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ABSTRACT
BACKGROUND: The symptoms of obsessive-compulsive disorder (OCD) have been postulated to result from
impaired executive functioning and excessive habit formation at the expense of goal-directed control and have
been objectively demonstrated using neuropsychological tests in such patients. This study tested whether there is
functional hypoactivation as well as dysconnectivity of discrete frontostriatal pathways during goal-directed
planning in patients with OCD and in their unaffected first-degree relatives.
METHODS: In total, 21 comorbidity-free patients with OCD, 19 clinically asymptomatic first-degree relatives of these
patients, and 20 control participants were tested on a functional magnetic resonance optimized version of the Tower
of London task. Group differences in brain activation during goal-directed planning were measured together with
associated frontostriatal functional connectivity.
RESULTS: Patients with OCD and their clinically asymptomatic relatives manifested hypoactivation of the right
dorsolateral prefrontal cortex during goal-directed planning coupled with reduced functional connectivity between
this cortical region and the basal ganglia (putamen).
CONCLUSIONS: Hypoactivation of cortical regions associated with goal-directed planning and associated
frontostriatal dysconnectivity represent a candidate endophenotype for OCD. These findings accord with
abnormalities in neural networks supporting the balance between goal-directed and habitual behavior, with
implications for recent neuropsychological theories of OCD and the major neurobiological model for this disorder.
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The major neurobiological model for obsessive-compulsive
disorder (OCD) implies functional abnormalities within fron-
tostriatal circuits (1). These circuits are crucial for enabling the
successful implementation of flexible, goal-directed behavior
(2). Accordingly, deficits in executive functions have been
demonstrated in OCD [for a review, see (3)]. In addition,
exaggerated appetitive (4) and aversive (5) habit learning in
OCD has been shown, also compatible with abnormal activity
of corticostriatal circuits affecting the balance between goal-
directed and habitual behavior (6,7). This neuropsychological
signature is congruent with the clinical phenotype of patients
with OCD, characterized by recurrent intrusive thoughts (ob-
sessions) and/or repetitive behaviors (compulsions) performed
at the expense of goal-directed purposeful actions.

In this study, we tested whether abnormalities of the goal-
directed system are directly related to state (i.e., symptoms
or confounds such as chronic disease and treatments) or
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whether they are state independent (manifest in an individual
whether or not the illness is active) (8). To this end, we used a
familial study design that recruited not only patients with OCD
but also their first-degree unaffected relatives together with
healthy comparison subjects without a family history of the
condition. OCD runs in families, with first-degree relatives
showing increased risk for the disorder compared with the
normal population. There is strong evidence that OCD has a
genetic basis, accounting for 40% of the phenotypic variance
according to twin studies (9). However, a lack of clear genetic
findings has led to the search for candidate endophenotypes,
here operationalized as behavioral, cognitive, or neural
markers of the disorder detected in clinically unaffected first-
degree relatives of patients (8). These endophenotype
markers represent stable phenotypes that might reflect a ge-
netic effect and be more closely related to the causes of a
disorder than to its symptoms (8).
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To investigate the neural basis of the goal-directed system,
we used functional magnetic resonance imaging in conjunc-
tion with a well-validated goal-directed planning task testing
the ability to select the correct sequence of subgoals by
anticipating the consequences of one course of action for
another. Our investigation was based on substantial overlap
between the neural circuitry typically recruited during the
execution of goal-directed planning and the frontostriatal
circuitry implicated in OCD according to the prevailing
neurobiological model (1).

Accordingly, there is evidence of impaired performance
with lengthened response times (10–12) and impaired accu-
racy under more difficult task conditions (13,14) in patients
with OCD. Such impaired performance persisted despite
successful pharmacological treatment (15) and was also found
in unaffected relatives of patients with OCD compared with
healthy subjects (16), highlighting planning performance as a
potential endophenotype for OCD. In spite of a few negative
findings (11,12), several meta-analyses have provided evi-
dence for a considerable impairment in planning abilities in
patients with OCD (17,18). Such impairment was independent
from depression, medication, and symptom severity (18) and
was evident when analyzing accuracy and response times
either as a composite measure or separately. Here, we
included only the easy trials to avoid brain activation’s being
confounded by differences in performance. Therefore, we did
not expect reduced accuracy in patients, in line with previous
studies for which such impairment was found only at the most
difficult levels of the task (3). Because previous studies have
found evidence of lengthened response times (10–12), we
expected increased response times in patients and hypothe-
sized that such abnormalities would extend to their relatives
as well.

At the neural level, hypoactivity of the dorsolateral pre-
frontal cortex (DLPFC) and striatal regions has been identified
during goal-directed planning in patients with OCD (19), and
high levels of obsessive-compulsive symptoms were associ-
ated with hypoactivation of the DLPFC during planning
(20,21). To date, no studies have investigated the neural
correlates of goal-directed planning in unaffected first-degree
relatives of OCD, which were tested here with the hypothesis
of decreased responsiveness in both patients and their
relatives.

Moreover, extending the frontostriatal model for OCD (1),
dysfunctional interactions between cortical and subcortical
nodes, rather than damage to individual brain regions, have
been hypothesized as a potential determinant of OCD (22).
Recent research has documented a double dissociation for
specific frontostriatal circuits, whereby weakened caudate–
ventrolateral PFC and putamen–DLPFC resting state
connectivity accounted for impaired cognitive flexibility and
goal-directed planning in patients with OCD, respectively (14).
Here, we probed task-dependent online functional connec-
tivity (FC) during goal-directed planning and tested the a priori
hypothesis of reduced frontostriatal connectivity between
frontal and subcortical brain regions during the implementa-
tion of goal-directed sequences in OCD patients. In addition,
leveraging a familial study design, we tested whether reduced
frontostriatal connectivity represented a candidate endo-
phenotype for OCD.
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METHODS AND MATERIALS

Participants

In total, 21 comorbidity-free patients with OCD, 19 of their
clinically unaffected first-degree relatives, and 22 control sub-
jects participated in the study. Groups were matched for age
and verbal IQ. All participants were right handed, and each
group included a similar proportion of female participants (see
Supplement). Patients reported higher levels of depressive
symptoms as assessed with the Montgomery–Åsberg Depres-
sion Rating Scale (23), albeit well below the clinical threshold
(Table 1), and the majority of these (n = 17; Supplement) were
receiving selective serotonin reuptake inhibitors.

Experimental Design

We used the One-Touch Spatial Planning task (24) to test goal-
directed planning and the ability to achieve a goal through
intermediate steps (Figure 1A). The task represents a functional
magnetic resonance imaging variant of the corresponding
Cambridge Neuropsychological Test Automated Battery
paradigm (Supplement; see imaging parameters and pre-
processing), whereby in addition to planning trials, a counting
condition controls for visual, attentional, and motor demands.
Problems with 2, 3, or 4 correct moves were included. Planning
and counting problems were displayed alternately. The
experimental paradigm lasted for approximately 10 minutes
(Supplement).

Data Analysis

Behavior. Behavioral data were analyzed with a standard
statistical package (SPSS version 23.0, IBM Corp., Armonk,
NY). Behavioral performance was assessed by the percentage
of problems attempted that were responded to correctly
(accuracy) and the associated mean response times. For each
of these measures, a 2 3 3 3 3 repeated-measures analysis of
variance (ANOVA) compared performance between groups.
The within-subject factors were trial type (planning or counting)
and difficulty level (2, 3, or 4), and the between-subject factor
was group (controls, relatives, or patients). Appropriate cor-
rections were applied in case of violation of the assumption of
sphericity. When significant differences were found with
ANOVA, post hoc protected least significant difference tests
were conducted. The relationship between behavioral mea-
sures (accuracy and mean response times) and disease
severity (Yale-Brown Obsessive Compulsive Scale [Y-BOCS])
was investigated in patients with OCD.

Functional Magnetic Resonance Imaging. For imaging
data analysis, SPM was used. The hemodynamic response
was modeled to the onsets and durations of planning and
counting problems. Onsets were the time of appearance of the
stimuli on the screen, and durations were measured to the time
of response. For each individual, the following contrasts of
interest were estimated: planning activation relative to rest for
2, 3, and 4 moves; planning activation relative to counting for
2, 3, and 4 moves, respectively; planning high minus planning
low; planning minus counting; and counting minus planning
(Supplement). Whole-brain maps depicting these contrast es-
timates were collated for second-level (group) random-effects
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Table 1. Demographic, Clinical, and Behavioral Characteristics of Patients With OCD, Their First-Degree Unaffected
Relatives, and Healthy Comparison Subjects

Control Subjects
(n = 20)

Relatives
(n = 19)

Patients
(n = 21) Statistic df p

Demographic Measures

Gender, n (male:female) 5:15 5:14 3:18 c2 = 1.047 2 .592

Age, years 36.45 (8.54) 41.11 (10.63) 37.90 (14.31) F = 0.835 2,57 .439

Estimated verbal IQ 115.80 (6.07) 114.57 (7.04) 115.55 (5.13) F = 0.220 2,57 .803

Handedness 61.50 (48.15) 61.58 (44.38) 65.71 (46.86) F = 0.055 2,57 .947

Clinical Measures

MADRS 1.35 (3.38) 2.32 (3.20) 7.33 (7.34) F = 8.178 2,57 .001

Y-BOCS obsessions 0 0 11.43 (2.82)

Y-BOCS compulsions 0 0 12.05 (2.71)

Y-BOCS total 0 0 23.00 (5.65)

Behavioral Measures

Planning accuracy, overall % 85.36 (3.15) 82.01 (3.23) 84.68 (3.07) F = 0.623 2,57 .540a

Accuracy, p2 % 88.69 (15.98) 85.66 (19.89) 87.86 (11.19)

Accuracy, p3 % 87.74 (14.15) 83.09 (18.27) 85.47 (17.65)

Accuracy, p4 % 79.64 (21.92) 77.28 (21.82) 80.71 (21.88)

Planning response times, overall seconds 6.58 (0.66) 8.47 (0.68) 8.81 (0.65) F = 4.236 2,57 .019b

Response time, p2 seconds 5.97 (1.96) 7.25 (2.05) 6.96 (2.05)

Response time, p3 seconds 5.98 (1.51) 8.52 (2.79) 8.47 (4.93)

Response time, p4 seconds 7.79 (2.64) 9.64 (2.85) 11.00 (6.29)

Values are presented as mean (SD). Estimated verbal IQ was measured with the National Adult Reading Test. Handedness was measured with
the Edinburgh Handedness Inventory.

MADRS, Montgomery–Åsberg Depression Rating Scale; OCD, obsessive-compulsive disorder; p2, planning 2 moves; p3, planning 3 moves;
p4, planning 4 moves; Y-BOCS, Yale-Brown Obsessive Compulsive Scale.

aRepeated-measures analysis of variance; there was not a main effect of group for accuracy.
bRepeated-measures analysis of variance; there was a main effect of group on response times, with patients and relatives being slower than

controls irrespective of trial type (counting or planning) and difficulty level (2, 3, or 4 moves).
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analyses as specified in the Supplement for each contrast.
Activation was deemed significant at p , .05, familywise error
(FWE) corrected at the voxel level, or p , .001 uncorrected.

Previous studies have demonstrated caudate activation in
association with planning (25–27) and reduced activation in
caudate and putamen during planning in patients with OCD
(19). Thus, regions of interest (ROIs) in those regions were
defined in both hemispheres as 3.5-mm radial spheres using
the MarsBaR toolbox at Montreal Neurological Institute (MNI)
coordinates x = 11, y = 7, z = 9 for the caudate and at MNI
coordinates x = 24, y = 0, z = 3 for the putamen (Supplement).
Average intensity value from all voxels within an ROI was
calculated to carry out ROI analyses. Neural responses were
correlated with behavioral measures and, to explore their
relationship with symptom severity, with Y-BOCS values and
depression scores.

Functional Connectivity. Because caudate and putamen
were hypothesized to mediate executive performance via task-
related FC modulation with the PFC (2,28), we conducted a
psychophysiological interaction (PPI) analysis to interrogate
frontostriatal connectivity during goal-directed planning. In
accordance with previous research with this paradigm (24), an
ROI was derived from the main effect of planning minus
counting across all subjects thresholded at p , .05, FWE
corrected, and corresponding to the peak coordinate of the
cluster including the right superior and middle frontal gyri (MNI
Biological Psychiatry: Cognitive Neuroscience and Neuro
coordinates x = 24, y = 20, z = 52). PPI analysis was conducted
as described in the Supplement. We generated our hypothesis
of reduced frontostriatal FC in patients with OCD and their
first-degree unaffected relatives on the basis of previous
findings showing DLPFC hypoactivation in patients with OCD
during goal-directed planning (19) and on findings of reduced
resting-state connectivity between the DLPFC and the puta-
men accounting for impoverished performance on goal-
directed planning in patients with OCD (14). Therefore, we
expected hypoactivation of DLPFC to be reflected in reduced
interaction with associated striatal structures during goal-
directed planning, both in patients with OCD and in their
first-degree relatives, as tested by nonparametric permutation
testing (one tailed, Monte Carlo pairwise permutation testing
conducted in SPSS; see Supplement). Significance was set at
p , .05. FC parameters were correlated with behavioral
measures and with Y-BOCS and depression values to inves-
tigate the relationship between symptoms and frontostriatal
connectivity.

RESULTS

Behavioral Results

Accuracy did not differ across groups (F2,57 = 0.623, p = .540).
All participants achieved a lower number of correct responses
during planning trials versus counting trials (F1,57 = 23.033,
p , .001). The proportion of correct responses decreased with
imaging November 2017; 2:655–663 www.sobp.org/BPCNNI 657
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Figure 1. Experimental design and associated
brain network for goal-directed planning. (A) Display
screen of the One-Touch Spatial Planning task used
in the current study. Participants were presented
with a cue screen displaying the word “Planning”
(planning trials) or “Counting” (counting trials) before
each new problem to disambiguate between trials. In
the planning condition, participants indicated by
pressing the corresponding button on a functional
magnetic resonance imaging compatible button box
the minimum possible number of moves needed to
rearrange the balls in the upper half of the screen so
that they were in the same configuration as those in
the lower half of the screen. Participants were
instructed that the balls needed to move in and out
of the top of the tubes, could be moved only one at a
time, and could not be moved past each other in the
tubes. In the counting condition, participants needed
to subtract the number of balls in the top array from
the number of balls in the bottom array. Feedback for
correct and incorrect answers was provided at the
end of each trial. Difficulty varied from 2 to 4 moves.
Event duration was measured from the time of
appearance of the stimulus until the time of a
response on the button box. (B) Main effect of
planning (planning minus counting) across all par-
ticipants (n = 60). Voxelwise familywise error
correction for the whole-brain volume; p , .05.
Significant brain activation was identified in the
expected frontoparietal network during planning.
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problem difficulty (F2,57 = 9.377, p , .001), with no significant
trial type and difficulty interaction (F1.87,106.48 = 0.430, p =
.638). There was no significant interaction between group and
trial type (F2,57 = 0.632, p = .40) or between group and difficulty
(F4,114 = 0.380, p = .822) (Supplemental Figure S1A, B and
Table 1). Repeated-measures ANOVA revealed a main effect of
group for response times (F2,57 = 4.236, p = .019), with patients
(p = .009) and relatives (p = .027) being slower than control
subjects irrespective of trial type and difficulty. Across all
groups, response times were significantly longer in the plan-
ning condition (F1,57 = 348.897, p , .001). A main effect of
difficulty (F1.63,93.06 = 24.178, p , .001) indexed significantly
prolonged response times across trial type and groups for the
most difficult problems. The interaction between trial type and
difficulty (F1.98,112.84 = 26.627, p , .001) indicated that
response times during planning were significantly lengthened
as the difficulty of the problems increased across groups.
There was no significant interaction between group and trial
type (F2,57 = 0.270, p = .765) or between group and difficulty
(F4,114 = 1.462, p = .218) (Supplemental Figure S1C, D). There
were no significant correlations between Y-BOCS scores and
accuracy (all ps . .286) or reaction times (all ps . .057) in
patients with OCD. In summary, both patients and relatives
had intact accuracy but slower responding compared with
control subjects.

Brain Regions Activated During Goal-Directed
Planning

Planning Minus Counting. A robust effect of planning
minus counting was found in the expected dorsal fronto-
parietal network across all participants (p , .05, FWE)
(Figure 1B and Supplemental Table S1). This network was
658 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging N
different from the one identified on the opposite contrast,
counting minus planning (Supplemental Figure S2 and
Supplemental Table S2).

Although we did not observe significant striatal activation in
association with the planning component, ROI analysis was
conducted for the right putamen and right caudate for the
contrast planning minus counting. Parameter estimate signal
change was explored separately in each group by means of
one-sample t test. Significant deactivation of the right putamen
was found in control subjects (t19 = 24.76, p , .001) and in
relatives of patients with OCD (t18 = 22.479, p = .023), but not
in patients (t20 = 20.837, p = .412). This analysis indicated
insufficient hypoactivation of the putamen during planning in
patients with OCD, as confirmed by significant differences in
patients compared with control subjects (U = 109.000,
Z = 22.634, p = .007, Monte Carlo pairwise permutation
testing, Bonferroni corrected, SPSS). There was no difference
between relatives and control subjects (U = 139.000,
Z = 21.433, p = .158) (Supplemental Figure S3A). No signifi-
cant involvement of the right caudate was found in control
subjects (t19 =20.152, p = 0.880), relatives of patients with OCD
(t18 = 0.311, p = .760), or patients (t20 = 1.549, p = .137)
(Supplemental Figure S3B) (but see the Supplement for evidence
of caudate involvement on the contrast planning minus resting).

Between-Group Effects on Goal-Directed Plan-
ning. During goal-directed planning, we detected a main ef-
fect of group on neural activation in the right precentral gyrus
(Brodmann area 6 [BA 6]) and in the middle frontal gyrus
entailing BA 9 and BA 9/46 (Table 2) (Supplement; planning
minus resting, between-group differences). Post hoc compar-
isons revealed significant frontal hypoactivation in patients and
ovember 2017; 2:655–663 www.sobp.org/BPCNNI
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Table 2. Group Differences in Brain Activation During Goal-Directed Planning

Contrast Region BA

MNI Coordinates

kE Z Peak pFWEx y z

Main Effect of Group

R Precentral gyrus 6 44 2 44 16 4.67 .012

R Middle frontal gyrus 9 38 22 28 8 4.51 .023

R Middle frontal gyrus 9/46 46 28 30 1 4.36 .041

Post Hoc Comparisons

Controls . patients R Middle frontal gyrus 9/46 46 28 30 10 4.51 .019

R Middle frontal gyrus 6/9 44 2 44 10 4.58 .021

Controls . relatives R Middle frontal gyrus 6/9 36 22 26 14 4.56 .015

R Precuneus 19 28 272 26 18 4.52 .018

R Middle frontal gyrus 6/9 42 0 44 12 4.47 .022

R Middle frontal gyrus 9 30 0 48 7 4.39 .044

Relatives . patients – – – – – – – – –

Patients . relatives – – – – – – – – –

Controls . both R Middle frontal gyrus 6 44 2 44 86 5.16 .001

R Middle frontal gyrus 9 38 22 28 93 5.01 .002

R Middle frontal gyrus 9/46 46 28 30 4.79 .006

R Precuneus 28 272 28 27 4.56 .015

R Middle occipital gyrus 19/18 30 282 8 1 4.33 .037

Coordinates in MNI space. pFWE = p value with familywise error correction for the whole-brain volume (p , .05).
BA, Brodmann area; FWE, familywise error; kE, cluster size; MNI, Montreal Neurological Institute; R, right; Z, Z score.

Frontostriatal Alterations as an Endophenotype for OCD
Biological
Psychiatry:
CNNI
in their unaffected first-degree relatives compared with control
subjects with no evidence of a significant difference between
relatives and patients (Table 2). In fact, at all levels of planning
complexity, the DLPFC (BA 9 and BA 9/46) was hypoactive in
patients and their relatives when compared with control sub-
jects (Table 2 and Figure 2). Covariation for depression scores
or response times did not significantly affect the results.
Similarly, there was no significant correlation between brain
activity at the different levels of planning complexity and
response times or accuracy (all ps . .360) either when
collapsing all participants together or for each group sepa-
rately. There was no significant correlation with Y-BOCS and
depression scores (all ps. .331). Similar frontal hypoactivation
was identified in patients and relatives (MNI coordinates x = 38,
y = 22, z = 26; cluster size = 13, Z = 4.39, p = .027, FWE) even
when analyzing whole-brain between-group differences via a
one-way ANOVA on the contrast planning versus resting.
There were no differences between patients and relatives.

To investigate between-group differences for processes
exclusively involved in planning, we compared brain activation
across groups on planning versus counting (Supplement;
planning minus counting, between-group differences). Hypo-
activation was identified in patients and relatives compared
with control subjects in the right middle frontal gyrus (BA 6/8)
(MNI coordinates x = 32, y = 8, z = 48; cluster size = 14, Z =
3.32, p , .001, uncorrected). There were no differences be-
tween relatives and patients. Covariation of depression scores
or response times did not significantly affect the results, and
there was no correlation with clinical or behavioral scores.
These results suggest that hypoactivation of the DLPFC rep-
resents a trait marker of the disorder. To investigate the effect
of planning load, we compared groups on high difficulty minus
low difficulty of planning (Supplement). Finally, there were no
between-group differences for counting trials (Supplement).
Biological Psychiatry: Cognitive Neuroscience and Neuro
Frontostriatal Connectivity During Goal-Directed
Planning. In control subjects, significant frontal connectiv-
ity was found with the putamen (t18 = 5.931, p , .001, Bon-
ferroni corrected for multiple comparisons) but not with the
caudate (t18 = 1.866, p = .078). This suggested frontoputaminal
connectivity to be implicated during planning and therefore
was further explored in patients and relatives. While strong PPI
connectivity between the frontal seed and the putamen was
observed in control subjects, there was no such significant
connectivity in relatives (t17 = 0.738, p = .471) or in patients
(t20 = 0.922, p = .367).

When comparing cross-group differences in the frontoputa-
minal PPI parameter estimates (Figure 3A), patients with OCD
showed reduced FC between the seed region and right putamen
compared with control subjects (U = 127.000, Z = 21.964,
p = .025; Monte Carlo pairwise permutation testing, Bonferroni
corrected, SPSS). Similarly, reduced frontoputaminal connec-
tivity was found in relatives when compared with healthy vol-
unteers (U = 102.000,Z =22.097, p = .019, Monte Carlo pairwise
permutation testing, Bonferroni corrected, SPSS) (Figure 3B).
PPI FC between the right DLPFC and the right putamen did
not correlate with Y-BOCS scores or depression scores. Neither
for all participants collapsed together nor for each group sepa-
rately was there a significant association between brain con-
nectivity and response times or accuracy (all ps . .252).

For both the right putamen and right caudate, significant
beta weights were found for the physiological predictor for
each group separately (all ps , .001), and there were no dif-
ferences across groups.

DISCUSSION

This study found hypoactivation of the DLPFC during goal-
directed planning, not only in patients with OCD but also in
imaging November 2017; 2:655–663 www.sobp.org/BPCNNI 659
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Figure 2. Brain areas of hypoactivation in patients with obsessive-compulsive disorder and their first-degree unaffected relatives during goal-directed
planning. (A) At all levels of planning complexity, patients with obsessive-compulsive disorder and their first-degree relatives showed hypoactivation in an
extensive cluster in the right middle frontal gyrus, including Brodmann areas 6, 9, and 9/46. Brain activation rendered at p , .01 corrected for false discovery
rate, with 4592 voxels extent threshold for display purposes. (B) Parameter estimate in arbitrary units in the dorsolateral prefrontal cortex at peak coordinates
x = 38, y = 22, z = 28 (significant at p , .05; familywise error, corrected for the whole-brain mass). Error bars denote SEM. p2, planning 2 moves; p3, planning 3
moves; p4, planning 4 moves.
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their unaffected first-degree relatives when compared with
control subjects without a family history of OCD. In addition,
the profile of task-dependent frontostriatal interaction during
goal-directed behavior was reduced in patients and was
indistinguishable from that of their relatives. Therefore, goal-
directed planning hypoactivation of the DLPFC and associ-
ated frontostriatal connectivity were identified as a hitherto
undiscovered candidate endophenotype for OCD.

Reduced activation of the DLPFC in patients with OCD
during goal-directed planning is highly consistent with
(p = .019, one-tailed Monte Carlo pairwise permutation testing) showed reduc
goal-directed planning. Error bars show SEM. *p , .05, Monte Carlo pairwise

660 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging N
previous findings (19). Here, we independently replicated
those findings and provided new evidence that the same
pattern of hypoactivation in the DLPFC characterizes pa-
tients with OCD and their relatives alike, suggesting a
common weak frontal neural recruitment during goal-
directed planning. Because patients with OCD and their
relatives were matched on all demographic variables, this
difference might reflect a genetic or familial susceptibility to
OCD. This also rules out the potential confounding effects of
medication and symptom duration, indicating that the
Figure 3. Reduced frontostriatal coupling in
patients with obsessive-compulsive disorder and
their first-degree unaffected relatives during goal-
directed planning. (A) Schematic rendering of the
seed region for psychophysiological interaction
analysis in the right superior frontal gyrus (Brod-
mann area 6) derived from the main effect of
planning minus counting across all subjects
(spherical region of interest at x = 24, y = 20,
z = 52). Significant group differences were tested
for connectivity between the right superior frontal
gyrus and the right putamen (spherical region of
interest at x = 24, y = 0, z = 3). (B) Bar plot
showing mean parameter estimate in psycho-
physiological connectivity in arbitrary units when
addressing functional connectivity during goal-
directed planning between the right dorsolateral
prefrontal cortex (R DLPFC) and the right putamen
(R putamen). Compared with control subjects,
patients with obsessive-compulsive disorder
(p = .025, one-tailed Monte Carlo pairwise per-
mutation testing) and first-degree relatives

ed functional coupling between the R DLPFC and the R putamen during
permutation testing, Bonferroni corrected.

ovember 2017; 2:655–663 www.sobp.org/BPCNNI
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observed pattern of hypoactivation is a trait marker of OCD.
Further pointing to the state-independent nature of these
functional abnormalities, as a necessary criterion for an
endophenotype (8), there was no association between the
neuroimaging findings and illness severity in patients.

Frontal and parietal anomalies have been previously shown
in patients with OCD and their first-degree relatives. There is
evidence of shared structural abnormalities (29,30) and, at the
functional level, hypoactivation related to reversal learning
(31) and hyperactivation during response inhibition (32) and
working memory performance (33). Together with these
studies, our results suggest that endophenotype abnormal-
ities extend across multiple executive domains distributed in
specific frontal regions. Our results further demonstrate that
while OCD pathophysiology is traditionally linked to the
orbitofrontal circuit (6), it is likely associated with a more
distributed network (34).

All groups showed significant activation within the caudate
during goal-directed planning; in addition, relative to counting,
there was a prominent hypoactivation of the putamen in
healthy volunteers that was not observed in patients. This
finding points to a relative lack of putaminal hypoactivation, an
area usually associated with habitual behavior, during a goal-
directed task in patients with OCD. We hypothesize that
enhanced functioning of the putamen might be linked to an
exaggerated habitual tendency observed in OCD (4,5).

We also observed reduced functional coupling between the
DLPFC and the putamen during goal-directed planning in pa-
tients with OCD compared with control subjects and, consis-
tent with an endophenotype pattern, in relatives of patients
compared with control subjects. Evidence of significant in-
teractions between the DLPFC and putamen is provided by
studies in a healthy population showing dense structural in-
terconnections (35) and functional cross-talk as measured
during task (28) and at rest (36).

Parallel frontostriatal circuits (2) and nonreciprocal con-
nections (37) between the PFC and the basal ganglia are
pivotal for enabling learning and flexibility. These cognitive
domains are frequently impaired in OCD, as shown by studies
demonstrating deficits in response inhibition (29,38), reversal
learning (31), and extradimensional set shifting (39).

In a sample of patients with OCD different from those used
in this study, a direct relationship was recently demonstrated
between reduced DLPFC–putamen resting-state connectivity
and impaired performance in goal-directed planning tested
outside the scanner (14). Here, we have extended those find-
ings by showing, remarkably, that exactly the same pattern of
neural dysfunctional interaction can be discerned during the
implementation of goal-directed planning and that it might
represent a neurocognitive trait for the disorder.

A limitation of our analysis is that it does not allow us to
draw conclusions on directionality; however, a plausible
mechanism might be a failure of top-down control over
subcortical brain regions. Overall, insufficient DLPFC top-
down recruitment in patients and relatives might result in
weak frontostriatal interaction and lack of top-down control of
the putamen, potentially contributing to impairments in the
ability of assembling novel sequences of behavior over
potentially disruptive habitual tendencies inherent in the task.
Thus, this may contribute to the inability of patients with OCD
Biological Psychiatry: Cognitive Neuroscience and Neuro
to suppress automatic behavior in favor of flexible, goal-
oriented behavior.

Frontostriatal abnormalities are also found on tasks
assessing implicit learning (40–42). The task used here allowed
only the investigation of the goal-directed system; however,
further studies are needed to understand the relationship be-
tween the goal-directed system and systems allocated for skill
learning implicating, for example, the cerebellum.

The behavioral data showed longer response times in
patients with OCD and their relatives, whereas accuracy
scores were not significantly affected. A potential limitation is
that the measure of accuracy was based only on the pre-
dicted number of moves required to solve the problems. Even
if participants took longer to solve more complicated prob-
lems, they might have simply ruled out that solutions with
lower numbers of moves were not possible. However, our
findings agree with previous studies identifying significantly
reduced accuracy only at the most difficult levels of planning,
which were intentionally not included in this study. The most
parsimonious interpretation of our results is that the same
level of accuracy in patients and relatives as in control sub-
jects was obtained at the cost of their lengthened response
times. Alternatively, because the degree of certainty that a
decision is correct is also indexed by the decision time
(43,44), it is possible that longer response times reflected
increased uncertainty. Slowing was found not only on plan-
ning trials but also on counting trials. However, between-
group differences for goal-directed planning were not due
to different response times, and there were no significant
group differences in the counting condition. It is striking that
the same pattern was found not only in patients but also in
their first-degree unaffected relatives. Our main approach,
consistent with earlier studies (45), did not make use of a
control condition that included all visuomotor and cognitive
processes other than those implicated specifically in plan-
ning. An obvious limitation of this approach is that, although
it captures primarily planning-related activation, it may also
tap into secondary nonspecific aspects of attention and vi-
suospatial perception. However, even when using a suitable
contrast (i.e., counting), we obtained similar results for
between-group differences, albeit at a lower statistical level of
significance. Moreover, a more stringent contrast was used in
the FC analysis, thereby isolating planning components such
as working memory and response sequencing in goal-
directed behavior. Brain imaging activation did not differ for
counting trials across groups, indicating no obvious group
differences for those processes merely involved in the
counting task, including visuospatial attention.

In keeping with previous imaging studies, the frontoparietal
network was found to be selectively activated during planning
minus the attentional and visuomotor control condition (25).
Lateralization toward the right side is consistent with previous
studies emphasizing the role of the right hemisphere when the
task requires manipulation of task-related information (46)
rather than reproduction of the appropriate motor sequence
for which the left hemisphere is more heavily involved and
minimized by our experimental design (25,47).

Similar to previous studies (24–26,45), we did not detect
caudate activation when planning trials were compared with a
control condition. However, modulation of subcortical brain
imaging November 2017; 2:655–663 www.sobp.org/BPCNNI 661
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regions was found in association with planning load in control
subjects, also consistent with previous findings (25,26).

The fact that most patients were medicated with selective
serotonin reuptake inhibitors, which could affect connectivity
measures in OCD (48), poses a potential limitation for this
study. We did not have sufficient power to make a direct
comparison between medicated and unmedicated patients.
Similarities between patients and completely unmedicated
relatives of patients with OCD, however, militate against the
notion that findings were significantly mediated by a medica-
tion effect. Nevertheless, in subsequent studies, an appro-
priate unmedicated group of patients with OCD should be
included to definitively determine the effect of medication.

Finally, although we carefully excluded any participants with
anxiety disorders and any other comorbidity, we did not record
subclinical anxiety scores. Previous studies tested brain cor-
relates of planning performance transdiagnostically, revealing
only subtle differences between patients with OCD and pa-
tients affected by panic disorder or hypochondriasis and
suggesting that frontostriatal and limbic abnormalities during
planning might be independently implicated across these
disorders (49). A key question not directly investigated here
therefore pertains to whether the observed hypoactivation is
specific to OCD. Because the same pattern of hypoactivation
is found in unaffected first-degree relatives, our results rule out
the hypothesis that state components (i.e., symptoms or
confounds such as chronic disease and treatments) directly
contribute to the observed neural readout.

Even if endophenotypic traits might be relatively less com-
plex genetically than disease phenotypes, it is nevertheless
plausible that they may reflect the operation of many different
genes. Endophenotypic traits might also predate signs or
symptoms of illness. However, the first-degree unaffected
relatives included in this study were beyond the typical age of
onset for OCD. Therefore, even if the identified neural and
behavioral markers might predispose to the development of
OCD, they do not seem sufficient in themselves to lead to the
full-blown manifestation of the condition. It remains to be un-
derstood how this familial vulnerability trait, which could also
result from environmental factors such as stress, results in
OCD symptoms.

In conclusion, we have identified hypoactivation in the
DLPFC as a candidate neurocognitive endophenotype for
OCD. Associated aberrant coupling with the putamen might
predispose toward excessive habit formation and suboptimal
goal-directed performance.

ACKNOWLEDGMENTS AND DISCLOSURES
This work was supported by a Wellcome Trust Senior Investigator Award
(No. 104631/Z/14/Z) to TWR. Work was completed at the Behavioural and
Clinical Neuroscience Institute, University of Cambridge, supported by a
joint award from the Medical Research Council and Wellcome Trust (No.
G00001354). MMV is supported by a Pinsent Darwin Scholarship in Mental
Pathology and Angharad Dodds John Bursary in Mental Health and
Neuropsychiatry. SRC’s involvement in this work was funded by a Wellcome
Trust Clinical Fellowship (No. 110049/Z/15/Z).

We thank all the patients and volunteers who took part in this study,
members of the Wolfson Brain Imaging Centre for technical assistance in
data collection, and Kirstie Whitaker for assistance in creating Figure 3.

The manuscript was previously presented in part at the annual meeting
of the Society for Neuroscience, November 2014, Washington, DC.
662 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging N
TWR consults for Cambridge Cognition and during the past year con-
sulted for Lundbeck and Mundipharma. He receives royalties from Cam-
bridge Cognition (for Cambridge Neuropsychological Test Automated
Battery) and editorial honoraria from Elsevier and Springer Verlag. During the
past several years, NAF has received research support from Lundbeck,
GlaxoSmithKline, European College of Neuropsychopharmacology, Servier,
Cephalon, AstraZeneca, Medical Research Council (UK), National Institute
for Health Research, Wellcome Foundation, University of Hertfordshire,
European Union (Seventh Framework Programme), and Shire. She has
received honoraria for lectures at scientific meetings from Otsuka, Lund-
beck, Servier, AstraZeneca, Jazz Pharmaceuticals, Bristol-Myers Squibb,
UK College of Mental Health Pharmacists, and British Association for Psy-
chopharmacology. She has received financial support to attend scientific
meetings from Royal Australian and New Zealand College of Psychiatrists,
Shire, Janssen, Lundbeck, Servier, Novartis, Bristol-Myers Squibb, Cepha-
lon, International College of Obsessive-Compulsive Spectrum Disorders,
International Society for Behavioural Addiction, The International College of
Neuropsychopharmacology, International Forum on Mood and Anxiety
Disorders, European College of Neuropsychopharmacology, British Asso-
ciation for Psychopharmacology, World Health Organization, and Royal
College of Psychiatrists. She has received financial royalties for publications
from Oxford University Press and payment for editorial duties from Taylor &
Francis. SRC consults for Cambridge Cognition and Shire. All other authors
report no biomedical financial interests or potential conflicts of interest.

ARTICLE INFORMATION
From the Behavioural and Clinical Neuroscience Institute (MMV, ABB, BJS,
SRC, TWR), Department of Psychology (MMV, TWR), and Department of
Psychiatry (MK, ABB, BJS, SRC), University of Cambridge, and Cambridge
and Peterborough NHS Foundation Trust (SRC), Cambridge; Cognitive
Computational and Clinical Neurosciences Laboratory (AH), Imperial College
London, London; and National Treatment Service for OCD (England and
Wales) (NAF), Hertfordshire, United Kingdom; and Department of Psychiatry,
Psychotherapy and Psychosomatics (ABB), University Hospital of Psychi-
atry, Zurich, Switzerland.

Address correspondence to Matilde M. Vaghi, Department of Psychol-
ogy, Downing Site, Cambridge CB2 3EB, United Kingdom; E-mail: mmsv2@
cam.ac.uk.

Received Feb 22, 2017; revised and accepted May 30, 2017.
Supplementary material cited in this article is available online at http://dx.

doi.org/10.1016/j.bpsc.2017.05.005.
REFERENCES
1. Saxena S, Rauch SL (2000): Functional neuroimaging and the neuro-

anatomy of obsessive-compulsive disorder. Psychiatr Clin North Am
23:563–586.

2. Alexander GE, DeLong MR, Strick PL (1986): Parallel organization of
functionally segregated circuits linking basal ganglia and cortex. Annu
Rev Neurosci 9:357–381.

3. Chamberlain SR, Blackwell AD, Fineberg NA, Robbins TW,
Sahakian BJ (2005): The neuropsychology of obsessive compulsive
disorder: The importance of failures in cognitive and behavioural in-
hibition as candidate endophenotypic markers. Neurosci Biobehav
Rev 29:399–419.

4. Gillan CM, Papmeyer M, Morein-Zamir S, Sahakian BJ, Fineberg NA,
Robbins TW, et al. (2011): Disruption in the balance between goal-
directed behavior and habit learning in obsessive-compulsive disor-
der. Am J Psychiatry 168:718–726.

5. Gillan CM, Morein-Zamir S, Urcelay GP, Sule A, Voon V, Apergis-
Schoute AM, et al. (2014): Enhanced avoidance habits in obsessive-
compulsive disorder. Biol Psychiatry 75:631–638.

6. Graybiel AM, Rauch SL (2000): Toward a neurobiology of obsessive-
compulsive disorder. Neuron 28:343–347.

7. Gillan CM, Robbins TW (2014): Goal-directed learning and obsessive-
compulsive disorder. Philos Trans R Soc Lond B Biol Sci 369:475.

8. Gottesman II, Gould TD (2003): The endophenotype concept in
psychiatry: Etymology and strategic intentions. Am J Psychiatry
160:636–645.
ovember 2017; 2:655–663 www.sobp.org/BPCNNI

mailto:mmsv2@cam.ac.uk
mailto:mmsv2@cam.ac.uk
http://dx.doi.org/10.1016/j.bpsc.2017.05.005
http://dx.doi.org/10.1016/j.bpsc.2017.05.005
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref1
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref1
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref1
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref2
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref2
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref2
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref3
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref3
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref3
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref3
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref3
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref4
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref4
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref4
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref4
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref5
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref5
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref5
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref6
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref6
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref7
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref7
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref8
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref8
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref8
http://www.sobp.org/BPCNNI


Frontostriatal Alterations as an Endophenotype for OCD
Biological
Psychiatry:
CNNI
9. Pauls DL, Abramovitch A, Rauch SL, Geller DA (2014): Obsessive-
compulsive disorder: An integrative genetic and neurobiological
perspective. Nat Rev Neurosci 15:410–424.

10. Purcell R, Maruff P, Kyrios M, Pantelis C (1998): Cognitive deficits in
obsessive-compulsive disorder on tests of frontal-striatal function.
Biol Psychiatry 43:348–357.

11. Veale DM, Sahakian BJ, Owen AM, Marks IM (1996): Specific cognitive
deficits in tests sensitive to frontal lobe dysfunction in obsessive-
compulsive disorder. Psychol Med 26:1261–1269.

12. Watkins LH, Sahakian BJ, Robertson MM, Veale DM, Rogers RD,
Pickard KM, et al. (2005): Executive function in Tourette’s syndrome
and obsessive-compulsive disorder. Psychol Med 35:571–582.

13. Chamberlain SR, Fineberg NA, Blackwell AD, Clark L, Robbins TW,
Sahakian BJ (2007): A neuropsychological comparison of obsessive-
compulsive disorder and trichotillomania. Neuropsychologia 45:654–662.

14. Vaghi MM, Vértes PE, Kitzbichler MG, Apergis-Schoute AM, van der
Flier FE, Fineberg NA, et al. (2017): Specific frontostriatal circuits for
impaired cognitive flexibility and goal-directed planning in obsessive-
compulsive disorder: Evidence from resting-state functional connec-
tivity. Biol Psychiatry 81:708–717.

15. Nielen MMA, Den Boer JA (2003): Neuropsychological performance of
OCD patients before and after treatment with fluoxetine: Evidence for
persistent cognitive deficits. Psychol Med 33:917–925.

16. Delorme R, Goussé V, Roy I, Trandafir A, Mathieu F, Mouren-
Siméoni M-C, et al. (2007): Shared executive dysfunctions in unaf-
fected relatives of patients with autism and obsessive-compulsive
disorder. Eur Psychiatry 22:32–38.

17. Abramovitch A, Abramowitz JS, Mittelman A (2013): The neuropsy-
chology of adult obsessive-compulsive disorder: A meta-analysis. Clin
Psychol Rev 33:1163–1171.

18. Snyder HR, Kaiser RH, Warren SL, Heller W (2015): Obsessive-
compulsive disorder is associated with broad impairments in executive
function: A meta-analysis. Clin Psychol Sci 3:301–330.

19. van den Heuvel OA, Veltman DJ, Groenewegen HJ, Cath DC, van
Balkom AJLM, van Hartskamp J, et al. (2005): Frontal-striatal
dysfunction during planning in obsessive-compulsive disorder. Arch
Gen Psychiatry 62:301–309.

20. den Braber A, van’t Ent D, Blokland GAM, van Grootheest DS,
Cath DC, Veltman DJ, et al. (2008): An fMRI study in monozygotic
twins discordant for obsessive-compulsive symptoms. Biol Psychol
79:91–102.

21. den Braber A, van’t Ent D, Cath DC, Wagner J, Boomsma DI, de
Geus EJC (2010): Brain activation during cognitive planning in twins
discordant or concordant for obsessive-compulsive symptoms. Brain
133:3123–3140.

22. Haber SN, Heilbronner SR (2013): Translational research in OCD:
Circuitry and mechanisms. Neuropsychopharmacology 38:252–253.

23. Montgomery SA, Asberg M (1979): A new depression scale designed
to be sensitive to change. Br J Psychiatry 134:382–389.

24. Williams-Gray CH, Hampshire A, Robbins TW, Owen AM, Barker RA
(2007): Catechol O-methyltransferase Val158Met genotype influences
frontoparietal activity during planning in patients with Parkinson’s
disease. J Neurosci 27:4832–4838.

25. Owen AM, Doyon J, Petrides M, Evans AC (1996): Planning and spatial
working memory: A positron emission tomography study in humans.
Eur J Neurosci 8:353–364.

26. Dagher A, Owen AM, Boecker H, Brooks DJ (1999): Mapping the
network for planning: A correlational PET activation study with the
Tower of London task. Brain 122(Pt 10):1973–1987.

27. van den Heuvel OA, Groenewegen HJ, Barkhof F, Lazeron RHC, van
Dyck R, Veltman DJ (2003): Frontostriatal system in planning
complexity: A parametric functional magnetic resonance version of
Tower of London task. NeuroImage 18:367–374.

28. Pauli WM, O’Reilly RC, Yarkoni T, Wager TD (2016): Regional
specialization within the human striatum for diverse psychological
functions. Proc Natl Acad Sci U S A 113:1907–1912.

29. Menzies L, Achard S, Chamberlain SR, Fineberg N, Chen C-H, del
Campo N, et al. (2007): Neurocognitive endophenotypes of obsessive-
compulsive disorder. Brain 130:3223–3236.
Biological Psychiatry: Cognitive Neuroscience and Neuro
30. Menzies L, Williams GB, Chamberlain SR, Ooi C, Fineberg N,
Suckling J, et al. (2008): White matter abnormalities in patients with
obsessive-compulsive disorder and their first-degree relatives. Am J
Psychiatry 165:1308–1315.

31. Chamberlain SR, Menzies L, Hampshire A, Suckling J, Fineberg NA,
del Campo N, et al. (2008): Orbitofrontal dysfunction in patients with
obsessive-compulsive disorder and their unaffected relatives. Science
321:421–422.

32. de Wit SJ, de Vries FE, van der Werf YD, Cath DC, Heslenfeld DJ,
Veltman EM, et al. (2012): Presupplementary motor area hyperactivity
during response inhibition: A candidate endophenotype of obsessive-
compulsive disorder. Am J Psychiatry 169:1100–1108.

33. de Vries FE, de Wit SJ, Cath DC, van der Werf YD, van der Borden V,
van Rossum TB, et al. (2013): Compensatory frontoparietal activity
during working memory: An endophenotype of obsessive-compulsive
disorder. Biol Psychiatry 76:878–887.

34. Menzies L, Chamberlain SR, Laird AR, Thelen SM, Sahakian BJ,
Bullmore ET (2008): Integrating evidence from neuroimaging and
neuropsychological studies of obsessive-compulsive disorder: The
orbitofronto-striatal model revisited. Neurosci Biobehav Rev
32:525–549.

35. Draganski B, Kherif F, Kloppel S, Cook PA, Alexander DC,
Parker GJM, et al. (2008): Evidence for segregated and integrative
connectivity patterns in the human basal ganglia. J Neurosci 28:
7143–7152.

36. Di Martino A, Scheres A, Margulies DS, Kelly AMC, Uddin LQ,
Shehzad Z, et al. (2008): Functional connectivity of human striatum: A
resting state fMRI study. Cereb Cortex 18:2735–2747.

37. Haber SN (2003): The primate basal ganglia: Parallel and integrative
networks. J Chem Neuroanat 26:317–330.

38. Morein-Zamir S, Papmeyer M, Gillan CM, Crockett MJ, Fineberg NA,
Sahakian BJ, et al. (2013): Punishment promotes response control
deficits in obsessive-compulsive disorder: Evidence from a motiva-
tional go/no-go task. Psychol Med 43:391–400.

39. Chamberlain SR, Fineberg NA, Menzies LA, Blackwell AD,
Bullmore ET, Robbins TW, et al. (2007): Impaired cognitive flexi-
bility and motor inhibition in unaffected first-degree relatives of
patients with obsessive-compulsive disorder. Am J Psychiatry 164:
335–338.

40. Rauch SL, Savage CR, Alpert NM, Dougherty D, Kendrick A, Curran T,
et al. (1997): Probing striatal function in obsessive-compulsive disor-
der: A PET study of implicit sequence learning. J Neuropsychiatry Clin
Neurosci 9:568–573.

41. Rauch SL, Whalen PJ, Curran T, Shin LM, Coffey BJ, Savage CR, et al.
(2001): Probing striato-thalamic function in obsessive-compulsive
disorder and Tourette syndrome using neuroimaging methods. Adv
Neurol 85:207–224.

42. Rauch SL, Wedig MM, Wright CI, Martis B, McMullin KG, Shin LM,
et al. (2007): Functional magnetic resonance imaging study of regional
brain activation during implicit sequence learning in obsessive-
compulsive disorder. Biol Psychiatry 61:330–336.

43. Kiani R, Corthell L, Shadlen MN (2014): Choice certainty is informed by
both evidence and decision time. Neuron 84:1329–1342.

44. Audley RJ (1960): A stochastic model for individual choice behavior.
Psychol Rev 67:1–15.

45. Hampshire A, MacDonald A, Owen AM (2013): Hypoconnectivity and
hyperfrontality in retired American football players. Sci Rep 3:2972.

46. Baker SC, Rogers RD, Owen AM, Frith CD, Dolan RJ, Frackowiak RS,
et al. (1996): Neural systems engaged by planning: A PET study of the
Tower of London task. Neuropsychologia 34:515–526.

47. Robbins TW (1996): Dissociating executive functions of the prefrontal
cortex. Philos Trans R Soc Lond B Biol Sci 351:1463–1471.

48. Shin D-J, Jung WH, He Y, Wang J, Shim G, Byun MS, et al. (2014): The
effects of pharmacological treatment on functional brain connectome
in obsessive-compulsive disorder. Biol Psychiatry 75:606–614.

49. van den Heuvel OA, Mataix-Cols D, Zwitser G, Cath DC, van der
Werf YD, Groenewegen HJ, et al. (2011): Common limbic and frontal-
striatal disturbances in patients with obsessive compulsive disorder,
panic disorder and hypochondriasis. Psychol Med 41:2399–2410.
imaging November 2017; 2:655–663 www.sobp.org/BPCNNI 663

http://refhub.elsevier.com/S2451-9022(17)30111-8/sref9
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref9
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref9
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref10
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref10
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref10
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref11
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref11
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref11
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref12
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref12
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref12
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref13
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref13
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref13
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref14
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref14
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref14
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref14
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref14
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref15
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref15
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref15
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref16
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref16
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref16
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref16
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref17
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref17
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref17
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref18
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref18
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref18
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref19
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref19
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref19
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref19
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref20
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref20
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref20
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref20
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref21
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref21
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref21
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref21
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref22
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref22
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref23
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref23
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref24
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref24
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref24
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref24
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref25
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref25
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref25
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref26
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref26
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref26
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref27
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref27
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref27
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref27
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref28
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref28
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref28
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref29
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref29
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref29
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref30
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref30
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref30
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref30
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref31
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref31
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref31
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref31
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref32
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref32
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref32
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref32
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref33
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref33
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref33
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref33
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref34
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref34
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref34
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref34
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref34
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref35
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref35
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref35
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref35
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref36
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref36
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref36
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref37
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref37
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref38
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref38
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref38
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref38
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref39
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref39
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref39
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref39
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref39
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref40
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref40
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref40
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref40
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref41
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref41
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref41
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref41
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref42
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref42
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref42
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref42
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref43
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref43
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref44
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref44
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref45
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref45
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref46
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref46
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref46
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref47
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref47
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref48
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref48
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref48
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref49
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref49
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref49
http://refhub.elsevier.com/S2451-9022(17)30111-8/sref49
http://www.sobp.org/BPCNNI

	Hypoactivation and Dysconnectivity of a Frontostriatal Circuit During Goal-Directed Planning as an Endophenotype for Obsess ...
	Methods and Materials
	Participants
	Experimental Design
	Data Analysis
	Behavior
	Functional Magnetic Resonance Imaging
	Functional Connectivity


	Results
	Behavioral Results
	Brain Regions Activated During Goal-Directed Planning
	Planning Minus Counting
	Between-Group Effects on Goal-Directed Planning
	Frontostriatal Connectivity During Goal-Directed Planning


	Discussion
	References


