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Striatal dysfunction is thought to be a fundamental element
in schizophrenia. Striatal dopamine dysfunction impacts on
reward processing and learning and is present even at rest.
Here, we addressed the questionwhether and how spontaneous
neuronal activity in the striatum is altered in schizophrenia.
We therefore assessed intrinsic striatal activity and its re-
lation with disorder states and symptom dimensions in
patients with schizophrenia. We performed resting-state
functional (rs-fMRI) and structural magnetic resonance
imaging as well as psychometric assessment in 21 schizo-
phrenic patients during psychosis. On average 9 months
later, we acquired follow-up data during psychotic remis-
sion and with comparable levels of antipsychotic medica-
tion. Twenty-one age- and sex-matched healthy controls
were included in the study. Independent component analysis
of fMRI data yielded spatial maps and time-courses of
coherent ongoing blood-oxygen-level-dependent signal fluc-
tuations, which were used for group comparisons and corre-
lation analyses with scores of the positive and negative
syndromescale.Duringpsychosis, coherent intrinsicactivity
ofthestriatumwasincreasedinthedorsalpartandcorrelated
with positive symptoms such as delusion and hallucination.
In psychotic remission of the same patients, activity of the
ventral striatum was increased and correlated with negative
symptoms such as emotional withdrawal and blunted affect.
Results were controlled for volumetric and medication
effects. These data provide first evidence that in schizophre-
nia intrinsic activity is changed in the striatum and corre-
sponds to disorder states and symptom dimensions.
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Introduction

Striatal dysfunction is thought to be a fundamental ele-
ment in schizophrenia.1 Especially, dopamine transmis-
sion in the striatum is increased during prodromal and
psychotic states.2,3 Such elevated dopamine levels correlate
with positive disease symptoms and antidopaminergic
drugs reduce these symptoms in most patients.4

It is still unclear, how striatal dopamine relates to brain
activity in humans, but animal experiments revealed that
increased dopamine modulates spontaneous activity in the
striatum.5,6 Furthermore, theoretical accounts suggest
that changed spontaneous brain activity contributes to
psychotic symptoms byworsening the signal-to-noise ratio
(SNR) of evoked and intrinsic activity.7,8 In particular,
noisy striatal signals are assumed to contribute to aberrant
salience processing and disrupted reinforcement learning
that both underlie positive symptoms in schizophrenia
such as delusions.9–11

These data suggest that an investigation of intrinsic brain
activity in humans might help to better understand the
pathophysiology of schizophrenia. Few studies reported
on global connectivity changes in the intrinsic functional
architecture of schizophrenic patients.12 Others have con-
centrated on cortical networks of intrinsic activity and
found distributed changes in frontal, temporal, and parietal
cortices.13–16 However, in vivo evidence for specifically
altered intrinsic activity in the resting-state signal of the
striatum is missing.
In order to test for aberrant intrinsic striatal activity,

we measured ongoing hemodynamic signal fluctuations
with fMRI during a 10-minutes rest period (rs-fMRI) in
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patients with schizophrenia and healthy controls (HCs).
Patients were assessed during psychosis and during psy-
chotic remission. We decomposed the rs-fMRI data with
independent component analysis (ICA) into spatially inde-
pendentmaps of intrinsically coupled brain regions with as-
sociated blood-oxygen-level-dependent (BOLD) signal
fluctuations.17 From these spatial maps, we selected a pre-
viously described basal ganglia resting-state network
(BGN) including the striatum.18 Additionally, we selected
any further intrinsic cortical networkwith striatal contribu-
tions. The ICA approach allows the simultaneous explora-
tion of intrinsic connectivity changes of the striatum within
several networks.19 We controlled our analyses of intrinsic
functional connectivity for medication effects and struc-
tural changes.

We addressed the following questions: (1) is intrinsic
striatal activity changed in schizophrenia; (2) are poten-
tial changes modulated by psychosis, which is character-
ized by hyperdopaminergia1; and (3) are changes related
to symptom dimensions of schizophrenia.

Methods

Participants and Task

Twenty-one patients and 21 HCs participated in the study
(table 1). All participants provided informed consent in ac-
cordance with the Human Research Committee guidelines
of the Klinikum Rechts der Isar, Technische Universität
München. Patients were recruited from the Department
of Psychiatry, Klinikum Rechts der Isar, TU München,
controls byword ofmouth advertising. Participants’ exam-
ination included medical history, psychiatric interview,

psychometric assessment, and blood tests for patients
(all performed by D.S. and M.S.). Psychiatric diagnoses
were based onDiagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV).20 The Structured
Clinical Interview for DSM-IV (SCID-I German version)
was used to assess the presence of psychiatric diagnoses.
The severity of clinical symptoms was measured with
the positive and negative syndrome scale (PANSS)21 on
the day of scanning. D.S. and M.S. have been profession-
ally trained for SCID and PANSS-based interviews with
interrater reliability for diagnoses and scores of more
than 95%. The global level of social, occupational, and
psychological functioning was measured with the Global
Assessment of Functioning Scale.22

All patients were diagnosed with schizophrenia. Fur-
ther inclusion criteria were an age between 18 and
60 years, current psychotic symptoms for the fMRI-session
during psychosis (SP) and remission of psychotic symptoms
(indicated by significantly decreased PANSS scores) for the
fMRI-session during psychotic remission (SPR). Patients
wereinpatientduringSPandambulatoryduringSPR.Onav-
erageabout9monthsafterpsychosis (tmean=285.84days,SD
= 167.66), 13 of 21 patients approved a second investigation
during remission. The 8 remaining patients that alsowere di-
agnosed as remitted frompsychosis by external psychiatrists
could not be convinced of an additional reexamination and
rescanning. Importantly, the subsample of patients that
was reexamined did not differ from the initial patient group
with respect to demographical or medication parameters
(table 1) but had significantly reduced PANSS scores.
Patients were free of any current or past neurological

or internal systemic disorder, current depressive or manic

Table 1. Demographic and Clinical Characteristics

HC
(n = 21)

SP
(n = 21)

SPR
(n = 13)

SP (n = 21) vs
HC (n = 21)a

SPR (n = 13) vs
HC (n = 13)a

SP (n = 13) vs
SPR (n = 13)b

Measure
Mean
(SD)

Mean
(SD)

Mean
(SD) T Score P Value T Score P Value T Score P Value

Age 33.57 (13.6) 34.05 (12.27) 33.69 (10.53) �0.121 0.904 �0.330 0.745

Sex
(male/female)

10/11 10/11 9/4

PANSS
Total 30.14 (0.65) 80.76 (20.77) 52.75 (13.93) 8.96 .000* 3.240 .004* 6.466 .000*

Positive 7.05 (0.22) 19.4 (6.09) 11.92 (3.63) 9.091 .000* 4.801 .000* 3.212 .008*

Negative 7 10 (0.44) 21.14 (8.20) 13.58 (5.63) 7.84 .000* 4.102 .000* 3.345 .007*

General 16.05 (0.22) 39.81 (11.06) 27.25 (8.30) 9.846 .000* 4.858 .000* 4.473 .001*

GAF 99.76 (1.09) 39.62 (11.68) 59.25 (14.44) �23.492 .000* �10.046 .000* �3.627 .004*

CPZ 388.61 (384.67) 206.95 (189.67) 1.281 .227

Note: HC, healthy control group; SP, group of patients with schizophrenia during psychosis; SPR, group of patients with schizophrenia
during psychotic remission; PANSS, Positive and Negative Syndrome Scale; GAF, Global Assessment of Functioning Scale; CPZ,
chlorpromazine equivalent dose.
aTwo-sample t test.
bPaired t test.
*Significant for P < .05 corrected for multiple comparisons.
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episode, substance abuse (except nicotine), and cerebral
pathology in MRI. Three of 21 patients during psychosis
and 4 of 13 patients during psychotic remission were free
of antipsychotic medication. All other patients received
mono- or dual therapy with atypical antipsychotic med-
ication, including Amilsupride (2 cases during SP/1
case during SPR), Olanzapine (11/1), Clozapine (4/3),
Quetiapine (2/3), Ziprasidone (1/0), Risperidone (5/2),
Aripiprazole (2/1), and Paliperidone (3/1) (see online
supplementary table S1 for individual medication proto-
cols and dosage; see also table 1 for mean chlorpromazine
(CPZ) equivalent dose23). Importantly, CPZ did not dif-
fer significantly between SP and SPR. All controls were
free of any current or past psychiatric, neurological or
systemic disorder, or psychotropic medication.
All participants underwent 10 minutes of rs-fMRI with

the instruction to keep their eyes closed and not to fall
asleep. We verified that subjects stayed awake by inter-
rogating via intercom immediately after the rs-fMRI
scan. Before and after scanning, a medical examination
of patients validated their stable condition and investi-
gated whether they had feelings of odd situations during
the scanning. No patient dropped out during the first
scanning session. HCs were scanned only once to define
the range of normal BGN coherence; thus, it was not pos-
sible to directly test for schizophrenia-specific changes
between first and second scan. However, several indepen-
dent rs-fMRI studies inHCs confirmed the consistency of
rs-fMRI networks across days and months.24,25

FMRI Data Acquisition and Analysis

MRI was performed on a 3 T whole-body MR scanner
(Achieva; Philips, Netherland) using an 8-channel
phased-array head coil. For coregistration and volumet-
ric analysis, T1-weighted anatomical data were obtained
from each subject by using a magnetization-prepared
rapid acquisition gradient echo sequence (echo time
[TE] = 4 ms, time of repetition [TR] = 9 ms, inversion
time [TI] = 100 ms, flip angle = 5�, field of view
[FoV] = 240 3 240 mm2, matrix = 240 3 240, 170 slices,
voxel size = 13 13 1mm3). FMRI datawere collected using
a gradient echo planar imaging sequence (TE = 35 ms, TR =
2000ms, flip angle = 82�, FoV = 2203 220mm2,matrix = 80
3 80, 32 slices, slice thickness = 4 mm, and 0 mm interslice
gap; 10 minutes of scanning result in 300 volumes).
For each participant, the first 3 functional scans of each

fMRI-session were discarded due tomagnetization effects.
Statistical parametric mapping 8 (SPM8) (Wellcome De-
partment of Cognitive Neurology, London) was used for
motion correction, spatial normalization into the stereo-
tactic space of the Montreal Neurological Institute and
spatial smoothing with an 8 3 8 3 8 mm Gaussian kernel.
None of the participants had to be excluded due to exces-
sive head motion (linear shift <3 mm across run and on
a frame-to-frame basis, rotation <1.5�). We also verified
nonsignificant differences in the SNR ratio of the fMRI

data between healthy subjects (mean: 47.27, SD: 10.79)
and patient group (mean: 46.21, SD: 11.6) with P = .76.
Preprocessed data were decomposed into 40 spatial in-

dependent components within a group ICA framework,17

which is based on the infomax algorithm and implemented
in the GIFT-software (http://icatb.sourceforge.net).
Dimensionality estimation was performed by using the
minimum description length criteria and resulted in
40 components representing the mean of all individual
estimates. Before volumes were entered into ICA analysis,
voxel-wise z-transformation on time course data yijk(t) was
applied by subtracting the mean Æyijkæ and dividing by the

SDrijk ( ijkðtÞ=
�
yijkðtÞ � Æ yijkæ

�
=rijk, t time, i,j,k directions

in space). The sensitivity of the multivariate ICA algo-
rithm for correlation of variance between voxels, ie, func-
tional connectivity, was thereby rendered independent of
the original BOLD signal magnitude across subjects. Data
were concatenated and reduced by 2-step principal compo-
nent analysis, followed by independent component estima-
tion with the infomax algorithm. We subsequently ran
40 ICA (ICASSO) to ensure stability of the estimated com-
ponents. This results in a set of average group components,
which are then back reconstructed into single-subject space.
We then applied a multiple spatial regression with a mask
containing caudate nucleus and putamen to the 40 indepen-
dent components to automatically select those including the
striatum (figure 1, supplementary figure S1 and tables S2
and S3). The mask was generated with the WFU-Pickatlas
(http://www.fmri.wfubmc.edu/). Before we entered the indi-
vidual’s spatial maps into second-level statistics, we reinte-
grated the initially calculated scaling factor rijk into the
data by voxel-wise multiplication in order to preserve
each individual’s profile of variance magnitude while leav-
ing the normalized time course component unchanged.26

To statistically evaluate spatial maps of selected inde-
pendent components (ICs), we calculated voxel-wise one-
sample t tests on participants’ reconstructed spatial maps
for each group and session, using SPM8 (P < .05, false
discovery rate [FDR], figure 1). To analyze group effects,
participants’ spatial maps were entered into two-sample
t tests with striatal volumes as covariate of no interest
when comparing patients withHC (P< .05 FDR-corrected,
figure 2, supplementary table S4). To evaluate the temporal
aspect of selected ICs, we investigated the frequency distri-
bution of each IC’s time course. The power spectral density
of each participant’s time course for each session was cal-
culated and then averaged across frequencies ranging from
0.01 to 0.1 Hz. Differences across groups were assessed by
using two-sample t tests (supplementary figure S2).
The relation between striatal activity and symptom

dimensions was studied within a region of interest
(ROI)–based approach. ROI-restricted z scores (derived
from subjects’ BGN-ICs) were partially correlated with
PANSS scores in patients with striatal volume and anti-
psychotic medication CPZ as regressors of no interest
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mono- or dual therapy with atypical antipsychotic med-
ication, including Amilsupride (2 cases during SP/1
case during SPR), Olanzapine (11/1), Clozapine (4/3),
Quetiapine (2/3), Ziprasidone (1/0), Risperidone (5/2),
Aripiprazole (2/1), and Paliperidone (3/1) (see online
supplementary table S1 for individual medication proto-
cols and dosage; see also table 1 for mean chlorpromazine
(CPZ) equivalent dose23). Importantly, CPZ did not dif-
fer significantly between SP and SPR. All controls were
free of any current or past psychiatric, neurological or
systemic disorder, or psychotropic medication.
All participants underwent 10 minutes of rs-fMRI with

the instruction to keep their eyes closed and not to fall
asleep. We verified that subjects stayed awake by inter-
rogating via intercom immediately after the rs-fMRI
scan. Before and after scanning, a medical examination
of patients validated their stable condition and investi-
gated whether they had feelings of odd situations during
the scanning. No patient dropped out during the first
scanning session. HCs were scanned only once to define
the range of normal BGN coherence; thus, it was not pos-
sible to directly test for schizophrenia-specific changes
between first and second scan. However, several indepen-
dent rs-fMRI studies inHCs confirmed the consistency of
rs-fMRI networks across days and months.24,25

FMRI Data Acquisition and Analysis

MRI was performed on a 3 T whole-body MR scanner
(Achieva; Philips, Netherland) using an 8-channel
phased-array head coil. For coregistration and volumet-
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in space). The sensitivity of the multivariate ICA algo-
rithm for correlation of variance between voxels, ie, func-
tional connectivity, was thereby rendered independent of
the original BOLD signal magnitude across subjects. Data
were concatenated and reduced by 2-step principal compo-
nent analysis, followed by independent component estima-
tion with the infomax algorithm. We subsequently ran
40 ICA (ICASSO) to ensure stability of the estimated com-
ponents. This results in a set of average group components,
which are then back reconstructed into single-subject space.
We then applied a multiple spatial regression with a mask
containing caudate nucleus and putamen to the 40 indepen-
dent components to automatically select those including the
striatum (figure 1, supplementary figure S1 and tables S2
and S3). The mask was generated with the WFU-Pickatlas
(http://www.fmri.wfubmc.edu/). Before we entered the indi-
vidual’s spatial maps into second-level statistics, we reinte-
grated the initially calculated scaling factor rijk into the
data by voxel-wise multiplication in order to preserve
each individual’s profile of variance magnitude while leav-
ing the normalized time course component unchanged.26

To statistically evaluate spatial maps of selected inde-
pendent components (ICs), we calculated voxel-wise one-
sample t tests on participants’ reconstructed spatial maps
for each group and session, using SPM8 (P < .05, false
discovery rate [FDR], figure 1). To analyze group effects,
participants’ spatial maps were entered into two-sample
t tests with striatal volumes as covariate of no interest
when comparing patients withHC (P< .05 FDR-corrected,
figure 2, supplementary table S4). To evaluate the temporal
aspect of selected ICs, we investigated the frequency distri-
bution of each IC’s time course. The power spectral density
of each participant’s time course for each session was cal-
culated and then averaged across frequencies ranging from
0.01 to 0.1 Hz. Differences across groups were assessed by
using two-sample t tests (supplementary figure S2).
The relation between striatal activity and symptom

dimensions was studied within a region of interest
(ROI)–based approach. ROI-restricted z scores (derived
from subjects’ BGN-ICs) were partially correlated with
PANSS scores in patients with striatal volume and anti-
psychotic medication CPZ as regressors of no interest
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(partial correlation, P < .05; figure 3, table 1). Striatal
ROIs were created by using the MARSBAR-toolbox
(Release 0.42, http://marsbar.sourceforge.net/). Centers
of spheric ROIs with 6 mm radius were derived from
the study of Martinez and colleagues,27 including left
and right associative striatum (624, 12, 0) and left and
right limbic striatum (612, 9, �9). For patients’ BGN-
IC of each session, z scores were extracted for each
ROI and averaged across each bilateral ROI-pair.

Voxel-Based Morphometry Analysis

In order to control any functional connectivity results
for potentially structural alterations, we calculated an av-
eraged volumetric score for the striatum and included
that as a covariate of no interest. For data preprocessing
and analysis, the voxel-based morphometry 8 (VBM8)
toolbox (http://dbm.neuro.uni-jena.de/vbm.html) was
used. Images were corrected for bias-field inhomogeneity,
registered using linear (12-parameter affine) and nonlinear
transformations, and tissue classified into gray matter

(GM), white matter, and cerebrospinal fluid within the
same generative model.28 The resulting GM images were
modulated to account for volume changes resulting from
the normalization process. Here, we only considered non-
linear volume changes so that further analyses did not have
to account for differences in head size. Finally, images were
smoothed with a Gaussian kernel of 8 mm (FWHM). We
then calculated an averaged score for bilateral ventral and
dorsal striatum and tested that for group differences.
Additionally, we included this averaged VBM score as
covariate of no interest in the above-described functional
analysis of group differences across spatial IC maps.

Results

The Basal Ganglia Network Includes the Ventral and
Dorsal Striatum

For each subject, ICA of fMRI data resulted in spatial
maps, displayed in z scores, and associated time course
values. Together, these measures represent the relative

Fig. 1.Spatialmapsofcoherent intrinsicactivitywithinthebasalganglianetwork(BGN).After independentcomponentanalysisofresting-state
fMRI data, spatial maps of single-subject ICs representing the BGNwere entered into voxel-wise one-sample t tests across individuals of each
group and thresholded at P < .05, corrected for false discovery rate. Statistical parametric maps representing brain areas with significantly
covarying activity were superimposed on a single-subject high-resolution T1 image (color scale representing z values from 0 to 16). The BGN
includes the striatum, pallidum, and thalamus. (a) Patients during psychosis, (b) patients during psychotic remission, and (c) healthy controls.
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degree to which the component contributes to the overall
BOLD signal at a given time point. Automated component
selection by spatially regressing a striatum mask with all
spatial maps revealed a subcortical basal ganglia network
(BGN) in each individual (supplementary table S2). This
BGN was spatially consistent across groups and sessions,
matched previous results,18 and included the striatum
(nucleus caudatus, putamen), globus pallidus, and thalamus
(figure 1, one-sample t test, P< .05, correction for false dis-
covery rate). Additionally, 3 further ICs with cortical cen-
ters ofmass hadminor striatal contribution (supplementary
figure S1 and tables S2 and S3).

Spatial Maps of Coherent Intrinsic Brain Activity Reflect
Psychosis andPsychoticRemission inDistinctParts of the
Striatum

Compared with controls, psychotic patients showed
increased activity in the associative and sensorimotor

striatum of the BGN (figure 2 and supplementary table
S4, two-sample t test, P< .05 FDR, corrected for striatal
volume). During psychotic remission, the same patients
showed stronger activity in bilateral limbic striatum
(figure 2 and supplementary table S4, two-sample t test, P
< .05 FDR, corrected for striatal volume) when compared
with HC. The 3 cortical ICs with striatal involvement did
not differ across groups and sessions (P< .001uncorrected).

Spectral Power of Time Courses of Synchronous Activity
Was Changed During Psychotic Remission

As a complementary measure to the spatial information
provided by component maps, we estimated the spectral
power of BGN-time courses, averaged for frequencies
from 0.01 to 0.1 Hz, and compared them across groups
and sessions (supplementary figure S2; two-sample t tests
for comparisons with controls, paired t test for compar-
isons across sessions). Patients in psychotic remission

Fig. 2. Increasingly synchronized intrinsic activity in distinct locations of the striatum depends on disorder state. Statistical parametric maps
(SPMs) of brain areaswith significantly increased covarying activity in patients. (a) Two-sample t test between patients during psychosis and
healthy controls (HCs), Montreal Neurological Institute (MNI)-coordinates [x,y,z] of the SPM: [27,12,4]; (b) Two-sample t test between
patients during psychotic remission and HCs, MNI-coordinates: [17,5,�8]; (c) Overlay of (a) and (b) reveals spatially distinct subregions
within the striatum,MNI-planes (y,z): [�7,�1]. Striatal volumewas entered as covariate of no interest. All t tests were thresholded atP< .05
andcorrected for falsediscovery rate. SPMswere superimposedonasingle-subjecthigh-resolutionT1 image (color scale representing zvalues
from 0 to 6).
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(partial correlation, P < .05; figure 3, table 1). Striatal
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(Release 0.42, http://marsbar.sourceforge.net/). Centers
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Results
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Fig. 1.Spatialmapsofcoherent intrinsicactivitywithinthebasalganglianetwork(BGN).After independentcomponentanalysisofresting-state
fMRI data, spatial maps of single-subject ICs representing the BGNwere entered into voxel-wise one-sample t tests across individuals of each
group and thresholded at P < .05, corrected for false discovery rate. Statistical parametric maps representing brain areas with significantly
covarying activity were superimposed on a single-subject high-resolution T1 image (color scale representing z values from 0 to 16). The BGN
includes the striatum, pallidum, and thalamus. (a) Patients during psychosis, (b) patients during psychotic remission, and (c) healthy controls.
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covery rate). Additionally, 3 further ICs with cortical cen-
ters ofmass hadminor striatal contribution (supplementary
figure S1 and tables S2 and S3).
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had significantly reduced power compared with controls
(P = .02). Patients during psychosis had a trend for reduced
power compared with controls (P = .08). Again, the other
ICs with striatal involvement did not differ across groups
and sessions for temporal aspects of striatal activity.

Intrinsic Striatal Activity Predicted Positive andNegative
Symptoms

To study the relation between increased striatal activity
and symptom dimensions, we correlated ROI-restricted
z scores with total PANSS scores in patients. The coordi-
nates of ROIs for functional subdivisions of the striatum
(limbic/ventral and associative/dorsal) were indepen-
dently derived from a previous brain imaging study.27

During psychosis, we found that synchronous activity
of the dorsal striatum correlated with total positive
(r = .53, P< .05) but not with negative (r = .02) symptoms
(partial correlation, corrected for striatal volume and
medication (CPZ), Bonferroni corrected for 4 tests);
during psychotic remission, the correlation between ac-
tivity in the ventral striatum and total negative symptoms
demonstrated a trend to significance (r = .35, P = .09
corrected), while there was no relation to positive symp-
toms (r = �.07). Post hoc analyses of correlations with
PANSS subscores revealed that the severity of delusions
and hallucinations during psychosis positively correlated
with activity increases within the associative striatum
(figure 3, supplementary table S5, P < .05). During
psychotic remission, the severity of blunted affect and

Fig. 3.Positive andnegative symptomsof schizophrenia are related to intrinsic activity in dorsal and ventral parts of the striatum. Inpatients,
thepositive syndromescaleofpositiveandnegative syndromescale (PANSS) correlatedwith intrinsic activity in thedorsal striatum,while the
negative syndrome scalewas related to activity in the ventral striatum. In this figure, PANSS subscores responsible for the overall syndrome-
brain relationship are plotted. From the positive syndrome scale, only (a) delusions and (b) hallucinations were significantly correlated with
coherent activity in thedorsal striatum(red regionof interest [ROI],MontrealNeurological Institute (MNI)-coordinates:624,12,027) during
psychosis (P < .05). The negative scores (c) blunted affect and (d) emotional withdrawal were significantly correlated with activity in the
ventral striatum (blueROI,MNI:612,9,�927) during psychotic remission (P< .05).ROI-signals were calculated as averaged z scores across
left/right ROI from single-subject ICs of the basal ganglia network (figure 1). Partial correlations were corrected for striatal volume and
antipsychotic medication (CPZ).
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emotional withdrawal positively correlated with activity
increases within the limbic striatum (figure 3, supplemen-
tary table S5, P < .05).

Changes of Striatal Coactivity Are Not Explained by
Medication or Striatal Volume Changes

Finally, we investigated whether medication or structural
changes in the striatum influence our result of coactivity
changes. For each subject, we summarized his/her med-
ication in terms of chlorpromazine equivalents (CPZ)
and tested these for differences across disease states
and for any correlation with striatal connectivity
measures. We found no difference between psychosis
and psychotic remission for the patient group (paired t
test, P < .05, see table 1). Furthermore, the voxel-wise
correlation analysis—restricted to the striatum—between
z scores reflecting coactivity and CPZs across patients
during psychosis and psychotic remission respectively
revealed no significant correspondence (P < .05, FDR-
corrected). Also, the analysis of volumetric data revealed
no significant group differences for the striatum between
healthy subjects and patients (P = .57).

Discussion

This study revealed changed intrinsic striatal activity in
patients with schizophrenia. Changes were modulated
by psychosis and related to various symptom dimensions
in spatially distinct regions: Coherent intrinsic activity in
the dorsal striatum was increased during psychosis and
predictive for delusion and hallucination; the ventral stria-
tum, however, showed increased activity during psychotic
remission and predicted blunted affect and emotional
withdrawal in the same patients. These findings extend
our knowledge about striatal dysfunction in schizophrenia
and suggest a link between intrinsic activity, symptom
dimensions, and possibly striatal dopamine dysfunction.

The Link Between Changed Intrinsic Activity in the
Striatum and Symptom Dimensions in Schizophrenia

The striatum is integrated into multiple cortico—basal
ganglia—cortical loops. The ventral part projects into
limbic, the associative part into associative, and the sen-
sorimotor part into sensorimotor cortices.29,30 Activity
across these corticostriatal loops is coordinated particu-
larly at the striatal level.30 In order to retrieve distinct
intrinsic networks with striatal contribution, we decom-
posed the rs-fMRI data with ICA and subsequently
analyzed several components. Voxel-wise z values in a com-
ponent’s spatial map reflect the strength of functional con-
nectivity to all other parts of this particular network.17,19

While we found no disease-related differences of func-
tional connectivity in the cortical networks covering parts
of the basal ganglia, the BGN itself revealed strong changes
of coherent intrinsic activity within the striatum.

Dorsal Striatum Activity Correlates With Positive
Symptoms

We found that coherent intrinsic activity in the dorsal
striatum was increased during psychosis but not during
psychotic remission. Moreover, activity in the associative
part correlated with positive symptoms and particularly
with delusion and hallucination. With respect to regional
specificity and behavioral relevance, our result is well in
line with previous findings focusing on dopaminergic
dysfunctions.2,3 For example, Howes and colleagues2

found elevated dopamine function of the associative
striatum to be linked with positive signs in patients
with prodromal schizophrenia. The consistency between
our resting-state fMRI study and previous dopamine-
relatedresting-statepositronemissiontomographystudies
in termsof brain-behavior relations suggest a linkbetween
intrinsic activity and dopamine dysfunction at rest.

Ventral Striatum Activity Correlates With Negative
Symptoms

We found increased coherence of intrinsic activity in the
ventral striatum during psychotic remission corresponding
to blunted affect and emotional withdrawal in these pa-
tients. The ventral striatum is critically involved in emotion
processing and reward-based learning.30 In schizophrenia,
task-fMRI studies on reward and emotion processing also
revealed a link between activity changes in the ventral stria-
tum and negative symptoms.31–33 We interpret the increase
of intrinsic connectivity in the ventral striatum with an in-
creased frequency of negative symptom behavior. This is in
accordance with rs-fMRI data of healthy subjects where re-
petitive sensory experiences lead to increased intrinsic con-
nectivity in sensory systems.26 Similarly, patientswithmajor
depression (MD) suffer from frequent negative feelings or
repetitive behaviors such as rumination. Accordingly, stud-
ies on resting-state networks in MD reveal increased intrin-
sic connectivity in associated brain regions.34

The Link Between Changed Spontaneous Activity in the
Striatum and Dopamine Dysfunction in Schizophrenia

We found that increased intrinsic activity in the ventral and
dorsal striatum of patients differentially predicts disorder
states and symptom dimensions. Our finding of locally di-
verging dysfunctions in the striatum correspond well with
two distinct dopaminergic pathways: dopaminergic cells
in the ventral tegmentum release dopamine into the ventral
striatum and dopaminergic cells of the substantia nigra pro-
ject to the dorsal striatum.35Although direct evidence for an
interaction of intrinsic activity and dopamine signaling is
stillmissing, there is experimental evidence for a relationship
between dopamine levels and intrinsic activity in the dorsal
striatum of animals and humans. In monkeys, iontophoret-
ically applied dopamine modulates the spontaneous firing
rate of neurons in the dorsal striatum,6 see also Goto et al.5

In patients suffering from Parkinson’s disease (PD), where
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had significantly reduced power compared with controls
(P = .02). Patients during psychosis had a trend for reduced
power compared with controls (P = .08). Again, the other
ICs with striatal involvement did not differ across groups
and sessions for temporal aspects of striatal activity.

Intrinsic Striatal Activity Predicted Positive andNegative
Symptoms

To study the relation between increased striatal activity
and symptom dimensions, we correlated ROI-restricted
z scores with total PANSS scores in patients. The coordi-
nates of ROIs for functional subdivisions of the striatum
(limbic/ventral and associative/dorsal) were indepen-
dently derived from a previous brain imaging study.27

During psychosis, we found that synchronous activity
of the dorsal striatum correlated with total positive
(r = .53, P< .05) but not with negative (r = .02) symptoms
(partial correlation, corrected for striatal volume and
medication (CPZ), Bonferroni corrected for 4 tests);
during psychotic remission, the correlation between ac-
tivity in the ventral striatum and total negative symptoms
demonstrated a trend to significance (r = .35, P = .09
corrected), while there was no relation to positive symp-
toms (r = �.07). Post hoc analyses of correlations with
PANSS subscores revealed that the severity of delusions
and hallucinations during psychosis positively correlated
with activity increases within the associative striatum
(figure 3, supplementary table S5, P < .05). During
psychotic remission, the severity of blunted affect and

Fig. 3.Positive andnegative symptomsof schizophrenia are related to intrinsic activity in dorsal and ventral parts of the striatum. Inpatients,
thepositive syndromescaleofpositiveandnegative syndromescale (PANSS) correlatedwith intrinsic activity in thedorsal striatum,while the
negative syndrome scalewas related to activity in the ventral striatum. In this figure, PANSS subscores responsible for the overall syndrome-
brain relationship are plotted. From the positive syndrome scale, only (a) delusions and (b) hallucinations were significantly correlated with
coherent activity in thedorsal striatum(red regionof interest [ROI],MontrealNeurological Institute (MNI)-coordinates:624,12,027) during
psychosis (P < .05). The negative scores (c) blunted affect and (d) emotional withdrawal were significantly correlated with activity in the
ventral striatum (blueROI,MNI:612,9,�927) during psychotic remission (P< .05).ROI-signals were calculated as averaged z scores across
left/right ROI from single-subject ICs of the basal ganglia network (figure 1). Partial correlations were corrected for striatal volume and
antipsychotic medication (CPZ).
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emotional withdrawal positively correlated with activity
increases within the limbic striatum (figure 3, supplemen-
tary table S5, P < .05).

Changes of Striatal Coactivity Are Not Explained by
Medication or Striatal Volume Changes

Finally, we investigated whether medication or structural
changes in the striatum influence our result of coactivity
changes. For each subject, we summarized his/her med-
ication in terms of chlorpromazine equivalents (CPZ)
and tested these for differences across disease states
and for any correlation with striatal connectivity
measures. We found no difference between psychosis
and psychotic remission for the patient group (paired t
test, P < .05, see table 1). Furthermore, the voxel-wise
correlation analysis—restricted to the striatum—between
z scores reflecting coactivity and CPZs across patients
during psychosis and psychotic remission respectively
revealed no significant correspondence (P < .05, FDR-
corrected). Also, the analysis of volumetric data revealed
no significant group differences for the striatum between
healthy subjects and patients (P = .57).

Discussion

This study revealed changed intrinsic striatal activity in
patients with schizophrenia. Changes were modulated
by psychosis and related to various symptom dimensions
in spatially distinct regions: Coherent intrinsic activity in
the dorsal striatum was increased during psychosis and
predictive for delusion and hallucination; the ventral stria-
tum, however, showed increased activity during psychotic
remission and predicted blunted affect and emotional
withdrawal in the same patients. These findings extend
our knowledge about striatal dysfunction in schizophrenia
and suggest a link between intrinsic activity, symptom
dimensions, and possibly striatal dopamine dysfunction.

The Link Between Changed Intrinsic Activity in the
Striatum and Symptom Dimensions in Schizophrenia

The striatum is integrated into multiple cortico—basal
ganglia—cortical loops. The ventral part projects into
limbic, the associative part into associative, and the sen-
sorimotor part into sensorimotor cortices.29,30 Activity
across these corticostriatal loops is coordinated particu-
larly at the striatal level.30 In order to retrieve distinct
intrinsic networks with striatal contribution, we decom-
posed the rs-fMRI data with ICA and subsequently
analyzed several components. Voxel-wise z values in a com-
ponent’s spatial map reflect the strength of functional con-
nectivity to all other parts of this particular network.17,19

While we found no disease-related differences of func-
tional connectivity in the cortical networks covering parts
of the basal ganglia, the BGN itself revealed strong changes
of coherent intrinsic activity within the striatum.

Dorsal Striatum Activity Correlates With Positive
Symptoms

We found that coherent intrinsic activity in the dorsal
striatum was increased during psychosis but not during
psychotic remission. Moreover, activity in the associative
part correlated with positive symptoms and particularly
with delusion and hallucination. With respect to regional
specificity and behavioral relevance, our result is well in
line with previous findings focusing on dopaminergic
dysfunctions.2,3 For example, Howes and colleagues2

found elevated dopamine function of the associative
striatum to be linked with positive signs in patients
with prodromal schizophrenia. The consistency between
our resting-state fMRI study and previous dopamine-
relatedresting-statepositronemissiontomographystudies
in termsof brain-behavior relations suggest a linkbetween
intrinsic activity and dopamine dysfunction at rest.

Ventral Striatum Activity Correlates With Negative
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We found increased coherence of intrinsic activity in the
ventral striatum during psychotic remission corresponding
to blunted affect and emotional withdrawal in these pa-
tients. The ventral striatum is critically involved in emotion
processing and reward-based learning.30 In schizophrenia,
task-fMRI studies on reward and emotion processing also
revealed a link between activity changes in the ventral stria-
tum and negative symptoms.31–33 We interpret the increase
of intrinsic connectivity in the ventral striatum with an in-
creased frequency of negative symptom behavior. This is in
accordance with rs-fMRI data of healthy subjects where re-
petitive sensory experiences lead to increased intrinsic con-
nectivity in sensory systems.26 Similarly, patientswithmajor
depression (MD) suffer from frequent negative feelings or
repetitive behaviors such as rumination. Accordingly, stud-
ies on resting-state networks in MD reveal increased intrin-
sic connectivity in associated brain regions.34

The Link Between Changed Spontaneous Activity in the
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We found that increased intrinsic activity in the ventral and
dorsal striatum of patients differentially predicts disorder
states and symptom dimensions. Our finding of locally di-
verging dysfunctions in the striatum correspond well with
two distinct dopaminergic pathways: dopaminergic cells
in the ventral tegmentum release dopamine into the ventral
striatum and dopaminergic cells of the substantia nigra pro-
ject to the dorsal striatum.35Although direct evidence for an
interaction of intrinsic activity and dopamine signaling is
stillmissing, there is experimental evidence for a relationship
between dopamine levels and intrinsic activity in the dorsal
striatum of animals and humans. In monkeys, iontophoret-
ically applied dopamine modulates the spontaneous firing
rate of neurons in the dorsal striatum,6 see also Goto et al.5
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dopamine levels in the dorsal striatum are reduced due to
substantia nigra degeneration, resting-state fMRI data
show an increase of intrinsic activity in the dorsal striatum
after administration of levodopa, almost reaching levels of
healthy persons.36,37 In schizophrenia, psychosis is linked to
elevated striatal dopamine function in the associative
part,2,3 which corresponds well to our data of increased in-
trinsic activity also in the dorsal part of the striatum. To-
gether, these results from various domains suggest
a potential link of intrinsic activity and dopamine signaling,
at least in the dorsal striatum, which is particularly altered
in patients with PD and schizophrenia. However, other
neurotransmitter systems and structural changes might
also impact on striatal dysfunction and should therefore
be investigated with respect to intrinsic brain activity.

Control Parameters and Limitations

The BGN consistently shows low-frequency BOLD signal
fluctuations across both groups, a typical characteristic of
functionally relevant intrinsic brain networks.19 However,
we also found slight differences in the low-frequency power
between healthy subjects and patients (supplementary fig-
ure S2). While the meaning of alterations in the frequency
range is still a matter of discussion,38 a recent study re-
ported decreased low-frequency power in a cortical IC of
patients with schizophrenia.14 Together, our data provide
evidence for consistent changes of spatial and temporal
characteristics of intrinsic striatal activity in schizophrenia.

We also aimed at controlling for several parameters
related to the disease that might impact on our findings.
We therefore included medication and striatal volume as
confounding effects into the analyses.

Medication. It is important to note that the remitted sub-
sample that we investigated approximately 9 months later
only differedwith respect to symptomdimensions (PANSS)
but not with respect to medication and demographical
aspects. Still, drug effects might confound our results
from the group analysis compared with HCs. However, 2
recent studies found evidence that (1) the resting-state signal
in the striatum of drug-naı̈ve schizophrenic patients is also
increased16 suggesting that rs-fMRI effects are rather due to
the pathology than due to drug effects. And that (2) dopa-
minergic substitution in PD increases resting-state connec-
tivity in the striatum.36,37 Therefore, any antidopaminergic
medication in our patients should even have a contrary ef-
fect on the coherent activity in the striatum.39 Finally, (3)
both direction and localization of change in spontaneous
activity were in accordance with the literature.3,16,36,37

Striatal Volume. It is also unlikely that increased striatal
spontaneous activity is due to volumetric changes; again,
we included striatal volume from a VBM analysis as vari-
able of no interest into statistical analyses. Although a pre-
vious study observed volume reduction in the striatum of

schizophrenic patients depending on disorder state, med-
ication, and duration of disorder,40 we did not find any
changes of striatal volume in our patient group.
A limitation of the study is the fact that we were not able

to recruit all 21 patients for another reexamination and
rescan during remission. Although all patients were in re-
mission at the time of contact, 8 subjects did not agree to
return to the clinic due to several reasons. Furthermore, we
did not rescanHCs a second time as various test-retest stud-
ies with rs-fMRI data proved the consistency of the intrinsic
functional architecture across days and months.24,25 Al-
though we cannot rule out any order effects in the patient
group, we conclude that the long-term shift that exclusively
occurred in the BGN and not in any other network is un-
likely to be caused simply by changes over time.

Conclusions

Overall, we found intriguing similarities between changes of
intrinsic activity in the striatum, behavioral symptoms, and
previous dopamine findings. Increased coherent intrinsic
activity in the dorsal striatum during psychosis is predictive
for delusion and hallucination; increased activity during
psychotic remission in the ventral striatum is predictive
for blunted affect and emotional withdrawal in the same
patients.However, further studies exploringbothapatient’s
dopamine function and intrinsic activity at the same time
would be needed to reveal any direct relation between ab-
errant striatal dopamine function and intrinsic activity.
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dopamine levels in the dorsal striatum are reduced due to
substantia nigra degeneration, resting-state fMRI data
show an increase of intrinsic activity in the dorsal striatum
after administration of levodopa, almost reaching levels of
healthy persons.36,37 In schizophrenia, psychosis is linked to
elevated striatal dopamine function in the associative
part,2,3 which corresponds well to our data of increased in-
trinsic activity also in the dorsal part of the striatum. To-
gether, these results from various domains suggest
a potential link of intrinsic activity and dopamine signaling,
at least in the dorsal striatum, which is particularly altered
in patients with PD and schizophrenia. However, other
neurotransmitter systems and structural changes might
also impact on striatal dysfunction and should therefore
be investigated with respect to intrinsic brain activity.

Control Parameters and Limitations

The BGN consistently shows low-frequency BOLD signal
fluctuations across both groups, a typical characteristic of
functionally relevant intrinsic brain networks.19 However,
we also found slight differences in the low-frequency power
between healthy subjects and patients (supplementary fig-
ure S2). While the meaning of alterations in the frequency
range is still a matter of discussion,38 a recent study re-
ported decreased low-frequency power in a cortical IC of
patients with schizophrenia.14 Together, our data provide
evidence for consistent changes of spatial and temporal
characteristics of intrinsic striatal activity in schizophrenia.

We also aimed at controlling for several parameters
related to the disease that might impact on our findings.
We therefore included medication and striatal volume as
confounding effects into the analyses.

Medication. It is important to note that the remitted sub-
sample that we investigated approximately 9 months later
only differedwith respect to symptomdimensions (PANSS)
but not with respect to medication and demographical
aspects. Still, drug effects might confound our results
from the group analysis compared with HCs. However, 2
recent studies found evidence that (1) the resting-state signal
in the striatum of drug-naı̈ve schizophrenic patients is also
increased16 suggesting that rs-fMRI effects are rather due to
the pathology than due to drug effects. And that (2) dopa-
minergic substitution in PD increases resting-state connec-
tivity in the striatum.36,37 Therefore, any antidopaminergic
medication in our patients should even have a contrary ef-
fect on the coherent activity in the striatum.39 Finally, (3)
both direction and localization of change in spontaneous
activity were in accordance with the literature.3,16,36,37

Striatal Volume. It is also unlikely that increased striatal
spontaneous activity is due to volumetric changes; again,
we included striatal volume from a VBM analysis as vari-
able of no interest into statistical analyses. Although a pre-
vious study observed volume reduction in the striatum of

schizophrenic patients depending on disorder state, med-
ication, and duration of disorder,40 we did not find any
changes of striatal volume in our patient group.
A limitation of the study is the fact that we were not able

to recruit all 21 patients for another reexamination and
rescan during remission. Although all patients were in re-
mission at the time of contact, 8 subjects did not agree to
return to the clinic due to several reasons. Furthermore, we
did not rescanHCs a second time as various test-retest stud-
ies with rs-fMRI data proved the consistency of the intrinsic
functional architecture across days and months.24,25 Al-
though we cannot rule out any order effects in the patient
group, we conclude that the long-term shift that exclusively
occurred in the BGN and not in any other network is un-
likely to be caused simply by changes over time.

Conclusions

Overall, we found intriguing similarities between changes of
intrinsic activity in the striatum, behavioral symptoms, and
previous dopamine findings. Increased coherent intrinsic
activity in the dorsal striatum during psychosis is predictive
for delusion and hallucination; increased activity during
psychotic remission in the ventral striatum is predictive
for blunted affect and emotional withdrawal in the same
patients.However, further studies exploringbothapatient’s
dopamine function and intrinsic activity at the same time
would be needed to reveal any direct relation between ab-
errant striatal dopamine function and intrinsic activity.
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