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fMRI research suggests that both the posterior parietal cortex (PPC) and dorsolateral prefrontal cortex (DLPFC) help individuals select
better long-term monetary gains during intertemporal choice. Previous neuromodulation research has demonstrated that disruption of
the DLPFC interferes with this ability. However, it is unclear whether the PPC performs a similarly important function during intertem-
poral choice, and whether the functions performed by either region impact choices involving losses. In the current study, we used
low-frequency repetitive transcranial magnetic stimulation to examine whether the PPC and DLPFC both normally facilitate selection of
gains and losses with better long-term value than alternatives during intertemporal choice. We found that disruption of either region in
the right hemisphere led to greater selection of both gains and losses that had better immediate, but worse long-term value than
alternatives. This indicates that activity in both regions helps individuals optimize long-term value relative to immediate value in general,
rather than being specific to choices involving gains. However, there were slightly different patterns of effects following disruption of the
right PPC and right DLPFC, suggesting that each region may perform somewhat different functions that help optimize choice.

Introduction
Individuals tend to discount the value of delayed monetary in-
centives relative to immediate ones and often choose options that
have better immediate, but worse long-term value than alterna-
tives (Frederick et al., 2004). While recent research has shown
that the lateral prefrontal cortex (PFC) has an important role in
helping individuals overcome this bias (Figner et al., 2010), it is
unknown whether other brain regions modulate intertemporal
choice behavior in a similar way. The posterior parietal cortex
(PPC) could play such a role as a number of fMRI studies have
shown similar patterns of activation in the PPC and lateral PFC
during intertemporal choice (McClure et al., 2004, 2007; Ballard
and Knutson, 2009; Bickel et al., 2009; Xu et al., 2009). Consistent
with this proposal, fMRI findings show greater activation in the
PPC when individuals choose larger delayed rewards over smaller
immediate alternatives (Wittmann et al., 2007). Similarly, Mc-
Clure et al. (2004) report that greater combined activation in a set
of regions that includes the lateral PFC and PPC than in a set of
other regions sensitive to immediate rewards predicts choice of

larger delayed rewards. Yet no studies to date have examined the
effects of PPC disruption on intertemporal choice.

In choices involving losses, long-term value is optimized by
selecting smaller immediate losses over larger delayed losses. At
present, it is unclear whether the PPC and lateral PFC exert sim-
ilar influences on intertemporal choices involving losses and
gains. On the one hand, the neural circuitry that helps individuals
decide what rewards to approach may be different from that
which helps them decide what aversive outcomes to avoid, an
idea consistent with several theories of motivation (Gray, 1981;
Panksepp et al., 2002). However, fMRI research indicates that the
PPC and lateral PFC are similarly activated during intertemporal
choices involving both monetary gains and losses (Bickel et al.,
2009; Xu et al., 2009), suggesting that both regions perform sim-
ilar functions in both types of choices.

To examine whether the PPC facilitates making choices for
options with better long-term but worse immediate value than
alternatives, we used repetitive transcranial magnetic stimulation
(rTMS) to determine the effects of suppressing functioning in the
PPC on an intertemporal choice task in which stimuli were tai-
lored to subjects’ indifference points. We predicted that disrup-
tion of the PPC would lead to greater selection of gain and loss
options that had better immediate but worse long-term value
than alternatives; disruption was predicted to increase selection
of immediate gains and decrease selection of immediate losses.
Additionally, we administered a numerical comparison task to
verify that any changes in choice were not attributable to altera-
tions in numerical processing given the role of the PPC in math-
ematical reasoning (Dehaene et al., 2003; Andres et al., 2005;
Cappelletti et al., 2007). We also investigated how choices

Received Dec. 9, 2011; revised Aug. 3, 2012; accepted Sept. 4, 2012.
Author contributions: B.G.E. and D.H.Z. designed research; B.G.E., S.A.C., and L.R.W. performed research; B.G.E.

analyzed data; B.G.E. and D.H.Z. wrote the paper.
This work was supported by a doctoral dissertation improvement grant from the National Science Foundation to

B.G.E. We thank Martin Gallagher, Warren Lambert, Rebecca Qian, and Tawny Spinelli for their help on this project.
The authors declare no competing financial interests.
Correspondence should be addressed to David H. Zald, Department of Psychology, Vanderbilt University, PMB

407817, 2301 Vanderbilt Place, Nashville, TN 37240-7817. E-mail: david.zald@vanderbilt.edu.
DOI:10.1523/JNEUROSCI.6106-11.2012

Copyright © 2012 the authors 0270-6474/12/3215403-11$15.00/0

The Journal of Neuroscience, October 31, 2012 • 32(44):15403–15413 • 15403



changed following disruption of the dor-
solateral PFC (DLPFC), to verify past
findings that disruption increases selec-
tion of immediate gains (Figner et al.,
2010), and to see whether it also decreases
selection of immediate losses.

Materials and Methods
Participants. Sixty-four right-handed individu-
als (43.75% female) between the ages of 18 and
30 (mean age, 21.06; SD, 2.79) from Vanderbilt
University and the Nashville community com-
pleted this study. All of these participants
reported having no history of neurological
or psychiatric problems, no females were
currently pregnant, and no participants had
previously received TMS. All participants
completed written informed consent approved
by the Vanderbilt University Institutional Re-
view Board. Ninety-five additional subjects
were consented but excluded from further
study or withdrawn by the investigator (N �
83) or chose to withdraw (N � 12). Partici-
pants were only eligible to complete the rTMS
phase of the study if at baseline they showed:
(1) evidence of consistent discounting prefer-
ences, (2) evidence of delay discounting for both gains and losses, and (3)
a level of discounting that allowed generation of the full range of stimuli
for rTMS/sham sessions. These requirements limit the generalizability of
the conclusions to individuals who possess a moderate amount of delay
discounting of both gains and losses, but were necessary to optimally test
the core hypotheses of the study. Importantly, the requirement that sub-
jects show delay discounting for both gains and losses was necessary to be
able to draw conclusions about relative effects of rTMS on both gains and
losses. Methods for determining each of these requirements are described
under Session 1 procedures.

Participants were excluded or withdrawn by the investigator due to
inconsistent preferences as revealed in Session 1 (N � 13), no delay
discounting of losses as revealed on prescreen following consent (N �
15) (initially this prescreen was done following consent, but was later
moved before consent due to the high rate of exclusions), risk factors that
could increase the chances of having negative effects from TMS (e.g.,
neurological conditions) (N � 4), excessive movement during TMS that
made it impossible to reposition the coil within 10 s following movement
onset (N � 2), misunderstanding of the task instructions (N � 1), ex-
perimenter error (N � 2), and baseline time preferences revealed in
Session 1 that did not allow us to make task stimuli for later sessions (N �
44; further details regarding these excluded individuals given under Ses-
sion 1 procedures).

Two additional subjects were excluded from analysis because they
exhibited choice preferences that were extremely unstable across sessions
on the intertemporal choice task (mean proportion of chosen delayed
gains or losses changed by �75% across Sessions 2 and 3). Both of these
subjects were in the sham stimulation group and had across-session dif-
ferences in the mean proportion of chosen delayed gains or losses that
were �4 SDs from the mean across-session difference score across all
subjects. No other participants in the sham or real stimulation groups
exhibited changes in preference across sessions of this magnitude, and for
all other subjects the across-session difference scores were �3 SDs from
the overall mean.

Monetary loss prescreen. We screened potential participants before
consent with a questionnaire to ensure that we only recruited partici-
pants who discounted delayed monetary losses. The screening question-
naire included four questions, each which required participants to write
the magnitude of a hypothetical monetary loss to be incurred in 4 weeks
that they valued equally to an immediate hypothetical monetary loss of a
specific magnitude. Screening was essential because prior research shows
that some individuals actually prefer to suffer a monetary loss (or expe-

rience other aversive events) sooner rather than later (Frederick et al.,
2004). As it is not clear whether individuals who prefer immediate losses
over similar (or smaller) later losses are using delay discounting in their
decision making, we excluded such individuals from further study. This
was necessary because disrupting a brain region that facilitates selecting
better long-term options may have different effects in individuals who do
not use delay discounting to begin with.

Session 1—indifference point procedure. Following consent, we deter-
mined subject indifference points between immediate and delayed mon-
etary rewards. This was done so that we could create choice pairs to be
used in later sessions that were matched to each subject’s subjective val-
ues. We determined immediate equivalents (i.e., dollar amount of an
immediate monetary reward that a person values equally to a delayed
monetary reward) for four different delayed monetary gains: $2.50,
$5.00, $7.50, and $10.00 available at 4 weeks in the future. Determination
of immediate equivalents proceeded in ascending order from low to high
magnitudes. Subjects were told that they would receive the amount of
money associated with one of their choices at the time associated with
their selection, and that the trial for which they would receive the money
would be selected at random after they completed the task.

For the timing of one trial of this task and presentation of items, see
Figure 1A. To determine each immediate equivalent, participants were
presented with an initial trial in which they made a choice between a
delayed monetary gain and an immediate gain of one-half the magnitude
of the delayed option. If participants chose the delayed option, the mag-
nitude of the immediate option increased by one-half, and if they chose
the immediate option it decreased by one-half. On the next trial, the
magnitude of the immediate option changed in a similar way as on the
previous trial but only by one-quarter of the original value. Over six
trials, the magnitude of the immediate option increased or decreased by
progressively smaller amounts [i.e., by 1/(2 ^x), where x was trial num-
ber] depending on participant responses so that the subjective value of
the immediate amount would iteratively approach that of the delayed
amount. After the sixth trial, a final catch trial was presented in which the
magnitude of the immediate option was higher than the just-calculated
immediate equivalent. This provided a check to ensure that subjects were
answering according to their preferences (i.e., were answering consis-
tently). If they did not choose the immediate option on the catch trial, the
immediate equivalent for that specific delayed monetary amount was
determined again. After answering consistently, or after completing the
indifference point procedure three times, participants then performed
the indifference point procedure for the next delayed monetary amount.
If participants answered inconsistently for three indifference point pro-

Figure 1. Trial structure of the Intertemporal Choice Task. A, Intertemporal Choice [the timing and display of items in the
Indifference Point Task were identical with those in the intertemporal choice part of the Intertemporal Choice Task (i.e., A) except
there was no time limit for response]. Following 500 ms of fixation, two different money/time pairs were presented on a computer
screen (side randomized). The pairs always consisted of a smaller amount of money to be gained or lost immediately and a larger
amount of money to be gained or lost, respectively, 4 weeks in the future. The words “For Sure” indicated that subjects were
making choices for options that were certain. Subjects decided which option they would prefer by pressing the “z” or “m” key and
had up to 6500 ms to respond. Immediately after responding, the triangle under the subject’s selected option turned red, and the
other triangle disappeared to indicate the subject’s choice; this was displayed for 250 ms. If subjects did not respond, the next part
of the trial began after 6500 ms. B, Numerical comparison. The same two monetary values that had been shown for the intertem-
poral choice portion remained on the screen. Additionally, the words “Larger” or “Smaller” were displayed above both monetary
values, indicating whether participants were instructed to select the larger or smaller monetary value. Participants had up to 4000
ms to respond, and immediately following the response, the selected option was highlighted (as was done for the intertemporal
choice portion) for 250 ms. If subjects did not respond within 4000 ms, the next trial began.
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cedures in a row for a given delayed monetary amount, they were ex-
cluded. Subjects with inconsistent preferences were excluded due to the
potential for high variability across sessions.

Following the indifference point procedure for delayed monetary
gains, participants performed the same indifference point procedure for
delayed monetary losses. For the loss procedure, the same magnitudes of
delayed incentives were used as were used for the gains task, except now
subjects chose which of the two values they preferred to lose. They were
told that they would have to pay the amount of money for one random
choice at the time associated with that choice, which would be selected
after they completed the task.

Subjects were excluded if any immediate equivalent was �10 cents or
if the difference between any immediate equivalent and the magnitude of
the associated delayed option was �10 cents. This was done to ensure
that there would be an adequate range of values above and below each
subject’s immediate equivalents to create a full range of choice stimuli for
further sessions and allowed for consistency of design across subjects.
Forty-four individuals were excluded because their immediate equiva-
lents did not fall within this predefined range. Of these subjects, 13
showed too shallow discounting for both gains and losses, 1 showed too
shallow discounting for losses and too steep discounting for gains, 26
showed too shallow discounting for losses only, 2 showed too shallow
discounting for gains only, 1 showed too steep discounting for losses
only, and 1 showed too steep discounting for gains only.

At the end of Session 1, one random trial of intertemporal choice for
gain and one random trial of intertemporal choice for loss were selected
for payout. Subjects then either received or paid (depending on the trial
type) the amount of money at the specified time associated with their
choice on that trial.

Sessions 2 and 3. Participants that met eligibility requirements after
Session 1 were equally divided into four groups of 16 subjects. Group 1
received real rTMS to the left DLPFC in one session and to the left PPC in
a separate session. Group 2 received real rTMS to the right DLPFC in one
session and to the right PPC in a separate session. Group 3 received sham
rTMS to the same regions as group 1, while group 4 received sham rTMS
to the same regions as group 2. Each of the four groups had the same
gender distribution (nine males and seven females). Except for the dif-
ferent brain regions stimulated across sessions, procedures in Sessions 2
and 3 were identical.

Before receiving rTMS, participants performed shortened practice
versions of the tasks, to make sure they understood the directions. Sub-
jects were told that one gain choice and one loss choice from all of the task
trials performed after stimulation would be randomly selected for pay-
ment at the end of each session. After completing the practice tasks,
participants received real or sham rTMS for 30 min to either the DLPFC
or PPC (details outlined below; see TMS methods).

Intertemporal choice task. Immediately following completion of stim-
ulation, participants completed a 72-trial intertemporal choice task on a
computer. On each trial, participants made an intertemporal choice for
monetary gain or loss (randomly mixed) followed by a numerical com-

parison (Fig. 1). One-half of the choices involved gains and one-half
involved losses. Including both gains and losses allowed us to see whether
the effects of stimulating each region produced a general impact on dis-
counting or a specific impact limited to the discounting of gains.

The magnitudes and the time of receiving (or paying) the delayed
options were the same as in Session 1 ($2.50, $5.00, $7.50, and $10.00 to
receive or pay in 4 weeks). The magnitude of each immediate option was
calculated as a specific percentage difference from that subject’s Session 1
immediate equivalent for the delayed option. This allowed us to vary the
subjective value of each immediate option (as revealed in Session 1)
relative to the associated delayed option, which let us predict the option
individuals who received sham stimulation should choose on each trial
(Table 1). Previous rTMS research investigating intertemporal choice has
not matched stimuli for subjective value across subjects; doing so should
increase power to find effects of stimulation since it allows us to measure
effects from a common behavioral baseline. The trials administered to
each subject in Sessions 2 and 3 were identical, but the order of presen-
tation was randomly determined within each session. Identical trials
were given in each session to ensure that changes in choice following
rTMS across sessions were not due to differences in the trials adminis-
tered. However, we note that this design did add a potential confound, in
that subjects’ responses in Session 3 could have been influenced by their
responses in Session 2. However, since the stimulation order was coun-
terbalanced, and Session Number was included as a control variable in
analyses, it seems unlikely that the primary findings are related to the
repetition of trials across sessions.

Following each intertemporal choice, individuals were asked to make a
numerical comparison of the two monetary values that were available on
the previous intertemporal choice. This was done to examine whether
subjects who received real rTMS had deficits in the ability to compare two
monetary values. On one-half of the trials (determined randomly), par-
ticipants indicated which of the two values was larger and on the other
one-half of trials indicated which of the two values was smaller.

At the end of Sessions 2 and 3, one random trial of intertemporal
choice for gain and one random trial of intertemporal choice for loss
were selected for payout. Subjects then either received or paid (depend-
ing on the trial type) the amount of money at the specified time associ-
ated with their choice on that trial.

TMS methods. Low-frequency (1 Hz) rTMS was delivered with a Mag-
stim TMS double 70 mm (figure-eight) coil (Magstim) at 54% power;
this fixed stimulation intensity has been shown to influence behavior in
prior rTMS studies of decision making (Knoch et al., 2006b; Figner et al.,
2010). The rTMS parameters used were within currently recommended
guidelines (Rossi et al., 2009), and stimulation with these parameters
leads to suppression of excitability in the targeted region for a period of
time following stimulation (Robertson et al., 2003). Sham stimulation
was delivered with a Magstim placebo coil, which produced clicks that
resembled the sound of rTMS, but without a magnetic pulse. Subjects
were blind to the type of stimulation they received. Given the potential
for subjects to identify whether they received sham or real stimulation,

Table 1. Immediate values for different trials in the Intertemporal Choice Task

Immediate Relative Value Total trials Description

Immediate Subjective Value lower than Delayed Subjective Valuea 32 Magnitude of immediate option is below immediate equivalent (i.e., immediate value at indifference
point). There were four different percentage distances below the immediate equivalent (�10,
�20, �35, and �50%). Subjects who receive sham stimulation should choose the delayed
option if the choice is for gains and the immediate option if the choice is for losses.

Immediate Subjective Value equal to Delayed Subjective Value 8 Magnitude of immediate option is equal to immediate equivalent (i.e., percentage distance is 0%).
Neither immediate nor delayed choice is predicted for sham group.

Immediate Subjective Value higher than Delayed Subjective Value 32 Magnitude of immediate option is above immediate equivalent. There were four different percentage
distances above the immediate equivalent (10, 20, 35, and 50%). Subjects who receive sham
stimulation should choose the immediate option if the choice is for gains and the delayed option if
the choice is for losses.

Each delayed gain and each delayed loss magnitude was shown nine times. Each delayed option was paired once with an immediate option located at each of the nine percentage distances from the immediate equivalent of the delayed
option. Values at negative distances were taken as a function of the percentage difference between the immediate equivalent and zero. For example, a �35% distance indicated that the magnitude of the immediate option was 35% less
than the immediate equivalent. Values at positive distances were calculated as a function of the percentage difference between the immediate equivalent and the delayed option. For example, a 35% distance indicated that the magnitude
of the immediate option was greater than the immediate equivalent by 35% of the distance between the immediate equivalent and the magnitude of the delayed option.
aFor both monetary gains and losses, immediate relative value positively scaled with magnitude.
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subjects only received one of these types of stimulation. This between-
subjects approach is similar to what has been used in prior rTMS research
(Knoch et al., 2006a,b; Camus et al., 2009).

Positioning of the TMS coil was accomplished by using the 10 –20 EEG
System, which has previously been used to deliver TMS to the DLPFC
and PPC with reasonable structural accuracy (Herwig et al., 2003). Oth-
ers have used the 10 –20 EEG system to target the DLPFC with rTMS in a
study of intertemporal choice (Figner et al., 2010), or to target the DLPFC
or PPC with rTMS in studies of other mental processes (Gerloff et al.,
1997; Fierro et al., 2000; Kessels et al., 2000; Hilgetag et al., 2001; Sack et
al., 2002; Koch et al., 2005; Schutter and van Honk, 2006). To localize the
DLPFC (BA 9/46), the center of the coil was held tangentially to the
participant’s head with the handle pointing caudally, and placed 1 cm
anterolateral to F3/F4, which has been suggested to provide better cov-
erage over BA 9/46 than do the points F3/F4 (Herwig et al., 2003). To
localize the intraparietal sulcus of the PPC, the center of the coil was held
tangentially to the participant’s head with the handle pointing rostrally
and placed over P3/P4, which has been shown to lie over this area (Sack et
al., 2002; Herwig et al., 2003). These specific points for stimulation were
marked on a Lycra swim cap that subjects wore; the position of the swim
cap was placed in a consistent position on the head across subjects, by
using the nasion, inion, and preauricular points as physical landmarks
for placement. During stimulation, all participants wore earplugs as pro-
tection against the noise of the rTMS pulse. Participants maintained their
head position during rTMS administration using both a head rest posi-
tioned on the opposite side of the head as the coil and a chin rest, and
were visually monitored to ensure that no movement had occurred. In
cases in which a participant moved their head, the coil was immediately
repositioned over the target. For only two subjects were we unable to
reposition the coil within 10 s following movement onset; this occurred
multiple times for these subjects, and because of the inability to quickly
reposition the coil, these two subjects were excluded.

All individuals received either real or sham rTMS to the DLPFC or
PPC in Session 2 for 30 min and the same type of stimulation to the other
brain region (PPC or DLPFC) on the ipsilateral side for 30 min in Session
3. The order of stimulating these two regions was counterbalanced across
subjects in each group. We used an “off-line” rTMS paradigm; subjects
completed tasks after stimulation was completed. Since impairments in
behavior following low-frequency rTMS have been shown to last for
one-half the time of the previous stimulation (Mottaghy et al., 2002), the
tasks following rTMS were limited to the first 15 min after stimulation.

Statistical analysis methods. To see whether Session 1 preferences were
different for subjects who were assigned to each real and sham rTMS
group, repeated-measures ANOVAs were performed in PASW Statistics
18 (SPSS). Each repeated-measures ANOVA tested for the effects of Mag-
nitude of the Delayed Option (i.e., $2.50, $5.00, $7.50, $10.00), Side of
Stimulation to be administered in future sessions (i.e., left or right hemi-
sphere), and Stimulation Type to be administered in future sessions (i.e.,
real or sham rTMS) on mean Session 1 immediate equivalents measured
on the Indifference Point Task. Each model contained both main effects
and interactions. Two repeated-measures ANOVAs were performed in
all: one for immediate equivalents of delayed gains, and one for imme-
diate equivalents of delayed losses.

Using PASW Statistics 18 (SPSS), data from Sessions 2 and 3 were
analyzed with Generalized Estimating equations (GEEs), which allow
one to model effects while accounting for correlations within observa-
tions of individual subjects (Liang and Zeger, 1986). To test the effects of
real stimulation relative to sham stimulation, separate GEE models were
created for responses following stimulation to each region (i.e., left
DLPFC, left PPC, right DLPFC, right PPC). To examine within-subject
differences across stimulation region in subjects who received real rTMS,
separate GEE models were created for subjects who received stimulation
to each hemisphere (i.e., left, right). All models contained an intercept
term.

We used GEE models with a logit link function and binomial distribu-
tion to predict choice of an immediate option (0, Chose Delayed; 1,
Chose Immediate) at the trial level on the Intertemporal Choice Task.
Separate models were created to predict choice on gain and loss trials.
Independent variables in all models included the factor of Stimulation

Type (0, Sham rTMS; 1, Real rTMS) and the covariates of Immediate
Relative Value (i.e., percentage distance of the immediate option from
the immediate equivalent of the delayed option, which ranged from �50
to 50%) and Session Number (0, Session 2; 1, Session 3), which was
included to control for behavior that may have differed across sessions.
Additionally, we included the interaction of Immediate Relative Value by
Stimulation Type if it was significant ( p � 0.05). To examine within-
subject differences across region of stimulation in the real rTMS groups,
we created similar GEE models, except the within-subject variable Re-
gion (0, DLPFC; 1, PPC) was used instead of the between subject variable
Stimulation Type; the interaction of Region by Immediate Relative Value
was only included if significant.

All other GEE models we created had an identity link function and
normal distribution. To predict reaction time at the trial level on the
Intertemporal Choice Task (measured in milliseconds), we created sep-
arate between-subject GEE models for gain and loss trials. Each model
was limited to one region and included the same independent variables as
the choice models. Interactions were only included in the final models if
significant. We next created between-subject GEE models to predict re-
action time on the trial level (measured in milliseconds) on the numerical
comparison portion of the Intertemporal Choice Task; models (each
limited to one region) contained data from all trials pooled together (i.e.,
both gain and loss) and were limited to correct trials. Models contained
the same independent variables as the models predictive of choice, and an
interaction term was only included if significant. We did not create mod-
els to examine numerical comparison accuracy, as each real and sham
rTMS group performed at near-perfect accuracy on the task [mean ac-
curacy (SD): real left rTMS group, 0.985 (0.015); real right rTMS group,
0.967 (0.049); sham left rTMS group, 0.971 (0.028); sham right rTMS
group, 0.981 (0.015)].

We probed for interactions in all GEE models because rTMS could
lead to changes in choice or reaction time that depended on the relative
values of the two options, in addition to, or rather than, general shifts in
behavior. Others have suggested that self-control functions can help in-
dividuals choose options with better long-term value when other options
have better immediate value (Ballard and Knutson, 2009; Hare et al.,
2009; Luo et al., 2009; Figner et al., 2010). Importantly, by including
interactions in choice models, it allowed us to examine whether changes
in choice supported a role for the PPC and DLPFC in such self-control
functions. It would be predicted that a region involved in self-control
would show more involvement as the motivational drive to choose an
immediate gain (or to avoid choosing an immediate loss) becomes more
prepotent, under the assumption that it should be harder to override or
inhibit this urge as it increases. Since this urge should become more
prepotent as the relative value of the immediate option increases, indi-
viduals who receive real rTMS to a region involved in self-control should
be increasingly more likely to select the better immediate option than
individuals who receive sham stimulation as the relative value of the
immediate option increases.

All significant main effects of Stimulation Type or Region and signif-
icant interactions involving these variables in GEE models were followed
up with post hoc paired comparisons in PASW Statistics 18 to examine
whether the effects of rTMS were significantly different across Stimula-
tion Type or Region (depending on analysis). Each paired comparison
used a Wald � 2 test to look at differences across Stimulation Type (or
Region) in the predicted mean values of a dependent variable from a
GEE. For each comparison, the covariate of Session Number was set to
the mean value (Session Number, 0.5), and the covariate of Immediate
Relative Value was set to one of its nine levels; a separate comparison was
done at each of the levels of Immediate Relative Value to see whether
significant differences emerged at specific levels of this variable. With the
exception of the between-subject choice models depicted in Figures 2 and
3, the results of post hoc paired comparisons in models without signifi-
cant interactions are not listed in the text. We note here that in all cases in
which there was a significant main effect of Stimulation Type or Region
but no significant interaction, all paired comparisons were significant.

For all GEE models, we used unstructured working correlation matri-
ces. However, because the majority of analyses performed on numerical
comparison reaction time failed to converge, we also constructed GEE
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models for this dependent variable with exchangeable working correla-
tion matrices. To ease comparison of models for each dependent vari-
able, all presented results for a specific dependent variable were based on
models with a similar working correlation matrix structure. Thus, while
all reported results for numerical comparison reaction time were based
on exchangeable matrices, all others were based on unstructured
matrices.

Results
Session 1 indifference points
Table 2 displays the mean Session 1 immediate equivalents de-
rived from the Indifference Points Task. To ensure that choice
preferences were similar across groups before stimulation, we
performed a repeated-measures ANOVA on the immediate
equivalents measured in Session 1 on the Indifference Point Task.
Group assignment differences were tested by looking at the ef-
fects of assignment based on Stimulation Type (i.e., real vs sham
rTMS) and Side (i.e., left vs right), the interaction between these
two variables, and the interactions between these variables and
the Magnitude of the Delayed Option. Separate analyses were
performed on immediate equivalents for gains and losses. There
were no effects of Stimulation Side assignment (for gains: F(1,60) �
0.546, p � 0.463; for losses: F(1,60) � 0.649, p � 0.424) or Stimu-
lation Type assignment (for gains: F(1,60) � 0.096, p � 0.757; for
losses: F(1,60) � 0.473, p � 0.494). In addition, there were no
significant interactions involving any of the three variables (low-
est p � 0.293; p values are Greenhouse–Geisser corrected). Im-
portantly, these results reveal that before receiving rTMS (i.e., in
Session 1), mean levels of delay discounting were similar across
all four stimulation groups.

Intertemporal choices
Effects of real rTMS versus sham
For descriptive statistics of overall mean proportion of choices
for immediate gains and losses following each type of stimulation
to each side of each brain region, see Table 3. Model parameters
for all between-subject GEE models that predict choice of an
immediate monetary option are presented in Table 4. All
between-subject models contained Stimulation Type, Immediate

Relative Value, Session Number, and an intercept as predictors.
We also included the interaction of Immediate Relative Value by
Stimulation Type in all initial models, to assess whether effects of
real rTMS on choice depended on the relative value of the imme-
diate reward. However, if this interaction term was not significant
(p � 0.05), we did not include it in the final model.

In all analyses, participants were sensitive to the relative sub-
jective values of the two options as predicted. In all monetary gain
models, there was a positive effect of Immediate Relative Value
such that subjects were more likely to choose the immediate gain
as the relative value of the immediate option increased (all p �
0.001). In contrast, in all monetary loss models, there was a neg-
ative effect of Immediate Relative Value, such that subjects were
less likely to choose the immediate loss as the relative value of the
immediate loss increased (all p � 0.001). This reveals that disrup-
tion of the DLPFC or PPC did not make participants insensitive
to the relative values of the two options and indicates that subjects
were attentive to the core study variables in making their choices.

Disruption of the right PPC led to greater choice of options
with better immediate, but worse long-term value, and occurred
in both the gain and loss domains. Both of these effects were
dependent on the relative subjective value of the immediate op-
tion, as there was an interaction of Immediate Relative Value by
Stimulation Type on choice of both immediate monetary gains
(p � 0.009) and immediate monetary losses (p � 0.025). At low
relative values of the immediate option, individuals who received
real stimulation chose similarly to those who received sham stim-
ulation. However, as the subjective value of the immediate option
increased relative to that of the delayed option, individuals be-
came increasingly more likely to choose immediate monetary
gains (Fig. 2A) and increasingly less likely to choose immediate

Table 2. Mean Session 1 immediate equivalents in the Indifference Point Task

Left Real Left Sham Right Real Right Sham

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Gain $2.50 1.226 (0.529) 1.146 (0.456) 1.424 (0.598) 1.510 (0.619)
Gain $5.00 2.964 (1.096) 2.804 (1.153) 3.391 (0.828) 3.234 (1.157)
Gain $7.50 4.608 (1.767) 4.576 (1.526) 4.701 (1.683) 4.748 (1.836)
Gain $10.00 6.836 (2.055) 6.194 (2.266) 6.523 (2.274) 6.681 (2.090)
Loss $2.50 1.509 (0.510) 1.570 (0.588) 1.456 (0.633) 1.389 (0.555)
Loss $5.00 3.361 (0.988) 3.168 (1.109) 3.014 (1.163) 2.673 (1.306)
Loss $7.50 5.119 (1.523) 4.640 (1.699) 4.843 (1.769) 4.916 (1.587)
Loss $10.00 7.103 (2.130) 6.710 (2.223) 6.621 (2.282) 6.164 (2.307)

Mean Session 1 immediate equivalents for specific magnitudes of delayed gains and losses (listed in left column)
available in 4 weeks. Averages are constructed separately for subjects in each of the four rTMS groups (listed in
column titles).

Table 3. Mean choice of immediate options in the Intertemporal Choice Task

Left DLPFC Left PPC Right DLPFC Right PPC

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Real: Gain 0.389 (0.213) 0.389 (0.168) 0.511 (0.190) 0.474 (0.205)
Sham: Gain 0.396 (0.197) 0.413 (0.156) 0.440 (0.247) 0.379 (0.200)
Real: Loss 0.755 (0.178) 0.728 (0.172) 0.653 (0.190) 0.644 (0.194)
Sham: Loss 0.749 (0.183) 0.711 (0.197) 0.718 (0.176) 0.749 (0.245)

Mean proportion of choices for the immediate option across subjects computed for each type of stimulation (i.e.,
Real vs Sham) to each side and region. Statistics are collapsed across all gain trials and all loss trials separately.

Table 4. Between-subject GEE models for Intertemporal Choice

Gain model Loss model

B (SE) OR B (SE) OR

Between: Left DLPFC
Intercept �0.563*** (0.155) 0.569 0.848*** (0.121) 2.335
StimType 0.138 (0.149) 1.148 0.162 (0.161) 1.176
Imm. Rel. Value 0.038*** (0.003) 1.039 �0.027*** (0.002) 0.973
Session 0.194 (0.153) 1.215 0.588*** (0.164) 1.800

Between: Left PPC
Intercept �0.379*** (0.102) 0.685 1.264*** (0.168) 3.538
StimType �0.286* (0.115) 0.751 0.065 (0.172) 1.067
Imm. Rel. Value 0.037*** (0.003) 1.038 �0.032*** (0.002) 0.968
Session �0.040 (0.115) 0.961 �0.405* (0.170) 0.667

Between: Right DLPFC
Intercept �0.599*** (0.116) 0.549 0.943*** (0.109) 2.568
StimType 0.498** (0.158) 1.645 �0.426* (0.167) 0.653
Imm. Rel. Value 0.039*** (0.002) 1.039 �0.031*** (0.002) 0.969
Session 0.421** (0.159) 1.523 0.210 (0.164) 1.233

Between: Right PPC
Intercept �0.177 (0.158) 0.838 1.307*** (0.180) 3.696
StimType 0.442** (0.168) 1.555 �0.719*** (0.213) 0.487
Imm. Rel. Value 0.036*** (0.003) 1.036 �0.022*** (0.004) 0.978
Session �0.757*** (0.171) 0.469 0.185 (0.200) 1.203
StimType X Imm. Rel.

Value
0.011** (0.004) 1.011 �0.011* (0.005) 0.989

Models predict choice of immediate option on each gain trial (in columns listed “Gain model”) or on each loss trial (in
columns listed “Loss model”). In the left column, model predictors are listed below each model. Models listed
“Between” contain data from subjects who received real rTMS and from subjects who received sham rTMS to region
listed after word “Between.” OR, Odds ratio (eB). SE, SE of B. Intercept, Model Intercept. Imm. Rel. Value, Immediate
Relative Value (percentage distance between the magnitude of the immediate option and the immediate equiva-
lent of the delayed option). StimType, Stimulation Type (0, Sham rTMS; 1, Real rTMS). Session, Session Number (0,
Session 2; 1, Session 3). X, Predictor is interaction of two terms. Models only contained interaction if significant at
p � 0.05.

*p � 0.05; **p � 0.01; ***p � 0.001.
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monetary losses than individuals who re-
ceived sham stimulation (Fig. 2B). Across
both gain and loss choices, subjects who
received real rTMS became increasingly
more likely than subjects who received
sham rTMS to choose the option with the
better immediate, but worse long-term
value, as the relative value of the immedi-
ate option increased. Notably, this is the
effect one would expect following disrup-
tion of a self-control function that helps
individuals choose an option with better
long-term value when another option has
better immediate value.

Disruption of the left PPC also affected
choice behavior, but only for gain trials
(Fig. 2C,D). Real rTMS administered to
the left PPC led to fewer choices for im-
mediate monetary gains than did sham
stimulation (p � 0.013). The effect of left
PPC stimulation contrasted with that of
right PPC stimulation for gain trials in
two ways. First, disruption of the left PPC
led to decreased rather than increased
choice of monetary gains with better imme-
diate value. Second, the effect occurred
across the range of gain trials rather than
interacting with Immediate Relative Value.

Like the effects seen following disrup-
tion of the right PPC, disruption of the
right DLPFC led to greater choice of op-
tions with better immediate, but worse long-term value, in both
the gain and loss domains. However, unlike the effects seen fol-
lowing disruption of the right PPC, the effects seen following
disruption of the right DLPFC were not dependent on the relative
subjective value of the immediate option, as similar differences in
choice behavior emerged across the range of gain and loss values.
Individuals who received real rTMS to the right DLPFC chose
more immediate monetary gains (p � 0.002; Fig. 3A) and less
immediate monetary losses (p � 0.011; Fig. 3B) than did individ-
uals who received sham stimulation to the same region. In con-
trast, disruption of the left DLPFC did not affect choices (Fig.
3C,D).

Were the effects due to the behavior of the matched sham groups?
To corroborate the robustness of our findings and verify that our
results were not dependent upon the behavior of the specific
matched sham groups, all significant between-group effects were
followed up by three additional independent GEE models. Each
supplemental model contained identical predictors as the initial
models but compared behavior following real rTMS to a region
against sham stimulation to one of the three other regions. This
allowed us to separately test whether rTMS delivered to a region
led to different choice behavior than did sham stimulation to
each of the other regions.

Consistent with our primary analyses, real rTMS to the right
DLPFC led to greater choice of immediate gains and less choice of
immediate losses than did sham stimulation to any of the three
other regions (all p � 0.05). Similarly, the effects following real
rTMS to the right PPC were consistent with our primary analyses;
subjects were more likely to choose immediate gains following
real rTMS to the right PPC than following sham stimulation to
the right DLPFC or left PPC (both p � 0.05), and there was a

trend toward greater choice of immediate gains following real
rTMS than following sham to the left DLPFC (p � 0.056). Right
PPC stimulation led to less frequent choice of delayed losses in all
cases (all p � 0.01). These results stand in contrast to the left PPC,
whose effects were only corroborated in one of the three supple-
mental analyses. Subjects were less likely to choose immediate
gains following real rTMS to the left PPC than following sham
stimulation to the right DLPFC (p � 0.01) but were not less likely
to do so compared with sham stimulation to the left DLPFC or
right PPC (both p � 0.05). Because the majority of supplemental
analyses addressing the effects of left PPC stimulation did not
have significant effects, the left PPC results from the primary
analysis must be interpreted with caution.

In the primary analyses, stimulation of the right DLPFC and
PPC showed different levels of interaction with Immediate Rela-
tive Value, with right PPC stimulation displaying a greater impact
as the relative value of the immediate option increased, but no
such interaction following right DLPFC stimulation. For gain
trials, this distinction was partially supported. As in the initial
models, real rTMS to the right DLPFC did not affect the relation-
ship between choice and Immediate Relative Value for gains in
any of the supplemental analyses. For the right PPC, two of the
three supplemental models contained significant interactions be-
tween Immediate Relative Value and Stimulation Type (both p �
0.05), and these interactions were in the same direction as those
in the primary analysis, with rTMS exerting a greater effect as
Immediate Relative Value increased. In contrast, the data did not
corroborate a similar difference between the right PPC and right
DLPFC for loss trials. None of the supplemental models contrast-
ing the right PPC with other sham sites confirmed an interaction
with Immediate Relative Value on loss trials (all p � 0.05). As for
the right DLPFC, like in the primary analysis, two of the three

Figure 2. PPC intertemporal choice graphs displaying the results of the between subjects analyses for right PPC gain trials (A),
right PPC loss trials (B), left PPC gain trials (C), and left PPC loss trials (D). The graphs show the probability of choosing the
immediate option as a function of the relative values of the two options. Numbers on the x-axis are the percentage distance
between the magnitude of the immediate option and the immediate equivalent of the delayed option (i.e., x-axis represents
Immediate Relative Value). Each graph compares choice at the average session value (Session � 0.5) on gain or loss trials (listed
in title) between real versus sham stimulation to one side of the PPC (listed in title). Graphs show choice predicted by GEE models.
*Paired comparison between stimulation groups using Wald � 2 test significant at p � 0.05.
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supplemental contrasts with other sham sites showed no evi-
dence of an interaction with Immediate Relative Value (both p �
0.05), but a third site did (p � 0.05). Thus, it is not possible to
confidently conclude that rTMS to the right PPC has a differential
impact on choice of losses than does rTMS to the right DLPFC.

Effects of rTMS across region of stimulation
To more thoroughly investigate whether rTMS to the right
DLPFC had a different impact on decision making than did rTMS
to the right PPC, we examined directly whether the effects of
rTMS to each region on choice interacted differently with the
relative values of the two options. To do so, we constructed two
additional GEE models (one for gain trials and one for loss trials)

that contained all gain or loss trials from
both sessions 2 and 3 for all subjects who
received real or sham rTMS to regions of
the right hemisphere. Each model con-
tained the following predictors: Stimula-
tion Type, Region (DLPFC vs PPC),
Immediate Relative Value, and all two-
way and three-way interactions of these
variables. As in other models, Session
Number was included as a covariate. Im-
portantly, by including the three-way in-
teraction of Stimulation Type by Region
by Immediate Relative Value in these mod-
els, we were able to investigate whether there
was strong evidence for a differential impact
of rTMS to the right DLPFC than to the
right PPC on choice. If this interaction were
significant, it would support the findings
from the initial between subject analyses
showing that rTMS to each of these regions
led to different patterns of choice that dif-
fered as a function of the relative values of
the two options. However, since neither of
the models had a significant three-way in-
teraction (both p�0.05), the results of these
supplemental analyses do not provide
additional support for a differential effect of
rTMS on each region of the right
hemisphere.

To determine whether there was a
stronger effect of rTMS on the right PPC or right DLPFC, we
examined whether there were significant effects of Stimulation
Region within subjects who received real rTMS (Table 5). Indi-
viduals chose more immediate monetary gains following disrup-
tion of the right DLPFC than of the right PPC (p � 0.001).
However, the magnitude of this effect was small, indicating that
choice patterns were not very divergent following disruption of
either region. Because of the small size of the effect, it is not
discussed further. In contrast to the effect of region of disruption
in the right hemisphere on choice for gains, there was no effect of
region of disruption in the right hemisphere on choice for losses
(p � 0.438). Additionally, region of disruption in the left hemi-
sphere did not affect choice of either gains (p � 0.481) or losses
(p � 0.296).

Effects of rTMS across hemisphere
As a supplemental analysis, we investigated whether subjects who
received real rTMS to right hemisphere regions were more likely
to choose options with better immediate value than were subjects
who received real rTMS to the same regions in the left hemi-
sphere. To assess this, we constructed between-subject GEE mod-
els similar to those produced across real and sham groups, except
the predictor Stimulation Type was replaced by Hemisphere (0,
Left; 1, Right). Each model included data from subjects who
received real rTMS and was limited to gain or loss choices
following stimulation to a specific brain region (PPC or
DLPFC). Consistent with the effects of real versus sham stim-
ulation, disruption of either the right PPC or right DLPFC was
associated with a greater tendency to choose the option with
better immediate value. Individuals who received real rTMS to
the right PPC were more likely to choose immediate gains
[odds ratio (OR) � 2.064; p � 0.001] and less likely to choose
immediate losses (OR � 0.636; p � 0.003) than were those

Figure 3. DLPFC intertemporal choice graphs. The graphs show the probability of choosing the immediate option as a function of the relative
valuesofthetwooptions.Numbersonthex-axisarethepercentagedistancebetweenthemagnitudeoftheimmediateoptionandtheimmediate
equivalent of the delayed option (i.e., x-axis represents Immediate Relative Value). Each graph compares choice at the average session value (Ses-
sion�0.5)ongainor losstrialsbetweensubjectsreceivingrealversusshamstimulationtoonesideoftheDLPFC.Graphsshowchoicepredictedby
GEE models for the right DLPFC gain trials (A), right DLPFC loss trials (B), left DLPFC gain trials (C), and left DLFC loss trials (D). *Paired comparison
betweenstimulationgroupsusingWald�2 testsignificantat p�0.05.

Table 5. Within-subject GEE models for Intertemporal Choice

Gain model Loss model

B (SE) OR B (SE) OR

Real Within: Left
Intercept �0.646*** (0.081) 0.524 1.090*** (0.142) 2.974
Region 0.051 (0.073) 1.053 �0.067 (0.064) 0.936
Imm. Rel.

Value
0.036*** (0.003) 1.037 �0.030*** (0.003) 0.970

Session 0.070 (0.077) 1.072 0.178** (0.065) 1.195
Real Within: Right

Intercept 0.148 (0.077) 1.160 0.404*** (0.099) 1.498
Region �0.208*** (0.050) 0.812 0.052 (0.067) 1.054
Imm. Rel.

Value
0.043*** (0.003) 1.044 �0.032*** (0.002) 0.969

Session �0.205*** (0.049) 0.815 0.249*** (0.070) 1.283

Models predict choice of immediate option on each gain trial or on each loss trial. Models listed “Real Within” contain
data from subjects who received real rTMS to regions of the hemisphere listed after words “Real Within.” Region,
Stimulation region (0, DLPFC; 1, PPC). Other abbreviations are the same as in Table 4. Models only contained
interaction if significant at p � 0.05.

*p � 0.05; **p � 0.01; ***p � 0.001.
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who received real rTMS to the left PPC. Similarly, those who
received real rTMS to the right DLPFC were more likely to
choose immediate gains (OR � 2.137; p � 0.001) and less
likely to choose immediate losses (OR � 0.461; p � 0.001)
than were individuals who received real rTMS to the left
DLPFC. There were no significant interactions of Immediate
Relative Value by Hemisphere in any of the models. The
greater tendency to choose better immediate, but worse long-
term gains and losses following disruption of right than of left
hemisphere regions supports the results of our analyses inves-
tigating differences in choice following real versus sham stim-
ulation. Together, both analyses indicate that disruption of
either the right PPC or right DLPFC increased choice of gains
and losses with better immediate, but worse long-term value
than alternatives.

Intertemporal choice reaction time
We next tested whether reaction time was different across
stimulation groups using GEE models. These analyses allowed
us to examine whether changes in choice following disruption
were associated with changes in the time it took to choose
between the options. In particular, we were interested in de-
termining whether biases to select more immediate rewards
and less immediate losses were associated with more rapid,
impulsive responses. We compared reaction time between real
and matched sham rTMS groups following stimulation to re-
gions where there had been a significant main effect of Stim-
ulation Type or interaction including Stimulation Type in the
primary between-subject analyses. Predictors in the reaction
time models were the same as those in the choice models.

Following rTMS to the right PPC, there was a modest in-
teraction of Stimulation Type by Immediate Relative Value on
gain trials (B � �3.093; p � 0.014); however, paired compar-
isons revealed that there were no significant differences in
reaction time across groups at individual value levels. In loss
trials, reaction time was significantly different across groups as
reflected in a highly significant main effect of Stimulation
Type (B � 329.012; p � 0.001), such that subjects who re-
ceived real rTMS to the right PPC chose more slowly than
sham subjects. Interestingly, the effect on reaction time did
not parallel the choice effect for losses, since there was a main
effect of Stimulation Type on reaction time, yet an interaction
including Stimulation Type on choice.

Following rTMS to the left PPC, there was a significant
effect of rTMS on reaction time on gain trials with a significant
interaction between Stimulation Type and Immediate Relative
Value (B � 2.330; p � 0.032). Post hoc comparisons revealed
that subjects who had real rTMS to the left PPC chose more
quickly on gain trials than those who had sham rTMS at all
relative values of the two options, and differences in reaction
time became smaller as Immediate Relative Value increased.
There were no significant differences in reaction time across
groups following right DLPFC stimulation (Effect of Stimula-
tion Type for gain trials: B � 40.783, p � 0.598; for loss trials:
B � 155.188, p � 0.094).

Together, these data do not provide any support for the
idea that modulations producing greater selection of better
immediate options are due to more rapid, impulsive decisions.
Disruption of the right PPC increased reaction time and led to
increased choice of better immediate options on loss trials,
while disruption of the left PPC decreased reaction time and
led to decreased choice of better immediate options on gain
trials. Additionally, the effects of right DLPFC stimulation on

choice appeared in the absence of significant effects on reac-
tion time.

Numerical comparisons
Next, we used GEE models to examine the effects of Stimula-
tion Type, Immediate Relative Value, and Session Number on
numerical comparison reaction time for correct trials to see
whether disruption of the DLPFC or PPC led to an impaired
ability to perform numerical comparisons. We assumed that
impairments would be associated with increased reaction
times, as others have articulated (Sandrini et al., 2004; Andres
et al., 2005; Cappelletti et al., 2007). Each model included
Immediate Relative Value (i.e., of the option that had been
immediate on the preceding intertemporal choice trial) as an
independent variable, because numerical comparisons should
become more difficult and slower as the monetary values of
the two numbers approach each other, consistent with past
research (Moyer and Landauer, 1967). As with other analyses,
we only included an interaction term containing Immediate
Relative Value if it was significant.

There were no significant differences in reaction time be-
tween real and sham groups following stimulation to the right
PPC, right DLPFC, or left DLPFC (Effects of Stimulation Type
for right PPC: B � 42.651, p � 0.545; for right DLPFC: B �
�17.158, p � 0.839; for left DLPFC: B � �10.794, p � 0.841).
Thus, there was no evidence that a greater tendency to choose
the option with better immediate value following disruption
of right hemisphere regions was due to a disrupted ability to
perform numerical comparisons. Disruption of only one re-
gion, the left PPC, affected numerical comparison perfor-
mance. Following rTMS delivered to this region, there was an
interaction of Immediate Relative Value by Stimulation Type
(B � �1.051; p � 0.040). Despite this interaction, paired
comparisons revealed that there were no significant differ-
ences in reaction time across groups.

All models revealed that subjects were sensitive to the relative
numerical values of the two options. In every GEE model, there
was a positive effect of Immediate Relative Value, such that as the
value of the immediate option increased and the monetary values
of the two options approached each other, reaction time in-
creased (all p � 0.01). This was expected as numerical compari-
sons should become more difficult as the distance between the
two numbers decreases.

As a supplementary analysis, we reran our numerical com-
parison reaction time models by only modeling reaction time
on correct trials in which reaction time was within 2 SDs of
each subject’s mean reaction time. This was done to remove
trials that were outliers and allowed us to better compare our
results with those of prior studies that have investigated the
effects of TMS or rTMS on numerical comparison abilities,
since it is typical to remove outliers before analysis (Sandrini
et al., 2004; Andres et al., 2005; Cappelletti et al., 2007). This
supplementary analysis led to similar results as the primary
reaction time analysis, except there was now no longer any
significant interaction of Immediate Relative Value by Stimu-
lation Type following rTMS to the left PPC. Importantly, both
the primary and supplementary analyses show that changes in
choice were not associated with impairments in the ability to
perform numerical comparisons; reaction time on the numer-
ical comparison task was not significantly slower following
disruption of any region.
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Discussion
This study demonstrates that, like the DLPFC, disruption of the
PPC alters intertemporal choice. Critically, in this sample of sub-
jects who normally possess delay discounting for both gains and
losses, disruption of either the right PPC or right DLPFC led to
greater selection of gains and losses with better immediate, but
worse long-term value than alternative options. These findings
support our hypothesis that the PPC and DLPFC normally facil-
itate selecting options that optimize long-term value relative to
immediate value in general, rather than being specific to gains
and the approach motivational system in isolation. Although
there may be significant differences in aspects of gain and loss
processing and their relationship to approach and avoidance sys-
tems (Gray, 1981; Panksepp et al., 2002), our results reveal that
the same brain regions exert an influence over decisions involving
gains and losses.

Past research suggests that deliberate self-control functions
may help individuals choose options with better long-term value
when other options have better immediate value (Ballard and
Knutson, 2009; Hare et al., 2009; Luo et al., 2009; Figner et al.,
2010). Both the PPC (Ballard and Knutson, 2009) and lateral PFC
(Ballard and Knutson, 2009; Hare et al., 2009; Figner et al., 2010)
have been proposed to play such a role. Disruption of the right
PPC produced the pattern of effects that would be expected fol-
lowing disruption of a self-control function. Self-control should
be increasingly needed to choose the better long-term option as
the relative value of the immediate option increases, and we
found that rTMS increasingly biased selection of options with
better immediate value as the relative value of the immediate
option increased. This suggests that the right PPC may help
individuals override, inhibit, or modulate activity that favors
selection of better immediate options so that options with better
long-term value can be selected. This finding is consistent with
the suggestion of Ballard and Knutson (2009) who proposed that
the PPC might play a role in controlling responses when there are
significant delays based on fMRI responses in the right PPC that
tracked with delay of future rewards and impulsivity. The present
study complements these neuroimaging data by demonstrating a
causal relationship between right PPC functioning and intertem-
poral choice.

In considering the changes following disruption of the PPC, it
is notable that the results are inconsistent with a model in which
the PPC exerts control by preventing hasty decisions. Self-
controlled decisions might be expected to be slower since it
should take more time to make decisions when using deliberative
cognitive control processes than when relying on more automatic
valuation processes (Stanovich and West, 2000). However, the
bias toward better immediate options following right PPC rTMS
(and right DLPFC rTMS) was not accompanied by decreased
reaction time, and in the loss condition there was evidence of
slower responding. Indeed, when shortened reaction times oc-
curred following left PPC rTMS, they were associated with a
modest bias toward better long-term options, rather than better
immediate options. These results provide little evidence that bi-
ases for better immediate options reflected hasty decision mak-
ing. Similarly, there is no evidence that alterations in choice
behavior were due to disruption of numerical comparison pro-
cesses, as numerical comparison performance was unimpaired
following rTMS.

An alternative interpretation of the effects seen following dis-
ruption of the PPC is that rTMS directly impacted valuation
processes, rather than altering self-control processes. Such a pro-

posal would be consistent with prior neurophysiology (Platt and
Glimcher, 1999; Dorris and Glimcher, 2004; Sugrue et al., 2004)
and fMRI (Peters and Büchel, 2009; Kable and Glimcher, 2010;
Prévost et al., 2010) studies showing value-related signals in the
parietal cortex. Although other proposals exist (Kable and Glim-
cher, 2007), McClure et al. (2007) hypothesize that there are two
distinct valuation systems that discount the value of delayed re-
wards as a continuous function of delay: an “impatient” system
and a more “patient” system that discounts delayed rewards less
steeply than the impatient system. If part of the patient system is
disrupted, the impatient system’s valuations should dominate the
decision process leading to a general shift in preference toward
options with better immediate value. Yet disruption of the right
PPC did not produce a general shift across all values. Thus, if right
PPC involvement in intertemporal choice reflects its role in a
patient valuation system, it would appear to primarily exert a
measurable influence when immediate values are relatively high.
Such a specific change in valuation cannot be confirmed or ruled
out in the present study since we examined changes in choice,
rather than directly measuring valuation.

Following disruption of the right DLPFC, we saw general
shifts in preference toward options with better immediate value,
consistent with the patient/impatient model proposed by Mc-
Clure et al. (2007). This type of observed shift would arise if the
DLPFC discounts the value of delayed incentives less steeply than
do other brain regions. In contrast, we did not see the types of
changes that would be expected following disruption of a classical
self-control function, as the modulation of intertemporal choice
by rTMS did not scale with immediate relative value. To the
extent that the DLPFC is influencing choice via a self-control
function, it would have to involve an as-yet-undefined mecha-
nism that exerts a similar influence across the range of relative
values.

In considering the possible different contributions of the right
PPC and DLPFC to intertemporal choice, it must be noted that,
although the data suggest a differential pattern of effects in re-
gards to a self-control hypothesis, the data do not allow for a
strong inference regarding dissociable pattern of influence. Sup-
plemental analyses that tested whether right PPC and DLPFC
disruption differential interacted with Immediate Relative Value
failed to reach statistical significance. Additionally, interactions
with Immediate Relative Value did not occur for loss trials in
supplemental analyses looking at changes in choice following
right PPC disruption. Thus, at present it is not possible to draw
strong conclusions about differential effects of right PPC and
DLPFC disruption, although the possibility of such differences
warrants further study.

The above analysis of the DLPFC data contrasts with that of
Figner et al. (2010), who argue that the lateral PFC is involved in
self-control rather than valuation during choice, based on their
findings that disruption of the left DLPFC with rTMS affected
intertemporal choice but not attractiveness ratings of the items
that had been used in the choice task. However, the influence of
the lateral PFC on valuation may be selective to situations involv-
ing choice, with little influence during nonchoice situations, a
possibility that cannot be ruled out by the findings of Figner et al.
In tasks in which subjects have to make a choice, activations in the
DLPFC, or other regions of the lateral PFC, track with some
aspect of goal value (Plassmann et al., 2007, 2010; Hare et al.,
2008, 2011; Peters and Büchel, 2009; Pine et al., 2009; Kable and
Glimcher, 2010). Furthermore, disruption of the right DLPFC
with rTMS alters goal values during choice (Camus et al., 2009).
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Future studies are needed to understand the precise involvement
or influence on valuation of the DLPFC.

Although both our results and those of Figner et al. (2010)
converge on implicating the DLPFC in intertemporal choice, our
findings also differ from those of Figner et al. in that we observed
altered choice following disruption of the right but not left
DLPFC, whereas they only observed altered choice following dis-
ruption of the left DLPFC. Our laterality finding is consistent
with the finding of Knoch et al. (2006a) that disrupting right but
not left DLPFC influences choice behavior, although their study
investigated risky rather than intertemporal choice. The precise
reasons for the conflicting results across our study and that of
Figner et al. are not clear, but a major methodological difference
is that we tailored the values to vary systematically around sub-
jects’ individual indifference points, whereas Figner et al. did no
such individualization. This tailored procedure would be pre-
dicted to increase the sensitivity of the task, and could contribute
to an enhanced ability to detect right DLPFC modulation, but
seems unlikely to account for why we did not replicate the finding
by Figner et al. for the left DLPFC. One limitation of our ap-
proach to individualizing stimuli is that the procedure of deter-
mining indifference points in Session 1 was different from the
choice procedure used following real and sham stimulation. It
was most likely because of this that stimuli presented at expected
indifference points were not consistently selected with 50% prob-
ability even in the sham subjects. However, the differences in
procedures across sessions should not have substantially im-
pacted the sensitivity of the tasks. Several other methodological
differences arise across studies, including that we used a longer
period of rTMS stimulation, had subtle differences in coil posi-
tioning, and that Figner et al. used larger magnitude rewards.
Critically, unlike Figner et al., our study excluded individuals
with very high or very low levels of discounting for both gains and
losses. Subsequent studies will be necessary to determine whether
sample composition or other methodological differences can ex-
plain the laterality differences in DLPFC results.
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