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Abstract

The insula is a heterogeneous cortical region, comprised of three cytoarchitecturally distinct sub-regions (agranular,
dysgranular, and granular), which traverse the anterior-posterior axis and are differentially involved in affective,
cognitive, and somatosensory processing. Smaller insula volume is consistently reported in psychosis-spectrum
disorders and is hypothesized to result, in part, from abnormal neurodevelopment. To better understand the regional
and diagnostic specificity of insula abnormalities in psychosis, their developmental etiology, and clinical correlates, we
characterized insula volume and morphology in a large group of adults with a psychotic disorder (schizophrenia
spectrum, psychotic bipolar disorder) and a community-ascertained cohort of psychosis-spectrum youth (age 8-21).
Insula volume and morphology (cortical thickness, gyrification, sulcal depth) were quantified from T1-weighted
structural brain images using the Computational Anatomy Toolbox (CAT12). Healthy adults (n = 196), people with a
psychotic disorder (n = 303), and 1368 individuals from the Philadelphia Neurodevelopmental Cohort (PNC) (381
typically developing (TD), 381 psychosis-spectrum (PS) youth, 606 youth with other psychopathology (OP)), were
investigated. Insula volume was significantly reduced in adults with psychotic disorders and psychosis-spectrum youth,
following an anterior-posterior gradient across granular sub-regions. Morphological abnormalities were limited to
lower gyrification in psychotic disorders, which was specific to schizophrenia and associated with cognitive ability.
Insula volume and thickness were associated with cognition, and positive and negative symptoms of psychosis. We
conclude that smaller insula volume follows an anterior-posterior gradient in psychosis and confers a broad risk for
psychosis-spectrum disorders. Reduced gyrification is specific to schizophrenia and may reflect altered prenatal
development that contributes to cognitive impairment.

Introduction increasingly implicated in psychiatric disorders, with

The insula is a heterogeneous brain structure located
deep in the Sylvian fissure and implicated in a vast array of
human behaviors and mental experiences. Often con-
sidered the fifth cerebral lobe, the insula is the first cor-
tical region to develop and differentiate, starting at just six
weeks of fetal life'. Due to its diverse role in a variety of
cognitive, affective, and regulatory functions, the insula is
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particular interest in its role in psychosis®. Insula
abnormalities are ubiquitous in psychotic disorders and
include structural changes®, abnormal resting-state func-
tional connectivity*”, and altered task-based activation®’.
Of these, volume deficits are among the most commonly
reported.

Despite apparent insula abnormalities in psychotic dis-
orders, several questions remain. First, the anatomical
specificity of these abnormalities remains unclear. The
insula is comprised of three granular sub-regions (agra-
nular, dysgranular, and granular) distinguished by their
cytoarchitectonic features, namely the presence/absence
of granular layer IV®®, Yet, most studies in psychosis
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examine the whole insula'®~'? or report relatively greater

deficits in the anterior portion'*'*, It is therefore
unknown whether granular sub-regions demonstrate
distinct patterns of structural alterations in psychosis.
Resolving this issue is important because, although
strongly interconnected along the dorso-ventral and
rostro-caudal axes, these sub-regions support distinct
functions across affective (agranular), cognitive (dysgra-
nular), and somatosensory (granular) systems'®. There-
fore, investigating sub-regions can help identify whether
specific granular regions are more/less affected in psy-
chosis, with implications for understanding structural
changes underlying clinical phenotypes.

Relatedly, the diagnostic specificity of insula abnorm-
alities is also unclear. Evidence of volume reductions in
schizophrenia is fairly robust'* and some studies find
abnormalities in bipolar disorder, suggesting that insula
dysfunction is transdiagnostic'®. However, findings in
bipolar disorder are mixed, possibly due to limited num-
ber of studies, small sample sizes, and heterogeneous
bipolar cohorts comprised of those with and without
psychotic features'”~"°,

In addition, the onset and trajectory of insula
abnormalities are uncertain. Two distinct approaches can
be taken to address this question. First, examination of
insula structure in high-risk or prodromal individuals as
well as in adults with psychotic disorders ranging from
the first episode to chronic, can identify the presence of
structural alterations at different stages of illness pro-
gression. Prior volumetric studies in prodromal and high-
risk youth support this developmental basis®**!. In high-
risk youth, conversion to psychosis has been associated
with smaller insula volume at baseline and a greater rate
of insula volume loss over four years®’. Smaller insula
volume is also observed in patients experiencing their
first psychotic episode'®*?. Meta-analyses of the whole
brain identify smaller insula volume in high-risk, first
episode, and chronic psychosis compared to controls****,
suggesting that insula volume changes observed in
chronic schizophrenia patients are present early on in the
disease course. Yet, a comprehensive analysis of insula
sub-regional structure at different illness stages has not
before been investigated.

Second, the developmental window of alteration is
unknown; characterization of different morphological
features of the insula may point to perturbation of specific
developmental stages, including prenatal brain develop-
ment. The majority of prior work on insula structure in
psychosis has focused on volume, which is at its highest in
childhood and declines throughout the lifespan®*?®;
however, parallel examination of multiple structural
measures may yield additional insights in the timing and
etiology of insula abnormalities. Intriguingly, aspects of
structural maturation, including thickness, gyrification,
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and sulcal depth, appear to be driven by different biolo-
gical processes” >° with distinct developmental trajec-
tories®" and genetic influences®?, suggesting that insult at
different developmental stages could differentially impact
structural metrics. Gyrification, for instance, develops
prenatally (primarily third trimester)®® with relatively little
change during adolescence®. Sulcal depth increases
considerably from birth to two years®, followed by rela-
tive stability or subtle decrease by adolescence®®*’. Cor-
tical thickness generally increases over years one to six, in
line with ongoing development of dendrites and glial cells
in childhood, then begins to decrease by age eight in the
context of synaptic pruning®”®.

While relatively understudied compared to volume,
cortical thinning39_4l, abnormal gyriﬁcation40’42, and
reduced sulcal depth®® of the insula have been observed in
small samples of psychotic disorder participants using
whole brain approaches. Few studies, however, have
characterized these structural features in the same cohort,
limiting conclusions about the specificity of structural
alterations in psychosis. Furthermore, whether morpho-
metric measures of the insula (e.g., thickness, gyrification,
and sulcal depth) are altered in psychosis-spectrum youth
has never before been examined. Therefore, in addition to
providing a detailed account of insula structure across the
psychosis spectrum, investigation of different structural
metrics has implications for understanding the develop-
mental etiology of insula alterations.

Finally, elucidating insula abnormalities across the
psychosis spectrum is clinically relevant to psychosis
phenotypes®'"**, As previously noted, insula sub-regions
are distinctly involved in affective, cognitive, and soma-
tosensory processing'>*®, suggesting that sub-regional
alterations may differentially contribute to psychotic
symptoms™®. Each sub-region has distinct afferent and
efferent connections®’, recapitulated in their functional
and structural connectivity profiles***’. Studies examin-
ing insula functioning have described large anterior and
posterior clusters® that can be further sub-divided based
on their involvement in distinct behavioral domains®.
Most anterior, the agranular insula has reciprocal con-
nections with limbic regions and is implicated in emotion
processing and social cognition®®. We, therefore, hypo-
thesized it would contribute to negative symptoms, as
recently demonstrated using functional connectivity®. The
middle dysgranular sub-region receives projections from
the cingulate cortex and striatum and projects to parietal
and prefrontal cortices, supporting its involvement in
higher-order cognition (e.g, memory, attention)™'.
Relationships with overall cognitive ability were therefore
investigated. Finally, the most posterior granular sub-
region is considered a “primary interoceptive cortex” with
somatotopic representations of objective physiological
changes®” and involvement in perception. We, therefore,
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expected structural abnormalities of this region to show
relationships with positive symptoms.

The current study quantified volume and morphologi-
cal characteristics of insula sub-regions in two indepen-
dent cohorts: adults with psychotic disorders and a
community-ascertained developmental cohort® that
includes youth with psychosis-spectrum symptoms. We
addressed the following aims: (1) characterize volume
and surface-based morphology of insula sub-regions
across the psychosis spectrum, (2) determine diagnostic
specificity of these alterations, and (3) examine con-
tributions to clinical phenotypes.

Methods and materials
Participants

Two independent cohorts were used to examine insula
structure in adults with a psychotic disorder (Psychosis
Cohort) and psychosis-spectrum youth (PNC).

Psychosis Cohort: The Psychosis Cohort came from a
repository study of 593 individuals that participated in
one of three neuroimaging projects conducted in the
Department of Psychiatry and Behavioral Sciences at
Vanderbilt University Medical Center (VUMC). After
excluding individuals that did not meet our study criteria,
including neuroimaging quality assurance, our final
sample (Table 1) included 196 healthy individuals and 303
individuals with a primary psychotic disorder (schizo-
phrenia spectrum = 211; bipolar disorder with psychotic
features = 92). Psychosis symptoms and cognitive ability
were measured using the Positive and Negative Syndrome
Scale (PANSS)®? and the Screen for Cognitive Impairment
in Psychiatry (SCIP)**, respectively. The SCIP includes
measures of verbal memory (immediate and delayed),
working memory, verbal fluency, and processing speed
and has been shown to be a reliable and valid measure of
cognitive ability in psychotic disorders>. SCIP subtest raw
scores were converted to z-scores using normative data
and averaged to create a composite z-score™, Symptom
severity was assessed using the PANSS, which rates
positive, negative, and general psychopathology symp-
toms over the past two weeks®. Average positive and
negative scale scores were used to measure positive and
negative symptom severity.

Philadelphia Neurodevelopmental Cohort (PNC): The
PNC was obtained from the database of Genotypes and
Phenotypes (dbGaP: Study Accession phs00607.v3.p2),
and consists of 9498 youth aged 8-21. Of the 1601 par-
ticipants that completed a neuroimaging session®’, 1368
were included in the current study (Table 1) after
excluding participants that did not meet our inclusion
criteria, including neuroimaging quality assurance. Par-
ticipants were classified as typically developing (ID) (n =
381), psychosis-spectrum (PS) (n=381), or other psy-
chopathology (OP) (n = 606) using similar procedures as
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prior PNC studies®®. OP participants had suprathreshold
psychopathology symptoms but did not meet PS criteria.
Positive and negative symptoms were assessed using the
PRIME Screen-Revised and Scale for Prodromal Syn-
dromes®?. Cognition was assessed using the Penn Com-
puterized Neurocognitive Battery (CNB), which includes
measures of executive-control, episodic memory, com-
plex cognition, and social cognition®. Overall cognitive
ability (average z-score of accuracy on each cognitive
test) was used as a measure of cognition. Details on study
procedures and group assignment are included in the
Supplement.

All four studies (three neuroimaging projects at VUMC
and the PNC study) were approved by the Institutional
Review Board (IRB) at each site and all participants pro-
vided signed written informed consent prior to complet-
ing study procedures.

Neuroimaging data acquisition

Imaging data for the Psychosis Cohort were collected on
one of two identical 3.0-T Philips Intera Achieva MRI
scanners (Philips Healthcare, Andover, MA), located at
the Vanderbilt University Institute of Imaging Science. A
T1-weighted anatomical image was collected on all sub-
jects and visually inspected for quality, blinded to diag-
nosis. The Psychosis Cohort was collected across three
neuroimaging studies with slightly different scanning
parameters (e.g, minor differences in TR/TE), and
somewhat different inclusion criteria (e.g., one study
emphasized recruitment of early psychosis patients while
another included a large proportion of the bipolar parti-
cipants). Therefore ‘study’ was included as an additional
covariate in all neuroimaging analyses of the Psychosis
Cohort. Imaging data for the PNC was collected on a
Siemens TIM Trio scanner located at the Hospital of the
University of Pennsylvania. A T1-weighted scan was
obtained using a magnetization-prepared rapid acquisi-
tion gradient echo (MPRAGE) sequence. Additional
information on neuroimaging data acquisition and quality
assurance are available in the Supplement.

Insula volume and surface features

Brain volumes and cortical surface features (i.e., thick-
ness, gyrification, sulcal depth) were quantified using
voxel-based morphometry (VBM) and surface-based
morphometry (SBM), respectively, as implemented in
the Computational Anatomy Toolbox 12 (CAT12) for
Statistical Parametric Mapping version 12 (SPM12)%.

Voxel-Based Morphometry: T1 images were pre-
processed in CAT12 using recommended processing
procedures which include: correction for bias-field inho-
mogeneities, spatial registration to a reference brain using
linear (12-parameter affine) and non-linear transforma-
tions, segmentation into gray matter, white matter, and
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Table 1 Demographics.
Healthy participants N =196 Psychosis participants N =303 Statistic
Age 28.70 (10.20) 29.33 (11.21) t(497) =063, p =0.527
Gender (M/F) 120/76 196/107 X? =061, p=0433
Race (W/AA/O) 139/48/10 220/67/16 X? =689, p=0229
Education* 15.24 (2.10) 13.53 (2.22) t(469) =8.31, p < 0.001
Parental education 14.70 (3.09) 14.81 (3.40) t(449) =033, p=0.739
Cognitive functioning
Premorbid 1Q 111.22 (11.00) 102.22 (15.24) t(483) =7.06, p < 0.001
Cognitive ability 0.11 (0.62) —0.93 (0.97) t(484) = 13.28, p < 0.001
Clinical characteristics
Positive symptoms 16.82 (8.23) —
Negative symptoms — 14.23 (6.62) —
Duration of illness (years) 7.72 (10.3)
CPZ-Equivalent 317.07 211.11) —
Typically Developing Psychosis Spectrum Other Psychopathology Statistics Comparison
N =381 N =381 N =606
Age 14.06 (3.69) 15.93 (3.05) 14.73 (3.64) F(2,1365) =2803, p<0001 TD<OP<PS
Gender (M/F) 194/187 175/206 274/332 X? =330, p=0.192
Race (W/AA/O) 209/127/45 116/218/47 292/246/68 X? = 5458, p < 0.001
Education 7.03 (3.62) 822 (2.71) 7.67 (3.37) F(2,1365)=1253, p<0001 TD<OP<PS
Parental Education 1447 (245) 1345 (2.15) 14.13 (2.21) F(2,1365)=1253, p<0001 PS<OP<TD
Cognitive functioning
Premorbid 1Q 105.71 (15.77) 98.11 (16.64) 102.52 (15.90) F(2,1363) = 2156, p<0.001 PS<OP<TD
Cognitive ability 0.03 (0.55) 0.001 (0.54) 0.06 (0.55) F(2,1365) =141, p=024
Clinical characteristics
Positive symptoms 2.07 (4.26) 22.39 (14.03) 413 (6.14) F(2,1364) =658.13, p<0.001 TD<OP <PS
Negative symptoms 0.25 (0.80) 217 (2.87) 048 (1.03) F(2,1365) = 1500, p<0.001 TD<OP<PS

Duration of illness (years) — —

CPZ-Equivalent — —

Premorbid 1Q for by the Wechsler Test of Adult Reading (WTAR) in the psychosis cohort and the Wide-Ranging Achievement Test (WRAT-4) in the PNC. Cognitive
Ability measured by the Screen for Cognitive Impairment in Psychiatry (SCIP) in the Psychosis Cohort and the Penn Computerized Neurocognitive Battery (CNB) in the
PNC. Positive and negative symptoms measured by the Positive and Negative Syndrome Scale (PANSS) in the psychosis cohort. In the PNC they were measured by the
PRIME screen (positive symptoms) and the Structured Interview for Prodromal Symptoms (SIPS) (negative symptoms). AA African American, CPZ Chlorpromazine,
F Female, M Male, O Other, PANSS Positive and Negative Syndrome Scale, W White.

cerebrospinal fluid tissue classes, and spatial normal-
ization to MNI-space using the DARTEL algorithm. The
normalized, modulated gray matter segmentations were
used in the statistical analyses described below.
Surface-Based Morphometry: The CAT12 toolbox uses
the projection-based thickness (PBT) method to auto-
matically reconstruct the cortical surface®’. Following
surface reconstruction, morphometric indices were cal-
culated, including cortical thickness, gyrification, and

sulcal depth. These metrics provide complimentary and
non-overlapping features of insula structure. Cortical
thickness estimates the thickness of the gray matter sur-
face using segmentation of the distance between inner and
outer surfaces of white and gray matter boundaries®.
Gyrification was estimated using a curvature-based
approach to measure absolute mean curvature, with
greater cortical folding contributing to greater local gyr-
ification, as described by Luders and colleagues®. Sulcal
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depth was estimated based on the Euclidean distance
between the central surface and its convex hull, using
square-root transformed values. As recommended by the
developers, cortical thickness data was resampled and
smoothed at 15mm FWHM, whereas gyrification and
sulcal depth data were resampled and smoothed at 20 mm
FWHM. The distance between sulci and gyri is approxi-
mately 20—30 mm, so a 20 mm smoothing kernel enhances
the features within this range®®.

Neuroimaging statistical analysis

Volume and surface features of the insula were analyzed
using complimentary region-of-interest (ROI) and voxel/
vertex-wise approaches.

ROI Analysis: A-priori masks of agranular, dysgranular,
and granular sub-regions, as determined by Farb and
colleagues®, were used to extract insula sub-region
volumes from each individuals normalized, modulated
gray matter segmentation“. The Farb atlas was chosen
due to its use of well-characterized cytoarchitectonic
divisions® to identify granular sub-regions. This allowed,
not only for the examination of structurally defined sub-
regions, but also limited the use of maps based on func-
tional activation or connectivity, which could be less
reliable in schizophrenia®. The HCP-MMPI1 atlas®, a
surface-based atlas which includes insula sub-regions was
used to extract average thickness, gyrification, and sulcal
depth from the surface meshes for insula sub-regions.
Volume and surface features were analyzed separately in
SPSS v.26. Repeated-measures ANCOVA was conducted
in each cohort with insula sub-region as a repeated factor
and diagnostic group as a between-groups factor. Age,
gender, total intracranial volume (TIV), study (for the
psychosis cohort only), and topography defects (SBM
analyses only) were included as covariates. Significant
main effects of the group were followed-up with analysis
of group differences for each sub-region using multi-
variate ANCOVA. Significance was Bonferroni-corrected
for three sub-regions (critical alpha = 0.017). Within the
Psychosis Cohort, effects of diagnosis (schizophrenia-
spectrum and bipolar disorder) and illness stage (early and
chronic psychosis) were also examined using repeated-
measures ANCOVA as described above. Finally, group
differences in gyrification and sulcal depth using the sub-
region approach were supplemented by examination of
the whole insula using the Desikan-Killiany (DK40) atlas
parcellation®”. This was done to ensure sufficient area to
measure cortical folding, in order to help validate sub-
regional analyses.

Voxel/vertex-wise analyses: Voxel-wise analysis of insula
volume was performed in SPM12 by entering the modu-
lated gray matter images (smoothed with a 4 mm kernel)
into an ANCOVA, masked to include only voxels in the a-
priori defined whole insula mask®, Similarly, vertex-based
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analysis of cortical thickness, gyrification, and sulcal depth
was analyzed using one-way ANCOVAs for each surface
metric within CAT12, using the HCP-MMP1 whole
insula as an explicit mask. Age, gender, TIV, study (Psy-
chosis cohort only), and topological defects (SBM analysis
only) were included as covariates. The resultant statistical
parametric maps were thresholded at cluster-level cor-
rected ppwe = 0.05 for voxel-wise p < 0.001 uncorrected.

Associations with cognitive and clinical phenotypes

In the psychosis cohort, relationships between struc-
ture and cognition were assessed in the whole sample
controlling for the group (control, schizophrenia, and
bipolar), whereas relationships with symptoms were
assessed in the psychosis patients only. In the PNC, all
correlations were conducted across the entire sample,
controlling for group. A-prior associations were first
tested: agranular insula and negative symptom severity,
dysgranular insula and cognitive ability, granular insula
and positive symptom severity. To examine specificity,
two-tailed a-priori correlations were followed-up with
examination of all pairwise brain-behavior relationships.
Associations were tested using partial correlation with
group, age, gender, TIV, and topography defects (for
SBM measures) as covariates. A-priori correlations were
Bonferroni-corrected for four metrics (critical alpha =
0.013). All other correlations are Bonferroni-corrected
for the additional 8 tests (critical alpha = 0.006).

Results
Group differences

Structural differences across sub-regions (main effect of
sub-region) are presented in Table S1.

Psychosis cohort

Volume: In the ROI-analysis, we observed a significant
main effect of group (F(1,493) = 16.94, p < 0.001; 4.28%
smaller) and group by sub-region interaction (F(2,986) =
3.66, p =0.03) (Fig. 1). Follow-up analyses indicated that
while all insula sub-regions were smaller in psychosis (all
p-values <0.001), there was an anterior—posterior gra-
dient. Specifically, reduced insula volume compared to
healthy controls was most pronounced in the agranular
(5.22% smaller), then dysgranular (4.48% smaller) then
granular sub-regions (3.56% smaller). These findings were
recapitulated in our voxel-wise analysis, which revealed
large bilateral clusters of reduced insula volume in psy-
chosis spanning all sub-regions (Fig. 2; Table S2).

Cortical Thickness: There was no significant main effect
of group (F(1,492) = 0.40, p =0.53) or group by sub-
region interaction (F(2,984) = 2.37, p = 0.09) in the ROI-
analysis. Vertex-based analysis revealed a cluster in the
agranular insula [—34 31 —2] with significantly reduced
cortical thickness in psychosis (Fig. 2; Table S2).



Sheffield et al. Translational Psychiatry (2021)11:346

Page 6 of 13

0.2-

0.0-

Volume

-0.2-

Thickness
o

5.0-

25-

Gyrification
3
2

-25-

-5.0-

0.50 -

0.25-

0.00-

SulcalDepth

-0.25-

-0.50-

Psychosis Cohort

* %k %

* %%

* % %

Group
- Healthy Participants
E Psychosis Participants

Dysgv'anular Grar‘mlar

Region

Agranular

PNC Cohort
% % "‘
0.2- = —
i ok
g
3 00-
S
-0.2-
Agra‘nuiar Dysglémular Graﬁular
Region
14
2
o
£ o-
L2
£
EE
5.0~
25-
c
k=]
& oo- (L =05
=
5 |
[}
-25
-5.0-
0.50-
0.25-
£
o
a
= 0.00- <5
o
=
2]
-0.25-
-0.50-

Group

B3 Typically Developing
B3 Psychosis Spectrum
B3 Other Psychopathology

Fig. 1 Insula volume and surface-features based on region-of-interest analyses. Insula volume was extracted from granular sub-regions in all
participants using masks from Farb and colleagues™. Psychotic disorder participants and psychosis-spectrum youth exhibited reduced volume of
insula sub-regions, following an anterior-posterior gradient. Surface-based morphometry values were extracted from granular sub-regions based on
parcellations from the HCP-MMPI atlas®. Significant alterations were observed only for dysgranular gyrification within the psychotic disorders cohort.
Marginal means are presented. Covariates included age, gender, total intracranial volume (TIV), study (for psychotic disorders cohort), and topography
defects (for surface-based measures). ***p < 0.001, **p <0017, 'p <0.05 but did not survive multiple comparisons correction.
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Fig. 2 Insula volume and surface-features based on voxel-wise and vertex-based analyses. To complement our region-of-interest analyses, we
conducted voxel-wise (volume) and vertex-based (surface) analyses of insula structure in each cohort using explicit insula masks®4°. Group
differences within the psychosis (healthy controls > psychosis) and PNC (typically developing > psychosis spectrum youth) cohorts are displayed.
Mirroring and extending our region-of-interest analyses, psychotic disorder participants had reduced volume and gyrification and well as reduced
cortical thickness. No significant group differences were observed in the PNC. Cluster-level corrected prye = 0.05 for voxel-wise p < 0.001
uncorrected, controlling for age, gender, total intracranial volume (TIV), study (for psychotic disorders cohort), and topography defects (for surface-

Gyrification: In the ROI-analysis, gyrification was sig-
nificantly reduced in psychosis (F(1,492) = 6.51, p = 0.01)
(Fig. 1) with a non-significant group by sub-region
interaction (F(2,984) = 2.46, p =0.09). Using the DK40
atlas, whole insula gyrification was still significantly
reduced in psychosis (F(1,492) = 8.81, p = 0.003). Vertex-
based analysis identified two clusters with reduced gyr-
ification in psychosis, with one peak in the right dysgra-
nular insula [36 —21 3] and the other peak in the left
granular insula [-35 —9 11] (Fig. 2; Table S2).

Sulcal Depth: No differences were detected between
psychosis and healthy participants in either the ROI-
analysis (F(1,492) = 0.00, p = 0.99) or vertex-based analysis
(no significant clusters). When using the DK40 atlas, whole
insula sulcal depth did not differ between groups
(F(1,492) =0.03, p=0.854). In the sub-regional ROI-
approach, there was a significant group by region interac-
tion (F(2,984) = 4.82, p = 0.008). Groups did not differ for
any insula sub-region (p’s > 0.26), however, healthy subjects
had relatively greater granular sulcal depth while psychosis
participants had relatively smaller granular sulcal depth
(Fig. 1). In both groups, all sub-regions significantly differed
from one another (p’s < 0.001), with granular insula having

the greatest sulcal depth and agranular insula having the
smallest sulcal depth in both groups.

Diagnostic effects (Schizophrenia-spectrum and psychotic
bipolar disorder)

Repeated-measured ANCOVA revealed that the struc-
tural abnormalities reported in the psychosis sample were
specific to schizophrenia and not observed in psychotic
bipolar disorder (Full results are presented in Table S3).

Regarding volume, all three sub-regions were smaller in
schizophrenia compared to bipolar participants (p’s <
0.04). Bipolar participants did not significantly differ from
controls in any sub-region.

Analysis of morphometry revealed that lower dysgra-
nular gyrification was also specific to schizophrenia.
When compared with controls, schizophrenia (1.87%
reduced, p =0.002) but not bipolar (0.72% reduced, p =
0.37) participants showed significant reductions. The
same was true for DK40 whole insula gyrification, which
was significantly reduced in schizophrenia (p = 0.001), but
not bipolar disorder (p=0.43) (bipolar patients were
intermediate to schizophrenia and healthy controls).
Cortical thickness did not differ across the three groups
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Fig. 3 Dysgranular volume and cognition. Correlation between dysgranular volume and cognitive ability in the psychotic disorder and PNC
cohorts. Volume is presented as a marginal mean controlling for group, age, gender, and total intracranial volume (TIV). In both groups, lower
dysgranular insula volume was associated with worse overall cognitive ability, with highly similar effect sizes.
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(F(2,491) =2.06, p=0.13). Sulcal depth was slightly
increased in bipolar participants as compared with con-
trols (0.71% greater, p = 0.03) and schizophrenia partici-
pants (1.01% greater, p =0.002), which was true also
when considering the DK40 whole insula (bipolar vs.
controls: p = 0.05; bipolar vs. schizophrenia: p = 0.003).

PNC cohort

Volume: We observed a significant main effect of group
(F(2,1362) =4.23, p =0.015) and a non-significant group
by region interaction (F(4,2724) = 1.11, p = 0.35). Similar
to psychosis patients, PS youth demonstrated an anterior-
posterior gradient with the largest volume reduction in
the agranular (1.46% smaller), then dysgranular (1.38%
smaller), then granular (1.03% smaller) sub-regions when
compared with TD youth (Fig. 1). The same pattern was
seen when PS youth were compared with OP (agranular:
1.6% smaller; dysgranular: 1.07% smaller; granular: 0.86%
smaller). TD and OP youth had similar overall insula
volumes (p =0.81). In the voxel-wise analysis, a cluster
localized to the agranular sub-region [38 15—10] (33
voxels) was reduced in PS youth; however, it fell short of
our conservative correction for multiple comparisons
(prwe = 0.06; Supplementary Fig. 1; Table S2).

Structure-Based Morphometry: There were no differ-
ences between groups in insula cortical thickness
(F(2,1361) = 0.04, p = 0.97), gyrification (F(2,1361) = 0.29,
p=0.75), or sulcal depth (F(2,1361) = 1.48, p=0.23).
There were also no significant region by group interac-
tions (thickness: F(4,2722 =0.32, p =0.87); gyrification:
F(4,2722) = 2.03, p = 0.09); sulcal depth: F(4,2722) = 1.62,
p=0.17)). No group differences were observed for DK40

whole insula gyrification (F(2,1361) =0.18, p = 0.836) or
sulcal depth (F(2,1361) =1.81, p=0.16). Results were
similar for the vertex-based analysis (Fig. 2).

Associations with cognitive and clinical phenotypes

Group differences between the cognitive and clinical
phenotypes are presented in Table 1. All brain—behavior
relationships are presented in Table S4 and summarized
below. Within the psychosis cohort, we also examined
group differences between bipolar and schizophrenia-
spectrum participants. Schizophrenia participants had
significantly worse cognitive ability (F(1, 262) =9.12, p=
0.003), positive (F(1, 265) =6.70, p =0.01) and negative
(F(1, 265) = 36.98, p < 0.001) symptoms as compared with
psychotic bipolar disorder participants.

Agranular structure-negative symptoms

Agranular insula volume (r=—0.24, p<0.001) and
thickness (r=—0.23, p <0.001) were significantly asso-
ciated with negative symptoms in psychotic disorders, but
not in the PNC (p’s > 0.05).

Dysgranular structure-cognitive ability

Overall cognitive ability was significantly associated
with volume of the dysgranular insula in both the Psy-
chosis Cohort (r=0.17, p < 0.001) and PNC (r=0.12, p <
0.001) (Fig. 3). In the Psychosis Cohort, dysgranular
thickness (r=0.19, p <0.001) and gyrification (r=0.12,
p=0.011) were also associated with cognition. In the
PNC, greater dysgranular sulcal depth was associated
with better cognitive ability (r=0.13, p <0.001) but this
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relationship was not seen in the Psychosis Cohort
(r=0.014, p =0.76).

Granular structure-positive symptoms

Positive symptom severity was associated with granular
insula thickness (r=—0.19, p=0.001) in psychosis
patients, but not in PS youth (r = 0.01, p = 0.83). No other
significant relationships were observed.

Sub-region and behavior specificity

In addition to the above-reported relationships, we also
found that cognitive ability was associated with agranular
volume in both the Psychosis Cohort (r=0.22, p <0.001)
and the PNC (r=0.11, p < 0.001).

In the Psychosis Cohort only, cognition was also related
to agranular thickness (r=0.19, p<0.001), granular
volume (r=0.21, p <0.001) and granular thickness (r=
0.15, p<0.001) indicating that volume and thickness of
the entire insula was associated with cognition. Negative
symptoms were also associated with volume of the dys-
granular (r=—0.18, p =0.002) and granular (r= —0.18,
p=0.002) sub-regions, indicating relationships between
whole insula volume and negative symptoms. Positive
symptoms were also associated with agranular thickness
(r=—0.17, p = 0.006).

In the PNC, cognitive ability was related to sulcal depth
of the agranular (r=0.15, p <0.001) and granular (r=
0.09, p<0.001) sub-regions. Positive symptoms were
related to agranular gyrification (r = 0.08, p = 0.004).

Supplemental analyses

Supplemental analyses were conducted to examine
associations between insula structure, antipsychotic
medication, and illness stage in psychosis, as well as
interactions with age and sex. These findings are pre-
sented in the Supplement (see Supplementary Informa-
tion, including Figs. S2 and S3 and Tables S5-S8). In brief,
both early and chronic patients demonstrated smaller
insula volumes and lower gyrification as compared with
healthy controls. Volume reductions followed an anterior-
posterior gradient in both groups.

Furthermore, age and sex effects were detected and are
described in detail in the Supplement. Briefly, in both
cohorts, volume and sulcal depth were negatively asso-
ciated with age for all insula sub-regions. Group by age
interactions were non-significant except for a group by
age interaction for dysgranular gyrification (r=0.14, p =
0.002) in the Psychosis Cohort, driven by a slightly
negative relationship in the psychosis patients but a zero-
slope relationship in the healthy controls. Sex effects were
largely non-significant in both cohorts, except for slightly
greater granular gyrification in men within the Psychosis
Cohort (p=0.003) and slightly greater dysgranular
volume (p = 0.007), dysgranular thickness (p < 0.001), and
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agranular gyrification (p =0.001) in boys in the PNC. In
addition, within the Psychosis Cohort, chlorpromazine
(CPZ)-equivalence values did not significantly correlate
with any structure metrics (Table S9) suggesting that
group differences were unlikely to be driven by medica-
tion use. Finally, to mitigate the potential impact of
demographic variables (age, gender, race) on the PNC
findings, a matched sample of TD and PS youth were
identified (Table S10). Insula volume was lower in the PS
youth to a similar degree as was observed in the larger
sample, but the findings in this smaller sample were not
significant (p = 0.22).

Discussion

We examined insula sub-regional volume, morphology,
and clinical correlates in adults with psychotic disorders
(schizophrenia-spectrum and psychotic bipolar disorder)
and youth with psychosis-spectrum symptoms. We found
that insula volume is smaller in psychotic disorder
patients and psychosis-spectrum youth, and is associated
with cognitive impairment in both cohorts. Investigation
of insula sub-regions revealed that smaller insula volume
follows an anterior-posterior gradient across the psychosis
spectrum, with smaller volume being more pronounced in
anterior insula. Parallel analysis of surface-based mor-
phometry identified lower gyrification in psychotic dis-
orders, with limited evidence of reduced cortical thickness
or sulcal depth. Volume and gyrification reductions were
observed only in schizophrenia, not psychotic bipolar
disorder. Gyrification was primarily reduced in the dys-
granular sub-region, correlating with cognitive deficits.
Finally, positive and negative symptoms were associated
with smaller volume and thickness of multiple granular
sub-regions in psychotic disorders but not psychosis-
spectrum youth. Together, these findings suggest insula
volume loss as a neurodevelopmental vulnerability that
confers broad risk for psychosis-spectrum disorders and is
associated with clinical phenotypes, especially cognitive
impairment. Insula morphometry, on the other hand, is
more specific to reduced gyrification in schizophrenia,
pointing to a possibly early neurodevelopmental
abnormality in this population.

While prior work has reported on insula volume loss in
psychosis, few studies have considered the heterogeneity
of insula structure. Cytoarchitecture of the insula changes
along the anterior-posterior axis, transitioning from an
agranular (anterior) to a granular (posterior) neocortex
with a large intermediate dysgranular region®®. Integra-
tion along this axis is believed to underlie the neuro-
biology of subjective feelings®®. Although volumetric
studies point to whole insula reductions in psychotic
disorders, meta-analysis shows relatively smaller volume
in anterior than posterior regions'*. We extend these
findings by demonstrating an anterior-posterior gradient
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of smaller insula volume in psychotic disorders, with the
most pronounced reductions (relative to healthy controls)
in the agranular insula, followed by the dysgranular and
granular sub-regions. We also demonstrate that this pat-
tern of volume differences is observed in youth with
psychosis-spectrum symptoms, early and chronic psy-
chosis. These findings suggest, in a cross-sectional sample,
that smaller insula volume has origins in early adoles-
cence that confers risk for psychosis-spectrum disorders.
Intriguingly, volume deficits were not observed in youth
with other psychopathology (e.g., depression, anxiety
disorders) but were instead specific to psychosis-spectrum
youth. Prior work has demonstrated smaller insula
volume in adults with non-psychotic psychiatric dis-
orders®, and insula dysfunction is implicated in various
psychiatric conditions’’. Our findings suggest that, during
adolescence, insula volume abnormalities may be specific,
or at least most pronounced, in individuals with
psychosis-spectrum symptoms.

Insula structural alterations were also more pronounced
in schizophrenia-spectrum than psychotic bipolar dis-
order participants. Prior research on insula pathology in
bipolar disorders has been mixed'*'*'””!, Unlike prior
work in heterogeneous bipolar samples, all bipolar parti-
cipants in our cohort had experienced psychosis. There-
fore, we provide additional evidence that those with
schizophrenia-spectrum disorders have notable altera-
tions to insula structure that may be distinct from indi-
viduals with affective psychosis. This finding also speaks
to the weaker structural differences observed in PS youth,
many of whom may never convert to schizophrenia-
spectrum disorder or develop bipolar disorder’?. On-
going longitudinal follow-up studies of the PNC will
further clarify the specificity of insula abnormalities.

Consistent with previous reports, we also observed
reduced insula gyrification in psychotic disorders, parti-
cularly schizophrenia'””®”*, Follow-up analyses revealed
reduced gyrification in both early and chronic psychosis,
with the most marked deficits in the dysgranular sub-
region. Gyrification develops prenatally’® and is relatively
stable over childhood and adolescence’®. In youth at
clinical-high risk for psychosis, gyrification has been
shown to be stable over one year, suggesting that abnor-
mal gyrification reflects very early developmental chan-
ges”’. Gyrification is particularly intriguing in the context
of schizophrenia, as cortical folding is closely linked with
the development of neural connectivity patterns’®. In fact,
altered gyrification has been put forth as foundational to
the global connectivity abnormalities in schizophrenia
thought to sub-serve clinical phenotypes”. Recently, we
have shown altered functional connectivity of insula sub-
regions during resting-state in an overlapping sample of
schizophrenia participants®. Functional differentiation of
insula connectivity in schizophrenia is also altered along

Page 10 of 13

the anterior-posterior axis’. While speculative, our find-
ings support a neurodevelopmental aberrant connectivity
model of schizophrenia® with early, possibly prenatal,
origins. Our data further suggests that reduced dysgra-
nular gyrification may contribute to the very early mani-
festation of cognitive deficits observed in those who
develop schizophrenia®”.

Cortical thickness, on the other hand, was not widely
reduced. Cortical thickness captures dendritic arboriza-
tion, myelination, and pruning®>** which increases during
the first two years of life®*, followed by a decrease”’,
similar to trajectories observed for volume. Prior work in
schizophrenia and bipolar disorder has shown cortical
thinning across many regions of the brain, particularly in
schizophrenia, including in the insula'’. Our vertex-based
approach revealed a cluster in the agranular insula with
cortical thinning in psychosis, but this was not observed
in PS youth. Discrepancies between the widespread
volume deficits and relatively small changes in cortical
thickness could be explained (at least in part) by differ-
ences in surface area. Both thickness and surface area
contribute to estimates of volume but are themselves
independent®®. Surface area is highly correlated with our
gyrification index®?, and surface area of the insula has
previously been shown to be reduced in schizophrenia®.

Insula sulcal depth, which reflects cortical folding
related to both early radial (vertical) and later tangential
(horizontal) brain growth®”, did not demonstrate group
differences in psychosis. Sulcal depth is calculated based
on the Euclidian distance between the top and bottom of
a sulcus, indicating that psychosis is not associated with
shallower insula sulci. This is in contrast with lower
gyrification, which reflects the degree of folding, but not
the depth of the folds. Our data suggest that folding was
reduced in psychotic disorders but the depth of the sulci
were similar between groups. Previous literature on
sulcal depth in psychosis is limited and mixed**””. In
fact, the current data may represent the most compre-
hensive analysis of insula sulcal depth in psychotic dis-
orders to-date and suggests it is intact in schizophrenia
and may be slightly increased in bipolar disorder. Further
studies in independent cohorts are needed to replicate
these findings.

Finally, sub-regional structure is associated with clinical
phenotypes across the psychosis spectrum. In both cohorts,
dysgranular and agranular insula volume were significantly
associated with overall cognition, suggesting that smaller
volume of these sub-regions contributes to greater cognitive
impairment across the psychosis-spectrum — a core feature
of psychosis-risk®®. Furthermore, worse negative symptoms
were associated with lower insula volume in all three sub-
regions, while positive symptoms were associated with
lower thickness. Insula sub-regions have distinct whole-
brain connectivity patterns, reflecting their involvement in
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different functional systems™*”***°, Despite this, we saw
limited evidence of specific brain-behavior relationships
depending on insula sub-region, instead findings that
volume and thickness were predictive of many of the phe-
notypes, particularly in the psychotic disorders cohort. This
suggests that abnormal insula structure (particularly a
smaller and thinner insula) contributes to overall clinical
symptom severity in psychotic disorders. We do note,
however, that one intriguing area of specificity was dys-
granular gyrification, which was only related to cognitive
ability. While requiring replication, this finding suggests
that altered cortical folding driven by local connectivity
contributes to the cognitive deficits observed in
schizophrenia-spectrum disorders. While these effect sizes
are small, in the context of large cohorts and correlational
psychological research, they are still meaningful™® and
should motivate continued research into the clinical
implications of altered insula structure in psychosis.

Strengths of the current study include large sample
sizes, comparison across multiple cohorts at varying
stages along the psychosis-spectrum, analysis of insula
sub-regions based on segmentation of granular layers, and
analysis of structural integrity using both volume and
surface-based measures. Limitations include different
measures of cognition and symptoms collected across the
cohorts, limiting direct comparison of brain-behavior
relationships. Furthermore, this is a cross-sectional sam-
ple and we therefore can only infer progressive changes
from psychosis-spectrum youth to psychotic disorders.

In sum, insula volume is reduced in psychotic disorders
and psychosis-spectrum youth and correlates with cog-
nitive ability in both cohorts, suggesting insula volume
deficits confer broad risk for psychosis. Reduced gyr-
ification of the insula is also observed in psychotic dis-
orders, but is most pronounced in schizophrenia and
contributes to cognitive impairment. Negative and posi-
tive symptoms are also related to insula sub-regional
structure, suggesting that abnormal pathophysiology of
the insula contributes to the clinical phenotypes. Future
directions include longitudinal analysis of the PNC cohort
to determine whether those who convert to schizophrenia
demonstrate more pronounced gyrification abnormalities
than the PS youth as a whole. Examination of gyrification
and volume abnormalities in relationship with polygenic
risk scores for schizophrenia may also reveal their con-
tribution to cognitive and developmental subtyping of
psychosis®’. Finally, molecular analysis of granular layers
in psychotic disorders can be used to assess how altera-
tions picked up by MRI map onto the cytoarchitecture,
informing biological models of psychosis.
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