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psychotic medications, would extend our sight on this question.

Methods: We recruited 237 antipsychotic-naive patients with schizophrenia range from 16 to 73 years old,
and 254 healthy controls. High-resolution T1 weighted images were obtained with a 3.0T MR scanner. Grey
matter networks were constructed individually based on the similarities of regional grey matter measure-
ments. Network metrics were compared between patient groups and healthy controls, and regression analy-
ses with age were conducted to determine potential differential rate of age-related changes between them.
Findings: Nodal centrality abnormalities were observed in patients with untreated schizophrenia, particularly
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Illness duration in the central executive, default mode and salience networks. Accelerated age-related declines and illness
Antipsychotic-naive duration-related declines were observed in global assortativity, and in nodal metrics of left superior temporal
Psychoradiology pole in schizophrenia patients. Although no significant intergroup differences in age-related regression were

observed, the pattern of network metric alternation of left thalamus indicated higher nodal properties in

early course patients, which decreased in long-term ill patients.

Interpretations: Global and nodal alterations in the grey matter connectome related to age and duration of ill-

ness in antipsychotic-naive patients, indicating potentially progressive network organizations mainly involv-

ing temporal regions and thalamus in schizophrenia independent from medication effects.
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1. Introduction

Approximately 70 percent of patients with schizophrenia suffer
from long-term psychiatric disabilities [1]. To date, it remains unclear
whether brain changes found in the early stage of illness deteriorate
during the course of illness and in which way they may contribute to
persistent disabilities. Although substantial evidence demonstrates
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(5. Lui). after illness onset, the nature of connectome level changes and the
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Research in context

Evidence before this study

How brain changes at the network level progress with age
remains elusive in schizophrenia. Previous evidence indicated
deterioration of network connectivity in schizophrenia in func-
tional network and structural network that derived from diffu-
sion tensor imaging, but confounded by drug effects. Recently,
an approach for constructing individual grey matter networks
was introduced but has not been examined in this regard.
Cross-sectional studies on antipsychotic-naive schizophrenia,
especially including those with duration of untreated illness
over decades, would be a reasonable approach to explore the
brain changes in relation to age and illness course free from the
effects of antipsychotics.

Added value of this study

This study included patients with duration of untreated psy-
chosis from months to decades. The alternations of network
metrics in relation to age and illness course would provide
adminicular evidence regarding illness deterioration, as well as
potential different patterns of brain changes.

Implications

Implications of all the available evidence anatomical brain con-
nectome indicated potential illness deterioration in grey matter
network involving left thalamus and left superior temporal
pole, while the decreased nodal metrics in central executive
network and default mode network at both early and later ill-
ness course might represent a disease trait that is maintained
over the illness course. This study provides a biomarker profile
that advances understanding of progression of schizophrenia
from the perspective of whole brain grey matter network orga-
nization without the confounding effects of antipsychotic
medication.

degree to which drug effects contribute to such changes are not clear
[8—13]. Furthermore, the follow-up period of previous longitudinal
studies is usually restricted to the first few years after illness onset,
so longer-term effects are unclear. While longitudinally following
untreated patients for many years would address this challenge sci-
entifically, it is not possible to withhold treatment over a lifetime for
ethical reasons. Cross-sectional studies of brain changes in relation to
duration of untreated illness represent a reasonable approach for
searching adminicular evidence regarding different patterns of brain
changes related to illness course.

By studying long-term ill but antipsychotic-naive patients with an
average illness duration of more than twenty years, our previous
research identified accelerated age-related cortical thinning in pre-
frontal and temporal regions [14], and greater age-related decline of
white matter microstructure in the genu of the corpus callosum [15].
These findings suggest progressive changes of brain structures during
the lifespan course of schizophrenia. As schizophrenia is character-
ized as a disorder of brain dysconnectivity [16—19], structural
changes need to be considered not only in terms of region-by-region
analysis, but also at the connectome network level [20,21]. Regarding
the brain network analysis, deterioration of network connectivity in
schizophrenia were reported both in functional network [22] and
structural network that derived from diffusion tensor imaging (DTI)
[23,24], but confounded by drug effects. However, our previous func-
tional study included both treated and untreated patients with long
illness duration reported negative observation on network deteriora-
tion [25], indicating inconsistent findings of network progression in

schizophrenia. In comparison to networks extracted from functional
MRI or DTI, structural grey matter networks have higher stability,
which is important in a cross-sectional correlational study [26].
Therefore, studying untreated schizophrenia with large age span
from the perspective of grey matter network might provide more
insights on deterioration of schizophrenia.

Classical grey matter networks have been constructed by calculat-
ing the covariance of grey matter measurements across participants,
resulting in brain networks only at the group level. The derived net-
work metrics are therefore not able to reflect the variability between
individuals or to estimate correlations with clinical variables such as
illness duration and symptom severity. A newer approach constructs
grey matter networks at the individual level, which based on the
morphometric similarities of grey matter between brain regions [27].

In this study, we evaluated individual network properties in a
large sample of antipsychotic-naive patients with schizophrenia
across a large age span, including patients with duration of untreated
psychosis (DUP) from months to decades, and further exploring the
effects of age and DUP, as they are relevant indicators in the develop-
ment of schizophrenia, in which onset age of schizophrenia mainly
distributed between 16 and 30 years old [28], longer duration of ill-
ness usually accompanied by older age. We aimed to find evidence
on the deterioration of brain in schizophrenia at relatively complete
disease course from the view of grey matter network.

2. Methods
2.1. Ethics

This study was approved by the research ethics committee of
West China Hospital of Sichuan University; study number 2019
(1016), and written informed consent was obtained from participants
or their legal guardians if they were under 18 years old.

2.2. Participants

All participants were right-handed with age between 16 and
76 years, and recruited at the West China Hospital from September
2005 to May 2014. A total of 237 never-treated patients with schizo-
phrenia were recruited (age: 16—73 years, age of onset: 14—47 years,
illness duration: 1 week-48 years), including 202 first episode drug-
naive schizophrenia patients and 35 patients who remained
untreated for over 5 years. The first episode patients were typical and
well described in our previous work [29]. Regarding those who were
chronically ill but received no treatment, these patients lived mostly
in small villages with tight social networks in West China, and others
in urban or suburban areas. They had not received any antipsychotic
medication before participation due to reasons including (1) parental
concern about family stigma associated with mental illness, (2) a lack
of understanding or recognition of the severity of mental illness in
parents or spouse, (3) poor socioeconomic conditions that limited
travel and funds for medical care, and (4) emotional rejection of med-
ical care by the family for conflicting with physicians when the
patient brought to medical attention close to the time of illness onset
[14]. Their diagnoses were confirmed before participation by a Men-
tal Health Screening Program supported by West China Hospital, a
project aiming to provide psychiatric care to people living in the com-
munity with serious mental illness but who had not had access to or
previously sought psychiatric treatment. Diagnosis of schizophrenia
was determined by consensus of two experienced psychiatrists using
the Structured Clinical Interview for DSM-IV (SCID)-Patient Version.
The duration of untreated illness was determined using the Notting-
ham Onset Schedule [30], with information provided by patients,
family members, and other sources. Current symptom severity was
assessed using the Positive and Negative Syndrome Scale (PANSS)
[31]. However, the DUP information was missing for 46 patients due
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to the fact that some patients and family members could not provide
precise details about the illness onset especially for those who lived
in rural areas.

A total of 254 healthy individuals (age: 16—76 years) were
recruited from the community where the patients resided through
advertisements. The SCID-Non-Patient Version was used to exclude
healthy participants with any major psychiatric disorders, and any
known major psychiatric illness in their first-degree relatives. The
exclusion criteria for all participants included: (1) contraindications
for an MRI examination (i.e., braces or claustrophobia); (2) a history
of neurological diseases; (3) alcohol or drug abuse/dependence; (4) a
positive pregnancy test; and (5) a history of any systemic disease,
including cardiovascular and metabolic diseases.

2.3. Image acquisition

High-resolution T1-weighted images were acquired on a 3.0 T GE
Signa EXCITE scanner (General Electric, Milwaukee) with an 8-chan-
nel head coil. Details of the scanning protocol are as follows: repeti-
tion time (TR)=8.5 ms, echo time (TE)=3.4 ms, flip angle=12°, sagittal
orientation, matrix=256 x 256, number of slices=156, and slice
thickness=1 mm. A flexible cushion was applied to minimize head
motion during scanning. Two experienced neuro-radiologists sepa-
rately inspected images to ensure that there were no image artifacts
or gross brain abnormalities.

2.4. Extraction and normalization of brain networks

The construction of individual grey matter networks followed the
methodology proposed by Tijms et al. [27]. In brief, the whole brain
grey matter was segment into 2 x 2 x 2 mm? voxel cubes using Sta-
tistical Parametric Mapping software (SPM, http://www.fil.ion.ucl.ac.
uk/spm). Each cube was defined as a node of the network, and the
“connections” between cubes were determined by statistical similari-
ties of their grey matter morphologies, where similarity was deter-
mined by the maximal correlation between two cubes over different
rotations. Weighted network maps were constructed after setting a
threshold for each individual map, keeping connections with signifi-
cant positive correlations after correction for multiple comparisons
[32].

Given that the size of grey matter networks obtained using these
procedures differed across individuals [33], we normalized them
based on the unified Automated Anatomical labeling (AAL) parcella-
tion template with the methodology proposed by Batalle et al. [34].
The normalized connection strength was bounded between 0 and 1.
Self-connections were excluded. Details of normalization are pro-
vided in Supplementary Materials. These procedures yielded a
90 x 90 normalized weighted grey matter similarity network for
each subject.

2.5. Network property analysis

Six global property metrics (global efficiency, Eg; local efficiency,
Eloc; assortativity; the small world scalar, o; cluster coefficient, Cp;
characteristic path length, Lp) and three nodal property metrics
(betweenness, degree, nodal efficiency) were calculated for each par-
ticipant [35,36]. The E, reflects network integration and mathemati-
cally equals the average inverse of Lp, while E,. measures
information transfer capacity of a node and its neighbors. Assortativ-
ity quantifies the extent that nodes with similar degree are connected
to each other [37]. The o is a metric that reflects the relation of infor-
mation transfer to network density. The Cp is a metric of network
segregation, measuring the local interconnectivity of the network,
while the Lp is a metric of network integration, reflecting the average
of the shortest path length. Betweenness, defined as the fraction of
all shortest paths in the network that pass through a given node,

characterizes the node’s effect on information flow. Degree is the
number of links connected to a node, which reflects its information
communication ability, whilst Ne measures the ability of one node to
propagate information with its connected nodes [38].

The GRETNA toolbox (version Master, https://www.nitrc.org/proj
ects/gretna/) was used for the calculation of network properties [39].
Network properties were calculated at the range of sparsity (S)
thresholds of 0.05—-0.40 with an interval of 0.01. This threshold was
determined by the size of network matrix (90 nodes), which ensured
that the thresholded networks met the small worldness scalar
o > 1.0, based on (1) the average degree on all nodes of each thresh-
old network being >2 x log (N) (with N indicating the number of
nodes, N = 90 here); and (2) the oeof the thresholded network of all
subjects is > 1.1 [35]. The area under the curve (AUC) was calculated
for each network metric, providing a summary metric for characteriz-
ing topological properties of brain networks independent of any sin-
gle threshold selection [40].

2.6. Statistics

2.6.1. Differences in network metrics between diagnostic groups

The group differences between patients and controls in network
metrics, both at the global and nodal level, were examined with anal-
ysis of covariance (ANCOVA) with age, sex and education years as
covariates. As the global and nodal network metrics reflect network
organization at different levels in non-independent ways, they were
corrected for multiple comparisons independently with Bonferroni
correction. Thus, global network metrics were corrected with
p < 0.05/6, while nodal network metrics were corrected with
p < 0.05/270 (90 regions and 3 metrics for each region). For those
network metrics that do not obey the normal distribution, a non-
parametric test was further conducted to test whether inter-group
differences were replicated, details were presented in Supplementary
Materials.

Given that the patient group included patients that were at the
adolescent stage and those who were old, an additional age-wise
subgrouping analysis in network metrics of patient group in relation
to controls was conducted to see whether those changes replicated at
different age range. All participants were divided into three age
levels: < 20 years old, 20—45 years old and > 45 years old (adoles-
cent, adult, elderly, Table S1), and the network metrics were com-
pared between patients and healthy controls at the three age levels
to examine whether the findings observed in the primary analysis
were replicated.

2.6.2. Age-related regression analysis of altered network metrics

To identify differential relationships between grey matter connec-
tome measures and age in metrics where group differences had been
detected, the global and nodal network metrics with significant inter-
group differences were extracted for each subject, and modelled with
age using a quadratic model for each group. This was done because
the age effects on the brain are known to follow a non-linear trajec-
tory [41,42]. The models that achieved statistical significance in
either group were compared between groups to determine whether
there exists a significant differential rate of age-related changes
between patients and controls (details were presented in Supple-
mentary Materials).

2.6.3. Associations between altered network metrics and DUP

As the age and DUP were closely related in patients, the associa-
tion between altered network metrics and DUP in schizophrenia
patients was also examined in those with available data, simply with
a linear regression model to confirm the age-related findings. Nota-
bly, the age range of 46 patients with missing DUP was 16—58 years
and most of them were younger than 40 years old, which was basi-
cally consistent with the age distribution of the whole sample of
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patients, thus the results were also representative. Findings were cor-
rected with Bonferroni. In exploratory analysis, network abnormali-
ties were additionally correlated to age of onset and findings were
presented in the Supplementary Materials.

2.6.4. Separate analyses of abnormal network metrics in DUP-wise
subgroups

As noted in above analyses, some network metrics were
increased across all schizophrenia patients (e.g., nodal metrics in
left STP and left thalamus), but exhibited age-related decline or
DUP-negative changes. We postulated that different pathophysio-
logical processes might be implicated in these altered network
metrics at different stages of illness. To further test this postula-
tion, separate following case/control comparisons were calculated
in the groups that patients with DUP shorter or longer than
5 years, described as short-term and long-term group respec-
tively, for those network metrics which had been identified as
being abnormal across all patients. Such time point of 5 years
was determined according to our previous findings that patients
with DUP longer than 5 years showed progressive changes
[14,15], while shorter than 5 years did not [43,44]. This was done
to see whether patients at different illness course would display
different patterns of changes. Since the 5-year DUP cutoff sub-
grouping is somewhat arbitrary, similar subgroup analyses were
conducted with DUP cutoff at 1 and 2 years respectively (Supple-
mentary Materials, Table S2). Details were presented in Supple-
mentary Materials.

2.6.5. Correlation analysis with clinical variables

Partial correlation was used for evaluating relationships between
abnormal network metrics and PANSS scores in schizophrenia
patients, with age, sex, and education years being controlled. Nomi-
nal significance thresholds with uncorrected p < 0.05 were used for
these heuristic analyses.

2.7. Role of funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation or writing of the report. The
corresponding author had full access to all the data in the study and
had final responsibility for the decision to submit for publication.

3. Results
3.1. Demographics

Sex or years of education did not significantly differ between
patients and controls (p > 0.05). The patient group had significant
lower age in comparison with the control group, with an average dif-
ference of 3.5 years (p < 0.05, T-test, Table 1).

3.2. Inter-group differences in network metrics

3.2.1. Global properties

In comparison to healthy subjects, patients showed significantly
higher assortativity, i.e. a stronger tendency of nodes being con-
nected to similar nodes (p = 0.004, F test). There were no significant
differences in the small world scalar, global efficiency, local efficiency,
characteristic path length, or clustering coefficient between patient
and controls after Bonferroni correction.

3.2.2. Nodal properties

Relative to the control group, the patient group showed signif-
icantly higher betweenness in left parahippocampal gyrus (PHG),
caudate, and inferior temporal gyrus (ITG), and right anterior cin-
gulate gyrus (ACG) and middle cingulate gyrus (MCG); higher

Table 1
Demographic and clinical features of antipsychotic-naive patients with schizophrenia
and healthy controls.

Group Patients (N=237)  Controls(N=254) T/x> p
Mean (SD)

Age, year 28.05 (12.62) 31.56 (12.83) 351  0.002

Sex, Male/Female 105/132 128/126 1.82  0.205

Education, year 11.30(3.72) 11.83(3.55) 1.65 0.100

Onset age, year 23.81(7.72)

Duration, month 50.96 (110.75)

PANSS total score

Total score 89.82 (15.84)

Positive score 24,59 (6.31)

Negative score 19.90(7.98)

Abbreviations: SD, standard deviation; PANSS, the positive and negative symptom
scale.

degree in bilateral caudate, left PHG, thalamus, superior temporal
pole (STP) and ITG, and right putamen, ACG and MCG; and higher
Ne in left caudate, PHG, STP, thalamus, and right putamen, ACG
and MCG.

The patient group additionally showed significantly lower
betweenness in bilateral insula, left pars orbitalis, and right orbital
superior frontal gyrus (SFG), orbital middle frontal gyrus (MFG), pos-
terior cingulate gyrus (PCG), middle occipital gyrus (MOG) and pal-
lidum; significantly lower degree in bilateral insula, left superior
temporal gyrus (STG) and pars orbitalis, and right orbital SFG, orbital
MFG, medial SFG, PCG, MOG and pallidum; and significantly lower
nodal efficiency in bilateral insula, left STG, pars orbitalis, pars trian-
gularis, and right dorsolateral SFG, orbital SFG, PCG, MOG and pal-
lidum. All p values for these comparisons survived from Bonferroni
correction (all with p < 0.05/270, Fig. 1, Table 2). Notably, regions
manifesting decreased nodal properties in patients included medial
PFC, PCG and STG, which are within the DMN. The dorsolateral SFG,
MFG, pars triangularis and the pars orbitalis are within the CEN,
whereas the insula is within the SN [45,46] (Supplementary Materi-
als, Table S3).

The non-parametric test examining inter-group differences in
network metrics that did not obey the normal distribution replicated
the findings showed above (Table S4). All the three age-level compar-
isons also showed the same findings as the primary patient vs control
differences as noted above (Table S5), implying high stability of our
findings.

3.3. Age-related regression of abnormal network metrics

Comparison of regression models between abnormal network
metrics and age, which achieved statistical significance in either par-
ticipant group, revealed accelerated age-related declines in assorta-
tivity at the global level (p = 0.040, F test), and degree of left STP
(p = 0.009, F test) in patients relative to healthy controls with nominal
significance thresholds (Fig. 2, Table 3).

3.4. Associations between abnormal network metrics and DUP

In regions with significant group differences, significant negative
associations were observed between DUP and assortativity at the
global level (p < 0.001, Pearson correlation), as well as between DUP
and degree and Ne of left thalamus and STP at the nodal level (all
p < 0.05/50, Bonferroni corrected), and these findings were consis-
tent with the age-related regression findings.

Meanwhile, significant positive associations with DUP were
observed in betweenness of right PCG, betweenness and degree of
left ITG, as well as degree and Ne of right putamen at the nodal level
after Bonferroni correction.
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Fig. 1. Regions with altered nodal properties in grey matter network in antipsychotic-naive schizophrenia patients compared to controls.

Abbreviations: L, left; R, right.

Legend: nodes with decreased nodal properties are in blue, and nodes with increased nodal properties are in red.

Abbreviations: L, left hemisphere; R, right hemisphere; SFG, superior frontal gyrus (dor.=dorsolateral, orbit.=orbital, med.=medial); MFG, middle frontal gyrus; IFG, inferior fron-
tal gyrus (triang.= triangularis, orbit.=orbitalis); ACG, anterior cingulate gyrus; MCG, middle cingulate gyrus; PCG, posterior cingulate gyrus; PHG, para hippocampal gyrus; MOG,
middle occipital gyrus; CAU, caudate; PUT, putamen; PAL, pallidum; STG, superior temporal gyrus; STP, superior temporal pole; ITG, inferior temporal gyrus.

3.5. Separate analyses of abnormal network metrics in DUP-wise
subgroups

In nodal metrics increased in overall patients, we observed that
the nodal degree and efficiency of left thalamus were significantly
higher in short-term patients (degree p < 0.001, Ne p < 0.001), but
become lower in long-term patients (degree p = 0.385, Ne p = 0.515),
relative to healthy comparisons. Relative to healthy controls, the
nodal efficiency of left STP were significantly higher in short-term
patients (p < 0.001), but become comparable in long-term patients
(p = 0.064) (Fig. 3). The nodal network metrics of left ITG did not sig-
nificantly differed from controls in short-term patients (betweenness
p = 0.171, degree p = 0.079) but exhibited higher in long-term
patients (betweenness p = 0.001, degree p = 0.003) than controls,
while the increased nodal properties of right putamen in short-term
patients than controls (degree p = 0.034, Ne p = 0.080) became much
higher in long-term patients (degree p = 0. 013, Ne p = 0.009) (Sup-
plementary Materials, Fig. S1 and Table S6a). P-value were obtained

by F test. The nodal network metrics of bilateral caudate, right ACG
and MCG remained higher in both short-term and long-term patients
compared to healthy control groups. With regard to nodal metrics
found decreased in overall patients, the patterns of changes were
mostly similar in both short-term and long-term patients (Supple-
mentary Materials, Table S6b).

The alteration patterns indicated above were also confirmed in
subgroup analyses at the DUP cutoff of 1 and 2 years respectively
(Supplementary Materials, Tables S7 and S8).

3.6. Correlations between abnormal network metrics and PANSS scores

In heuristic analyses of network metrics considered with nominal
significance threshold, some modest symptom severity correlations
were suggested. At the nodal level, the degree of left PHG (r=—0.15,
p =0.036) and left thalamus (r=—0.17, p = 0.024) was negatively cor-
related with PANSS negative symptom scores, while none altered
network metrics were found correlated to PANSS positive scores. The
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Table 2

Brain regions with significantly altered nodal properties in antipsychotic-naive schizophrenia patients relative to healthy controls.
Regions with alterednetwork metrics Betweenness Degree Nodal Efficiency

MD F(p) MD F(p) MD F(p)

R. dorsolateral SFG / / / / —471x10>  6.43(<0.0001)
R. orbital SFG -1.30 5.75(0.00016) -0.78  7.20(<0.0001) —6.41x103  8.00(<0.0001)
R. orbital MFG —2.66 10.10(<0.0001) —-1.90  18.58(<0.0001) —1.27x1072  16.95(<0.0001)
L. pars triangularis / / / —3.68x1073 6.05 (<0.0001)
L. pars orbitalis -3.72 1429(<0.0001) —096  13.71(<0.0001) —6.69x10~>  14.08 (<0.0001)
R. medial SFG / / / / —-4.07x103  6.56 (<0.0001)
L. insula —-4.03 10.05(<0.0001) —1.89  14.42(<0.0001) -1.25x1072  14.40 (<0.0001)
R.insula -1.37 6.58 (<0.0001) -133  10.16(<0.0001) —8.43x103  9.26(<0.0001)
R. ACG 4.85 37.75(<0.0001)  2.18 42.40(<0.0001)  1.19x1072 34.61(<0.0001)
R.MCG 1.66 8.03 (<0.0001) 1.32 12.53(<0.0001)  7.46x1073 9.38 (<0.0001)
R.PCG -7.29 1126 (<0.0001) -0.84  12.25(<0.0001) -544x103  13.98 (<0.0001)
L. PHG 1.20 7.84 (<0.0001) 2.16 19.38(<0.0001)  1.20x10°2 18.19(<0.0001)
R.MOG -1.30 6.21 (<0.0001) -095  8.86(<0.0001) —-6.43x10  11.10(<0.0001)
L. caudate 6.16 9.32(<0.0001) 0.64 10.97 (<0.0001)  2.94x1073 8.41(<0.0001)
R. caudate / / 0.87 5.90(0.00012) / /
R. putamen / 0.70 6.77 (<0.0001) 433x1073 8.05 (<0.0001)
R. pallidum -15.07 13.51(<0.0001) -0.74  9.38(<0.0001) -477x107  10.39(<0.0001)
L. thalamus / / 0.47 7.86 (<0.0001) 2.13x1073 5.97 (0.00011)
L. STG / / -022  6.97(<0.0001) -1.22x103  9.90(<0.0001)
L. STP / / 0.96 21.42(<0.0001) 1.09x1072 23.01 (<0.0001)
L.ITG 0.72 8.46 (<0.0001) 043 6.88 (<0.0001) / /

Abbreviations: MD, mean difference between patient and controls; L, left; R, right; SFG, superior frontal gyrus; MFG, middle frontal gyrus; ACG,
anterior cingulate gyrus; MCG, middle cingulate gyrus; PCG, posterior cingulate gyrus; PHG, Para hippocampal gyrus; MOG, middle occipital
gyrus; STG, superior temporal gyrus; STP, superior temporal pole; ITG, inferior temporal gyrus.

P-value were obtained by F-test.

degree and Ne of left thalamus were negatively correlated with
PANSS total scores (r=—0.19, p = 0.010; r=—0.20, p = 0.007).

The altered global assortativity was not significantly correlated to
PANSS scores.

4. Discussion

By analysing age- and DUP-related grey matter changes in a sam-
ple including patients living untreated in the community for more
than 5 years, we observed global and nodal connectome abnormali-
ties mainly involving the default mode network (DMN), salience net-
work (SN), and central executive network (CEN). Notably, some
network metrics that increased in patients showed negative associa-
tions with DUP or an accelerated decline in relation to age. These
findings add to the literature in two important ways. First, the accel-
erated changes in anatomical features with age and negative associa-
tions with longer illness course were seen in antipsychotic-naive
patients indicating that these are longer course of illness related
deterioration effects on the brain. Second, analyses at the level of the
whole brain connectome, and of brain regions (nodes) in the net-
work, provide insights into the presence of alterations of the anatom-
ical connectome of the brain in short- and long-term ill
schizophrenia.

One interesting finding was that nodal properties of left thalamus
showed age-related decline, while increased early in age but
decreased at late age relative to controls, which also presented in
subgroup analysis of short- and long-term patients. The increase in
nodal properties of left thalamus involved the nodal degree and Ne,
but not betweenness. The increase of degree and Ne of a node sug-
gests increased connectivity with adjacent nodes to the node, and
increased communication amongst them [38]. Such increases did not
involve increased betweenness, indicating that the shortest path
communication of their connectivity within the brain network
remained comparable to controls. These changes of nodal properties
might indicate a phenomenon of heightened coactivation between
aberrant nodes and their neighbors early in the illness course, which
might be related to regional brain hyperexcitability in schizophrenia.

The thalamus acts as a relay station for large scale integration of
brain activity, and its connections to neocortex have been shown to
be important for cognition in schizophrenia [47,48], which also
showed age-related decline, but with increased nodal properties at
early age, such increase in patient group at early age might represent
increased connectivity and coactivation of brain regions during ill-
ness onset. A parallel course in the pattern of grey matter volume of
thalamus has also been reported, with increased volumes in high-
risk subjects for schizophrenia [49], but decreased volume in patients
ill for many years [50]. Increased activity of thalamus was also
reported in early stages of schizophrenia [51,52], but this has not
been consistently reported in later stages of illness. Our findings in
the nodal properties of the thalamus in the brain connectome
included its association with symptom severity. Decreased nodal
properties of thalamus were observed in long-term untreated schizo-
phrenia patients only, who had greater impairment of social function
and cognitive ability as reported previously [2—5]. This pattern of
altered brain activity may be an important contributing factor to the
anatomical alterations observed early in the illness, and its reduction
with age and the negative changes related to longer DUP may reflect
a reduction of functional connectivity later in the illness course [25].
Our finding adds important evidence indicating a distinct pattern of
effects in thalamus in the early course of illness that shifts from
increased to decreased involvement of these regions in the brain con-
nectome later in the illness course with adverse effects on clinical
symptom severity.

A similar pattern of early increase but later normalization, in this
case becoming comparable to healthy subjects in late illness course,
was observed in the global metric of assortativity and nodal efficiency
of left STP. Nodes with high degree tended to connect those with low
degree in typical patterns of the brain network, in other words, the
brain network would be in disassortative stage, and the value of
assortativity of brain network would be negative [37]. Thus, the
higher assortativity in patients with shorter-term illness may indicate
a less disassortative state of the brain anatomical network of schizo-
phrenia at the early stage of illness. In the age-related regression
analysis of assortativity, we observed that the curve of healthy con-
trols remained relatively consistent over the examined age range,
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Fig. 2. Quadratic models of network metrics in relation to age with significant differences between antipsychotic-naive schizophrenia and healthy comparisons. Left panel: regres-
sion curves of global metric and DUP-subgroup comparisons; Right panel: regression curves of nodal metrics.

while patients showed an accelerated decline and a tendency toward
lower values than controls later in the illness course (Fig. 2). This sug-
gests that a trajectory from inadequate disassortativity toward one of
excessive disassortativity in network of patients.

In terms of temporal lobe alterations, our age and DUP related
effects are consistent with previous findings indicating that altera-
tions in temporal regions show an age-related decline in schizophre-
nia [53-55]. The STP is part of the paralimbic system, which serves
as a transition region between neocortex and allocortex, and sup-
ports functions of emotion processing and motivation [56]. The ana-
tomical and functional abnormalities of superior temporal regions,
have been well-established in schizophrenia [57—59]. This hyperac-
tivity of this region early in the illness has been considered a contrib-
uting factor leading to thought disorder and hallucinations [60—62],
as well as memory and attention deficits [63]. This pattern of altered
brain activity may be an important contributing factor to the anatom-
ical alterations observed early in the illness, and its reduction with
age and the negative changes related to longer DUP may reflect a
reduction of functional connectivity later in the illness course [25].

Changes involving nodal properties of the ITG showed increased
trajectory in relation to DUP and age, and in subgroup analysis, we
seen increased nodal properties relative to controls in long-term ill
patients but not in short-term ill patients, notably being present in
untreated patients. A similar pattern of nodal alterations was seen in
right putamen, also increasing in relation to DUP and age, being then
increased in both short- and long-term patients. Previous reports of
hyper-perfusion of the striatum at the resting state [64], along with
increased dopamine synthesis [65] and metabolites [66], and resting-

state activity analysis [67] in drug-naive patients suggested enhanced
striatal function and integration in the brain connectome both early
and later in the illness course. Our findings, along with previous
reports of increased volume of right putamen in long-term ill patients
with schizophrenia [14], suggest that the alterations in the role of the
striatum in the brain connectome not only were persistent but
increased over the illness course in untreated patients, and thus likely
represent intrinsic developing features of the illness.

With regards to decreased nodal properties in patients, alterations
were seen in medial PFC, PCG and the STG, which were within the
DMN; and the dorsolateral SFG, orbital MFG, pars triangularis and the
pars orbitalis within the CEN, as well as the insula, which within the
SN. The DMN is involved in internal information processing and self-
reflection [68], while the CEN directs the processing of external infor-
mation [69], which is functionally anti-correlated to DMN activity.
Functional MRI studies have reported dysfunction and aberrant inter-
actions of them in schizophrenia [70] and subjects at risk for psycho-
sis [71], with SN intermediating them, indicating a crucial role of
aberrant DMN and CEN in schizophrenia. Furthermore, the changes
in these networks almost maintained consistent along the course of
illness and age. Along with previous findings, our grey matter con-
nectome analysis enhances understanding of these abnormalities at
the level of the anatomical relations amongst brain regions that sup-
port optimal brain function, and further indicates that these network
disorganizations might represent illness traits that occur preceding
the illness onset. Besides regions within specific networks, the
decreased network metrics of right MOG and pallidum across illness
course were also observed. The MOG assumes the function of
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Comparisons of quadratic curves of age-related network metric changes between schizophrenia patients and healthy controls.

Long-term

Patient Control

Nodes with significant ~ Patientp value (R>)® Controlp value (R>)® F  p®  Nodes with significant Patientp value (R>)® Controlp value (R*)® F  p"®
age-related metric age-related metric
changes changes
Global Assortativity

0.0084 (0.040) 0.050 (0.024) 3.21 0.040
Nodal Betweenness
R. PCG 0.027 (0.027) 0.060 (0.022) 0.13 0.815 L.ITG <0.0001 (0.100) 0.100 (0.018) 1.41 0.246
Nodal Degree
R. PCG 0.023 (0.031) 0.016 (0.032) 0.67 0.512 L.STP <0.0001 (0.103) 0.0044 (0.042) 9.19 0.0086
R. putamen <0.0001 (0.120) 0.093 (0.019) 0.19 0.830 L.ITG 0.0011 (0.057) 0.171(0.014) 1.76 0.173
L. thalamus <0.0001 (0.078) 0.0067 (0.005) 045 0.639
Nodal Efficiency
R. PCG 0.010 (0.039) 0.103 (0.018) 0.83 0.438 L.thalamus 0.0033 (0.048) 0.0093 (0.010) 0.67 0.513
R. putamen <0.0001 (0.123) 0.026 (0.029) 0.59 0.553 L.STP <0.0001 (0.106) 0.00069 (0.056) 0.61 0.550

Abbreviations: L, left; R, right; PCG, posterior cingulate gyrus; STP, superior temporal pole; ITG, inferior temporal gyrus.
a: p-value for the regression models of network metrics with age; b: p-value for the difference of age-regression models of network metrics between patients and controls.
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language and visual cognition [72], in which the decreased network
properties might associated visual cognitive impairment and verbal
dysfunction. As the relay nuclear of moto function [73], the decreased
network properties of pallidum might be related to abnormal move-
ments in patients.

In correlation analysis, network properties of left thalamus, which
had age- and DUP-related decline, were negatively correlated to
PANSS scores, which suggested a possible deterioration of symptom
severity along illness course. A negative association between network
connectivity of left PHG and negative symptom were also observed.
Considering the pivotal role of PHG in cognition and emotion, such
negative association might result from the disturbed medial limbic
circuit, involving PHG, thalamus and cingulate in current study.

Several limitations should be noted with regard to this work. First,
the study design has the advantage of testing for age- and DUP-
related anatomical alterations independent of drug treatment effects,
but the disadvantage of being a cross-sectional rather than longitudi-
nal study. While this limits inferences, studying untreated patients
over years longitudinally of treatment cannot be done for ethical rea-
sons, so our approach is perhaps the best or only option for modelling
age- and DUP-related changes in untreated patients with schizophre-
nia beyond the initial phase of illness. Second, although the sample
size of untreated schizophrenia patients we included was larger than
previous studies, both for early and later course of illness patients,
most of the patients were early rather than later in their course of ill-
ness. This limits comparable statistical power for detecting effects in
the early and later course of illness and for precise modelling DUP-
related effects. Third, in order to ensure the consistency in network
size across individuals, we conducted a normalization procedure
with anatomical templates as done in previous studies. This proce-
dure might induce template-dependant effects. Forth, the imaging
study was completed outside of acute episodes of schizophrenia
patients, potentially limiting clinical-pathological correlations. Fifth,
there was significant age differences between patients and healthy
controls, and also between short-term patients and matched healthy
controls, but it was also controlled as a covariate during the primary
and subgroup analyses. Finally, since we focused more on brain net-
work changes without confounding effects of antipsychotics in the
current study, the systematical characterization of treatment effects,
which is also very important, requires future investigation.

In conclusion, age- and DUP-related alterations in the anatomical
brain connectome, indicated a distinct pattern of effects in thalamus,
which were most typically in the form of increased nodal roles in the
brain connectome early in the illness course and declines in nodal
connections later in the illness course. The decrease of nodal metrics
in CEN and DMN seen at both early and later illness course might rep-
resent a disease trait that is maintained over the illness course.
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