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BACKGROUND: There is considerable evidence that the thalamus is abnormal in psychotic disorders. Resting-state
functional magnetic resonance imaging has revealed an intriguing pattern of thalamic dysconnectivity in psychosis
characterized by reduced prefrontal cortex (PFC) connectivity and increased somatomotor-thalamic connectivity.
However, critical knowledge gaps remain with respect to the onset, anatomical specificity, and clinical correlates of
thalamic dysconnectivity in psychosis.

METHODS: Resting-state functional magnetic resonance imaging was collected on 105 healthy subjects and
148 individuals with psychosis, including 53 early-stage psychosis patients. Using all 253 subjects, the
thalamus was parceled into functional regions of interest (ROIls) on the basis of connectivity with six a priori
defined cortical ROIs covering most of the cortical mantle. Functional connectivity between each cortical ROI
and its corresponding thalamic ROl was quantified and compared across groups. Significant differences in the
ROI-to-ROI analysis were followed up with voxel-wise seed-based analyses to further localize thalamic
dysconnectivity.

RESULTS: ROI analysis revealed reduced PFC-thalamic connectivity and increased somatomotor-thalamic con-
nectivity in both chronic and early-stage psychosis patients. PFC hypoconnectivity and motor cortex hyper-
connectivity correlated in patients suggesting they result from a common pathophysiological mechanism. Seed-
based analyses revealed thalamic hypoconnectivity in psychosis localized to dorsolateral PFC, medial PFC, and
cerebellar areas of the well-described executive control network. Across all subjects, thalamic connectivity with areas
of the fronto-parietal network correlated with cognitive functioning, including verbal learning and memory.
CONCLUSIONS: Thalamocortical dysconnectivity is present in both chronic and early stages of psychosis, includes

reduced thalamic connectivity with the executive control network, and is related to cognitive impairment.
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There is considerable evidence that the thalamus and associ-
ated cortical connections are abnormal in psychotic disorders
(1-4). However, it has been difficult to localize thalamic pathol-
ogy and identify dysfunction in specific thalamocortical circuits
due to the complex architecture of the thalamus and limitations
of traditional neuroimaging methods (5). Furthermore, postmor-
tem investigations have produced conflicting findings or, in the
case of bipolar disorder, are few in number (6,7).

Resting-state functional magnetic resonance imaging is a
useful method for mapping functional brain networks and
identifying circuit abnormalities in neurological and psychiatric
disorders (8,9). Recently, we used resting-state functional mag-
netic resonance imaging to investigate thalamocortical functional
connectivity in a sample of 62 individuals with schizophrenia and
77 healthy subjects (10). Consistent with an earlier small inves-
tigation of 10 patients (11), we found that prefrontal cortex (PFC)
connectivity with the thalamus was reduced in schizophrenia.
Surprisingly, patients also demonstrated increased thalamic
connectivity with motor and somatosensory cortex. The combi-
nation of reduced prefrontal and increased sensorimotor
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connectivity was subsequently replicated by several groups
and extended to bipolar disorder (12-14).

Despite the consistency of the findings across studies,
key questions remain about the onset, anatomical specific-
ity, and clinical correlates of thalamic dysconnectivity. It is
unclear if the abnormalities are present early in the iliness or
emerge as the illness progresses. Based on what is known
about the development of thalamocortical functional con-
nectivity, we hypothesized that the combination of reduced
PFC connectivity and increased somatomotor connectivity
results from a disturbance in brain development during the
transition from adolescence to adulthood that prevents PFC-
thalamic circuitry from fully developing and derails the
normal refinement of somatomotor-thalamic connectivity
(10,15). Evidence of similar connectivity disturbances in the
early stage of psychosis would support this hypothesis.
Alternatively, if the abnormalities are not present in early-
stage patients, it would suggest that thalamocortical dys-
connectivity may be progressive and a possible target for
treatment intervention.
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The anatomical details of thalamocortical functional dys-
connectivity in psychotic disorders are not well known. Our
prior study used a method initially developed to map anatom-
ical connectivity in which the cortex is divided into large
regions of interest (ROIls) corresponding to the main targets
of specific thalamic nuclei (e.g., PFC, occipital lobe), which are
then used as seeds to delineate connectivity within the
thalamus (16-18). While this method is excellent for localizing
connectivity abnormalities within the thalamus, the use of
large cortical ROIs limits anatomical specificity in the cortex
and the rest of the brain. Alternatively, other groups have used
the whole thalamus as a seed to identify thalamic connectivity
abnormalities throughout the brain (12,14). However, by
averaging blood oxygen level-dependent (BOLD) signals
across the entire thalamus, this approach treats the thalamus
as a homogenous structure with a unitary connectivity profile,
thereby obscuring network specific disturbances.

With these knowledge gaps in mind, the current investiga-
tion was undertaken to determine if similar patterns of
thalamocortical dysconnectivity are observed in the early
and chronic stages of psychotic disorders. Specifically, using
a novel approach to better localize thalamocortical network
abnormalities, we hypothesized that both chronic and early-
stage patients with psychosis would exhibit reduced PFC-
thalamic connectivity and increased somatomotor-thalamic
connectivity. Additionally, we performed exploratory analyses
comparing thalamocortical dysconnectivity between schizo-
phrenia and psychotic bipolar disorder and examined the
cognitive correlates of thalamocortical connectivity.

Table 1. Sample Demographics

Thalamocortical Dysconnectivity in Psychosis

METHODS AND MATERIALS

Study Participants

One hundred five healthy subjects and 148 individuals with a
psychotic disorder were included in this investigation (Table 1).
The psychosis group included individuals with schizophrenia/
schizoaffective disorder (i.e., nonaffective psychosis) and
bipolar | disorder with psychotic features (i.e., affective
psychosis). Fifty-three patients were within 2 years of iliness
onset and considered early stage (19). Most early-stage
psychosis patients were studied at the time of their first
hospitalization for a psychotic disorder or very shortly there-
after and had been ill for less than 4 months on average. At the
time of study participation, 25 early-stage patients were
diagnosed with schizophreniform disorder. Follow-up diag-
nostic data were available on 22 of these patients: 20
converted to a nonaffective psychotic disorder, 1 remained
diagnosed with schizophreniform disorder, and 1 was subse-
quently reclassified as affective psychosis. All subjects under-
went a structured clinical interview and completed a brief
cognitive assessment that included the Wechsler Test of Adult
Reading to estimate premorbid IQ (20) and the Screen for
Cognitive Impairment in Psychiatry (21), which includes tests of
verbal learning, working memory, verbal fluency, and processing
speed. In addition, patients were also assessed with the Positive
and Negative Syndrome Scale (PANSS) (22) to quantify severity
of clinical symptoms (23). Study procedures and exclusion
criteria are described in detail in Supplement 1. This study was
approved by the Vanderbilt University Institutional Review Board.

Psychosis
Healthy Subjects Chronic Early Stage Statistics
n =105 n=95 n =53 Flt/y? p Post Hoc

Gender (Male:Female) 61:44 50:45 39:14 6.29 .043 CP > ESP (males)
Ethnicity (White:AA:Other) 69:29:7 57:31:7 36:14:3 1.17 .882 -
Affective:Nonaffective Psychosis - 17:78 21:32 8.42 .004 -
Antipsychotic Medicated (yes:no) - 86.9 45:8 1.06 .304 -

Mean SD Mean SD Mean SD
Age 325 1.3 38.1 11.8 22.0 3.7 40.28 <.001 CP > HS > ESP
Premorbid 1Q 109.9 12.0 96.8 16.2 101.3 13.3 21.19 <.001 HS > CP, ESP
SCIP Global Cognition Z-Score .0 .68 -1.53 .94 —.68 .87 77.06 <.001 HS > ESP > CP
% of fMRI Volumes Excluded 6.1 1.4 12.9 16.4 7.6 12.5 6.41 .002 CP > ESP, HS
Pre-motion Scrubbing rmsFD 22 13 .31 22 .30 42 3.52 <.031 CP > HS
Post-motion Scrubbing rmsFD .18 .06 .20 .07 .16 .05 6.60 .002 CP > HS, ESP
Duration of lliness (Years) - - 15.7 1.1 .36 5 10.01 <.001 -
PANSS Positive - - 19.4 7.0 19.3 8.1 .09 .925 -
PANSS Negative - - 14.6 6.7 15.3 8.3 .53 597 -
PANSS General - - 31.7 8.0 315 8.6 14 .886 -
CPZ Equivalents - - 478.0 247.8 308.4 174.3 4.08 <.001 -

AA, African American; CP, chronic psychosis; CPZ, chlorpromazine; ESP, early-stage psychosis; fMRI, functional magnetic resonance imaging;
HS, healthy subjects; PANSS, Positive and Negative Syndrome Scale; SCIP, Screen for Cognitive Impairment in Psychiatry.
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Neuroimaging Data Acquisition and Functional
Connectivity Analysis

Imaging data acquisition and preprocessing are described in
detail in Supplement 1. Briefly, a 7-minute echo-planar imaging
resting-state scan and a high-resolution T1-weighted structural
scan were collected on each subject. Functional images were
slice-time corrected, motion corrected, co-registered to native
space structural data, and normalized to Montreal Neurological
Institute space. As described earlier, prior investigations of
thalamocortical functional dysconnectivity in psychosis have
either: 1) parceled the cortex into large, anatomically defined
ROls corresponding to the primary cortical targets of specific
thalamic subregions (e.g., PFC) and used these as seeds to
identify functional connectivity within the thalamus; or 2) used
the whole thalamus as a seed to map thalamic connectivity
with the rest of the brain (10,12,14). The primary advantage of
the first method is that it can map multiple thalamic networks
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and segment the thalamus according to its functional con-
nectivity (16). However, the use of large cortical ROls limits
spatial specificity within the cortex. Using the whole thalamus
as a seed overcomes this limitation but, by averaging BOLD
signals from the entire thalamus, precludes an analysis of
specific thalamocortical networks.

To overcome these limitations, we combined elements of
both methods. First, we performed a cortical ROI-to-thalamus
ROI analysis in which connectivity between anatomically
defined cortical ROIs and functionally defined thalamic ROls
was calculated and compared across groups (Figure 1A). This
primary analysis was followed up with seed-based analyses
examining connectivity of functionally defined thalamic sub-
regions with the rest of the brain. The analysis steps were as
follows. First, as described previously, the cortex was divided
into six, a priori defined nonoverlapping ROIs shown in
Figure 1A (10). Functional connectivity maps, restricted to
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Figure 1. Thalamo-cortical functional connectivity in chronic and early-stage psychosis. (A) Within the entire sample of 253 subjects, connectivity of 6 a
priori defined cortical areas (left) correlated with distinct, largely nonoverlapping regions of the thalamus (middle). The thalamus was parceled into functional
regions of interest (ROIs) using the winner-take-all approach in which each voxel in the thalamus is classified according to which cortical ROl it is most
strongly connected to (right). Connectivity between each cortical ROl and its corresponding thalamic functional ROI was then calculated for each subject. (B)
Thalamic-cortical network functional connectivity varied between groups (repeated measures analysis of variance network X group interaction: Fig 490 =
3.20, p = .001). Follow-up univariate analyses of variance indicated that, compared with healthy subjects, prefrontal cortex-thalamic network connectivity was
reduced in both chronic (p = .002) and early-stage (o = .020) psychosis, whereas connectivity in the motor-thalamic and somatosensory-thalamic networks
was increased in chronic (p = .00006 and p = .006, respectively) and early-stage psychosis (p = .027 and p = .014, respectively). (C) Prefrontal cortex-
thalamic network connectivity inversely correlated with motor-thalamic network connectivity in patients with psychosis (- = —.40, p = .0000006) but not
healthy subjects (r = —.11, p = .264). Direct comparison between groups indicated that the correlation was significantly greater in the psychosis group

compared with healthy subjects (Fisher Z = 2.42, p = .016).
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the Harvard-Oxford thalamus probabilistic atlas (thresholded
at 10%; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases), were then
created for each cortical ROI. Using the entire dataset of 253
individuals, the thalamus was parceled into functional ROIls
using the winner take all strategy (15); each voxel in the
thalamus was assigned to the cortical ROl it was most
strongly connected to. Average connectivity of the voxels
within each thalamic ROI with its respective cortical ROl was
then calculated resulting in six thalamocortical network values
for each subject, one for each cortical anatomical ROI and its
corresponding thalamic functional ROI, which served as the
dependent variables in the statistical analysis. Thalamocortical
network values were analyzed using multivariate repeated
measures analysis of variance (ANOVA) with network entered
as the within the subjects variable, group as between-subjects
variable, and age and sex entered as covariates.

The cortical ROI-to-thalamic ROI analysis described above
was followed up with seed-based connectivity analyses using
the thalamic functional ROls as seeds to examine connectivity of
specific thalamic subregions with the rest of the brain. Briefly, the
mean BOLD times series derived from the thalamic ROIs was
extracted from each subject's unsmoothed functional data and
entered into a general linear model to create functional con-
nectivity maps of specific thalamic ROIls. The functional con-
nectivity maps, in beta units, were then smoothed (6 mm) and
entered into a one-way ANOVA with group entered as the
between-subjects variable and age and sex as covariates. A
priori contrasts comparing healthy subjects with psychosis
patients and each patient group (i.e., chronic, early stage) with
healthy subjects were performed. Results were thresholded at
the cluster-level Pramiy-wise error (FWE)-corrected = -05 for voxel-wise
p = .005, masked to include only voxels that demonstrated
significant positive functional connectivity in healthy subjects
and/or psychosis patients at the cluster-level prwe-corrected = -05
for voxel-wise p = .005.

Functional connectivity maps for the thalamic ROls were
created using the CONN-fMRI Functional Connectivity toolbox
(24). Briefly, the mean BOLD time series was extracted from an
ROI and entered as a predictor in a multiple regression general
linear model. Regressors corresponding to the six motion correc-
tion parameters and their first temporal derivatives, along with gray
matter, white matter, and cerebrospinal fluid (CSF), were included
to remove variance related to head motion, the global gray matter
signal, white matter, and CSF, respectively. Functional data were
band-pass filtered (.01-.10 Hz). We took several steps to limit the
effects of head motion. First, resting-state scans underwent
motion scrubbing as described by Power et al. (25). Volumes with
frame-wise displacement greater than .5 and BOLD intensity
changes between frames greater than .5% were identified and
excluded from the functional connectivity analysis by including the
tagged scans as nuisance regressors in the connectivity general
linear model. Second, nuisance regressors for white matter and
CSF were derived from each subject’s white matter and CSF
segmentations using the anatomical component-based noise
reduction method, as implemented in the Conn-fMRI toolbox.
The anatomical component-based noise reduction method has
been shown to be effective at reducing the effects of head
movement on functional connectivity estimates (26). Finally,
motion correction parameters were regressed out before temporal
band-pass filtering was applied, as performing these steps in
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reverse order (i.e., band-pass filtering before nuisance regression)
overestimates connectivity and exacerbates the effects of head
motion due to re-introduction of nuisance-related variation (27).

RESULTS

Demographic, cognitive, and clinical data are presented in
Table 1. The overall patient cohort was well matched to
healthy subjects on sex (healthy subjects: 58.1% male sub-
jects; psychosis: 60.1% male subjects; ¥2; = .11, p = .745)
and age (healthy subjects: 32.5; patients: 32.3; to51 = .07,
p = .941). Importantly, the distribution of ages was virtually
identical in healthy subjects and patients (Figure S1 in
Supplement 1). As expected, early-stage patients were
younger than healthy subjects (p < .001), who, in turn, were
younger than chronic patients (p < .001). Average daily dose
of antipsychotic, in chlorpromazine equivalents based on
Gardner et al. (28), was higher in chronic patients (478.0 =
247.8 mg vs. 308.4 = 174.3 mg; t1o8 = 4.08, p < .001).

Thalamocortical Functional Connectivity: Cortical
ROI-to-Thalamic ROI Analysis

As shown in Figure 1A and Figure S2 in Supplement 1,
functional subdivisions of the thalamus were very consistent
with prior studies that have parceled the thalamus based on its
functional and structural connectivity [e.g., (15,17,18)].

Results of the cortical ROI-to-thalamic ROl analysis are
presented in Figure 1B. Multivariate repeated measures ANOVA
revealed a significant network X group interaction (Figag0 =
3.20, p = .001) but no main effects of network (Fs 244 = 1.56, p =
.165) and group (F204s = 1.22, p = .298). Follow-up univariate
ANOVAs indicated that the interaction was due to significant
group differences in PFC-thalamic (Fo248 = 5.97, p = .003),
motor-thalamic (F,045 = 8.96, p = .0002), and somatosensory-
thalamic (Fo048 = 5.37, p = .005) networks. Compared with
healthy subjects, PFC-thalamic network connectivity was
reduced in both chronic (p = .002) and early-stage (o = .020)
psychosis, whereas motor-thalamic and somatosensory-thalamic
network connectivity was increased in chronic (p = .00006 and
p = .006, respectively) and early-stage psychosis (p = .027 and
p = .014, respectively). In terms of effect sizes (ES), the reduction
in PFC-thalamic hypoconnectivity was comparable in chronic
(ES = —.45) and early-stage (ES = —.43) patient groups. Motor-
thalamic hyperconnectivity was somewhat larger in chronic
compared with early stage patients (ES = .59 and ES = .41,
respectively), although somatosensory-thalamic hyperconnectiv-
ity was virtually identical in chronic and early-stage groups
(ES = .40 and ES = .43, respectively).

To confirm the results were not affected by head motion,
scanner assignment, age, and sex, we performed a series of
analyses controlling for these effects as best as possible
(Supplement 1). In brief, adding scanner or percentage of
functional volumes excluded due to head motion as covariates
did not affect the results (Figure S3 in Supplement 1). We also
obtained very similar results when we compared subgroups of
patients and healthy subjects matched on age and sex and
age, sex, and head motion.

In light of a previous report linking PFC-hypoconnectivity and
somatomotor-thalamic hyperconnectivity in psychosis (12),
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we examined correlations between PFC-thalamic, motor-thalamic,
and somatosensory-thalamic networks. Replicating the results of
Anticevic et al. (12), we found a significant inverse correlation
between PFC-thalamic network underconnectivity and motor-

thalamic network hyperconnectivity in patients with psychosis (

= —.40, p < .001). However, in contrast to Anticevic et al. (12),
this relationship was not present in healthy subjects (r = —.11, p
= .264). As shown in Figure 1C, the correlation was significantly
greater in the psychosis group compared with healthy subjects
(Fisher Z = 2.42, p = .016). Somatosensory-thalamic connectivity
was unrelated to PFC-thalamic connectivity in both psychosis (- =
—.02, p = .816) and healthy subjects ( = .01, p = .906).
Additional analyses examining the relationship between thala-
mocortical functional connectivity and diagnosis, antipsychotic
medication, clinical symptoms, and cognitive functioning were
also performed. As shown in Figure S4 in Supplement 1, after
adjusting for age, sex, and illness stage, PFC-thalamic network
connectivity was lower in nonaffective psychosis patients com-
pared with affective psychosis at the trend significance level
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(F1143 = 3.11, p = .080). In contrast, there were no differences
between affective and nonaffective psychosis in motor (Fy 143 =
.03, p = .869) and somatosensory (F1 143 = .34, p = .562) network
connectivity. Among patients, antipsychotic dose; PANSS pos-
itive, negative, and general scores; and overall cognitive function
(i.e., Screen for Cognitive Impairment in Psychiatry global Z-score)
did not correlate with functional connectivity of any thalamocort-
ical network (all r values < 1111, p > .217).

Thalamocortical Functional Connectivity: Thalamus
ROI Seed-Based Analysis

The cortical ROI-to-thalamus ROI analysis was followed up
with seed-based analyses using the thalamic PFC, motor, and
somatosensory subregions as seeds to better localize thala-
mic dysconnectivity with the rest of the brain. Functional
connectivity of the thalamus PFC, motor, and somatosensory
seeds in healthy subjects and individuals with psychosis are
shown rendered on the cortical surface and cerebellum in
Figure 2 and on serial axial slices covering the entire brain in

Psychosis (n=148)

Chronic (n=95)

@B
S

Early Stage (n=53)

B Healthy Subjects (n=105)

Thalamus ‘Motor’

Thalamus ‘Somatosensory’

seed

Chronic (n=95)

Figure 2. Functional connectivity of prefrontal cortex (PFC), motor, and somatosensory thalamus seeds in psychosis. (A) Functional connectivity of the
PFC thalamus seed in healthy subjects resembled the well-described executive control network [i.e., Niendam et al. (29)] and included the dorsolateral PFC,
medial PFC/anterior cingulate, mid-cingulate, inferior parietal lobule, and cerebellum. This pattern was markedly attenuated in psychosis, including both
chronic and early-stage patients. (B) Functional connectivity of the thalamus motor seed (warm colors) and somatosensory seed (cool colors) included mainly
motor and somatosensory areas and cerebellum. Qualitatively, functional connectivity of the thalamus motor and somatosensory seeds appeared more
widespread and less segregated in psychosis patients (overlap in motor and somatosensory thalamus seed connectivity is shown in green).
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Figure S5 in Supplement 1 (cortical and cerebellum renderings
were created using Caret v5.65; http://brainmap.wustl.edu/
caret.html).

In healthy subjects, the thalamic PFC seed was functionally
connected to dorsolateral PFC, inferior frontal gyrus/anterior
insula, anterior cingulate cortex, inferior parietal lobule (supra-
marginal and angular gyri), mid cingulate, left transverse
temporal gyrus, and posterior quadrangle of the cerebellum.
Subcortically, significant connectivity was detected with the
caudate, especially the head of the caudate, and putamen
(Figure S5 in Supplement 1). This pattern of connectivity bears
a striking resemblance to the fronto-parietal executive control
network [e.g., (29)]. Functional connectivity of the motor and
somatosensory thalamus seeds was restricted almost exclu-
sively to primary and secondary motor and somatosensory
cortex, striatum, and cerebellum. In psychotic disorders,
functional connectivity of the thalamus PFC seed was
restricted to the medial PFC and anterior cingulate cortex;
inferior frontal gyrus/anterior insula; mid cingulate; and left
transverse temporal gyrus (Figure 2; Figure S5 in Supplement 1).
Connectivity with the cerebellum was notably absent. In con-
trast, connectivity of the motor thalamus seed was more
extensive and there was greater overlap between motor and
somatosensory seeds in midline cortical areas. Functional
connectivity patterns were very similar in chronic and early-
stage psychosis patients.

Direct comparison between healthy subjects and psychosis
patients confirmed that some of the qualitative differences
observed between groups were statistically significant
(Figure 3; Table 2). As shown in Figure 3, thalamus PFC seed
connectivity with medial superior frontal gyrus extending
laterally to middle frontal gyrus was reduced in psychosis.
Thalamic PFC seed connectivity with cerebellum was reduced
bilaterally. Chronic patients demonstrated less connectivity
with medial and lateral aspects of the superior frontal gyrus,

Healthy Subjects (n=105) vs. All Psychosis Patients (n=148)
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left cerebellum, and left inferior parietal lobule. No differences
between healthy subjects and early-stage psychosis patients
were observed at the a priori defined statistical threshold.
However, relaxing the voxel-wise threshold to p = .05,
while still maintaining a cluster-level corrected threshold of
PrEWE-corrected = -05, revealed a very similar pattern of thalamic
dysconnectivity in early-stage psychosis. In contrast to the
thalamus PFC seed, psychosis patients exhibited greater
motor thalamus seed connectivity with a cluster that included
midline Brodmann areas 6 and 4 and left precentral gyrus
corresponding to Brodmann area 44. In chronic patients,
hyperconnectivity of the thalamus motor seed localized to
the right lateral precentral gyrus corresponding to Brodmann
area 6, midline cortical areas corresponding to medial aspects
of Brodmann areas 4 and 6, and left postcentral gyrus
corresponding to Brodmann area 5. No significant differences
between healthy subjects and early-stage psychosis patients
were observed at the corrected significance level. However,
relaxing the voxel-wise threshold to p = .05, while still
maintaining a whole-brain cluster-level corrected threshold of
PrEWE-corrected = -05, revealed a similar pattern of thalamus
motor seed hyperconnectivity in early-stage psychosis: ele-
vated connectivity with medial aspects of precentral and
postcentral gyrus and lateral precentral gyrus. With respect
to the thalamus somatosensory seed, no differences in func-
tional connectivity were detected between healthy subjects
and psychosis patients. To better appreciate the similar
patterns of thalamic dysconnectivity in chronic and early-
stage psychosis, the results of the voxel-wise contrasts
comparing each illness stage group with healthy subjects
are also presented in Figure S6 in Supplement 1 without
statistical thresholding.

Exploratory analyses were performed examining the rela-
tionship between thalamic functional connectivity and cogni-
tion, clinical symptoms, and psychotic disorder diagnosis.

Figure 3. Functional dysconnectiv-
ity of the thalamus prefrontal cortex
(PFC) and motor seeds in psychosis.
Compared with healthy subjects,
functional connectivity of the PFC
thalamus seed with lateral PFC (i.e.,
superior frontal gyrus), anterior medial
PFC, and cerebellum was reduced in
individuals with a psychotic disorder
(warm colors). In contrast, functional
connectivity of the thalamus motor
seed was increased in patients with
a psychotic disorder in medial and
ventral-lateral primary motor cortex
(cool colors). Chronic and early-stage
psychosis patients exhibited very
similar patterns of functional connec-
tivity abnormalities. All results thre-
sholded at cluster-level corrected
PrwE-corrected = .05 for voxel-wise
p = .005 (p = .05 for the healthy
subjects versus early-stage psychosis
patients contrast). FWE, family-
wise error.

Healthy Subjects vs. Chronic Psychosis



http://brainmap.wustl.edu/caret.html
http://brainmap.wustl.edu/caret.html
www.sobp.org/journal

Thalamocortical Dysconnectivity in Psychosis

Table 2. Group Differences in Functional Connectivity of Thalamus Seed Regions at a Cluster-Level Corrected pEwg) = .05

All Psychosis Patients

Chronic Psychosis Early-Stage Psychosis

MNI MNI MNI
Brain Area Voxels  x y z Peakt Voxels x y z Peakt Voxels x y z Peakt
Thalamus PFC Seed
Healthy Subjects > Psychosis
R Cerebellum, posterior lobe 669 10 —-78 —28 5.02
30 -70 —-28 4.25
40 -66 —40 3.76
L Cerebellum, posterior lobe 351 -10 -76 -30 4.77 352 -8 —78 —-28 4.66
L/R Superior/medial frontal gyrus (BA 8/9) 1507 -30 24 54 3.95 1267 -30 22 54 3.90 2780 —-22 34 46 2.51
18 34 50 3.49 18 32 50 379 24 28 40 3.61
-6 46 36 3.55 -2 34 40 372 -6 46 38 3.18
4 52 42 353 5 52 42 352
Thalamus 471 6 —22 2 476
-2 -8 -4 364
18 -28 4 3.50
L Inferior parietal lobule (BA 39/40) 508 —46 —-50 42 425
—-62 —-60 38 4.05
-32 -62 42 3.26
Psychosis > Healthy Subjects No Significant Clusters
Thalamus Motor Seed
Healthy Subjects > Psychosis No Significant Clusters
Psychosis > Healthy Subjects
L Precentral/inferior frontal gyrus (BA 44) 33 -60 10 6 49
R/L Paracentral lobule (BA 4) 1320 4 -32 62 412 2068 4 -32 62 341
-14 -30 60 3.14
R Medial frontal/postcentral gyrus (BA 6) 8 —-26 80 3.88 567 8 —-26 80 4.47 8 -6 50 2.93
8 —-18 58 372
8 —42 72 3.86
L Superior/medial frontal gyrus (BA 6) =12 6 72 393 753 -12 6 72 443
-14 4 64 432
-2 -4 68 375
R Pre/postcentral gyrus (BA 3/4) 431 44 —-16 56 3.83
62 -10 36 5.19
46 -14 42 283
L Postcentral gyrus (BA 5/7) 424 -14 50 68 3.7
-30 -40 64 3.63
-24 -46 64 347

BA, Brodmann area; FWE, family-wise error; L, left; MNI, Montreal Neurological Institute; PFC, prefrontal cortex; R, right.

Functional connectivity, in beta units, was extracted from the
clusters identified in the healthy subjects versus psychosis
contrasts and averaged to create two values per subject, one
indicating average PFC thalamic underconnectivity and the
other indicating average motor thalamus hyperconnectivity. In
ES terms, thalamus PFC seed hypoconnectivity was similar in
chronic and early-stage patients (ES = —.94 and ES = .87,
respectively), as was thalamus motor seed hyperconnectivity
(ES = .78 and ES = .85, respectively). After controlling for
group, average connectivity in the PFC thalamus seed regions
demonstrating reduced connectivity in psychosis correlated
with Screen for Cognitive Impairment in Psychiatry global
Z-score of cognitive functioning across all subjects (partial r =
.14, p = .029). This relationship was strongest for the verbal

learning subtest (partial r .18, p = .006). Scatter plots
depicting these correlations are presented in Figure S7 in
Supplement 1. Motor thalamus hyperconnectivity was unre-
lated to cognitive functioning (partial r -.06, p = .319).
Neither PFC hypoconnectivity nor motor thalamus seed hyper-
connectivity was related to positive, negative, and general
symptoms from the PANSS (all r values < .114l, p > .101).
Consistent with the cortical ROI-to-ROI analysis presented
earlier, PFC-thalamic seed connectivity was lower in non-
affective psychosis compared with affective psychosis at the
trend significance level after controlling for age, sex, and
illness stage (F1143 = 2.86, p .093) (Figure S8 in
Supplement 1). Motor functional connectivity did not differ
between psychotic disorders (F1,143 = .12, p = .730).
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DISCUSSION

We confirmed that the combination of reduced PFC-thalamic
connectivity and somatomotor-thalamic hyperconnectivity
observed in prior investigations of chronic patients is present
in the early stage of psychosis. Models of the etiology of
psychotic disorders have oscillated over time between neuro-
degenerative and neurodevelopmental models (30). Mounting
evidence indicates that both processes are likely involved;
some abnormalities are detected early in the course of
psychotic illnesses and remain relatively static, whereas other
abnormalities emerge over time and progressively worsen
(31,32). Based on earlier findings in chronic patients, we
hypothesized that reduced PFC-thalamic connectivity and
increased somatomotor-thalamic connectivity in psychosis
may result from abnormal late brain maturation that derails
the normal development of PFC-thalamic circuitry and refine-
ment of somatomotor-thalamic connectivity (10). The current
results obtained from a sample of early-stage patients are
consistent with a neurodevelopmental explanation for thalamo-
cortical dysconnectivity. Nonetheless, our results, while con-
sistent with neurodevelopmental models, cannot definitively
confirm that thalamocortical network abnormalities result from
atypical neurodevelopment. It remains possible that thalamo-
cortical dysconnectivity emerges before or at the onset of
psychosis. Recent findings from a cross-sectional investigation
showing reduced dorsal caudate connectivity with PFC and
thalamus in individuals at high risk for psychosis further support
a developmental basis for thalamic dysconnectivity (33). Lon-
gitudinal investigations of high-risk/prodromal patients will be
useful in further pinpointing the timing and clarifying the func-
tional relevance of cortico-striatal-thalamic dysconnectivity.
The present investigation also clarifies the anatomical
specificity of thalamic circuitry abnormalities. Prior studies
investigated either connectivity of large swaths of cortex with
the thalamus or connectivity of the whole thalamus with the
rest of the brain. The former approach provides excellent
anatomical specificity within the thalamus but at the cost of
cortical specificity [e.g., (10)], while the second approach
provides better specificity within the cortex and rest of the
brain but by treating the thalamus as a homogeneous struc-
ture it obscures network specific abnormalities [e.g., (12)].
Using a combination of ROI-to-ROlI and seed-to-voxel
approaches, we found that the anterior/medial-dorsal region
of the thalamus is functionally connected to medial and
dorsolateral PFC, mid cingulate, inferior parietal lobule, stria-
tum, primarily the caudate, and cerebellum. The connectivity
profile of the anterior/medial-dorsal thalamus bears a striking
resemblance to the fronto-parietal or executive control net-
work that has been linked to a range of higher cognitive
functions often impaired in psychotic disorders, including
working memory, cognitive flexibility, initiation, and inhibition
(29). Consistent with our findings, human lesion and animal
electrophysiology studies support a role for the mediodorsal
thalamus in executive cognitive functions and memory
(34-39). Both task-based and resting-state imaging studies
have repeatedly found abnormal executive control network
function in psychotic disorders; however, most investigations
focused on cortical components and cortico-cortical connec-
tivity of this network (40-42). Recently, reduced PFC-caudate
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was identified in first-episode psychosis (43). The current
results deepen our understanding of executive control network
dysfunction in psychosis by showing that dysconnectivity
within this network extends to the thalamus, is present in the
early stage of the illness, and is related, albeit modestly, to
cognition. Additionally, reduced thalamic connectivity with the
cerebellum is particularly noteworthy as it further supports
cortico-thalamo-cerebellum circuitry models of psychosis and
is consistent with the growing appreciation of the cerebellum’s
role in cognition (1,44).

Consistent with a prior investigation (12), we found that
PFC-thalamic hypoconnectivity and motor-thalamic hypercon-
nectivity were inversely correlated in psychosis, suggesting
that they are related. Anatomical investigations of nonhuman
primates have found that there is greater connectivity between
mediodorsal thalamus and motor cortical areas than is often
appreciated (45-47). Direct microinjection of gamma-
aminobutyric acid agonists into the mediodorsal nucleus leads
to increased motor activity and reduced dopamine metabolism
in the PFC (48). Interestingly, a recent rodent electrophysiol-
ogy investigation found that modest inhibition of mediodorsal
nucleus activity disrupts PFC-thalamic functional connectivity
and impairs cognition (34). Combined, these findings suggest
that disruption of mediodorsal thalamus function may lead to
reduced PFC-thalamic functional connectivity and a corre-
sponding increase in motor-thalamic connectivity. Human
neuroimaging and animal electrophysiology investigations
examining the interrelationships between thalamic networks
and the impact of selective cortical and thalamic lesions on
multiple thalamic networks will help clarify the mechanisms
underlying thalamocortical deficits in psychosis.

Our investigation has several limitations. First, it is unclear if
functional dysconnectivity is a consequence of compromised
anatomical connectivity. Altered thalamocortical structural
connectivity has been reported in schizophrenia (49). How-
ever, brain regions exhibiting strong functional coupling do not
always share a direct anatomical pathway, suggesting func-
tional connectivity likely represents polysynaptic connectivity
(50). Multi-modal investigations will be helpful in clarifying the
nature of thalamocortical dysconnectivity. Anatomical con-
nectivity methods may also improve localization of thalamic
subregions, which are difficult to delineate using conventional
anatomical imaging (51). The relatively small number of
psychotic bipolar patients included in our sample is another
limitation. The finding that reduced thalamic-PFC connectivity
was more prominent in nonaffective psychosis should be
considered preliminary, especially given evidence that other
brain areas, such as the ventral anterior cingulate, exhibit
similar patterns of dysconnectivity in psychotic bipolar disor-
der and schizophrenia (52). Similarly, our sample sizes were
too small to examine diagnosis by illness stage effects. This
may prove important, given evidence that cognitive impair-
ment is more severe in nonaffective psychosis at the early
stage of the illness, in contrast to the chronic stage when
affective and nonaffective psychosis patients exhibit a similar
degree of impairment (32).

In conclusion, we confirmed that the combination of PFC-
thalamic hypoconnectivity and somatomotor-thalamic hyper-
connectivity is present at both the chronic and early stages of
psychotic disorders. These two features are related; lower
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PFC-thalamic connectivity correlates with motor-thalamic
hyperconnectivity, suggesting they result from a common
pathophysiological mechanism. Moreover, thalamic hypocon-
nectivity is characterized by reduced connectivity between the
anterior/medial-dorsal thalamus and the executive control
network and correlated with cognitive functioning. Future
studies are required to: 1) clarify the relationship between
thalamocortical functional dysconnectivity and anatomical
connectivity; 2) confirm that thalamic dysconnectivity, espe-
cially reduced connectivity with the PFC and executive control
network, is more severe in nonaffective psychosis; and 3)
determine if there is diagnosis by illness stage interactions.

ACKNOWLEDGMENTS AND DISCLOSURES

This research was supported by the National Institute of Mental Health
(RO1-MH102266 awarded to NDW; R01-MHO070560 awarded to SH); the
Jack Martin, MD, Research Professorship in Psychopharmacology (held by
NDW); the Brain and Behavior Research Fund (National Alliance for
Research on Schizophrenia and Depression Young Investigator Award
awarded to NDW); and the Vanderbilt Institute for Clinical and Translational
Research (1-UL1-RR024975 National Center for Research Resources/
National Institutes of Health).

We are indebted to the individuals who participated in the study. We
thank Kristan Armstrong, Julia Sheffield, and Austin Woolard for their
assistance in recruiting and screening subjects for participation in the study.

No commercial support was received for the preparation of this manu-
script. All authors report no biomedical financial interests or potential
conflicts of interest.

ARTICLE INFORMATION

From the Department of Psychiatry, Vanderbilt University School of
Medicine, Nashville, Tennessee.

Address correspondence to Neil D. Woodward, Ph.D., Vanderbilt
Psychiatric Hospital, 1601 23rd Ave S, Nashville, TN 37212; E-mail: neil.
woodward@vanderbilt.edu.

Received Dec 15, 2014; revised May 21, 2015; accepted Jun 18, 2015.

Supplementary material cited in this article is available online at http://
dx.doi.org/10.1016/j.biopsych.2015.06.026.

REFERENCES

1. Andreasen NC, Paradiso S, O’Leary DS (1998): “Cognitive dysmetria”
as an integrative theory of schizophrenia: A dysfunction in cortical-
subcortical-cerebellar circuitry? Schizophr Bull 24:203-218.

2. Sim K, Cullen T, Ongur D, Heckers S (2006): Testing models of
thalamic dysfunction in schizophrenia using neuroimaging. J Neural
Transm 113:907-928.

3. Cronenwett WJ, Csernansky J (2010): Thalamic pathology in schizo-
phrenia. Curr Top Behav Neurosci 4:509-528.

4. Cerullo MA, Adler CM, Delbello MP, Strakowski SM (2009): The

functional neuroanatomy of bipolar disorder. Int Rev Psychiatry 21:

314-322.

Jones EG (2007): The Thalamus. Cambridge, UK: University Press.

6. Byne W, Hazlett EA, Buchsbaum MS, Kemether E (2009): The
thalamus and schizophrenia: Current status of research. Acta Neuro-
pathol 117:347-368.

7. Gigante AD, Young LT, Yatham LN, Andreazza AC, Nery FG,
Grinberg LT, et al. (2011): Morphometric post-mortem studies in
bipolar disorder: Possible association with oxidative stress and
apoptosis. Int J Neuropsychopharmacol 14:1075-1089.

8. Karbasforoushan H, Woodward ND (2012): Resting-state networks in
schizophrenia. Curr Top Med Chem 12:2404-2414.

9. Lee MH, Smyser CD, Shimony JS (2013): Resting-state fMRI: A review
of methods and clinical applications. AUONR Am J Neuroradiol 34:
1866-1872.

o

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Woodward ND, Karbasforoushan H, Heckers S (2012): Thalamocortical
dysconnectivity in schizophrenia. Am J Psychiatry 169:1092-1099.
Welsh RC, Chen AC, Taylor SF (2010): Low-frequency BOLD fluctua-
tions demonstrate altered thalamocortical connectivity in schizophre-
nia. Schizophr Bull 36:713-722.

Anticevic A, Cole MW, Repovs G, Murray JD, Brumbaugh MS,
Winkler AM, et al. (2014): Characterizing thalamo-cortical disturban-
ces in schizophrenia and bipolar illness. Cereb Cortex 24:3116-3130.
Tomasi D, Volkow ND (2014): Mapping small-world properties through
development in the human brain: Disruption in schizophrenia. Plos
One 9:E96176.

Klingner CM, Langbein K, Dietzek M, Smesny S, Witte OW, Sauer H,
Nenadic | (2014): Thalamocortical connectivity during resting state
in schizophrenia. Eur Arch Psychiatry Clin Neurosci 264:111-119.
Fair DA, Bathula D, Mills KL, Dias TG, Blythe MS, Zhang D, et al.
(2010): Maturing thalamocortical functional connectivity across devel-
opment. Front Syst Neurosci 4:10.

Zhang D, Snyder AZ, Fox MD, Sansbury MW, Shimony JS, Raichle ME
(2008): Intrinsic functional relations between human cerebral cortex and
thalamus. J Neurophysiol 100:1740-1748.

Zhang D, Snyder AZ, Shimony JS, Fox MD, Raichle ME (2010):
Noninvasive functional and structural connectivity mapping of the
human thalamocortical system. Cereb Cortex 20:1187-1194.
Behrens TE, Johansen-Berg H, Woolrich MW, Smith SM, Wheeler-
Kingshott CA, Boulby PA, et al. (2003): Non-invasive mapping of
connections between human thalamus and cortex using diffusion
imaging. Nat Neurosci 6:750-757.

Williams LE, Avery SN, Woolard AA, Heckers S (2012): Intact relational
memory and normal hippocampal structure in the early stage of
psychosis. Biol Psychiatry 71:105-113.

Wechsler D (2001): Wechsler Test Of Adult Reading. London: Pearson
Education.

Purdon SE (2005): The Screen For Cognitive Impairment In Psychiatry
(SCIP): Administration Manual And Normative Data. Edmonton,
Alberta, Canada: PNL Inc.

Kay SR, Fiszbein A, Opler LA (1987): The Positive and Negative
Syndrome Scale (PANSS) for schizophrenia. Schizophr Bull 13:
261-276.

First MB, Spitzer RL, Gibbon M, JBW Williams (1996): Structured
Clinical Interview For DSM-IV Axis | Disorders, Clinical Version (SCID-
CV). Washington, DC: American Psychiatric Press Inc.
Whitfield-Gabrieli S, Nieto-Castanon A (2012): Conn: A functional
connectivity toolbox for correlated and anticorrelated brain networks.
Brain Connect 2:125-141.

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE (2012):
Spurious but systematic correlations in functional connectivity MRI
networks arise from subject motion. Neuroimage 59:2142-2154.
Muschelli J, Nebel MB, Caffo BS, Barber AD, Pekar JJ, Mostofsky SH
(2014): Reduction of motion-related artifacts in resting state fMRI
using acompcor. Neuroimage 96:22-35.

Hallguist MN, Hwang K, Luna B (2013): The nuisance of nuisance
regression: Spectral misspecification in a common approach to
resting-state fMRI preprocessing reintroduces noise and obscures
functional connectivity. Neuroimage 82:208-225.

Gardner DM, Murphy AL, O'Donnell H, Centorrino F, Baldessarini RJ
(2010): International consensus study of antipsychotic dosing. Am J
Psychiatry 167:686-693.

Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter CS
(2012): Meta-analytic evidence for a superordinate cognitive control
network subserving diverse executive functions. Cogn Affect Behav
Neurosci 12:241-268.

Weinberger DR, McClure RK (2002): Neurotoxicity, neuroplasticity,
and magnetic resonance imaging morphometry: What is happening in
the schizophrenic brain? Arch Gen Psychiatry 59:553-558.
Woodward ND (2014): The course of neuropsychological impairment
and brain structure abnormalities in psychotic disorders [published
online ahead of print August 22]. Neurosci Res.

Biological Psychiatry 1, 2015; n:1m-1 www.sobp.org/journal 9

Biological
Psychiatry



http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref1
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref1
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref1
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref2
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref2
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref2
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref3
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref3
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref4
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref4
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref4
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref5
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref6
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref6
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref6
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref7
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref7
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref7
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref7
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref8
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref8
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref9
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref9
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref9
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref10
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref10
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref11
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref11
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref11
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref12
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref12
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref12
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref13
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref13
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref13
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref14
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref14
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref14
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref15
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref15
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref15
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref16
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref16
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref16
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref17
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref17
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref17
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref18
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref18
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref18
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref18
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref19
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref19
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref19
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref20
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref20
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref21
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref21
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref21
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref22
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref22
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref22
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref23
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref23
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref23
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref24
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref24
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref24
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref25
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref25
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref25
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref26
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref26
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref26
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref27
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref27
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref27
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref27
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref28
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref28
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref28
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref29
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref29
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref29
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref29
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref30
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref30
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref30
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref31
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref31
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref31
www.sobp.org/journal

Biological
Psychiatry

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

10

Lewandowski KE, Cohen BM, Ongur D (2011): Evolution of neuro-
psychological dysfunction during the course of schizophrenia and
bipolar disorder. Psychol Med 41:225-241.

Dandash O, Fornito A, Lee J, Keefe RS, Chee MW, Adcock RA, et al.
(2014): Altered striatal functional connectivity in subjects with an at-
risk mental state for psychosis. Schizophr Bull 40:904-913.
Kellendonk C (2012): Decreasing activity of the medio-dorsal thalamus
in vivo impairs prefrontal-dependent cognitive behaviors. Barcelona,
Spain: Presented at the 8th Federation of European Neuroscience
Societies Forum of Neuroscience; July 14-18.

De WL, Brouns R, Kavadias D, Engelborghs S, De Deyn PP, Marien P
(2011): Cognitive, affective and behavioural disturbances following
vascular thalamic lesions: A review. Cortex 47:273-319.

Van Der Werf YD, Scheltens P, Lindeboom J, Witter MP, Uylings HB,
Jolles J (2003): Deficits of memory, executive functioning and
attention following infarction in the thalamus: A study of 22 cases
with localised lesions. Neuropsychologia 41:1330-1344.

Kessler J, Markowitsch HJ (1981): Delayed-alternation performance
after kainic acid lesions of the thalamic mediodorsal nucleus and the
ventral tegmental area in the rat. Behav Brain Res 3:125-130.

Hunt PR, Aggleton JP (1998): Neurotoxic lesions of the dorsomedial
thalamus impair the acquisition but not the performance of delayed
matching to place by rats: A deficit in shifting response rules.
J Neurosci 18:10045-10052.

Kubat-Silman AK, Dagenbach D, Absher JR (2002): Patterns of
impaired verbal, spatial, and object working memory after thalamic
lesions. Brain Cogn 50:178-193.

Woodward ND, Rogers B, Heckers S (2011): Functional resting-state
networks are differentially affected in schizophrenia. Schizophr Res
130:86-93.

Baker JT, Holmes AJ, Masters GA, Yeo BT, Krienen F, Buckner RL,
Ongir D (2014): Disruption of cortical association networks in
schizophrenia and psychotic bipolar disorder. JAMA Psychiatry 71:
109-118.

Minzenberg MJ, Laird AR, Thelen S, Carter CS, Glahn DC (2009):
Meta-analysis of 41 functional neuroimaging studies of executive
function in schizophrenia. Arch Gen Psychiatry 66:811-822.

Biological Psychiatry 1, 2015; n:1m-118 www.sobp.org/journal

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Thalamocortical Dysconnectivity in Psychosis

Fornito A, Harrison BJ, Goodby E, Dean A, Ooi C, Nathan PJ, et al.
(2013): Functional dysconnectivity of corticostriatal circuitry as a risk
phenotype for psychosis. JAMA Psychiatry 70:1143-1151.

Buckner RL (2013): The cerebellum and cognitive function: 25 years of
insight from anatomy and neuroimaging. Neuron 80:807-815.

Giguere M, Goldman-Rakic PS (1988): Mediodorsal nucleus: Areal,
laminar, and tangential distribution of afferents and efferents in the
frontal lobe of rhesus monkeys. J Comp Neurol 277:195-213.

Kultas-llinsky K, Sivan-Loukianova E, llinsky IA (2003): Reevaluation of
the primary motor cortex connections with the thalamus in primates.
J Comp Neurol 457:133-158.

Rouiller EM, Tanne J, Moret V, Boussaoud D (1999): Origin of thalamic
inputs to the primary, premotor, and supplementary motor cortical
areas and to area 46 in macaque monkeys: A multiple retrograde
tracing study. J Comp Neurol 409:131-152.

Churchill L, Zahm DS, Duffy P, Kalivas PW (1996): The mediodorsal
nucleus of the thalamus in rats-ll. Behavioral and neurochemical
effects of GABA agonists. Neuroscience 70:103-112.

Marenco S, Stein JL, Savostyanova AA, Sambataro F, Tan HY,
Goldman AL, et al. (2012): Investigation of anatomical thalamo-
cortical connectivity and fMRI activation in schizophrenia. Neuro-
psychopharmacology 37:499-507.

Honey CJ, Sporns O, Cammoun L, Gigandet X, Thiran JP, Meuli R,
Hagmann P (2009): Predicting human resting-state functional con-
nectivity from structural connectivity. Proc Natl Acad Sci U S A 106:
2035-2040.

Behrens TE, Woolrich MW, Jenkinson M, Johansen-Berg H, Nunes
RG, Clare S, et al. (2003): Characterization and propagation of
uncertainty in diffusion-weighted MR imaging. Magn Reson Med 50:
1077-1088.

Anticevic A, Savic A, Repovs G, Yang G, Mckay DR, Sprooten E, et al.
(2015): Ventral anterior cingulate connectivity distinguished nonpsy-
chotic bipolar illness from psychotic bipolar disorder and schizophre-
nia. Schizophr Bull 41:133-143.


http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref32
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref32
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref32
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref33
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref33
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref33
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref34
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref34
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref34
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref34
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref35
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref35
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref35
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref36
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref36
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref36
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref36
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref37
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref37
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref37
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref38
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref38
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref38
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref38
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref39
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref39
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref39
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref40
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref40
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref40
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref41
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref41
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref41
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref41
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref42
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref42
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref42
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref43
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref43
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref43
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref44
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref44
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref45
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref45
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref45
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref46
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref46
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref46
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref47
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref47
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref47
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref47
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref48
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref48
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref48
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref49
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref49
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref49
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref49
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref50
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref50
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref50
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref50
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref51
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref51
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref51
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref51
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref52
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref52
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref52
http://refhub.elsevier.com/S0006-3223(15)00534-X/sbref52
www.sobp.org/journal

	Mapping Thalamocortical Functional Connectivity in Chronic and Early Stages of Psychotic DisordersThalamocortical...
	Methods and Materials
	Study Participants
	Neuroimaging Data Acquisition and Functional Connectivity Analysis

	Results
	Thalamocortical Functional Connectivity: Cortical ROI-to-Thalamic ROI Analysis
	Thalamocortical Functional Connectivity: Thalamus ROI Seed-Based Analysis

	Discussion
	Acknowledgments and Disclosures
	Article Information
	References




