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Abstract

The structural complexity of the thalamus, due to its mixed composition of gray and

white matter, make it challenging to disjoint and quantify each tissue contribution to

the thalamic anatomy. This work promotes the use of partial-volume-based over

probabilistic-based tissue segmentation approaches to better capture thalamic gray

matter differences between patients at different stages of psychosis (early and

chronic) and healthy controls. The study was performed on a cohort of 23 patients

with schizophrenia, 41 with early psychosis and 69 age and sex-matched healthy sub-

jects. Six tissue segmentation approaches were employed to obtain the gray matter

concentration/probability images. The statistical tests were applied at three different

anatomical scales: whole thalamus, thalamic subregions and voxel-wise. The results

suggest that the partial volume model estimation of gray matter is more sensitive to

detect atrophies within the thalamus of patients with psychosis. However all the

methods detected gray matter deficit in the pulvinar, particularly in early stages of

psychosis. This study demonstrates also that the gray matter decrease varies

nonlinearly with age and between nuclei. While a gray matter loss was found in the

pulvinar of patients in both stages of psychosis, reduced gray matter in the

mediodorsal was only observed in early psychosis subjects. Finally, our analyses point

to alterations in a sub-region comprising the lateral posterior and ventral posterior

nuclei. The obtained results reinforce the hypothesis that thalamic gray matter

assessment is more reliable when the tissues segmentation method takes into

account the partial volume effect.
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1 | INTRODUCTION

The thalamus has a central role in the pathophysiology and psychopa-

thology of schizophrenia as it forms a hub of several affected large-

scale brain networks (Anticevic et al., 2014; Avram, Brandl, Bäuml, &

Sorg, 2018; Woodward, Karbasforoushan, & Heckers, 2012) and is

involved in functions compromised in the disorder such as perception,

attention, arousal, emotion and cognitive processing (Byne, Hazlett,

Buchsbaum, & Kemether, 2009). There is also cumulative evidence

from connectomics that cerebral abnormalities in schizophrenia (SCHZ)

tend to concentrate on the rich-club and its brain hub regions (Griffa

et al., 2019; Klauser et al., 2016; van den Heuvel et al., 2013). Despite

its relatively small size of �8 cm3 per hemisphere, the thalamus is a het-

erogeneous and complex structure. It is composed of several topo-

graphically organized nuclei, each of them having precise cortical and

subcortical connections and mediating specific functions (Jones, 1985;

Sherman & Guillery, 2006). The implication of the thalamus in SCHZ is

supported by both neuropathology and structural and functional neuro-

imaging studies (Cho et al., 2018; Dorph-Petersen & Lewis, 2017;

Marenco et al., 2012; Pergola, Selvaggi, Trizio, Bertolino, & Blasi, 2015;

Steullet, in press; Woodward et al., 2012; Woodward & Heckers, 2016)

which strongly suggest that anomalies are not evenly distributed across

the thalamic nuclei, with some of the higher-order nuclei

(i.e., mediodorsal, pulvinar) being the most affected. Postmortem stud-

ies of these nuclei have reported smaller volume and lower number of

neurons and/or oligodendrocytes in SCHZ patients as compared with

healthy individuals (Byne et al., 2009; Dorph-Petersen & Lewis, 2017).

However, there is a large discrepancy in findings across postmortem

studies (Dorph-Petersen & Lewis, 2017).

Structural Magnetic Resonance Imaging (MRI) studies in SCHZ

based on T1-weighted (T1w) imaging have mainly analyzed the thalamus

as a whole, with the aim of characterizing its volume and shape. Meta-

analyses have revealed a significant mean volume reduction in both

first-episode and chronic patients (Adriano, Spoletini, Caltagirone, &

Spalletta, 2010; Brugger & Howes, 2017; Haijma et al., 2013) but also a

great variability in thalamic volume (Brugger & Howes, 2017). This has

been further corroborated by two large-scale multi-site consortium

studies showing that the thalamus is in the top three of subcortical

structures which have reduced size as compared with healthy control

subjects (Okada et al., 2016; van Erp et al., 2016). Nevertheless, this vol-

ume decrease in patients with psychosis does not occur homogeneously

along the thalamic anatomy. Based on shape analysis of the thalamic

surface, different studies showed a surface deflation, which indicates a

smaller volume in the anterior, mediodorsal and posterior parts in

patients with psychosis when compared with healthy controls (Danivas,

Kalmady, Venkatasubramanian, & Gangadhar, 2013; Janssen

et al., 2012; Qiu, Zhong, Graham, Chia, & Sim, 2009; Smith et al., 2011).

Another meta-analysis of voxel-based morphometry (VBM) stud-

ies also show a significant decrease in gray matter (GM) density within

the thalamus of patients (Glahn et al., 2008), an observation

supported by a recent investigation on large cohorts of subjects suf-

fering from SCHZ (Maggioni et al., 2017). In first-episode patients,

however, a decreased thalamic GM volume is not clearly established

(Chan, Di, McAlonan, & Gong, 2011; Huang et al., 2015). Furthermore,

thalamic shape assessment and VBM analyses of GM (Pergola

et al., 2015) point here again to structural alterations that are not

evenly distributed across all nuclei.

Very few MR imaging studies have however investigated thalamic

nuclei in SCHZ, mostly due to technical and methodological chal-

lenges regarding a reliable identification of specific thalamic subre-

gions using conventional MRI techniques. Some studies have depicted

different regions of interest within the thalamus mostly by manual

segmentation of thalamic subregions (Buchmann et al., 2014; Cobia

et al., 2017; Kemether et al., 2003) or by registering an anatomical

atlas with patient MRI (Pergola et al., 2017). These approaches have

revealed abnormalities in the mediodorsal and posterior parts of the

thalamus. However, to understand the role and specificity of thalamus

anomalies along the course of the disorder, from the prodromal stage

to the chronic phase of SCHZ, it is essential to define more accurately

the structural organization of individual thalamic nuclei, and to

improve our methods of GM assessment.

MRI analyses of deep brain structures such as the thalamus is

challenging due to the presence of multiple tissues within a single

voxel. This phenomenon, known as partial volume (PV) effect compli-

cates the tissue segmentation process which hampers accurate brain

structure quantification. PV is particularly present in the thalamus

because: (a) thalamic borders do not have a clear intensity contrast

from the surrounding anatomical structures and (b) although consid-

ered as a deep GM region, the thalamus is also compounded by white

matter (WM) tissue given the dense thalamocortical tracts innervating

its nuclei (Morel, Magnin, & Jeanmonod, 1997). Thus, PV modulates

the MR signal within the thalamus due to the presence of neuronal

fibers in varying amounts. The PV effect (PVE) is well-known in the

context of brain tissue segmentation techniques from MRI images

(Tohka, 2014). It has been demonstrated that ignoring its presence

might lead to significant errors in the tissue volume estimation mea-

sures (Cuadra, Cammoun, Butz, Cuisenaire, & Thiran, 2005; González

Ballester, Zisserman, & Brady, 2002). However, to our knowledge,

MRI studies of the thalamus in SCHZ have so far neglected the PV

(Glahn et al., 2008; Pergola et al., 2015).

In the current study, we aim to assess, by taking into account the

PV, the GM tissue within the thalamus, and its subregions of subjects

in the early phase of psychosis (EP) and in patients with chronic

schizophrenia. Our first contribution is a comprehensive comparison
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of the PV within the thalamus based on six different tissue segmenta-

tion techniques. Specifically, we performed the GM segmentation

through approaches that explicitly estimate PV concentrations (FAST

(Zhang, Brady, & Smith, 2001), NISEG (Roche, 2016) and ATROPOS

(Avants, Tustison, Wu, Cook, & Gee, 2011)), and also with methods

that treat PV effect indirectly (ATROPOS without modeling PV

“ATROPOS-NOPV”, SPM8 and SPM12 [Ashburner & Friston, 2005]).

We hypothesized that techniques that explicitly model the partial vol-

ume would capture more accurately thalamic differences in GM

between EP or SCHZ patients and healthy controls than techniques

that implicitly account for PVE adding extra tissue classes. The second

major contribution of our work is the analysis of GM at the thalamic

level, based on an automated atlas-based segmentation approach

which includes a probabilistic atlas of seven thalamic subregions per

hemisphere (Najdenovska et al., 2018). Overall, our comparative study

of thalamic GM was performed at three different anatomical scales:

(a) within the whole thalamus, (b) at the thalamic subregions level, and

(c) at a voxel-wise level.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-three patients with chronic schizophrenia (SCHZ) and

41 patients within 5 years of a first psychotic episode, a period called

“early psychosis” (EP) were recruited from the Service of General Psy-

chiatry (Lausanne University Hospital, Switzerland) (see Table 1). Sub-

jects with SCHZ met the DSM-IV criteria for schizophrenia or

schizoaffective disorder (Association, 2000). Among the 23 chronic

patients with a schizophrenia spectrum disorder, 21 were diagnosed

with schizophrenia, 1 with schizoaffective disorder and 1 with delu-

sion disorder. Patients in the early phase of psychosis were recruited

from the TIPP Program (Treatment and Early Intervention in Psychosis

Program, University Hospital, Lausanne, Switzerland) (Baumann

et al., 2013) which is a 3 year program specialized in the treatment of

early phase of psychosis for patients aged between 18 and 35 years

old. The definition of “early” for duration of illness below 5 years was

used to include all the participants involved in our 3-year clinical pro-

gram. These criteria take into account that some of them agreed to

participate in the imaging study at the end of the program and also

had, potentially, a period of untreated psychosis before entering the

clinical program.

All patients met threshold criteria for psychosis as defined by the

“Psychosis threshold” subscale of the CAARMS (Yung et al., 2005).

Symptomatic severity was assessed with the positive and negative

syndrome scale (PANSS) (Kay, Fiszbein, & Opler, 1987) administered

by a trained psychologist. All the patients were taking antipsychotic

medication at the time of this study. The average medication, in chlor-

promazine equivalent dose (CPZ) (Andreasen, Pressler, Nopoulos,

Miller, & Ho, 2010), is presented in Table 1 for both groups of

patients. Severity of disability and level of functioning were deter-

mined using the Global Assessment of Functioning (GAF, American T
A
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Psychiatric Association) scale (Association, 2000). Sixty-nine healthy

controls (HC), recruited from similar geographic and sociodemographic

areas, were assessed by the Diagnostic Interview for Genetic Studies.

Major mood, psychotic or substance-use disorder and having a first-

degree relative with a psychotic disorder were exclusion criteria for

healthy controls. HC were classified in two groups (HCschz and HCep

with 27 and 42 subjects, respectively) in order to match with the

patients groups (schizophrenia and early psychosis) for gender, age

and handedness. Neurological disorders and severe head trauma or

mental retardation (IQ < 70) were exclusion criteria for all subjects. All

the participants provided informed written consent for this study, and

the procedure was approved by the Ethics Committee of Clinical

Research of the Faculty of Biology and Medicine, University of Lau-

sanne, Switzerland.

2.2 | MRI acquisitions

MRI scans were performed on a 3-Tesla scanner (MAGNETOM

TrioTim, Siemens Healthcare, Erlangen, Germany) equipped with a

32-channel head coil. Each scanning session included a magnetization

prepared rapid acquisition gradient echo (MPRAGE) T1w sequence and

a spin-echo echo-planar imaging (SE-EPI) diffusion spectrum imaging

(DSI) sequence. The MPRAGE-T1w images were acquired with echo

time (TE) = 2.98 ms, repetition time (TR) = 2,300 ms, inversion time

(TI) = 900 ms flip angle (FA) = 8�, field of view (FOV) =

160 × 240 × 256 mm3 and voxel size = 1 × 1 × 1.2 mm3. The DSI

(q4half acquisition scheme) sequence included 1 b0 acquisition plus

128 diffusion weighted directions with echo time (TE) = 103 ms, repe-

tition time (TR) = 5,900 ms, field of view (FOV) =

211 × 211 × 114 mm3, voxel size = 2.2 × 2.2 × 3 mm3 and maximum

b-value = 8000s/mm2. Acquisition times for both MPRAGE-T1w and

DSI sequences were �7 and 13 min respectively. Subjects with MRI

images containing artifacts were excluded from the study.

2.3 | Brain tissue segmentation

In the last years, various brain MRI segmentation techniques have

been developed, comprising both supervised and nonsupervised

approaches (Cuadra et al., 2005; de Boer et al., 2010; Despotovi�c,

Goossens, & Philips, 2015; Tohka, 2014). Among nonsupervised tech-

niques, the Bayesian based approaches have been largely adopted for

neuroimaging studies based on T1w MRI because they have demon-

strated very good accuracy and reproducibility (Ashburner &

Friston, 2005; Puonti, Iglesias, & Van Leemput, 2016; Van Leemput,

Maes, Vandermeulen, & Suetens, 1999; Zhang et al., 2001). In the

Bayesian framework the tissue posterior probability maps are often

obtained via Maximum a posteriori (MAP) through the observed image

intensities. These methods may include some prior information either

from tissue probabilistic atlases (Ashburner & Friston, 2005) or local

spatial priors (Van Leemput et al., 1999; Zhang et al., 2001) or both

(Tohka, Dinov, Shattuck, & Toga, 2010). These probability-based

methods implicitly model the partial volume by incorporating extra tis-

sue classes. By contrast, other algorithms (Manjón, Tohka, &

Robles, 2010; Roche & Forbes, 2014; Shattuck, Sandor-Leahy,

Schaper, Rottenberg, & Leahy, 2001; Tohka, 2014; Tohka, Zijdenbos, &

Evans, 2004; Zhang et al., 2001) tackle the PV effect explicitly by

using the mixel model (Choi, Haynor, & Kim, 1991). This model

assumes that the intensity value in each image voxel is a weighted

sum of random variables, each of which characterizes a pure tissue

type (e.g., GM and WM.) Thus, they aim to estimate the tissue con-

centration proportions within each image voxel that generate the

observed intensity rather that the probability that one tissue type is

present in that voxel.

In this paper, the estimation of GM within the thalamus was per-

formed by six different tissue segmentation methods: three

concentration-based (NISEG (Roche, 2016), FAST (Zhang et al., 2001)

and ATROPOS (Avants et al., 2011)) and three probability-based

(ATROPOS without PV, SPM8 and SPM12 (Ashburner &

Friston, 2005)). Preprocessed T1w MR images were taken as input for

the different methods. In the preprocessing step, the images were

corrected for field intensity inhomogeneities using N4 (Tustison

et al., 2010) and the intracranial volume (ICV) was obtained using a

skull striping algorithm (Koutsouleris et al., 2012).

The overview of the imaging processing workflow is summarized

in Figure 1 and the employed parameters, for each of the methods

described here below, are detailed in section S6 of the Supplementary

material.

2.4 | Concentration-based algorithms

2.4.1 | NISEG

This partial volume estimation method (Roche & Forbes, 2014) models

the voxel intensity through the mixel model (Choi et al., 1991) by

adding the cerebrospinal (CSF), GM and WM global characteristic

intensities weighted by their respective local concentrations with a

Gaussian noise with constant SD across tissues. Both tissue concen-

trations and global tissue parameters (mean and SD of the tissue

intensity) are estimated through a maximum likelihood estimation

approach that leads to an ill-posed problem and needs to be regular-

ized. The authors (Roche & Forbes, 2014) propose to regularize the

problem based on the three following assumptions: (a) voxels with

mild PV are more frequent than those with strong PV, (b) estimated

tissue concentration maps are spatially smooth, and (c) the existence

of a large gap between global mean tissue intensities. NISEG has

proved its accuracy in classification of Alzheimer disease and mild

cognitive impairment patients compared with conventional brain mor-

phometry methods (Roche & Forbes, 2014). This method also rev-

ealed diffuse pathology in deep brain nuclei structures, including the

thalamus, in patients with multiple sclerosis (Bonnier et al., 2016). We

used the publicly available NISEG software (Roche, 2016) with default

parameters and initialization settings. An example of its resulting GM

matter concentration map is shown in Figure 2b.
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2.4.2 | FMRIB's Automated Segmentation Tool

The second segmentation algorithm based on PV is FMRIB's Auto-

mated Segmentation Tool (FAST) (Zhang et al., 2001). It is based on a

probabilistic Hidden Markov Random Field (HMRF) model that com-

bines observed tissue intensities with local spatial prior information

encoded through the mutual influences of neighboring voxels. The

algorithm iterates between the tissue class parameters (mean and SD),

the tissue class label estimation (segmentation) and a bias field estima-

tion via a three-step Expectation–Maximization (EM) (Van Leemput

et al., 1999; Zhang, 1993) process. Finally, FAST derives PV tissue

maps from a MRF-mixel type model. We used FAST with initial mean

and variance estimation of three tissue classes (CSF, GM, and WM)

based on histogram analysis (using the multiple Otsu's thresholding

method, section IIIB in [Otsu, 1979]). This takes into account that

each class should be widely separated from each other while at the

same time having relatively low intraclass variances. Segmentation

was performed using the default parameters and without probability

tissue priors.

2.4.3 | ATROPOS

This open-source software proposes a general segmentation frame-

work also based on the Bayesian formulation for a multivariate

segmentation problem. Similarly to FAST, ATROPOS incorporates a

local spatial prior through Markov Random Fields to the classical finite

mixture model (FMM) of the observed intensities. However, instead of

using the Potts model (Zhang et al., 2001) for neighbors interaction, it

uses a modified energy term (Noe & Gee, 2001) allowing neighbor-

hood locations to be weighted more heavily than distant voxels. This

allows smoother transitions between tissue types in favor of PV esti-

mation. Similar to FAST, an iterative EM algorithm is used for tissue

parameters (mean and variance) and tissue class label estimation. The

use of the ATROPOS PV estimation option allows to model mixtures

of classes within single voxels. We performed a three-tissue segmen-

tation (CSF,GM, and WM) using k-means as initialization for tissue

parameters and we modeled the PV effects between CSF/GM and

GM/WM. Though ATROPOS can also incorporate tissue probabilistic

maps into the mixing proportions, this option was not used.

2.5 | Probability-based algorithms

2.5.1 | ATROPOS-NOPV

We also run the ATROPOS segmentation method described above

but without PV modeling in order to better evaluate the contribution

of PV, that is, without any other methodological differences as com-

pared with ATROPOS.

F IGURE 1 Image processing
workflow summary. The estimation of
gray matter within the thalamus is
performed by using six different
segmentation methods. The analysis is
done at three different anatomical scales:
whole thalamus, thalamic regions and
voxel-wise

ALEMÁN-GÓMEZ ET AL. 4045



2.5.2 | SPM

The tissue segmentation method (New Segment) implemented in sta-

tistical parametric mapping (SPM) proposes a unified segmentation

model that performs tissue segmentation, registration and intensity

non-uniformity (bias) correction in the same model. As the methods

previously described, this approach is based on a Bayesian MAP

framework. Though it does not explicitly model the partial volume, it

implicitly takes it into account by modeling each brain tissue class by a

mixture of multiple Gaussian distributions, thus allowing non-Gaussian

distribution per tissue class. In contrast to previous approaches, SPM

segmentation does not estimate the mixing tissue concentration

within a single voxel. Furthermore, it employs spatial tissue probability

maps (Evans, Kamber, Collins, & MacDonald, 1994) as prior informa-

tion to estimate the mixing proportions between tissue classes. These

maps represent the spatial prior probability, in Montreal neurological

institute (MNI) space, of each voxel to belong to any of these brain tis-

sues. In the latest version of SPM (SPM12), the prior probability maps

were obtained by averaging GM, WM, and CSF tissue segmentation

images from healthy control subjects obtained from the IXI-database

(http://brain-development.org/). The introduction of these new spa-

tial probability maps led to notable differences in the GM priors prob-

ability of the deep brain nuclei as compared with the previous version

included in SPM8 where different prior probability maps built from

young healthy subjects from the MNI database were used. There exist

also few other methodological differences between SPM8 and

SPM12 such as the regularization in the registration step, the default

settings and the new re-scaling step of the tissue probability maps.

In this work, in addition to SPM12, we also explored the previous

version, SPM8, because it has been extensively used in neuroimaging

studies of early psychosis and schizophrenia (Glahn et al., 2008). Both

versions were applied using their default parameters. The estimated

GM probability map using the SPM12 version of “New segment” is

illustrated in Figure 2c.

2.6 | Tissue concentration versus probability

All the described segmentation methods provide output tissue-related

maps with values that range between 0 and 1 (see Figure 2). However,

the estimated PV tissue concentration (NISEG, FAST, ATROPOS) and

the posterior probability tissue maps (ATROPOS-NOPV and both SPM

methods) do not represent the same quantity. For instance, voxels

with a high posterior probability to belong to a tissue type might have

only an average concentration of that tissue. These differences can be

observed when comparing GM concentration (illustrated with the

NISEG method Figure 2b) and probability maps (displayed with the

SPM12, Figure 2c). On one hand, as compared with GM probability,

the GM concentration varies more smoothly within the whole thala-

mus. On the other hand, the GM probability shows sharper transitions

between GM and WM, with values close to 1 (considered as GM)

found in the most medial part of the thalamus and values close to

0 (considered as WM) elsewhere. This is in line with Manjón

et al. (2010) who found that posterior probability segmentation

methods lead to “rougher” tissue maps as compared with the ones

resulting from methods that explicitly take into account the PV.

F IGURE 2 Qualitative results of GM estimation. (a) Images of histological axial (top) and coronal (bottom) sections stained for myelin from the
Shalterbrand atlas (Schaltenbrand, Hassler, & Wahren, 1977). To help for comparisons with MRI images of GM, black and white have been
inverted so the myelin staining is displayed in white. (b) Concentration of GM estimated by the NISEG algorithm. (c) GM probability obtained by
the SPM12 tissue segmentation method. GM values in (b) and (c), which were obtained for the same subject, range from 0 (white) to 1 (black) and
are displayed with equal window level. Regions of interest within the thalamus have been defined through atlas-based segmentation using a
probabilistic atlas of the thalamic nuclei (Najdenovska et al., 2018)
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2.7 | Gray matter quantification

In the following sections, we will denote GM concentration maps

(from NISEG, FAST, and ATROPOS) and GM posterior probability

maps (from ATROPOS-NOPV, SPM8, and SPM12) as GMc and GMp,

respectively. Within each region of interest (left and right thalamus

and their corresponding thalamic subregions) as defined below, we

quantified the the GM volume and the mean GM. For each segmenta-

tion method, the GM volume was estimated by multiplying the voxel

volume either with GMc or GMp maps and summing the values for all

the voxels within the region of interest.

3 | REGIONS OF INTEREST

3.1 | Thalamus segmentation

For each subject, the left and right thalamus were segmented by com-

bining T1w and diffusion-weighted MRI (DWI), following the method

described in (Battistella et al., 2017). Sub-cortical regions were seg-

mented from T1w images by using FreeSurfer (Fischl et al., 2002). A

refinement step over the FreeSurfer thalamus segmentation was

applied in order to remove CSF and WM voxels belonging to both the

ventricles and the internal capsule. Such refinement step is supported

by previous works (Battistella et al., 2017; Glaister et al., 2017) that

demonstrated an improved thalamic border delineation when using

multi-modal features (e.g., T1w/T2w, diffusion MRI, prior tissue prob-

abilities). Specifically, in our study the voxels with CSF probability

higher than 5% or those within a 2-mm distance from the border of

the thalamic mask having fractional anisotropy (FA) values higher than

0.55 were removed from the original FreeSurfer binary mask of the

thalamus. The CSF posterior probability maps were computed by

using SPM12 (Ashburner & Friston, 2005) and the FA maps were

obtained by applying a custom processing pipeline to DSI data. This

custom workflow employed Mrtrix3 (Tournier, Calamante, &

Connelly, 2012) and FSL (FMRIB Software Library) processing suites

for performing the following steps: denoising, bias field correction

(Tustison et al., 2010), intensity normalization, head motion correction

(with gradient table rotation), eddy current and distortion correction

(using field maps) (Rohde, Barnett, Basser, Marenco, &

Pierpaoli, 2004) and linear registration of DWI to T1 space using

FLIRT (Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson &

Smith, 2001)). The corrected DSI data were used to obtain FA maps

by applying the dwi2tensor and tensor2metric routines implemented in

MrTrix3 to the diffusion weighted images with b-values lower than

1500 s/mm2. These maps (CSF and FA) were only used for the tha-

lamic mask refinement.

3.2 | Thalamic nuclei parcellation

Today, there are few available methods to automatically parcellate the

thalamic nuclei based on local structural imaging features (Iglesias

et al., 2018; Najdenovska et al., 2018; Su et al., 2019). To our knowl-

edge, none of them has previously been used for the GM analysis in

early psychosis or schizophrenia. Pergola et al (Pergola et al., 2017)

first analyzed GM within thalamus by eroding the thalamic subregions

resulting from an atlas-based segmentation using the digitized version

of Morel (Morel et al., 1997). In our study we relied on an in-house

spatial probabilistic anatomical maps (SPAMs) (Najdenovska

et al., 2018) of 14 thalamic subregions (seven per hemisphere) that

was constructed from 67 healthy subjects from the Human

Connectome Project (Rosen, Toga, & Weeden, 2012). We selected

this parcellation method among other techniques as this probabilistic

atlas was constructed from a higher number of subjects (67 as com-

pared with 6 and 20 used in [Iglesias et al., 2018; Su et al., 2019]

respectively) and with an age range closer to the subjects in our study.

Firstly, each individual skull-stripped T1w image was non linearly

registered (Avants et al., 2010) to MNI space by using as target tem-

plate the nonlinear version of the ICBM152 atlas (Evans, Janke, Col-

lins, & Baillet, 2012; Fonov et al., 2011). Secondly, the inverse of the

resulting spatial transformation was applied to the probabilistic atlas

to map it into the subject space. Thirdly, the maximum likelihood

parcellation was determined by identifying, at each voxel, the label

with the greatest value in the warped probability maps. Finally, the

voxels belonging to the maximum likelihood parcellation that were

not included in the refined thalamus mask were removed from the

final parcellation. This T1w MRI based thalamic nuclei segmentation

demonstrated the same ability to encode the local variability within

the thalamus as other approaches based on the local patient-specific

features (Najdenovska et al., 2018).

Figure 1 (bottom) illustrates the atlas-based segmentation process

together with a coronal view of the probabilistic thalamic nuclei atlas

and the resulting thalamic nuclei segmentation for a single subject.

Each thalamus was subdivided in the following seven regions

(Figure 2): ventral anterior (VA), mediodorsal (MD), pulvinar (Pul), ven-

trolateral (VL), ventral posterior/ventrolateral group (VP-VL), lateral

posterior/ventral posterior group (LP-VP), and medial pulvinar/

centrolateral (PuM-CL). Based on the current literature, the MD, Pul,

and PuM-CL subregions include most of the nuclei relevant to SCHZ.

3.3 | VBM

In addition to the region of interest analysis, which is conditioned by

the parcellation of the thalamus in seven nuclei, a VBM approach was

also performed to evaluate voxel-wise differences between patients

and controls groups. This technique gives an even-handed and com-

prehensive assessment of anatomical differences throughout the

whole thalamic anatomy. First, GMc and GMp maps were transformed

into the MNI standard coordinate system using a symmetric dif-

feomorphic normalization method (Avants et al., 2010) that was

selected as the top ranked registration procedure in terms of accuracy

and precision in an evaluation study (Klein et al., 2009). Individual

T1w images were nonlinearly registered to MNI space using the

nonlinear version of the ICBM152 atlas (Evans et al., 2012; Fonov
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et al., 2011) as target template. The resulting spatial transformations

(Native-to-MNI) were then applied to the thalamic masks, GMc and

GMp maps to spatially aligned them in MNI space. Nearest neighbor

for the thalamic masks and BSpline for GMc and GMp were used as

interpolation methods. Secondly, a modulation step was applied using

the Jacobian of the warp field to correct for tissue volume changes

during the spatial normalization. Voxel intensities were scaled by the

amount of expansion or contraction that has occurred during spatial

normalization, so that the total amount of “tissue” remains the same

as in the original image. Finally, the normalized GMc and GMp images

were then smoothed using a 8-mm FWHM kernel and fed into the

statistical analysis. A probabilistic image of the thalamus in MNI space

was built by averaging the warped thalamic masks. This probabilistic

image was binarized to create a thalamic mask for the VBM analysis.

3.4 | Statistical analysis

Statistical analyses were performed by using the Statistics and

Machine Learning Toolbox included in Matlab (v.R2018b).

3.5 | Whole thalamus and thalamic subregions

Nonparametric Spearman rank partial correlations were used to test

the association with clinical variables and chlorpromazine equivalents

and to identify possible confounders that should be included in the sta-

tistical model. To test for group differences in demographics and clinical

variables (HCep vs. EP and HCschz vs. SCHZ), Student's t tests were used

for continuous variables and chi-squared (χ2) tests for discrete categori-

cal variables. The GM volume, the mean GMc and mean GMp values for

each region of interest (whole thalamus and thalamic subregions) were

corrected for age, gender and intracranial volume using multiple regres-

sion analyses (Sullivan, Rosenbloom, Serventi, & Pfefferbaum, 2004).

Unstandardized residuals were saved and used in the main analyses.

The General Linear Model (GLM) is based on a number of assumptions,

including that the observed values have a linear, additive structure, and

that the residuals of the model fit have the same variance and are nor-

mally distributed. Not all variables met all these requirements. To test

whether group differences in mean GMc or GMp existed, pair-wise

comparisons between healthy controls and patients groups were con-

ducted using either Mann–Whitney U or Student's t test depending on

the normality of the data as evaluated by a Shapiro test. In all analyses,

a p < .05 (two-tailed) was considered significant after controlling for

multiple comparisons using the False Discovery Rate (FDR) with

q = 0.05 (Benjamini & Hochberg, 1995). Standardized effect sizes of

the differences were also reported throughout Cohen's d values where

d < 0.5, d > 0.5 and d > 0.8 represent a low, medium and strong effects

respectively. Mean and confidence intervals (α = 0.95) for the Cohen's

d values were computed over 5,000 bootstrap samples. The bootstrap

sampling technique was implemented using the MATLAB's (R2018b)

functions “bootstrap” and “bootci” where only the 80% (with replace-

ment) of the subjects from each group (HCep (N = 33), HCschz (N = 21),

EP (N = 32) and SCHZ (N = 18)) was randomly selected in each of the

5,000 bootstrap iterations.

A quadratic model was fitted to investigate the possible nonlinear

relationship between age and regional GM volumes for both psychotic

patients and healthy controls (Cropley et al., 2016). For this analysis,

early psychosis and schizophrenia patients were compared with their

respective matched healthy controls.

3.6 | Voxel-based statistics

A GLM was used to explore voxel-wise differences where age, gender

and ICV were included as non-explanatory co-regressors. A binary image

including both thalami was used to restrict the analysis only to the voxels

within the thalamus. Nonparametric statistics were performed using ran-

domize (FMRIB Software Library) with 5,000 permutations and a thresh-

old free cluster enhancement (TFCE) approach. Statistical parametric

maps were generated and only voxels with p < .05 (fully corrected using

the family-wise error) were considered as significant.

4 | RESULTS

4.1 | Demographic and clinical differences

Groups were well matched for age, gender and handedness (Table 1)

and no significant differences were found between groups in any of

these variables (HCep vs. EP: p = .96, p = 1 and p = .85. HCschz

vs. SCHZ: p = .17, p = .36, and p = .56, respectively). As expected,

healthy controls showed a significantly higher GAF scores than EP

and SCHZ groups (p < .01).

4.2 | Whole thalamus

4.2.1 | Total and GM volume

The whole thalamus of EP and SCHZ patients was first compared with

that of their respective matched controls by using two different mea-

sures: (a) the total volume of the thalamus from the refined thalamus

mask, and (b) the GM volume by multiplying the voxel volume either

with GMc or GMp maps and summing the values for all the voxels

withinthe region of interest. (see Figure 3 and Table 2).

A reduced thalamic volume was found in the right thalamus of

SCHZ patients only (p = .0029, d = 0.91, see Figure 3a). However, stron-

ger differences between groups emerged when comparing the GM tha-

lamic volume, in particular when the concentration-based algorithms

were used. A significant thalamic GM volume reduction in the right

hemisphere of both cohorts of patients as compared with their respec-

tive control subjects was found using NISEG (see Figure 3b, HCep vs. EP:

p < .0001, d = 1.24 and HCschz vs. SCHZ: p = .0002, d = 1.14) and FAST

(see Figure 3c, HCep vs. EP: p = .0002, d = 0.84 and HCschz vs. SCHZ:

p < .0001, d = 1.30). The same differences appeared by using ATROPOS
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but did not survive the FDR correction (see Figure 3d). ATROPOS-

NOPV revealed statistical differences only between SCHZ and their

matched healthy subjects on the right thalamus (see Figure 3e, HCschz

vs. SCHZ: p = .0003, d = 1.13). For both SPM8 and SPM12, a reduced

GM volume in the right thalamus was observed in EP but not in SCHZ

when compared with their respective control subjects. Only the differ-

ences obtained by SPM8 (p = .0017, 0.71) survived, however, the multi-

ple comparisons correction. GM alterations were less prominent in the

left thalamus. A decreased left thalamic GM volume was only identified

in EP patients, and not in SCHZ, when using concentration based algo-

rithms (NISEG: p < .001, d = 1.35), FAST: p = .0014, d = 0.72 and

ATROPOS: p = .0024, d = 0.69).

4.2.2 | Relationship between total thalamus and
GM volume and age

We then investigated how the total thalamic volume and the GM vol-

ume assessed by the six segmentation methods varied with age

(Figure 4). Overall, the GM volume, but not the total thalamic volume,

changed significantly with age in both patients and controls. The

nonlinear relationship between age and GM volume was best fitted

with the quadratic model, particularly when the thalamic GM volume

was assessed by NISEG.

4.3 | Thalamic subregions

Total volume—Nuclei volumes, based only on the binary masks

derived from the thalamic parcellation, did not reveal any significant

difference between groups (see Supplementary materials S2,

Figure S1).

4.3.1 | Relationship between GM volume and age

As for the global thalamic GM volume (Figure 4), we found, overall, a

decrease of GM volume with age for most of the thalamic subregions

(Figure 5 for the pulvinar and Supplementary materials S3, Figures S2

to S7 for the rest of the thalamic nuclei). Interestingly, a separation

F IGURE 3 Global thalamic volume differences between patients with early psychosis and schizophrenia as compared with healthy controls.
(a) Differences in the thalamic volume computed by FreeSurfer. (b–g) Differences in gray matter volume computed by NISEG, FAST, ATROPOS,
ATROPOS-NOPV, SPM8 and SPM12, respectively. These volumes were computed by summing the GMc or GMp values of all the voxels
contained in the refined thalamus masks and multiplying this sum by the voxel volume. Magenta and orange indicate PV-based and probability-
based methods, respectively. Stars: in red, significance survived the FDR correction, and in black, significance that did not survive FDR correction
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F IGURE 4 Relationship between thalamic volume and age for healthy controls and patients with psychosis. (a) Left thalamic volume
computed by the refined thalamus mask. (b–g) Left thalamic GM volume obtained by NISEG, FAST, ATROPOS, ATROPOS-NOPV, SPM8, and
SPM12, respectively. (h) Right thalamic volume computed by the refined thalamus mask. (i–n) Right thalamic GM volume obtained by NISEG,
FAST, ATROPOS, ATROPOS-NOPV, SPM8, and SPM12, respectively. Notes: Solid and dashed lines are the fitting curves for all control and all
patients (EP and SCHZ jointly) respectively. Magenta and orange indicate the PV-based and the probability-based methods respectively
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between the decay curves for both groups, particularly at early stages,

is overall better depicted in the pulvinar and mediodorsal nuclei. Simi-

larly than for the total thalamus GM volume (Figure 4), the best

region-wise quadratic fit is overall obtained when using NISEG.

4.3.2 | Mean GM concentration and probability

We analyzed whether the mean GM within each of the thalamic sub-

regions differed significantly between the patient groups and their

respective control subjects. Significant correlations with age were

found (Supplementary materials S1, Tables S1 and S2) when PV-based

methods were used to compute the concentration values. Accord-

ingly, the age was taken into account for the following group-wise

study. On the contrary, we did not observe any significant correlation

between mean GM (neither with GMc nor with GMp) and medication

(Supplementary materials S1, Table S3). We did not observe any sig-

nificant correlations with PANSS (positive, negative and general

score). For this reason and to avoid the overadjustment effect, CPZ

equivalents nor PANSS scores were not included as confounding vari-

ables in the model. GM differences between the pathological groups

and their matched healthy controls emerged in some but not all tha-

lamic subregions (Figures 6 and 7 illustrate the regions showing statis-

tical differences). Detailed statistics are presented in Table 3 for

NISEG and SPM12 and in the Supplementary material S4 (Tables S4

to S9) for the rest of the methods.

Overall, bilateral GM thalamic differences between groups are

more pronounced when estimated by the tissue concentration as

compared with the probability-based methods. Specifically, NISEG

revealed the most extended GM differences between patient groups

and their matched controls. After correcting for multiple comparisons,

NISEG depicted statistically significant bilateral GM loss in the follow-

ing thalamic regions of EP patients: pulvinar (left hemisphere:

p < .0001, d = 2.87, right hemisphere: p < .0001, d = 1.81), medial

pulvinar/centrolateral group (left hemisphere: p < .0001, d = 1.03,

right hemisphere: p < .0001, d = 1.55), mediodorsal (left hemisphere:

p = .0002, d = 0.92, right hemisphere: p < .0001, d = 0.90), and lateral

posterior/ventral posterior group (left hemisphere: p < .0001,

d = 1.29, right hemisphere: p < .0001, d = 1.05). In SCHZ patients

however, only the right pulvinar (p = .0075, d = 0.80) and medial

pulvinar/centrolateral group (p = .0059, d = 0.82) displayed a signifi-

cant reduction of GM assessed with NISEG. ATROPOS and

ATROPOS-NOPV also revealed a significant decrease of GM in the

right thalamus of SCHZ patients (RHATROPOS: p < .0031, d = 0.89,

RHATROPOS-NOPV: p < .0026, d = 0.90).

The other methods also indicated significant low GM in both right

and left pulvinar of EP (LHFAST: p < .0001, d = 2.82, RHFAST:

p < .0001, d = 1.40, LHATROPOS: p < .0001, d = 2.31, RHATROPOS:

p < .0001, d = 1.24, LHSPM8: p < .0001, d = 1, LHSPM12: p < .0001,

d = 1.33). We also found significant reduced GM for EP patients in

the right lateral posterior/ventral posterior group using FAST and

SPM8 (p < .0001, d = 0.98 and p = .0016, d = 0.72 respectively) and in

the right medial pulvinar/centrolateral group of patients using FAST

(p < .0001, d = 0.98). However, these methods did not capture any

significant GM alterations in the mediodorsal region of both patient

groups.

4.4 | Voxel-wise analysis

VBM analyses revealed smaller GMc values within voxels from the

posterior part of the thalamus in both EP and SCHZ as compared

with their matched healthy subjects, even after correction for mul-

tiple comparisons (see Figure 8 for NISEG and Supplementary

material S5, for FAST and ATROPOS). The affected voxels were

mainly located in the right pulvinar cluster and the bilateral medial

pulvinar/centrolateral group in SCHZ and EP, and also included the

mediodorsal region in EP. No thalamic regions presented higher

GMc values in patients compared with healthy controls. By con-

trast, after correction for multiple comparisons, no significant dif-

ferences were found at voxel level when comparing the GMp maps

of EP and SCHZ with their respective controls (see Figure 8 for

SPM12 and Supplementary material S5, for ATROPOS-NOPV and

SPM8). These results are in line with the findings obtained for the

whole thalamus and the region-wise analyses, indicating that the

GMc extracted from the NISEG method might represent a sensitive

approach to detect subtle alterations in the thalamus of patients

with psychosis.

5 | DISCUSSION

To the best of our knowledge, this is the first study that explores

partial volume effects in the GM analysis of the thalamus in early

psychosis and schizophrenia patients. To do so, we employed six

widely-used tissue segmentation approaches to assess GM alter-

ations taking place during the course of schizophrenia, starting at

early stages. We explored GM at three different anatomical scales:

(a) whole thalamus, (b) thalamic subregions, and (c) thalamic voxels.

The second original contribution of our work is the assessment in

patients and controls of GM within seven thalamic nuclei or subre-

gions derived from an atlas. Among the tissue segmentation tech-

niques used, three of them (NISEG, FAST, ATROPOS) estimate the

GM concentration by taking into account the partial volume effects

while the others (ATROPOS-NOPV, SPM8, SPM12) are based on a

posterior probability estimation to compute the GM probability.

Notably, we found that these different approaches were not equiva-

lent in detecting GM alterations in the thalamus of patients. Overall,

the PV-based methodologies showed more sensitivity to capture dif-

ferences between groups as compared with the probability-based

approaches. Furthermore, in this work we promote the use of GM

concentration weighted volumes as they revealed differences

between the groups and significant changes with age while volume-

based measures did not.
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F IGURE 5 Relationship between the volume of the pulvinar and age for healthy controls and patients with psychosis. (a) Volume for the left
pulvinar. (b–g) Left pulvinar GM volume obtained by NISEG, FAST, ATROPOS, ATROPOS-NOPV, SPM8 and SPM12, respectively. (h) Volume for
the right pulvinar. (i–n) GM volume for the right pulvinar obtained by each of the segmentation methods. Notes: Solid and dashed lines are the
fitting curves for all control and all patients (EP and SCHZ jointly) respectively. Magenta and orange indicate the PV-based and the probability-
based methods, respectively
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F IGURE 6 Average GM estimated from either GM concentration (NISEG, FAST, ATROPOS) or GM posterior probability (ATROPOS-NOPV,
SPM8, SPM12) within the left thalamus and its different thalamic nuclei in patients with psychosis (early psychosis and schizoprenia) and their
respective matched control subjects. Note: Comparisons showing significant differences before and after correcting for multiple comparisons
using FDR are highlighted with one black and two red asterisks, respectively. Magenta and orange indicate the PV-based and the probability-
based methods respectively

F IGURE 7 Average GM estimated from either GM concentration (NISEG, FAST, ATROPOS) or GM posterior probability (ATROPOS-NOPV,
SPM8, SPM12) within the right thalamus and its different thalamic nuclei. Note: Comparisons showing significant differences before and after
correcting for multiple comparisons using FDR are highlighted with one black and two red asterisks, respectively. Magenta and orange indicate
the PV-based and the probability-based methods, respectively
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5.1 | Comparison between methods

There are important methodological differences in the way GMc and

GMp maps are computed. The estimated tissue concentration and

probability represent neither the same characteristic nor have the

same underlying hypothesis about the observed intensity within a

voxel. While GMp maps are weighted by prior probabilities from brain

tissue atlases, no atlas prior drives the estimation of the PV concen-

tration at each voxel. Such differences between GMc and GMp have

been already reported by previous works assessing deep GM in multi-

ple sclerosis (Bonnier et al., 2016). In our study, we can also observe

that the actual histological GM pattern (see Figure 2a) resembles more

the GM concentration than the GM probability. This suggests that PV

concentration performs better to capture subtle histological alter-

ations, thus providing an improved method to detect focal GM atro-

phies within the thalamus of patients with early psychosis and chronic

schizophrenia, even in small cohorts. From a theoretical point of view,

it would be expected that a partial volume approach would be more

precise than a probability-based strategy in brain regions with a mix-

ture of GM and WM. For instance for the ventral posterior, ventrolat-

eral group, which contains high density of crossing fibers, the GM

probability is close to 0 (see Table 3 and Figure 2c). Despite the many

methodological differences within the methods that estimate GMc

(e.g., initialization or optimization strategy), these methods (particu-

larly NISEG and FAST) show bigger effect sizes than the methods

computing GMp (see Figures 6 and 7). We believe that the superior

F IGURE 8 Local differences in GM concentration (NISEG) and probability (SPM12) between healthy controls and patients with psychosis
revealed by the VBM analyses. (a) Significantly reduced gray matter concentration and probability in patients with early psychosis compared with
healthy controls. (b) Significant decrease of gray matter concentration in patients with schizophrenia as compared with healthy controls. All the
results were corrected for multiple comparisons using permutation tests and threshold free cluster enhancement
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sensitivity of NISEG and FAST is mainly driven by the fact they model

the PV. The comparison between ATROPOS and ATROPOS-NOPV

further corroborates the highest specificity when PV modeling is used,

particularly when assessing the thalamic subregions.

Both SPM approaches (SPM8 and SPM12) are based on the same

methodology but the GMp values and the subsequent volume estima-

tion differ from each other. The values given by SPM12 tend to be

higher than the values given by SPM8. We believe this effect might

be caused by the use of different versions of the atlas priors (probabi-

listic spatial maps) for each SPM version. The GM probabilistic map

employed in SPM12 spatially coincides more with the regions that are

strongly penalized by the PV effect, causing an increase in the mean

probability values in those regions. However, further studies with

larger samples are needed to confirm these findings.

In regards to the whole thalamus, the GM volume is a more sensi-

tive measure to capture differences between patients and controls, as

compared with the volume of the refined FreeSurfer mask. The PV-

based approach (in particular NISEG) was very efficient to depict GM

loss in the thalamus of both EP and SCHZ. Likewise, we also found

that the GM volume of the whole thalamus, but not the volume of the

refined FreeSurfer mask, changes with age. Moreover, the quadratic

relationship between GM volume and age was better (with both a

good R2 value and a well-differentiation between groups) when the

GM volume was computed by using NISEG and ATROPOS as com-

pared with the other methods evaluated. These analyses revealed a

remarkable decline in GM volume with age in both patients and con-

trols, with the GM loss being more pronounced between 20 and

30 years old than later in life.

When assessing the mean GM at subregion and voxel-wise levels,

the concentration-based approaches (in particular NISEG and FAST) were

also superior to the probability-based methods to detect GM alterations

in patients. While all methods captured reduced GM in the pulvinar of EP

patients, NISEG and FAST also revealed significant reduced GM in the

mediodorsal, the medial pulvinar/centrolateral, and the lateral posterior/

ventral posterior of EP and in the two sub-regions associated with the

pulvinar in SCHZ. The hypothesis-based nature of the ROI-wise analyses

makes it possible to search for differences in GMc or GMp in the subject

anatomical space, without the need of interpolating the original gray-level

intensity that would alter the PV at the voxel-level.

Differently, VBM analyses need to register the images to a refer-

ence space, which introduces an interpolation artifact in the intensity

of those images. Despite this drawback, VBM can perform the statisti-

cal analysis without the requirement of a previously defined ROI.

Interestingly and consistent with the region-wise analysis, VBM also

revealed a significant GMc decrease mostly in the posterior part of

the thalamus in EP and SCHZ patients compared with their matched

controls.

Although the probability-based methods have been previously

used to identify GM loss in patients with schizophrenia (Glahn

et al., 2008; Pergola et al., 2015), these methods showed, in our study,

only a few significant GM decrease at region-wise level (e.g., in

pulvinar of EP) and did not captured focal loss in voxel-wise level,

neither in EP nor in SCHZ patients when compared with their mat-

ched controls.

5.2 | Regional GM alterations in the thalamus of
early psychosis and chronic patients

The present study corroborates previous imaging data that the

mediodorsal and posterior parts of the thalamus are particularly

affected in schizophrenia (Janssen et al., 2012; Kemether et al., 2003).

We provide however new insight about the nature and the dynamic

of these alterations from the early phase of psychosis to the chronic

stage.

In the following, we will primarily discuss the GM alterations

found by NISEG and/or FAST as they appear to capture more finely

and consistently thalamic differences between patients and controls.

While we found only a significant decrease of GMc in the right

pulvinar and medial pulvinar/centrolateral regions in SCHZ, lower

GMc was observed in bilateral mediodorsal and pulvinar regions

(pulvinar and medial pulvinar/centrolateral group), and lateral poste-

rior/ventral posterior group of EP subjects. Based on the effect sizes

(see Table 3 and Tables S4–S9), the significant GM alterations in bilat-

eral mediodorsal and left pulvinar regions in EP, but not in SCHZ, can-

not be explained by the larger EP cohort as compared with the SCHZ

one. This strongly supports that the GMc in the mediodorsal and pos-

terior parts of the thalamus in EP patients truly deviates from their

age-matched healthy subjects and that GMc deficit is less pronounced

in SCHZ patients. This latter was particularly evident in the left thala-

mus, both at the whole thalamus and at the region-wise levels.

A normalization effect by long-term medication as suggested for

the thalamus size (Haijma et al., 2013) could be one explanatory fac-

tor. However in our study, the total volume of the thalamus was sig-

nificantly smaller only in the right hemisphere of SCHZ, and not EP

patients, when compared with their respective age-matched healthy

subjects. Moreover, chlorpromazine equivalents did not correlate with

GMc in any sub-regions.

The fact that GMc difference was more prominent in young EP

than in older SCHZ patients may be linked to the age-dependent

decrease of GMc which coincides with the developmental increase in

WM volume (including tracts connected to the thalamus) until the age

of 30 years (Lebel & Beaulieu, 2011). After this age, the GMc differ-

ence between SCHZ patients and control subjects tends to fade out

most likely due to an accelerated alteration of WM integrity and vol-

ume following the first psychotic episode (Cetin-Karayumak

et al., 2019; Peters & Karlsgodt, 2015). A significant finding of our

study is therefore the presence of low GMc in the mediodorsal and

posterior subregions of the thalamus early on along the course of the

disorder. This early GM deficit is remarkably severe in the pulvinar,

but less strong in the mediodorsal nucleus. This might explain why

GMc remains significantly low in the pulvinar, but not mediodorsal

region, of SCHZ patients as compared with their age-matched

controls.
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Noteworthy, our observation of reduced GMc localized in the

right pulvinar, but not the mediodorsal region, of chronic patients cor-

roborates postmortem data showing consistent decrease in volume/

number of neurons in the right pulvinar but not so in the mediodorsal

nucleus (Dorph-Petersen & Lewis, 2017). This further supports the

idea that the estimated GMc based on PV modeling could represent a

good imaging proxy for histological alterations.

Previous VBM analyses summarized by Pergola et al. (2015)

indicate a focal loss of GM mostly centered around the mediodorsal

nucleus in schizophrenia patients. Although our own VBM analyses

identified focal decrease of GMc within the mediodorsal region,

most of the voxels displaying significantly lower GMc were located

in more posterior regions. This apparent discrepancy could arise

from differences in terms of the clinical characteristics, age, and

stage of the patients included in the cohorts, but also from the qual-

ity of age matching of the control subjects since we observed a

strong nonlinear GM decline with age in both patients and healthy

subjects.

5.3 | Limitations

As in any vivo imaging studies, the quality of the scans may have an

influence on the results. However, an exhaustive quality control was

performed to ensure that no artifacts could affect the segmentation

results (for all tissue segmentation methods). Another important limi-

tation of this study is the relatively small sizes of our cohorts. There-

fore, such a study should be replicated in larger populations of

patients. Despite this, some of the observed differences (e.g., in

pulvinar of EP) are associated with remarkably large effect sizes.

6 | CONCLUSION

The strengths of our study include the investigation of two different

cohorts (early and chronic stage of psychosis) with multiple tissue seg-

mentation approaches and at different scales including at the thalamus

nuclei level. Our study suggests that the PV model estimation of GM is

very sensitive to detect focal GM atrophies within the thalamus of EP

and SCHZ patients, even in relatively small cohorts. It reveals a remark-

ably robust GM deficit in the posterior part of the thalamus

encompassing the pulvinar, particularly in EP. This study also provides a

novel insight on the dynamic of GM alterations within the thalamus

and its subregions. Thus, we observed a GM deficit in the mediodorsal

nucleus of EP subjects (when compared with their matched controls),

while the pulvinar displays reduced GM in both EP and SCHZ patients.

Moreover, our exhaustive GM analyses point to alterations in a tha-

lamic sub-region comprising the lateral posterior and ventral posterior

nuclei. Applying the current approach in individuals At Risk Mental

State (ARMS) will allow identifying whether these localized thalamic

alterations, that are very pronounced during the early phase of psycho-

sis, are already present during the prodromal stage. This information

could therefore have a predictive value for the transition to psychosis.

Overall, our work promotes the use of PV-based methodologies

for the study of local GM structural alterations within the thalamic

nuclei in psychiatric disorders that is timely relevant and complemen-

tary to other existing studies based on structural or functional connec-

tivity of the thalamus (Cho et al., 2018; Marenco et al., 2012;

Woodward et al., 2012; Woodward & Heckers, 2016).

Finally, such assessment of GM integrity for the thalamus and its

sub-divisions can also be relevant for other psychiatric disorders and

beyond, as there is an increasing interest in the study of the thalamus

in other neurological pathologies such as frontotemporal dementia,

multiple sclerosis, and Parkinson's disease (Bisecco et al., 2019;

Bocchetta et al., 2018; Tuleasca et al., 2018).
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