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Medication management in schizophrenia is a lengthy process, as the lack of clinical response can only be confirmed after at least 4 weeks

of antipsychotic treatment at a therapeutic dose. Thus, there is a clear need for the discovery of biomarkers that have the potential to

accelerate the management of treatment. Using resting-state functional MRI, we examined the functional connectivity of the ventral

tegmental area (VTA), the origin of the mesocorticolimbic dopamine projections, in 21 healthy controls and 21 unmedicated patients

with schizophrenia at baseline (pre-treatment) and after 1 week of treatment with the antipsychotic drug risperidone (1-week post-

treatment). Group-level functional connectivity maps were obtained and group differences in connectivity were assessed on the groups’

participant-level functional connectivity maps. We also examined the relationship between pre-treatment/1-week post-treatment

functional connectivity and treatment response. Compared with controls, patients exhibited significantly reduced pre-treatment

VTA/midbrain connectivity to multiple cortical and subcortical regions, including the dorsal anterior cingulate cortex (dACC) and

thalamus. After 1 week of treatment, VTA/midbrain connectivity to bilateral regions of the thalamus was re-established. Pre-treatment

VTA/midbrain connectivity strength to dACC was positively correlated with good response to a 6-week course of risperidone, whereas

pre-treatment VTA/midbrain connectivity strength to the default mode network was negatively correlated. Our findings suggest that

VTA/midbrain resting-state connectivity may be a useful biomarker for the prediction of treatment response.
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INTRODUCTION

Antipsychotic medications are the only effective treatment
for positive symptoms in schizophrenia, but have little
effect on negative or cognitive symptoms. All antipsychotics
act on the dopamine D2 receptor with similar efficacy, but
clinical response is variable and currently unpredictable.
Approximately 30% of patients will not improve with
medications (Lieberman et al, 2005), and 60% will show
sub-optimal response (Harrow et al, 1997). Each year, one-
fourth of all patients are switched to a different anti-
psychotic in an effort to better manage their illness
(Lieberman et al, 2005). An adequate medication trial
requires at least 4 weeks of treatment at a therapeutic dose
before lack of clinical response can be confirmed (Marder

et al, 2002), despite data indicating the presence of drug
effects after as early as 1 week (Agid et al, 2003). Therefore,
there is a clear clinical need for a biomarker to assist with
the determination of drug effectiveness early in the course
of treatment, or before medication is initiated.

One promising neuroimaging technique to evaluate
antipsychotic response is functional connectivity (FC),
which measures the temporal coherence of spontaneous
neural activity between distinct brain regions (Biswal et al,
1995; Damoiseaux et al, 2006), allowing for the identification
of large-scale networks that interact in a well-characterized
manner (Fox and Raichle, 2007). A complementary measure
of connectivity is the fractional Amplitude of Low Frequency
Fluctuations (fALFF), which evaluates the amplitude of this
spontaneous neural activity. As resting-state functional
magnetic resonance imaging (RSfMRI) does not require an
active task, it is especially practical in populations that may
find traditional functional MRI tasks difficult to perform
(Fox and Raichle, 2007).

Alterations within cognitive networks and in the relation-
ships between those networks have been reported in patients
with schizophrenia (for review, see Whitfield-Gabrieli and
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Ford (2012)). In medication-naı̈ve and unmedicated
patients, elevated dopamine turnover and release have
been documented (Laruelle et al, 1996) and found to be
predictive of good treatment response (Abi-Dargham et al,
2000). Long-term antipsychotic treatment appears to
modulate FC patterns (Lui et al, 2010), but the early time
course of those changes remains unknown. In healthy
subjects, acute alterations in FC following L-dopa admin-
istration and haloperidol challenge have been reported
(Cole et al, 2012b). Taken together, it is conceivable that
abnormalities in FC patterns may not only set the stage for
clinical response, but that modulation of connectivity
patterns early in treatment could be an indicator for good
response to treatment.

In this study, we use a seed-based approach to study the
effects of risperidone on FC of the ventral tegmental area
(VTA), the source of mesocorticolimbic dopaminergic
projections thought to be critical for antipsychotic drug
action (for review, see Goto and Grace (2007)). Given that
mammalian studies report heavy dopaminergic innervation
to the striatum, most regions of the frontal cortex and many
temporal and parietal areas (Gaspar et al, 1989), it is
plausible that antipsychotic drugs affect networks that are
functionally connected to the VTA. Patients were scanned
twice: (1) while unmedicated (baseline) and (2) after 1 week
of treatment, in an attempt to elucidate the functional
correlates of treatment-induced changes before clinical
response is apparent. We hypothesize that unmedicated
patients with schizophrenia exhibit significant alterations
in VTA/midbrain connectivity and in fALFF compared
with healthy controls, and that treatment elicits an early
change in VTA/midbrain connectivity and fALFF. We also
hypothesize that pre-treatment connectivity abnormalities
are predictive of patient treatment response.

MATERIALS AND METHODS

Participants

Thirty-one unmedicated patients with schizophrenia were
recruited at the University of Alabama at Birmingham
(UAB). Diagnosis was based on clinical evaluation and
medical records, and was confirmed by the Diagnostic
Interview for Genetic Studies (DIGS; Nurnberger et al,
1994). All patients were off antipsychotic medications
for at least 10 days (none had been treated with depot
antipsychotics); medication was not discontinued to meet
this criterion. Additionally, 23 healthy controls were
recruited by newspaper and flyer advertisements. The
UAB Institutional Review Board approved the study, and
written informed consent was obtained after patients were
deemed competent to provide consent (Carpenter et al,
2000).

Healthy controls had no current or lifetime Axis I
disorders in themselves and first-degree relatives and had
no history of psychotropic medication exposure. Exclusion
criteria were having neurological disorders, use of medica-
tions known to affect brain function, serious medical
conditions, pregnancy, substance abuse or dependence
(except for nicotine) within 6 months of enrollment, history
of head trauma with loss of consciousness, and MRI
contraindications.

Participant Dropout

A total of 10 patients (5 did not tolerate scanning environ-
ment, 1 due to poor scan quality, 4 were lost to follow-up
after initial scan) and 2 controls (both due to poor scan
quality) were excluded, leaving 21 patients and 21 controls
for analyses. Six patients missed clinical assessments at
week 6; treatment response was defined using week 5 values
for three patients, and response could not be determined for
the others because they dropped out before week 5.

Experimental Design

Healthy controls were scanned once; patients were scanned
while unmedicated (baseline scan), and then entered into a
6-week trial with risperidone (flexible dosing regimen).
During each weekly meeting, medication was counted to
ensure compliance. A second scan was performed after
1 week of treatment. Symptom severity was assessed weekly
using the Brief Psychiatric Rating Scale (BPRS; Overall and
Gorham, 1962). Supplementary Figure S1 shows BPRS values
for all participants across time. Cognitive functions were
assessed at baseline using the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS; Randolph
et al, 1998). Treatment response was quantified as the
percent change in BPRS scores from baseline to week 6. To
compare demographic and psychometric variables between
groups, we performed independent t-tests and w2-tests.

MRI Acquisition

All imaging was performed on a 3T head-only scanner
(Magnetom Allegra, Siemens Medical Solutions, Erlangen,
Germany), equipped with a circularly polarized transmit/
receive head coil. RSfMRI scans were acquired during a 5-min
gradient recalled echo-planar imaging sequence (repetition
time/echo time (TR/TE)¼ 2100/30 ms, flip angle¼ 701, field
of view¼ 24� 24 cm2, 64� 64 matrix, 4-mm slice thickness,
1-mm gap, 26 axial slices, 150 acquisitions). During the scan,
participants were instructed to keep their eyes open and stare
passively ahead. High-resolution structural scans were
acquired using the 3-dimensional T1-weighted magnetiza-
tion-prepared rapid acquisition gradient-echo sequence (TR/
TE/inversion time (TI)¼ 2300/3.93/1100 ms, flip angle¼ 121,
256� 256 matrix, 1-mm isotropic voxels). All MRI scans were
reviewed for abnormalities by a qualified neuroradiologist.

FC Analysis

Using the statistical parametric mapping package SPM8
(Wellcome Trust Centre for Neuroimaging, London, UK),
RSfMRI data were slice timing corrected, realigned using
rigid-body motion transforms, co-registered to the high-
resolution structural scan, normalized to Montreal Neuro-
logic Institute (MNI) space, resliced to 1.5 mm3 during
normalization, and spatially smoothed with a 6-mm at full-
width half-maximum three-dimensional Gaussian kernel.
Normalization was employed using the diffeomorphic
anatomical registration using exponentiated lie algebra
algorithm (DARTEL; Ashburner, 2007) to create a unique
group template. To assess subjects’ motion effects on FC
analysis, mean absolute displacement of the brain from each
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time frame to the next was calculated. Displacements were
not significantly different for patients at baseline (absolute
displacement 0.24±0.28 mm; mean±SD) compared with
week 1 (0.17±0.14 mm; t¼ � 0.96; df¼ 40; p¼ 0.26) or to
controls (0.16±0.07 mm; t¼ � 1.26; df¼ 40; p¼ 0.22) or
between patients at week 1 and controls (t¼ 0.43; df¼ 40;
p¼ 0.66).

To remove potential sources of noise from the data, a
nuisance regression was first conducted using the six
motion parameters identified during the realignment step
and using their first derivatives as regressors. Then, a step-
wise data ‘scrubbing’ procedure was performed on the data
in order to reduce the effects of time points severely
contaminated by motion (Power et al, 2012a). Framewise
displacements from each time point, i, to the next (FDi)
were computed from the six realignment parameters from
SPM8. A radius r¼ 50 mm (approximately the mean
distance from the center of MNI space to the cortex), was
used to convert angle rotations (radians) to displacements
(mm). Time points with FDi40.5 mm were considered to be
severely contaminated with motion or other artifact. These
contaminated time points were first interpolated before
bandpass filtering of the data (0.009ofo0.08 Hz) (Carp,
2011), and then excluded from subsequent analyses (Power
et al, 2012b). Following data ‘scrubbing’, a principle
component analysis was used to extract the components
of white matter and cerebral spinal fluid necessary to
explain 90% of signal variance from those regions. These
extracted components were used as regressors in a second
nuisance regression (Behzadi et al, 2007).

Connectivity analyses. A spherical region of interest with
radius¼ 3 mm containing 46 voxels (cubic volume¼ 0.155
ml) was selected to represent the VTA/midbrain, centered
at MNI coordinates 0, � 16, � 7 (Gu et al, 2010). We
centered a 6-mm spherical region of interest with 294 voxels
(cubic volume, 1.02 ml) in the gray matter of the left middle
occipital cortex (MOC) for use as a control region (MNI
coordinates: � 18, � 95, 0). The first eigenvariate (extracted
using singular value decomposition of the time series
across all the voxels within each ROI, implemented in the
REX toolbox) was used to describe the maximal variance
of the RSfMRI time series explained from each region
and correlated to the time series of all other voxels in the
brain to produce a FC map (units of Pearson’s
r correlations). These maps were converted to normally
distributed values using Fisher’s r-to-Z transform before
group comparisons.

fALFF analyses. fALFF was calculated using the REST
toolbox, version 1.8, as previously described (Song et al,
2011). After preprocessing and the removal of linear trends,
the RSfMRI time series for each voxel was transformed
into the frequency domain using the fast-Fourier transform.
The square root of the power spectra at each frequency was
used to derive amplitudes, and then the sum of the
amplitudes across 0.01–0.08 Hz was divided by that of the
entire frequency range (0–0.25 Hz). This resulted in a fALFF
map for each participant at each time point for group
comparisons.

Statistical analyses. Group-level FC maps were obtained
by performing one-sample t-tests on each group’s partici-
pant-level FC maps. Group differences in FC were assessed
using a two-sample t-test on the groups’ participant-level
FC maps. An analysis of covariance (ANCOVA) was
performed to examine the relationship of pre-treatment
and 1-week post-treatment FC with treatment response.
An ANCOVA was performed to examine the relationship
of change in VTA/midbrain to thalamus FC with treat-
ment response. All analyses were corrected for multiple
comparisons at the cluster level using the false discovery
rate (FDR; Chumbley and Friston, 2009) and are reported at
pFDRo0.05.

Reliability mapping of VTA/Midbrain connectivity
correlation to treatment response. To visually inspect
reliability of significant regions in connectivity analyses,
we used a ‘leave-one-out’ repeated analysis, as previously
described (Skidmore et al, 2013). Briefly, statistical
analyses are repeated N times (18 in our study, for the 18
patients included in this analysis), each time leaving
out one subject. For each of the 18 analyses, data are
thresholded so that voxels are assigned a value of 1 when
pFDRo0.05 or a value of 0 when pFDRX0.05. Finally, the
18 thresholded analyses were summed to create a ‘reliability
map’ showing the voxel-by-voxel reliability of statistical
significance.

RESULTS

Demographics

No significant differences between patients and controls in
age, sex, parental socioeconomic status, smoking status, or
cigarette consumption were observed (Table 1).

Behavioral Results

Controls scored significantly higher on the RBANS. Six
patients were antipsychotic drug naı̈ve, and 15 had
previously been treated with antipsychotics (Table 1). No
difference in symptom severity at baseline (t¼ � 1.45;
df¼ 19; p¼ 0.16) or in treatment response between
antipsychotic naı̈ve and previously medicated patients was
observed (t¼ 0.97; df¼ 16; p¼ 0.64).

VTA/Midbrain Connectivity

Connectivity patterns in controls. In controls, analysis
revealed significant VTA/midbrain connectivity to neigh-
boring regions of the midbrain, striatum, thalamus, bilateral
hippocampi, amygdala, anterior and middle cingulate cortex,
middle and inferior frontal gyri, precuneus, calcarine
sulcus, superior parietal gyrus, and insula (Supplementary
Figure S2, Supplementary Table S1; Supplementary Tables
S2 and S3 show connectivity in pre- and post-treatment
schizophrenia). This analysis also revealed significant MOC
connectivity to neighboring regions of the cuneus, pre-
cuneus, cerebellum, middle cingulate cortex, and insula
(Supplementary Figure S3).
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Reduced pre-treatment VTA/midbrain connectivity in
schizophrenia. Compared with controls, regions including
precuneus, inferior parietal cortex, dorsal anterior cingulate
cortex (dACC), middle cingulate cortex, superior, middle, and
inferior frontal gyri, insula, thalamus, hippocampus, caudate,

putamen and cerebellum demonstrated weaker pre-treatment
VTA/midbrain connectivity (Figure 1a, Table 2) in schizo-
phrenia. No regions exhibited higher pre-treatment VTA/
midbrain connectivity in schizophrenia compared with
controls. Finally, no differences in pre-treatment and
control MOC connectivity were observed.

Increased VTA/midbrain connectivity after 1 week of
treatment in schizophrenia. Compared with pre-treat-
ment values, a significant increase in 1-week post-treatment
VTA/midbrain connectivity to bilateral regions of the
thalamus was observed (Figure 1b, Table 2). However,
pre-treatment VTA/midbrain connectivity strength to the
thalamus was not correlated with treatment response
(Supplementary Figure S4). The change in connectivity
strength between the VTA/midbrain and thalamus before
and after treatment was not correlated with treatment
response (r¼ 0.096, p¼ 0.703). No regions exhibited
decreased VTA/midbrain connectivity post treatment. No
differences in pre-treatment and post-treatment MOC
connectivity were observed.

Treatment response correlated with pre-treatment VTA/
midbrain connectivity in schizophrenia. Treatment
response was positively correlated to pre-treatment VTA/
midbrain connectivity strength in the dACC and supple-
mentary motor cortex, and negatively correlated to pre-
treatment VTA/midbrain connectivity strength in regions
comprising the default mode network (DMN), including the
ventromedial prefrontal cortex, posterior cingulate cortex,
precuneus, and lateral parietal cortex (Figure 2, Supple-
mentary Table S4; for relationship using residualized BPRS
scores, see Supplementary Figure S5). No relationship was
observed between treatment response and 1-week post-
treatment VTA/midbrain connectivity, pre- or 1-week post-
treatment MOC connectivity.

Reliability analyses. From the reliability maps (Supple-
mentary Figure S6), we can observe that some specific cortical
regions have varying reliability: for positive correlations,
two regions are reliable (dACC and the supplementary
motor area), and for negative correlations, three regions are
reliable (medial prefrontal cortex, precuneus/posterior
cingulate cortex, and left lateral parietal cortex). Interest-
ingly, these regions are the key nodes of the DMN.
Additionally, our results indicate that negative correlations
are generally more reliable than positive correlations.

fALFF Results

Differences in unmedicated patients and controls. Com-
pared with controls, pre-treatment patients showed de-
creased fALFF in regions including the precuneus, posterior
cingulate cortex, anterior and middle cingulate cortices, and
medial prefrontal cortex. Pre-treatment patients showed
increased fALFF only in the cerebellum compared with
controls (Figure 1c, Table 3).

Increased fALFF following 1 week of treatment. After 1
week of treatment, patients showed increased fALFF in the
dorsolateral prefrontal cortex extending to the fronto-insular

Table 1 Demographic Characteristics and Clinical Measures for
Participantsa

Patients
(n¼21)

Controls
(n¼21)

t/v2 p-value

Demographic characteristics

Age (years) 36.0±10.2 35.5±10.4 � 0.15 0.88

Sex (male/female) 17/4 11/10 1.62 0.29

Parental SESb 7.4±4.9 9.9±4.0 0.02 0.98

Smoking status (Y/N) 19/2 18/3 1.42 0.44

Smoking (packs per day) 0.73±0.5 0.96±0.6 1.36 0.18

Diagnosis

Schizophrenia 18 —

Schizoaffective disorder 3 —

Illness characteristics

Illness duration (years) 13.3±9.5 —

First episode (Y/N) 6/15 —

Prior antipsychotic treatment

Antipsychotic naı̈ve (Y/N) 6/15 —

Antipsychotic-free
interval (mo.)

25.6±46.8 —

BPRS at baseline

Total score 44.4±0.6 —

Positive symptom subscale 11.9±4.0 —

Negative symptom subscale 6.5±2.3 —

BPRS at week 6

Total score 27.4±7.8 —

Positive symptom subscale 5.4±2.3 —

Negative symptom subscale 5.1±2.4 —

RBANS

Total index 73.8±14.3 98.9±13.7 5.82 o0.01

Immediate memory 79.8±20.0 98.1±9.8 3.77 o0.01

Visuospatial 69.9±14.7 92.1±17.4 4.46 o0.01

Language 87.0±9.9 101.4±14.3 3.79 o0.01

Attention 82.4±18.9 107.5±18.5 4.35 o0.01

Delayed memory 77.3±17.3 96.8±7.5 4.86 o0.01

Abbreviations: BPRS, Brief Psychiatric Rating Scale; N, no; RBANS, Repeated
Battery for the Assessment of Neuropsychological Status; SES, socioeconomic
status; Y, yes.
aMean±SD are shown unless indicated otherwise.
bRanks determined from the Diagnostic Interview for Genetic Studies, reported
on 1–18 scale; higher rank (lower numerical value) corresponds to higher
socioeconomic status. Information was unavailable for four patients.
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regions (Figure 1d, Table 3). None of the regions exhibited
decreased fALFF with treatment.

DISCUSSION

To our knowledge, this is the first time that VTA/midbrain
FC in patients with schizophrenia has been studied during
the resting state. In this study, we contrasted VTA/midbrain

FC in unmedicated patients to that of healthy controls, and
investigated changes of connectivity patterns within 1 week
of antipsychotic treatment. As hypothesized, we found an
abnormal reduction in VTA/midbrain connectivity to many
cortical and subcortical areas in unmedicated patients with
schizophrenia compared with controls; deficits in connec-
tivity to the thalamus were restored after 1 week of
treatment. Interestingly, VTA/midbrain connectivity to the
DMN and dACC at baseline were correlated with clinical

a

b

c

d

Figure 1 Group differences in resting-state functional connectivity. (a) Regions showing lower ventral tegmental area (VTA)/midbrain connectivity in
controls (n¼ 21) compared with pre-treatment unmedicated patients with schizophrenia (n¼ 21; two-tailed two-sample t-test corrected with the false
discovery rate (FDR) at pFDRo0.05). (b) Regions showing increased VTA/midbrain connectivity after 1 week of antipsychotic treatment (n¼ 21; two-tailed
two-sample t-test corrected with the FDR at pFDRo0.05). (c) Regions where fractional Amplitude of Low Frequency Fluctuations (fALFF) differs significantly
in pre-treatment unmedicated patients with schizophrenia (n¼ 21) compared with controls (n¼ 21; two-tailed two-sample t-test corrected with the FDR at
pFDRo0.05). (d) Regions showing increased fALFF after 1 week of antipsychotic treatment (n¼ 21; two-tailed two-sample t-test corrected with the FDR at
pFDRo0.05). For all panels, data are overlaid on a single-subject high-resolution T1 image of an extracted brain in neurologic convention (left on left).
Labeled regions: 1, precuneus/posterior cingulate cortex; 2, middle cingulate cortex extending to the dorsal anterior cingulate cortex; 3, thalamus; 4, nucleus
accumbens; 5, hippocampus; 6, insula; 7, pallidum; 8, parahippocampus.
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Table 2 Regions Showing Differences in VTA/midbrain Functional Connectivity between Groups

Brain regions Voxels in cluster Hem. Voxels in region Peak coordinatesa Peak t pFDR
b

X Y Z

HC4SZ0

L Precuneus/parietal/occipital 2583 � 30 � 69 14 6.19 0.001

Superior parietal gyrus L 376

Inferior parietal gyrus L 545

Precuneus L 333

Middle occipital gyrus L 304

Middle cingulate/frontal/insula 8185 6 � 27 50 5.34 o0.001

Middle frontal gyrus L 411

Inferior frontal gyrus L 505

Precentral gyrus B 387

Superior temporal gyrus L 138

Middle temporal gyrus L 205

Putamen/pallidum L 403

Insula L 490

Middle cingulate cortex L 1230

R Frontal/anterior cingulate 1345 � 21 � 6 4 4.05 0.014

Superior frontal gyrus R 416

Middle frontal gyrus R 329

Anterior cingulate cortex R 166

B Thalamus 1086 22 � 54 � 24 3.91 0.033

Thalamus B 562

R Fusifrom/cerebellum 1374 � 22 � 45 � 16 3.82 0.014

Lingual/fusiform gyrus R 635

Cerebellum R 659

L Fusiform/cerebellum 1704 15 62 9 3.81 0.007

Lingual/fusiform gyrus L 424

Parahippocampal gyrus L 147

Posterior cingulate cortex L 69

Cerebellum L 584

Vermis 157

R Frontal/caudate/putamen 1544 15 62 9 3.69 0.010

Superior frontal gyrus R 451

Middle frontal gyrus R 196

Caudate nucleus R 43

Putamen R 93

Insula R 174

SZ0oSZ1

Lingual/hippocampus/thalamus 2062 � 10 � 15 4 4.51 o0.001

Lingual/fusiform gyrus L 299

Hippocampus/parahippocampus L 153

Thalamus B 670

Cerebellum L 488

Abbreviations: HC, healthy controls; Hem., hemisphere; L, left; R, right; B, bilateral; SZ0, unmedicated patients with schizophrenia; SZ1, patients after 1 week of
antipsychotic drugs; VTA, ventral tegmental area.
aReported in Montreal Neurologic Institute coordinates (X, Y, and Z).
bAll comparisons were FDR-corrected at the cluster level for pFDRp0.05.
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response after 6 weeks. Changes in connectivity to the DMN
and dACC during the first week of treatment were not
significantly correlated with clinical response.

In controls, we found significant connectivity from VTA/
midbrain to the midbrain, striatum, thalamus, bilateral
hippocampi, amygdala, anterior and middle cingulate
cortex, middle and inferior frontal gyri, precuneus,
calcarine sulcus, superior parietal gyrus, and insula. This
is consistent with what has been reported in the literature in
healthy participants of similar age range (Gu et al, 2010;
Tomasi and Volkow, 2012). Our findings are also consistent
with previous studies on the anatomy of the mesocortico-
limbic dopamine system in mammals. The VTA anatomi-
cally projects to the striatum, several cortical areas,
thalamus, and amygdala; the very areas we find to be
functionally connected to the VTA/midbrain (Perez-Costas
et al, 2010). Importantly, VTA FC to these regions was
confirmed to be highly reproducible and sensitive to
disruption by disorders such as attention deficit hyper-
activity disorder, highlighting its potential as biomarker of
dopamine pathway dysfunction (Tomasi and Volkow,
2012).

Very few studies have evaluated FC patterns in unmedi-
cated patients with schizophrenia. A combined structural/
RSfMRI study evaluated gray matter abnormalities in a
relatively large group of antipsychotic naı̈ve, first-episode
patients. Three areas were identified to have gray matter
deficits and subsequently defined as seed regions for FC
analysis: the anterior cingulate cortex, superior temporal
gyrus, and middle temporal gyrus. Although no abnormal-
ities in connectivity patterns from these seeds were detected
in comparison with healthy controls, temporo-putamen and
temporo-precuneus connectivity levels were associated with
symptom severity (Lui et al, 2009). In a subsequent study,
the same group reported decreased ALFF in orbital medial

frontal cortex and increased ALFF in the bilateral putamen
in unmedicated, antipsychotic-naı̈ve patients with schizo-
phrenia relative to controls. Following 6 weeks of treatment,
ALFF increased in the right middle frontal gyrus, right
inferior parietal lobe, bilateral medial frontal cortex, right
inferior frontal gyrus, left superior frontal gyrus, left
superior temporal gyrus, and right caudate. In our study,
we identified more extensive ALFF abnormalities in pre-
treatment, unmedicated patients compared with controls,
notably in areas of the DMN such as the anterior cingulate
cortex, posterior cingulate cortex, precuneus, and angular
gyrus. Discrepancies between those findings may arise from
differences in illness duration or previous antipsychotic
exposure in patient populations studied, as the patients
studied by Lui et al (2010) were antipsychotic naı̈ve. One
could speculate ALFF abnormalities may become more
widespread with prolonged illness duration. Interestingly,
ALFF increases after 1 week in our group overlap with those
reported by Lui et al (2010) after 6 weeks of treatment; these
areas include the superior, middle, and inferior frontal gyri.

Here, we demonstrate VTA/midbrain connectivity to the
thalamus is similar to that of healthy controls after 1 week
of antipsychotic treatment. Thalamic abnormalities have
been reported in multiple imaging and postmortem studies
(for review, see Clinton and Meador-Woodruff, 2004),
suggesting alterations in thalamic volumetric measures
(Shepherd et al, 2012), deformities of thalamic shape
(Csernansky et al, 2004), reduction of N-acetyl aspartate, a
putative marker of neuronal integrity (Kraguljac et al,
2012), cellular abnormalities, particularly in the dorsome-
dial nucleus (Meador-Woodruff et al, 2003), and reduced
glutamatergic gene expression in thalamocortical neurons
(Sodhi et al, 2011). Congruent with our results, antipsycho-
tic drugs have been shown to affect thalamic metabolism
(Holcomb et al, 1996) and functions (Lahti et al, 2005).

a b c d

Figure 2 Relationship between pre-treatment ventral tegmental area (VTA)/midbrain functional connectivity and treatment response at 6 weeks.
(a) Regions where pre-treatment VTA/midbrain functional connectivity shows a positive correlation with treatment response (analysis of covariance
corrected with the false discovery rate (FDR) at pFDRo0.05). (b) Scatter plot showing pre-treatment VTA/midbrain functional connectivity to voxels in the
dACC (3 mm sphere centered at (� 13, 0, 42), circled in black in panel a) vs treatment response (one outlier, identified as having VTA/midbrain to dACC
connectivity strength more than 3 SD from the mean, was removed from analysis; n¼ 17). (c) Regions where pre-treatment VTA/midbrain functional
connectivity shows a negative correlation with treatment response (analysis of covariance corrected with the FDR at pFDRo0.05). (d) Scatter plots showing
pre-treatment VTA/midbrain functional connectivity in the posterior cingulate cortex (PCC)/precuneus (3 mm sphere centered at (5, � 50, 24), circled in
black in the sagittal slice (top) of panel c) and in the medial prefrontal cortex (MPFC; 3 mm sphere centered at (� 6, 50, 24), circled in black in the axial slice
(bottom) of panel c) plotted against treatment response. For panels a and c, results are overlaid on a single-subject high-resolution T1 image of an extracted
brain in neurologic convention (left on left).
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Specifically, Liddle et al (2000) identified changes in glucose
metabolism in the thalamus of antipsychotic drug-naı̈ve
patients after a single dose of risperidone. Surprisingly, in
agreement with our findings, this alteration was not
predictive of subsequent clinical response (Liddle et al,
2000). Although risperidone seems to modulate both
thalamic metabolism and FC to the thalamus, it is intriguing
that these early changes do not appear to be related to
clinical response. It is possible that restoration of VTA/
midbrain to thalamus connectivity alone may not improve
positive symptoms but rather set the stage for restoration of
connectivity deficits between the VTA/midbrain and
cortical areas that are more directly related to clinical
improvement; this needs to be further investigated by

longitudinal imaging studies. The importance of VTA/
midbrain connectivity to cortical areas for clinical response
is further highlighted by our findings that baseline VTA/
midbrain connectivity to the dACC and to areas of the DMN
is related to eventual clinical improvement. It is notable that
patients with the least disrupted FC between VTA/midbrain
and specifically the dACC appear more likely to respond to
antipsychotics. Animal studies have shown that dopami-
nergic neurons projecting from the VTA to the prefrontal
cortex and nucleus accumbens are differentially regulated
(Del Arco and Mora, 2009) and postmortem studies have
indicated a reduced density of mesocortical projections to
the prefrontal cortex in schizophrenia (Akil et al, 1999).
Collectively, data suggest structural and functional integrity

Table 3 Regions Showing Differences in fALFF in Participant Groups

Brain regions Voxels in cluster Hem. Voxels in region Peak coordinatesa Peak t pFDR
b

X Y Z

HC4SZ0

DMN/frontal 3587 3 � 48 48 4.61 o0.001

Superior frontal gyrus B 111

Precentral gyrus L 35

Postcentral gyrus B 196

Superior temporal gyrus R 32

Superior occipital gyrus L 77

Superior parietal gyrus B 274

Inferior parietal gyrus B 344

Angular gyrus B 128

Supramarginal gyrus B 111

Precuneus B 747

Superior occipital gyrus R 54

Middle occipital gyrus B 69

Cuneus B 164

Calcarine fissure L 230

Lingual gyrus R 79

Anterior cingulate cortex B 118

Middle cingulate cortex B 406

Posterior cingulate cortex L 117

HCoSZ0

Cerebellum 359 � 18 � 51 � 42 3.26 0.029

Cerebellum B 136

Vermis 26

SZ0oSZ1

L Frontal/precentral 317 � 21 24 51 5.72

Inferior frontal gyrus L 71

Middle frontal gyrus L 127

Precentral gyrus L 38

Abbreviations: fALFF, Fractional Amplitude of Low Frequency Fluctuations; Hem., hemisphere; L, left; R, right; B, bilateral; SZ0, unmedicated patients with schizophrenia;
SZ1, patients after 1 week of antipsychotic drugs.
aReported in Montreal Neurologic Institute coordinates (X, Y, and Z).
bAll comparisons were FDR-corrected at the cluster level for pFDRp0.05.
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between the VTA/midbrain and dACC are pivotal for a
favorable treatment response. Both the VTA/midbrain and
dACC are components of the salience network, which is
involved in distinguishing the relative importance of
information (Seeley et al, 2007). Salience encoding is
thought to occur in part via dopaminergic projections from
the VTA (for review, see Salamone and Correa (2012)).
Misattributed salience mediated by increased dopamine has
been proposed as a potential mechanism for the positive
symptoms of schizophrenia (Kapur, 2003). It is possible that
a medication-induced decrease in dopaminergic activity
within this network alleviates symptoms by restoring
salience attribution.

Our results also demonstrate a negative correlation
between treatment response and VTA/midbrain connectiv-
ity to regions of the DMN (rostral anterior cingulate cortex,
ventromedial prefrontal cortex, precuneus, posterior cingu-
late cortex, and bilateral lateral parietal cortex) (Raichle
et al, 2001). The DMN is the most prominent network active
during rest, as has been characterized in multiple studies
(for review, see Buckner et al (2008); Whitfield-Gabrieli and
Ford, 2012). Its activity has been associated with intro-
spective tasks, including self-reflection and social cognition
(Buckner et al, 2008). Neuroimaging studies combining
RSfMRI and positron-emission tomography suggest dopa-
mine modulates the DMN (Cole et al, 2012a). Additionally,
DMN abnormalities have consistently been reported in
schizophrenia (Whitfield-Gabrieli and Ford, 2012). Resting-
state studies have demonstrated that the activity of task-
positive networks, such as the salience network, is
negatively coupled with the activity of the DMN (Fox
et al, 2005); thus, activation in one is proportional to
deactivation in the other. It has been proposed that in
schizophrenia, altered activity of the DMN reduces the
separation between networks, which could contribute to an
inability to distinguish between internal and external
stimuli (Whitfield-Gabrieli and Ford, 2012).

Sambataro et al (2010) evaluated the effects of treatment
with olanzapine on FC of the DMN and reported increases
in connectivity between this network and the ventromedial
prefrontal cortex between weeks 4 and 8 of treatment, but
unlike our study, their scans were not obtained in
unmedicated patients . These data suggest changes in FC
are observed beyond those seen in the early stages of
treatment.

Important limitations need to be considered when
interpreting these data. The sequence used for RSfMRI
has a relatively low spatial resolution (B4 mm3). Because
small brainstem structures are difficult to localize, we
cannot be certain that our seed region was exclusively
confined to the VTA in all participants; we therefore refer to
this region as ‘VTA/midbrain’. RSfMRI is prone to
contamination by non-neural signals, such as movement
or heart rate. As part of the current analysis, well-validated
preprocessing techniques and motion ‘scrubbing’ were used
to reduce spurious correlations due to non-neural signals
(Power et al, 2012a). However, there was a non-significant
reduction in average head motion before and after
treatment, and so spurious correlations cannot be defini-
tively ruled out. FC is a bidirectional measure and cannot
determine causal relationships between brain regions. FC
can also occur between two regions not directly structurally

connected and should not be interpreted to reflect direct
anatomical projections (Damoiseaux and Greicius, 2009).
Therefore, additional studies of structural and/or effective
connectivity are necessary to more thoroughly characterize
the relationship between connectivity and treatment re-
sponse. Interpretation of results may be more difficult
because comparisons between patient groups and correla-
tion with treatment response were assessed on the whole
brain (rather than constrained to regions found to be
connected to the VTA/midbrain), as the relevance of these
changes is unclear. Notably, the absence of a placebo group
in our study limits interpretation of longitudinal findings;
we are not able to definitively attribute changes in VTA/
midbrain connectivity to antipsychotic effects (rather than
to the natural course of the disorder).

In summary, we describe significant differences in seed-
based FC of the VTA/midbrain and in fALFF, a comple-
mentary measure of spontaneous neural activity. Deficits in
VTA/midbrain connectivity to the thalamus were restored
after 1 week of treatment with risperidone, suggesting that
these deficits may be associated with known abnormalities
in dopaminergic neurotransmission and modulated by
antipsychotic treatment. Further studies are needed to
clarify the utility of this potential biomarker in predicting
clinical response to antipsychotic medication.
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