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The thalamus is a small brain structure that relays neuronal signals between subcortical and cortical regions. Ab-
normal thalamocortical connectivity in schizophrenia has been reported in previous studies using blood-
oxygenation-level-dependent (BOLD) functional MRI (fMRI) performed at 3T. However, anatomically the thala-
mus is not a single entity, but is subdivided intomultiple distinct nucleiwith different connections to various cor-
tical regions. We sought to determine the potential benefit of using the enhanced sensitivity of BOLD fMRI at
ultra-high magnetic field (7T) in exploring thalamo-cortical connectivity in schizophrenia based on subregions
in the thalamus. Seeds placed in thalamic subregions of 14 patients and 14matched controls were used to calcu-
latewhole-brain functional connectivity. Our results demonstrate impaired thalamic connectivity to the prefron-
tal cortex and the cerebellum, but enhanced thalamic connectivity to themotor/sensory cortex in schizophrenia.
This altered functional connectivity significantly correlated with disease duration in the patients. Remarkably,
comparable effect sizes observed in previous 3T studies were detected in the current 7T study with a heteroge-
neous andmuch smaller cohort, providing evidence that ultra-high field fMRImay be a powerful tool formeasur-
ing functional connectivity abnormalities in schizophrenia. Further investigation with a larger cohort is merited
to validate the current findings.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The thalamus is an important deep graymatter structure that relays
information between subcortical and cortical regions. Altered
thalamocortical connectivity has been reported in schizophrenia (SCZ)
(Anticevic et al., 2014; Anticevic et al., 2015; Cetin et al., 2014;
Klingner et al., 2014). The thalamus can be subdivided intomultiple dis-
tinct nuclei with different anatomical connections to various cortical
hns Hopkins University School
rain Imaging, Kennedy Krieger
regions (Behrens et al., 2003a; Behrens et al., 2003b). To better assess
the relationship between schizophrenia and thalamocortical connectiv-
ity, it is therefore critical to investigate the functional connectivity be-
tween sub-regions in the thalamus and the cortex, rather than
averaging connectivity across the entire thalamus. Indeed, findings
using 3.0 Tesla (3T) MRI support a differential connectivity between
specific subregions and the cortex (Anticevic et al., 2014; Anticevic
et al., 2015). As the sensitivity of blood-oxygenation-level dependent
(BOLD) functional MRI (fMRI) is expected to show a supra-linear en-
hancement with field strength (Uludag et al., 2009), ultra-high field
(7.0 Tesla, or 7T, and beyond) BOLD fMRI provides a powerful tool for
the investigation of the functional connectivity of these small sub-
thalamic regions, potentially using much smaller sample sizes than are
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Abbreviations

3T – 3.0 Tesla
7T – 7.0 Tesla
SCZ – Schizophrenia
BOLD – Blood-oxygenation-level dependent
fMRI – Functional MRI
BPRS – Brief psychiatric rating scale
MoCA – Montreal cognitive assessment
GRE – Gradient-echo
EPI – Echo-planar imaging
SPM – Statistical parametric mapping
GSR – Global signal regression
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needed at 3T. Here, we test this hypothesis by using resting state BOLD
fMRI at 7T in a group of schizophrenia patients andmatched controls to
measure functional connectivity between sub-regions in the thalamus
defined by the Oxford thalamic connectivity atlas (Behrens et al.,
2003a; Behrens et al., 2003b) and the whole brain on a voxel-by-voxel
basis.

2. Methods

2.1. Participants

Fourteen patients with a diagnosis of schizophrenia (n = 12) or
schizoaffective (n=2) disorder and fourteen age and sexmatched nor-
mal controls were recruited and scanned following a Johns Hopkins
Medicine Institutional Review Board approved protocol. All participants
gave written informed consent before scanning. None of the subjects
had other neurologic history or neurological signs on exam, or a history
of vascular diseases. As tobacco smoking could potentially affect base-
line brain perfusion and thus the BOLD effect, current smoking status
(cigarettes smoked per day) was determined for patients and controls.
Current schizophrenia symptom severity was assessed with the Brief
Psychiatric Rating Scale (BPRS) (Overall and Gorham, 1962). Diagnosis
was based on clinical records and clinical referrals at the point of ascer-
tainment, and was confirmed by symptom evaluation on entry into the
study. All patients, but none of the controls, were receiving antipsy-
chotic medicines. Current chlorpromazine (CPZ) equivalents
(Andreasen et al., 2010) were used as a proxy for lifetime antipsychotic
exposure. The Montreal Cognitive Assessment (MoCA) (Nasreddine
et al., 2005) was performed on each participant on the day of scanning.

2.2. MRI

All scans were performed on a 7T Philips MRI scanner (Philips
Healthcare, Best, The Netherlands). A 32-channel phased-array head
coil (Nova Medical, Wilmington, MA) was used for RF reception and a
head-only quadrature coil for transmit. High-resolution anatomical im-
ages were acquired with a 3D magnetization prepared 2 rapid acquisi-
tion gradient echoes (MP2RAGE) sequence (Marques et al., 2009; Van
de Moortele et al., 2009) (voxel = 0.65 mm isotropic) to minimize B1
field inhomogeneity induced artifacts at 7T. A resting state fMRI scan
was performed with gradient echo (GRE) echo-planar imaging (EPI)
(TR/TE/FA = 2000/22 ms/60°, voxel = 2.5 mm isotropic, 54 slices,
7 min) for each participant.

2.3. Data analysis

The statistical parametric mapping (SPM) software package
(Version 8, Wellcome Trust Centre for Neuroimaging, London, United
Kingdom; http://www.fil.ion.ucl.ac.uk/spm/) and in-house code
programmed in Matlab (MathWorks, Natick, MA, USA) were used for
image analysis. Preprocessing included realignment, slice time correc-
tion, co-registration, segmentation, normalization; nuisance removal
(CompCor) (Muschelli et al., 2014), regression of global mean and mo-
tion parameters (6 rigid body motion correction parameters computed
from the SPM realignment routine, and the first derivative of each pa-
rameter); and temporal filtering (0.01–0.1 Hz). Given the emerging
concerns that micro movements can affect between group differences
in functional connectivity data even after standard motion correction
procedures (Power et al., 2012; Satterthwaite et al., 2012; Van Dijk
et al., 2012), we applied an additional “scrubbing” procedure described
in previousworks (Muschelli et al., 2014; Power et al., 2012). Briefly, the
6 rigid body motion correction parameters were converted into the
Framewise Displacement (FD) (Power et al., 2012) by summing the ab-
solute value of the 3 differenced translational parameters and the 3
differenced rotational parameters. An FD threshold of 0.5 mm was
used to identify potentially motion-contaminated scans, and one scan
before and 2 scans after each of these scans above the FD threshold
were excluded from further analysis. All analysis was also repeated
without the global signal regression (GSR) step.

To perform seed-based functional connectivity analysis between
sub-thalamic regions and the brain, the Oxford thalamic connectivity
atlas (Behrens et al., 2003a; Behrens et al., 2003b) was employed. This
atlas was generated using diffusion based structural connectivity in
white matter between the thalamus and cortex, which segments the
thalamus into seven sub-regions, with N25% probability of connection
to seven exclusive cortical areas, respectively (Fig. 1). Seed-based anal-
ysiswas carried out using each thalamic sub-region as a seed, andwhole
brain connectivity maps (z values) to each seed were calculated.
Second-level t-tests were performed to examine differential connectiv-
ity between schizophrenia patients and controls in thewhole brain. Age,
sex, smoking status, regional gray matter volume from anatomical
scans, motion and differential motion parameters were all accounted
for as covariates in the analysis. Significant clusters of decreased or in-
creased thalamic connectivitywere identified using threshold-free clus-
ter enhancement (Smith and Nichols, 2009). The IBASPM116 atlas
(Lancaster et al., 1997; Lancaster et al., 2000; Maldjian et al., 2004;
Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002) (PickAtlas software,
Wake Forest University, North Carolina, USA) was used to identify ana-
tomical regions within the significant clusters (note that an anatomical
region from the atlas may have both decreased or increased connectiv-
ity clusters in its sub-regions). Effect size was estimated with Cohen's d.
Correlations between thalamic connectivity and disease duration, anti-
psychotic medication dosage, BPRS and MoCA scores (including the
total score and subscales for both BPRS and MoCA) were evaluated
using adjusted R2 from linear regression. Note that for correlations be-
tween thalamic connectivity and disease duration, BPRS and MoCA
scores, partial correlations were calculated with age, smoking status
andmedication dosage as covariates.Multiple comparisons in the corre-
lation analysis (functional connectivity between the thalamus andmul-
tiple cortical regions) were corrected for with the false-discovery rate
(adjusted P b 0.05) (Rosner, 2011).

3. Results

Demographic information and clinical measures are shown in
Table 1. Age and sex were matched between schizophrenia patients
and control subjects (P N 0.1). The average numbers of cigarettes
smoked per daywere comparable between the two groups. Schizophre-
nia patients had significantly higher BPRS scores (P b 0.001), and
slightly lower total MoCA scores (P b 0.05) compared to control sub-
jects. No significant differences were found in motion parameters de-
rived from the SPM realignment routine between the two groups
(data not shown).

Tables 2 and 3 summarize the main findings in the group compari-
sons. Hyper-connectivity (Table 2) and hypo-connectivity (Table 3)
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Fig. 1.Oxford thalamic connectivity atlas. The thalamus is segmented into seven sub-regions based onwhite matter diffusion tractography. Each sub-region has a primary connection to a
cortical area as listed in the Figure.
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between thalamic sub-regions and various cortical areas were detected
in schizophrenia patients compared to controls, which include both pri-
mary targets and other regions (non-primary, shaded in Tables 2 and 3)
of each seed. Hyper-connectivity was observed between all thalamic
sub-regions and the sensory/motor cortex and the temporal cortex.
Hyper-connectivity to some regions in the parietal cortex was also de-
tected from several thalamic sub-regions. Hypo-connectivity in schizo-
phrenia patients was found between thalamic sub-regions and the
frontal cortex, the cingulate cortex, the caudate and putamen, and the
cerebellum. Most of these changes were detected in both hemispheres
in corresponding regions, although the cluster sizes varied between
the left and right hemispheres in some regions. Fig. 2 displays the re-
gionswith significantly decreased or increased thalamic functional con-
nectivity in schizophrenia patients compared to controls on MNI
normalized anatomical images (significant regions from each sub-
thalamic seed combined on the same figure).

Significant positive correlation was found between disease duration
in schizophrenia patients and functional connectivity between the thal-
amus and the sensory/motor cortex (Fig. 3). Significant negative corre-
lation was observed between disease duration and functional
connectivity between the thalamus and the prefrontal cortex (Fig. 3).
Age, smoking status andmedication dosagewere included as covariates
in the correlation analysis. Note that here all sub-thalamic regions that
showed significant difference in functional connectivity with the sen-
sory/motor or the prefrontal cortex in the group comparisons were
combined (union) in the correlation analysis, as results from individual
seed region did not survive the significance tests, possibly due to
Table 1
Demographic and clinical data for the study participants.

Control
subjects

Schizophrenia
patients

P valuea

N 14 14 N/A
Sex (Male) 75% 75% 1
Race (Caucasian/African
American)

7/7 7/7 1

Age (year) 37.3 ± 16.7b 39.5 ± 18.5 0.71
Disease duration (year) N/A 19.1 ± 17.7 N/A
Smoking status (cig/day) 1.7 ± 3.1 2.3 ± 2.4 0.55
BPRS scorec 23.1 ± 3.4 38.1 ± 8.4 b0.00001
Medicationd N/A 93.9 ± 130.7 N/A
MoCAe score 25.5 ± 3.0 22.8 ± 3.8 0.04

a P values from two-sample t-tests between the two groups for age, smoking status,
BPRS and MoCA scores; or from χ2-test for the categorical variable sex.

b Mean ± standard deviation.
c Brief Psychiatric Rating Scale (BPRS); please see Methods section for references.
d Medication reported with derived chlorpromazine equivalent dose in dose-year

(milligram). More detailed information about medication doses and types are reported in
Supplemental Table S1. Current chlorpromazine (CPZ) equivalents (Andreasen et al.,
2010) were used as a proxy for lifetime antipsychotic exposure.

e Montreal Cognitive Assessment (MoCA); please see Methods section for references.
insufficient sensitivity. The disease durations of the fourteen patients in-
cluded in this analysis can be split into two sub-groups with moderate
(n = 8) or long (n = 6) disease duration. However, the sample size of
each sub-group was too small to detect significant differences between
them. Functional connectivity did not significantly correlate with BPRS
or MoCA scores (including subscales for both BPRS and MoCA), or anti-
psychotic medication dosage in schizophrenia patients.

Functional connectivity between the thalamus and the sensory/
motor cortex, and functional connectivity between the thalamus and
the prefrontal cortex also showed significant negative correlation
(Fig. 4). Here, all sub-thalamic regions that showed significant differ-
ence in functional connectivitywith the sensory/motor or the prefrontal
cortex in the group comparisons were also combined as Fig. 3.

The key findings including group differences and correlations
remained significant when all analysis was repeated without global sig-
nal regression (GSR). The results without GSR are reported in Supple-
mental Tables S2 and S3.

4. Discussion

In this study, resting state BOLD fMRI was performed at 7T to exam-
ine functional connectivity between sub-thalamic regions and the other
brain areas in schizophrenia patients. Our results showed impaired tha-
lamic connectivity to the prefrontal cortex and the cerebellum, but en-
hanced thalamic connectivity to the motor/sensory cortex in
schizophrenia. The negative correlation between the hyper-
connectivity in the thalamus-sensory/motor circuit and the hypo-
connectivity in the thalamus-prefrontal circuit may imply a compensa-
tory mechanism in the brain, where additional cortical regions are re-
cruited to subserve functions that have been impaired due to the
pathology of the disorder (Anticevic et al., 2014; Anticevic et al.,
2015). We also found significant correlations between altered func-
tional connectivity and disease duration in the patients. Our main find-
ings (altered thalamic connectivity to the cortex) in the current study
are consistent with previous large scale studies conducted at 3T and
lower fields (Anticevic et al., 2014; Anticevic et al., 2015; Cetin et al.,
2014; Klingner et al., 2014). In the present study, wewere able to detect
comparable effect sizes with a much smaller cohort (n = 14, as com-
pared to n = 90 in (Anticevic et al., 2014) and n = 222 in (Anticevic
et al., 2015)). We attribute this primarily to the enhanced sensitivity
of BOLD fMRI at higher magnetic field.

We used the Oxford thalamic connectivity atlas (Behrens et al.,
2003a; Behrens et al., 2003b) to define the seed regionswithin the thal-
amus for the functional connectivity analysis in this study. Each sub-
region (seed) in this atlas has a primary anatomical connection based
on a probability threshold of 25% calculated from diffusion MRI mea-
sures. Therefore, many voxels within one sub-region can still have ana-
tomical connections to brain regions other than their assigned primary
target (Behrens et al., 2003a; Johansen-Berg et al., 2005). This seems to



Table 2
Hyper-connectivity (schizophrenia N control) between thalamic sub-regions and various brain regions in schizophrenia patients compared to controls.

Functional connectivity (z)

Schizophrenia Control Cluster peakd

(mm, MNI)

Regiona Hemisphere Cluster
sizeb Mean std Mean std Effect

sizec x y z Peak
T

Adjusted
P value

Sub–region 1 (connection to primary motor)
Precentral R 120 0.096 0.059 –0.046 0.077 2.15 –42 –8 46 5.03 1e–5
Precentral L 97 0.043 0.036 –0.062 0.057 2.29 34 –4 50 4.47 0.001
Paracentral_Lobule L 60 0.082 0.065 –0.047 0.066 2.04 10 –30 62 4.36 0.004
Parietal_Sup L 50 0.016 0.063 –0.066 0.056 1.43 24 –64 48 5.44 0.001
Postcentral R 140 0.069 0.054 –0.056 0.075 1.99 –38 –30 50 4.83 1e–5
Postcentral L 112 0.055 0.042 –0.063 0.055 2.50 22 –46 56 5.01 0.007
Precuneus L 55 0.043 0.035 –0.059 0.043 2.70 6 –64 54 4.53 0.002
Supp_Motor_Area R 71 0.092 0.063 –0.041 0.055 2.33 –8 –22 62 4.02 1e–5
Supp_Motor_Area L 87 0.100 0.066 –0.035 0.066 2.12 8 –16 56 5.07 0.003
Temporal_Mid R 95 0.036 0.064 –0.093 0.051 2.31 –42 –66 0 4.50 0.007
Temporal_Sup R 82 0.053 0.045 –0.043 0.075 1.61 –52 –36 8 5.08 0.001
Sub–region 2 (connection to sensory)
Postcentral R 150 0.072 0.054 –0.055 0.069 2.13 –52 –8 36 5.25 0.001
Postcentral L 194 0.048 0.041 –0.070 0.067 2.20 50 –10 20 4.71 1e–5
SupraMarginal R 23 0.054 0.063 –0.051 0.065 1.70 –38 –32 40 3.93 1e–5
SupraMarginal L 52 0.029 0.027 –0.048 0.062 1.67 52 –26 14 4.05 0.002
Paracentral_Lobule L 74 0.073 0.058 –0.053 0.073 1.98 10 –30 60 5.71 0.009
Precentral R 170 0.100 0.065 –0.047 0.082 2.06 –42 4 30 4.66 0.005
Precentral L 130 0.036 0.033 –0.062 0.065 1.97 52 4 28 4.86 0.001
Supp_Motor_Area R 161 0.090 0.058 –0.034 0.070 2.00 –12 14 46 5.57 0.001
Supp_Motor_Area L 122 0.088 0.058 –0.034 0.071 1.95 8 –14 48 4.18 0.001
Temporal_Mid L 178 0.014 0.024 –0.074 0.054 2.19 58 –16 –18 4.60 1e–5
Temporal_Sup L 144 0.047 0.045 –0.064 0.083 1.73 50 –28 12 4.99 0.001
Sub–region 3 (connection to occipital)
Postcentral R 153 0.073 0.050 –0.040 0.085 1.68 –52 –4 30 4.15 0.001
Precentral R 128 0.090 0.056 –0.039 0.085 1.86 –48 –8 38 4.88 0.007
Temporal_Sup R 92 0.042 0.041 –0.024 0.096 0.93 –54 –10 –12 4.46 0.009
Sub–region 4 (connection to prefrontal)
Postcentral R 81 0.060 0.046 –0.042 0.074 1.72 –26 –42 56 4.40 1e–5
Postcentral L 55 0.037 0.041 –0.063 0.068 1.85 20 –32 58 4.04 1e–5
Precentral R 94 0.090 0.080 –0.036 0.070 1.74 –50 4 34 5.03 1e–5
Precentral L 40 0.025 0.036 –0.076 0.069 1.90 56 0 34 4.71 1e–5
Supp_Motor_Area R 36 0.054 0.079 –0.033 0.053 1.34 –12 0 52 3.91 0.002
Temporal_Mid L 37 –0.008 0.038 –0.071 0.057 1.35 52 –48 6 5.41 0.002
Temporal_Mid R 27 0.025 0.051 –0.052 0.044 1.68 –52 –64 6 3.17 1e–5
Sub–region 5 (connection to premotor)
Precentral R 169 0.099 0.061 –0.050 0.082 2.14 –44 2 38 5.15 1e–5
Precentral L 153 0.039 0.030 –0.071 0.061 2.37 26 –18 64 4.58 0.003
Supp_Motor_Area R 123 0.098 0.068 –0.037 0.063 2.14 –10 –16 60 5.64 1e–5
Supp_Motor_Area L 121 0.100 0.064 –0.033 0.063 2.17 10 –18 60 5.61 1e–5
Paracentral_Lobule L 80 0.080 0.060 –0.051 0.063 2.21 6 –22 58 5.11 0.002
Postcentral R 146 0.082 0.055 –0.062 0.082 2.14 –30 –36 68 4.10 1e–5
Postcentral L 166 0.053 0.041 –0.066 0.061 2.38 24 –34 56 5.23 0.004
Temporal_Mid R 128 0.031 0.052 –0.094 0.048 2.59 –52 –58 0 5.11 0.005
Sub–region 6 (connection to posterior parietal)
Paracentral_Lobule L 39 0.076 0.055 –0.065 0.080 2.13 10 –30 60 4.48 0.003
Parietal_Inf R 33 0.048 0.069 –0.087 0.065 2.09 –32 –46 52 4.27 0.007
Postcentral R 256 0.090 0.065 –0.052 0.085 1.95 –52 –8 36 6.13 1e–5
Postcentral L 286 0.044 0.045 –0.070 0.074 1.93 46 –18 34 5.32 0.003
Precuneus L 52 0.046 0.050 –0.062 0.036 2.57 20 –50 2 4.20 1e–5
Precentral R 289 0.102 0.072 –0.047 0.086 1.95 –48 –6 28 7.08 1e–5
Precentral L 101 0.040 0.033 –0.075 0.067 2.26 50 0 40 4.20 0.008
Supp_Motor_Area R 101 0.096 0.060 –0.038 0.061 2.30 –10 –22 64 5.53 0.002
Temporal_Mid R 85 0.027 0.044 –0.089 0.039 2.90 –52 –66 –2 4.13 0.001
Sub–region 7 (connection to temporal)
Temporal_Mid L 37 0.001 0.046 –0.069 0.065 1.29 58 –44 –2 3.14 0.003
Temporal_Sup L 31 0.020 0.051 –0.038 0.078 0.91 46 –40 12 3.80 0.030
Postcentral R 63 0.042 0.047 –0.034 0.064 1.40 –26 –42 56 4.61 0.001
Postcentral L 37 0.038 0.044 –0.060 0.069 1.76 38 –34 54 3.70 1e–5
Precentral R 35 0.077 0.081 –0.035 0.075 1.49 –28 –26 52 3.89 0.001
Precentral L 30 0.017 0.028 –0.056 0.079 1.28 48 –2 28 4.08 0.005
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Table 3
Hypo-connectivity (schizophrenia b control) between thalamic sub-regions and various brain regions in schizophrenia patients compared to controls.

Functional connectivity (z)

Schizophrenia Control Cluster Peakd

(mm, MNI)

Regiona Hemis–
phere

Cluster
sizeb Mean std Mean std Effect

sizec x y z
Peak

T
Adjusted
P value

Sub–region 1 (connection to primary motor)
Caudate L 133 –0.023 0.077 0.108 0.057 –2.01 10 12 18 4.65 0.002
Sub–region 2 (connection to sensory)
Frontal_Sup R 48 –0.059 0.029 0.039 0.035 –3.16 –16 26 54 3.92 0.003
Frontal_Sup L 28 –0.037 0.039 0.047 0.041 –2.18 12 32 54 4.00 0.003
Sub–region 3 (connection to occipital)
Cerebelum_8 L 71 –0.020 0.038 0.032 0.057 –1.11 42 –54 –52 4.05 0.003
Cerebelum_9 L 52 –0.021 0.048 0.048 0.077 –1.12 12 –52 –50 4.18 0.002
Sub–region 4 (connection to prefrontal)
Frontal_Mid L 78 –0.065 0.074 0.032 0.056 –1.53 4 17 36 3.90 0.003
Frontal_Inf_Tri L 55 –0.066 0.067 0.033 0.081 –1.38 48 46 12 2.87 0.003
Frontal_Inf_Oper L 52 –0.024 0.076 0.044 0.076 –0.93 60 12 22 2.81 0.003
Caudate L 92 –0.043 0.053 0.101 0.076 –2.28 4 18 –4 4.13 0.003
Cingulate_Post R 37 –0.025 0.063 0.094 0.072 –1.83 –4 –40 22 4.28 0.003
Sub–region 5 (connection to premotor)
Frontal_Sup L 33 –0.043 0.050 0.048 0.042 –2.05 14 50 38 4.33 0.003
Caudate L 120 –0.033 0.067 0.106 0.060 –2.27 18 12 20 3.88 0.002
Sub–region 6 (connection to posterior parietal)
Frontal_Sup R 82 –0.062 0.034 0.045 0.038 –3.08 –22 54 10 4.89 0.002
Frontal_Mid R 64 –0.066 0.036 0.028 0.033 –2.82 –30 50 4 4.38 0.002
Caudate L 67 –0.045 0.062 0.102 0.068 –2.34 18 10 20 5.29 0.002
Cingulate_Mid R 37 –0.039 0.044 0.057 0.047 –2.19 –2 –32 46 3.39 0.002
Sub–region 7 (connection to temporal)
Cingulate_Post R 33 0.002 0.069 0.108 0.097 –1.31 –10 –40 18 4.25 0.002

a The brain regions were labeled according to the IBASPM 116 atlas (please see Methods for references).
b Number of voxels that show significant group difference in this region.
c Effect size was estimated with Cohen's d.
d Location of the voxel with the maximum (peak) T-score in the cluster in the MNI space.
Shaded regions indicate non-primary targets of each seed (sub-thalamic region from the atlas).
std: inter-subject standard deviation.
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be the case for functional connectivity aswell. In our data, each thalamic
sub-region also had functional connections tomultiple brain areas other
than its primary target. Similar results have been reported in previous
3T studies (Anticevic et al., 2014; Anticevic et al., 2015). Alternatively,
data driven approaches can be carried out to segment the thalamus
based on the functional connectivity to various brain regions
(Anticevic et al., 2014; Anticevic et al., 2015). As such procedures typi-
cally require much larger sample size, they will be incorporated in our
subsequent studies.

The global signal regression (GSR) step in functional connectivity
analysis may potentially confound group comparison results (Murphy
et al., 2009), as the magnitudes of the global brain signal may vary
under different physiological and pathological conditions (Yang et al.,
2014). We therefore performed the same analysis with and without
the GSR step in preprocessing. Similar to reports in the literature
(Murphy et al., 2009), the results without GSR seemed to show some-
what less anti-correlations compared to results with GSR. However,
our main findings including the group level differences in functional
connectivity and correlations were consistent between the two
methods.

Regional brain atrophy, which has been documented in schizophre-
nia (Kreczmanski et al., 2005; Loeber et al., 1999; Meda et al., 2008; Ota
et al., 2014; Pearlson et al., 1997; Walther et al., 2011), may be another
Notes to table 2:
a The brain regions were labeled according to the IBASPM 116 atlas (please see Methods for re
b Number of voxels that show significant group difference in this region.
c Effect size was estimated with Cohen's d.
d Location of the voxel with the maximum (peak) T-score in the cluster in the MNI space.
Shaded regions indicate non-primary targets of each seed (sub-thalamic region from the atla
potential confounding effect for the functional connectivity measures.
To rule out this confounding factor,we included graymatter volumede-
rived from high resolution anatomical images as a covariate in group
comparisons and correlation analyses in this study.

Tobacco use is alwaysmore prevalent in schizophrenia patients than
the general population, and chronic smoking may significantly alter
brain functions. Therefore, most control subjects recruited for this
study were regular smokers, in order to group match the schizophrenia
patients. The current smoking status of each study participant was re-
corded in cigarettes smoked per day, and the average numbers were
comparable between controls and patients. Moreover, smoking status
was included as a covariate for all statistical analyses here. Full explora-
tion of the effects of smoking on functional connectivity will require a
more detailed investigation, including more refined measures of ciga-
rette exposure and a sample size sufficient to search for a dose-
response relationship between smoking and measures of connectivity.
Note that the functional connectivity data in controls in the current
study may also be different from normal subjects in other studies due
to tobacco use.

Finally, an important caveat is that the patients, not controls, in this
study were all receiving antipsychotic medicines. Several studies have
shown that antipsychotic drugs and their therapeutic effect can restore
and increase functional connectivity in the ventral tegmental area
ferences).

s).std: inter-subject standard deviation.



Fig. 2. Map of thalamic functional connectivity changes between schizophrenia patients and control subjects overlaid on MNI normalized anatomical images. Only voxels that show
significant difference between the two groups are highlighted (red: schizophrenia N control; blue: schizophrenia b control). Significant results from all sub-thalamic seed regions in
Tables 2 and 3 are shown on the same figure.
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(midbrain) (Hadley et al., 2014), striatum (Sarpal et al., 2015), dorsal at-
tention network (Kraguljac et al., 2016a), and hippocampus (Kraguljac
et al., 2016b) in schizophrenia patients. A further complication is that
different pharmacological classes of antipsychotics may have different
effects on brain function (Goozee et al., 2014). In our data, no significant
correlation was found between functional connectivity and medication
dosage in patients; and medication dosage was included as a covariate
when assessing correlations between functional connectivity and dis-
ease duration, BPRS and MOCA scores (including subscales). Besides,
decreased functional connectivity was found between the thalamus
Fig. 3. Correlations analysis. Scatter plots showing correlations between the disease duration
cortex (a) and the prefrontal cortex (b), respectively. R2: adjusted R2 from linear regression. A
analysis. All sub-thalamic regions that showed significant difference in functional connect
combined in the correlation analysis.
and the prefrontal cortex, and the cerebellum, whereas the studies
mentioned above showed increased functional connectivity after anti-
psychotic drug administration. Future study is warranted to determine
if abnormalities in functional connectivity are also presenting in un-
medicated patients, and if antipsychotics differentially affect connectiv-
ity of specific brain regions.

The small sample size is a fundamental limitation of the current
study. The heterogeneity of the study population (the patients can be
split into two sub-groups with moderate (n = 8) or long (n = 6) dis-
ease duration) and differential effects of acute and chronic substance
in schizophrenia patients, and the thalamic functional connectivity to the sensory/motor
ge, smoking status and medication dosage were included as covariates in the correlation
ivity with the sensory/motor or the prefrontal cortex in the group comparisons were



Fig. 4. Correlation between thalamic functional connectivity to the sensory/motor cortex
and the prefrontal cortex. R2: adjusted R2 from linear regression. All sub-thalamic
regions that showed significant difference in functional connectivity with the sensory/
motor or the prefrontal cortex in the group comparisons were combined in the
correlation analysis.
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abuse other than tobacco may also confound the results of group com-
parisons and correlation analysis. Future studies with larger samples
will be necessary to validate ourfindings, analyze additional clinical var-
iables, and explore the relationship of thalamic anatomy and connectiv-
ity in further detail.

5. Conclusion

The enhanced sensitivity of BOLD fMRI at ultra-high field (7T)
allowed the detection of altered functional connectivity between sub-
regions in the thalamus and cortex in schizophrenia patients from a co-
hort much smaller compared to previous 3T studies. Our results there-
fore support the further development of ultra-high field functional
connectivity measures as biomarkers for therapeutic trials in schizo-
phrenia, which could greatly benefit from the capacity to detect func-
tional changes with fewer subjects. In addition, our data support
further investigation into the potential value of using functional connec-
tivity, as determined by ultra-high field methods, to track disease pro-
gression and evaluate therapeutic interventions at the level of
individual patients.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.schres.2018.10.016.
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