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Abstract

Introduction

Subjects with 22q11.2 deletion syndrome (22q11DS) and subjects with ultra-high risk for
psychosis (UHR) share a risk of approximately 30% to develop a psychotic disorder. Study-
ing these groups helps identify biological markers of pathophysiological processes involved
in the development of psychosis. Total cortical surface area (cSA), total cortical grey matter
volume (cGMV), cortical thickness (CT), and local gyrification index (LGl) of the cortical
structure have a distinct neurodevelopmental origin making them important target markers
to study in relation to the development of psychosis.

Materials and Methods

Structural T1-weighted high resolution images were acquired using a 3 Tesla Intera MRI sys-
tem in 18 UHR subjects, 18 22q11DS subjects, and 24 matched healthy control (HC) subjects.
Total cSA, total cGMV, mean CT, and regional vertex-wise differences in CT and LGl were
assessed using FreeSurfer software. The Positive and Negative Syndrome Scale was used to
assess psychotic symptom severity in UHR and 22q11DS subjects at time of scanning.

Results

22q11DS subjects had lower total cSA and total cGMV compared to UHR and HC subjects.
The 22q11DS subjects showed bilateral lower LGl in the i) prefrontal cortex, ii) precuneus,
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iii) precentral gyrus and iv) cuneus compared to UHR subjects. Additionally, lower LGl was
found in the left i) fusiform gyrus and right i) pars opercularis, ii) superior, and iii) inferior
temporal gyrus in 22q11DS subjects compared to HC. In comparison to 22q11DS subjects,
the UHR subjects had lower CT of the insula. For both risk groups, positive symptom sever-
ity was negatively correlated to rostral middle frontal gyrus CT.

Conclusion

A shared negative correlation between positive symptom severity and rostral middle frontal
gyrus CT in UHR and 22q11DS may be related to their increased vulnerability to develop a
psychotic disorder. 22q11DS subjects were characterised by widespread lower degree of
cortical gyrification linked to early and postnatal neurodevelopmental pathology. No impli-
cations for early neurodevelopmental pathology were found for the UHR subjects, although
they did have distinctively lower insula CT which may have arisen from defective pruning
processes during adolescence. Implications of these findings in relation to development of
psychotic disorders are in need of further investigation in longitudinal studies.

Introduction

Patients with psychotic disorders, with schizophrenia being the most severe form, can present
with positive symptoms such as hallucinations, delusions, and disturbed thoughts, cognitive
dysfunction, and affective dysregulation. To date, little is known about the underlying mecha-
nisms of psychotic disorders. Structural magnetic resonance imaging (MRI) studies investigate
aspects of the cortical morphology to identify changes in neurodevelopmental trajectories
related to the development of psychotic symptoms. Different aspects of the cortical architecture
can be traced back to prenatal cortical formation and postnatal maturation processes. A body
of structural MRI work done in psychotic disorders report signs of fronto-temporal cortical
atrophy and atypical frontal gyrification [1,2]. Investigating indices of cortical morphology in
subjects with increased vulnerability to develop psychotic symptoms may identify biomarkers
related to the onset of psychotic disorders.

Subjects with 22q11.2 deletion syndrome (22q11DS) have a 30% lifetime risk to develop a
psychotic disorder [3]. The syndrome is caused by an interstitial micro deletion at the 22q11.2
locus, which codes, at least in part, for genes involved in axonal migration making these sub-
jects a unique population to study the influence of diminished gene expression on cortical mor-
phology maturation in relation to psychosis [4-7]. Subjects with ultra-high risk (UHR) for
psychosis equally have a 30% risk develop a psychotic disorder within 2 years after identifica-
tion [8]. Subjects are identified as being at UHR if they are help seeking and present clinically
with 1) attenuated psychotic symptoms (APS), and/or 2) brief psychotic symptoms which
spontaneously remit within a week (BLIPS), and/or 3) a schizotypal personality disorder or a
first-degree relative with a psychotic disorder, in combination with a significant decrease in
functioning during the previous year [9].

Total cortical surface area (cSA), cortical gray matter volume (cGMYV), cortical thickness
(CT), and the local gyrification index (LGI) (complexity of gyral patterning) are indices
describing different aspects of the cortical architecture, and can be assessed in the living brain
using MRI. The cortical structure is largely completed during prenatal development, with dis-
tinct maturational milestones related to each index. Early prenatal cortical formation is
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characterised by increased CT and cGMYV, and later maturation by further expansion of the
cSA by increased folding, or gyrification [10]. Postnatal maturation of the cortical layer
involves increased gyrification of the superior and inferior frontal gyri. Additionally, during
adolescence pruning of inefficient neurons takes place affecting CT measures [11]. Each mea-
sure thus is the manifestation of a distinct underlying neurodevelopmental mechanism- both
prenatal and postnatal, and therefore, of interest to study in relation to psychosis [11].

To date, there are few studies investigating cortical morphology in 22q11DS, with none
solely investigating adults. Studies in adolescent and adult 22q11DS subjects report lower CT
of the superior temporal gyrus and cingulate cortex in comparison to HC [12]. Additionally, a
longitudinal study identified greater CT loss in the prefrontal cortex over time, likely through
abnormal pruning [13]. However, the cortical morphology of 22q11DS subjects is much more
characterised by lower cSA and widespread hypogyrification [12,14,15]. Hypogyrification has
been found throughout anterior and posterior midline cerebral cortex, orbitofrontal cortex,
frontal pole, angular gyrus, inferior parietal, mid-central and post central gyrus in adolescent
and early adult 22q11DS subjects compared to HC [12]. Similar regions with lower LGIs were
found when comparing adolescent and early adult 22q11DS subjects to non-clinical, otherwise
healthy subjects with psychotic symptoms, suggesting this may be an specific endophenotype
of 22q11DS [12]. Interestingly, this study identified shared lower CT of the superior temporal
gyrus between the 22q11DS subjects and non-clinical subjects with psychotic symptoms, show-
ing the most pronounced reductions in 22q11DS subjects [12]. In younger 22q11DS subjects
lower LGI of the frontal cortex was found associated with increased psychotic symptom sever-
ity [13,14], although this is ill investigated in adults.

Several cross-sectional studies investigating adult UHR subjects of 20 years of age and
onwards, have shown thinner CT in the anterior cingulate cortex (ACC), medial and superior
temporal lobe, ventromedial prefrontal cortex and parahippocampal gyri [16-18]. The degree
of cortical thinning was also related to increased psychotic symptom severity in these UHR
subjects [16], although no differential thinning in these areas between familial and non-familial
UHR subjects was reported, pointing towards non-inherited factors affecting CT maturation
[17,18]. These studies also identified similar, although more exuberated, thinning in these
regions in first episode psychosis patients [17-19]. In non-familial UHR subjects no aberrant
gyral patterning has been reported [19,20], although hypogyria in the ACC was found to be
hereditable between schizophrenia probands and unaffected siblings [20].

Thus, the body of research assessing cortical maturation to date identifies disparate cortical
morphology in UHR and 22q11DS subjects, but potentially also signs of overlapping anomalies.
These shared anomalies seem to centre on CT maturation of frontal-temporal regions. However,
a limited number of studies have assessed LGI in UHR subjects, and no study has compared sub-
jects meeting the UHR criteria with 22q11DS subjects. Additionally, little investigation linking
cortical morphology aberrations to psychotic symptoms have been conducted. Therefore, the
aim of the current study was to compare indices of cortical architecture in UHR and 22q11DS
subjects and how these are associated with psychotic symptom severity. Outcomes of this study
may help to identify specific clinical and genetic biomarkers for psychotic disorders.

Materials and Methods

The current study included 18 UHR subjects, 18 22q11DS subjects, and 24 age and gender
matched healthy control (HC) subjects. Of the 18 22q11DS subjects, 8 had a history of a psy-
chotic disorder. Demographics are displayed in Table 1. There were no significant between-
group differences in age and gender in the UHR, 22q11DS, and HC groups. For the two at risk
groups, psychotic symptom severity was assessed using the Positive and Negative Syndrome
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Table 1. Demographic and clinical variables.

Age (sd) in years

Gender male/female

PANSS positive (M/sd)

PANSS negative (M/sd)

PANSS general (M/sd)

Psychosis yes/no

Antipsychotic medication (yes/no)
Congenital heart disease yes/no

22q11DS (n=18) UHR (n = 18) (APS:16/BLIPS:2 /Fam: 0) Controls (n = 24) stats p
25 (2.6) 22.7 (3.6) 23.4(3.2) F=242 0.09
9/9 8/10 14/10 X?=0.82 0.66
8.8 (2.6) 11.3 (2.4) t=2.92 0.006
12.6 (4.6) 11.8(5.7) t=0.48 0.63
25.3(7.1) 45.1 (12.1) t=6.02 0.001
8/10
8/10
8/10

PANSS: Positive and Negative Syndrome Scale; UHR: ultra-high risk subjects; 22q11DS: 22q11.2 deletion syndrome subjects; APS: attenuated psychotic
symptoms; BLIPS: brief limited psychotic symptoms; Fam: first degree relative with psychotic disorder; M: mean; sd: standard deviation.

doi:10.1371/journal.pone.0159928.t1001

Scale (PANSS)[21]. UHR subjects scored significantly higher on the PANSS positive symptom
and general psychopathology subscale compared to 22q11DS subjects. All UHR subjects were
antipsychotic naive. The UHR subjects sample included 16 subjects with APS, 2 with BLIPS, and
none meeting the criteria for familial risk. All 22q11DS subjects that had a history of psychosis
were on antipsychotic treatment, the others were antipsychotic naive. No significant differences
in PANSS scores were found between the 22q11DS subjects with an history of psychosis and
those without on all PANSS subscales at time of scanning (PANSS positive: t = 1.92, p = 0.0725,
PANSS negative: t = 1.91, p = 0.075, PANSS general: t = 1.91, p = 0.085). None of the 22q11DS
subjects had a parent with a confirmed deletion. The study was approved by an independent
Medical Ethics Committee of the Academic Medical Centre (AMC) in Amsterdam. All subjects
gave written informed consent after all study procedures were fully explained.

The UHR subjects were recruited through an expert program for early detection of psycho-
sis at the AMC, and diagnosed by a trained psychiatrist or psychologist using the structured
interview for prodromal syndromes (SIPS) [22]. Age range for inclusion was set between 18-
30 years. Individuals with 22q11DS were recruited through the Dutch 22q11DS family associa-
tion and several Dutch centres for clinical genetics. All 22q11DS diagnoses were molecularly
confirmed. HC subjects were recruited by means of advertisement, and matched for age, and
gender. HC subjects were excluded if they were diagnosed with a mental disorder, or had a pos-
itive family history for psychotic disorders. Additional exclusion criteria for all subjects were;
present substance use or history of abuse or dependency, neurological affliction, or pregnancy.
All study participants participated in other studies [23-25].

Structural MR data acquisition

Whole brain MRI acquisition took place at the Department of Radiology (AMC, Amsterdam,
The Netherlands) using a 3 Tesla Intera MRI system (Philips, Best, The Netherlands) equipped
with a 6 channel sense head coil. Structural 3D T1-weighted high resolution, gradient echo
images were acquired; full head coverage; repetition time (TR)/ echo time (TE) of 9.8/4.6 ms;
axial orientation; 120 continuous (no inter-slice gap) slices; slice thickness 1.2 mm; flip angle
8° 224x117 mm field of view (FOV); acquisition matrix 192x152x120; acquisition voxel size
1.17x1.17x1.20 mm.

Calculation of cSA, cGMV, CT and LGl

cSA, cGMYV, CT and LGI were measured using FreeSurfer version 5.3 software. FreeSurfer uses
a surface based imaging processing pipeline to reconstruct the brain’s cortical surface from
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structural MRI data. Details are extensively described elsewhere [26-29]. In short, per subject,
image intensity is normalised to account for magnetic field in homogeneity and the skull and
other non-brain tissue are removed, after which a unitary white matter volume is created using
a connected components algorithm. This is used as starting point for the initial grey—white sur-
face. This surface is then covered with a polygonal tessellation and smoothed resulting in high-
resolution vertices over both cerebral hemispheres. Using a deformable surface algorithm, the
surface is further expanded to the grey- cerebrospinal fluid interface—or pial surface. For all
subjects, the cortical surface model was checked.

From these two surfaces, cSA, cGMV, CT, and LGI were calculated. CT was quantified by
the distance between the pial surface and gray-white matter junction. The cSA was quantified
by calculating the average triangular size surrounding the tessellated cortical vertices of the pial
surface. Total cGMV was calculated by multiplying cSA and CT at each vertex. LGI was calcu-
lated according to the method of Schaer and co-workers [30], implemented in FreeSurfer to
assess local gyral complexity. LGI is defined as the ratio of amount buried cortex within the sul-
cal folds to visible cortex in circular regions of interest. The cortex grows primarily through
radial expansion making this method sensitive to identifying early defects in cortical develop-
ment. Using a morphological closing operation the outer surface was computed from the pial
surface. A circular region of interest was then delineated on this outer surface and its corre-
sponding region of interest on the pial surface identified using a validated matching algorithm
[30].

Statistical analyses

Statistical analyses were conducted using SPSS release 20 for Windows (SPSS Inc. Chicago, IL,
USA). Group differences in age and PANSS scores were examined using three groups analysis
of variance (ANOVA). Group differences in gender were tested using Chi-square tests. Level of
statistical significance was set at p<<0.05 (two tailed). Global differences between groups in cor-
tical morphology indices cSA, cGMYV, and mean CT, were assessed using an ANOVA with
post-hoc Bonferroni tests to investigate group effects driving these differences. Additionally, a
sub- analysis was conducted assessing these global cortical morphology indices in the 22q11DS
subjects with a history of psychosis to those without.

Vertex-wise SA, CT, and local Gl calculations

Regional morphometric differences in SA and CT were assessed between groups using a ver-
tex-by- vertex general linear model (GLM) controlling for linear and non-linear effects of age,
gender and brain segmentation volume (BSV) using FreeSurfer’s GUI-based QDEC (Query,
Design, Estimate, Contrast) interface [31]. 22q11DS subjects are characterised by smaller
brains [32-34] and therefore, BSV was controlled for in the vertex-wise analysis. The cortical
surfaces from each participant were transformed to an average template surface space and
maps were created using statistical thresholds of p = 0.05, and were smoothed at a full width
half maximum (FWHM) level of 10mm. Statistical analysis of CT and LGI were performed at
160,000 vertices per hemisphere, and these maps were false discovery rate (FDR) corrected
using a threshold of p = 0.05 using 10.000 iterations. Post-hoc pairwise t-tests were conducted
to determine which group differences were driving the main effects. An additional GLM was
run between the 22q11DS subjects with and without a history of a psychotic disorder to investi-
gate changes in CT and LGI related to the development of psychosis. Age and BSV were found
to show a linear variation with CT and thus, despite group matching, added as nuisance regres-
sors in the model. A correlation between psychotic symptom severity and morphology was
assessed using a GLM in 22q11DS and UHR subjects, controlling for age, gender and BSV.
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Presence of congenital heart disease in 22q11DS subjects has been associated with higher CT
and lower LGI measures [13,14,35]. Therefore, interactions of congenital heart disease on LGI
and CT were checked at each vertex (CT) and cortical point (LGI) within the 22q11DS group.
Again a sub-analysis was conducted between 22q11DS subjects with and without a history of a
psychotic disorder.

Results
Global morphology; cSA, cGMV, and mean CT

Analyses showed significantly lower ¢SA and cGMYV in subjects with 22q11DS compared to
UHR subjects (cSA: t = 4.38, p<0.001; cGMV: t = 3.93, p<0.001) and HC subjects (cSA:
t=3.423,p =0.001; cGMV: t = 3.19, p = 0.001). The UHR subjects did not differ significantly
from HC in ¢SA (t=1.26, p = 0.22) and cGMV (t = 1.011, p = 0.33). No group differences were
found in mean CT (F = 0.003 (59), p = 0.22) between 22q11DS, UHR, and HC subjects. Results
are summarised in Fig 1. In a sub-analysis, no significant differences were found in cSA,
c¢GMYV, and mean CT between 22q11DS subjects with and without history of a psychotic
disorder.

Vertex-wise comparisons cSA and CT

No significant regional differences in cSA were found between UHR and 22q11, nor between
each risk group and HC subjects. 22q11DS subjects did have significantly increased CT in the
insula compared to UHR subjects (p<0.05, FDR-corrected). In comparison to HC, they had
bilateral increased CT in the lingual gyrus and precuneus (p<0.05, FDR-corrected). No cor-
rected regional differences were found in CT between the UHR and HC subjects. In a sub-anal-
ysis no significant differences were found in CT between 22q11DS subjects with a history of a
psychotic disorder in comparison to those without.

Comparisons in LGl

Compared to the UHR subjects, the 22q11DS subjects had lower LGI values: i) bilaterally in
the middle frontal gyrus (caudal and rostral), precentral gyrus, precuneus, and cuneus ii), in
the right inferior and superior temporal gyrus, superior frontal gyrus, par operculum, and peri-
calcarine and iii) in the left pars triangularis, and fusiform gyrus. Regions with significantly
lower LGIs in 22q11DS compared to UHR are shown in Fig 2. Compared to HC, 22q11DS sub-
jects had lower GI values in the left rostral middle frontal gyrus, medial orbitofrontal inferior
temporal gyrus, and right pars orbitalis, middle temporal and paracentral gyrus. 22q11DS sub-
jects with psychosis and without psychosis showed no significant differences in LGIs measures.
No significant effect of congenital heart pathology on CT and LGI measures were found the
subjects with 22q11DS. When comparing UHR and HC, no significant differences in LGIs
were found.

Correlations between PANSS scores and morphometric indices

A significant negative correlation between rostral middle frontal gyrus CT and positive symp-
tom severity was found in UHR and 22q11DS subjects (p<0.05, FDR-corrected; R RH =

-5.11; R* LH = -3.74). When accounting for group, no significant correlation between rostral
middle frontal gyrus CT and positive symptom severity was found. No significant correlation
was found between any of the other morphometric indices and scores on the negative symptom
subscale or general psychopathology subscale of the PANSS.
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* p<0.05, **p<0.001; corrected for multiple comparisons.

Fig 1. Total cSA, total cGMV and mean CT per group. Plots show that 22q11DS subjects had significantly lower total cSA and cGMV

compared to UHR and HC. No between-group differences were found in mean CT. UHR subjects had comparable measures of cGMV,
total cSA and average CT compared to HC. See S1, S2, S3 and S4 Files.

doi:10.1371/journal.pone.0159928.9001

Discussion

The current study is the first explorative study to compare and contrast indices of structural
cortical maturation in adults with (non-familial) UHR and 22q11DS, and to evaluate these
findings in relation to severity of psychotic symptoms. Key findings showed that 22q11DS sub-
jects were characterized by lower ¢SA and cGMV compared to UHR and HC subjects. More-
over, the 22q11DS subjects were characterized by lower LGIs in the prefrontal cortex, temporal
lobe, precuneus and cuneus in comparison to both UHR and HC subjects. In addition to these
regions, 22q11DS subjects had lower LGI of the precentral and fusiform gyrus in comparison
to UHR subjects. Results also revealed lower CT of the rostral middle frontal gyrus was related
to increased positive symptom severity in both risk profiles. In comparisons between each risk
profile and HC. No global differences were found in mean CT, or evidence for regions of
shared cortical pathology in 22q11DS and UHR subjects.

Global morphology indices: cSA, cGMV, and mean CT

22q11DS subjects had less cSA and cGMV compared to the UHR subjects. These findings are
in line with previous studies comparing 22q11DS subjects to otherwise healthy subjects with
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Fig 2. Vertex-wise comparisons showing effect of diagnosis on local gyrification index (LGI) between 18
UHR and 18 age- and gender matched 22q11DS subjects. Comparisons show bilaterally lower gyral complexity
in 22911DS compared to UHR subjects. Significant clusters and corresponding LGl are displayed in the table.
Note that LGl indices range between 1 and 5, with higher numbers denoting higher gyral complexity. RH: right
hemisphere; LH: left hemisphere. See S1 and S2 Files.

doi:10.1371/journal.pone.0159928.g002

sub threshold psychotic symptoms [12]. Another study also found these broad scale differences
in cortical morphology in comparisons with HC subjects [14], suggesting these aberrations in
cortical development to be specific for 22q11DS subjects. Reduced cSA and cGMYV are also
consistently reported in children and adolescents with 22q11DS in comparison typically
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developing subjects [15,36,37], showing these changes are already present in early cortical mat-
uration and thus not likely the hallmark of defective pruning in adolescence. Interestingly,
22q11DS and UHR subjects seem to have normal maturation of mean CT in comparison to
HC, suggesting that the overall modular buildup of the cortical layer is relatively unscathed by
diagnosis in either risk profile. The comparable mean CT in 22q11DS subjects, UHR subjects
and HC, implies that the lower cSA in the 22q11DS group was driven by lower amount of corti-
cal surface embedded in the sulci-or lower LGI. In congruence our study and others report
widespread lower LGIs in the prefrontal- and temporal gyri in comparison to HC subjects [12—
14].

In line with other studies [17,18], the UHR subjects did not significantly differ in cSA, and
c¢GMYV from the HC suggesting that presence of attenuated psychotic symptoms is not related
to pathology in the global outcome of cortical maturation.

Vertex-wise comparisons of CT

Vertex-wise comparisons revealed that the UHR subjects were characterized by lower CT in
the insula compared to the 22q11DS subjects, replicating earlier findings of lower insular CT in
otherwise healthy subjects experiencing sub-threshold psychotic symptoms in comparison to
22q11DS subjects [12]. In comparisons with matched HC however, neither this study, nor
ours, found evidence for abnormally thin CT of the insula in UHR subjects or individuals with
sub-threshold psychotic symptoms [12]. Thus, cortical outcome in UHR subjects seems to be
associated with CT values of the insula at the lower end of typical development and in
22q11DS subjects at the higher end of typical development. The insula has high rates of prun-
ing during adolescence and a somewhat lower insula CT in UHR may stem from excessive
pruning in adolescence and a somewhat higher insula CT in 22q11DS subjects may reflect
delayed pruning. Taken together this region seems distinctive for each risk profile and thus,
may be an interesting marker to follow up on longitudinally. Mal maturation of insula CT in
adolescence may be critical to developing psychotic symptoms.

The cortical layer of the insula harbors spindle neurons in the lamina V layer that thus far
have only been found in the insula, anterior cingulate cortex, and the dorsolateral prefrontal
cortex [38]. These neurons are particularly important for regulation of self- awareness and
social cognition [38]. Presence of social cognitive deficits and reduced self-awareness are prog-
nostic symptoms in UHR subjects for the development of psychosis [39]. Lower CT in the
insula may be related to insufficient maturation or defective pruning of cortical layers, includ-
ing lamina V. UHR subjects may thus be more vulnerable to developing disturbed regulation
of self-awareness and social cognition compared to 22q11DS subjects. In order to investigate
spindle neurons in the insula and their role in the development of psychosis, a different MRI
imaging technique would need to be employed. Advances in high field (7 Tesla) functional and
structural MRI allow for layer specific assessments of the cortical mantel, and could be used to
investigate underlying mechanisms of cortical risk factors [40,41].

The current study found no evidence for shared CT pathology between UHR and 22q11DS
subjects in comparisons with HC. We did not replicate earlier findings identifying higher supe-
rior frontal gyrus CT as shared neuro-correlate [12] between healthy subjects with sub thresh-
old psychotic symptoms and 22q11DS subjects. No other studies report increased CT of
superior frontal gyrusin adult 22q11DS subjects, although it has been reported in adolescents
with 22q11DS [13]. In UHR subjects a substantial amount of findings actually point towards
the opposite pattern to reduced fronto-temporal CT [17,18,42], rather than increased CT.
Uncorrected findings in the current study also point to lower CT in the bilateral superior and
rostral middle frontal, inferior temporal in UHR subjects in comparison with HC subjects.
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Although there is a chance of a type Il error, these regions are highly comparable to other stud-
ies [17,18,42], suggesting that these regions may mature differently in clinical and genetic risk
groups for psychosis.

Comparisons in Gyrification (LGI)

Our results showed that the 22q11DS subjects were characterized by lower LGIs of the bilateral
prefrontal cortex, precentral gyrus, precuneus, the right superior and inferior temporal cortex,
and the left fusiform gyrus compared to UHR subjects (see Fig 2). The study by Schmitt et al.,
investigating 22q11DS subjects to healthy subjects with sub-threshold psychotic symptoms
identified very similar regions to have lower LGI [12], suggesting that lower LGI in these
regions is a specific trait for 22q11DS.

Other studies in 22q11DS also report abnormal LGI in these regions, with one longitudinal
study showing absence of the normal rate of change in LGI, particularly in the frontal cortex
[13,14]. Cortical gyrification is largely complete prenatally, with only postnatal increases in in
the superior and inferior frontal gyri [10]. Thus findings to date suggest both malformation
and malmaturation of cortical gyrification in 22q11DS that is not reported in UHR subjects,
nor reported by the current study. Studies investigating first episode psychosis patients
reported hypogyrification (lower LGI) in regions of the frontal lobe in comparison to siblings,
and healthy controls [22,43]. Moreover, lower LGI in fronto-insular and fronto-temporal
regions was found predictive of non-response to antipsychotic treatment [44]. Potentially, the
degree of frontal gyrification is related to the increased risk to develop a psychotic disorder in
22q11DS. To date, no studies including the current study, have reported lower LGI of the fron-
tal-temporal regions to dissociate between 22q11DS subjects that have a positive history for
psychosis and those that do not, although no longitudinal assessments have been made and
groups tend to be too small to make inferences. Further longitudinal investigation needs to be
done to assess whether maturation of frontal gyrificationis a genetic risk factor in 22q11DS
subjects.

Changes or mal-development of white matter underlying of the cortical mantel, particularly
of interhemispheric connections, has been related to lower LGIs [10]. The underlying mecha-
nisms of lower LGI in 22q11DS are unclear, although mouse models reveal that diminished
dosage of 22q11.2 genes disrupt proliferation of basal progenitors, leading to an altered fre-
quency of lamina layer I and III of the cortex, leaving layers V and VI unaffected [45]. Neu-
rons in lamina layers II and III form the interhemispheric connectivity of the brain [46].
Investigation of differences in white matter microstructure between 22q11DS and UHR sub-
jects conducted by our research group highlighted that 22q11DS subjects, but not UHR sub-
jects were characterized by lower axonal integrity of the large inter-hemispheric cortical
fasciculi [47]. As increases in LGI are driven by axonal fiber tension drawing more densely
interconnected regions closely together, lower fiber tension and dysconnectivity may underlie
the hypogyrification and c¢SA loss in 22q11DS subjects.

The current study reported no regions of lower LGI in UHR compared to 22q11DS, nor in
comparisons to HC subjects. A single study has reported hypogyrification in the superior tem-
poral gyrus and ACC in subjects [20], with a first degree relative with a psychotic disorder, and
thus with an increased genetic load. Results thus, seem to point to genetic effects influencing
gyrification, and clinical risk factors to aberrations in CT.

Taken together, UHR subjects showed no signs of early neurodevelopmental pathology of
the cortex in gyrification, but showed signs of mal maturation of CT in the insula. Thinner
insular CT has also been a robust finding in first episode of psychosis subjects [1,17,18] and
may be distinctive for the more clinical pathway to psychosis. In contrast, 22q11DS subjects
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showed more prominent effects of early cortical gyrification pathology with widespread lower
LGIs throughout the cortex. Hypogyrification in 22q11DS subjects could possibly be related to
loss of underlying connectivity supporting gyrification, rather than CT, that more typifies the
UHR subjects.

Correlations between PANSS scores and morphometric indices

Lower rostral middle frontal gyrus CT was related to increased positive symptom severity (Fig
3) in both risk groups on a whole. Shared vulnerability to develop psychotic disorders may in
part be related to sub-optimal development of the CT in this region. A previous longitudinal
assessment in 22q11DS subjects showed development of psychosis was related to normaliza-
tion of abnormally low middle frontal gyrus CT combined with more extensive frontal hypo-
gyrification [13], although this study was underpowered with only 6 subjects developing a psy-
chotic disorder. Thus, our results may underestimate CT of the middle frontal gyrus and

Rostral Middle Frontal Gyrus

2 E 2
s R=-5.11 E 3 . R%=-3.74
= o
. 2 3 i * e
* - * * . S£25e%e e
T = o * o
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PANSS positive scores

RH LH

p<0.05 FDR-corrected; RH: righ hemisphere; LH: left hemisphere; PANSS: Positive
and Negative Symptom Scale; R%= regression coefficient.

Fig 3. Bilateral thinner rostral middle frontal gyrus CT was associated with increased positive symptoms severity in
both UHR subjects (n = 18) and matched 22q11DS (n = 18) subjects. Findings were corrected for differences in brain
segmentation volume, age and gender. See S1 and S2 Files.

doi:10.1371/journal.pone.0159928.9003
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overestimate frontal hypo-gyrification in the 22q11DS group. However, in line with these lon-
gitudinal findings, our study also identifies lower CT in the middle frontal gyrus to be related
to increase positive symptom severity. No clear relationship between psychotic symptom sever-
ity and CT in UHR subjects have been previously reported, potentially due to the fact that no
longitudinal investigations have been done in UHR subjects on cortical morphology. No cor-
rected group specific correlations were found between rostral middle frontal gyrus CT and pos-
itive symptoms severity although statistical power was likely to small to detect such a
correlation. This would need to be investigated more conclusively in a larger sample. Poten-
tially this is a shared neurocorrelate in the pathway to psychosis. Despite the aberrant prefron-
tal hypogyrification found in the 22q11DS subjects in the current study, and the comparable
findings of prefrontal hypogyrification in patients with psychosis [48], we found no significant
relation between LGI and psychotic symptom severity in 22q11DS subjects.

Strengths and limitations

A strength of the current study is that it is the first to assess the finishing stage of cortical devel-
opmental in relation to clinical and genetic risk factors and psychotic symptoms in adult high-
risk populations. In UHR subjects a comprehensive meta-analytical study found that risk rates
for developing a psychotic disorder increased with age at which UHR status was identified
[49]. Thus, the included adult UHR subjects assessed in the current study are likely to have
higher risk rates than previous studies assessing cortical morphology in UHR. Additionally all,
results discussed were found under stringent correction for multiple testing and performed
using 3 Tesla images. Most former studies investigating cortical morphology in UHR were
scanned at lower field strengths.

A limitation of the current study, however, was the significant difference in positive symp-
tom severity between UHR and 22q11DS patients, which may in part explain differences in CT
and LGI reported. Importantly, the groups were matched on negative symptom severity. Cur-
rent literature shows that negative, rather than positive symptom severity, predict transition to
psychosis [50,51]. Thus, our results are not biased by a possibly more frequent transition to
psychosis in either group.

Changes in cortical morphology in 22q11DS have been proposed to stem from cortical
hypo- perfusion due to presence of congenital heart disease. This potential confound was tested
and we found no significant effects of congenital heart disease on any of the morphology indi-
ces, although we cannot rule out medicinal effects on cortical morphology in the 22q11DS sub-
jects that developed psychosis.

A limitation of the current study, and of many other studies in the field, is the lack of longi-
tudinal data to identify which progressive changes in UHR and 22q11DS are specific to those
that will transition to psychosis. We need this information to render in risk factors that are bet-
ter predictors of illness transition. As of yet, there is a particular lack of longitudinal studies
investigating cortical morphology in UHR subjects from adolescent age to adulthood.

Conclusions

In conclusion, despite a shared increased risk for developing psychotic disorders, our results
suggest that the risk in 22q11DS subjects is deferred through early neurodevelopmental effects
related to widespread hypogyrification, which potentially may be a marker of comprised
underlying connectivity. In contrast, UHR patients were typified by regionally lower CT of the
insula, with no indication of early neurodevelopmental pathology. In both risk populations,
however, lower rostral middle frontal gyrus CT was related to increased positive symptom
severity. It would be interesting to investigate changes over time of rostral middle frontal gyrus
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CT in UHR and 22q11DS subjects that clinically present with predominantly positive symp-
toms. In addition, to better understand later pathological processes of cortical maturation and
the influence on psychotic symptoms, longitudinal studies should investigate changes in corti-
cal morphology over time in both UHR and 22q11DS subjects.

Supporting Information

S1 File. Raw data output for cortical thickness and local gyrification indices.
(XLSX)

S2 File. Generallinear model design used for QDEC for comparisons between ultra-high
risk subjects and 22q11DS subjects in cortical thickness and local gyrification.
(DAT)

S3 File. Generallinear model design used for QDEC for comparisons between healthy con-
trol subjects and 22q11DS subjects in cortical thickness and local gyrification.
(DAT)

$4 File. Generallinear model design used for QDEC for comparisons between healthy con-
trol subjects and ultra-high risk subjects in cortical thickness and local gyrification.
(DAT)

Author Contributions

Conceived and designed the experiments: TA JB.
Performed the experiments: MK FS EB OB WM.

Analyzed the data: GB MC.

Contributed reagents/materials/analysis tools: DN LH W'V.
Wrote the paper: GB MC TA.

References

1. Harris JM, Moorhead TWJ, Miller P, McIntosh AM, Bonnici HM, Owens DGC, et al. Increased Prefron-
tal Gyrification in a Large High-Risk Cohort Characterizes Those Who Develop Schizophrenia and
Reflects Abnormal Prefrontal Development. Biol Psychiatry. 2007; 62: 722—-729. doi: 10.1016/j.
biopsych.2006.11.027 PMID: 17509536

2. Nenadicl, Yotter RA, Sauer H, Gaser C. Patterns of cortical thinning in different subgroups of schizo-
phrenia. Br J Psychiatry. 2015; 206: 479-83. doi: 10.1192/bjp.bp.114.148510 PMID: 25657354

3.  Murphy KC, Jones L a, Owen MJ. High rates of schizophrenia in adults with velo-cardio-facial syn-
drome. Arch Gen Psychiatry. 1999; 56: 940-5. PMID: 10530637

4. Fournier AE, GrandPre T, Strittmatter SM. Identification of a receptor mediating Nogo-66 inhibition of
axonal regeneration. Nature. 2001; 409: 341-6. doi: 10.1038/35053072 PMID: 11201742

5. Meechan DW, Tucker ES, Maynard TM, LaMantia A-S. Cxcr4 regulation of interneuron migration is
disrupted in 22g11.2 deletion syndrome. Proc Natl Acad Sci U S A. 2012; 109: 18601—6. doi: 10.1073/
pnas.1211507109 PMID: 23091025

6. Perlstein MD, Chohan MR, Coman IL, Antshel KM, Fremont WP, Gnirke MH, et al. White matter abnor-
malities in 22q11.2 deletion syndrome: preliminary associations with the Nogo-66 receptor gene and
symptoms of psychosis. Schizophr Res. 2014; 152: 117-23. doi: 10.1016/j.schres.2013.11.015 PMID:
24321711

7. Fournier AE, Gould GC, Liu BP, Strittmatter SM. Truncated soluble Nogo receptor binds Nogo-66 and
blocks inhibition of axon growth by myelin. J Neurosci. 2002; 22: 8876—83. PMID: 12388594

PLOS ONE | DOI:10.1371/journal.pone.0159928 November 9, 2016 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159928.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159928.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159928.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159928.s004
http://dx.doi.org/10.1016/j.biopsych.2006.11.027
http://dx.doi.org/10.1016/j.biopsych.2006.11.027
http://www.ncbi.nlm.nih.gov/pubmed/17509536
http://dx.doi.org/10.1192/bjp.bp.114.148510
http://www.ncbi.nlm.nih.gov/pubmed/25657354
http://www.ncbi.nlm.nih.gov/pubmed/10530637
http://dx.doi.org/10.1038/35053072
http://www.ncbi.nlm.nih.gov/pubmed/11201742
http://dx.doi.org/10.1073/pnas.1211507109
http://dx.doi.org/10.1073/pnas.1211507109
http://www.ncbi.nlm.nih.gov/pubmed/23091025
http://dx.doi.org/10.1016/j.schres.2013.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24321711
http://www.ncbi.nlm.nih.gov/pubmed/12388594

@° PLOS | ONE

Cortical Morphology in Subjects at High Risk for Psychosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Fusar-Poli P, Borgwardt S, Bechdolf A, Addington J, Riecher-Réssler A, Schultze-Lutter F, et al. The
psychosis high-risk state: a comprehensive state-of-the-art review. JAMA psychiatry. 2013; 70: 107—
20. doi: 10.1001/jamapsychiatry.2013.269 PMID: 23165428

Yung AR, Fusar-Poli P, Nelson B. The ultra high risk approach to define psychosis risk. Curr Pharm
Des. 2012; 18: 346-50. PMID: 22239565

White T, Su S, Schmidt M, Kao C-Y, Sapiro G. The development of gyrification in childhood and ado-
lescence. Brain Cogn. 72: 36—45. doi: 10.1016/j.bandc.2009.10.009 PMID: 19942335

Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N, et al. Neurodevelopmental trajecto-
ries of the human cerebral cortex. J Neurosci. 2008; 28: 3586—94. doi: 10.1523/JNEUROSCI.5309-07.
2008 PMID: 18385317

Schmitt JE, Vandekar S, Yi J, Calkins ME, Ruparel K, Roalf DR, et al. Aberrant Cortical Morphometry
in the 22q11.2 Deletion Syndrome. Biol Psychiatry. 2015; 78: 135-43. doi: 10.1016/j.biopsych.2014.
10.025 PMID: 25555483

Schaer M, Debbané M, Bach Cuadra M, Ottet M-C, Glaser B, Thiran J-P, et al. Deviant trajectories of
cortical maturation in 22q11.2 deletion syndrome (22q11DS): a cross-sectional and longitudinal study.
Schizophr Res. 2009; 115: 182-90. doi: 10.1016/j.schres.2009.09.016 PMID: 19836927

Kunwar A, Ramanathan S, Nelson J, Antshel KM, Fremont W, Higgins AM, et al. Cortical gyrification in
velo-cardio-facial (22911.2 deletion) syndrome: a longitudinal study. Schizophr Res. 2012; 137: 20-5.
doi: 10.1016/j.schres.2012.01.032 PMID: 22365148

Bearden CE, van Erp TGM, Dutton RA, Tran H, Zimmermann L, Sun D, et al. Mapping cortical thick-
ness in children with 22q11.2 deletions. Cereb Cortex. 2007; 17: 1889-98. doi: 10.1093/cercor/bhl097
PMID: 17056649

Tognin S, Riecher-Réssler a, Meisenzahl EM, Wood SJ, Hutton C, Borgwardt SJ, et al. Reduced para-
hippocampal cortical thickness in subjects at ultra-high risk for psychosis. Psychol Med. 2014; 44:
489-98. doi: 10.1017/S0033291713000998 PMID: 23659473

Jung WH, Kim JS, Jang JH, Choi J- S, Jung MH, Park J- Y, et al. Cortical thickness reduction in individ-
uals at ultra-high-risk for psychosis. Schizophr Bull. 2011; 37: 839—49. doi: 10.1093/schbul/sbp151
PMID: 20026559

Byun MS, Kim JS, Jung WH, Jang JH, Choi JS, Kim SN, et al. Regional cortical thinning in subjects
with high genetic loading for schizophrenia. Schizophr Res. 2012; 141: 197—203. doi: 10.1016/j.
schres.2012.08.028 PMID: 22998933

Harris JM, Moorhead TWJ, Miller P, McIntosh AM, Bonnici HM, Owens DGC, et al. Increased prefron-
tal gyrification in a large high-risk cohort characterizes those who develop schizophrenia and reflects
abnormal prefrontal development. Biol Psychiatry. 2007; 62: 722—9. doi: 10.1016/j.biopsych.2006.11.
027 PMID: 17509536

Nanda P, Tandon N, Mathew IT, Giakoumatos Cl, Abhishekh HA, Clementz BA, et al. Local Gyrifica-
tion Index in Probands with Psychotic Disorders and Their First-Degree Relatives. Biol Psychiatry.
2013; doi: 10.1016/j.biopsych.2013.11.018 PMID: 24369266

Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (PANSS) for schizophrenia.
Schizophr Bull. 1987; 13: 261-76. PMID: 3616518

Miller TJ, McGlashan TH, Rosen JL, Cadenhead K, Cannon T, Ventura J, et al. Prodromal assessment
with the structured interview for prodromal syndromes and the scale of prodromal symptoms: predic-
tive validity, interrater reliability, and training to reliability. Schizophr Bull. 2003; 29: 703—15. PMID:
14989408

da Silva Alves F, Boot E, Schmitz N, Nederveen A, Vorstman J, Lavini C, et al. Proton magnetic reso-
nance spectroscopy in 22q11 deletion syndrome. PLoS One. 2011; 6: €21685. doi: 10.1371/journal.
pone.0021685 PMID: 21738766

Bloemen OJN, de Koning MB, Schmitz N, Nieman DH, Becker HE, de Haan L, et al. White-matter
markers for psychosis in a prospective ultra-high-risk cohort. Psychol Med. 2010; 40: 1297-304. doi:
10.1017/S0033291709991711 PMID: 19895720

Bloemen OJN, de Koning MB, Gleich T, Meijer J, de Haan L, Linszen DH, et al. Striatal dopamine D2/3
receptor binding following dopamine depletion in subjects at Ultra High Risk for psychosis. Eur Neurop-
sychopharmacol. 2013; 23: 126-32. doi: 10.1016/j.euroneuro.2012.04.015 PMID: 22591910

Fischl B. FreeSurfer. Neuroimage. 2012; 62: 774—81. doi: 10.1016/j.neuroimage.2012.01.021 PMID:
22248573

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: Inflation, flattening, and a surface-
based coordinate system. Neuroimage. 1999; 9: 195-207. doi: 10.1006/nimg.1998.0396 PMID:
9931269

PLOS ONE | DOI:10.1371/journal.pone.0159928 November 9, 2016 14/16


http://dx.doi.org/10.1001/jamapsychiatry.2013.269
http://www.ncbi.nlm.nih.gov/pubmed/23165428
http://www.ncbi.nlm.nih.gov/pubmed/22239565
http://dx.doi.org/10.1016/j.bandc.2009.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19942335
http://dx.doi.org/10.1523/JNEUROSCI.5309-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.5309-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18385317
http://dx.doi.org/10.1016/j.biopsych.2014.10.025
http://dx.doi.org/10.1016/j.biopsych.2014.10.025
http://www.ncbi.nlm.nih.gov/pubmed/25555483
http://dx.doi.org/10.1016/j.schres.2009.09.016
http://www.ncbi.nlm.nih.gov/pubmed/19836927
http://dx.doi.org/10.1016/j.schres.2012.01.032
http://www.ncbi.nlm.nih.gov/pubmed/22365148
http://dx.doi.org/10.1093/cercor/bhl097
http://www.ncbi.nlm.nih.gov/pubmed/17056649
http://dx.doi.org/10.1017/S0033291713000998
http://www.ncbi.nlm.nih.gov/pubmed/23659473
http://dx.doi.org/10.1093/schbul/sbp151
http://www.ncbi.nlm.nih.gov/pubmed/20026559
http://dx.doi.org/10.1016/j.schres.2012.08.028
http://dx.doi.org/10.1016/j.schres.2012.08.028
http://www.ncbi.nlm.nih.gov/pubmed/22998933
http://dx.doi.org/10.1016/j.biopsych.2006.11.027
http://dx.doi.org/10.1016/j.biopsych.2006.11.027
http://www.ncbi.nlm.nih.gov/pubmed/17509536
http://dx.doi.org/10.1016/j.biopsych.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24369266
http://www.ncbi.nlm.nih.gov/pubmed/3616518
http://www.ncbi.nlm.nih.gov/pubmed/14989408
http://dx.doi.org/10.1371/journal.pone.0021685
http://dx.doi.org/10.1371/journal.pone.0021685
http://www.ncbi.nlm.nih.gov/pubmed/21738766
http://dx.doi.org/10.1017/S0033291709991711
http://www.ncbi.nlm.nih.gov/pubmed/19895720
http://dx.doi.org/10.1016/j.euroneuro.2012.04.015
http://www.ncbi.nlm.nih.gov/pubmed/22591910
http://dx.doi.org/10.1016/j.neuroimage.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22248573
http://dx.doi.org/10.1006/nimg.1998.0396
http://www.ncbi.nlm.nih.gov/pubmed/9931269

@° PLOS | ONE

Cortical Morphology in Subjects at High Risk for Psychosis

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance
images. Proc Natl Acad Sci U S A. 2000; 97: 11050-5. doi: 10.1073/pnas.200033797 PMID:
10984517

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. . Segmentation and surface recon-
struction. Neuroimage. 1999; 9: 179-94. doi: 10.1006/nimg.1998.0395 PMID: 9931268

Schaer M, Cuadra MB, Tamarit L, Lazeyras F, Eliez S, Thiran J-P. A surface-based approach to quan-
tify local cortical gyrification. IEEE Trans Med Imaging. 2008; 27: 161-70. doi: 10.1109/TMI.2007.
903576 PMID: 18334438

Hagler DJ, Saygin AP, Sereno MI. Smoothing and cluster thresholding for cortical surface-based
group analysis of fMRI data. Neuroimage. 2006; 33: 1093—103. doi: 10.1016/j.neuroimage.2006.07.
036 PMID: 17011792

van Amelsvoort T, Daly E, Henry J, Robertson D, Ng V, Owen M, et al. Brain anatomy in adults with
velocardiofacial syndrome with and without schizophrenia: preliminary results of a structural magnetic
resonance imaging study. Arch Gen Psychiatry. 2004; 61: 1085-96. doi: 10.1001/archpsyc.61.11.
1085 PMID: 15520356

Chow EWC, Zipursky RB, Mikulis DJ, Bassett AS. Structural brain abnormalities in patients with
schizophrenia and 2211 deletion syndrome. Biol Psychiatry. 2002; 51: 208—15. PMID: 11839363

van Amelsvoort T, Daly E, Robertson D, Suckling J, Ng V, Critchley H, et al. Structural brain abnormali-
ties associated with deletion at chromosome 22q11 Quantitative neuroimaging study of adults with
velo-cardio-facial syndrome *. Br J Psychiatry. 2001; 178: 412—419. PMID: 11331556

Schaer M, Glaser B, Cuadra MB, Debbane M, Thiran J- P, Eliez S. Congenital heart disease affects
local gyrification in 22q11.2 deletion syndrome. Dev Med Child Neurol. 2009; 51: 746-53. doi: 10.
1111/j.1469-8749.2009.03281.x PMID: 19416334

Jalbrzikowski M, Jonas R, Senturk D, Patel A, Chow C, Green MF, et al. Structural abnormalities in
cortical volume, thickness, and surface area in 22q11.2 microdeletion syndrome: Relationship with
psychotic symptoms. Neurolmage Clin. 2013; 3: 405—15. doi: 10.1016/}.nicl.2013.09.013 PMID:
24273724

Bearden CE, van Erp TGM, Dutton RA, Lee AD, Simon TJ, Cannon TD, et al. Alterations in midline cor-
tical thickness and gyrification patterns mapped in children with 22q11.2 deletions. Cereb Cortex.
2009; 19: 115-26. doi: 10.1093/cercor/bhn064 PMID: 18483006

Cauda F, Geminiani GC, Vercelli A. Evolutionary appearance of von Economo’s neurons in the mam-
malian cerebral cortex. Front Hum Neurosci. 2014; 8: 104. doi: 10.3389/fnhum.2014.00104 PMID:
24672457

van Donkersgoed RJM, Wunderink L, Nieboer R, Aleman A, Pijnenborg GHM. Social Cognition in Indi-
viduals at Ultra-High Risk for Psychosis: A Meta-Analysis. PLoS One. 2015; 10: e0141075. doi: 10.
1371/journal.pone.0141075 PMID: 26510175

Yacoub E, Harel N, Ugurbil K. High-field fMRI unveils orientation columns in humans. Proc Natl Acad
Sci U S A. 2008; 105: 10607—12. doi: 10.1073/pnas.0804110105 PMID: 18641121

Wang R, Dai G, Takahashi E. High Resolution MRI Reveals Detailed Layer Structures in Early Human
Fetal Stages: In Vitro Study with Histologic Correlation. Front Neuroanat. Frontiers; 2015; 9: 150. doi:
10.3389/fnana.2015.00150 PMID: 26834575

Tognin S, Riecher-Réssler A, Meisenzahl EM, Wood SJ, Hutton C, Borgwardt SJ, et al. Reduced para-
hippocampal cortical thickness in subjects at ultra-high risk for psychosis. Psychol Med. 2014; 44:
489-98. doi: 10.1017/S0033291713000998 PMID: 23659473

White T, Hilgetag CC. Gyrification and neural connectivity in schizophrenia. Dev Psychopathol. 2011;
23: 339-352. doi: 10.1017/S0954579410000842 PMID: 21262059

Palaniyappan L, Marques TR, Taylor H, Handley R, Mondelli V, Bonaccorso S, et al. Cortical folding
defects as markers of poor treatment response in first-episode psychosis. JAMA psychiatry.2013; 70:
1031-40. doi: 10.1001/jamapsychiatry.2013.203 PMID: 23945954

Meechan DW, Tucker ES, Maynard TM, LaMantia A- S. Diminished dosage of 22q11 genes disrupts
neurogenesis and cortical development in a mouse model of 22q11 deletion/DiGeorge syndrome.
Proc Natl Acad Sci U S A. 2009; 106: 16434—45. doi: 10.1073/pnas.0905696106 PMID: 19805316

Zarei M, Johansen-Berg H, Smith S, Ciccarelli O, Thompson AJ, Matthews PM. Functional anatomy of
interhemispheric cortical connections in the human brain. J Anat. 2006; 209: 311-20. doi: 10.1111/j.
1469-7580.2006.00615 PMID: 16928200

Bakker G, Caan MWA, Schluter RS, Bloemen OJN, da Silva-Alves F, de Koning MB, et al. Distinct
white-matter aberrations in 22q11.2 deletion syndrome and patients at ultra-high risk for psychosis.
Psychol Med. 2016; 1-13. doi: 10.1017/S0033291716000970 PMID: 27193339

PLOS ONE | DOI:10.1371/journal.pone.0159928 November 9, 2016 15/16


http://dx.doi.org/10.1073/pnas.200033797
http://www.ncbi.nlm.nih.gov/pubmed/10984517
http://dx.doi.org/10.1006/nimg.1998.0395
http://www.ncbi.nlm.nih.gov/pubmed/9931268
http://dx.doi.org/10.1109/TMI.2007.903576
http://dx.doi.org/10.1109/TMI.2007.903576
http://www.ncbi.nlm.nih.gov/pubmed/18334438
http://dx.doi.org/10.1016/j.neuroimage.2006.07.036
http://dx.doi.org/10.1016/j.neuroimage.2006.07.036
http://www.ncbi.nlm.nih.gov/pubmed/17011792
http://dx.doi.org/10.1001/archpsyc.61.11.1085
http://dx.doi.org/10.1001/archpsyc.61.11.1085
http://www.ncbi.nlm.nih.gov/pubmed/15520356
http://www.ncbi.nlm.nih.gov/pubmed/11839363
http://www.ncbi.nlm.nih.gov/pubmed/11331556
http://dx.doi.org/10.1111/j.1469-8749.2009.03281.x
http://dx.doi.org/10.1111/j.1469-8749.2009.03281.x
http://www.ncbi.nlm.nih.gov/pubmed/19416334
http://dx.doi.org/10.1016/j.nicl.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24273724
http://dx.doi.org/10.1093/cercor/bhn064
http://www.ncbi.nlm.nih.gov/pubmed/18483006
http://dx.doi.org/10.3389/fnhum.2014.00104
http://www.ncbi.nlm.nih.gov/pubmed/24672457
http://dx.doi.org/10.1371/journal.pone.0141075
http://dx.doi.org/10.1371/journal.pone.0141075
http://www.ncbi.nlm.nih.gov/pubmed/26510175
http://dx.doi.org/10.1073/pnas.0804110105
http://www.ncbi.nlm.nih.gov/pubmed/18641121
http://dx.doi.org/10.3389/fnana.2015.00150
http://www.ncbi.nlm.nih.gov/pubmed/26834575
http://dx.doi.org/10.1017/S0033291713000998
http://www.ncbi.nlm.nih.gov/pubmed/23659473
http://dx.doi.org/10.1017/S0954579410000842
http://www.ncbi.nlm.nih.gov/pubmed/21262059
http://dx.doi.org/10.1001/jamapsychiatry.2013.203
http://www.ncbi.nlm.nih.gov/pubmed/23945954
http://dx.doi.org/10.1073/pnas.0905696106
http://www.ncbi.nlm.nih.gov/pubmed/19805316
http://dx.doi.org/10.1111/j.1469-7580.2006.00615
http://dx.doi.org/10.1111/j.1469-7580.2006.00615
http://www.ncbi.nlm.nih.gov/pubmed/16928200
http://dx.doi.org/10.1017/S0033291716000970
http://www.ncbi.nlm.nih.gov/pubmed/27193339

@° PLOS | ONE

Cortical Morphology in Subjects at High Risk for Psychosis

48.

49.

50.

51.

Palaniyappan L, Liddle PF. Aberrant cortical gyrification in schizophrenia: a surface-based morphome-
try study. J Psychiatry Neurosci. 2012; 37: 399-406. doi: 10.1503/jpn.110119 PMID: 22640702

Fusar-Poli P, Bonoldi |, Yung AR, Borgwardt S, Kempton MJ, Valmaggia L, et al. Predicting psychosis:
meta-analysis of transition outcomes in individuals at high clinical risk. Arch Gen Psychiatry. 2012; 69:
220-9. doi: 10.1001/archgenpsychiatry.2011.1472 PMID: 22393215

Gee DG, Cannon TD. Prediction of conversion to psychosis: review and future directions. Rev Bras
Psiquiatr (1999). 2011; 33 Suppl 2: s129-42.

Diaz-Caneja CM, Pina-Camacho L, Rodriguez-Quiroga A, Fraguas D, Parellada M, Arango C. Predic-
tors of outcome in early-onset psychosis: a systematic review. npj Schizophr. 2015; 1: 14005. doi: 10.
1038/npjschz.2014.5 PMID: 27336027

PLOS ONE | DOI:10.1371/journal.pone.0159928 November 9, 2016 16/16


http://dx.doi.org/10.1503/jpn.110119
http://www.ncbi.nlm.nih.gov/pubmed/22640702
http://dx.doi.org/10.1001/archgenpsychiatry.2011.1472
http://www.ncbi.nlm.nih.gov/pubmed/22393215
http://dx.doi.org/10.1038/npjschz.2014.5
http://dx.doi.org/10.1038/npjschz.2014.5
http://www.ncbi.nlm.nih.gov/pubmed/27336027

