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SUMMARY

Psychopathy is a personality disorder with strong
links to criminal behavior. While research on psy-
chopathy has focused largely on socio-affective
dysfunction, recent data suggest that aberrant deci-
sion making may also play an important role. Yet,
the circuit-level mechanisms underlying maladap-
tive decision making in psychopathy remain unclear.
Here, we used a multi-modality functional imaging
approach to identify these mechanisms in a pop-
ulation of adult male incarcerated offenders. Psy-
chopathy was associated with stronger subjective
value-related activity within the nucleus accum-
bens (NAcc) during inter-temporal choice and with
weaker intrinsic functional connectivity between
NAcc and ventromedial prefrontal cortex (vmPFC).
NAcc-vmPFC connectivity strength was negatively
correlated with NAcc subjective value-related activ-
ity; however, this putative regulatory pattern was
abolished as psychopathy severity increased.
Finally, weaker cortico-striatal regulation predicted
more frequent criminal convictions. These data sug-
gest that cortico-striatal circuit dysregulation drives
maladaptive decision making in psychopathy, sup-
porting the notion that reward system dysfunction
comprises an important neurobiological risk factor.

INTRODUCTION

Crime is estimated to cost the United States more than a trillion
dollars a year (Anderson, 1999). Even apart from its traumatizing
effects on victims, the enormous economic burden associated
with criminal behavior renders it a critical target for scientific inves-
tigation. One particularly robust predictor of criminal behavior and
recidivism is psychopathy. Psychopathy is a personality disorder
comprising both interpersonal-affective and impulsive-antisocial
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symptoms; these include superficial charm and egocentric
grandiosity, callousness and diminished empathy, disinhibition,
heightened sensation seeking, and persistent antisocial behavior
(Viding et al., 2014). Psychopathy is notoriously difficult to treat
(Brazil et al., 2016), and intervention efforts are hampered by our
limited understanding of the cognitive and neurobiological under-
pinnings of the disorder.

Neuroscientific work to date has largely focused on the inter-
personal-affective dimension of psychopathy. These studies
have found relatively consistent evidence for amygdala and
ventromedial prefrontal cortex (vmPFC) dysfunction, which is
thought to underlie aberrant fear learning, moral decision mak-
ing, and empathic responsiveness in the disorder (Blair, 2008;
Koenigs et al., 2011; Viding et al., 2014). Morphological findings
indicate decreased amygdala and vmPFC gray matter volume,
and lower vmPFC cortical thickness, in psychopathy (Ermer
et al.,, 2012; Yang and Raine, 2009). Likewise, psychopaths
show reduced recruitment of amygdala and vmPFC during
fear conditioning and moral decision making (Birbaumer et al.,
2005; Glenn et al., 2009; Harenski et al., 2010), blunted amygdala
responsiveness during affective perspective taking (Decety
et al., 2013a), and weaker vmPFC engagement in response to
empathogenic (Decety et al., 2013b) and facial emotion stimuli
(Carré et al., 2013; Viding et al., 2014). Reduced functional and
structural connectivity between amygdala and vmPFC has also
been reported in psychopathy (Motzkin et al., 2011). Notably,
there is some evidence that the observed relationships between
psychopathy, task-related brain activity, and vmPFC-amygdala
connectivity are driven by the interpersonal-affective features
of the disorder (Carré et al., 2013; Decety et al., 2014; Hyde
et al., 2014). This observation accords well with functional and
structural brain imaging work in youth and adolescents with
callous-unemotional traits (Blair, 2013), which are considered
by some to be a developmental precursor of the interpersonal-
affective symptoms in adult psychopathy (Frick and Viding,
2009). On the whole, these findings make a compelling case
that social and affective deficits in psychopathy arise from cor-
tico-limbic circuit dysfunction (Blair, 2013; Viding et al., 2014).

While the neurobiological mechanisms underlying interper-
sonal-affective symptoms in psychopathy are comingincreasingly
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into focus, less is known about the impulsive-antisocial dimension
of the disorder. While some consider interpersonal-affective fea-
tures to be most central to the construct of psychopathy, impul-
sive-antisocial symptoms appear to have much stronger links
to many of the most problematic behaviors associated with
the disorder, such as physical aggression, criminal behavior,
and substance abuse (Skeem and Mulvey, 2001; Walters, 2003).
A series of recent functional and neuroreceptor imaging studies,
performed largely in community volunteers, raises the possibility
that such symptoms may be driven by aberrant reward processing
within the meso-cortico-limbic dopamine system. We have shown
previously that high impulsive-antisocial scores on a self-report
psychopathic trait inventory predicted elevated amphetamine-
induced dopamine release and heightened reward anticipation-
related activity within the nucleus accumbens (NAcc) (Buckholtz
et al., 2010). The association between impulsive-antisocial
behavior and reward anticipation-related blood-oxygen-level
dependent (BOLD) signal has been replicated in both healthy
volunteers and in adolescents with externalizing (i.e., impulsive-
antisocial) symptoms (Bjork et al., 2010, 2012; Carré et al.,
2013). Likewise, several groups have found evidence forincreased
striatal gray matter volume in psychopathic offenders (Glenn
et al., 2010), particularly those with a history of impulsive violence
(Schiffer et al., 2011). Taken together, these studies suggest that
impulsive-antisocial behavior in psychopathy is associated with
exaggerated dopamine transmission and increased functional
reactivity to rewards within the striatum.

While these findings are suggestive, several critical questions
remain unresolved. First, with psychopathy’s prevalence esti-
mated at 1% in the general population (Coid et al., 2009), rela-
tively few community volunteers would meet forensic criteria
for psychopathy. The generalizability of findings derived from
convenience samples to individuals with clinically significant
levels of psychopathy, and who manifest chronic and conse-
quential self-control deficits, therefore remains uncertain. Sec-
ond, previous studies of striatal function in psychopathy have
employed experimental paradigms that lack a meaningful deci-
sion-making component. This makes it difficult to conclusively
link aberrant striatal function in psychopathic individuals to the
kinds of decision-making biases that could plausibly predispose
antisocial behavior. Finally, the circuit-level mechanisms that un-
derlie striatal hyper-reactivity in psychopaths remain unknown.
While some groups have reported reduced vmPFC-amygdala
connectivity in psychopathic individuals (Motzkin et al., 2011),
it is unclear whether regulatory medial cortico-striatal connectiv-
ity is disrupted as well. This question is particularly salient given
evidence that “top-down” prefrontal inputs to NAcc (Sesack and
Grace, 2010) regulate striatal response and choice behavior
during cost-benefit decision making (Buckholtz, 2015; Ferenczi
et al., 2016; van den Bos et al., 2014). Currently, the nature of
cortico-striatal connectivity in psychopathy and its link to
choice-related striatal value signaling remain unknown.

Given the importance of cortico-striatal connectivity for regu-
lating reward-related striatal dopamine release, striatal activity,
and choice behavior, we hypothesized that striatal hyper-reac-
tivity in psychopathic individuals is driven by a disruption in the
cortical regulation of striatal information processing. Specifically,
we predicted that participants with higher levels of psychopathy

222 Neuron 95, 221-231, July 5, 2017

would show stronger striatal subjective value-related responses
during cost-benefit decision making and weaker intrinsic cortico-
striatal connectivity. We further predicted that, consistent with
previous work suggesting that medial prefrontal cortex nega-
tively regulates striatal dopamine release and population activity
(Ferenczi et al., 2016), value-related striatal fMRI signal would be
negatively correlated with intrinsic cortico-striatal connectivity.
Finally, we predicted that the negative relationship between stria-
tal activation and cortico-striatal connectivity would be progres-
sively abolished with increasing psychopathy severity.

To test these predictions, we administered an intertemporal
choice (i.e., delay-discounting) task to 49 male incarcerated of-
fenders at two medium-security prisons, while utilizing a mobile
fMRI scanner to assess both task-related activation and resting-
state functional connectivity. Psychopathy was measured with
the Psychopathy Checklist-Revised (PCL-R) (Hare and Neu-
mann, 2008), which differentiates interpersonal-affective (“Fac-
tor 17”) and impulsive-antisocial (“Factor 2””) components. Given
prior associations between the impulsive-antisocial traits of psy-
chopathy and reward-related striatal BOLD (Buckholtz et al.,
2010), we expected that this dimension of psychopathy would
better track striatal activity during intertemporal decision mak-
ing, compared to interpersonal-affective aspects of the disorder.

RESULTS

Psychopathy Is Positively Associated with Striatal
Subjective Value-Related BOLD Signal

Prior work indicates that NAcc is especially important for repre-
senting the subjective value of choice options during cost-
benefit decision making generally (Bartra et al., 2013) and during
intertemporal choice specifically (Peters and Bulichel, 2011). To
examine the relationship between psychopathy and NAcc value
coding, we first derived each participant’s discount rate (k) using
a hyperbolic discount utility function and softmax choice rule
(see STAR Methods). k values ranged from 0.0001 to 0.1116
(mean = 0.0125, standard deviation = 0.0257). Using these sub-
ject-specific k values, we estimated the subjective value (SV) of
each of the two choice options (i.e., sooner-but-smaller or larger-
but-later) presented to participants on each trial. For each trial,
SV for the two options was summed; we then modeled this
summed SV as a trial-wise parametric modulator of BOLD activ-
ity at the time of choice. We chose to model the sum of subjective
values based in part on work in primates suggesting that NAcc
neuron firing is specifically sensitive to this decision variable
(Cai et al., 2011). Based on the evidence described above indi-
cating an association between psychopathic traits and NAcc
dysregulation, we extracted BOLD signal estimates for each
subject using an anatomical NAcc region of interest (ROI)
derived from a large connectivity-based striatal parcellation
study (Choi et al., 2012).

First, we confirmed that NAcc was sensitive to trial-wise varia-
tion in subjective value, consistent with prior reports (Peters and
Buchel, 2011) (Figure 1A; small-volume corrected with bilateral
NAcc ROl prwepeak-levey = 0.043, peak t value = 3.55, peak
MNI coordinate: 12, 12, —6, whole-brain analysis: peak MNI co-
ordinate: 4, 12, 0; peak t value = 5.94, k = 304, PrpRr(peak-level) =
0.029). Next, our correlation analysis using signal extracted
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from NAcc ROls revealed a significant positive relationship be-
tween inmates’ total psychopathy scores and SV-related BOLD
signal in right NAcc (Figure 1; r = 0.335, p = 0.024; left NAcc:
r = 0.03, p = 0.846). The relationship between PCL-R total score
and NAcc BOLD signal remained significant using robust regres-
sion (t = 2.19, p = 0.034) and after removing for high-influence
cases (t = 2.75, p = 0.009). Examining the two PCL-R factors
separately revealed a significant association with Factor 1 (inter-
personal-affective) scores (Figure S2; r = 0.397, p = 0.007); by
contrast, the relationship with Factor 2 (impulsive-antisocial)
scores was considerably weaker (r = 0.271, p = 0.075). However,
a Williams test for differences in dependent correlations was not
significant (p = 0.366), limiting our ability to make a strong claim
about factor-selective associations to striatal SV-BOLD signal. In
sum, these data show that higher levels of psychopathy (i.e.,
PCL-R total score) were associated with heightened subjective
value-related activation within NAcc during choice behavior in
incarcerated criminal offenders. This finding is consistent with
prior work in community volunteers and suggests that reward-
related striatal hyper-reactivity both generalizes to a clinically
relevant population and is evident during consequential deci-
sions about rewards. Notably, and contrary to our a priori
hypothesis, the effect size for this relationship was larger for
the interpersonal-affective dimension of psychopathy.

Weaker Intrinsic Cortico-striatal Connectivity in
Psychopathy

The analysis above suggested that striatal subjective value
signaling during intertemporal decision making is relatively dys-
regulated in psychopathy. Less clear, however, is the source of
this dysregulation. Preclinical and human data highlight a prom-
inent role for prefrontal cortex in regulating reward-related stria-
tal DA release and population activity. The striatum receives
robust, topographically organized afferent input from multiple
sectors of PFC (Haber et al., 1995). Glutamate release from these
cortico-striatal terminals has been shown to inhibit stimulus-
dependent release of dopamine at meso-striatal synapses (Ses-
ack and Grace, 2010). This prefrontal modulation of striatal func-
tion is thought to be one means through which higher-order
value representations maintained in PFC (e.g., information about

bilateral NAcc ROI): prwe(peak-leve = 0.043, peak
t value = 3.55, peak MNI coordinate: 12, 12, —6.
Whole-brain cluster: peak MNI coordinate: 4,
12, 0; peak t value = 5.94, k = 304, pPrwe(peak-level) =
0.029.

(B) Scatterplot illustrates the significant positive
correlation between psychopathy and subjective
value-related BOLD signal within right NAcc.
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goals, costs, and context) guide adaptive action selection (Buck-
holtz, 2015; Ferenczi et al., 2016; Jimura et al., 2013; Quiroz
etal., 2016; van den Bos et al., 2014). We therefore hypothesized
that striatal hyper-reactivity in psychopathy may be due, in part,
to compromised prefrontal regulation of striatal activity. To test
this hypothesis, we examined the relationship between psy-
chopathy and cortico-striatal resting-state functional connectiv-
ity (rsFC). Striatal rsFC networks were identified across all partic-
ipants, using the same anatomical NAcc ROl in which we found a
significant association between PCL-R scores and striatal SV-
related BOLD (Figure 2A, Table S1, and Figure S3; see “Main ef-
fects of resting-state NAcc functional connectivity” below for
additional results).

We then performed a random-effects whole-brain regression
analysis using participants’ PCL-R scores as a predictor of stria-
tal rsFC. Consistent with the notion of compromised cortico-
striatal connectivity in psychopathy, higher PCL-R scores were
associated with weaker connectivity between NAcc and a clus-
ter with center of mass in vmPFC (Figures 2B and 2C; peak at
MNI 6, 52, —4; BA 10, Z = 3.84, prpr = 0.017, k = 246). This anal-
ysis also revealed a positive correlation between PCL-R scores
and NAcc-precuneus rsFC (MNI —24, —44, 50; Z = 3.90,
Prpr = 0.039, k = 220). All results remained significant via robust
regression analysis (i.e., using connectivity values extracted
from suprathreshold vmPFC cluster described above; t =
—4.58, p < 0.001) and after controlling for age and substance
abuse history (see Table S2). Both Factor 1 and Factor 2 showed
significant negative associations to NAcc-vmPFC rsFC (p <
0.005 for both factors via OLS regression using parameter esti-
mates extracted from significant cluster in striatal rsFC-PCLR
total regression SPM; p < 0.01 via robust regression with age
and substance abuse covariates). Taken together, these findings
show that psychopathy is associated with reduced cortico-stria-
tal connectivity, such that participants with higher PCL-R scores
showed weaker functional coupling between the nucleus ac-
cumbens and ventromedial prefrontal cortex.

Cortico-striatal Modulation of Striatal SV-Related BOLD

The finding that psychopaths are characterized by a combination
of heightened striatal reactivity and weakened cortico-striatal
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Figure 2. Psychopathy Is Associated with Weaker Intrinsic Connectivity between NAcc and vmPFC
(A) SPM depicts regions demonstrating significant main effect of functional connectivity with right NAcc seed across all participants (pgpr < 0.05; seed region

shown in inset box; see Table S1 and Figure S3).

(B) SPM depicts regions where the magnitude of functional connectivity to right NAcc (inset box) differed as a function of PCL-R total scores. Specifically, higher
psychopathy scores were associated with weaker NAcc connectivity to vmPFC (pgpr < 0.05; blue shading).
(C) Scatterplot illustrates the negative correlation between psychopathy scores and NAcc functional connectivity with the vmPFC cluster identified in (B).

connectivity is particularly interesting in light of anatomical
data showing that ventral striatum is a target of substantial
projections from prefrontal cortex (Haber et al., 1995). Indeed,
there is considerable evidence that these cortico-striatal affer-
ents comprise a crucial means of regulating ventral striatal pop-
ulation activity, DA release, and reward decision making (Buck-
holtz, 2015; Ferenczi et al., 2016; Jimura et al., 2013; Quiroz
et al., 2016; Sesack and Grace, 2010; van den Bos et al.,
2014). This suggests that compromised cortico-striatal regula-
tion may drive heightened value-related striatal responses in psy-
chopathy. If this is the case, weaker NAcc-vmPFC functional
connectivity should be linked to stronger NAcc SV-related
BOLD signal responses during intertemporal choice. To test
this prediction, we examined correlations between NAcc SV-
related BOLD signal and NAcc-vmPFC intrinsic connectivity
strength across all subjects. Consistent with our supposition,
we observed a negative relationship between NAcc-vmPFC
functional connectivity and NAcc BOLD signal during intertem-
poral decision making (Figure 3; r = —0.382, p = 0.011). A signif-
icant relationship between NAcc-vmPFC rsFC and NAcc BOLD
was also observed using robust regression (t = —2.41, p =
0.021), after excluding high-influence cases (t = —2.25, p =
0.03) and after controlling for age and substance abuse history
(t = —2.88, p = 0.006; see Table S2). These results show that,
across subjects, as NAcc-vmPFC connectivity strength de-
creases, the magnitude of NAcc value-related activity during
choice behavior increases. This finding is consistent with a
wealth of prior work indicating an important role for medial PFC
in regulating ventral striatal function (Ferenczi et al., 2016; Haber
et al., 1995; Quiroz et al., 2016; Sesack and Grace, 2010).

Cortical Regulation of Striatal Value Signaling Is
Compromised in Psychopathy

The findings above show that psychopathy is associated with
heightened striatal reactivity to the subjective value of choice
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options during intertemporal decision making; that ventromedial
cortico-striatal functional connectivity is weaker in participants
with high levels of psychopathy; and that participants with
weaker medial cortico-striatal functional connectivity exhibit
more robust striatal subjective value signals during choice. If
the observed striatal hyper-reactivity in psychopathy is driven
by compromised prefrontal regulation, then the negative rela-
tionship between cortico-striatal connectivity and SV-related
striatal BOLD signal should be strongest in subjects with low
PCL-R scores and weakest in participants with high PCL-R
scores. In other words, cortico-striatal connectivity and striatal
SV-related BOLD signal should progressively decouple with
increasing psychopathy severity.

We tested this prediction using a conditional process (modera-
tion) model constructed as follows: X = NAcc-vmPFC connectiv-
ity, Y = striatal SV BOLD, Moderator (M) = PCL-R score. The over-
all model was significant (F = 3.316, p = 0.03), as was the
moderation term for PCL-R total scores (r = 0.021, 95% ClI:
0.0005-0.0419; r* change = 0.088, F = 4.30, p = 0.045). To
examine the conditional effect of X on Y at each level of M, we
then decomposed this interaction using the Johnson-Neyman
procedure. This analysis revealed that at low PCL-R scores (spe-
cifically, below 22), cortico-striatal connectivity was significantly
negatively correlated with striatal SV BOLD (p value range:
0.007-0.05); however, as PCL-R scores increased above this
threshold (i.e., >22) the relationship was no longer observed
(Figure 4). To test the selectivity of this finding for vmPFC-striatal
connectivity, we replaced these values with NAcc-precuneus
connectivity estimates as the independent variable (X). Neither
this model nor the moderation term was significant and no condi-
tional effect of X on Y was observed (all p > 0.05). Factor-specific
moderation analyses yielded similar results. Using Factor 1 (affec-
tive-interpersonal) PCL-R scores as the moderator, the overall
model was significant (F = 4.194, p = 0.011), as was the modera-
tion term (B = 0.048, 95% CI: 0.0046-0.0907; r? change = 0.097,
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Figure 3. Cortico-striatal Connectivity as a Putative Regulator of
Striatal Subjective Value-Related Activity

Scatterplot illustrates the significant negative correlation between NAcc-
vmPFC functional connectivity and NAcc subjective value BOLD signal. Note:
correlation remains significant after excluding high-influence data points.

F = 5.004, p = 0.031). Using Factor 2 (impulsive-antisocial)
scores as the moderator, the overall model (F = 3.780, p =
0.018) and moderation term (3 = 0.039, 95% CI: 0.0049-0.0739;
r? change = 0.108, F = 5.336, p = 0.026) were likewise significant.

These analyses confirm that the relationship between cortico-
striatal connectivity and value-related activity within NAcc varies
as a function of psychopathy. Our data suggest that cortico-
striatal connectivity negatively regulates striatal value signals
in non-psychopathic individuals. However, this putative regula-
tory relationship is abolished in participants with high PCL-R
scores—including those who meet consensus criteria for psy-
chopathy (>30; see Hare and Neumann, 2008).

Cortico-striatal Circuit Dysfunction Tracks Variability in
Criminal Behavior

The above findings suggest that striatal hyper-reactivity to the
subjective value of choice options in psychopathy is driven by
dysfunctional prefrontal regulation of striatal value signaling.
Individuals who score high on the PCL-R show weakened func-
tional connectivity between NAcc and ventromedial prefrontal
cortex, and weaker connectivity, in turn, is linked to higher-
magnitude striatal responses to the subjective value of reward
options during decision making. To confirm that cortico-striatal
circuit dysregulation translated into meaningful differences in
real-world self-control, we examined whether individual differ-

ences in SV-related striatal activity and cortico-striatal connec-
tivity were associated with variability in criminal behavior. Across
all subjects, both stronger striatal value-related activation and
weaker cortico-striatal connectivity were associated with a
higher total number of convicted crimes (Figure 5; NAcc SV-
related BOLD: z = 0.295, p = 0.049, NAcc-vmPFC connectivity:
r=—0.395, p = 0.009). These relationships remained significant
after controlling for age and substance abuse history (Table S2).
Equivalent results were obtained using a robust regression
model (t=2.34, p=0.024;t=3.03, p = 0.004). In sum, heightened
striatal BOLD signal amplitude and weaker NAcc-vmPFC rsFC —
a pattern that is evident in individuals with high levels of psy-
chopathy—predict higher levels of criminal behavior, a marker
of maladaptive real-world decision making.

Main Effects of NAcc Resting-State Functional
Connectivity

As a test of convergence, we examined estimates of cortico-
striatal connectivity derived from “main effect” maps of striatal
resting-state functional connectivity (rsFC) (i.e., the mean effect
of connectivity across all participants). Main effect striatal rsFC
networks were identified using the same anatomical NAcc ROI
in which we found a significant association between PCL-R
scores and striatal SV-related BOLD (Figure S3A). This analysis
revealed significant rsFC between ventral striatum and ventro-
medial prefrontal cortex (Figure 3A; vmPFC; Brodmann Area
[BA] 11/32). Additional suprathreshold foci encompassed as-
pects of perigenual cingulate (pgACC; BA 24/33), right dorsal
ACC (dACC; BA 32), right dorsolateral PFC (dIPFC; BA 9), and
left parahippocampal gyrus (PHG), as detailed in Table S1.
Correlations with Psychopathy, Striatal SV-Related
BOLD Signal and Criminal Behavior

Standardized regression coefficients for each (main effect)
suprathreshold cluster were estimated for each subject and
correlated with their respective PCL-R scores. These values
reflect the strength of intrinsic connectivity between striatum
and the suprathreshold target region (e.g., vmPFC). NAcc-
vmPFC rsFC was negatively correlated with total PCL-R scores
(Figure S3B). In addition, we observed a nominally significant
relationship between total PCL-R scores and striatal-pgACC
connectivity (r = —0.357; p = 0.019) but this did not survive
correction for the total number of suprathreshold target foci
(0.05/5 = pcorrected < 0.01; Figure S3B). PCL-R scores were not
significantly correlated with rsFC between striatum and the other
three suprathreshold target foci (i.e., dACC, dIPFC, and PHG; all
p > 0.05). Significant negative correlations with NAcc-vmPFC
connectivity parameters were observed for both Factor 1 and
Factor 2 scores (affective-interpersonal: r = —0.352, p = 0.022;
impulsive-antisocial: r = —0.392, p = 0.011). A significant rela-
tionship between NAcc-vmPFC rsFC connectivity values and
PCLR Total score was also observed using robust regression
(t = —8.11, p = 0.003). Pearson correlation analysis revealed
a significant association between NAcc-vmPFC rsFC values
derived from the analysis above and striatal SV-related
BOLD signal (r = —0.31, p < 0.05), and between main effect-
derived NAcc-vmPFC rsFC values and criminal incarceration
(r = —0.39, p = 0.009). See Table S2 for additional details and
controls.
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Figure 4. Psychopathy Moderates the Relationship between Cortico-striatal Connectivity and Value-Related BOLD Signal
(A) Schematic illustrates that PCL-R total scores significantly moderate the negative relationship between NAcc-vmPFC functional connectivity and SV-related

NAcc BOLD signal.

(B and C) Johnson-Neyman p and t statistic values for the moderation regression analysis. At low psychopathy scores, NAcc-vmPFC connectivity strength was a

negative predictor of NAcc BOLD responses to subjective value.

Moderation Analysis

A moderation model was constructed as follows: X = NAcc-
vmPFC connectivity (derived from Main Effect rsFC map),
Y = striatal SV BOLD, Moderator (M) = PCL-R score. The overall
model was marginally significant (F = 2.745, p = 0.056). The
moderation term for PCL-R Total score was significant
(B = 0.028, 95% Cl: 0.002-0.056; r? change = 0.088, F = 4.154,
p = 0.048). In addition, separate moderation analyses were
used to test for PCLR factor-selective effects. For Factor 1, the
overall model was significant (F = 3.94, p = 0.009), as was the
moderation term (B = 0.064, 95% Cl: 0.008-0.120, r? change =
0.102, F = 5.296, p = 0.027). For Factor 2, the overall model
was significant (F = 2.995, p = 0.043), as was the moderation
term (B = 0.05, 95% Cl: 0.002-0.098; r? change = 0.096,
F = 4.511, p = 0.04). All moderation models controlled for the
potentially confounding effects of age and substance abuse.

Associations with Log(k)

We ran a series of analyses that tested for associations be-
tween log(k) and PCLR score, striatal BOLD signal, NAcc-
vmPFC rsFC, and criminal behavior. In each case, we esti-
mated a linear regression model that considered log(k) as a
predictor of PCLR, BOLD signal, rsFC, or criminal convictions.
To account for heteroscedasticity, standard errors were calcu-
lated using the Huber-White sandwich estimator. Log(k) was
not a significant predictor of PCLR total scores, striatal BOLD
signal or criminal convictions (all p values > 0.2). Swapping
the predictor with the DV (e.g., a model in which PCLR pre-
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dicted log(k)) did not reveal any significant relationships (all
p values > 0.2). We did however observe a trend-level relation-
ship between log(k) and cortico-striatal rsFC, such that steeper
discounting was associated with reduced NAcc-vmPFC
coupling at rest (p = 0.078).

Control Analysis: Age and Substance Abuse History

To control for the potentially confounding effects of age and sub-
stance abuse, we ran a series of partial correlation analyses us-
ing age and cumulative years of substance abuse (derived from
the Addiction Severity Index) as covariates of no interest. One
participant, who had an ASI cumulative score of 76—corre-
sponding to a Z score of 3.94 —was excluded from covariate an-
alyses due to concerns about reporting accuracy. After control-
ling for these potential confounds, the association between
NAcc SV-related BOLD and PCL-R Factor 1 remained significant
(p = 0.026); however, the relationship with PCL-R Total Scores
and with PCL-R Factor 2 scores did not (PCL-R Total:
p = 0.105; PCL-R Factor 2: p = 0.344). With respect to NAcc-
vmPFC connectivity, controlling for age and substance abuse
history had no effect on the strength of the observed correlations
with PCL-R total scores (p = 0.00009), PCL-R Factor 1 scores
(p = 0.006), or PCL-R Factor 2 scores (p = 0.0004). This was
also the case when examining correlations with NAcc-vmPFC
connectivity values derived from the main effect rsFC map
(PCL-R total: p = 0.002; Factor 1: p = 0.025; Factor 2:
p = 0.005). Likewise, controlling for age and substance abuse
had no effect on the relationship between NAcc-vmPFC



Figure 5. Stronger SV-Related BOLD Signal
and Weaker NAcc-VMPFC rsFC Predict
Higher levels of Criminal Behavior

(A) Scatterplot depicts the positive correlation
between NAcc SV-related BOLD signal and total
number of convicted crimes.

(B) Scatterplot depicts the negative correlation
between NAcc-vmPFC functional connectivity
and total number of convicted crimes.
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connectivity and NAcc BOLD (p = 0.009 for psychopathy regres-
sion map estimate; p = 0.002 for main effect estimate), nor on the
association between criminal convictions and NAcc BOLD
(p = 0.034) or NAcc-vmPFC connectivity (p = 0.012 for psychop-
athy regression map; p = 0.018 for main effect rsFC map). The
reported moderation analyses used age and substance-abuse
adjusted data. See Table S2 for comprehensive output of all
control analyses.

Selectivity Analysis: Striatal Subregions

We focused on ventral striatum due to prior reports impli-
cating its role in reward-related decision making and potential
dysfunction in psychopathy (Buckholtz et al., 2010; Glenn
et al., 2010). This ventral striatal ROl was derived from a robust,
large-scale (n > 1,000) study of striatal rsFC, wherein striatal
subregions were differentiated based on their distinct patterns
of intrinsic connectivity with cortical regions (Choi et al., 2012).
The NAcc ROI used in the current study was one of seven ROls
identified in that work. To characterize the regional specificity
of our observed correlations with psychopathy, we performed
a series of correlation analyses using the remaining six striatal
ROIs that encompassed medial caudate, lateral caudate and
putamen (pre-commissural), and post-commissural putamen
(Figure S4). Only SV-related BOLD signal within the right
NAcc was significantly correlated with PCL-R scores, as dis-
cussed above; BOLD signal values within the other six striatal
ROIls showed no association with total, Factor 1, or Factor 2
PCL-R scores, nor with total number of convicted crimes (all
p > 0.05).

Selectivity Analysis: Decision Variables

The decision variable used to identify subjective value encoding
regions in the striatum corresponds to the combined subjective
value of the chosen and unchosen options (i.e., SVgm). This is
but one of several potentially meaningful decision variables;
others are sensitive to the difference in subjective value between
the two choice options, and the subjective value chosen, un-
chosen, sooner-but-smaller, and larger-but-later choice options
(respectively). To assess the selectivity of the observed assoca-
tions with SVg,m, we generated those alternative variables, input
them as parametric modulators of BOLD signal at choice, and

NAcc-vmPFC functional connectivity, regressed
with PCL-R (Z-transformed correlation coefficient)

ject. We then tested for association with
psychopathy and cortico-striatal rsFC in
three ways. First, we looked at pairwise
correlations. Of the decision variables
tested (SVSuma SVDifference SVChosens SVUnchosena SVSS! SSLL)s
only SVg,m was found to be significantly correlated with PCLR
scores (p value range for other decision variables: 0.194-
0.778) or with cortico-striatal rsFC values (p value range for other
decision variables: 0.139-0.830). Next, we used a multivariate
analysis of variance (MANOVA) to account for the covariance
in striatal signal between each decision variable. NAcc Striatal
BOLD signal estimates associated with each decision variable
were considered as dependent variables; PCLR scores and
cortico-striatal rsFC values were considered as independent
variables in two separate models. For the PCLR model, only
SVsum-related BOLD signal was significantly predicted by
PCLR scores (p value range for other decision variables:
0.194-0.554). Likewise, for the cortico-striatal rsFC model, only
SVsum-related BOLD signal was significantly predicted by rsFC
values (p value range for other decision variables: 0.139-
0.820). Finally, we ran a series of partial correlations. Each model
considered the relationship between SVg,n and either PCLR
score or cortico-striatal rsFC controlling for striatal BOLD signal
estimates associated with SVpiserence SVchosens SVUnchosen:
SVss, or SS ;. We found that the association between PCLR
and striatal SVs,»-BOLD remained significant even after control-
ling for striatal activity associated with each of these decision
variables (range of p values for PCLR-BOLD relationship:
0.025-0.043; all r values were positively signed). Likewise, a sig-
nificant negative relationship between cortico-striatal rsFC and
SVsum-related striatal BOLD signal was observed even after ad-
justing for striatal activity linked to SVpitterence SVchosens
SVUnchosens SVss, or SS|| (range of p values: 0.013-0.040; all r
values were negatively signed).

0.2 0.3 0.4 0.5 0.6

DISCUSSION

Psychopaths are aggressive and impulsive, exhibit poor behav-
ioral controls, lack realistic long-term goals, and fail to accept re-
sponsibility for their severely antisocial behavior. These symp-
toms point to profound deficits in decision making, particularly
when the future costs of an action must be reconciled with its
immediate benefits. Here, we use a multi-modality imaging strat-
egy in a sample of incarcerated offenders to detail a specific
circuit-level mechanism that may account for such deficits in
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decision making. Specifically, we show that psychopathy is
associated with heightened ventral striatal subjective value
signaling and compromised medial cortico-striatal functional
connectivity. Across subjects, weaker connectivity was linked
to stronger striatal value signaling, suggesting that cortico-stria-
tal connectivity modulates the magnitude of such signals. Impor-
tantly, psychopathy significantly moderated the relationship be-
tween cortico-striatal connectivity and value-related activity
within the striatum; at higher levels of psychopathy, the putative
regulation of striatal value representations by NAcc-vmPFC
connectivity was disrupted. Finally, the pattern of dysfunction
evident in participants with high levels of psychopathy predicted
the number of criminal convictions across subjects, providing a
link to real-world maladaptive decision making.

These findings build on a growing body of prior work suggest-
ing that psychopathy is associated with increased striatal gray
matter volume and heightened reward-related NAcc activation
(Bjork et al., 2010; Buckholtz et al., 2010; Glenn et al., 2010;
Schiffer et al., 2011). The current findings converge to support
the notion that striatal valuation signals are dysregulated in psy-
chopathy and extend prior work in this area by demonstrating the
relevance of these signals for decision making. Taken together,
these data confirm the generalizability of prior associations in
convenience samples to individuals with clinically relevant levels
of psychopathy, reveal the circuit-level mechanisms driving
striatal dysregulation, and link cortico-striatal dysregulation
and striatal hyper-reactivity to maladaptive decision making in
the real world.

Our finding of aberrant striatal connectivity with vmPFC is
especially interesting considering prior reports of vmPFC
dysfunction in psychopathy. Broadly, this literature provides ev-
idence of reduced vmPFC activation during a range of tasks that
tap aspects of moral decision making, empathic response, fear
conditioning, affective processing, and norm-based cooperation
(Birbaumer et al., 2005; Buckholtz, 2015; Decety et al., 2014,
2013b; Harenski et al., 2010). Studies of brain morphology sug-
gest a structural origin for these findings: reduced cortical thick-
ness, gyrification, and surface area within vmPFC have all been
reported in adult psychopaths and in conduct-disordered youth
with callous-unemotional traits (Ermer et al., 2012; Wallace et al.,
2014). Several groups have also reported reduced white matter
integrity within the uncinate fasciculus, a white matter tract
that is principally responsible for information flow between
vmPFC and striatum (as well as aspects of anterior and medial
temporal lobe) (Motzkin et al., 2011; Sarkar et al., 2016; Wolf
et al., 2015). Reduced vmPFC volume and uncinate fasciculus
integrity could explain, in part, our finding of compromised cor-
tico-striatal connectivity. Of note, prior observations of aberrant
vmPFC structure and function in psychopathy have largely
focused on the role of this region in social and affective process-
ing. While a large body of work has shown that vmPFC is
critical for representing value during decision making (Kable
and Glimcher, 2009; O’Doherty, 2011), this is, to our knowledge,
the first report linking vmPFC dysfunction in psychopathy to dys-
regulated value-based choice behavior and self-control.

The apparent disruption of vmPFC-NAcc connectivity in
psychopathy is particularly intriguing given evidence that that
vmPFC encodes value representations for delayed outcomes
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(Economides et al., 2015), possibly via model-based prospec-
tive simulations (Hampton et al., 2006; Peters and Buchel,
2010). We have suggested previously (Baskin-Sommers et al.,
2016; Buckholtz, 2015) that the output of such model-based
computations—which incorporate rule, context, and cost infor-
mation—promotes adaptive behavior by modulating the ability
of reward-associated cues to drive action selection via phasic
dopamine (DA) signaling. The present finding that vmPFC-
NAcc connectivity is inversely correlated with the magnitude
of striatal value-related reactivity is consistent with this hypoth-
esis and accords well with data showing that prefrontal affer-
ents negatively regulate striatal DA transmission and population
activity (Ferencziet al., 2016; Quiroz et al., 2016). NAcc receives
dense innervation from medial prefrontal cortex, and these cor-
tico-striatal terminals are co-localized with midbrain DA projec-
tions (Haber and Knutson, 2010; Haber et al., 1995; Sesack and
Grace, 2010). It has been proposed that prefrontal dysfunction
leads to increased striatal DA transmission and reward-related
striatal neuron firing by impairing the negative regulation of
phasic DA release by PFC (Buckholtz, 2015; Casey et al.,
2013). The current results provide convergent, translational
support for the idea that higher-order value information main-
tained in prefrontal cortex impacts choice behavior by modu-
lating striatal action value signals. In such a model, weaker
model-based cortical modulation of model-free striatal value
signals would impair adaptive behavior by limiting the ability
of goal-based prospective representations to adaptively re-
weight action values.

The decision variable used to identify subjective value encod-
ing regions in the striatum corresponds to the combined subjec-
tive value of the chosen and unchosen options (i.e., SVgym)- It is
important to note that this is but one of several potentially mean-
ingful decision variables. Others are sensitive to the difference
in subjective value between the two choice options, and the
subjective value of chosen, unchosen, sooner-but-smaller, and
larger-but-later choice options. We did not find any association
between striatal BOLD signal linked to any of these decision vari-
ables and any of our clinical, connectivity, or behavioral mea-
sures. With that said, it was not our intention to make a strong
claim about which specific decision variables were driving stria-
tal value encoding in psychopaths. Rather, our goal was to pre-
cisely estimate preferences so that we could model exactly what
the rewards on each trial were worth to each subject and derive
estimates of brain signal corresponding to that valuation. The
use of SVg,m accomplishes this aim. Future work on delay dis-
counting and other forms of value-based decision making in
relevant populations might consider the use of task designs
that better orthoganalize distinct components of valuation
(Hare et al., 2008). Such designs would enable a more granular
test of selectivity between facets of antisocial behavior and spe-
cific decision variables.

Contrary to our expectations, abnormal SV-related striatal ac-
tivity and diminished striatal-prefrontal connectivity were not
specific to the impulsive-antisocial component of psychopathy.
Indeed, the association with NAcc BOLD signal was descrip-
tively stronger for the interpersonal-affective dimension of psy-
chopathy. This apparent lack of specificity may reflect the fact
that deficits in impulse control are not easily attributable to a



single factor of psychopathy, but rather encompass both affec-
tive (lack of remorse, failure to accept responsibility for previous
actions; Factor 1) and impulsive (failure to inhibit prepotent re-
sponses, need for stimulation; Factor 2) dimensions. Consistent
with this, PCL-R total, PCL-R Factor 1, and PCL-R Factor 2 were
each positively correlated with several trait measures of impul-
sivity (Table S3). In addition, though speculative, it is possible
that the broad pattern of association we observe may reflect a
shared role for vmPFC function and connectivity in aspects of
cognition that jointly underlie socio-affective functioning and
value-based decision making. vmPFC has been implicated in
moral cognition (Koenigs et al., 2007), empathic responsiveness
(Shamay-Tsoory et al., 2005), and theory of mind (Sebastian
et al., 2012), as well as model-based prospective calculations
of future outcome value (Hampton et al., 2006; Howard et al.,
2015). It has been suggested (Buckner et al., 2008) that
vmPFC—in concert with other nodes of the so-called default
mode network—is critical for generating the dynamic mental
simulations that are required for both perspective-taking (simu-
lating another agent’s mental state) and model-based prospec-
tive calculations (simulating future outcomes). It may be the case
that by degrading the capacity for mental simulations, vimPFC
dysfunction impairs both processes; in this way, aberrant
vmPFC function and connectivity could constitute a common
diathesis for the interpersonal-affective and impulsive-antisocial
facets of psychopathy.

We note that our functional imaging studies are unable to
resolve the specific neurochemical mechanisms underlying the
apparent modulation of striatal activity by vmPFC. Further, our
correlational findings cannot make claims about directionality
and causal influence. Though unlikely given the known anatomy
of the circuit (Haber and Knutson, 2010; Haber et al., 1995),
it is possible that our observation of reduced cortico-striatal
functional connectivity reflects impaired ascending information
flow (i.e., modulation of vmPFC by NAcc through, for example,
the ventral pallidum or thalamus). Alternatively, exaggerated
midbrain dopamine neuron firing could lead to diminished
vmPFC function (Arnsten, 2009) and/or potentiated NAcc DA
efflux (Bello et al., 2011). However, we did not find any evidence
for a relationship between psychopathy and midbrain function
or connectivity in the current study. Future work employing
neuroreceptor imaging, magnetic resonance spectroscopy,
and causal manipulations such as non-invasive brain stimulation
will be required to provide compelling empirical support for our
circuit-level hypotheses. Nevertheless, taken together, the cur-
rent data raise the intriguing possibility that vmPFC dysfunc-
tion—a robust finding in psychopathic populations—predis-
poses antisocial behavior by disrupting the cortical modulation
of striatal value representations and highlight the importance of
considering alterations in value-based decision-making as a
proximal mechanism underlying self-control deficits in disinhibi-
tory syndromes (Baskin-Sommers et al., 2016; Buckholtz
et al., 2017).
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Nipype Niypype Development Group http://nipype.readthedocs.io/en/latest/
Statistical Parametric Mapping Wellcome Trust, London http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
MATLAB MathWorks MATLAB R2015a
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources should be directed to the Lead Contact, Joshua W. Buckholtz (joshuabuckholtz@fas.
harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants were 49 male incarcerated offenders recruited from two medium-security correctional institutions (Fox Lake Correc-
tional Institute and Oshkosh Correctional Institution, Wisconsin). Criteria for eligibility were defined as follows: age 45 years old or
younger (range = 20-45, mean = 31), IQ > 70, no history of psychosis or bipolar disorder, no history of concussion or post-concussive
syndrome, and not concurrently taking psychotropic medications. 3 participants were excluded for exhibiting no behavioral vari-
ability, and 1 participant was excluded for excessive head motion during scanning (see below). Thus, 45 participants were included
in the imaging analyses. We were not able to obtain rsFC data for two of these 45 subjects.

Following initial screening, participants were given a life-history interview (for use with the PCL-R assessment; see below), as well
as a semi-structured interview for the Addiction Severity Index (ASI) and a structured psychiatric interview (SCID-NP). During the ASI,
subjects were asked to indicate their years of substance use for every illicit drug they had used. The duration value for each substance
(in years) was summed; this cumulative drug abuse score (range = 0-76, mean = 15) was used as a covariate in subsequent analyses.

Written informed consent was obtained for all participants, and all methods and procedures were approved by the University of
New Mexico, University of Wisconsin-Madison, and Harvard University Institutional Review Boards.

METHOD DETAILS

Psychopathy Assessment

The Psychopathy Checklist-Revised (PCL-R), a “gold standard” clinical and forensic tool for assessing psychopathy, was adminis-
tered to all participants. PCL-R ratings were performed by a trained rater and consisted of both a 60-90 min semi-structured interview
and a review of collateral file material (e.g., charging documents, sentencing reports). Each participant was rated between 0-2 on
20 items, for a maximum possible score of 40. PCL-R scores fell within a range of 8 and 35, with a mean of 23.5. Inter-rater reliability
was very high, at 0.96 for the 30% of the sample. The PCL-R subdivides into two correlated “factors,” with Factor 1 comprising
Interpersonal and Affective deficits, and Factor 2 comprising Impulsive and Antisocial symptoms (Hare and Neumann, 2008). Total,
Factor 1 and Factor 2 scores were calculated for each subject.

Inter-temporal Choice Task

During scanning (see below), participants performed a delay-discounting procedure that involved choosing between smaller-but-
sooner (SS) and larger-but-later (LL) monetary rewards (Figure S1). SS options were immediate or delayed by 2 or 4 weeks, and
LL options were either 2 or 4 weeks after the delay of the SS option; for all trials, LL delay was 2-8 weeks from scan day. SS reward
magnitude on each trial was determined by sampling from a distribution bounded at $5 and $40 ($20 mean). LL rewards were 1%,
3%, 5%, 10%, 15%, 25%, 35%, or 50% greater than SS. To reduce interindividual variability in trial history and composition, we
created a fixed trial order that was used for all participants (i.e., all subjects saw the same trials in the same order). Participants
completed three ~8 min runs, each comprising 48 trials; total task time was thus approximately 24 min. Individuals were instructed
that one of their choices would be randomly selected and paid into their prison commissary account at the end of the experiment,
following its associated delay. Three participants who chose exclusively SS or LL options were excluded from subsequent analyses.
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For each individual, choice data were used to estimate their delay discount rate (k) from a hyperbolic value function and the de-
cision slope from a softmax decision function in MATLAB. Specifically, we applied the softmax choice rule to estimate the probability
of choosing the sooner/smaller reward (Pss) on each trial, given the subjective values of the sooner/smaller and larger/later rewards
(1/1+ e PVss=Vu)), The free parameter B models the stochasticity of a given participants’ choice behavior. Best-fitting parameter
estimates for each subject were obtained via maximum-likelihood estimation with Nelder-Mead simplex optimization (implemented
through the fminsearch function). To obtain the best-fitting model parameters for each model and subject, we maximized the log-
likelihood (L-L) of the choice given a set of model parameters, summing across all trials for each subject. To avoid local minima,
the estimation procedure was repeated with 100 random combinations of starting values for each model for each subject, keeping
track of the overall maximum L-L. For the value function, we used the formula VS = VO / (1 + kD), where VS is the subjective value of a
given option, VO is the reward magnitude of that option, D is the option’s associated delay, and k is a free parameter that represents
how steeply they discount the subjective value of a given option at increasing delays. Individuals with larger k values exhibit steeper
discounting and are thus more intolerant to delay (i.e., more impulsive). Prior work has shown that the distribution of k values is
skewed; to conform to the assumptions of the general linear model, k values were natural log-transformed for subsequent analysis
of the behavioral data. The k values (not log transformed) were also used to estimate subjective value on each trial for neuroimaging
analyses (see below).

MRI Acquisition

MR images were acquired on correctional facility grounds, using a Siemens 1.5 T Avanto Mobile MRI System with advanced SQ
gradients (max slew rate 200 T/m/s, 346 T/m/s vector summation, rise time 200 ps) and equipped with a 12-channel head coil.
Head motion was limited via padding and restraint.

Prior to all functional scans, a T1-weighted structural image was captured for each participant using a four-echo MPRAGE
sequence (TR =2530ms, TE = 1.64, 3.5, 5.36, and 7.22 ms; flip angle = 7°, FOV = 256 x 256 mm, matrix = 128x 128, slice thickness =
1.33 mm, no gap, voxel size = 1.0 x 1.0 x 1.33 mm, 128 interleaved sagittal slices per echo), with the four echoes averaged into a
single high-resolution image.

Task-related fMRI data collection

The delay-discounting task was back-projected onto a screen at the front of the magnet bore, which participants viewed through a
mirror positioned above them. Individuals indicated their choice by pressing the corresponding button on a MRI-compatible button
box. While performing the task, functional (T2*-weighted) images were acquired via a gradient-echo echoplanar imaging (EPI) pulse
sequence with the following parameters: TR = 2500 ms, TE = 39 ms, flip angle = 90°, FOV = 220 x 220 mm, matrix = 64 X 64, slice
thickness = 3.4 mm, gap = 0.34 mm, voxel size = 3.4 x 3.4 x 3.4 mm, 33 interleaved axial oblique slices per volume.
Resting-state functional connectivity (rsFC) MRI data collection

Subjects lay still and awake, and were instructed to passively view a fixation cross while resting-state functional images were
collected. Parameters for T2*-weighted gradient-echo EPIs were as follows: TR = 2500 ms, TE = 39 ms, flip angle = 90°, FOV =
220 x 220 mm, matrix = 64 x 64, slice thickness = 3.4 mm, gap = 1 mm, voxel size = 3.4 x 3.4 x 3.4 mm, 33 sequential axial oblique
slices. Resting-state scans comprised 141 volumes, lasting 5.5 min. Resting-state was not able to be acquired for two subjects.

QUANTIFICATION AND STATISTICAL ANALYSIS

fMRI Inter-Temporal Choice Task Analysis

All imaging data were analyzed using SPM8 (SPM, FIL Methods Group, Wellcome Trust Centre for Neuroimaging, London, UK),
implemented in MATLAB (MathWorks, Sherborn, MA) and Nipype (Gorgolewski et al., 2011), using Harvard University’s Neuroimag-
ing Compute Facility cluster and Apple personal computers.

Preprocessing

Prior to analysis, task-related functional images were slice-time corrected using the first slice as a reference, and motion corrected
via spatial realignment (2nd-degree B-spline) of allimages to a mean image after alignment to the first image of each run. Images were
then spatially normalized using unified segmentation and normalization, via the NewSegment routine in SPM, into a standard stereo-
tactic space (Montreal Neurological Institute, MNI template), resampled into 2mm isotropic voxels, and smoothed with a 6mm full-
width-half-maximum Gaussian kernel. A high-pass filter (128 s cutoff) was applied to remove low-frequency signal drift. Runs were
removed if they had a total rotational plus translational displacement of 1 mm or a mean-signal score > 3 standard deviations from the
norm, using Artifact Detect in Nipype. Participants with fewer than two usable runs were removed completely. Using these criteria
resulted in the exclusion of one participant due to excessive head motion during scanning.

First-level (single-subject) models

Alltrial types were pooled. Trials were modeled using a canonical hemodynamic response function (HRF) with a time derivative, onset
at choice and duration of 0. Using participants’ k values derived from the delay-discounting task, we estimated the subjective value
of each of the two options presented on every trial. These values were summed to create a single “SV-Sum” variable for each trial, for
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each participant. We modeled SV-Sum as a parametric modulator (pmod) of BOLD signal at the time of choice. A contrast of this
pmod revealed regions whose activity tracked trial-wise variation in subjective value.

Second-level (group) analyses

The effect of subjective value on NAcc activity was estimated by entering each participant’s first-level SV-Sum contrast into a
random-effects general linear model (one-sample t test). The resulting SPM was corrected for multiple comparisons within an
anatomical NAcc ROI (see below), with a peak-level false-discovery rate (FDR) set to p < 0.05.

Region-of-interest (ROI) extraction

The software ROI Extraction (REX), as implemented in MATLAB, was used to extract mean NAcc BOLD signal estimates from each
participant’s SV-Sum GLM. We chose an anatomical ROI derived from a 1000-subject resting-state functional connectivity-based
parcellation of the striatum (Choi et al., 2012). One of the seven subregions delineated in that study (corresponding to “network
5”in Choi et al., 2012) corresponded with the anterior ventral striatum, i.e., nucleus accumbens; this ROl was chosen for our primary
analyses. Other striatal ROls in that parcellation encompassed aspects of the caudate and putamen, and were used for post hoc
tests of regional selectivity.

rsFC MRI Analysis

Preprocessing

The resting-state functional connectivity preprocessing pipeline has been described in detail elsewhere (Choi et al., 2012). Briefly, a
Gaussian filter was used to remove noise, a temporal bandpass filter was applied to select for the blood oxygen level-dependent
(BOLD) frequency signal, and nuisance regressors were applied for (in order) head motion, whole-brain signal, white matter signal,
and ventricular signal. Runs were removed if they had a total rotational plus translational displacement of 1mm or a mean-signal
score > 3 standard deviations, using Artifact Detect in Nipype. Using these criteria, one participant was removed from the study
due to excessive head motion during scanning. With signals of non-neuronal origin thus removed, including fluctuation due to respi-
ration, seed-based connectivity maps could then be estimated.

Seed-based rsFC Analyses: Intrasubject Correlation Maps

Functional connectivity maps were created using a custom-built analysis pipeline, which incorporates both custom C programming
and the neuroimaging package FSL, and has been described in detail elsewhere (Choi et al., 2012). Briefly, mean time course data
were extracted from the NAcc ROI described above. Regressor data were modeled from these time course data and fit to the BOLD
signal time course in each voxel across the brain using linear regression. These were converted to correlation coefficient images, and
then transformed to z-maps to increase distribution normality for the images.

rsFC Main Effect Maps

Group-averaged whole-brain connectivity maps were generated via random-effects GLM analysis in SPM8, and corrected for
multiple comparisons using a cluster-level FDR threshold of p < 0.05, in combination with a cluster-forming height threshold of
t > 3. We extracted connectivity estimates for each suprathreshold cluster using spheres with a diameter of 15mm and centered
on the cluster’s peak voxel.

rsFC PCL-R Correlation Maps

As a complementary approach, we identified regions where rsFC with the striatal ROI varied as a function of PCL-R score. PCL-R
scores were regressed against each individual’s striatal rsFC contrast via random-effects GLM analysis in SPM8, and corrected
for multiple comparisons using an FDRpeak threshold of p < 0.05 (cluster-forming height threshold of t > 3).

Correlation, Moderation and Robust Regression Analyses

Trait correlation and moderation analyses were performed in SPSS (version 22; SPSS/IBM, Chicago, IL). These included bivariate,
two-tailed, Pearson correlations for all clinical and behavioral measures, SV-related BOLD signal, and intrinsic functional connectivity
estimates. Partial correlation analyses were used to control for the potentially confounding effects of age and drug use on striatal
function and connectivity. Pearson r values with corresponding p values are provided in the Results Section.

Moderation analyses were performed with the SPSS macro PROCESS (Andrew F. Hayes, Ohio State University, Columbus, OH).
We tested a model wherein X = NAcc-vmPFC connectivity, Y = NAcc SV-related BOLD, and M = PCL-R total score. A non-parametric
resampling procedure (bootstrapping) with 5000 samples was used to estimate the significance of the moderation effect. Through
bootstrapping, we calculated point estimates of the moderation effect over all samples, and constructed a 95% confidence interval
around each point estimate. Statistical significance is inferred if the upper and lower bounds of the confidence interval do not contain
zero. Bootstrapping is generally considered preferable to parametric tests, because it avoids the assumption of normality for the
sampling distributions of the moderation effect, which is typically violated in practice. Statistical parameters reported in the Results
section include the F values for the overall model, r2 change values, beta weight values for point estimates with corresponding
confidence intervals, and p values.

Robust regression analyses were performed in Stata (version 14) using the rreg function. rreg first fits the OLS regression and
calculates Cook’s D for each case. Cases with D > 1 are excluded from subsequent analyses. Thereafter, rreg uses an iterative
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re-weighting approach: case weights are calculated from the absolute residuals on each iteration, with each subsequent iteration
employing those weights. Iterations stop when the maximum change in weights drops below tolerance (0.01). Both Huber and
biweight weight functions are used in sequence: Huber until convergence, and then, from that result, biweights are used until
convergence. In rreg, the Huber tuning constant is hard-coded to be 1.345, meaning that downweighting begins with cases where
the absolute residual is greater than (1.345/0.6745)M =2M, where M = median absolute deviation from the median residual. With
biweighting, all cases with nonzero residuals receive some downweighting. In rreg, the ‘aggressiveness’ of this downweighting
can be specified by the user. Goodall (1983) recommends a biweight tuning constant that drops (i.e., assigns a weight of 0 to) cases
with absolute residuals exceeding 6M-9M, inclusive. To achieve this, we set the tuning constant to 5.396, corresponding to a
threshold of =8M. t value and p values are reported for robust regression analyses in the Results section.
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