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The diverse circuits and functional contributions of the basal ganglia, coupledwith knowndifferences in dopami-
nergic function in patients with schizophrenia, suggest they may be an important contributor to the etiology of
the hallmark symptoms and cognitive dysfunction experienced by these patients. Using activation-likelihood-es-
timation meta-analysis of functional imaging research, we investigated differences in activation patterns in the
basal ganglia in patients with schizophrenia, relative to healthy controls across task domains. This analysis in-
cluded 42 functional neuroimaging studies, representing a variety of behavioral domains that have been linked
to basal ganglia function in prior work. We provide important new information about the functional activation
patterns and functional topography of the basal ganglia for different task domains in healthy controls. Crucially
however, we demonstrate that across task domains, patients with schizophrenia showmarkedly decreased acti-
vation in the basal ganglia relative to healthy controls. Our results provide further support for basal ganglia dys-
function in patients with schizophrenia, and the broad dysfunction across task domains may contribute to the
symptoms and cognitive deficits associated with schizophrenia.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Across the psychosis spectrum, from youth exhibiting risk syn-
dromes to patients with schizophrenia, there is evidence for basal gan-
glia abnormalities, including functional and structural differences, as
well as dopaminergic receptor differences (Ellison-Wright et al., 2008;
Fusar-Poli et al., 2011; Howes et al., 2011a, b; Perez-Costas et al.,
2010; Salvador et al., 2010; Yoon et al., 2013). Leading etiological theo-
ries of psychosis have implicated the basal ganglia and fronto-striatal
dysfunction (Graybiel, 1997; Robbins, 1990). Indeed, the third and
most recent version of the dopamine hypothesis purports that numer-
ous factors including genetic, environmental, and psychosocial factors,
converge to result in dopaminergic dysfunction, and a final common
pathway rests at the level of presynaptic striatal dopaminergic control
(Howes and Kapur, 2009). Given that the basal ganglia and their
function are highly reliant upon a healthy dopaminergic system, as
evidenced by diseases such as Parkinson's and Huntington's
partment of Psychology, 4235
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(e.g., Bernheimer et al., 1973; DeLong, 1990; Obeso et al., 2000), and
the purported role of dopamine in psychosis and schizophrenia, these
brain areas are of particular interest as we try to better understand the
heterogeneous signs and symptoms experienced by patients with
schizophrenia.

Connections between the basal ganglia and cortex are subserved by
parallel circuits connecting distinct cortical regionswith distinct regions
of the basal ganglia. There are four primary cortico-striatal-pallido-tha-
lamic circuits—the motor, occulomotor, limbic, and prefrontal
circuits—defined based on their cortical projections (Alexander and
Crutcher, 1990; Alexander et al., 1986; Hoover and Strick, 1993;
Middleton and Strick, 2002; Middleton and Strick, 2000a, b). Based on
the respective cortical projections, each regulates distinct behaviors
and functions including motor behavior, reward processing, emotion,
and higher-order cognitive processes such as language, working mem-
ory, and executive function (Tekin and Cummings, 2002). These circuits
are organized in direct and indirect pathways linked by excitatory glu-
tamatergic and inhibitory GABA-ergic projections. However, each
passes through the basal ganglia, which are richly innervated with do-
pamine (DA), that balances the direct and indirect pathways through
differential actions of DA on striatal D1 and D2 receptors (DeLong and
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Wichmann, 2007; Obeso et al., 2014a, b). Thus DA receptor, or broader
circuit abnormalities may affect those tasks regulated by basal ganglia
structures, as well as a host of apparently disparate functions character-
ized in schizophrenia (Mittal et al., 2010; Robbins, 1990). Indeed, in a
recent review, Dandash et al. (in press) suggested that the circuit linking
the dorsal striatum to the lateral prefrontal cortexmay be especially im-
portant in the pathophysiology of psychosis, as dysfunction is seen
across the spectrum of risk and disease.

While early work was conducted using animal models, the parallel
loops of the basal ganglia have been demonstrated in the human brain
as well using diffusion tensor imaging (Draganski et al., 2008), resting
state functional connectivity (Di Martino et al., 2008a), and with
meta-analytic investigations of co-activation patterns (Postuma and
Dagher, 2006). Indeed, the work of Draganski et al. (2008) demonstrat-
ed a connectivity gradient with the cortex that follows a rostral to cau-
dal pattern across structures (caudate, putamen, pallidum). The
connectivity profiles of themost rostral areas are associatedwith the or-
bital and medial prefrontal cortex and move caudally to the prefrontal,
premotor, and motor cortices. The diffuse cortical connections, in con-
junction with behavioral evidence in patient populations suggesting
that dopaminergic and basal ganglia dysfunction result inmotor, cogni-
tive, and affective deficits (Jurgens et al., 2008; Middleton and Strick,
2000a, b; Tekin and Cummings, 2002), indicate that the basal ganglia
are crucial for performance across domains. Furthermore, this suggests
thatwithin each nucleus, processing occurs on a variety of task informa-
tion, due to the differing input and output loops with the cerebral
cortex.

The wide array of behavioral contributions of the basal ganglia and
purported role of dopamine in psychosis make an improved under-
standing of basal ganglia function in schizophrenia of particular interest.
As noted, structural differences in basal ganglia volume are seen across
the psychosis spectrum. Smaller volume in basal ganglia nuclei is seen
in generally healthy individuals who report psychotic-like experiences
(non-clinical psychosis; Mittal et al., 2013), individuals with schizotypal
personality disorder (Levitt et al., 2002), those at clinical high risk for
psychosis (CHR; i.e., exhibiting prodromal syndromes; Mittal et al.,
2010), and finally, in those with a diagnosis of schizophrenia (e.g.,
Corson et al., 1999). In addition to these structural differences, function-
al connectivity patterns of the basal ganglia are also altered in CHR indi-
viduals (Dandash et al., 2014), as well as in patients with schizophrenia
(Khadka et al., 2013; Salvador et al., 2010; Tu et al., 2012). These find-
ings suggest a general decrease in resting state connectivity of the
basal ganglia in key cortical networks, though there is some evidence
for increases in at-risk individuals, and when basal ganglia connectivity
is investigated in conjunctionwith the default mode network (Dandash
et al., 2014; Salvador et al., 2010). However, there has also been an in-
crease in the number of investigations completing task-based functional
imaging (fMRI) in schizophrenia, that stand to provide further insight
into the basal ganglia and basal ganglia function in this important pa-
tient population. Synthesizing across these studies to look at basal gan-
glia activation patterns stands to provide critical new insights into our
understanding of the basal ganglia in schizophrenia.

Here, we conducted an activation likelihood estimation (ALE) meta-
analysis, which produces an estimation of the likelihood that a given
voxel, when considering all the voxels in the brain, is activated during
the performance of a particular task (Eickhoff et al., 2009). We focused
on specific tasks that align with basal ganglia circuits to address two
key questions. First, what is the functional topography of task-based ac-
tivation in the basal ganglia in healthy adults?While both diffusion ten-
sor and resting state imaging have provided us with an excellent
understanding of basal ganglia networks in the human brain (Di
Martino et al., 2008b; Draganski et al., 2008), and though there is a
vast fMRI literature, to our knowledge the functional topography of
the basal ganglia has not beenmapped in healthy adults with meta-an-
alytic methods. Furthermore, understanding basal ganglia organization
in healthy controls is important for work in schizophrenia. Though our
methodologies are optimized for investigating patients with schizo-
phrenia, our analyses of the control participants allow for important
new insights as to the functional topography of the basal ganglia
based on activation patterns across task domains. With respect to the
functional topography in healthy controls, we expected to see a gradient
of activation foci across studies in patterns consistentwith the rostral to
caudal connectivity gradient demonstrated by Draganski et al. (2008)
within individual basal ganglia nuclei. As such, we expected to see
some degree of motor and cognitive activation across all the nuclei in
the basal ganglia, but in an organized manner. The most rostral regions
of the caudate and putamen would be associated with higher cognitive
processing, while the most caudal would be associated with motor
tasks.With respect to reward, we also expected to see significant activa-
tion overlap in the ventral striatum. Second, we sought to understand
differences in basal ganglia activation and functional topography in in-
dividuals with schizophrenia. How do these activation patterns differ
across task domains in the presence of this disorder? While the dopa-
mine hypothesis (Howes and Kapur, 2009) and hyperkinetic move-
ments seen in CHR and schizophrenia spectrum populations indicate
an excess of dopamine in the basal ganglia in patients with schizophre-
nia (Howes et al., 2011a, b;Mittal et al., 2008; Pappa and Dazzan, 2009),
functional connectivity of the basal ganglia seems to be decreased.
Given these functional connectivity decreases we predicted that the pa-
tient groupwould showdecreased activation across task domainswhen
compared to controls. Furthermore, this would be consistent with our
recent meta-analytic work investigating the cerebellum, where we
also saw decreased activation across studies, relative to controls
(Bernard and Mittal, 2015). However, we did not expect to see alter-
ations in the topography of activation, and as such we expected that
the predicted rostral-caudal gradient of activation foci would remain
the same.

2. Method

2.1. Literature search

Articles for inclusion were identified using two independent
PubMed literature searches (http://www.ncbi.nlm.nih.gov/pubmed).
For both searches, we used identical sets of search limitswhich included
“Adult 19–44”, “English”, and “Humans”. Ourmeta-analysis was limited
to this adult group so as tominimize the potential confounding effects of
advanced age with disease state, as the basal ganglia are impacted by
aging and there are age-related decreases in dopamine (reviewed in
Seidler et al., 2010). Additional exclusion criteria for studies were con-
sistent with our previous functional neuroimaging meta-analyses
(Bernard and Mittal, 2015; Bernard and Seidler, 2013). That is, we ex-
cluded articles that did not use functional neuroimaging methods, did
not report coordinates in standard space, studies using only region of in-
terest analyses, and studies that did not use standard contrast analysis
(e.g., independent components analysis). In addition, for the purposes
of our investigation of the basal ganglia here, we limited our analyses
to studies that reported activation in the basal ganglia, after completing
two broad searches of the literature. However, it is notable that we in-
cluded activations that were described as “midbrain” as this is the loca-
tion of the substantia nigra, a component of the basal ganglia. With
current imaging methods, specifically locating the substantia nigra can
be particularly challenging, and as such we were more liberal in our in-
clusion of midbrain activation in hopes of encompassing this region.
Also of note, the activation could be in either patients or controls. That
is, studies were included even if activation was only limited to one
group.

Search termswere defined so as to encompass the neuroimaging lit-
erature broadly, and to parallel the strategy used in our recent meta-
analysis of the cerebellum in psychosis (Bernard and Mittal, 2015). All
analyses and papers included were those available as of May 15, 2015.
The search “schizophrenia AND neuroimaging” returned 2424 articles,
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while our second search of “basal gangl* AND schizophrenia AND imag-
ing” returned 258 papers. The first search was designed to broadly en-
compass all of the available neuroimaging literature on patients with
schizophrenia. This allowed us to cast a wide net. Our second search
wasmore focused on the basal ganglia in order tomake sure that we in-
cluded as many studies as possible showing basal ganglia activation in
studies of schizophrenia (either in controls or patients). As described
above,we limited our analyses only to those studies including activation
in the basal ganglia in one group. First, this is critical for our ability to in-
vestigate group differences in basal ganglia activation across studies, as
a meta-analysis of over 2500 manuscripts, of which only a subset in-
cluded activation of interest, would actually limit our power to detect
group differences. We are unable to detect differences if there is no ac-
tivation present in the first place. Second, many of the studies that were
the result of this search included tasks where onemight not expect any
activation in the basal ganglia. As such,we limited our inclusion sample,
to only look at group differences in investigations where basal ganglia
activation was present.

As indicated, because the basal ganglia are known to have multiple
loops and connections with the cortex in prefrontal, motor, and limbic
regions (Draganski et al., 2008), we focused on task domains associated
with these distinct loops that are also known to be impacted in patients
with schizophrenia. Thus, we included functional studieswhere the task
used fell into one of the following categories: motor function, executive
function/attention, working memory, emotional processing, language,
and reward processing (Cohen and Minor, 2010; Fioravanti et al.,
2005; Lee and Park, 2005; Mesholam-Gately et al., 2009; Obeso et al.,
2014a; Pappa and Dazzan, 2009; Strauss et al., 2014). Notably however,
because we were investigating a clinical population, the tasks were de-
signed to optimize performance in both groups. As such, it may be the
case that we are underestimating the activation in the healthy control
groups due to task difficulty and other related factors. Furthermore,
we did not take into account task performance as our primary interest
was based on functional activation patterns, and this was not an exclu-
sion criteria in our selection of papers for analysis.

Papers for inclusion were narrowed down by first excluding those
that did not use functional imaging. Then, the remaining papers with
functional analyses were investigated to determine whether or not
they used standard general linear model analyses, and included activa-
tion foci in the basal ganglia presented in standard space (either Mon-
treal Neurological Institute (MNI) or Talairach). Finally, all control data
come from papers that included both controls and patients with schizo-
phrenia, though in several instances papers that only investigated pa-
tients with schizophrenia were included. After thoroughly examining
all papers returned in our PubMed searches to ensure that they met
the inclusion criteria for our study, we ended up with 42 studies
(concatenated across all domains) for inclusion in our analyses, and
this resulted in data from a total of 707 patients with schizophrenia
and 583 controls (concatenated across all 42 studies). The included ar-
ticles as well as description of the tasks included and the neuroimaging
contrasts investigated are presented in Table 1.

2.2. ALE meta-analysis

All analyses were conducted using BrainMap GingerALE 2.3.5
(http://brainmap.org; Eickhoff et al., 2009; Eickhoff et al., 2012;
Turkeltaub et al., 2012), using the most recent algorithm designed to
minimize the impact of individual experiments (Turkeltaub et al.,
2012). The foci were first concatenated together for analysis across all
domains, and then were organized by specific task domain. In both
cases, the foci were divided into those associatedwith patients and con-
trols. Because there are two standard atlas spaces (MNI and Talairach) it
is essential to ensure that all foci across studies are in the same space so
as tomore accurately compare the spatial locations of the activation foci.
Thus, we converted all coordinates in Talairach space to MNI space. For
all studies where the data were normalized directly to Talairach space,
and for those that specified the use of the Lancaster transform
(icbm2tal), we transformed them to MNI space using the Lancaster
transform (Lancaster et al., 2007). We also used this approach for arti-
cles published after the Lancaster transform was made available, but
for which there was no transform algorithm specified in themanuscript
text. For articles where the Brett transform (mni2tal) was used to bring
MNI data into Talairach space, and for those articles published prior to
2007 and there was no transform specified, we used the inverse Brett
transform to bring the foci back to MNI space. All transformations
were completed using tools available in GingerALE.

Activation foci in MNI space were organized into text files, which
were then entered into GingerALE. The software algorithm computes
ALE values for all voxels in the brain, and produces an estimation of
the likelihood that a given voxel is activated during the performance
of a particular task (Eickhoff et al., 2009). As part of the analysis in
GingerALE, a full-width half maximum (FWHM) Gaussian blur is used
on each set of foci, though the size of the blur is adjusted automatically
based on the number of subjects contributing to each respective set of
foci (Eickhoff et al., 2009). That is, the meta-analysis procedure takes
into account the number of subjects in a particular study automatically.
Thus, while the studies included here ranged greatly in the number of
participants in both the patient and control groups, the analysis proce-
dure itself accounted for this. In our analyses, the output indicated
that the FWHM blur ranged from 8.7 to 12.97 mm, across all analyses.
All analyses were conducted using the smaller more conservative
mask option available in GingerALE. Within-group analyses for each
task (and in the combined analysis pooling across all tasks) were evalu-
ated using cluster-level correction, consistent with the recommenda-
tions of Eickhoff et al. (2012). All ALE maps were first thresholded
using an uncorrected p b 0.001 as the cluster-forming threshold, and
then with FDR p b 0.05 for cluster-level inference, with 5000 threshold
permutations. Group contrasts (subtraction analyses) and conjunctions
for each individual task were evaluated using an uncorrected p b 0.05
with 10,000 p-value permutations and a minimum cluster size of
50 mm3, while the pooled comparison had a minimum cluster size of
100 mm3. This approach was taken because GingerALE is not very ro-
bust when small numbers of studies (fewer than 15 per group) are
used for group contrasts. However, this is consistent with the approach
we took in our meta-analytic work investigating the cerebellum
(Bernard and Mittal, 2014), and has also been used in other recent
meta-analyses (e.g., Garrison et al., 2013; Stawarczyk and
D'Argembeau, 2015). The cluster minima were implemented to ac-
count, at least in part, for the lack of additional statistical correction.
While we are looking at small structures given our focus on the basal
ganglia, we have chosen this more conservative cluster size in the inter-
est of limiting false positives as effectively as possible. The resulting foci
from all analyses were localized using the AAL atlas in MRICron, as well
as the Harvard-Oxford subcortical atlas in FSL.

To investigate the functional topography of the basal ganglia in the
control group only, we conducted contrast analyses comparing foci as-
sociated with a particular task domain (for example, “motor”) and we
compared these foci with the combined foci for all other task domains
(“everything except motor”). This allowed us to investigate whether
there are any foci of activation for a particular task domain, distinct
from the activation for all of the other task domains in question,
which is crucial for investigating topographical functional organization
across studies.

Contrast analyses comparing patients with schizophrenia and con-
trols were computed using the foci from each group, as opposed to
using group contrasts that were in some cases reported in the original
studies included here. They represent a subtraction of the resulting
ALE maps (or addition in the case of the conjunction analysis). Not all
studies included healthy controls in conjunction with patients with
schizophrenia. Therefore, to increase our power and include all possible
investigations, we contrasted the foci between the groups on all of the
behavioral domains of interest and pooled across tasks.

http://brainmap.org


Table 1
Study information for all papers included in the meta-analysis, including imaging modality, sample size, a general task description and the number of foci per group. Each general task
domain is grouped separately.

Study Imaging
modality

N, SCZ N, CON Task # SCZ
foci

# CON
foci

Emotion
Lakis et al., 2011 3 T MRI 37 37 Retrieval of high arousal emotional images relative to neutral images 0 1
Taylor et al., 2011 3 T MRI 21 21 Preference (yes or no to the prompt “Like”) in emotional faces

(positive, negative, fear) contrasted with gender discrimination condition
0 1

Takahashi et al., 2004 1.5 MRI 15 15 Participants gave ratings of neutral, unpleasant, and pleasant IAPS pictures 0 1
Kumari et al., 2011 1.5 MRI 56 0 Emotional faces & participants indicated gender. Neutral relative

to a control oval included here only at baseline assessment
1 n/a

Taylor et al., 2005 PET 18 10 Rating of emotional images (IAPS); contrasted emotional and non-aversive images 0 2
Phillips et al., 1999 1.5 T MRI 10 5 Implicit facial emotion processing during a gender discrimination task;

Patient group included 5 paranoid and 5 non-paranoid individuals
0 5

Bourque et al., 2013 3 T MRI 14 21 Retrieval of positive relative to neutral IAPS pictures 0 2
Johnston et al., 2005 1.5 T MRI 11 15 Gender and emotion discrimination of emotional faces, relative to shapes 0 2

Executive function/attention
Zandbelt et al., 2011 3 T MRI 24 24 Inhibitory control as measured using a stop-signal anticipation task. Included analyses

of stop-signal probability parametric effects and successful and failed stop trials.
9 18

Liddle et al., 2006 1.5 T MRI 28 28 Selective attention, auditory oddball; targets relative to baseline and novel stimuli 0 4
Royer et al., 2009 1.5 T MRI 19 12 Hayling sentence completion task with completion using the

expected word, or an unrelated word (inhibition condition)
0 2

Camchong et al., 2005 1.5 T MRI 14 14 Occulomotor delayed response task with saccades to peripheral locations 0 1
Tu et al., 2006 3 T MRI 10 10 Antisaccade task 0 2
Harrison et al., 2007 3 T MRI 16 14 Multi-source interference task with three numbers with congruent and incongruent blocks 0 1
Ojeda et al., 2002 PET 11 10 Sustained attention, mental counting with auditory stimulation 0 2

Language
Mashal et al., 2013 3 T MRI 14 14 Figurative language task made up of 96 pairs of words with literal or metaphoric

associations, or no relationship. Processing across relation levels compared
3 3

John et al., 2011 3 T MRI 24 24 Word generation and word repetition 0 13
Ragland et al., 2008 3 T MRI 14 13 Semantic word generation 3 2
Stephane et al., 2006 PET 18 12 Word reading (nouns), relative to looking at nouns 1 0
Weinstein et al., 2006 1.5 T MRI 12 11 Listening to speech (English, Mandarin, and reversed English) 2 0

Motor
Horan et al., 2014 3 T MRI 23 23 Imitation, observation, and execution of finger and face movements 7 8
Müller and Klein, 2000 1.5 T MRI 3 3 Self-paced finger tapping 2 2
Marvel et al., 2007 PET 12 11 Implicit sequence learning (serial reaction time task) and random button presses 0 3
Müller et al., 2002 1.5 T MRI 10 10 Unilateral, finger-to-thumb opposition task (sequential movement);

Patients divided into 3 groups of 10 based on medication. Here only the
untreated group showed activation, so only 10 participants are represented

1 2

Kumari et al., 2002 1.5 T MRI 6 6 Implicit sequence learning 0 2
Mattay et al., 1997 1.5 T MRI 8 8 Sequential finger-to-thumb opposition and individually created random movement

sequence. Analysis completed on only 7 subjects as one outlier per group was removed
1 3

Reward
Gradin et al., 2011 1.5 T MRI 15 17 Instrumental reward learning task using fractal pictures and water reward

(fluid withdrawal the night before) given on a probabilistic schedule
2 4

Insel et al., 2014 1.5 T MRI 22 0 Reinforcement learning, with conditions for monetary gain, and avoiding monetary loss 8 n/a
Schlagenhauf et al., 2014 3 T MRI 24 24 Reversal learning task, two sessions of 100 trials with reward and punishment 0 7
Walter et al., 2009 3 T MRI 16 16 Monetary incentive task, parametric variation of wins 4 3
Gradin et al., 2013 1.5 T MRI 14 18 Pavlovian reward learning task with water reward after fluid

withdrawal, using fractal pictures
0 2

Morris et al., 2012 3 T MRI 21 16 Reward prediction error during Pavlovian cue-outcome
card game with both expected and unexpected rewards

0 12

Working memory
Guse et al., 2013 3 T MRI 25 22 Verbal working memory, 2-back relative to 0-back. Data from controls

in two groups of 11 and only include pre-TMS intervention
0 2

Luck et al., 2010 2 T fMRI 16 17 Verbal working memory Sternberg variant with incorrect lures 0 3
Royer et al., 2009 1.5 T MRI 19 12 N-back, 2-back relative to 0-back 2 0
Pae et al., 2008 1.5 T MRI 12 11 N-back (2-back) 1 2
Manoach et al., 2000 1.5 T MRI 9 9 Sternberg verbal working memory of digits at high (5) and low (2) memory load 2 0
Avsar et al., 2011 1.5 T MRI 10 8 Visual delayed match-to-sample task 0 1
Kircher et al., 2009 1.5 T MRI 14 0 N-back task, 2-back and 0-back in first-episode patients with genetic risk 1 n/a
Kim et al., 2003 PET 12 12 N-back task (2-back) with shapes, relative to control focused attention task 0 1
Johnson et al., 2006 3 T MRI 18 18 Sternberg verbal working memory task using letters, with medium and difficult load conditions 0 4
Yoo et al., 2005 1.5 T MRI 12 12 N-back task (2-back) with neutral faces 0 2
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3. Results

3.1. Task activation overlap in controls

Overlap in activation across studies was first investigated for the con-
trol and patient groups separately. The control analysis was especially
important for establishing normative patterns of activation and the func-
tional topography of the basal ganglia in the healthy adult brain. While
resting state and diffusion tensor parcellations have provided excellent
maps of the circuitry of these regions (Draganski et al., 2008; Di Martino
et al., 2008) that inform our interpretation of the functional data, the to-
pography with respect to specific task domains, up to this point, had not
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been delineated to our knowledge. Table 2 presents detailed information
about the peak coordinates, weighted centers, cluster sizes, and anatom-
ical region of activation by group and task domain, while Fig. 1 shows the
patterns of overlapping activation in each task domain, separated by
group. General patterns will be summarized here.

Across emotion studies, there were several significant clusters of ac-
tivation in control groups, primarily in the caudate. Overlap in activation
during executive function tasks was seen primarily in anterior regions
of the putamen, while that for language was seen across the caudate
and putamen, but also included areas in the globus pallidus pars externa
(GPe). Motor activation overlap in controls was also localized to the pu-
tamen. Perhaps not surprisingly, reward tasks showed overlapping acti-
vation in regions of the brainstem due to areas that were described in
the original works as “ventral striatum”, but therewere additional over-
laps in the caudate, putamen, and GPe. Finally, analysis of working
memory tasks across studies demonstrated significant overlap in the
caudate head and putamen, as well as one pallidal region (GPe).

When we contrast individual task domains relative to activity over-
lap across all other tasks, we begin to see further evidence in support of
a functional topography in the basal ganglia of healthy controls, partic-
ularly with respect to the specificity of these activation patterns. De-
tailed coordinates describing these differences within healthy controls
are presented in Table 3, and visualized in Fig. 2. Interestingly, when
compared to the combined activation of all other tasks investigated
here, we found distinct activation foci across all behavioral domains of
interest. With respect to executive function, the largest distinct area of
overlap was in the right rostral putamen, though there was also a
large cluster of overlap in the caudate head. Notably, these areas of over-
lap are in the rostral aspects of these structures, areas which are con-
nected to medial prefrontal (MPFC) and orbital frontal cortex (OFC),
as mapped by Draganski et al. (2008). Contrasting activation across
emotion tasks with all other task domains revealed two significant clus-
ters in the caudate head, and one in the caudate body, analogous to re-
gions connected to the MPFC and OFC (Draganski et al., 2008). The
region in the caudate body is located such that it overlaps with areas
more likely to be connectedwith dorsolateral prefrontal cortex (DLPFC).

Distinct activation overlap associated with language task was local-
ized to the left hemisphere, and relatively rostral. Indeed, the peak acti-
vation area in the putamen is quite similar to what we found with
respect to executive function (see Table 3). However, there was also
overlap in caudal regions of the caudate body, where connectivity is
strongest with sensorimotor regions (Draganski et al., 2008). Motor
task overlap across studies was distinct in the globus pallidus pars
exerna (GPe). The largest cluster was localized to the left hemisphere,
consistent with the laterality of motor connections, and the predominant
focus on right-handed individuals in brain imaging research, though there
was also a cluster in the right hemisphere aswell.Within the GPe, the ac-
tivation overlap was localized across much of the structure, though nota-
bly, Cluster 3 is in the caudal aspects where connectivity is with motor
cortical regions of the brain (Draganski et al., 2008).

Reward tasks showed the largest number of independent clusters of
overlap when compared to the other task domains in healthy controls
(5 clusters, Table 3). Most notably, was the distinct activation in the mid-
brain, including the substantia nigra. However, there was also distinct
overlap in the caudate head, rostral aspects of the GPe, and the caudate
body. Finally, across investigations of working memory, in control sub-
jects we see a distinct region of overlap in the thalamus, which extends
into the neighboring regions of the basal ganglia. Specific to the basal gan-
glia however, there is overlap in the bilateral putamen. These clusters are
in more ventral regions of the putamen, that likely to be connected with
dorsolateral prefrontal cortical regions (Draganski et al., 2008).

3.2. Task activation overlap in patients with schizophrenia

In patientswe did notfindany significant overlap in basal ganglia ac-
tivation in the emotion and executive function task domains. Analysis of
language tasks revealed activation overlap across studies in both the pu-
tamen and caudate, while that ofmotor tasks revealed a region of signif-
icant overlap in the putamen. Thus, results of the language and motor
task analyses were comparable to controls, when we look at general
patterns of activation. Across reward tasks there was significant activa-
tion overlap in the caudate and putamen in patientswith schizophrenia,
but unlike in controls we did not see any clusters in the ventral stria-
tum/midbrain. Finally, in patients with schizophrenia, across studies of
workingmemory, there were overlaps in activation in both the caudate
(head and body) and putamen. However, it is important to note that
therewere fewer activation foci in the patients with schizophrenia gen-
erally (this is further discussed in the next section, below) which likely
contributed to the fewer areas of activation overlap seen in this group.
Notably, the patterns of activation across tasks are relatively complicat-
ed. However, for our purposes here, our primary interest is in the topog-
raphy of these overlaps in controls, and the group differences in
activation overlap when comparing controls with patients with schizo-
phrenia. As such, we refer readers to Table 2 and Fig. 1 formore detailed
information about these areas of overlap.

3.3. Group differences in task activation

As noted above, there were several task domainswithout any signif-
icant activation overlaps in the patients with schizophrenia. In looking
at the number of foci per investigation (Table 1) there were fewer foci
in the patient group, suggestive of overall decreased activation or a
lack of recruitment of the basal ganglia relative to healthy controls
across the studies surveyed and included here. To investigate this em-
pirically, we computed the percentage of the total number of studies
that had activation in the schizophrenia and control groups respectively
(Table 4) and used a t-test to compare the two groups across task do-
mains. Patients with schizophrenia had activation in 41.21% of the in-
cluded investigations, while controls had basal ganglia activation foci
in 87.27% of investigations, and this was a statistically significant differ-
ence (t(10) = −3.098, p = 0.011).

To further support this overall general decrease in activation
within the patient group, we computed a group comparison collaps-
ing across all tasks. Individual group patterns of overlap collapsing
across all task domains, and the results of the group comparison
analysis are presented in Table 5. Most importantly, this group com-
parison when collapsing across all task domains provides further ev-
idence for generalized under-recruitment of the basal ganglia in
patients with schizophrenia when compared with controls. Notably,
as described above, the ALE analyses control for the number of par-
ticipants in a given study, and as such the impact of differences in
the number of participants across groups is minimized. While there
were several clusters of significant overlap in activation across
tasks when looking at the conjunction of both groups, there were
no areas of greater activation when looking at across study overlap
in the patient group relative to controls. There was however signifi-
cantly greater activation overlap in the control group in a large clus-
ter in the caudate, extending into the thalamus when compared to
the patient group (Fig. 3).

The results of the group comparisons by individual task are also pre-
sented in Table 5. Since there were no significant areas of overlap in the
patients with schizophrenia for both the emotion and executive func-
tion domains, we were unable to calculate any group differences or
overlaps between the two groups for these domains. With respect to
language, there were no regions of overlap between the two groups;
however, controls showed significantly larger regions of activation
across investigations in the caudate and putamen during language-re-
lated tasks. There were no regions where there was greater activation
across tasks in the patient group when compared to controls. In the
motor domain, there were no group differences in either direction,
though there was significant overlap in the putamen and the GPe.
Similarly, with reward, we only found significant areas of overlap in



Table 2
Significant clusters of overlap for each individual task domain separated by group. Results include the cluster size, theweighted center of the significant overlap, the local peaks within the
cluster as well as the anatomical location within the basal ganglia of the activation overlap. Notably, there were no significant areas of activation overlap in the patient group for the emo-
tion and executive function/attention task domains and as such no results are included.

Cluster Cluster size (mm3) Weighted center (x, y, z) Local Extrema (x, y, z) Location ALE value (×10−3)

Emotion
Controls
Cluster 1 824 −13.1, 9.4, 13.8 −12, 10, 14 Caudate (body) 14.16
Cluster 2 752 7.2, 4.6, −2.9 4, 4, −4 Caudate (head) 10.60
Cluster 3 240 19.9, 24.5, −3.4 20, 24, −4 Caudate (HEAD) 7.26
Cluster 4 224 −21, −18, 18 −21, −18, 18 Thalamus 8.23
Cluster 5 224 18, −18, 21 18, −18, 21 Caudate (tail) 8.23

Patients
N/A

Executive function/attention
Controls
Cluster 1 3288 23.5, 6.7, 6.7 24, 16, 0 Putamen 13.45

24, 0, 18 Putamen 12.08
18, 8, 12 Caudate (body) 9.88
24, 0, 4 Putamen 9.69
28, −4, 8 Putamen 9.67
16, 8, 0 Putamen 9.22

Cluster 2 648 −7.5, 11, −13.8 −8, 12, −14 Sub-lobar Gray Matter 15.02
Cluster 3 544 11.8, 11.2, −14.1 12, 12, −14 Sub-lobar Gray Matter 13.04
Cluster 4 392 −12.9, 2.4, 6.8 −12, 0, 4 Lentiform Nucleus Gray Matter 9.55
Cluster 5 160 −23.9, −7.9, 12.1 −24, −8, 12 Putamen 9.02
Cluster 6 152 20.2, −11.8, 8.1 20, −12, 8 Thalamus 8.95
Cluster 7 136 12.2, 0.1, 4.1 12, 0, 4 Thalamus 8.86
Cluster 8 80 −27.6, −3.6, 4.4 −28, −4, 4 Putamen 8.80

Patients
N/A

Language
Controls
Cluster 1 1032 −16.5, 11.6, 3.7 −18, 10, 4 Putamen 12.44

−16, 20, −2 Caudate (head) 9.00
−10, 10, 10 Caudate (body) 7.78

Cluster 2 352 −10.5, −2.8, 17.7 −10, 0, 16 Caudate (body) 9.27
−12, −8, 20 Caudate (body) 7.88

Cluster 3 152 −20.2, 9.6, −7.4 −20, 10, −8 Putamen 8.80
Cluster 4 136 28.3, −14.1, −7.9 28, −14, −8 Lateral Globus Pallidus 8.75
Cluster 5 136 −0.01, 12.2, 1.9 0, 12, 2 Caudate (body) 8.77
Cluster 6 128 22.2, 13.6, −7.5 22, 14, −8 Putamen 8.69
Cluster 7 128 10, 23.4, 4.6 10, 24, 4 Caudate (body) 8.64
Cluster 8 128 −20.2, −43.8, 9.7 −20, −44, 10 Brodmann area 30 8.72
Cluster 9 120 20.3, 7.7, −11.3 20, 8, −12 Putamen 8.66
Cluster 10 120 −26.3, −16.1, −10.4 −26, −16, −10 Lateral Globus Pallidus 8.70
Cluster 11 120 12.3, 13.3, 20.3 12, 14, 20 Brodmann area 33 8.67
Cluster 12 80 −25.2, 1.8, 1.6 −26, 2, 2 Putamen 7.58

Patients
Cluster 1 760 −22.3, 0, 10.6 −22, 0, 10 Putamen 9.14
Cluster 2 664 22, 28, 4 22, 28, 4 Caudate (body) 7.96

Motor
Controls
Cluster 1 2200 −21.6, 3.6, −2.6 −20, 4, −4 Putamen 19.48

−26, 2, 8 Putamen 9.37
Cluster 2 1424 23.6, 2.4, 7.2 22, −2, 10 Putamen 13.53

28, −2, −2 Putamen 9.69
Cluster 3 256 −29.7, −11.7, −1.9 −30, −12, −2 Putamen 9.29

Patients
Cluster 1 3136 22.8, −1.5, 6.9 24, 2, 10 Putamen 16.49

Reward
Controls
Cluster 1 3760 15.1, 6, 3.6 14, 6, 10 Caudate (body) 21.75

16, 6, −2 Lateral Globus Pallidus 13.71
30, 4, 0 Putamen 9.80
30, 0, 2 Putamen 9.50

Cluster 2 2440 −13.8, 6.8, −0.08 −10, 8, 0 Caudate (head) 18.16
−24, 4, −6 Putamen 13.91
−10, 2, 8 Caudate (body) 9.51
−6, 4, 16 Caudate (body) 8.74

Cluster 3 2112 3.7, −21.5, −12.5 4, −23, −10 Red Nucleus 19.83
8, −18, −10 Red Nucleus 17.19

(continued on next page)
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Table 2 (continued)

Cluster Cluster size (mm3) Weighted center (x, y, z) Local Extrema (x, y, z) Location ALE value (×10−3)

−2, −24, −18 Red Nucleus 14.47
Cluster 4 64 −11, −7, 3 −12, −6, 2 Thalamus 8.00

Patients
Cluster 1 1648 −13.9, 10.9, −8.1 −12, 10, −6 Caudate (head) 15.71
Cluster 2 816 12.9, 12, −3.2 12, 12, −2 Caudate (head) 8.96

14, 12, −12 Sub-lobar Gray Matter 8.88
12, 12, 4 Caudate (body) 8.72

Cluster 3 664 25.6, 6, 9 26, 6, 8 Putamen 11.72
Cluster 4 160 9, 24, 6 10, 24, 6 Caudate (body) 8.41
Cluster 5 160 15, 3, 18 14, 4, 18 Caudate (body) 8.07
Cluster 6 160 15, 0, 27 15, 0, 27 Brodmann area 24 8.06

Working memory
Controls
Cluster 1 2344 −17.6, −0.2, 11.6 −18, 0, 10 Putamen 30.11
Cluster 2 1112 −20.3, 10.1, −8 −22, 10, −10 Putamen 13.47

−12, 10, −4 Lateral Globus Pallidus 8.29
Cluster 3 640 26.2, 5.9, −8 26, 6, −8 Putamen 11.13
Cluster 4 496 11.4, 14.4, −8.3 14, 16, −6 Caudate (head) 8.55
Cluster 5 160 −3.9, 10.1, −2.1 −4, 10, −2 Caudate (head) 8.05

Patients
Cluster 1 848 17.7, 12.3, −0.4 18, 8, −2 Putamen 7.51

18, 16, 0 Caudate (body) 6.58
Cluster 2 416 4.2, 8.2, 3.5 4, 8, 4 Caudate (head) 8.28
Cluster 3 392 −8.2, 12.4, 3.8 −8, 12, 4 Caudate (body) 8.28

All tasks combined
Controls
Cluster 1 30,992 2, 4.7, 2.4 −18, 0, 10 Putamen 38.16

−22, 6, −6 Putamen 37.68
14, 6, 10 Caudate (body) 32.87
16, 6, −2 GPe 26.49
28, 6, 0 Putamen 24.75
22, −2, 12 Putamen 22.75
26, 0, 2 Putamen 22.74
26, −2, 8 Putamen 21.07
12, 12, −12 Caudate (head) 19.98
−8, 10, −14 Caudate (head) 15.39
30, −12, −6 Putamen 14.38
−30, −12, −2 Putamen 10.07

Cluster 2 1464 3.8, −21.5, −124 4, −22, −10 Red Nucleus 19.83
8, −18, −10 Red Nucleus 17.20
−2, −24, −18 Red Nucleus 14.47

Patients
Cluster 1 8960 21, 2, 3.9 24, 4, 10 Putamen 27.34

24, −4, 10 Putamen 17.99
28, −2, −2 Putamen 16.20
20, −6, −2 GPi 15.89
16, 10, −12 Putamen 15.50
16, 2, 18 Caudate (body) 14.76
14, 14, −12 Caudate (head) 14.55
26, −16, −2 GPe 13.54
14, 12, −2 Caudate (head) 12.45
16, 0, 26 Caudate (body) 10.04

Cluster 2 3928 −15, 10.5, −3.9 −14, 12, −10 Putamen 21.13
−12, 10, −2 Caudate (head) 20.67
−18, 12, −12 Putamen 19.73
−20, 10, 8 Putamen 12.10
−22, 2, 10 Putamen 10.36

Cluster 3 736 21.8, 27.4, 6.8 22, 28, 8 Caudate (body) 15.12
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the GPe and caudate. However, though the controls showed significant
patterns of activation across studies in the ventral striatum and mid-
brain, this was not significantly higher in the group comparison, per-
haps due to the lower power for this analysis. Finally, there were no
differences in working memory, nor were there any regions that were
significant in our conjunction analysis.

4. Discussion

Using ALE meta-analysis we investigated basal ganglia activation
patterns across task domains in patients with schizophrenia in
comparison with healthy controls. First we demonstrated a functional
activation topography in healthy controls consistent with the literature
investigating parallel loops with the cerebral cortex (Draganski et al.,
2008; Di Martino et al., 2008). Looking across cognitive, motor, and af-
fective task domains, there was a striking general pattern of decreased
basal ganglia recruitment in the patient group. Together, these findings
provide important new insight into the functional topography of the
basal ganglia and basal ganglia function in schizophrenia. We first dis-
cuss the patterns seen in healthy controls to provide appropriate con-
text for discussion of the patient findings, particularly in the context of
the dopamine hypothesis.



Fig. 1.ALE resultmaps for each task domain presented for the controls (A) and the patientswith schizophrenia (B). Both coronal and axial slices are presented.Notably, in the patientswith
schizophrenia there were no significant areas of functional activation overlap for the emotion and executive function/attention domains, and as such no clusters are pictured.
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4.1. Activation overlap in healthy individuals and basal ganglia circuits

In healthy adults, there are distinct circuits of the basal ganglia
connecting these subcortical nuclei to different regions of the prefrontal
cortex. Broadly, these circuits are defined by limbic, prefrontal, and
motor/occulo-motor connections (Alexander and Crutcher, 1990;
Alexander et al., 1986). In general, the task domains we looked at
group roughly into the primary parallel loops of the basal ganglia cir-
cuits, thoughwedid not investigate occulomotor tasks.Motor activation
in healthy controls is localized in the putamen when looking at motor
activation on its own (Di Martino et al., 2008; Postuma and Dagher,
2006). Generally, this finding is highly consistent with our understand-
ing of the role of the putamen in motor function. Relative to the activa-
tion overlap for all other tasks, we found activation overlap clusters
specific to motor tasks in the GPe, in regions associated with basal gan-
glia-motor loops (Draganski et al., 2008). While this specific activation
in the GPe is not surprising given the connectivity pattern of this region,
this novel finding is of great interest, given that the putamen is often as-
sociatedwithmotor function. The role of the basal ganglia in language is
less clear, but it has been suggested that the putamen may be involved
in initiating phonological representations important for language pro-
duction and processing (Booth et al., 2007) and in the sequencing of lin-
guistic information (Chan et al., 2013). As evidenced by the included foci
described in Table 2, it is clear that the basal ganglia are activated across
a variety of language processing tasks. The broad pattern of activation
seen across language studies may be due to initiation and sequencing
with respect to language inways that are analogous towhat occurs dur-
ing motor processing and sequencing (Booth et al., 2007; Chan et al.,
2013). Activation overlap specific to language however was focused
on the putamen and caudate in the left hemisphere, consistent with
the lateralization of language processes. The specific putamen region
was quite rostral, and consistent with areas connected to the prefrontal
cortex (Draganski et al., 2008) while the areas of overlap in the caudate
are in regions associated with sensorimotor function. The rostral over-
lap and resulting prefrontal overlap may be due to the highly cognitive
nature of many of the tasks included in this investigation (Table 1),
while the areas associated with sensorimotor networks may reflect
the motor aspects related to speech and language, though these tasks
were non-vocal.

Tapping into the pre-frontal/associative loop are the executive func-
tion/attention andworkingmemory domains. Activation overlap across
tasks investigating executive function and attention was largely in the
putamen, but localized to the anterior regions (Fig. 1A).Whenwe tested
the specificity of the overlap across executive function tasks, they were
indeed localized to the rostral putamen, but also the caudate head. This
anterior region of the putamen and the caudate head are both associat-
ed with the prefrontal cortex, specifically MPFC and OFC (Draganski et
al., 2008), the latter of which is heavily implicated in executive function
(Orr & Banich, 2014; Orr et al., 2015). The implication of the putamen
and caudate head in this functional domain is consistent with the con-
nectivity patterns of this region (Draganski et al., 2008; Di Martino et
al., 2008). Working memory overlap was seen in the caudate head and



Table 3
Distinct basal ganglia by individual task domain in control individuals only. For each task, activation patterns across studies for one domainwere contrastedwith the activation concatenat-
ed for every other domain of interest. Thus, this represents distinct activation for a given task.

Cluster Cluster size (mm3) Weighted center (x,y,z) Local extrema (x,y,z) Location ALE value (×10−3)

Executive function
Cluster 1 2208 24.3, 8.9, 6.3 22, 12, 2 Putamen 3.72

28, −4, 18 Putamen 2.38
22, 8, 14 Caudate (body) 2.17
24, −8, 10 Putamen 1.96
28, 2, 20 Claustrum 1.76

Cluster 2 664 −7.6, 11, −13.7 −6, 8, −10 Caudate (head) 1.85
−8, 15, −17 Caudate/Gray Matter 1.82

Cluster 3 232 12.4, 11.1, −15.3 12, 10, −14 Caudate/Gray Matter 1.89

Emotion
Cluster 1 288 −14, 11.2, 15.2 −14.2, 12.5, 15.4 Caudate (body) 1.81
Cluster 2 168 19.6, 25.4, −3.4 18, 26, −6 Caudate (head) 2.79
Cluster 3 64 5.3, 3.2, −3.2 6, 4, −4 Caudate (head) 1.71

Language
Cluster 1 1256 −17.6, 11.9, 3.2 20, 12, 4 Putamen 3.29
Cluster 2 360 −10.9, −4.7, 18.4 −10, −4, 20 Caudate (body) 2.40

−10, −8, 18 Caudate (body) 2.36
Cluster 3 72 −2, 12.2, 3.1 −4, 14, 2 Caudate (body) 1.84

Motor
Cluster 1 1532 −20.2, 2.4, −3.1 −18, −2, −4 Globus Pallidus pars externa 3.35

−18, 3, −5 Globus Pallidus pars externa 3.12
Cluster 2 904 22.1, −4.1, 7.7 24, −6, 0 Globus Pallidus pars externa 2.44

22, −4, 8 Globus Pallidus pars externa 2.36
Cluster 3 280 −29.6, −11.4, −1.7 −26, −10, −2 Globus Pallidus pars externa 2.26

Reward
Cluster 1 3240 12.8, 6.7, 3.9 8, 8, 10 Caudate (body) 3.54

11, 12, 9 Caudate (body) 3.19
14, 6, −6 Globus Pallidus pars externa 2.77

Cluster 2 2112 3.6, −21.4, −12.6 4, −14, −10 Midbrain (Mammilary Body) 3.04
0, −20, −9 Midbrain (Red Nucleus) 3.01
−4, −20, −14 Midbrain (Red Nucleus) 2.99
8, −16, −9 Midbrain (Substantia Nigra) 2.88
7.6, −18, −14.8 Midbrain (Red Nucleus) 2.83
1.2, −24.5, −15 – 2.61

Cluster 3 1416 −9.7, 8.1, 0.4 −9, 6, 1 Caudate (Head) 3.09
Cluster 4 152 −25.2, 1.2, −8.6 −26, 0, −10 Putamen 1.72
Cluster 5 56 31.4, 2, 2 32, 2, 2 Putamen 1.95

Working memory
Cluster 1 1664 −18.1, −1.2, 11.7 −17.9, −1.3, 12.5 Thalamus 3.71
Cluster 2 320 27, 5.2, −8.5 26, 8, −8 Putamen 1.85

28, 8, −12 Putamen 1.85
Cluster 3 264 −24.2, 11.3, −11.1 −22, 12, −14 Putamen 1.95

−26, 13, −11 Putamen 1.94
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putamen, though activation specific to working memory tasks was lo-
calized to the thalamus and putamen. Interestingly, and importantly,
the unique regions of working memory activation overlap were in
more caudal regions of the putamen then those associated with execu-
tive function (Fig. 2), and these areas are associated with dorsolateral
prefrontal cortex, which has been heavily implicated in working mem-
ory processes (e.g., Jonides et al., 1993; Reuter-Lorenz et al., 2000).

Finally, both emotion processing and reward tasks allow us to inves-
tigate the basal ganglia in light of the limbic loop. Consistent with the
animal and human literature on reward processing (eg., Schultz et al.,
1997; Schultz et al., 2000; Schultz et al., 1998; Sesack and Grace, 2010;
Tanaka et al., 2016), we saw overlap during reward tasks in the ventral
striatum and regions of the midbrain analogous to the substantia nigra.
Our investigation of distinct activation during reward processing also
revealed midbrain regions that were unique to the domain, in addition
to rostral regions in the GPe and caudate head. These more rostral
regions of overlap are consistent with the fronto-striatal circuitry, par-
ticularly in theOFC thought to underlie reward processing as investigat-
ed in non-human primate models (Schultz et al., 2000). Emotion
processing tasks were primarily localized to the head of the caudate,
though these regions extended into ventral striatal regions, consistent
with the limbic loops of the basal ganglia. The clusters in the rostral cau-
date are analogous to regions connected to the MPFC and OFC
(Draganski et al., 2008). Indeed, these frontal regions have been impli-
cated in emotion regulation and the cognitive control of emotion
(reviewed in Etkin et al., 2011; Ochsner and Gross, 2005).

Together, these findings provide key new insights into the function-
al topography of the basal ganglia and to our knowledge represent the
first meta-analytic investigation of basal ganglia function of its kind.
This builds upon our understanding of cortico-striatal loops (eg.,
Alexander and Crutcher, 1990; Alexander et al., 1986; Hoover and
Strick, 1993) and provides an important point of comparison for inves-
tigations of psychopathology where the basal ganglia are implicated.
Most critically, with our analysis of the unique areas of overlap with
each task domain, we were able to produce a map of functional topog-
raphy in the basal ganglia that is highly consistentwith the connectivity
patterns of the structure (Draganski et al., 2008; DiMartino et al., 2008).
We suggest that activation across basal ganglia nuclei and different task
domains is due to the processing in these regions being conducted on
distinct input from different cortical regions, and are subsequently re-
laying the output of these neural computations back to the cortical
targets.



Fig. 2. Functional topography of basal ganglia activation. Unique areas of overlap across studies for each task domain, when compared with activation combined across all other tasks, are
shown in the sagittal (A), coronal (B), and axial planes (C).
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4.2. Activation overlap differences in patients with schizophrenia

Most notably, we demonstrated that there are generally fewer areas
of activation overlap in patients with schizophrenia. As noted in our re-
sults, whenwe compare the percentage of studies that had basal ganglia
activation foci in the patient group, thiswas significantly smaller than in
the controls. When looking at individual task domains, there are no do-
mains in which there was more activation seen in patients relative to
controls, and this is consistent with our results seen when we collapse
across all task types. Though there are several large areas of overlap sug-
gesting that the patients are recruiting these nuclei to some degree, pa-
tientswith schizophrenia are not activating the basal ganglia across task
domains and studies to the same extent as healthy controls. Together,
this suggests broad basal ganglia dysfunction across studies and sam-
ples of patients with schizophrenia, and to our knowledge this is the
first large-scale analysis of basal ganglia activation patterns in patients
with schizophrenia, making these findings especially novel.
4.3. Implications for our understanding of disease

In light of the proposed contributions of the basal ganglia to the eti-
ology of schizophrenia, these patterns are especially revealing. Dopami-
nergic function has been heavily implicated in schizophrenia, as is
underscored in the dopamine hypothesis (Howes and Kapur, 2009). It
Table 4
Percentage of studies showing basal ganglia activation in each group by task domain. The
percentages below represent the studies that include both patient and control partici-
pants. *Domains wherein one additional study was included that investigated only pa-
tients with schizophrenia. Healthy controls were not included in the study, and thus are
not included in the percentages below.

Task domain (total studies) Patients Controls

Emotion (7)* 0% 100%
Executive function (7) 14.28% 100%
Language (5) 80% 60%
Motor (6) 66.67% 100%
Reward (4)* 50% 100%
Working memory (11) 36.36% 63.63%
Average across domains 41.21% 87.27%
is also consistent with earlier suggestions that fronto-striatal function
is altered in patients with schizophrenia (Robbins, 1990). However, it
is notable that the typical pattern of dopaminergic progression with
the development of schizophrenia suggests increases in striatal dopa-
mine synthesis (Howes et al., 2011a, b) while our results here demon-
strate an overall decrease in basal ganglia activation across task
domains. In patients with Huntington's Disease, as well as in those in
the pre-clinical stages of disease, there are also patterns of decreased
brain activation relative to controls, including activation in the basal
ganglia (Kim et al., 2004; Wolf et al., 2007; Zimbelman et al., 2007),
though this is a disease characterized by hyperkinetic movements and
an excess of dopamine. Thus, our general findings of decreased basal
ganglia activity even in the presence of an increase in striatal dopamine
are consistent with those seen in Huntington's Disease.

Schizophrenia is characterized by heterogeneous symptom profiles
featuring both positive and negative symptoms (Andreasen and Olsen,
1982), in addition to cognitive dysfunction (eg., Barch and Smith,
2008; Elvevag and Goldberg, 2000; Heinrichs and Zakzanis, 1998;
Ranganath et al., 2008) and motor abnormalities (eg., Bernard and
Mittal, 2014; Bernard et al., 2014; Caligiuri and Lohr, 1994; Mittal and
Walker, 2013; Mittal et al., 2007; Morrens et al., 2014; Walther and
Strik, 2012).While the dopamine hypothesis and elevated striatal dopa-
mine has been linked to the positive psychotic symptoms of the disease
(Howes and Kapur, 2009) and likely contributes to some of the motor
abnormalities seen in schizophrenia (Walther and Strik, 2012), this
overall pattern may be important for our understanding of negative
symptoms and cognitive dysfunction as well. While recent work has
linked negative symptoms to cerebellar-mediated behaviors (Bernard
et al., 2014; Dean et al., 2015), the basal ganglia may also be an impor-
tant locus for our understanding of this key symptom domain. Crucially,
negative symptoms have been linked to hypofrontality in patients with
schizophrenia (Potkin et al., 2002; Wolkin et al., 1992) and the limbic
loop of the basal ganglia is of particular interest. Indeed, in a review of
reward processing in schizophrenia, it was suggested that aberrant cor-
tical-striatal interactions with respect to this domain may be especially
important for our understanding of the negative symptoms present in
the disease (Strauss et al., 2014). Negative symptoms include apathy
and a general lack ofmotivation,which is consistentwith thedampened
basal ganglia activation found here across studies investigating reward
processing and emotion. Indeed, unlike in controls, there were no



Table 5
Basal ganglia activation overlap comparisons for each individual task domain, as well as
collapsing across all task domains. We present significant group differences and conjunc-
tions for each task domain and collapsed across all tasks. Because therewere no significant
foci in the emotion and executive function/attention domains, group comparisons were
not computed. In addition, there were no significant group differences or overlaps when
we computed the analyses of working memory foci, and as such it has not been included
in the table.When collapsing across all task domains, therewere no clusters where activa-
tion was greater in the patients with schizophrenia as compared to the controls. GPe:
globus pallidus pars externa; GPi: globus pallidus pars interna.

Cluster Cluster size
(mm3)

Weighted
center (x, y, z)

Local extrema
(x, y, z)

Location ALE value
(×10−3)

Language
Controls N patients
Cluster
1

320 −17.3, 11.7, 2 −16, 6, 2 Putamen 2562.24
−17.4, 12.5,
2.1

Putamen 2467.66

Cluster
2

64 −11, 10.5, 8.5 −10.4, 10.4,
9.2

Caudate
(body)

2489.29

Motor
Group overlap (conjunction)
Cluster
1

912 22.8, −2.1, 9.4 22, 0, 10 Putamen 12.65
24, −4, −2 GPe 6.10

Cluster
2

8 26, −6, −2 26, −6, −2 GPe 4.96

Reward
Group overlap (conjunction)
Cluster
1

608 −12.8, 9.5,
−3.7

−12, 8, −4 GPe 13.83

Cluster
2

280 12.1, 11, 2.8 12, 12, 4 Caudate
(body)

8.72

12, 10, −2 Caudate
(head)

7.90

Cluster
3

16 15, 4, 16 14, 4, 16 Caudate
(body)

7.10

All tasks combined
Controls N patients
Cluster
1

1344 −8.6, 2.1, 14.1 −6, 0, 10 Thalamus 3352.80
−10, 20, 10 Caudate

(body)
3090.23

−6.8, 3.2,
20.4

Caudate
(body)

2807.03

−16, 0, 2 GPe 2530.19

Group overlap (conjunction)
Cluster
1

6608 20.9, 3.4, 2.9 24, 0, 12 Putamen 20.19
24, −4, 10 Putamen 17.99
28, −2, −2 Putamen 16.20
14, 10, −12 Caudate

(head)
14.62

14, 14, −12 Caudate
(head)

14.55

14, 12, −2 Caudate
(head)

12.45

28, −14, −4 GPe 11.75
20, −2, −2 GPe 11.30

Cluster
2

2984 −14.7, 9.7,
−1.5

−12, 10, −2 Caudate
(head)

20.67

−14, 10, −8 Putamen 18.59
−18, 12,−10 Putamen 18.43
−10, 12,−12 Caudate

(head)
12.88

−18, 12, 6 Putamen 12.05
−20, 8, 8 Putamen 12.00
−22, 2, 10 Putamen 10.37
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significant foci of activation in the basal ganglia across emotion tasks.
Furthermore, in these investigations of hypofrontality it is notable that
regional blood flow in the basal ganglia is one of the regions correlated
with negative symptom severity (Potkin et al., 2002), while Juckel et al.
(2006)) found that functional activation in the ventral striatum during
reward processing was correlated with negative symptom severity in
patients with schizophrenia. Together, these findings and our evidence
for decreased recruitment of the basal ganglia in patients with
schizophrenia provide support for the importance of this region, partic-
ularly for our understanding of both the positive and negative symptom
domains.

With respect to cognition, as we demonstrated here, there is robust
activation in thebasal ganglia across studies and cognitive task domains.
The general lack of activation in patients with schizophrenia, particular-
ly relative to controls in these domains suggest that the basal ganglia
may be contributing to the wide array of cognitive deficits experienced
by these patients. Most likely, this is mediated by the connectivity with
the prefrontal cortex (eg., Alexander and Crutcher, 1990; Di Martino et
al., 2008; Draganski et al., 2008; Hoover and Strick, 1993;Middleton and
Strick, 2002). Thus, the marked differences and general decreases seen
in basal ganglia activation in patients with schizophrenia relative to
controls suggest that basal ganglia deficits are present in a variety of do-
mains, andmay have broader reaching impacts for symptoms and func-
tion in this population. Indeed, studies have indicated that basal ganglia
activation is related to symptom severity in patients with schizophrenia
(Gradin et al., 2013; Simon et al., 2010).

4.4. Limitations

While our investigation here provides key new insights into basal
ganglia function in patientswith schizophrenia, there are several limita-
tions to consider. First, this patient population is heterogeneous. Partic-
ipants across the included studies were often onmedication of different
types, had comorbidities, and varied with respect to time since diagno-
sis. Medication in particular has wide ranging effects andmay influence
motor function, though cognition, emotion and reward processing may
all be impacted as well. Importantly, we were unable to incorporate
medication status in our analyses. Information reported varied across
studies, and currently, the ALE methods included here do not allow for
the inclusion of additional variables such as this. Similarly, as previously
noted, there is substantial evidence to suggest that the basal ganglia are
smaller in patients with schizophrenia. This heterogeneity may also
contribute to the activation patterns and group differences found here
and we were unable to account for volumetric differences in our analy-
ses. Second, the way in which we determined studies for inclusion was
specific to the basal ganglia.We only included studies that showed basal
ganglia activation. There are many additional studies that investigate
similar task domains, but may not have shown basal ganglia activation
in patients or controls. As such, though we have collapsed across nu-
merous investigations, this analysis does not take into account every
neuroimaging study of patients with schizophrenia, as is standard
with this type of investigation (e.g., Bernard and Mittal, 2014). Thus,
our results are only indicative of those investigations that showed
basal ganglia activation, and our interpretations should be considered
with this in mind. Further, we focused solely on the basal ganglia them-
selves and did not investigate concomitant cortical activation. Future
work would benefit from taking this into account.

We surveyed a significant proportion of the literature, and searched
broadly across all studies in Pubmed using neuroimaging in patients
with schizophrenia, butwe ultimatelywere only able to focus on studies
that showed activation in the basal ganglia in one group. While an in-
vestigation of the consistency of basal ganglia activation within a
given domain would be quite interesting, it is beyond the scope of this
investigation. Relatedly, our functional topography in healthy controls
is somewhat limited given that this is a smaller sampling of studies, lim-
ited to cases where healthy individuals were serving as controls for pa-
tients with schizophrenia. Thus, our healthy control topography is that
which is present in this limited sample. In our t-test comparison of con-
trol and patient groups investigating the relative proportion of studies
showing the basal ganglia, it is important to note that this does not ac-
count for relative sample size (unlike our ALE analysis). The general
lack of activation in some domains and studies contributing to these
group differences may be driven by sample size differences and statisti-
cal power.With that said, this is somewhat unlikely, given that across all



Fig. 3. ALE results maps when collapsing foci across all task domains presented on coronal slices for the controls (A) and the patients with schizophrenia (B). Areas where activation was
significantly higher in the controls relative to the patients (C) and areas where there was significant overlap across the two groups (D) are also pictured. There were no areas that showed
significantly greater activation across studies in the patients with schizophrenia relative to the controls.
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40 studies included in our analyses here, there weremore patients than
controls (n=707patients; n=583 controls). Finally,wemust consider
the contributions of task demands. While we did not assess or quantify
behavioral differences in the studies we included as we were focused
solely on activation differences, it is notable that these investigations
were designed for clinical populations.With that inmind, task demands
were likely not optimal for the control group, to ensure that the patients
are able to effectively complete the task of interest. This may as a result
be impacting our findings. If anything, we suggest that if the tasks were
better optimized for healthy controls, the differences with patients may
be even more striking.

5. Conclusions

Using state-of-the-art neuroimaging meta-analysis methods we in-
vestigated basal ganglia activation across task domains (motor, cogni-
tive, and affective) in studies of patients with schizophrenia. Looking
at the healthy control data only, we provide a functional topography
of basal ganglia activation consistent with the parallel loops seen in
the cortex. Crucially, when looking at patients with schizophrenia, we
found an overall decrease in basal ganglia activation across all domains,
and in specific task domains as well. Indeed, in the emotion and execu-
tive function/attention domains there were no significant regions of ac-
tivation overlap across studies, while this was present for healthy
controls. Given the parallel motor/occulo-motor, frontal, and limbic
loops between the basal ganglia and cortex, we suggest that the basal
ganglia deficits shown here may contribute to both negative symptoms
and cognitive dysfunction in patients with schizophrenia, in addition to
the positive symptoms and motor dysfunction associated with the do-
pamine hypothesis.

Authorship

J.A.B. and V.A.M. developed the study concept and designed the
meta-analytic analysis plan. Data collection and preparation of the
results was completed by J.AB., C.E.R, R.E.N., and J.R.M.G. Interpretation
of the results and drafting of the manuscript was completed by J.A.B.
and V.A.M. with critical revisions provided by C.E.R., R.E.N., and
J.R.M.G. All authors approved the final version of the paper for
submission.

Acknowledgments

J.A.B. was supported in part by a Brain and Behavior Research Founda-
tion NARSAD Young Investigator Award as the Donald and Janet Board-
man Family Investigator. V.A.M. was supported by R01MH094650 and
R21/R33MH103231. V.A.M. is a consultant to Takeda Pharmaceuticals.

References

Alexander, G.E., Crutcher, M.D., 1990. Functional architecture of basal ganglia circuits:
neural substrates of parallel processing. Trends Neurosci. 13, 266–271.

Alexander, G.E., DeLong, M.R., Strick, P.L., 1986. Parallel organization of functionally
segregated circuits linking basal ganglia and cortex. Annu. Rev. Neurosci. 9,
357–381.

Andreasen, N.C., Olsen, S., 1982. Negative v positive schizophrenia. Arch. Gen. Psychiatry
39, 789–794.

Avsar, K.B., Stoeckel, L.E., Bolding, M.S., White, D.M., Tagamets, M.A., Holomb, H.H., Lahti,
A.C., 2011. Psychiatry research: neuroimaging aberrant visual circuitry associated
with normal spatial match-to-sample accuracy in schizophrenia. Psychiatry Res. Neu-
roimaging 193, 138–143.

Barch, D.M., Smith, E., 2008. The cognitive neuroscience of workingmemory: relevance to
CNTRICS and schizophrenia. Biol. Psychiatry 64, 11–17.

Bernard, J.A., Dean, D.J., Kent, J.S., Orr, J.M., Pelletier-Baldelli, A., Lunsford-Avery, J., Gupta, T.,
Mittal, V.A., 2014. Cerebellar networks in individuals at ultra high-risk of psychosis: im-
pact on postural sway and symptom severity. Hum. Brain Mapp. 35, 4064–4078.

Bernard, J.A., Mittal, V.A., 2015. Dysfunctional activation of the cerebellum in schizophre-
nia: a functional neuroimaging meta-analysis. Clin. Psychol. Sci. 3, 545–566.

Bernard, J.A., Mittal, V.A., 2014. Cerebellar-motor dysfunction in schizophrenia and psy-
chosis-risk: the importance of regional cerebellar analysis approaches. Front. Psych.
Schizophr. 5, 1–14.

Bernard, J.A., Seidler, R.D., 2013. Cerebellar contributions to visuomotor adaptation and
motor sequence learning: an ALE meta-analysis. Front. Hum. Neurosci. 7, 27.

Bernheimer, H., Birkmayer, W., Hornykiewicz, O., Jellinger, K., Seitelberger, F., 1973. Brain
dopamine and the syndromes of Parkinson and Huntington clinical, morphological
and neurochemical correlations. J. Neurol. Sci. 20, 415–455.

http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0005
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0005
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0010
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0010
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0010
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0015
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0015
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0020
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0020
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0020
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0025
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0025
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0030
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0030
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0035
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0035
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0040
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0040
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0040
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0045
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0045
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0050
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0050
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0050


462 J.A. Bernard et al. / NeuroImage: Clinical 14 (2017) 450–463
Booth, J.R., Wood, L., Lu, D., Houk, J.C., Bitan, T., 2007. The role of the basal ganglia and cer-
ebellum in language processing. Brain Res. 1133, 136–144.

Bourque, J., Mendrek, A., Durand, M., Lakis, N., Lipp, O., Stip, E., Lalonde, P., Grignon, S.,
Potvin, S., 2013. Psychiatry research: neuroimaging cannabis abuse is associated
with better emotional memory in schizophrenia: a functional magnetic resonance
imaging study. Psychiatry Res. Neuroimaging 214, 24–32.

Caligiuri, M.P., Lohr, J.B., 1994. A disturbance in the control of muscle force in neuroleptic-
naive schizophrenic patients. Biol. Psychiatry 35, 104–111.

Camchong, J., Dyckman, K.A., Chapman, C.E., Yanasak, N.E., Mcdowell, J.E., 2005. Basal
Ganglia-Thalamocortical Circuitry Disruptions in Schizophrenia During Delayed Re-
sponse Tasks.

Chan, S.H., Ryan, L., Bever, T.G., 2013. Role of the striatum in language: syntactic and con-
ceptual sequencing. Brain Lang. 125, 283–294.

Cohen, A.S., Minor, K.S., 2010. Emotional experience in patients with schizophrenia
revisited: meta-analysis of laboratory studies. Schizophr. Bull. 36, 143–150.

Corson, P.W., Nopoulos, P., Miller, D.D., Arndt, S., Andreasen, N.C., 1999. Change in basal
ganglia volume over 2 years in patients with schizophrenia: typical versus atypical
neuroleptics. Am. J. Psychiatry 156, 1200–1204.

Dandash, O., Fornito, A., Lee, J., Keefe, R.S.E., Chee, M.W.L., Adcock, R.A., Pantelis, C., Wood,
S.J., Harrison, B.J., 2014. Altered striatal functional connectivity in subjects with an at-
risk mental state for psychosis. Schizophr. Bull. 40, 904–913.

Dandash, O., Pantelis, C., Fornito, A., 2017. Dopamine, fronto-striato-thalamic circuits and
risk for psychosis. Schizophr. Res. 180, 48–57.

Dean, D.J., Kent, J.S., Bernard, J.A., Orr, J.M., Gupta, T., Pelletier-Baldelli, A., Carol, E.E., Mittal,
V.A., 2015. Increased postural sway predicts negative symptom progression in youth
at ultrahigh risk for psychosis. Schizophr. Res. 10–13.

DeLong, M.R., 1990. Primate models of movement disorders of basal ganglia origin.
Trends Neurosci. 13, 281–285.

DeLong, M.R.,Wichmann, T., 2007. Circuits and circuit disorders of the basal ganglia. Arch.
Neurol. 64, 20–24.

DiMartino, A., Scheres, A., Margulies, D.S., Kelly, A.M.C., Uddin, L.Q., Shehzad, Z., Biswal, B.,
Walters, J.R., Castellanos, F.X., Milham, M.P., 2008. Functional connectivity of human
striatum: a resting state FMRI study. Cereb. Cortex 18, 2735–2747.

Draganski, B., Kherif, F., Klöppel, S., Cook, P.A., Alexander, D.C., Parker, G.J.M., Deichmann,
R., Ashburner, J., Frackowiak, R.S.J., 2008. Evidence for segregated and integrative con-
nectivity patterns in the human basal ganglia. J. Neurosci. 28, 7143–7152.

Eickhoff, S.B., Bzdok, D., Laird, A.R., Kurth, F., Fox, P.T., 2012. Activation likelihood estima-
tion meta-analysis revisited. NeuroImage 59, 2349–2361.

Eickhoff, S.B., Laird, A.R., Grefkes, C., Wang, L.E., Zilles, K., Fox, P.T., 2009. Coordinate-based
activation likelihood estimation meta-analysis of neuroimaging data: a random-ef-
fects approach based on empirical estimates of spatial uncertainty. Hum. Brain
Mapp. 30.

Ellison-Wright, I., Glahn, D.C., Laird, A.R., Thelen, S.M., Bullmore, E., 2008. The anatomy of
first-episode and chronic schizophrenia: an anatomical likelihood estimation meta-
analysis. Am. J. Psychiatry 165, 1015–1023.

Elvevag, B., Goldberg, T.E., 2000. Cognitive impairment in schizophrenia is the core of the
disorder. Crit. Rev. Neurobiol. 1.

Etkin, A., Egner, T., Kalisch, R., 2011. Emotional processing in anterior cingulate and medi-
al prefrontal cortex. Trends Cogn. Sci. 15, 85–93.

Fioravanti, M., Carlone, O., Vitale, B., Cinti, M.E., Clare, L., 2005. A meta-analysis of cogni-
tive deficits in adults with a diagnosis of schizophrenia. Neuropsychol. Rev. 15,
73–95.

Fusar-Poli, P., Howes, O.D., Allen, P., Broome, M., Valli, I., Asselin, M.C., Montgomery, A.J.,
Grasby, P.M., McGuire, P., 2011. Abnormal prefrontal activation directly related to
pre-synaptic striatal dopamine dysfunction in people at clinical high risk for psycho-
sis. Mol. Psychiatry 16, 67–75.

Garrison, J., Erdeniz, B., Done, J., 2013. Prediction error in reinforcement learning: a meta-
analysis of neuroimaging studies. Neurosci. Biobehav. Rev. 37, 1297–1310.

Gradin, V.B., Kumar, P., Waiter, G., Ahearn, T., Stickle, C., Milders, M., Reid, I., Hall, J., Steele,
J.D., 2011. Expected value and prediction error abnormalities in depression and
schizophrenia. Brain 134, 1751–1764.

Gradin, V.B., Waiter, G., O'Connor, A., Romaniuk, L., Stickle, C., Matthews, K., Hall,
J., Douglas Steele, J., 2013. Salience network-midbrain dysconnectivity and
blunted reward signals in schizophrenia. Psychiatry Res. Neuroimaging 211,
104–111.

Graybiel, A.M., 1997. The basal ganglia and cognitive pattern generators. Schizophr. Bull.
23, 459–469.

Guse, B., Falkai, P., Gruber, O., Whalley, H., Gibson, L., Hasan, A., Obst, K., Dechent, P.,
McIntosh, A., Suchan, B., Wobrock, T., 2013. The effect of long-term high frequency re-
petitive transcranial magnetic stimulation on working memory in schizophrenia and
healthy controls–a randomized placebo-controlled, double-blind fMRI study. Behav.
Brain Res. 237, 300–307.

Harrison, B.J., Yücel, M., Fornito, A., Wood, S.J., Seal, M.L., Clarke, K., Pantelis, C., 2007. Char-
acterizing anterior cingulate activation in chronic schizophrenia: a group and single-
subject fMRI study. Acta Psychiatr. Scand. 116, 271–279.

Heinrichs, R.W., Zakzanis, K.K., 1998. Neurocognitive deficit in schizophrenia: a quantita-
tive review of the evidence. Neuropsychology 12, 426–445.

Hoover, J.E., Strick, P.L., 1993. Multiple output channels in the basal ganglia. Science 259,
819–821 (80-.).

Horan, W.P., Iacoboni, M., Cross, K.A., Korb, A., Lee, J., Nori, P., Quintana, J., Wynn, J.K.,
Green, M.F., 2014. NeuroImage: clinical self-reported empathy and neural activity
during action imitation and observation in schizophrenia. Neuroimage Clin. 5,
100–108.

Howes, O., Bose, S., Turkheimer, F., Valli, I., Egerton, A., Stahl, D., Valmaggia, L., Allen, P.,
Murray, R., McGuire, P., 2011a. Progressive increase in striatal dopamine synthesis ca-
pacity as patients develop psychosis: a PET study. Mol. Psychiatry 16, 885–886.
Howes, O.D., Bose, S.K., Turkheimer, F., Valli, I., Egerton, A., Valmaggia, L.R., Murray, R.M.,
McGuire, P., Ph, D., Psych, F.R.C., 2011b. Dopamine synthesis capacity before onset of
psychosis: a prospective [18F]-DO. Am. J. Psychiatry 1311–1317.

Howes, O.D., Kapur, S., 2009. The dopamine hypothesis of schizophrenia: version III - the
final common pathway. Schizophr. Bull. 35, 549–562.

Insel, C., Reinen, J., Weber, J., Wager, T.D., Jarskog, L.F., Shohamy, D., Smith, E.E., 2014. An-
tipsychotic dose modulates behavioral and neural responses to feedback during rein-
forcement learning in schizophrenia. Cogn. Affect. Behav. Neurosci. 14, 189–201.

John, J.P., Halahalli, H.N., Vasudev, M.K., Jayakumar, P.N., Jain, S., 2011. Regional brain ac-
tivation/deactivation during word generation in schizophrenia: fMRI study. Br.
J. Psychiatry 198, 213–222.

Johnson, M.R., Morris, N.A., Astur, R.S., Calhoun, V.D., Mathalon, D.H., Kiehl, K.A., Pearlson,
G.D., 2006. A functional magnetic resonance imaging study of working memory ab-
normalities in schizophrenia. Biol. Psychiatry 60, 11–21.

Johnston, P.J., Stojanov, W., Devir, H., Schall, U., 2005. Functional MRI of facial emotion
recognition deficits in schizophrenia and their electrophysiological correlates. Eur.
J. Neurosci. 22, 1221–1232.

Jonides, J., Smith, E.E., Koeppe, R.A., Awh, E., Minoshima, S., Mintun, M.A., 1993. Spatial
working memory in humans as revealed by PET. Nature 363, 623–625.

Juckel, G., Schlagenhauf, F., Koslowski, M., Stenberg, T., Villringer, A., Knutson, B., Wrase, J.,
Heinz, A., 2006. Dysfunction of ventral striatal reward prediction in schizophrenia.
NeuroImage 29, 409–416.

Jurgens, C.K., Van De Wiel, L., Van Es, A.C.G.M., Grimbergen, Y.M., Witjes-Ané,
M.N.W., Van Der Grond, J., Middelkoop, H.A.M., Roos, R.A.C., 2008. Basal ganglia
volume and clinical correlates in “preclinical” Huntington's disease. J. Neurol.
255, 1785–1791.

Khadka, S., Meda, S.A., Stevens, M.C., Glahn, D.C., Calhoun, V.D., Sweeney, J.A., Tamminga,
C.A., Keshavan,M.S., O'Neil, K., Schretlen, D., Pearlson, G.D., 2013. Is aberrant function-
al connectivity a psychosis endophenotype? A resting state functional magnetic res-
onance imaging study. Biol. Psychiatry 74, 458–466.

Kim, J.-J., Kwon, J.S., Park, H.J., Youn, T., Kang, D.H., Kim, M.S., Lee, D.S., Lee, M.C., 2003.
Functional disconnection between the prefrontal and parietal cortices during work-
ing memory processing in schizophrenia: a[15(O)]H2O PET study. Am. J. Psychiatry
160, 919–923.

Kim, J.-S., Reading, S.A.J., Brashers-Krug, T., Calhoun, V.D., Ross, C.A., Pearlson, G.D., 2004.
Functional MRI study of a serial reaction time task in Huntington's disease. Psychiatry
Res. 131, 23–30.

Kircher, T., Thienel, R., Wagner, M., Reske, M., Habel, U., Kellermann, T., Frommann, I.,
Schwab, S., Wölwer, W., von Wilmsdorf, M., Braus, D.F., Schmitt, A., Rapp, A.,
Stöcker, T., Shah, N.J., Henn, F.A., Sauer, H., Gaebel, W., Maier, W., Schneider, F.,
2009. Neuregulin 1 ICE-single nucleotide polymorphism in first episode schizophre-
nia correlates with cerebral activation in fronto-temporal areas. Eur. Arch. Psychiatry
Clin. Neurosci. 259, 72–79.

Kumari, V., Fannon, D., Peters, E.R., Ffytche, D.H., Sumich, A.L., Premkumar, P., Anilkumar,
A.P., Andrew, C., Phillips, M.L., Williams, S.C.R., Kuipers, E., 2011. Neural changes fol-
lowing cognitive behaviour therapy for psychosis: a longitudinal study. Brain 134,
2396–2407.

Kumari, V., Gray, J.A., Honey, G.D., Soni, W., Bullmore, E.T., Williams, S.C.R., Ng, V.W.,
Vythelingum, G.N., Simmons, A., Suckling, J., Corr, P.J., Sharma, T., 2002. Procedural
learning in schizophrenia: a functional magnetic resonance imaging investigation.
Schizophr. Res. 57, 97–107.

Lakis, N., Jiménez, J.A., Mancini-Marïe, A., Stip, E., Lavoie, M.E., Mendrek, A., 2011. Neural
correlates of emotional recognition memory in schizophrenia: effects of valence and
arousal. Psychiatry Res. 194, 245–256.

Lancaster, J.L., Tordesillas-Gutiérrez, D., Martinez, M., Salinas, F., Evans, A., Zilles, K.,
Mazziotta, J.C., Fox, P.T., 2007. Bias between MNI and Talairach coordinates analyzed
using the ICBM-152 brain template. Hum. Brain Mapp. 28, 1194–1205.

Lee, J., Park, S., 2005. Working memory impairments in schizophrenia: a meta-analysis.
J. Abnorm. Psychol. 114, 599–611.

Levitt, J.J., Mccarley, R.W., Dickey, C.C., Voglmaier, M.M., Niznikiewicz, M.A., Seidman,
L.J., Hirayasu, Y., Ciszewski, A.A., Kikinis, R., Jolesz, F.A., Shenton, M.E., 2002. MRI
study of caudate nucleus volume and its cognitive correlates in neuroleptic-
naive patients with schizotypal personality disorder. Am. J. Psychiatry 159,
1190–1197.

Liddle, P.F., Laurens, K.R., Kiehl, K.A., Ngan, E.T.C., 2006. Abnormal function of the brain
system supporting motivated attention in medicated patients with schizophrenia:
an fMRI study. Psychol. Med. 36, 1097–1108.

Luck, D., Danion, J.-M., Marrer, C., Pham, B.-T., Gounot, D., Foucher, J., 2010. Abnormal me-
dial temporal activity for bound information during working memory maintenance
in patients with schizophrenia. Hippocampus 20, 936–948.

Manoach, D.S., Gollub, R.L., Benson, E.S., Searl, M.M., Goff, D.C., Halpern, E., Saper, C.B.,
Rauch, S.L., 2000. Schizophrenic subjects show aberrant fMRI activation of dorsolater-
al prefrontal cortex and basal ganglia during working memory performance. Biol.
Psychiatry 48, 99–109.

Marvel, C.L., Turner, B.M., O'Leary, D.S., Johnson, H.J., Pierson, R.K., Ponto, L.L.B., Andreasen,
N.C., 2007. The neural correlates of implicit sequence learning in schizophrenia. Neu-
ropsychology 21, 761–777.

Mashal, N., Vishne, T., Laor, N., Titone, D., 2013. Enhanced left frontal involvement during
novel metaphor comprehension in schizophrenia: evidence from functional neuro-
imaging. Brain Lang. 124, 66–74.

Mattay, V.S., Callicott, J.H., Bertolino, A., Santha, A.K., Tallent, K.A., Goldberg, T.E., Frank,
J.A., Weinberger, D.R., 1997. Abnormal functional lateralization of the sensorimotor
cortex in patients with schizophrenia. Neuroreport 8, 2977–2984.

Mesholam-Gately, R.I., Giuliano, A.J., Goff, K.P., Faraone, S.V., Seidman, L.J., 2009.
Neurocognition in first-episode schizophrenia: a meta-analytic review. Neuropsy-
chology 23, 315–336.

http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0055
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0055
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0060
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0060
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0060
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0065
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0065
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0070
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0070
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0070
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0075
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0075
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0080
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0080
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0085
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0085
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0085
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0090
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0090
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0095
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0095
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0100
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0100
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0105
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0105
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0110
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0110
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0115
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0115
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0120
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0120
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0125
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0125
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0130
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0130
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0130
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0130
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0135
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0135
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0135
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0140
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0140
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0145
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0145
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0150
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0150
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0150
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0155
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0155
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0155
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0160
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0160
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0165
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0165
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0170
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0170
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0170
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0175
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0175
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0180
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0180
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0180
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0180
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0185
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0185
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0185
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0190
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0190
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0195
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0195
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0200
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0200
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0200
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0205
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0205
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0210
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0210
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0215
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0215
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0220
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0220
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0220
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0225
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0225
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0225
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0230
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0230
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0235
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0235
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0235
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0240
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0240
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0245
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0245
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0250
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0250
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0250
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0255
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0255
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0255
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0260
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0260
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0260
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0265
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0265
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0270
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0270
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0270
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0275
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0275
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0275
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0280
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0280
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0280
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0285
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0285
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0285
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0290
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0290
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0295
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0295
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0300
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0300
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0300
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0300
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0305
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0305
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0305
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0310
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0310
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0310
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0315
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0315
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0315
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0320
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0320
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0325
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0325
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0325
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0330
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0330
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0335
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0335


463J.A. Bernard et al. / NeuroImage: Clinical 14 (2017) 450–463
Middleton, F.A., Strick, P.L., 2002. Basal-ganglia “projections” to the prefrontal cortex of
the primate. Cereb. Cortex 12, 926–935.

Middleton, F.A., Strick, P.L., 2000a. Basal ganglia and cerebellar loops: motor and cognitive
circuits. Brain Res. Rev. 31, 236–250.

Middleton, F.A., Strick, P.L., 2000b. Basal ganglia output and cognition: evidence from an-
atomical, behavioral, and clinical studies. Brain Cogn. 42, 183–200.

Mittal, V.A., Hasenkamp,W., Sanfilipo, M.,Wieland, S., Angrist, B., Rotrosen, J., Duncan, E.J.,
2007. Relation of neurological soft signs to psychiatric symptoms in schizophrenia.
Schizophr. Res. 94, 37–44.

Mittal, V.A., Orr, J.M., Turner, J.A., Pelletier, A.L., Dean, D.J., Lunsford-Avery, J., Gupta, T.,
2013. Striatal abnormalities and spontaneous dyskinesias in non-clinical psychosis.
Schizophr. Res. 151, 141–147.

Mittal, V.A., Daley, M., Shiode, M.F., Bearden, C.E., O'Neill, J., Cannon, T.D., 2010. Striatal
volumes and dyskinetic movements in youth at high-risk for psychosis. Schizophr.
Res. 123, 68–70.

Mittal, V.A., Neumann, C., Saczawa, M., Walker, E.F., 2008. Longitudinal progression of
movement abnormalities in relation to psychotic symptoms in adolescents at high
risk of schizophrenia. Arch. Gen. Psychiatry 65, 165–171.

Mittal, V.A., Walker, E.F., 2013. Dyskinesias, tics, and psychosis: issues for the next diag-
nostic and statistical manual of mental disorders. Psychiatry Res. 189, 158–159.

Morrens, M., Docx, L., Walther, S., 2014. Beyond boundaries: in search of an integrative
view on motor symptoms. Front. Psych. Schizophr. 5 Article 145.

Morris, R.W., Vercammen, A., Lenroot, R., Moore, L., Langton, J.M., Short, B., Kulkarni, J.,
2012. Disambiguating ventral striatum fMRI-related bold signal during reward pre-
diction in schizophrenia. Mol. Psychiatry 17, 280–289.

Müller, J.L., Klein, H.E., 2000. Neuroleptic therapy influences basal ganglia activation: a
functional magnetic resonance imaging study comparing controls to haloperidol-
and olanzapine-treated inpatients. Psychiatry Clin. Neurosci. 54, 653–658.

Müller, J.L., Röder, C.H., Schuierer, G., Klein, H., 2002. Motor-induced brain activation in
cortical, subcortical and cerebellar regions in schizophrenic inpatients. A whole
brain fMRI fingertapping study. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 26,
421–426.

Obeso, I., Wilkinson, L., Casabona, E., Speekenbrink, M., Luisa Bringas, M., Alvarez, M.,
Alvarez, L., Pavón, N., Rodríguez-Oroz, M.C., Macías, R., Obeso, J.A., Jahanshahi, M.,
2014b. The subthalamic nucleus and inhibitory control: impact of subthalamotomy
in Parkinson's disease. Brain 137, 1470–1480.

Obeso, J.A., Rodríguez-Oroz, M.C., Rodríguez, M., Lanciego, J.L., Artieda, J., Gonzalo, N.,
Olanow, C.W., 2000. Pathophysiology of the basal ganglia in Parkinson's disease.
Trends Neurosci. 23, S8–S19.

Obeso, J.A., Rodriguez-Oroz, M.C., Stamelou, M., Bhatia, K.P., Burn, D.J., 2014a. The
expanding universe of disorders of the basal ganglia. Lancet 384, 523–531.

Ochsner, K.N., Gross, J.J., 2005. The cognitive control of emotion. Trends Cogn. Sci. 9,
242–249.

Ojeda, N., Ortuño, F., Arbizu, J., López, P., Martí-Climent, J.M., Peñuelas, I., Cervera-Enguix,
S., 2002. Functional neuroanatomy of sustained attention in schizophrenia: contribu-
tion of parietal cortices. Hum. Brain Mapp. 17, 116–130.

Orr, J.M., Banich, M.T., 2014. The neural mechanisms underlying internally and externally
guided task selection. NeuroImage 84, 191–205.

Orr, J.M., Smolker, H.R., Banich, M.T., 2015. Organization of the human frontal pole re-
vealed by large-scale DTI-based connectivity: implications for control of behavior.
PLoS One 10 e0124797.

Pae, C.-U., Juh, R., Yoo, S.-S., Choi, B.-G., Lim, H.-K., Lee, C., Paik, I.-H., Jeun, S.S., Lee, C.-U.,
2008. Verbal working memory dysfunction in schizophrenia: an FMRI investigation.
Int. J. Neurosci. 118, 1467–1487.

Pappa, S., Dazzan, P., 2009. Spontaneous movement disorders in antipsychotic-naive pa-
tients with first-episode psychoses: a systematic review. Psychol. Med. 39,
1065–1076.

Perez-Costas, E., Melendez-Ferro, M., Roberts, R.C., 2010. Basal ganglia pathology in
schizophrenia: dopamine connections and anomalies. J. Neurochem. 113, 287–302.

Phillips, M.L., Williams, L., Senior, C., Bullmore, E.T., Brammer, M.J., Andrew, C., Williams,
S.C., David, A.S., 1999. A differential neural response to threatening and non-threaten-
ing negative facial expressions in paranoid and non-paranoid schizophrenics. Psychi-
atry Res. 92, 11–31.

Postuma, R.B., Dagher, A., 2006. Basal ganglia functional connectivity based on a meta-
analysis of 126 positron emission tomography and functional magnetic resonance
imaging publications. Cereb. Cortex 16, 1508–1521.

Potkin, S.G., Alva, G., Fleming, K., Anand, R., Keator, D., Carreon, D., Doo, M., Jin, Y., Wu, J.C.,
Fallon, J.H., 2002. A PET study of the pathophysiology of negative symptoms in
schizophrenia. Am. J. Psychiatry 159, 227–237.

Ragland, J.D., Moelter, S.T., Bhati, M.T., Valdez, J.N., Kohler, C.G., Siegel, S.J., Gur, R.C., Gur,
R.E., 2008. Effect of retrieval effort and switching demand on fMRI activation during
semantic word generation in schizophrenia. Schizophr. Res. 99, 312–323.

Ranganath, C., Minzenberg, M.J., Ragland, J.D., 2008. The cognitive neuroscience of mem-
ory function and dysfunction in schizophrenia. Biol. Psychiatry 64, 18–25.

Reuter-Lorenz, P.A., Jonides, J., Smith, E.E., Hartley, A., Miller, A., Marshuetz, C., Koeppe,
R.A., 2000. Age differences in the frontal lateralization of verbal and spatial working
memory revealed by PET. J. Cogn. Neurosci. 12, 174–187.

Robbins, T.W., 1990. The case of frontostriatal dysfunction in schizophrenia. Schizophr.
Bull. 16, 391–402.
Royer, A., Schneider, F.C.G., Grosselin, A., Pellet, J., Barral, F.-G., Laurent, B., Brouillet, D.,
Lang, F., 2009. Brain activation during executive processes in schizophrenia. Psychia-
try Res. 173, 170–176.

Salvador, R., Sarro, S., Gomar, J.J., Ortiz-Gil, J., Vila, F., Capdevila, A., Bullmore, E., McKenna,
P.J., Pomarol-Clotet, E., 2010. Overall brain connectivity maps show cortico-subcorti-
cal abnormalities in schizophrenia. Hum. Brain Mapp. 31, 2003–2014.

Schlagenhauf, F., Huys, Q.J.M., Deserno, L., Rapp, M.A., Beck, A., Heinze, H.J., Dolan, R.,
Heinz, A., 2014. Striatal dysfunction during reversal learning in unmedicated schizo-
phrenia patients. NeuroImage 89, 171–180.

Schultz, W., Dayan, P., Montague, P.R., 1997. A neural substrate of prediction and reward.
Science 275, 1593–1599.

Schultz, W., Tremblay, L., Hollerman, J.R., 2000. Reward processing in primate
orbitofrontal cortex and basal ganglia. Cereb. Cortex 10, 272–284.

Schultz, W., Tremblay, L., Hollerman, J.R., 1998. Reward prediction in primate basal gan-
glia and frontal cortex. Neuropharmacology 37, 421–429.

Seidler, R.D., Bernard, J.A., Burutolu, T.B., Fling, B.W., Gordon, M.T., Gwin, J.T., Kwak, Y.,
Lipps, D.B., 2010. Motor control and aging: links to age-related brain structural, func-
tional, and biochemical effects. Neurosci. Biobehav. Rev. 34, 721–733.

Sesack, S.R., Grace, A.A., 2010. Cortico-basal ganglia reward network: microcircuitry.
Neuropsychopharmacology 35, 27–47.

Simon, J.J., Biller, A., Walther, S., Roesch-Ely, D., Stippich, C., Weisbrod, M., Kaiser, S., 2010.
Neural correlates of reward processing in schizophrenia - relationship to apathy and
depression. Schizophr. Res. 118, 154–161.

Stawarczyk, D., D'Argembeau, A., 2015. Neural correlates of personal goal processing dur-
ing episodic future thinking and mind-wandering: an ALE meta-analysis. Hum. Brain
Mapp. 2947, 2928–2947.

Stephane, M., Hagen,M.C., Lee, J.T., Uecker, J., Pardo, P.J., Kuskowski, M.A., Pardo, J.V., 2006.
About the mechanisms of auditory verbal hallucinations: a positron emission tomo-
graphic study. J. Psychiatry Neurosci. 31, 396–405.

Strauss, G.P., Waltz, J.A., Gold, J.M., 2014. A review of reward processing and motivational
impairment in schizophrenia. Schizophr. Bull. 40, 107–116.

Takahashi, H., Koeda, M., Oda, K., Matsuda, T., Matsushima, E., Matsuura, M., Asai, K.,
Okubo, Y., 2004. An fMRI study of differential neural response to affective pictures
in schizophrenia. NeuroImage 22, 1247–1254.

Tanaka, S.C., Doya, K., Okada, G., Ueda, K., Okamoto, Y., Yamawaki, S., 2016. Prediction of
immediate and future rewards differentially recruits cortico-basal ganglia loops.
Behav. Econ. Prefer. Choices, Happiness 7, 593–616.

Taylor, S.F., Chen, A.C., Tso, I.F., Liberzon, I., Welsh, R.C., 2011. Social appraisal in chronic
psychosis: role ofmedial frontal and occipital networks. J. Psychiatr. Res. 45, 526–538.

Taylor, S.F., Phan, K.L., Britton, J.C., Liberzon, I., 2005. Neural response to emotional sa-
lience in schizophrenia. Neuropsychopharmacology 30, 984–995.

Tekin, S., Cummings, J.L., 2002. Frontal-subcortical neuronal circuits and clinical neuro-
psychiatry: an update. J. Psychosom. Res. 53, 647–654.

Tu, P.C., Hsieh, J.C., Li, C.T., Bai, Y.M., Su, T.P., 2012. Cortico-striatal disconnection within
the cingulo-opercular network in schizophrenia revealed by intrinsic functional con-
nectivity analysis: a resting fMRI study. NeuroImage 59, 238–247.

Tu, P.C., Yang, T.H., Kuo, W.J., Hsieh, J.C., Su, T.P., 2006. Neural correlates of antisaccade
deficits in schizophrenia, an fMRI study. J. Psychiatr. Res. 40, 606–612.

Turkeltaub, P.E., Eickhoff, S.B., Laird, A.R., Fox, M., Wiener, M., Fox, P., 2012. Minimizing
within-experiment and within-group effects in activation likelihood estimation
meta-analyses. Hum. Brain Mapp. 33, 1–13.

Walter, H., Kammerer, H., Frasch, K., Spitzer, M., Abler, B., 2009. Altered reward functions
in patients on atypical antipsychotic medication in line with the revised dopamine
hypothesis of schizophrenia. Psychopharmacology 206, 121–132.

Walther, S., Strik, W., 2012. Motor symptoms and schizophrenia. Neuropsychobiology 66,
77–92.

Weinstein, S., Werker, J.F., Vouloumanos, A., Woodward, T.S., Ngan, E.T.C., 2006. Do you
hear what I hear? Neural correlates of thought disorder during listening to speech
in schizophrenia. Schizophr. Res. 86, 130–137.

Wolf, R.C., Vasic, N., Schönfeldt-Lecuona, C., Landwehrmeyer, G.B., Ecker, D., 2007. Dorso-
lateral prefrontal cortex dysfunction in presymptomatic Huntington's disease: evi-
dence from event-related fMRI. Brain 130, 2845–2857.

Wolkin, A., Sanfilipo, M., Wolf, A.P., Angrist, B., Brodie, J.D., R.J, 1992. Negative symptoms
and hypofrontality in chronic schizophrenia. Arch. Gen. Psychiatry 49 (12), 959–965.

Yoo, S.-S., Choi, B.-G., Juh, R.-H., Park, J.-M., Pae, C.-U., Kim, J.-J., Lee, S.-J., Lee, C., Paik, I.-H.,
Lee, C.-U., 2005. Working memory processing of facial images in schizophrenia: fMRI
investigation. Int. J. Neurosci. 115, 351–366.

Yoon, J.H., Minzenberg, M.J., Raouf, S., D'Esposito, M., Carter, C.S., 2013. Impaired prefron-
tal-basal ganglia functional connectivity and substantia nigra hyperactivity in schizo-
phrenia. Biol. Psychiatry 74, 122–129.

Zandbelt, B.B., Buuren, M. Van, Kahn, R.S., Vink, M., 2011. Reduced Proactive Inhibition in
Schizophrenia Is Related to corticostriatal Dysfunction and Poor Working Memory.
BPS. 70 pp. 1151–1158.

Zimbelman, J.L., Paulsen, J.S., Mikos, A., Reynolds, N.C., Hoffmann, R.G., Rao, S.M., 2007.
fMRI detection of early neural dysfunction in preclinical Huntington's disease. J. Int.
Neuropsychol. Soc. 13, 758–769.

http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0340
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0340
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0345
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0345
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0350
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0350
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0355
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0355
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0360
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0360
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0365
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0365
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0365
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0370
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0370
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0370
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0375
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0375
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0380
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0380
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0385
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0385
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0390
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0390
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0390
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0395
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0395
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0395
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0395
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0400
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0400
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0405
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0405
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0410
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0410
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0415
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0415
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0420
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0420
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf2000
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf2000
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf3000
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf3000
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf3000
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0425
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0425
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0430
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0430
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0430
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0435
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0435
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0440
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0440
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0440
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0445
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0445
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0445
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0450
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0450
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0455
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0455
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0460
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0460
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0465
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0465
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0470
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0470
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0475
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0475
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0480
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0480
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0485
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0485
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0490
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0490
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0495
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0495
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0500
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0500
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0505
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0505
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0510
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0510
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0515
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0515
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0520
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0520
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0520
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0525
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0525
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0530
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0530
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0535
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0535
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0540
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0540
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0540
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0545
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0545
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0550
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0550
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0555
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0555
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0560
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0560
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0560
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0565
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0565
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0570
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0570
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0570
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0575
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0575
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0575
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0580
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0580
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0585
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0585
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0585
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0590
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0590
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0590
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0595
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0595
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0600
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0600
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0605
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0605
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0605
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0610
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0610
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0610
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0615
http://refhub.elsevier.com/S2213-1582(17)30034-7/rf0615

	Patients with schizophrenia show aberrant patterns of basal ganglia activation: Evidence from ALE meta-�analysis
	1. Introduction
	2. Method
	2.1. Literature search
	2.2. ALE meta-analysis

	3. Results
	3.1. Task activation overlap in controls
	3.2. Task activation overlap in patients with schizophrenia
	3.3. Group differences in task activation

	4. Discussion
	4.1. Activation overlap in healthy individuals and basal ganglia circuits
	4.2. Activation overlap differences in patients with schizophrenia
	4.3. Implications for our understanding of disease
	4.4. Limitations

	5. Conclusions
	Authorship
	Acknowledgments
	References


