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ABSTRACT
BACKGROUND: Disruption in the thalamus, such as volume, shape, and cortical connectivity, is regarded as an
important pathophysiological mechanism in schizophrenia. However, there is little evidence of nuclei-specific
structural alterations in the thalamus during early-stage psychosis, mainly because of the methodological
limitations of conventional structural imaging in identifying the thalamic nuclei.
METHODS: A total of 37 patients with first-episode psychosis and 36 matched healthy control subjects underwent
diffusion tensor imaging, diffusion kurtosis imaging, and T1-weighted magnetic resonance imaging. Connectivity-
based segmentation of the thalamus was performed using diffusion tensor imaging, and averages of the diffusion
kurtosis values, which represent microstructural complexity, were estimated using diffusion kurtosis imaging and
were compared in each thalamic nucleus between the groups.
RESULTS: The mean kurtosis values in the thalamic regions with strong connections to the orbitofrontal cortex
(F1,70 = 8.40, p , .01) and the lateral temporal cortex (F1,70 = 8.46, p , .01) were significantly reduced in patients with
first-episode psychosis compared with those of the healthy control subjects. The mean kurtosis values in the thalamic
region with strong connection to the orbitofrontal cortex showed a significant correlation with spatial working memory
accuracy in patients with first-episode psychosis (r = .36, p , .05), whereas no significant correlation between these
variables was observed in the healthy control subjects.
CONCLUSIONS: The observed pattern of reduced microstructural complexity in the nuclei not only highlights the
involvement of the thalamus but also emphasizes the role of the higher-order nuclei in the pathophysiology beginning
in the early stage of schizophrenia.
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Clinical symptoms and cognitive impairments are heteroge-
neous in patients with schizophrenia. This has led to the pur-
suit of discovering more specific genetic and biological
markers that underlie the pathophysiology of schizophrenia.
The thalamus is one of the brain regions most affected in
schizophrenia, and there have been reports of various defects
in this region, such as a reduced number of neurons (1,2),
reduced volume (3–6), altered neurochemistry (7,8), and
abnormal brain activation (9–12). Consequently, characterizing
thalamic defects and models of the pathophysiology involving
the thalamus, such as Andreasen’s cognitive dysmetria (13),
has drawn attention in schizophrenia research. Furthermore,
fairly consistent reports of reduced structural and functional
connectivity between the thalamus and the prefrontal cortex
and increased connections between the thalamus and the
parietal/somatomotor cortices in schizophrenia (14–20)
strongly highlight the role of the thalamus in the pathophysi-
ology of schizophrenia.
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The thalamus is composed of nuclei, each having different
cytoarchitecture and connections (21). There have been in-
vestigations of the nuclei-specific alterations in schizophrenia,
and most of the related evidence has come from postmortem
investigations. As summarized well in the extensive review of
the postmortem studies of the thalamus by Dorph-Petersen
and Lewis (22), although large inconsistencies remain, the
mediodorsal, anterior, and pulvinar nuclei are the most
frequently reported thalamic nuclei with altered numbers of
neurons (1,23) and volumes in schizophrenia (24,25). These
nuclei constitute the higher-order nuclei, which have prominent
connections to the prefrontal and temporal cortices. These
findings align well not only with the most frequently reported
morphometric and functional changes in the prefrontal and
temporal cortices but also with the previously mentioned al-
terations in the thalamocortical connections in schizophrenia.
Additionally, lesions of higher-order thalamic nuclei have been
shown to impair a number of cognitive functions, including
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memory, attention, perception, and sensory-guided actions
(26–28). Furthermore, recent evidence suggests that higher-
order thalamic lesions disturb corticocortical information
transmission (29,30). These findings highlighted the possible
involvement of the higher-order nuclei of the thalamus in the
pathophysiology of schizophrenia and the need for their
investigation.

However, there are inevitable limitations to the postmortem
investigations of the thalamic nucleus. Not only is it extremely
difficult to collect an adequate number of samples in early
adulthood, but also there are highly confounding effects that
arise from the lifelong impact of the disorder, such as effects of
medications. In vivo magnetic resonance imaging approaches
could overcome many of the limitations existing in the post-
mortem method, as these approaches could measure the
changes in the early stage of the disorder (31,32). Kemether
et al. reported volume reductions in the centromedian, medi-
odorsal, and pulvinar nuclei (33) in patients with schizophrenia.
This study provides one example of a noninvasive neuro-
imaging approach for investigating the thalamus at the level of
the nuclei, and it found a pattern consistent with that of
postmortem findings. However, there remains a need for
investigating the thalamic nuclei using more advanced
methods for characterizing thalamic nuclei with more detail, to
which multimodal neuroimaging could offer its advantages.
More recent approaches using diffusion tensor imaging have
allowed segmentation of the thalamus based on voxel con-
nectivity (34–36), and Kim et al. compared the volumes of the
thalamic segments in schizophrenia using anatomical
connectivity-based segmentation (37). Consistent with the
previous findings from postmortem investigations, a reduction
in the volume of the thalamic region that has the most con-
nections to the orbitofrontal cortex, namely, the mediodorsal
nucleus, was reported. However, the investigation of thalamic-
segment volumes using connectivity-based segmentation
rests on the assumption that the thalamocortical connectivity
pattern is preserved. This assumption may be unwarranted in
schizophrenia, as there have been plenty of reports of altered
connectivity, as previously mentioned. Therefore, a multimodal
approach is needed to complement this limitation.

Investigation of microstructure may provide additional infor-
mation regarding the volume of the regions identified by
connectivity-based segmentation. Generally, the volume mea-
surement depends on the boundaries of different structures.
Although the measure is very useful and easy to interpret, there
exists the possibility of subtle microstructural changes that do not
cause detectable alterations in the structural boundaries, such as
changes inmacromolecule concentrations and the proliferation of
cell membranes and organelles. Therefore, volume measure-
ments would be limited in detecting these microstructural
changes. By investigating the microstructure within the thalamic
segments with high probabilities of connection, which may
represent the core regions of the segment, more of the intrinsic
changes could be revealed in a way that is less dependent on the
segmentation method based on the connectivity.

As a descriptor of a probability distribution, kurtosis is a
measure of the “tailedness” of a probability distribution.
Diffusion kurtosis imaging (DKI), which is a relatively new
measure within the neuroimaging field, quantifies the deviation
of the water-diffusion profile from a Gaussian distribution,
Biologica
potentially allowing sensitivity to underlying microstructural
barriers undetected by the standard diffusion tensor metrics
(38). The microstructural complexity measured by DKI may
refer to the overall microstructural changes, including changes
in soma size, oligodendrocyte density, dendritic spine length
and density, and neuronal cell density (39–41). Figure 1 shows
the relationship between diffusion kurtosis and microstructural
changes. This approach could add additional information to
the state of microstructural anomalies in the thalamic nuclei.
Consistent with the findings of a rodent study by Cheung et al.
(42), Paydar et al. reported a gradual increase in mean kurtosis
(MK) in humans from birth to approximately 4 years of age,
where the changes were detected not only in white matter but
also in the isotropic gray matter regions, including the thal-
amus (43). A progressive increase in macromolecule concen-
trations, proliferation of cell membranes and organelles, the
transition of radial glial cells to astrocytic neuropils, the addi-
tion of basal dendrites, and cell packing were speculated as
possible reasons for the MK increase. These factors are
possibly related to defective changes in schizophrenia, as it is
a disorder of a neurodevelopmental nature. However, the state
of the microstructural complexity in the thalamus and its nuclei
in patients with schizophrenia has not yet been reported yet.

Additionally, with patients with chronic illness, it would be
difficult to conclude that the thalamic changes occur early in the
disorder. Therefore, we aimed to investigate the microstructural
changes in patients with first-episode psychosis (FEP). This
approach minimizes the long-term effects of the disorder, such as
the effects of medication, poor diet, less exercise, or heavy
smoking.

It is hypothesized that the patients with FEP will show reduced
thalamic microstructural complexity in the mediodorsal and pul-
vinar nuclei, which would be represented by reduced MK. We
hope to highlight the importance of the early nuclei-specific al-
terations in the pathophysiology of schizophrenia.
METHODS AND MATERIALS

Thirty-seven patients with FEP were selected, between April
2010 and June 2014, from a slightly larger pool of patients who
visited Seoul National University Hospital for their symptoms
and agreed to participate in the research. Intensive clinical
interviews were conducted for all patients with FEP by expe-
rienced psychiatrists, using the Structured Clinical Interview for
DSM-IV-TR Axis I Disorders (SCID-I) to identify past and cur-
rent psychiatric illnesses. The inclusion criteria were age be-
tween 15 and 40 years and diagnosis of brief psychotic
disorder, schizophreniform disorder, schizophrenia, or schiz-
oaffective disorder following the DSM-IV criteria. Furthermore,
the duration of illness had to be ,1 year. Participants were
excluded from the study if they had intellectual disability, his-
tory of substance use disorder, head trauma with loss of
consciousness, seizure, meningitis, neurosurgical operation, or
any other clinically significant medical illness. Of the patients
with FEP, 31 were receiving antipsychotics at the time of
scanning, and of these patients, 3 were taking typical anti-
psychotics while the others were taking atypical antipsy-
chotics. The average daily dose of antipsychotics in a
chlorpromazine equivalent dose (44) and the average duration
of medication use are in Table 1. Among the patients, 4 were
l Psychiatry January 1, 2019; 85:70–78 www.sobp.org/journal 71
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Figure 1. Schematic summary of the microstruc-
tural complexity investigated with mean kurtosis
values. Free water has a Gaussian distribution of the
displacement profile, which makes the kurtosis value
zero. However, as brain tissues develops, thus
increasingly occupying space and hindering diffu-
sion, the diffusion profile becomes more complicated
and deviates from the Gaussian distribution. This
results in increased kurtosis values.
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on antidepressants, and 20 were on anxiolytics. All included
patients were Korean, and their primary clinical setting at the
time of recruitment was inpatient for 15 individuals and
outpatient for the others.

The Positive and Negative Syndrome Scale (45) and the
Global Assessment of Functioning Scale (46) were administered
to the patients with FEP.

In addition, 36 healthy control subjects (HCs), matched for
age, gender, and education level, were recruited through
Internet advertisements. The exclusion criteria for HCs included
past or current diagnosis of an Axis I disorder via Structured
Clinical Interview for DSM-IV-TR Axis I Disorders Nonpatient
Edition and any first- to third-degree biological relative with a
psychiatric disorder. Informed written consent was obtained
from all participants, and the study was conducted in accor-
dance with the Declaration of Helsinki. The study was also
approved by the institutional review board of the Seoul National
University Hospital. To estimate the IQs of the patients, an
abbreviated form of the Korean version of the Wechsler Adult
Intelligence Scale (47) was administered to all participants.

Neuropsychological Assessment

The cognitive functions that were previously reported to
involve the thalamus, such as working memory, attention, and
Table 1. Demographic and Clinical Characteristics of the Partic

Variable
Patients With

(n = 37)

Age, Years, Mean 6 SD 22.4 6 5.5

Gender, Male/Female, n 16/21

IQ 97.3 6 13

Handedness, Right/Left, n 31/6

Education, Years, Mean 6 SD 13.1 6 2.1

Parental SES Score, Mean 6 SD 2.9 6 0.4

Duration of Illness, Mo, Mean 6 SD 5.9 6 3.8

Medication Dose, CPZ Equivalent, mg, Mean 6 SD 195.7 6 21

PANSS Score, Mean 6 SD

Total 68.6 6 13

Positive 16.3 6 5.0

Negative 17.4 6 5.3

General 34.9 6 7.0

GAF Score, Mean 6 SD 46.2 6 10

CPZ, chlorpromazine; FEP, first-episode psychosis; GAF, Global Asse
Positive and Negative Syndrome Scale; SES, socioeconomic status.

aThis p value is statistically significant.
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verbal fluency were tested using the spatial working memory
(SWM) task in the Cambridge Neuropsychological Test Auto-
mated Battery, Trail Making Test, Wisconsin Card Sorting Test,
and Controlled Oral Word Association Test (48). The number of
participants with neuropsychological assessment data for
each test is included in the Supplement.

Image Acquisition

T1-weighted diffusion tensor imaging and DKI data were ac-
quired using a 3T scanner (Magnetom Trio; Siemens, Erlangen,
Germany). T1-weighted images were acquired using a three-
dimensional magnetization prepared rapid acquisition
gradient-echo sequence with the following parameters: repe-
tition time 1670 ms, echo time 1.89 ms, voxel size 1 mm3, 250
mm field of view, 9� flip angle, and 208 slices. Diffusion-
weighted images were acquired using echo-planar imaging in
the axial plane with the following parameters: repetition time
11,400 ms, echo time 88 ms, matrix 128 3 128, field of view
240 mm, and voxel size 1.9 3 1.9 3 3.5 mm3. Diffusion-
sensitizing gradient-echo encoding was applied in 64 di-
rections using a diffusion-weighting b factor of 1000 s/mm2.
One volume was acquired with a b factor of 0 s/mm2 (B0).
Diffusion kurtosis images were acquired using echo-planar
imaging with the following parameters: repetition time 5900
ipants

FEP HCs
(n = 36) c2 or t p

23.5 6 6.0 0.82 .42

17/19 0.01 .92

.8 105.5 6 10.4 2.86 .01a

35/1 2.41 .12

13.8 6 1.6 1.54 .13

3.0 6 0.2 1.01 .31

0.2

.3

.8

ssment of Functioning Scale; HCs, healthy control subjects; PANSS,
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ms, echo time 190 ms, and the same matrix size, field of view,
voxel size, and number of B0 as diffusion tensor imaging, with
30 diffusion gradient directions each using five diffusion-
weighting b-factor values: 500, 1000, 1500, 2000, and 2500
s/mm2.

Magnetic Resonance Image Processing

T1-Weighted Imaging. Cortical regions of interest (ROIs) in
each individual’s T1 space were automatically selected as bi-
nary masks using FreeSurfer (49). Each side of the cortex was
divided into eight ROIs in accordance with previous studies
(17,50): orbitofrontal cortex (OFC), lateral prefrontal cortex,
medial prefrontal cortex, lateral temporal cortex (LTC), medial
temporal cortex, somatomotor cortex, parietal cortex, and
occipital cortex.

Diffusion-Weighted Imaging. The diffusion-weighted im-
aging data were preprocessed using eddy-current correction,
skull removal, and motion correction with FSL (51). Information
about the quality assurance is included in the Supplement.
Individual B0 images were used as a reference in registering
their own T1 images to the diffusion space, creating trans-
formation matrices that were used to bring the ROIs into the
diffusion space. FLIRT (52,53) was used for this registration,
with a mutual information cost function and trilinear interpo-
lation. Then, for each side of the brain, FSL probabilistic
tractography (54) was applied with the default options of the
probtrackx2 (number of samples, 5000; number of steps per
sample, 2000; step length, 0.5 mm; and curvature threshold,
0.2) using the ROI of the thalamus as a seed and the eight
cortical ROIs as targets.

Connectivity-Based Segmentation

The output from the probabilistic tractography included con-
nectivity maps that contained a set of values for every voxel of
the thalamus, representing the number of tractography sam-
ples that arrived at their target cortical ROIs (out of the 5000
initially seeded). These connection maps were divided by 5000
to create probability maps that represent the probability of
connection between the seed and each cortical target (50,54).
The thalamic-segment ROIs for the microstructural investiga-
tion were obtained by thresholding the probability maps to
each cortex using the 90th percentile of the connectivity dis-
tribution. This step obtained the core thalamic segments with
Biologica
strong connections. The ROIs for the investigation were esti-
mated in the subject space, which avoids warping distortions
that may occur during registration to a common space. For
visualization purposes, the probability maps of all participants
were nonlinearly registered to the Montreal Neurological
Institute space using FNIRT (55), averaged, and thresholded
using the 90th percentile (Figure 2).

DKI: MK Calculation

The DKI data were eddy-current corrected and motion cor-
rected using FSL (51). The Diffusion Kurtosis Estimator (56)
was used with constrained linear weighting to calculate the
MK image for each participant. After matching the space using
FLIRT, the MK was estimated in each thalamic-segment ROI.
Additionally, to visually and quantitatively show the thalamic
nuclei that each thalamic-segment ROI with a significant MK
change was similar to, the thalamic-segment ROIs from all
participants were registered and overlaid on the Talairach atlas
thalamic labels (57) and Behrens’ thalamic atlas (34), esti-
mating the percentage overlaps in Figure 5 (overlap with the
Behrens labels is included in the Supplement).

Statistical Analysis

All statistical analyses were performed using R version 3.0.2
and SciPy version 0.14.0 (58,59). The demographics were
tested for differences between patients with FEP and HCs
using independent t tests and tests of equality of proportions.
The results are summarized in Table 1.

The MKs of the thalamic-segment ROIs were tested with
analyses of covariance (ANCOVAs) to reveal the group effect
on MK, with age as a covariate. The results from the ANCOVAs
were corrected for multiple comparisons using the false dis-
covery rate correction. Then, the MKs in the thalamic-segment
ROIs with significant group differences were tested for corre-
lations with clinical scales, such as the Positive and Negative
Syndrome Scale and the Global Assessment of Functioning
Scale, and with neurocognitive tests, using Spearman’s cor-
relation analysis.

Supplementary Statistical Analysis

The thalamocortical connectivity of the thalamic regions that
showed significant group differences in the MKs was esti-
mated and tested for group differences using t tests after we
controlled for the whole thalamocortical connectivity (17,50).
Figure 2. Visualization of the thalamic regions
with strong connections to the orbitofrontal and
lateral temporal cortices. Probabilistic maps of all
subjects were registered to the Montreal Neurolog-
ical Institute (MNI) space. The colors of the thalamic
regions represent the average percent connection to
their target cortex. R, right hemisphere.
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Figure 3. The mean kurtosis values in the thalamic regions with strong
connections to the cortices for each group. The error bars represent the
95% confidence intervals. *Significant group effect after multiple compari-
son correction. FEP, patients with first-episode psychosis; HCs, healthy
control subjects.
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Correlations between MKs and connectivity were tested using
Spearman’s correlation analysis. Exploratory ANCOVAs for
testing group effect on MK with the connectivity as a covariate
were performed to identify group effect independent of the
thalamocortical connectivity. Additionally, to further localize
the microstructural abnormalities in patients with FEP, a vox-
elwise analysis of the MK maps was performed. Details of
these analyses are included in the Supplement.

RESULTS

There were no significant differences in the demographic
backgrounds between the patients with FEP and the HCs,
except for their IQ scores (t71 = 2.86, p , .05) (Table 1).

The results of ANCOVA of the MKs are summarized in
Table 2. There was a significant group effect on the MKs, in
which patients with FEP exhibited reduced MKs in the thalamic
ROIs with the strongest connections to the OFC (F1,70 = 8.40, p
, .01) and the LTC (F1,70 = 8.46, p , .005). The group effect on
other thalamic nuclei did not survive multiple-comparisons
correction. The results are shown as a bar graph in Figure 3.

The MK in the thalamic region with strong connections to
the OFC showed a significant correlation with SWM accuracy
in patients with FEP (r = .36, p, .05) (Figure 4), whereas that of
Table 2. Summary of the Comparisons of the Mean Kurtosis Va

Cortical Region to Which
the Thalamic Region Has
the Strongest Connection

HCs,
Kurtosis Value,
Mean 6 SD

Patients W
Kurtosis
Mean

LPFC 0.96 6 0.08 0.92 6

LTC 0.87 6 0.10 0.80 6

MPFC 1.01 6 0.10 0.99 6

MTC 0.85 6 0.11 0.79 6

OCC 0.87 6 0.07 0.84 6

OFC 0.97 6 0.10 0.88 6

PC 0.95 6 0.09 0.95 6

SMC 1.04 6 0.12 1.02 6

FDR, false discovery rate; FEP, first-episode psychosis; HCs, healthy c
cortex; MPFC, medial prefrontal cortex; MTC, medial temporal cortex; O
SMC, somatomotor cortex.

aFDR-corrected p , .05.
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the HCs remained nonsignificant. MK in the thalamic region
with strong connections to the LTC and other neurocognitive
tests showed no significant correlations in each group. Addi-
tionally, the MKs of both thalamic regions were not significantly
correlated with the Positive and Negative Syndrome Scale or
the Global Assessment of Functioning Scale.

As shown in Figure 5A and B, the Talairach nuclei that had
the most overlap with the thalamic segments with strong
connections to the OFC and LTC were the medial dorsal (52%)
and pulvinar (71%) nuclei.

Supplementary Analyses

The connection between the thalamus and the OFC was
significantly reduced in the patients with FEP compared with
that in the HCs (t71 = 2.02, p , .05); however, the connection
with the LTC showed no significant difference between case
and control groups (t71 = 20.45, p . .05). The connectivity
between the thalamus and the LTC and the MK in the thalamic
region with strong connections to the LTC showed a significant
negative correlation (r = 2.70, p , .001) in the HCs and a
negative trend in the patients with FEP (r = 2.29, p = .08).

Detailed information of the other analyses is included in the
Supplement.
DISCUSSION

To our knowledge, this is the first study to report nuclei-
specific microstructural alterations in the thalamus of patients
with FEP. Our results revealed significantly reduced micro-
structural complexity in the thalamic regions with strong con-
nections to the OFC and LTC in patients with FEP. By using
measures of microstructure in vivo, our results could show that
the nuclei-specific abnormalities in the thalamus exist from the
early stages of the disorder, findings that have been somewhat
elusive. Our results not only extended those of previous
postmortem reports of the structural alterations in the thalamic
nuclei (1,23–25) but also highlighted the possibility of defective
developmental changes in schizophrenia.

Mediodorsal Nucleus

From the connectivity-based segmentation, the thalamic re-
gion with strong connections to the OFC lies in the
lues in the Thalamic Regions

ith FEP,
Value,
6 SD F p FDR-Corrected p

0.10 2.49 .119 .190

0.09 8.46 .005 .020a

0.13 0.55 .460 .526

0.10 5.70 .020 .053

0.07 3.92 .052 .103

0.09 8.40 .005 .020a

0.11 0.01 .940 .940

0.16 0.57 .453 .530

ontrol subjects; LPFC, lateral prefrontal cortex; LTC, lateral temporal
CC, occipital cortex; OFC, orbitofrontal cortex; PC, parietal cortex;
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Figure 4. Correlation between the mean kurtosis (MK) values in the
thalamic region with strong connections to the orbitofrontal cortex (OFC)
and the spatial working memory (SWM) accuracy in each group. *p , .05.
FEP, patients with first-episode psychosis; HCs, healthy controls.

Thalamic Microstructural Change in Early Psychosis

Biological
Psychiatry:
Celebrating
50 Years
mediodorsal region (Figure 2, upper row). As shown in the
overlap analysis with the Talairach thalamic labels, this
thalamic segment had the greatest overlap with the medi-
odorsal nucleus (Figure 5A and B, upper row). The mediodorsal
nucleus is one of the higher-order thalamic nuclei, and it is
heavily interconnected with the prefrontal cortex and the
thalamic reticular nucleus, suggesting its role in signal trans-
mission and control. The significant reduction in the MK in this
Biologica
region was consistent not only with the findings of reductions
in the number of neurons and volumes in schizophrenia in
previous postmortem studies (25,60,61) but also with the
findings in previous reports of spindle deficits in schizophrenia
(62–64). The microstructural changes in the mediodorsal nu-
cleus have been speculated to result in disrupted signal
transmission to the prefrontal cortex as well as to the thalamic
reticular nucleus.

On the other side of the network, there lies the OFC, which
has been shown to exhibit structural abnormalities in volume,
cortical thickness, and sulcogyral patterns (65–67). The OFC is
involved in emotion processing and in various higher-order
cognitive functions, such as social cognition and decision
making (68). On top of the reduced thalamo-OFC connectivity
revealed by our supplementary analysis, the microstructural
defects within the thalamic nuclei provide additional informa-
tion about the reduction in the local microcircuitry and about
the long-range connections that coexist in the mediodorsal
nucleus in schizophrenia.

The mediodorsal nucleus also has connections to the limbic
system, a finding that has been amply reported in regard to the
abnormalities in schizophrenia (69–72). In line with this finding,
the significant correlation between the microstructural
complexity in the thalamic region with strong connections to
the OFC and the SWM in FEP is consistent with the findings of
previous reports of the involvement of the ventral midline nu-
cleus of the thalamus in SWM (69,70). Microstructural abnor-
malities in this thalamic region are thought to perturb the
prefrontal cortex–hippocampal network, which directly results
in deficits in SWM in FEP.

Pulvinar Nucleus

The pulvinar nucleus is the thalamic region with the stron-
gest connection to the LTC, which is located around the
more superior medial boundary of the thalamus and extends
Figure 5. The top row represents information
regarding the thalamic region with strong connec-
tions to the orbitofrontal cortex, and the bottom row
represents information regarding the thalamic region
with strong connections to the lateral temporal
cortex. Panel (A) shows the thalamic regions
strongly connected to each cortex overlaid on the
Talairach thalamus nuclei labels. Panel (B) contains
pie charts of the overlap between the thalamic re-
gions with the Talairach thalamus nuclei labels. MNI,
Montreal Neurological Institute.
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to the most posterior regions (Figure 2, lower row). As shown
in the lower rows of Figure 5A and B, this region has the
highest overlap with the pulvinar nucleus. This nucleus
also belongs to the higher-order thalamic nuclei and has
extensive connections to several cortices, including the
temporal, prefrontal, and visual cortices (71,72). In addi-
tion, the pulvinar nucleus is the thalamic nucleus that has
been most consistently reported to have structural alter-
ations in postmortem investigations of schizophrenia (22).
Consistent with this finding, we found microstructural
changes in this region, which may have effects on infor-
mation flow and filtering. As stated above, this result also
aligned well with previous reports of thalamocortical al-
terations, as the pulvinar nucleus has extensive cortical
connections.

The temporal cortex is responsible for sensory process-
ing (73), and this cortex is one of the regions that has been
highlighted in schizophrenia for structural and functional
alterations (74–79). Microstructural alterations within the
tightly connected thalamic region suggest the involvement
of malfunctions in relaying and controlling signals.

In the supplementary analysis, this region exhibited no
significant reduction in thalamocortical connectivity, but the
MK and thalamocortical connectivity were coupled in HCs
in such a way that lower thalamocortical connectivity was
compensated for by denser microstructural developments
of the nuclei, possibly allowing for less the thalamocortical
connections during development. This coupling was
missing in the patients with FEP, which was speculated to
be due to the reduction in the microstructural complexity
that occurred after the establishment of the thalamo-LTC
connection. As it is only a speculation, further studies
with longitudinal designs would aid in the understanding of
this complex relationship between the microstructure and
the thalamocortical connectivity and the role of this rela-
tionship in the pathophysiology of schizophrenia.
Diffusion Kurtosis Imaging

While this is, to the best of our knowledge, the first study to
look at diffusion kurtosis in the gray matter of patients with
FEP, one previous study reported widespread abnormalities
in white matter kurtosis in schizophrenia (80). Going a step
further than the white matter approach, our results showed
that this measure of kurtosis successfully detected changes
in the thalamus. As thalamic development begins early in
the embryonic stage (81), neurodevelopmental alterations
that diminish changes in macromolecule concentration and
cell packing density from early life are speculated to cause
this change; this speculation aligns with the neuro-
developmental hypothesis of schizophrenia (82).

However, there was no direct correlation between the MKs
of in the thalamic nuclei and clinical scores. Similar to the
thalamocortical connections or auditory oddball findings
without any symptomatic correlation (14,83,84), the micro-
structure in these regions may not be linearly linked to the
symptoms. It is speculated that alterations in the thalamic
microstructure may cause complex cascades that are defec-
tive as well as compensatory, leading to a nonlinear relation-
ship to the symptoms.
76 Biological Psychiatry January 1, 2019; 85:70–78 www.sobp.org/jou
Limitations

Many of the patients with FEP in this study were on antipsy-
chotics at the time of the scanning. Although the effects would
be relatively small in patients with FEP compared with those in
patients with chronic schizophrenia, antipsychotics and anti-
depressants are reported to have subtle but measurable im-
pacts on generalized and specific brain tissues (85,86).

In the connectivity-based segmentation of the thalamus, the
cortical ROIs were chosen based on previously reported thala-
mocortical connection studies (17,50) to reference their results of
altered connectivity with the findings in this study. However,
using different cortical ROIs in the connectivity-based segmen-
tation would have resulted in different patterns of segmentation;
this fact remains a limitation of this study (two-way ANCOVA
results of the groups and thalamic segments are included
regarding this issue and are discussed in the Supplement).

Also, the correlation between SWM and OFC MK in FEP
must be interpreted with caution, as it is uncorrected for the
multiple neurocognitive test comparisons.

The single B0-image acquisition and nonisotropic voxel
shape were also possible limitations of the image acquisition.
In particular, the long voxel shapes in the z-axis might have
affected the fiber reconstruction slightly differently depending
on the fiber orientation, which might have caused changes in
the segmentation pattern. Additionally, the susceptibility arti-
fact could have been improved using techniques such as field
mapping or dual-diffusion acquisition encoding directions.

Conclusions

Reduced MKs in the thalamic regions corresponding to the
mediodorsal and pulvinar nuclei in patients with FEP highlight the
existence of nuclei-specific thalamic anomalies in the early
course of schizophrenia. The multimodal approach employed in
this study allowed more detailed and more individualized seg-
mentation of the thalamic nuclei, and the results from our anal-
ysis suggested that thalamic microstructural changes may be
important biomarkers of psychosis that can be used for early
detection, and possibly early intervention, for schizophrenia.
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