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Abstract: Structural and functional studies have shown that schizophrenia is often associated with frontolimbic
abnormalities in the prefrontal and mediotemporal regions. It is still unclear, however, if such dysfunctional
interaction extends as well to relay regions such as the thalamus and the anterior insula. Here, we measured
gray matter volumes of five right-hemisphere regions in 68 patients with schizophrenia and 77 matched healthy
subjects. The regions were amygdala, thalamus, and entorhinal cortex (identified as anomalous by prior studies
on the same population) and dorsolateral prefrontal cortex and anterior insula (isolated by voxel-based mor-
phometry analysis). We used structural equation modeling and found altered path coefficients connecting the
thalamus to the anterior insula, the amygdala to the DLPFC, and the entorhinal cortex to the DLPFC. In particu-
lar, patients exhibited a stronger thalamus-insular connection than healthy controls. Instead, controls showed
positive entorhinal-DLPFC and negative amygdalar-DLPFC connections, both of which were absent in the clini-
cal population. Our data provide evidence that schizophrenia is characterized by an impaired right-hemisphere
network, in which intrahemispheric communication involving relay structures may play a major role in sustain-
ing the pathophysiology of the disease. Hum Brain Mapp 33:740-752, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Schizophrenia is a psychiatric disorder characterized by
impaired high cognitive functions, such as perception,
memory, or decision making [Bellani et al., 2009a,b,c;]. A
wealth of studies in recent decades have found this syn-
drome to be associated with extensive brain structural
abnormalities, including decreased gray matter volume in
cortical regions (e.g., frontal, mediotemporal, and insular
cortex) as well as within-specific subcortical regions, such
as the thalamus [see Chan et al., 2011; Ellison-Wright and
Bullmore, 2010, as meta-analyses of voxel-based morphom-
etry (VBM) studies]. Both these functional and structural
abnormalities have often been interpreted in terms of
dysconnectivity; anatomically, dysconnectivity has been
posited as the result of “miswirings” of association fibers,
whereas at the functional level, it has been described as
the result of impairments of synaptic transmission and
plasticity [Bullmore et al., 1997; Friston, 1998; Stephan
et al., 2006]. Evidence for dysconnectivity in schizophrenia
arises by electrophysiological studies, which reported
reduced interregional gamma-band synchrony during sen-
sory processing in patients [Spencer et al., 2004; Symond
et al., 2005], and by functional neuroimaging studies,
which showed reduced coupling between the signal from
frontal and temporal cortex during execution of linguistic/
memory tasks [Friston and Frith, 1995; Lawrie et al., 2002;
Meyer-Lindenberg et al.,, 2005]. Further evidence comes
from the study of the correlation between brain regional
volumetric measures; high correlation between the volume
of two brain structures is held to reflect the presence of
mutual trophic effects and, therefore, the presence of an
anatomical connection [Colibazzi et al., 2008; Lerch et al.,
2006; Mitelman et al., 2005; Yeh et al., 2010] and a strong
functional interaction [Mitelman et al.,, 2005; Schlaepfer
et al., 1994]. In particular, studies compared the volumetric
correlations among brain regions in both patients with
schizophrenia and healthy controls and found that the
frontal cortex correlated with portions of both medial and
lateral temporal cortex differently in the two groups
[Mitelman et al., 2005; Wible et al., 1995, 2001, Woodruff
et al., 1997].

Although the idea of frontotemporal dysconnectivity in
schizophrenia is well established in the scientific commu-
nity [Andreone et al., 2007], little is still known about to
which extent such dysfunctional interaction involves as
well other regions and, in particular, those neural struc-
tures playing a key role in monitoring/integrating fronto-
temporal communications. Of particular interest for our
purpose is the role played by the thalamus and anterior
insula. Both regions have been described as important
interface centers, which are highly interconnected to each
other and to both frontal and temporal cortex, with which
they play a key role in processes such as awareness,
attention, decision making, perception, and emotion regula-
tion [Craig, 2009; Lambe et al., 2007; Sutcliffe and de
Lecea, 2002]. Crucially, both regions have been described

structurally and functionally impaired in subjects suffering
from schizophrenia. Previous magnetic resonance imaging
(MRI) studies have identified structural thalamic abnormal-
ities at both the volume [Agarwal et al., 2008; Andreasen
et al.,, 1994; Dasari et al., 1999; Ettinger et al., 2007; Flaum
et al., 1995; Gilbert et al., 2001; Gur et al., 1998; Staal et al.,
1998] and microstructure levels [Agarwal et al., 2008]. Post-
mortem studies have reported reduced neuronal [Byne
et al., 2006; Pakkenberg, 1990; Popken et al., 2000; Young
et al., 2000] and oligodendrocyte [Byne et al., 2006] popula-
tions in the thalamus of patients when compared with
those of controls. Furthermore, functional neuroimaging
studies have reported reduced thalamic neural activity in
patients with schizophrenia during linguistic and memory
tasks [Andreasen et al.,, 1996; Andrews et al., 2006; Cam-
chong et al., 2006; Fox et al., 2005; Schneider et al., 2007].
Likewise, volumetric insular reduction (prevalently in the
right hemisphere) [Chan et al., 2011; Crespo-Facorro et al.,
2000; Jang et al., 2006; Kim et al., 2003; Wright et al., 1999]
and altered insular activity during verbal processing (in
both hemispheres) [Curtis et al., 1998] or primary experi-
ence of auditory hallucinations (in the right hemisphere)
[Sommer et al., 2008] have been reported in schizophrenia.

This study aims at extending the literature’s results by
investigating altered volumetric correlation patterns in a
large sample of patients with schizophrenia in a network
comprehending not only frontal and mediotemporal
regions but also thalamus and insula. Gray matter volumes
of five regions of interests (ROls) were considered. Two of
them were the dorsolateral prefrontal cortex (DLPFC) and
the anterior insula, which VBM analysis on our 68 patients
reveals as showing decreased gray matter volumes (see
Results section). The remaining three were the amygdala,
the thalamus, and the entorhinal cortex, which previous
(non-VBM) studies on the same population of patients
described as exhibiting structural and microstructural
anomalies [Agarwal et al, 2008; Baiano et al.,, 2008;
Tomasino et al.,, 2011]. We then used structural equation
modeling [SEM—TJoreskog and Wold, 1982; Wold, 1982] to
identify the anatomical model that best explained the puta-
tive relations between gray matter volume of these regions
for the control population. Finally, we compared the results
from the best model in both populations to assess discrep-
ancies in the estimated interregional coefficients between
the patient and the control group. Of specific interest was
the assessment of intergroup differences not only in the
connections between frontal and mediotemporal regions
(which would converge with neuroimaging studies
reviewed above) but also in the connections pertaining
thalamus and anterior insula.

MATERIALS AND METHODS
Participants

We tested 68 patients diagnosed with schizophrenia (43
males, average age 40.15 + 12.06 years) and 77 healthy

* 741 ¢



¢ Corradi-Dell’Acqua et al. ¢

TABLE I. Demographic and clinical characteristics of
the sample

Patients Controls

(n = 68) (n =77)
Age (years) 40.15 + 12.06 39.63 + 10.73
Males 43 (63.23%) 40 (51.95%)
Age of onset (years) 26.41 + 9.46 —
Illness duration (years) 9.66 + 11.17 —
Hospital addmissions 14.38 + 15.05 —
BPRS total score 75.52 + 15.05 —

Medication use
Patients on
antipsychotics (AP)
Patients on atypical AP
Patients on typical AP

68 (100%)

45 (66%)°
24 (35%)°

BPRS, Brief Psychiatric Rating Scale.
“One patient is on both typical and atypical.

individuals (40 males, average age = 39.63 £ 10.73 years—
see Table I for more details). Patients met the Diagnostic
and Statistical Manual of Mental Disorders criteria [ Ameri-
can Psychiatric Association, 2000] for schizophrenia and
were recruited from the South Verona Psychiatric Case
Register [Tansella and Burti, 2003]. Control subjects had
no DSM-IV axis I disorders, as determined by a brief
modified version of the SCID-NP (nonpatient version), no
history of psychiatric disorders among first-degree
relatives, no history of alcohol or substance abuse, and no
current major medical illness. They were recruited from
the same catchment area. All participants gave signed
informed consent, having been informed of all potential
risks of research participation, as approved by the biomed-
ical Ethics Committee of the Azienda Ospedaliera of Ver-
ona. Of note, all 68 patients and 72 of 77 healthy controls
were also tested in our previous studies reporting schizo-
phrenia-related amygdalar, thalamic, and entorhinal struc-
tural anomalies [Agarwal et al., 2008; Baiano et al., 2008;
Tomasino et al., 2011].

MRI Data Acquisition

MRI scans were acquired using a 1.5-T Siemens Magne-
tom Symphony Maestro Class, Syngo MR 2002B. All par-
ticipants were provided with earplugs to reduce acoustic
noise, and their head was comfortably placed in a head
holder and held stable to minimize movement artifact. Ini-
tially, exploratory T1-weighted images (TR = 450 ms, TE
= 14 ms, flip angle = 90°, FOV = 230 x 230, slice thick-
ness = 5 mm, and matrix size = 384 x 512) were obtained
to verify the subject’s head position and the quality of the
image. A sequence of DP/T2-weighted images were then
obtained (TR = 2,500 ms, TE = 24/121 ms, flip angle =
180°, FOV = 230 x 230, slice thickness = 5 mm, and
matrix size = 410 x 512) according to an axial plane
parallel to the anterior—posterior commissures (AC-PC) to

exclude focal lesions. Subsequently, a coronal 3D MPR
sequence was acquired (TR = 2,060 ms, TE = 3.9 ms, flip
angle = 15°, FOV = 176 x 235, slice thickness = 1.25 mm,
matrix size = 270 x 512, and TI = 1,100) to obtain images
covering the entire brain.

MRI Data Processing
Preprocessing

Statistical analysis was carried out using the SPM5 soft-
ware package (http://www fil.ion.ucl.ac.uk/spm/). Unless
stated otherwise, software default settings were applied.
For each subject, an image describing gray matter volume
was computed and spatially normalized to the Montreal
Neurological Institute (MNI) single-subject template [Col-
lins et al.,, 1994; Evans et al.,, 1992; Holmes et al., 1998]
using the “unified segmentation” function in SPM5. This
algorithm is based on a probabilistic framework that ena-
bles image registration, tissue classification, and bias cor-
rection to be combined within the same generative model.
The resulting parameters of a discrete cosine transform,
which define the deformation field necessary to move the
subjects’ data into the space of the MNI tissue probability
maps [Evans et al., 1994], were then combined with the
deformation field transforming between “MNI tissue prob-
ability maps" and the MNI single-subject template. The
ensuing deformation was subsequently applied to the esti-
mated gray matter volume image, which was thereby
transformed into standard stereotaxic space and resampled
at 2 x 2 x 2 mm?’ voxel size. The quality of the resulting
normalized, segmented images was checked visually to
detect gross misregistrations. The intensity value of each
gray matter voxel was then modulated (i.e., multiplied) by
the Jacobian determinant from spatial normalization, thus
yielding voxel intensity values that reflected gray matter
volume rather than concentration. Finally, the normalized
and modulated images were spatially smoothed using a
12-mm FWHM Gaussian kernel.

Voxel-based morphometry

Volumetric differences in smoothed gray matter volume
were tested for on a voxel-by-voxel basis using the general
linear model approach implemented on SPM. We excluded
from the analysis those voxels that did not exceed an abso-
lute threshold of 0.05. To avoid confounds due to global
differences, for each subject, voxel intensities were scaled
to the subject’s total intracranial volume (ICV), which in
turn was calculated as the sum of the segmented gray
matter, white matter, and cerebrospinal fluid volumes
[Mechelli et al., 2005a; Pell et al., 2008]. An independent
sample t-test on scaled, smoothed, modulated, gray matter
images was carried out, including age and gender as cova-
riates of no interest. Furthermore, and specifically for the
case of patients, we included as well as covariates the
length of illness (in years), the number of hospitalizations,
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the daily chlorpromazine consumption (mg), and the Brief
Psychiatric Rating Scale (BPRS) score [Ventura et al., 1993].
We investigated putative changes in gray matter volume,
throughout the whole brain, using two one-sided compari-
sons (patients > controls and patients < controls). Areas
were identified as significant if they exceeded a height-
level threshold of t(35y > 4.62, corresponding to P < 0.05
family-wise error (FWE) corrected for multiple compari-
sons for the whole brain.

Path Modeling

We examined the interactions between key regions exhib-
iting gray matter volume anomalies in schizophrenic
patients using the partial least squares approach to SEM,
also known as partial-least-squares path modeling (PLS-
PM) [Tenenhaus et al., 2005; Wold, 1982]. In contrast to the
traditional maximum-likelihood approach [Joreskog and
Wold, 1982], which requires large sample sizes (=200 or
larger), observed variables to be normally distributed and
models that should not excessively exceed in complexity to
avoid misconvergences, PLS-PM does not impose any
assumption in the distribution of the observed variables,
can tolerate smaller sample sizes and allows the number of
observations to be limited with respect to the number of
variables [Joreskog and Wold, 1982]. For our purposes,
PLS-PM analysis involved four steps: identification of the
network of interest, identification of the anatomical model
of the network, model fitting, and comparison of the esti-
mated path coefficients between the two groups. PLS-PM
analysis was carried out using the plspm package imple-
mented in R 2.9.1 (http://cran.r-project.org/) open source
software.

Network of interest

We built a network involving five regions identified both
through the current VBM analysis and following previous
studies on the same population [Agarwal et al., 2008; Baiano
et al., 2008; Tomasino et al., 2011]. The regions were the
DLPEC, the anterior insula (see VBM analysis results), the
amygdala, the thalamus, and the entorhinal cortex (impli-
cated in previous studies). As the current VBM analysis out-
lined exclusively right-hemisphere regions (see Results
section), our analysis focused exclusively on the right hemi-
sphere. We extracted the signal from each voxel subtending
each region. At variance from our previous studies in which
each region was localized through visual inspection of its
main anatomical landmarks on subjects” native (unnormal-
ized) brain, to take advantage of our morphometric results,
we localized each region in the MNI space. For the DLPFC
and the anterior insula, we considered those voxels that
exhibited a significant decrease of gray matter volume in
schizophrenic patients associated with a P < 0.05 (FWE cor-
rected for multiple comparisons for the whole brain). For
amygdala, thalamus, and entorhinal cortex, we considered
those voxels within a priori defined ROIs. ROIs were

defined according to an anatomically constrained morpho-
metric principle. We first localized those voxels most likely
corresponding to thalamic, amygdalar, and entorhinal
structures in standard MNI space; subsequently, we
selected, among the anatomically defined voxels, those
showing significant (uncorrected) effects on the current
VBM analysis. Anatomical localization of amygdala and
entorhinal cortex was based on the database of the SPM
Anatomy toolbox (http://www .fz-juelich.de/inm/inm-1/
spm_anatomy_toolbox) [Amunts et al., 2005; Eickhoff et al.,
2005], which aims at MNI template parcellation on
cytoarchitectonical bases. Such database was built on post-
mortem brains, which were analyzed cytoarchitectonically
and then MNI normalized. Probabilistic maps were then
built describing, for each voxel in the space, its likelihood to
be identified as a given region. Following Eickhoff et al.
[2005], we included only those voxels that were identified
as the entorhinal/amygdalar nuclei in at least 40% of the
tested postmortem brains. Unfortunately, the anatomy tool-
box does not report, at the present stage, probabilistic maps
of thalamic nuclei. Thus, anatomical localization of the thal-
amus was based on the Automatic Anatomical Labeling
database [Tzourio-Mazoyer et al., 2002], which provides
MNI template parcellation through the identification of
main anatomical landmarks of a single MNI-normalized
brain. Subsequently, we selected, for each anatomically
defined ROI, those voxels that exhibited in the previous
VBM analysis significant effects in the contrast “controls >
patients” of at least f(136 > 1.66 (P < 0.05 uncorrected).
Please note that no amygdalar voxel survived such thresh-
old. Thus, exclusively for the case of the amygdala, we con-
sidered only region’s local maxima, which was associated
with tq36) = 1.54 (P = 0.063—see Table II). Our approach
insured that the data we fed in our SEM analysis reflected
only those portions of thalamic, amygdalar, and entorhinal
structures in which degenerative effects of Schizophrenia
were maximized. Finally, putative linear effects of age, gen-
der, group, ICV and, for patients only, years from the pa-
thology onset, hospitalizations, chlorpromazine, and BPRS
were removed from the signals of each voxel, and the
resulting detrended signals were z-transformed.

Model selection

Path modeling analysis usually involves two types of var-
iables: latent and manifest. Latent variables are those among
which causal relations are being assessed in the selected
model; in our case, the gray matter volume in the five
regions of our network. These are not measured directly,
but can be estimated using manifest variables; in our case,
these are the gray matter volumes in each of the voxels
included in the network. PLS-PM is an iterative process in
which two approximations for the latent variables are alter-
nated until convergence: (a) an outer approximation, in
which latent variables are estimated linearly through their
corresponding manifest variables (reflective mode) and (b)
an inner approximation, which reflects the putative
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TABLE Il. Network of interest

MNI
coordinates

Approach Voxels Height threshold  x y z

DLPFC VBM 18 FWE-corr. 36 40 46
Ins VBM 106 FWE-corr. 46 16 4
Tha ROI* 74 Uncorrected 2 =20 4
EC ROI® 18 Uncorrected 32 —10 —40
Am ROIP 1 Local maxima 16 -8 —18

Each of the regions included in the network is described in terms
of approach (DLPFC and anterior insula were isolated by VBM
analysis, whereas the remaining three regions were isolated
through anatomically constrained morphometric ROIs), number of
voxel included, height threshold for voxel inclusion, and maxi-
mally activated foci MNI coordinates.

DLPFC, dorsolateral prefrontal cortex; Ins, anterior insula; Tha,
thalamus; EC, entorhinal cortex; Am, amygdale; FWE-corr, family-
wise error corrected for multiple comparisons for the whole brain.
x, distance (mm) to the right (+) or the left (—) of the midsagittal
line; y, distance anterior (+) or posterior (—) to the vertical plane
through the anterior commissure (AC); z, distance above (+) or
below (—) the intercommissural (AC-PC) line.

*ROI built from AAL atlas [Tzourio-Mazoyer et al., 2002].

PROI built from cytoarchitectonic maps [Amunts et al., 2005].

relations between the latent variables in the selected model
(latent variables are weighted such that they could be pre-
dicted by their antecedents and be good predictors of their
subsequents—path weighting scheme). Although PLS-PM
does not optimize any global scalar index (as it is the case of
maximum likelihood), Tenenhaus et al. [2005] recently
introduced a goodness of fit (GoF) as a global index for
model validation/comparison: GoF = vC -avR?, where C
reflects the average of the squared correlation coefficients
between each manifest variable and its corresponding latent
variable, and avR? is the average of the variance of each en-
dogenous latent variable explained (R?) by other putatively
connected latent variables.

Rather than focusing on an a priori model (as is the
usual case in path analysis), we performed an exploratory
analysis in other to identify the anatomical model associ-
ated with the greatest GoF and that, therefore, best
explains the putative relations between the voxels of our
network in the control population. However, as GoF may
privilege complex models (R* of each endogenous variable
increases the more predictors are modeled), we used an

adjusted GoF (aGoF), aGoF = \/C - avﬁz, where avR’ is the
average of the coefficient R associated with each endoge-
nous variable and adjusted for the number of predictors.
All possible interactions between the five regions of our
network were considered, yielding a web of 10 connections
each of which could point in either direction. Only nonre-
cursive models were considered (i.e., no loops in the struc-
tural relations), where all 10 connections are unidirectional.
This leads to 120 possible models, each of which was opti-

mized by assessing whether the aGoF improved by setting
one or more of the 10 connections to 0. Specifically, optimi-
zation was done as follows. First, we calculated the aGoFs
associated with alternative models, in which each of the 10
connections was set to 0. We then assessed whether the
largest of the resulting 10 aGoFs was larger than the aGoF
of the original model. If this were not the case, the optimi-
zation procedure stopped; otherwise, the alternative model
associated with the largest aGoF replaced the original
model and was itself subjected to the same optimization
procedure. Finally, we choose, from the 120 optimized
models, the one associated with the largest aGoF.

Model fitting and groups comparison

We tested the chosen model on the overall population
(both patients and controls individuals). Statistical valida-
tion of the differences, in the estimated path coefficients,
between the two groups, was assessed using a t-test based
on bootstrap standard errors, which were extrapolated by
testing 5,000 resamples of the original dataset.

RESULTS
Voxel-Based Morphometry

The only two regions in the whole brain volume exhibit-
ing suprathreshold gray matter decreases in patients when
compared with controls were the right anterior insula
(MNI coordinates: x = 46, y = 16, z = —4, tq3s = 5.40,
P-pwe < 0.01, cluster size = 106 voxels) and the right
DLPEC (X = 36, y = 40, zZ = 46, t(136) = 500, P'FWE < 005,
cluster size = 18 voxels—see Fig. 1). We found no instan-
ces of suprathreshold gray matter volume increase in
patients when compared with healthy controls.

Path Modeling

We used path modeling to examine the interactions
among the DLPFC, the anterior insula, thalamus,
amygdala, and entorhinal cortex. We first selected the best
functional-anatomical model, which explained the largest
amount of variance in the gray matter volume of the con-
trol population (see Materials and Methods section). This
yielded one model, in which amygdala and thalamus are
defined as exogenous and the other three regions as endog-
enous; specifically, the entorhinal cortex was assumed to
be influenced by the amygdala, the insula by thalamus and
entorhinal cortex, and the DLPFC by all other four regions.

The selected model was tested on the overall population
to assess differential effects on one brain region over
another in the two groups (see Table III). We found signifi-
cant group variation in both the path connecting the thala-
mus to the anterior insula (143 = 2.62, P < 0.01) and the
path connecting the amygdala to the DLPFC (f43) = 2.49,
P < 0.05); for both, the coefficients were larger in the clini-
cal when compared with the healthy population. We also

* 744 ¢



¢ Dysconnectivity in Schizophrenia ¢

Figure I.
Surface renderings of the contrasts testing significant decrease of gray matter volume in patients
as opposed to controls. (A, B) Significant decrease of gray matter volume at the level of the
prefrontal cortex. (C) Significant decrease of gray matter volume at the level of the insula. The
surface rendering was obtained from an MNI-normalized single-subject brain in which the most
lateral regions were removed, thus allowing free vision of the surface of the insular cortex.

found a significant group difference with regards to the
path connecting the entorhinal cortex to the DLPFC (143
= 2.88, P < 0.01—see Figs. 2 and 3). Here, the path coeffi-
cient was larger in the healthy, as opposed to clinical,
population.

DISCUSSION

In this study, we compared correlation patterns of
healthy controls and patients with schizophrenia in a net-
work comprehending five right-hemisphere regions:
DLPFC, amygdala, thalamus, entorhinal cortex, and the
insula. We utilized SEM to (a) identify the anatomical
model that best explained the relationships between the
gray matter volumes of these five regions in the control
population and to (b) assess, using this model, putative
discrepancies in path coefficients between the patient and
the control group. We found that three path coefficients

TABLE Ill. Path Modeling

Path Global Controls Patients T-diff 143
Am — EC 0.85 0.85 0.85 0.16
Am — DLPFC -0.18 —0.47 0.13 2.49°
Tha — DLPFC 0.09 0.16 —0.04 1.35
Tha — Ins 0.35 0.22 0.55 2.62°
EC — DLPFC 0.22 0.59 -0.15 2.88°
EC — Ins 0.36 0.45 0.23 1.71
Ins— DLPFC 0.52 0.40 0.65 1.55

Path coefficients of the model for both the overall population and
each group. T-values associated with each of the paths are also
displayed. Bold values refer to significant t-tests.

Am, amygdale; Tha, thalamus; Ins, anterior insula; EC, entorhinal
cortex; DLPFC, dorsolateral prefrontal cortex.

P < 0.05.

P < 0.01.

were significantly different across groups: the path con-
necting the thalamus to the insula, the path connecting the
amygdala to the DLPFC, and the path connecting the ento-
rhinal cortex to the DLPFC (see Figs. 2 and 3). Our data
converge, but also extend, findings from previous studies
by documenting dysfunctional connectivity in patients
with schizophrenia not only at the frontotemporal but also
at the thalamic-insular level.

Volumetric Correlation as a Connectivity
Measure

Our interpretation of correlation patterns between re-
gional morphometric parameters as connectivity patterns
is not new in current neuroscience research, and it is
strengthened by two classes of evidence. First, brain mor-
phometric properties were found not depending exclu-
sively on global volumetric features (e.g., ICV) or other
genetically related factors (e.g., gender and age) but also
on environmental and experience-dependent features
such as the acquisition of new skills. For example, using
VBM, Draganski et al. [2004] found increased gray matter
volume in mediotemporal regions as a result of 3-month
juggling training. Likewise, gray matter volume in a net-
work comprehending auditory, motor, cingulate, and fron-
tal regions was documented to increase as a result of
musical training [Hyde et al., 2009]. Second, the volumetric
and morphometric properties of different brain areas cor-
relate with one another in a pattern that is reminiscent of
(although not identical to) known anatomical connectivity.
For instance, Mechelli et al. [2005b] argued that the degree
of morphometric covariation between homologous regions
in the two hemispheres reflected the amount of interhemi-
spheric connection between these regions. Lerch et al.
[2006] measured the cortical thickness of the inferior fron-
tal gyrus (over and around Broca’s area) on almost 300
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Controls

—p =P positive
—p ==p negative

Figure 2.

Path modeling. Line drawing of a sagittal brain section displaying,
for each group, the five regions subtending the network used in
the present analysis and the strength of their connection. Black
arrows refer to positive path coefficients, whereas gray arrows
refer to negative path coefficients. Thickness of each arrow is
proportional with the absolute magnitude of the coefficient. Am,
amygdala; Tha, thalamus; Ins, anterior insula; EC, entorhinal cor-
tex; dPF, dorsolateral prefrontal cortex.

adolescents and found it to be correlated with the thick-
ness of other posterior temporal regions, consistent with
diffusion tensor maps of the arcuate fasciculus [Parker
et al., 2005]. Furthermore, Colibazzi et al. [2008] used SEM
and found that a model based on the anatomical pathways
within  cortico-striatal-thalamic-cortical =~ circuits  could
account for volumetric covariances in group of almost 100
subjects.

Changes to brain regions’ structural properties have been
often interpreted as the result of trophic influences on ana-
tomically and functionally connected structures, which pro-
mote the formation of new connections from dendritic/
axonal growth and arborization [Draganski et al., 2004;

Lerch et al., 2006, Mechelli et al., 2005b]. Such growth has
been documented also in the animal model: Hihara et al.
[2006], for example, reported the emergence of new cortico-
cortical connections in the macaque brain, between the
intraparietal sulcus and premotor/temporoparietal neu-
rons, following 3 weeks of demanding tool-use training.

In this perspective, correlation patterns of the volume of
different brain regions can be considered as an indirect
measure of their interconnectivity, which is particularly
relevant in the case of investigations of those psychiatric
syndromes, such as schizophrenia, thought to involve
impairment of synaptic transmission and plasticity [Bull-
more et al., 1997; Friston, 1998; Stephan et al., 2006].

Thalamus-Insula Pathway

The path connecting the right thalamus with the anterior
portion of the right insula was found to be significantly
stronger in patients with schizophrenia than in healthy
controls. Abnormal positive coefficients in patients when
compared with healthy subjects could reflect (a) a neural
network with stronger than normal interregional associa-
tions or (b) a causal role played by gray matter degenera-
tion in one region toward the other, due to spared
interregional trophic effects [Mitelman et al., 2005]. As
in this study ROIs were selected according to the
presence of gray matter degeneration, we believe the latter
interpretation to be more suitable for our thalamic-insular
connection.
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Barplot displaying path coefficients connecting the amygdala to
the dorsolateral prefrontal cortex, the entorhinal cortex to the
dorsolateral prefrontal cortex, and the anterior insula to the
thalamus. Light gray bars refer to path coefficients estimated in
the patient population, whereas dark gray bars refer to path
coefficients estimated in the healthy/control population. Signifi-
cances associated with t-test based on bootstrap standard
errors are also reported. “*” refers to t(143, > 1.98 (correspond-
ing to P < 0.05), whereas “* refers to t43 > 2.6 (corre-
sponding to P < 0.01).
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Although the right insula and thalamus have previously
been documented to exhibit structural and functional
abnormalities in patients affected by schizophrenia (see
introduction), to the best of our knowledge, this is the first
study documenting also their interaction to be dysfunc-
tional. Direct anatomical connections between the thala-
mus and the anterior insula in the right hemisphere have
been extensively mapped in previous studies, utilizing an-
atomical tracing methods on species such as macaques
[Burton and Jones, 1976; Friedman and Murray, 1986;
Jones and Burton, 1976; Mufson and Mesulam, 1984], cats
[Clasca et al., 1997, Minciacchi et al., 1986], or rats [Allen
et al., 1991; Groenewegen, 1988; Guldin and Markowitsch,
1983; Ray and Price, 1992; Saper, 1982], and diffusion ten-
sor imaging (DTI) on the human brain [Moisset et al.,
2010].

Furthermore, a wealth of neuroimaging and neuropsy-
chological studies have implicated networks that comprise
both the (right hemisphere) thalamus and insula; in vari-
ous cognitive and affective processes, the dysfunction of
which might result in symptoms similar to those character-
izing schizophrenia. For example, thalamus and insula are
both part of the pain matrix [Apkarian et al., 2005; Derby-
shire, 2000; Rainville, 2002]: both regions were found
active during direct nociceptive sensation [Geuze et al.,
2007; Roy et al., 2009], as in the case of the DTI study
described above [Moisset et al.,, 2010] in which the tha-
lamic-insular portions connected by the reconstructed
fibers were localized functionally through visceral pain
stimulation. Dysfunctional properties in schizophrenia on
the pain matrix converge with the long-lasting evidence of
decreased pain sensitivity in patients affected by schizo-
phrenia [Bonnot et al.,, 2009; Potvin and Marchand, 2008]
including those not under pharmacological treatment, thus
ruling out a potential role played by analgesic properties
of antipsychotic drugs [Potvin and Marchand, 2008]. Fur-
thermore, thalamus and insula have also been implicated
in motor awareness and control, as shown by motor
agency tasks, in which participants feel an event as the
sensory consequence of one’s own movement [e.g., Blake-
more et al.,, 1998; Corradi-Dell’Acqua et al., 2008; Farrer
and Frith, 2002]. The inability to distinguish between the
sensory consequences of self-produced and other-pro-
duced movements is commonly observed in schizophrenia
[Blakemore et al., 2000; Shergill et al., 2005] and classified
as one of its first-rank symptoms [Stephan et al., 2009]. Ste-
phan et al. [2009] argued that these symptoms might occur
by a failure to distinguish between self- and other-gener-
ated events and, specifically, by a dysconnection between
motor acts and sensory consequences thereof. However,
neural structures whose dysconnection underlies altered
motor awareness and control are, to date, still to be eluci-
dated. We believe the thalamic-insular network described
in this study to be a strong candidate for such role, consis-
tently with Farrer et al. [2004], who report activation in the
insular cortex during motor agency tasks in healthy partic-
ipants, but not in patients affected by schizophrenia.

Mediotemporo-Frontal Pathways

The analysis of the control population revealed a posi-
tive path coefficient connecting the right entorhinal cortex
with the DLPFC and a negative path coefficient connecting
the amygdala with the DLPFC. Both coefficients were
found to be significantly closer to 0 in patients with schiz-
ophrenia. Abnormally small coefficients (positive or nega-
tive) in patients, as opposed to controls, can be interpreted
as reflections of a weakened interregional trophic influence
(either excitatory or inhibitory), which itself might be the
result of from developmental dissociation between the two
areas that define the path [Bullmore et al., 1997; Mitelman
et al., 2005]. At variance with the case of the thalamic-insu-
lar connection, in which two regions exhibited common
susceptibility to gray matter degeneration presumably due
to spared connectivity, the analysis of mediotemporo-fron-
tal connections is instead suggestive of a degeneration,
which extends to the connections themselves.

Our results converge with a large number of studies
reporting altered connectivity patterns between mediotem-
poral regions and the prefrontal cortex in patients with
schizophrenia. This has been documented both at the func-
tional level, through altered covariation between the neu-
ral activity of the prefrontal cortex and hippocampal-
amygdalar complex [Hoptman et al., 2010; Meyer-Linden-
berg et al., 2005; Wolf et al.,, 2009], and at the structural
level, with the identification of anisotropy abnormalities in
the uncinate and cingulate fasciculus [Burns et al., 2003;
Kubicki et al., 2002, 2003; Mandl et al., 2010; Voineskos
et al., 2010], as well as altered covariation between pre-
frontal and hippocampal-amygdalar volumes [Mitelman
et al., 2005; Wible et al., 1995, 2001]. In contrast to previous
studies, our data have the important merit of distinguish-
ing between two cytoarchitectonically distinct portions of
the medial temporal cortex, which, although highly posi-
tively correlated with one another in terms of gray matter
volume (see Table I), exhibit opposite effects in their rela-
tion with the DLPEC.

Although our evidence of right amygdala degeneration
in schizophrenia is faint (P ~ 0.06, uncorrected—see Mate-
rials and Methods sections), several studies have not only
reported reduced amygdalar volumes in patients affected
by this syndrome [Chan et al., in press; Exner et al., 2004;
Gur et al.,, 1998; Joyal et al., 2002] but also associated such
a reduction with impaired emotional learning (but not
with learning per se) (Exner et al., 2004]. Furthermore,
functional neuroimaging studies have documented abnor-
mal amygdalar activation in schizophrenia associated with
the processing of emotional stimuli [Gur et al., 2002;
Kosaka et al.,, 2002; Paradiso et al., 2003; Phillips et al.,
1999; Schneider et al., 1998]. It is conceivable that emo-
tional impairments exhibited by patients affected by schiz-
ophrenia are not exclusively reflective of degraded
amygdalar function, but rather of a more extended dam-
age that involves also those structures, such as the lateral
prefrontal cortex and the anterior cingulate cortex, who
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receive information from (and exert control over) neurons
in the amygdala [Pessoa, 2008]. Our data are consistent
with this latter account.

Mediotemporo-frontal dysconnectivity in schizophrenia
may also be interpreted in terms of memory (and, in par-
ticular, episodic memory) impairments [Brebion et al.,
1997; Huron et al., 1995; Kazes et al.,, 1999; Weiss et al.,
2008]. Weiss et al. [2008] described patients with impair-
ments specifically in familiarity-based memory, a fast pro-
cess which informs whether the item has been previously
experienced in the absence of contextual details, but not in
recollection-based memory, a slow process which refers to
the recovery of specific contextual information associated
with a previously experienced item [see Yonelinas, 2002,
as review]. Recently, Daselaar et al. [2006] tested young
(=22 years old) and older (=70 years old) healthy volun-
teers and found that recollection-based activity in the hip-
pocampus, and the strength of its functional connection
with temporoparietal and retrosplenial regions, decreased
with age. On the other hand, familiarity-based activity in
the rihinal cortex, and the strength of its functional con-
nection with prefrontal regions, increased with age. The
evidence that the rihinal-prefrontal network is implicated
in familiarity-based memory [Daselaar et al., 2006], to-
gether with reports of selective impairment of familiarity-
based memory in schizophrenia [Weiss et al., 2008], is sug-
gestive of a rihinal-prefrontal dysconnectivity in patients
affected by this psychiatric syndrome. Our data support
this evidence. Furthermore, not only our previous study
reported volume reduction of the entorhinal cortex (but
not in the hippocampus) in patients affected by schizo-
phrenia [Baiano et al., 2008], but we also report affected
correlation between the entorhinal cortex of these same
patients and the DLPFC.

Limitations of the Study and Future Directions

Although correlation/covariation patterns within re-
gional volumetric measures appear to be consistent with
known anatomical connectivity data [Colibazzi et al., 2008;
Lerch et al., 2006; Mitelman et al., 2005], studies report
absent relation between brain structures, which are known
to be structurally interconnected based on the primate ana-
tomical literature [Mitelman et al., 2005]. Thus, anatomical
connection between two regions is not sufficient for their
volume to be significantly related. It has been suggested
that what volumetric measures correlations instead more
directly reflect primary connections between regions that
exert strong, mutual trophic effects [Bullmore et al., 1997].
Furthermore, a correlation between structural properties of
two regions could also be resultant from something dis-
tinct from connectivity, such as shared vulnerability to an
insult in a clinical population [Mitelman et al., 2005]. In
our case, the exclusion of alternative reasons is strength-
ened by the fact that the correlated regions: (a) are ana-
tomically/functionally connected, as revealed by DTI and

functional neuroimaging evidence and (b) are engaged in
cognitive/emotional processes, which, if dysfunctional,
might lead to known schizophrenia symptoms.

Second, caution should also be taken in comparing data
from the current VBM study to that from previous studies
using different volumetric measures [e.g., Agarwal et al.,
2008; Baiano et al., 2008; Mitelman et al., 2005; Tomasino
et al., 2011]. In particular, it has been argued that although
VBM has the methodological advantage of semiautomatic
and operator-independent processing and seems more sen-
sitive in capturing focal changes, it might not be as sensi-
tive as standard manual volumetry in terms of detecting
changes in brain areas with large anatomical variability
[Tisserand et al., 2002]. From this perspective, the anatomi-
cally constrained morphometric principle adopted for our
ROIs (see Materials and Methods section) is significant,
allowing us to base our SEM analysis only on those voxels
in which the differences between the two groups are cap-
tured by VBM.

Third, our data are based on a model that oversimplifies
the dysconnectivity pattern which might be found in
schizophrenia. The first simplification pertains to the num-
ber of regions included in our network, which is (a) a sub-
portion of the regions previously described as exhibiting
structural and functional abnormalities in schizophrenia
and (b) limited to the right hemisphere. This choice was
justified by the fact that our five regions were only identi-
fied as exhibiting structural anomalies in the population of
patients included in our analysis, as revealed by both the
VBM analysis described here, and by previous volumetric
measures on the same dataset [Agarwal et al., 2008; Baiano
et al., 2008; Tomasino et al., 2011]. In all but one case, the
reduction was the largest in the right hemisphere. There-
fore, it should be stressed that our results do not exclude
the presence of additional dysconnectivity patterns per-
taining regions which either were found dysfunctional by
other research groups or might not be dysfunctional per se
but simply in their interactions with other neural struc-
tures. Further studies will address this issue.

The second simplification pertains the nature of the con-
nections that, due to mathematical constraints of the mod-
eling procedure, were restricted to be unidirectional and
to nonrecursive structures. Both of these constraints have
weak biological justifications, making more pertinent the
argument that the dysconnectivity pattern presented here
might not match in complexity what that which is the real
pattern. Further caution should be taken in interpreting
the direction of the paths in the estimated models; in con-
trast to functional connectivity measures, which are
endowed with temporal information about neural signal
change, volumetric correlation between brain regions is
the result of mutual trophic exchanges during lifetime,
thus yielding no reliable information about the main direc-
tion of such connection. In SEM, direction is usually
selected on the basis of a priori knowledge about the net-
work of interest or like in the case of the present and pre-
vious studies [e.g., Stein et al., 2007; Zhuang et al., 2005],
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by the identification of one, among many competing mod-
els, which maximizes a global scalar index. This strategy,
however, cannot be considered as a direct measure of con-
nection directionality. These limitations might be overcome
by further research with functional neuroimaging techni-
ques, which will not only allow the implementation of
more complex networks but also allow to link putative
dysconnectivity patterns with on-line patients” perform-
ance in cognitive/affective tasks.
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