007). Future studies on methods for 
network analysis should evaluate this centrality measure 
more thoroughly. 

 
Limitations. Because the design required continuous 

inflations and featured very brief intervals separating 
stimulus, response and outcome, it was not possible to 
make fine dissociations between the stages of processing 
a given pump—for example, stimulus valuation, action 
selection, and outcome evaluation (Rangel et al., 2008). 
In particular, it is impossible to separate decision-related 
activity from outcome-related activity in the BOLD time 
course. However, other design features of the experiment 
go some distance toward compensating for this problem. 
In the case of a win, the outcome is certain: There is no 
information about the outcome that is not already known 
at the moment of decision, and thus no point in 
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dissociating the two. In the case of losses versus non-
losing pumps, the outcome does furnish new 
information, but the decision and corresponding action 
are the same; the only difference between a loss and a 
non-losing pump is outcome, and thus differences in 
activation are informative about differences in outcome. 

However, the chronometry of these different aspects 
of decision-making and outcome evaluation is still of 
great theoretical interest. Future studies might employ a 
longer ISI and delayed feedback to facilitate parsing of 
these stages of the task. 

Another limitation of our study is the use of a single 
bifrontal montage (anode over right DLPFC, cathode 
over left) when the results of Fecteau et al. (2007) 
indicate that similar behavioral effects were achieved 
with the same montage when the polarities of the 
electrodes were switched. This curious pattern makes it 
all the more important to understand the role of sites 
distal to the electrodes; perhaps these seemingly 
opposite montages have opposite effects on the 
stimulated cortices, but common effects on distal sites to 
which the stimulated cortices are strongly connected. 
Our work would seem to implicate ACC, OFC, and 
striatum as candidate sites for such common effects. 
However, without observing the effects of the opposite 
montage, this prospect remains speculative. 

 
Conclusion. Our findings provide evidence that 

bilateral tDCS to DLPFC alters brain function in several 
ways that may underlie the increased risk aversion 
consequent to bifrontal tDCS that have been observed in 
behavioral studies.  Bifrontal tDCS appears to 
selectively amplify the representation of losses in right 
DLPFC and ACC, disconnect right ACC from the rest of 
the brain via connections from right DLPFC, and reduce 
resting rCBF in OFC and the right caudate, again likely 
via connections from right DLPFC. Prior literature 
suggests that the disconnection of ACC may reduce the 
impetus to maintain rewarding responses and exert 
cognitive effort in pursuit of greater rewards, and that 
hypoactivity in OFC and the right caudate may impair 
subjects’ ability to update associations between value 
and sensory or mnemonic information. However, direct 
relationships between behavior and tDCS-related 
changes in brain activity must be observed before these 
possibilities can be confirmed. Our results also 
underscore the important point that tDCS may alter brain 
activity, not only in the stimulation sites, but also in 
connected, task-relevant regions of the brain. 
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Figures. 
 

 
Figure 1: Overview of experimental structure. (a) Order of the experiment. (b) Stimulation sites mapped on the 
International 10–20 system. The anode is colored red, the cathode blue. (c) Schematic of the BART. Each time subjects 
are confronted with a balloon, they have two options: Pump or stop. Pumping can lead to either an addition to or the loss 
of the money accumulated on that trial; stopping adds the money accumulated on that trial to a persistent bank.  
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Figure 2: Replication of Rao et al. (2008). Brain maps were thresholded at p < 0.005 with a minimum cluster size of 151 
voxels. t scores quantifying subjects’ responses to parametric risk, losses, and wins are displayed.  
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Figure 3: Results of ROI analysis. (a) ROIs examined. Green ROIs represent the right DLPFC and ACC ROIs in which 
we found a significant Group × Time interaction; red ROIs were examined but showed no such effect. (b) Graphs of 
differences in activation (T2−T1) for losses in right DLPFC and ACC ROIs. Blue bars denote sham subjects, yellow bars 
stimulated subjects. 
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Figure 4: Selected results from whole-brain analyses of task-related activation and resting perfusion. The t score of the 
contrast for the Group × Time interaction is displayed, with hot colors signifying (VT2−VT1) > (ST2−ST1) and cool 
colors the opposite. Clusters are thresholded at p < 0.005 with a minimum cluster size of 151 voxels. (a) Interaction 
contrast for task-related activation in response to losses for right DLPFC; (b) interaction contrast for resting rCBF in 
caudate and OFC. (c) Graphs of differences in activation or rCBF (T2−T1) in displayed clusters. Blue bars denote sham 
subjects, yellow bars stimulated subjects.  
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Figure 5: Results of graph-theoretic analyses. (a) Whole-brain connectivity for right ACC at correlation thresholds from 
0 to 0.7 (x-axis). Dots quantify group mean eigenvector centrality within time point; error bars are omitted for ease of 
reading. There is a significant Group × Time interaction across a wide range of thresholds, with truly stimulated subjects 
showing relative disconnection of right ACC from the rest of the brain at T2. Whole-brain connectivity of right ACC is 
positively correlated with risk-seeking at a wide range of correlation thresholds (green dots). Whole-brain connectivity of 
right DLPFC is negatively correlated with risk-seeking at a relatively narrow range of correlation thresholds (red dots), 
approximately overlapping the range in which the Group × Time interaction is most reliable. (b) Correlation between 
whole-brain ACC connectivity and MAP at a correlation threshold of 0.55. (c) Correlation between whole-brain RDLPFC 
connectivity and MAP at a correlation threshold of 0.55. 
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Tables.  
 
ROI 

 
x 

 
y 

 
z 

Right ACC 12 18 38 
Right striatum 12 4 4  
Left striatum −8 0 4  
Right insula 36 16 0  
Left insula −28 18 6  
Right DLPFC 32 46 26  
Left DLPFC  −32 46 22  
 
Table 1: ROI locations. ROIs were defined as spheres with a 4-voxel (8-mm) radius around the peaks of clusters reported 
in Rao et al. (2008) as more active in response to actively chosen versus passive risk. 
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Region x y z 
Cluster 
size 

More active 
group at T1 

More active group 
at T2 

(VT2–VT1) > (ST2–ST1) 
Loss 
Right DLPFC 31 37 24 223 S (p=0.0003) V (p=0.01) 
Right IPL 
 

49 –43 40 199 S (p=0.02) V (p=0.02) 

Win 
Left MOG 
 

–37 –75 0 165 — (p=0.49) — (p=0.09) 

(ST2–ST1) > (VT2–VT1) 
Loss 
Left cuneus –7 –77 20 559 V (p=0.03) — (p=0.14) 
Right lingual gyrus 
 

15 –63 –2 412 V (p=0.05) — (p=0.30) 

Win 
Left SPL 
 

–33 –45 58 238 V (p=0.003) S (p=0.03) 

Resting 
rCBF 
Right caudate 15 21 12 843 — (p=0.53) S (p=0.0002) 
Left STG –55 –17 12 485 — (p=0.09) — (p=0.07) 
Left MTG –53 –63 2 425 — (p=0.20) S (p=0.02) 
Medial OFC –3 53 –12 311 V (p=0.03) S (p=0.03) 
Right OFC 19 69 10 245 V (p=0.005) — (p=0.57) 
Right OFC 29 27 –8 230 — (p=0.17) S (p=0.005) 
Left OFC –47 39 –2 201 — (p=0.12) S (p=0.03) 
 
Table 2: Clusters from Group × Time interaction contrast. Cluster locations, peaks and sizes for the Group × Time 
interaction, task-related BOLD effects. The code for the top group of activations can be read as “The difference between 
post-and pre-stimulation activity is greater in stimulated than sham subjects,” and the reverse for the second. All clusters 
were thresholded at p < 0.005 with a minimum cluster size of 151 voxels. Peaks are reported in Talairach coordinates. 
“More active group at T1/T2” signifies which group is more active, quantified by the simple effect of Group at the given 
Time; V denotes stimulated subjects, S denotes sham.  


