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Abstract
Objective: Progress toward understanding brain mechanisms in psychosis is hampered by failures
to account for within-group heterogeneity that exists across neuropsychological domains. We
recently identified distinct cognitive subgroups that might assist in identifying more biologically
meaningful subtypes of psychosis. In the present study we examined whether underlying structural
brain abnormalities differentiate these cognitively derived subgroups.
Method: 1.5T T1 weighted structural scans were acquired for 168 healthy controls and 220 patients
with schizophrenia/schizoaffective disorder. Based on previous work, 47 patients were categorised
as being cognitively compromised (impaired premorbid and current 1Q), 100 as cognitively
deteriorated (normal premorbid 1Q, impaired current IQ) and 73 as putatively cognitively preserved
(premorbid andcurrent IQ within 1 SD of controls). Global, subcortical and cortical volume,
thickness and surface area measures were compared among groups.
Results: Whole cortex, subcortical, and regional volume and thickness reductions were evident in
all subgroups compared to controls, with the largest effect sizes in the Compromised group. This
subgroup also showed abnormalities in regions not seen in the other patient groups, including
smaller left superior and middle frontal areas, left anterior and inferior temporal areas and right
lateral medial and inferior frontal, occipital lobe and superior temporal areas.
Conclusions: This pattern of more prominent brain structural abnormalities in the group with the
most marked cognitive impairments - both currently and putatively prior to illness onset, is
consistent with the concept of schizophrenia as a progressive neurodevelopmental disorder. In this

group, neurodevelopmental andneurodegenerative factors may be important for cognitive function.

Keywords neuropsychological subgroups; brain volume, cortical thickness, cortical surface area,

total brain volume; intracranial volume
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Schizophrenia is a heterogeneous disorder that varies in its cognitive presentation. Past
literature indicates a broad spectrum of cognitive functioning, ranging from intact ability or mild
deficits, to severe and profound impairments . Work using different statistical clustering
techniques shows that schizophrenia patients can be sub-grouped into two-to-four more
homogeneous clusters on the basis of neuropsychological data tapping predominantly ‘fluid’
cognitive processes . These clusters can be distinguished in terms of the severity of their
cognitive impairments and their psychosocial outcomes; with the more severely impaired patients
tending to demonstrate evidence of poorer functioning relative to less-impaired groups .

Among individuals with schizophrenia with moderate-to-severe cognitive deficits in fluid
intelligence, there is variability in the extent to which crystalized intelligence is also affected *7'°.
Crystalized intelligence is generally measured by performance on ‘hold tests’ including vocabulary
or word reading, that tap into abilities that require intact functioning during development for
adequate performance. As these hold tests are thought to be immune to age-related decline, their use
in psychiatric disorders is considered to index the extent of intellectual functioning (premorbid 1Q)

. . 11,12
prior to illness onset

. For some patients, impaired current cognition in the context of intact
premorbid 1Q, suggests a putatively normal early developmental cognitive path followed by a
decline in intellectual functioning possibly associated with pathology at illness onset. For others,
severe deficits in current cognitive functioning in the context of low premorbid IQ implies early
limitations to cognitive capacity that may be consistent with neurodevelopmental insults and/or
early and ongoing cognitive degeneration * .

Recently, Woodward and Heckers ? reported that cognitively impaired patients with
psychosis (bipolar disorder and schizophrenia) had reduced total brain volumes (TBV) as well as
regionally specific fronto-temporal and subcortical grey matter loss relative to healthy individuals.

However, cognitively impaired patients with compromised premorbid 1Q showed evidence of brain

hypoplasia in the form of reduced intracranial volume (ICV). Conversely, cognitively impaired
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patients with intact premorbid 1Q, showed evidence of neural atrophy as demonstrated by reduced
TBYV but normal ICV. Czepielewski et al.”* largely replicated these findings in a smaller cohort of
individuals diagnosed with schizophrenia only, demonstrating that patients with impaired current
andpremorbid cognitive functioning had reduced ICV andreductions in TBV, global cortical
thickness, global grey matter and regional insula volumes. Patients with impaired current butintact
premorbid cognitive impairments however, had only reduced TBV alongside reduced global
cortical thickness and grey matter volume relative to controls. Weinberg et al.” also recently
reported extensive volumetric abnormalities in whole brain, total gray and white matter as well as in
several cortical regions in a similarly categorised psychosis subgroup with average premorbid but
below average current IQ. However, due to low statistical power these authors were unable to
analyse a subgroup akin to that identified as having low premorbid and current intellectual function
in previous studies.

Although cross-sectional in nature, these studies assumed that in the context of impaired
current cognitive functioning, estimates of impairedpremorbid IQ represented a ‘compromised’
cognitive phenotype, while estimates of intact premorbid IQ represented a potentially ‘declining’
cognitive phenotype. These studies therefore suggest that both neurodevelopmental and
neurodegenerative processes may be of importance to understanding variability in brain-cognition
relationships in schizophrenia'®.

However, all of these studies comprised small-medium sized samples for cognitive
clustering, making it unclear whether the above brain structural findings are reproducible with
larger samples. These studies also only examined global brain thickness and/or volumetric estimates,
or regional brain volumes using voxel-wise or mean-regional volume approaches in relation to
cognitive subgroups. Yet knowledge of brain-cognition relationships may further benefit from
understandings of regional thickness differences between sub-groups, as well as the unique
contribution of surface area. The latter may have a neurodevelopmental basis as it has been shown

to scale with the degree of cortical folding, a process occurring during mid-gestation and early post-
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natal brain development ">, Both thickness and surface area are component measures of cortical

19, 20

volume thought to be negatively related '®, genetically independent and have differing

21,22 :
* 7, It remains unclear however, whether

neurodevelopmental trajectories and relationships to 1Q
thickness, surface area and volume show similar or different relationships with cognitive variability
in schizophrenia/schizoaffective disorder, particularly in the context of premorbid 1Q; to date, there
is a paucity of literature examining discrete brain structural indices in cognitive subgroups of
psychosis with putatively differing cognitive courses > %% 13,

In our recent study®, we used a data-driven approach to subgroup patients with
schizophrenia and schizoaffective disorder into three groups based on estimated premorbid and
current [Q. One group showed evidence of average premorbid and current cognitive performance,
suggesting the presence of a ‘preserved cognitive course unlikely to be impacted by
neurodevelopmental or neurodegenerative abnormalities. A second group of patients with average
premorbid 1Q but current IQ below the control mean, showed evidence of a decline in cognitive
functioning; these patients appeared to have a ‘deteriorated cognitive course, with progressive
degeneration assumed to originate at or after illness onset. Finally, a third group with low
premorbid and low current IQ were considered to show evidence of a ‘compromisetcognitive
course with abnormalities assumed to originate years before and continue after illness onset.
Functional outcomes and symptomatology in the Compromised subgroup were worse than that of
Preserved patients, suggesting group differentiation consistent with differences in cognitive profiles
in and of themselves. These findings suggest that the pathways leading to cognitive outcomes in
each of the subgroups may be different. However, the presence of other potentially distinguishing
factors, including brain structure, was not examined.

Here, we aimed to build on work in this cohort by determining whether underlying structural
brain abnormalities differentiate these cognitively derived subgroups. Our objectives were twofold;

113

first, we aimed to replicate the findings by Woodward and Heckers’ and Czepielewski et al."” in the

current larger cohort. We predicted that smaller ICV would be apparent in the Compromised
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subgroup as evidence of hypoplasia, whilst smaller TBV and normal ICV would be apparent in the
Deteriorated subgroup as evidence of atrophy. Second, we aimed to extend previous findings by
examining whether the cognitive subgroups could be differentiated in terms of global andregional
brain measures of volume, thickness andsurface area. We predicted that both cognitively impaired
subgroups would show brain structural abnormalities relative to controls, but that these would be
more extensive in the Compromised subgroup. Whether surface area differences would be evident

only in the Compromised patients with greater presumed neurodevelopmental influences remained

exploratory.

Method

Participants

Neuroimaging data from 220 patients with schizophrenia/schizoaffective disorder and 168
healthy controls was obtained from the Australian Schizophrenia Research Bank (ASRB). All
participants provided informed consent for the analysis of their stored data. Study procedures were
approved by the Melbourne Health Human Research Ethics Committee. Details of participant
characterisation are given in the supplementary material.

Cognitive subgroups were previously determined by applying clustering analysis to a larger
dataset (n= 534) of patients from the ASRB (see ® for details). Briefly, tree and K-means clustering
algorithms were used to determine the optimal number of clusters to retain from the data using
standardised scores from the following tests; Wechsler Test of Adult Reading (WTAR), the
Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) immediate memory
and attention index scores and the Wechsler Adult Intelligence Test —III Letter-Number Sequencing
test. This strategy resulted in a three-group solution, defined as putatively Preserved, Deteriorated

and Compromised subgroups of people with schizophrenia/schizoaffective disorder.

MRI imageacquisitionand processing
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T1-weighted (MPRAGE) structural scans were acquired using Siemens Avanto 1.5 tesla
scanners. T1-weighted images comprised 176 sagittal slices/brain of Imm thickness without gap;
field of view = 250 x 250 mm?; repetition time/echo time = 1980/4.3 ms; data matrix size = 256 x
256; voxel dimensions = 1.0 x 1.0 x 1.0 mm”. The same acquisition sequence was acquired at all
ASRB sites. Image processing was conducted using the Freesurfer software package (version 5.1.0,

http://surfer.nmr.mgh.harvard.edu/), comprising a volume and a surface-based stream *****. The

former was used to extract mean volume estimates for ICV (estimate based on the talairach
transform), TBV (brain segmentation volume without ventricles) and subcortical and cortical areas
across the whole brain" The latter was used to extract cortical thickness and surface area
measurements by reconstructing a three-dimensional cortical surface model. Details of the pre-

processing procedure is provided in the supplementary material.

Statistical analysis

Demographic data were analyzed with one-way analyses of variance or Chi-square tests
using the Statistical Package for the Social Sciences (SPSS v22). Mean global and regional volume,
thickness and surface area values were extracted from Freesurfer and imported into SPSS, where
the null hypothesis of equality across the four groups (controls, Deteriorated, putatively Preserved
and Compromised) in each of these brain measures was tested using general linear models
controlling for scanner site, gender, age and ICV (for global volume except absolute TBV, regional
volume and surface area analyses only). Bivariate correlations were also conducted in the whole
patient sample to ascertain relationships between brain measures and negative symptoms, given
group differences in negative symptom severity. As no correlations survived False Discovery Rate
(FDR; p<.05) correction for multiple testing, negative symptoms were not included as a covariate in
the models comparing the three subgroups. The FDR was also used to correct for multiple

comparisons for the following analyses separately 1) global brain estimates: total left, right and

whole cortex volume, thickness and surface area, total left and right cortical white matter volume,
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total cortical and subcortical gray matter volume, ICV, absolute TBV and TBV adjusted for ICV

(12 comparisons); 2) subcortical volume across the left and right Putamen, Pallidum, Hippocampus,

Amygdala, Thalamus, Caudate, Accumbens area and Cerebellum (16 comparisons); 3) regional

cortical volume; 4) regional cortical thickness; 5) regional cortical surface area. Analyses 3-5 were

conducted on all 34 regions delineated by the Desikan-Killiany brain atlas; the left and right
hemispheres were corrected separately using an FDR rate of p<.05 (34 comparisons per hemisphere
per measure). Whenever the null hypothesis of equality across the four groups was rejected at a
significance that survived FDR correction, pair-wise post-hoc tests (6 comparisons) were performed
and corrected using an FDR rate of 5% to assess where group differences lay. Effect sizes are

reported as Cohen’s d.

Results

The size of the subgroups in the ASRB subset of patients with available neuroimaging data
were n= 73 patients putatively Preserved; n=100 Deteriorated, n=47 Compromised.
Demographic/clinical proportions and cognitive performance patterns on the clustering variables
largely adhered to that seen in the larger sample (supplementary Figure 1). There were no
differences in antipsychotic medication use between subgroups, but there were more Deteriorated
patients taking anxiolytics and lithium than other subgroups. Table 1 presents the descriptive

statistics for the sample.

Global brain estimates

Figure 1 and supplementary Table 1 present comparisons of ICV, TBV and ICV adjusted for TBV,
as well as global brain structural volume and thickness estimates for regions surviving FDR
correction.

Subgroups . controls:Although in the Compromised subgroup ICV was qualitatively

(albeit negligibly) the smallest of all the subgroups compared to controls (d=-.21 vs. d=-.05 and d=-
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.03), this effect was not statistically significant. In fact, there were no significant group differences
in ICV, absolute TBV, bilateral cortical white matter volume or surface area in any of the cognitive
subgroups compared to controls. However, statistically significant volumetric reductions were
evident in left, right and total cortical thickness and volume as well as total grey matter volume and
in TBV after correction for ICV compared to controls. Compromised patients showed the greatest
patient-control effect size differences of all subgroups (effect sizes ranges: Compromised d=-.70 to
-.92; vs Deteriorated d=-.36 to -.62 and putatively Preserved d=-.40 to -.72)

Subgroup comparison&elative to both Deteriorated and putatively Preserved patients, the
Compromised subgroup had statistically significant reductions in left (d=-.52; d=-.44 respectively),
right (d=-.52; d=-.48 respectively) and total cortical volumes (d=-.53; d=-.46 respectively). This

group also showed statistically significant reductions in total grey matter (d=-.40) compared to

Deteriorated patients.

Subcortical volume

Table 2 presents comparisons of subcortical and cortical regions surviving FDR correction.

Subgroups vs. controléll subgroups showed subcortical volumetric abnormalities, with
statistically significant bilateral increases in the putamen and pallidum, and reductions in the
hippocampus. Larger patient-control effect sizes for hippocampal reductions were evident in the
Compromised group (left d=-.86 and right d=-.77 vs. all d’s <-.58 for Deteriorated and putatively
Preserved patients).

Subgroup comparison€§iompared to Deteriorated patients, the Compromised group had
statistically significant reduced volumes of the hippocampus bilaterally (d= -.45 and d=-.47

respectively).

Regional cortical volume
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Figure 2a shows the effect size maps for comparisons of cortical volume in regions
surviving FDR correction. Table 2 quantifies the regions that significantly differed in cortical
volume between groups.

Subgroup vs. controlsAll subgroups showed statistically significant reductions in left
inferior parietal cortex, right supramarginal gyrus and frontal pole, and in the middle temporal
gyrus and pars orbitalis bilaterally. Both cognitively impaired subgroups showed significantly
smaller volumes of the right precentral gyrus and left lateral orbitofrontal cortex not seen in the
putatively Preserved patients. The Compromised subgroup however, was the only group to show
significant volumetric reductions relative to controls bilaterally in the rostral middle frontal region
and in the left temporal pole, left inferior temporal, superior frontal, and parahippocampal gyri and
the right lateral occipital and superior temporal gyri, right lateral and medial orbitofrontal cortices
and right pars triangularis. The putatively Preserved group showed specific significant reductions in
the left superior temporal gyrus and right inferior temporal gyrus that were not seen in the other
subgroups. Larger effect size differences were seen in the Compromised (d=-.39 to -.79) vs.
Deteriorated (d= -.02 to -.40) and putatively Preserved (d=-.11 to -.52) subgroups in more than half
of the regions surviving correction.

Subgroup comparison&elative to both Deteriorated and putatively Preserved subgroups,
Compromised patients showed significant reductions in the left lateral orbitofrontal cortex (d=-.48;
d=-.65 respectively), parahippocampal gyrus (d=-.52; d= -.46 respectively) and temporal pole (d=-
.50; d=-.43 respectively), as well as the right pars triangularis (d=-.51; d=-.45 respectively).
Significant reductions in the right lateral occipital gyrus (d=-.51) and bilateral superior frontal
region (left d= -.49; right d= -.48) were also seen in Compromised patients relative to Deteriorated

patients.

Regional cortical thickness and surface area
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Figure 2b shows the effect size maps for comparisons of cortical thickness for regions
surviving FDR correction. Table 3 quantifies the regions that significantly differed in cortical
thickness between groups.

Subgroups vs. controlaNo surface area abnormalities were evident in any of the subgroups.
A significantly thinner cortex was evident for all subgroups in the left rostral anterior cingulate and
right supramarginal gyrus, as well as regions of the lateral and medial orbitofrontal cortex, inferior
frontal, caudal and rostral middle frontal, superior frontal, precentral, inferior temporal, middle
temporal and fusiform gyri, and the superior temporal, temporal pole and insula bilaterally.
Significant thickness reductions in the right parahippocampal and left supramarginal gyri were
evident in Compromised patients only. On the other hand, thickness reductions in the right caudal
anterior cingulate and left precuneus was evident only in the Deteriorated patients, while reductions
in the left isthmus of the cingulate was seen only in the putatively Preserved patients and not in
other groups. Both Compromised and Deteriorated patients had significantly thinner right inferior
parietal cortex, left parahippocampal gyrus and left entorhinal cortex that was not evident in the
putatively Preserved group. The Deteriorated and putatively Preserved groups showed significant
reductions in the left bank of the superior temporal sulcus and the right transverse temporal cortex
not seen in the Compromised patients. Greater effect size differences were seen in the
Compromised patients (range of d=0.1 to -1.11) vs. Deteriorated (range of d=-.24 to -.77) and
putatively Preserved patients (range of d=-.11 to -.52) in half of the regions surviving correction.

Subgroup comparison&elative to Deteriorated and putatively Preserved patients,
Compromised patients had significantly thinner cortex in the left rostral anterior cingulate (d=-.44;
d=-.36 respectively) and the left parahippocampal gyrus (d= -.47; d=-.83 respectively).
Significantly thinner cortex was also seen in the right temporal pole in the Compromised group

relative to Deteriorated patients (d=-.41).

Discussion
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In this study we sought to determine the relationship between cognitive functioning and
brain structure in schizophrenia/schizoaffective disorder, by examining whether structural
abnormalities could differentiate three cognitive subgroups manifesting putatively differing
cognitive trajectories of the disorder *®. While reduced ICV in Compromised patients was found, it
was of a small magnitude, did not reach statistical significance and failed to support our hypothesis.
Rather, we found evidence for reduced TBV (adjusting for ICV) in all subgroups compared with
controls. It has been argued that ICV and TBV are markers of neurodevelopment and
neurodegeneration respectively °. This is due to the similar rate of increase in both measures prior to
the teenage years, where, after reaching a critical point, there is a divergence in trajectory as
represented by a decline in TBV in the context of relative stability in ICV over time *°. Recent work
%13 shows that ICV reductions are present in psychosis patients with cognitive impairments
presumed to originate prior to illness onset (indicating hypoplasia), whereas TBV reductions are
evident in patients with cognitive impairments presumed to originate after illness onset (indicating
atrophy). Our results did not clearly support these findings and our index of abnormal brain
development (ICV) did not map onto our index of abnormal cognitive development (patients with
premorbid 1Q deficits). Instead, all of our cognitive subgroups appeared to be susceptible to some
brain atrophy. Thus, hypoplasia, and subsequently, the notion of a staticencephalopathy in
Compromised patients do not appear to be well-supported here. However, there are differences
between ours and the previous studies that may account for these discrepant results .

For example, disparate cognitive tests and clustering methods may have yielded different
boundaries for defining cognitive subgroups; the studies of both Woodward and Heckers’ and
Czepielewski et al."” used compositescores from cognitive batteries tapping several broad cognitive
domains to group patients into cognitively impaired or unimpaired samples based on whether

premorbid 1Q or the discrepancy between premorbid and current cognition was above or below the

#AThe discrepancy between our results and previous work is not likely to be explained by differences in the measures
used to assess ICV and TBV, given that we re-ran our analyses using voxel-based morphometry-generated values
calculated with the same method as Woodward and Heckers, and the findings did not change (supplementary Table 2).!
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10’th percentile of the control distribution. In contrast, our subgroups were generated via a data-
driven statistical clustering method based on performance on three separatanemory and attention-
indexing cognitive tests as well as premorbid 1Q score, which resulted in three groups initially. As a
result, the proportion of patients classified into the putatively Preserved, Deteriorated and
Compromised subgroups in our cohort was less evenly distributed than that of the other samples;
respectively, Woodward and Heckers reported distributions of n=41, 52, 38 and Czepielewski et al.
reported distributions of n=25, 31, 36. In contrast our distributions were n=73, 100 and 47. While
the proportion of putatively Preserved patients was similar across studies (33% vs. 31% and 27%)
and therefore seemingly representative of the schizophrenia/schizoaffective population, our
classification resulted in a lesser number of patients being classified as Compromised (21% vs. 29%
and 39%). This suggests that our cohort was either a cognitively higher functioning cohort in
general, or a cohort whose current cognitive impairments were not tapped to the same extent as the
other studies.

Given the lack of statistical evidence for ICV reductions in any of the subgroups in our data,
it is perhaps not surprising that there was also an absence of differences in surface area between
groups. Surface area is influenced by the number of ontogenetic cortical columns orientated
perpendicular to the brain’s surface; which are established during early foetal development through
the migration of neurons from the ventricular zone to their columnar location ***’. Surface area
therefore has early neurodevelopmental relevance, which does not appear to be of substantial
influence on our data. Rather, maturational and/or adult neurodegenerative processes may be more
significant contributors to the neural tissue underpinnings of all cognitive subgroups represented in
our sample.

Indeed, cortical thickness and volume in schizophrenia are known to be susceptible to
accelerated ageing and are associated with cognitive decline in neurodegenerative diseases ** 2",

In all of our subgroups we saw global and regional volume and thickness abnormalities. While the

volume abnormalities in the Deteriorated group were less widespread than anticipated on the basis
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of a recently published study °, as expected, the pattern of both volume and thickness reductions
was qualitatively and quantitatively most pronounced in Compromised patients in neural tissue
across all four lobes, particularly in the orbital, inferior (pars triangularis) and superior frontal,
temporal (parahippocampus, temporal pole) and occipital regions (volume) as well as the left
parahippocampus and rostral anterior cingulate (thickness). The Compromised group also had
smaller volumes and thickness in a number of regions not evident in the other groups; including in
the left superior and middle frontal areas, left anterior and inferior temporal areas and right lateral
medial and inferior frontal, occipital and superior temporal areas (volume), as well as the right
parahippocampal and left supramarginal gyri (thickness).

The pattern of more prominent structural abnormalities in the subgroup with the most
marked cognitive impairments - both currently and prior to illness onset, is consistent with the
concept of schizophrenia as a progressive neurodevelopmental disorder *%. It also fits with the
concept and implications of variability in cognitive reserve; which describes the protective effect
that higher premorbid intellect (reserve) has against age/illness-related degeneration of neural and
cognitive processes. Proxies of cognitive reserve include performance on crystallized intelligence
tests such as the WTAR, which tap into intellectual functions theoretically immune to age/illness-
related decline. Lower performance on such tests, and thus, lower cognitive reserve, is thought to
confer greater liability for cognitive and brain degeneration because the extent to which
compensatory mechanisms (associated with pre-existing cognitive processes) can be enlisted to

cope with age/illness-related pathology is reduced ****

. In healthy adults, reduced cognitive reserve
has been linked to exaggerated brain structural abnormalities, as well as reduced protection against
the detrimental effects of these abnormalities on cognitive performance **. Since below-average
premorbid 1Q in the Compromised group represents a marker of poor premorbid cognitive reserve

capacity, it is not surprising that this group demonstrated the most pronounced brain abnormalities

in several regions including the hippocampal complex; an area of reduced neurogenesis *° and that



15!
I

is known to be at increased risk of illness and age-related decline and degeneration in healthy,
psychiatric and neurological disorder groups *'~°.

Critically, an indirect association between cognitive impairment and brain structural
abnormalities was evident in our data, as both cognitively impaired patient groups did show specific
volume and thickness reductions in circumscribed areas that were not seen in the putatively
Preserved patients. However, our Preserved patients also had structural deficits in several other
regions including in the superior frontal gyrus, superior inferior temporal gyri and inferior parietal

. . . 1
lobule that were unexpected, since previous studies > * '?

reported reduced TBV and/or total gray
and cortex volume in Preserved patients but not sizeable localised grey matter volume reductions.
The inconsistencies in results may relate to differences in the mean age of the Preserved samples
across studies; our putatively Preserved group was somewhat older than the previous studies, and its
illness duration was almost double that reported by Woodward and Heckers. Thus, a potentially
greater impact of age and/or schizophrenia-related tissue decline in the putatively Preserved patients
in our data may partially explain the present findings. Given that age was significantly associated
with brain structural deficits (most global and local thickness, surface area and volume estimates) in
the current study (data not shown), this remains a strong possibility.

Another important consideration relates to whether the Preserved patients assessed here are
in fact, truly ‘preserved’. This may not necessarily be the case, since recent work shows that the
association between intellectual functioning and the risk for schizophrenia is strongly predicted by
the extent to which patients deviate from their familial cognitive aptitude, rather than their observed
cognitive achievement *°. Further, evidence indicating that neuropsychologically ‘normal’
schizophrenia patients perform worse on cognitive tests than their unaffected monozygotic twins
suggests that such patients deviate from what would be expected of their performance based upon
genetic predisposition *'. When framed in this context it is plausible that the structural brain
abnormalities observed in the putatively Preserved group here, represent the neural underpinnings

of subtle cognitive impairments or a pathology-related cognitive decline that is not adequately
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captured by the current experimental design. Further work is required to explore this notion further.
Nonetheless, it may explain the thinning and volume reductions evident in both cognitively
impaired and unimpaired patients.

Our findings should be considered in the context of a number of limitations. Firstly, given
limited medication data available in the ASRB (including dosing information), we were unable to
adequately assess the effects of medication in the sample. However, previous work in this cohort
has shown that antipsychotic medication is not correlated to cortical volumes *'. Secondly,
exclusion criteria in the ASRB precluded recruitment of patients with estimated premorbid 1Q’s of
less than 75. It is possible that even more pronounced differences would have been evident,
including in ICV, had more severely premorbidly intellectually impaired patients been included in
the analysis. Finally, distinctions between Compromised and Deteriorated patients are dependent on
the assumption that differences between premorbid estimates and current cognition estimates
represent actual cognitive decline over time. Despite evidence verifying the WTAR as a
representative measure of premorbid IQ *%, the cross-sectional nature of our study limits the extent
to which this assumption can be established.

Despite this, our study is the largest of its kind to examine structural brain-cognition
relationships through cognitive subgroups in schizophrenia/schizoaffective disorder, in the context
of putative neurodevelopmental and neurodegenerative influences. Although our findings suggest
that cortical volume and thickness reductions are present in all cognitive subgroups, the overall
pattern of findings does appear to have some relevance in distinguishing them; with Compromised
patients demonstrating greater abnormalities in specific regions and potentially representing the
manifestation of a greater impact of neurodegenerative processes. As no correlations were evident
between negative symptom severity and any imaging measure, these brain structural differences are
unlikely to be a simple reflection of differences in the severity of illness. Further work is needed to
determine the extent to which these results replicate using similar cognitive batteries and in similar

sized samples.



17!

Acknowledgements, disclosures and funding

Dr Van Rheenen was supported by a National Health and Medical Research
Council (NHMRC) Early Career Fellowship (APP1088785). Dr. Cropley was supported by an
NHMRC Early Career Fellowship (628880), a Brain and Behavior Research Foundation
(NARSAD) Young Investigator Award (21660), and a University of Melbourne Faculty of
Medicine, Dentistry, and Health Sciences Research Fellowship. Dr. Zalesky was supported by an
NHMRC Fellowship (1047648). Dr. Bousman was supported by a University of Melbourne
Research Fellowship and by a NARSAD Young Investigator Award (20526). Dr. Pereira was
supported by the One-in-Five Association and the AMP Foundation. Prof. Shannon Weickert was
supported by an NHMRC Principal Research Fellowship (1117079), the NSW Ministry of Health,
Office of Health and Medical Research, the University of New South Wales, and Neuroscience
Research Australia. Dr. Pantelis was supported by an NHMRC Senior Principal Research
Fellowship (628386 and 1105825) and by a NARSAD Distinguished Investigator Award.

Data for this study were provided by the Australian Schizophrenia Research Bank (ASRB),
which is supported by the NHMRC (enabling grant 386500), the Pratt Foundation, Ramsay Health
Care, the Viertel Charitable Foundation, and the Schizophrenia Research Institute. The authors
thank the chief investigators and manager of the ASRB: Carr V, Schall U, Scott R, Jablensky A,
Mowry B, Michie P, Catts S, Henskens F, Pantelis C, and Loughland C. None of the funding
sources played any role in the study design; in the collection, analysis, or interpretation of data; in
the writing of the manuscript; or in the decision to submit the manuscript for publication

Prof. Sundram has received consulting fees, advisory board fees, research support, speakers
honoraria, or travel support from AstraZeneca, the Australian National Health and Medical
Research Council, the Australian Department of Immigration and Border Protection, Bristol-Myers
Squibb, Eli Lilly, the Flack Trust, GlaxoSmithKline, Lundbeck, the One-in-Five Association,

Otsuka, Pfizer, Roche, and the United Nations High Commissioner for Refugees. Prof. Shannon



18!
!
Weickert is on an advisory board for and has received advisory board fees from Lundbeck,
Australia Pty Ltd and in collaboration with Astellas Pharma Inc., Japan. Over the last 4 years, Prof.
Pantelis has been on advisory boards for AstraZeneca, Janssen-Cilag, Lundbeck, and Servier; and
he has received honoraria for talks presented at educational meetings organized by AstraZeneca, Eli
Lilly, Janssen-Cilag, Lundbeck, Pfizer, and Shire. Dr Van Rheenen receives grant funding unrelated
to the current paper from the Jack Brockhoff Foundation, University of Melbourne, Barbara Dicker
Brain Sciences Foundation, Rebecca L Cooper Foundation and the Society of Mental Health

Research (SMHR Australia). The other authors report no financial relationships with commercial

interests.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19!

!
!
References

Palmer BW, Heaton RK, Paulsen JS, Kuck J, Braff D, Harris MJ, Zisook S, Jeste DV. Is it
possible to be schizophrenic yet neuropsychologically normal? Neuropsychology
1997;11(3):437.

Reichenberg A, Harvey PD, Bowie CR, Mojtabai R, Rabinowitz J, Heaton RK, Bromet E.
Neuropsychological function and dysfunction in schizophrenia and psychotic affective
disorders. Schizophr BulR009;35(5):1022-1029.

Lewandowski KE, Sperry SH, Cohen BM, Ongiir D. Cognitive variability in psychotic
disorders: a cross-diagnostic cluster analysis. Psychol Me®014;44(15):3239-3248.

Reser MP, Allott KA, Killackey E, Farhall J, Cotton SM. Exploring cognitive heterogeneity
in first-episode psychosis: What cluster analysis can reveal. Psychiatry Re$0/30/
2015;229(3):819-827.

Weinberg D, Lenroot R, Jacomb I, et al. Cognitive subtypes of schizophrenia characterized
by differential brain volumetric reductions and cognitive decline. JAMA Psychiatryin press.
Weickert TW, Goldberg TE, Gold JM, Bigelow LB, Egan MF, Weinberger DR. Cognitive
impairments in patients with schizophrenia displaying preserved and compromised intellect.
Arch Gen Psychiatr000;57(9):907-913.

Van Rheenen T, Lewandowski K, Tan E, et al. Characterizing cognitive heterogeneity on
the schizophrenia—bipolar disorder spectrum. Psychol Med®017:1-17.

Wells R, Swaminathan V, Sundram S, et al. The impact of premorbid and current intellect in
schizophrenia: cognitive, symptom, and functional outcomes. npj Schizophrenia
2015;1:15043.

Woodward ND, Heckers S. Brain Structure in Neuropsychologically Defined Subgroups of
Schizophrenia and Psychotic Bipolar Disorder. Schizophr BulR015;41(6):1349-1359.
Nelson HE, Pantelis C, Carruthers K, Speller J, Baxendale S, Barnes TR. Cognitive
functioning and symptomatology in chronic schizophrenia. Psychol Med 990;20(02):357-
365.

Nelson HE, O'Connell A. Dementia: the estimation of premorbid intelligence levels using
the New Adult Reading Test. Cortex1978;14(2):234-244.

Bright P, Jaldow E, Kopelman MD. The National Adult Reading Test as a measure of
premorbid intelligence: a comparison with estimates derived from demographic variables. J
Int Neuropsychol So2002;8(06):847-854.

Czepielewski LS, Wang L, Gama CS, Barch DM. The Relationship of Intellectual
Functioning and Cognitive Performance to Brain Structure in Schizophrenia. Schizophr Bull
July 1, 2016 2016.

Pantelis C, Yiicel M, Wood SJ, et al. Structural brain imaging evidence for multiple
pathological processes at different stages of brain development in schizophrenia. Schizophr
Bull 2005;31(3):672-696.

Striedter GF, Srinivasan S, Monuki ES. Cortical Folding: When, Where, How, and Why?
Annu Rev Neuros@15;38(1):291-307.

Budday S, Steinmann P, Kuhl E. Physical biology of human brain development. Frontiers
in Cellular Neuroscienc2015;9:257.

Mota B, Herculano-Houzel S. Cortical folding scales universally with surface area and
thickness, not number of neurons. Science015;349(6243):74-77.

Storsve AB, Fjell AM, Tamnes CK, Westlye LT, Overbye K, Aasland HW, Walhovd KB.
Differential longitudinal changes in cortical thickness, surface area and volume across the
adult life span: regions of accelerating and decelerating change. The Journal Of
Neuroscience: The Official Journal Of The Society For Neurosciznice34(25):8488-
8498.



19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

20!

Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, Fox PT, Duggirala R, Glahn DC.
Cortical thickness or grey matter volume? The importance of selecting the phenotype for
imaging genetics studies. Neuroimage2010;53(3):1135-1146.

Panizzon MS, Fennema-Notestine C, Eyler LT, et al. Distinct genetic influences on cortical
surface area and cortical thickness. Cereb Cortex2009:bhp026.

Storsve AB, Fjell AM, Yendiki A, Walhovd KB. Longitudinal Changes in White Matter
Tract Integrity across the Adult Lifespan and Its Relation to Cortical Thinning. PLoS ONE
2016;11(6):e0156770.

Kubota M, van Haren NE, Haijma SV, Schnack HG, Cahn W, Pol HEH, Kahn RS.
Association of IQ changes and progressive brain changes in patients with schizophrenia.
JAMA psychiatr2015;72(8):803-812.

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis: I. Segmentation and surface
reconstruction. Neuroimagel 999;9(2):179-194.

Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron2002;33(3):341-355.

Courchesne E, Chisum HJ, Townsend J, et al. Normal Brain Development and Aging:
Quantitative Analysis at in Vivo MR Imaging in Healthy Volunteers. Radiology
2000;216(3):672-682.

Rakic P. Specification of cerebral cortical areas. Sciencel 988;241(4862):170-176.
Mountcastle VB. The columnar organization of the neocortex. Brain 1997;120(4):701-722.
Velayudhan L, Proitsi P, Westman E, et al. Entorhinal cortex thickness predicts cognitive
decline in Alzheimer's disease. Journal of Alzheimer's Diseag613;33(3):755-766.

Pereira JB, Svenningsson P, Weintraub D, Brennick K, Lebedev A, Westman E, Aarsland D.
Initial cognitive decline is associated with cortical thinning in early Parkinson disease.
Neurology2014;82(22):2017-2025.

Schnack HG, van Haren NE, Nieuwenhuis M, Pol HEH, Cahn W, Kahn RS. Accelerated
Brain Aging in Schizophrenia: A Longitudinal Pattern Recognition Study. A J Psychiatry
2016.

Cropley VL, Klauser P, Lenroot R, et al. Accelerated gray and white matter deterioration
with age in schizophrenia. The American Journal of Psychiatfity Press.

Woods BT. Is schizophrenia a progressive neurodevelopmental disorder? Toward a unitary
pathogenetic mechanism. A J Psybiatry 1998.

Stern Y. Cognitive reserve in ageing and Alzheimer's disease. The Lancet Neurology
2012;11(11):1006-1012.

Stern Y. Cognitive reserve. Neuropsychologi@009;47(10):2015-2028.

Ferreira D, Bartrés-Faz D, Nygren L, et al. Different reserve proxies confer overlapping and
unique endurance to cortical thinning in healthy middle-aged adults. Behav Brain Re2016.
Allen KM, Fung SJ, Shannon Weickert C. Cell proliferation is reduced in the hippocampus
in schizophrenia. Aust N Z J Psychiat June 25, 2015 2015.

Sumowski J, Rocca MA, Leavitt V, Riccitelli G, Sandry J, DeLuca J, Comi G, Filippi M.
Searching for the neural basis of reserve against memory decline: intellectual enrichment
linked to larger hippocampal volume in multiple sclerosis. Eur J Neurol2016;23(1):39-44.
van Hoesen GW, Augustinack JC, Dierking J, Redman SJ, Thangavel R. The
parahippocampal gyrus in Alzheimer's disease: clinical and preclinical neuroanatomical
correlates. Ann N 'Y Acad SQi000;911(1):254-274.

Velakoulis D, Wood SJ, Wong MT, et al. Hippocampal and amygdala volumes according to
psychosis stage and diagnosis: A magnetic resonance imaging study of chronic
schizophrenia, first-episode psychosis, and ultra—high-risk individuals. Arch Gen Psychiatry
2006;63(2):139-149.

Kendler KS, Ohlsson H, Mezuk B, Sundquist JO, Sundquist K. Observed Cognitive
Performance and Deviation From Familial Cognitive Aptitude at Age 16 Years and Ages 18



41.

42.

21!

to 20 Years and Risk for Schizophrenia and Bipolar Illness in a Swedish National Sample.
JAMA psychiatr2016;73(5):465-471.

Goldberg TE, Ragland JD, Torrey EF, Gold JM, Bigelow LB, Weinberger DR.
Neuropsychological assessment of monozygotic twins discordant for schizophrenia. Arch
Gen Psychiatryt990;47(11):1066-1072.

Dykiert D, Deary 1J. Retrospective Validation of WTAR and NART Scores as Estimators of
Prior Cognitive Ability Using the Lothian Birth Cohort 1936. Psychological Assessment
2013.



Table 1. Demographic cheacteristics of the sample

CIQ (n=47) DIQ (n=100) PIQ (n=73) HC (n=168) Comparisons

Gender ¢ Male) 74 69 74 48 1%(3)=23.06, p<00L
Diagnostic distribution% SZ) 82 86 81 - 1%(2)=.53, p=.77
Medications(% using

Anticholinergic 13 8 1 1%(2)=6.25, p=.04

Anticonvulsant 11 18 12 1%(2)=1.83, p=.40

Antidepressant 32 35 33 1%(2)=.17, p=.92

Atypical antipsychotics 85 81 84 1%(2)=.43, p=.81

Typical antipsychotics 13 7 11 1%(2)=1.50, p=.48

Anxiolytic 9 20 3 1%(2)=12.69, p=.002

Lithium 2 8 0 1%(2)=7.47, p=.02

M(SD) M(SD) M(SD) M(SD) Comparisons Posthoc comparison$
Age 37.30 (8.45) 36.05 (9.33) 40.06 (10.97) 39.74(13.74) F(3,384)=2.88, p=.036 PIQ>DIQ
DIQ<HC

lliness duration 13.59(985) 13.31(7.71) 16.25(10.54) - F(2,217)=2.64, p=.074 PIQ > DIQ
Positive symptomscurrent  2.29(2.93) 1.88(2.56) 1.30(2.38) F(2,189)=2.08, p=.13 -
Negative symptoms 35.00(20.53) 24.55(17.18) 22.66(14.87) F(2,205)=7.89, p<.001 CIQ>DIQ&PIQ
GAF 44.68(1179) 55.13(11.33) 56.39(12.50) 84.48(9.46) F(3,354)=242.48, p<.00 CIQ<DIQ=PIQ<HC

%significant at p<.05Abbreviations:CIQ=Compromised patients; DIQ = Deteriorated patients; RiQativelyPreserved patients

Table2. Group comparisons of subd@al and regionalcortical volumes for regions surviving FDRorrection



LH RH
Region ANCOVA? Sub-  MP SD Comparisonto D¢ M° SD Comparison to D¢
group HC® HC®
Subcortical ~ Putamen LH: CIQ 550605 ©04.16  >HC 43 5313.80 47337 =HC .38
F(3,377)=8.62,
p<.001 DIQ cegags 49520  >HC! 61 £40499 48630 >HC 56
RH: PIQ csoggo 49447  >HC! 44 go9sg3 48550 =HC 34
F(3377)=6.77,  HC 5378.68 0479 - 5131.10 49559 -
p<=.001
Pallidum LH: CIQ 1783.80 19303 =HC 36 1poapp 18331 >HC 43
F(3,377)=12.39,
p<.001 DIQ 1856.06 18960  >HC! 74 1g31417 18000 >HC 47
RH: PIQ lg1g5] 189.25 >HC! 54 Jea147 17946  >HC 53
F(3,377)=7.095, HC 171456 19323 - 154549 183.52 -
p<.0aL
Hippocampus LH: cio 400047 36113  <HC&DIQ -86 41,479 37079 <HC&DIQ _TT
F(3,377)=11.02,
p<.001 DIQ 416372 35470  <HCI 58 430002 36420 <HC! -.30
RH: PIO 412041 35415  <HC! 54 4o4c g, 36363  <HC! -.45
F(3,377=8.18, HC 4313.05 36145 - 4409.29 37117 -
p<.001)
Cortical Fusiform LH: F(3,378) clQ 1007156 132246 =HC 42 957205 126896 <HC -52
=3.26, p=.02 DIQ  10551.33 130050 =HC ~06  ggp930 12479 =HC -24
RH: IO 1019949 1297.00 =HC -32  geg7g 124547 <HC -43
F(3,378)=4.86,  HC 10625.40 132451 - 1022788 1270.86 -
p=.002
Inferior Parietal  LH: F(3,378) clQ  13080.66 1847:10 <HC 51 1601479 219364 -
=6.24,p<001  DIQ 1337466 18165 <HC “05 16407.21 215773 -
PIO 1307590 1812.96 <HC 51 jeoon73 215310 -
HC 14019.13 1849.91 - 16717.04 219711 -




LH RH
Region ANCOVA? Sub-  MP SD Comparisonto D¢ M° SD Comparison to D¢
group HC® HC®
Inferior Temporal  LH: F(3,378) ClQ 1124291 169928 <HC ~5Z 10g49.57 166750 =HC sl
=3.62, p=.01 DIQ 1180480 16710 =HC ~19° 1131006 157920 =HC -16
RH: IO 1165184 1667.86 =HC 28 1101454 157614 <HC -35
F(3,378)=3.43,  HC 1212428 170191 - 11569.84 160834 -
p=.02
Lateral Occipital  RH: CIQ  11692.94 193063 - 11632.60 1531.25 <HC&DIQ -5
F(3,378)=4.2, DIQ  12099.35 190520 - 12400.87 150590 =HC -02
p=.006 PIQ 1219140 190236 - 12008.64 190295 =HC ~23
HC 12487.08 193291 - 12432.30 1533.56 -
Lateral LH: F(3,378) clQ 7601.63 (9515 <HC&DIQEPIQ  -7¢ 46439 85104 <HC --5%
Orbitofrontal =7.48, p<.001 DIQ 7981.65 (8200 <HC 30 7gg7.34 83690 =HC -26
RH: PIQ 811745 78470  =HC 18 599557 83530 =HC -21
F(3,378)=3.93, HC 8216.70 76939 - 8108.94 852.38 -
p=.009
Medial RH; CIQ 5488.09 (0993 - 5219.30 58547 <HC .66
Orbitofrontal F(3,378)=5.25,  DIQ 573361 0982 - s4gg51 °75-80 =HC -2l
p=.001 PIQ 5659.09 0%:86 - 549874 57466  =HC -19
HC sg46.06 (1112 - 5608.69 °86-31 -
Middle Temporal  LH: F(3,378) ClQ 1144147 152577 <HC 39 1054731 193652 <HC -52
=581, p=.001 DIO 1146748 150050 <HC 38 1,7401p 151110 <HC -.40
RH: PIO 1124040 149757 <HC 52 1os00.00 150816 <HC -49
F(3.378)=6.33,  HC 12035.68 12811 - 1334491 153887 -
p<.001
Parahippocampal  LH: F(3,378) ClQ 2069.54 320.17  <HC&DIQ&PIQ -57 1969.82 312.98 -
=4.00, p=.008 DIQ 2235.98 31490  =HC ~05 210115 30780 -
PIO 221611 31427 =HC 11 o374 30718 -




LH RH
Region ANCOVA? Sub-  MP SD Comparisonto D¢ M° SD Comparison to D¢
group HC® HC®
HC 225183 32063 - 210874 31350 -
Pars Qercularis RH: ClQ 4903.83 89043 - -.41 410353 [14.04 =HC -.41°
F(3,378)=3.44,  DIQ 5075.91 87570 - =22 15874 70220 =HC -.34
0=.02 PIO 16064 87398 - 13 40890 70088  =HC -27
HC 5273.59 891.78 - 4308.32 /1513 -
ParsOrbitalis LH: F(3,378) cIQ 2217.42 30496 <HC ST p73477 41395 <HC - 46°
=4.70, p=.003 DIO 927606 29990 <HC 32,957 40710  <HC -.36
RH: PIQ po5q05 29933  <HC -39 ,igp9 40625  <HC -41
F(3,378)=4.80,  HC 2371.95 30547 - 2926.06 41459 -
p=.003
ParsTriangularis RH: CIQ 3604.94 60629 - 407336 76.79 <HC&DIQ&PIQ  -.68
F(3,378)=5.56,  DIQ 3734.62 29630 - 4463.13 (6390 =HC -.18
p=.001 PIQ 3679.73 29907 - 449219 162.37 =HC -.23
HC 3867.34 60731 - 4603.04 7799 -
Precentral RH: clQ 1309118 144199 - 13097.08 1451.04 <HC -54
F(3378)=4.61,  DIQ 1356881 14181 - 1338343 1427.00 <HC -35
0=.004 PIO 1368561 141533 - 1368155 142422 =HC -14
HC 13776.86 1444.26 - 13886.62 149333 -
Rostral Middle  LM: F(3,378) ciQ 1592251 207534 <HC ~61"  16567.98 207795 <HC -55°
Frontal =5.10, p=.002 DIQ  16637.01 201090 =HC 27 1730751 204350 =HC -20
RH: PIO 1649678 2036.97 =HC "33 ;717591 203952 =HC -.26
F(3,378)=3.96,  HC 17183.04 207852 - 1772157 208112 -
p=.008
Superior Frontal  LH: F(3,378) CIQ 2276652 245990 <HC&DIQ 63 5503316 2563.75 <HC&DIQ -5¢
=5.01, p=.002 DIQ  23967.29 2419.20 =HC ~14 5306233 2521.30 =HC -11
RH: IO 2360627 242451 =HC 29 ,o75g39 251640 <HC -.32




LH RH

Region ANCOVA? Sub-  MP SD Comparisonto D¢ M° SD Comparison to D¢
group HC® HC®
F(3,378)=4.85,  HC 2430533 246370 - 2354591 296776 -
p=.003
Superior Temporal  LH: F(3,392) ClQ 1214952 1457.95 =HC ~46° 1176227 140980 <HC - 48
=3.26,p=009  DIQ 1256303 143380 =HC ~18 1200970 138650 =HC ~25
RH: IO 1226124 143105 <HC -39 1001 g5 138374 =HC -30
F(3,378)=3.54, HC 12822.84 1460.20 - 1244480 1411.99 -
p=.02
Supra Margial RH: clQ 1160679 169113 - 1044657 151501 <HC -53
F(3,378)=5.12,  DIQ 11760.31 1663.10 - 1072111 1489.90 <HC -.35
0=.02 PIO 1161021 165992 - lo6g273 1487.07 <HC -38
HC 11856.57 1693.74 - 1125456 L1°17.36 -
Frontal Pole RH; CIQ 800.39 16392 - 1051.86 20118 <HC -6r
F(3,378)=6.97,  DIQ g40.99 161.20 - 110716 19780 <HC -34
p<.001 PIQ g25.64 10089 - 1072.84 19744  <HC -51
HC gas.13 16420 - 117435 20153 -
Temporal Pole LH: F(3,378) CcIQ 247333 403.88  <HC&DIQ&PIQ  -72 534855 38353 <HC -5
=5.52,p=.004  DIQ 2673.99 397.20 =HC ~22 43654 37710 =HC -31
PIO o6aa.4 39643  =HC 30 ,uoggq 37644 <HC -33
HC 273653 40448 - 2553.89 38413 -

2All pOs thresholdeda False DiscoverRate of 5%.
® All values are adjusted for age, gender, site and ICV

°If a comparison is not reported, it did not survive gust comparison correctiors HC (healthy controls) implies no significant difference to HCs; <
HC implies signifi@ant reductias relative to HCs

9d = CohenOs d effect sifespatientcontrol comparisons.
®represents qualitatively larger contymtient effect sizes in Compromised patients.



Abbreviations:CIQ=Compromised patients; DIQ = Deteriorated schizophrenia patients;dei@tivelyPreserved schizophrenia patieritsl left
hemisphere; RH = right hemisphere



Table3. Regional ortical thickness group comparisons for regions surviving EBfRection

LH RH
Region ANCOVA? Sub-  MP SD Comparison  d° MP SD Comparison  d°
group to HC® to HC®
Banks of Superior LH: CIQ 256 14 =HC -15 265 14 =HC 0
Temporal Sulcus F(3,378)=5.79, DIQ 250 -20 <HC ~A47 261 20 =HC -.24
b=.001 PIO o517 <HC -.46 ve0 17 =HC .33
RH: HC 558 13 - 265 13 -
F(3,378)=3.00,
p=.03
Caudal Anterior RH: ClQ 2.70 21 - 2.62 21 =HC -.17
Cingulate F(3,378)=3.40, DIQ 266 20 - 258 -20 <HC -.34
p=.02 PIQ 264 26 - 260 28 =HC -.23
HC 268 26 - 266 26 =HC
Caudal Middle Frontal  LH: clQ 257 14 <HC 67 57 14 <HC -5
F3.3B)=9.15,  DIQ s5g 10 <HC -.60 sp1 10 <HC -.35
p<.001 PIQ 559 09 <HC -.62 ve0 17 <HC .33
RH: HC 566 13 - 265 13 -
F(3,378)=5.77,
p=.001
Entorhinal LH: CIQ 326 34 <HC -46° 3.43 34 -
F(3,378)=5.39,  DIQ 3.29 30 <HC --40 343 40 -
p=.001 PIQ 3.32 34 =HC ~-30 345 34 -
HC 343 -39 - 354 -39 -
Fusiform LH: cIo spo 14 <HC -.81° oeo 14 <HC -81°
F(3,378)=12.97, DIQ 265 -10 <HC -.52 264 -10 <HC -.60
p<.001 PIQ 563 17 <HC -.62 ven A7 <HC .59
RH: HC o771 13 - 271 13 -




F(3,378)=15.51,
p=.001

LH RH
Region ANCOVA? Sub-  MP SD Comparison  d° MP SD Comparison  d°
group to HC® to HC®
F(3,378)=11.60,
p<.001
Inferior Parietal LH: CIQ 258 14 =HC -.30 261 14 <HC -.37
F(3,378)=2.99,  DIQ 259 10 =HC -26 261 10 <HC -43
p=.03 PIQ s5g 17 =HC -.20 sey A7 =HC -.26
RH: HC 262 18 - )65 13 -
F(3,378)=4.06,
p=.007
Inferior Temporal LH: ClQ 282 14 <HC -.81° 2g4 14 <HC -74
F(3,378)=12.88, DIQ 285 20 <HC -.69 s 85 -10 <HC .78
p<.001 PIQ 282 17 <HC -73 ,g7 17 <HC -46
RH: HC 293 13 - 204 18 -
F(3,378)=10.45,
p<.001
Isthmus Cingulate LH: ClQ 253 21 =HC -23 245 21 -
F(3,378)=5.79,  DIQ 252 20 =HC ~-30 243 20 -
p=.001 PIQ 246 17 <HC ~13 244 17 -
HC 257 13 - 249 13 -
Lateral Orlitofrontal LH: CIQ 260 14 <HC -1.17° s6a 14 <HC -89
F(3,378)=17.28, DIQ 265 20 <HC -.59 s 67 20 <HC -.53
p<.001 PIQ 264 L7 <HC -73 265 17 <HC -73
RH: HC 075 13 - 276 18 -




LH RH
Region ANCOVA® Sub- m° SD Comparison d* m° SD Comparison  d°
group to HC® to HC®

Lingual RH: CI0 Log 14 - soy 14 ~HC -37
F(3,378)=3.14, DIQ 199 10 - 205 10 =HC -17
p=03 PIQ 198 9 - ro3 09 —HC 66

HC 201 13 - 207 13 =HC

Medial Orbitofrontal LH: CIQ 253 14 <HC -96° 250 14 <HC -.89°
F(3,378)=9.52, DIQ 259 20 <HC -42 255 20 <HC -42
p<.001 PIO sy 17 <HC .53 sy 7 <HC -.59
RH: HC 266 13 - 262 13 -

F(3,378)=11.50,
p<.001

Middle Temporal LH: CIQ 2.92 14 <HC -.67 2.95 14 <HC -74
F(3,378)=13.14,  DIQ 201 10 <HC -86 296 10 <HC -77
p<.001 PIO 500 17 <HC _73 oy -7 <HC -.46

HC 301 13 - 3.05 13 -

Parahippocampal LH: CIQ 2.46 .34 ;Hp(ié& DIQ -.83° 253 27 <HC -.49°
F(3,378)=7.71, DIQ he1 30 <HC -.36 rs59 30 =HC -25
p<.001 PIQ hea 34 =HC -23 s 60 26 =HC =23
RH: HC 271 26 - 266 20 -

F(3,378)=11.21,
p<.001

Pars Opercularis LH: CIQ 258 14 <HC -.59¢ 259 14 <HC -.34¢
F(3,378)=6.42, DIQ 260 10 <HC -52 261 10 <HC -.25
p<.001 PIQ 259 17 <HC -.46 reo 17 <HC -27
RH: HC 266 13 - 270 13 -

F(3,378)=13.80,




Region ANCOVA? Sub- k/ll_t" SD Comparison  d° I\R/Ilz’| SD Comparison  d°
group to HC® to HC®
p<.001

ParsOrbitalis LH: CIQ 274 21 <HC -.59 s78 21 <HC -51°
F(3,378)=13.81, DIQ 277 20 <HC -.47 sg1 20 <HC -39
p<.001 PIQ 273 17 <HC -.68 2g0 17 <HC -.46
RH: HC ogg 26 - 200 -6 -

F(3,378)=7.90,
p<.001

ParsTriangularis LH: CIQ 253 -14 <HC -.5¢ o55 14 <HC -.59
F(3,378)=8.72,  DIQ 252 20 <HC -93 257 10 <HC -52
0<.001 PIO s53 17 <HC -53 o5 17 <HC .59
RH: HC o1 -13 - 263 13 -

F(3,378)=8.76,
p<.001

Posterior Cingulate LH: ClQ 257 14 =HC -37 253 14 -
F(3,378)=3.41, DIQ 257 20 =HC ~-30 253 -10 -
p=.02 PIQ 257 17 =HC --33 254 17 -

HC 262 13 - 256 13 -

Precentral LH: cIo »up 14 <HC - AL ogs 14 <HC -5%
F(3,378)=4.28,  DIQ 247 10 <HC -.43 547 10 <HC -.43
p=.005 PIQ 247 17 <HC -.33 sa7 A7 <HC -.33
RH: HC o5y 13 - 252 13 -

F(3,378)=4.88,




LH RH
Region ANCOVA? Sub- MP SD Comparison  d° MP SD Comparison  d°
group to HC® to HC®
p=.002
Precuneus LH: ClQ 241 14 =HC - A& 241 14 -
F(3,378)=3.67,  DIQ 243 10 <HC --34 243 10 -
p=.01 PIQ 246 09 =HC ~09 245 09 -
HC 547 13 - 246 13 -
Rostral Anterior LH: CclQ 2.83 21 ;';FQ& DIQ -.68 2.96 21 )
Cingulate F(3,378)=6.65, DIO 292 20 < HC -30 297 20 -
p<.001 PIO 29y 26 <HC -.27 301 17 -
HC 299 26 - 3.02 26 -
Rostral Middle Frontal  LH: CIQ 247 14 <HC --59 248 14 <HC -5¢
F(3,378)=7.36,  DIQ 250 -10 <HC -43 252 10 <HC -.34
0<.001 PIO 048 09 <HC -.63 ,50 09 <HC -54
RH: HC 055 -13 - 256 13 -
F(3,378)=7.42,
p<.001
Superior Frontal LH: ClQ 277 14 <HC 18 276 14 <HC -81°
F(3,378)=5.86,  DIQ 282 10 <HC -43 281 10 <HC -.52
0<.001 PIO s A7 <HC -.40 280 17 <HC -.46
RH: HC 5g7 13 - 287 13 -
F(3,378)=9.44,
p<.001
Superior Temporal LH: ClQ 277 14 <HC --59 279 14 <HC -81°
F(3,378)=8.97,  DIQ 278 10 <HC -.60 282 10 <HC -69
0<.001 PIO 076 A7 <HC -.59 280 17 <HC -.66
RH: HC og5 -13 - 200 13 -




LH RH

Region ANCOVA? Sub-  MP SD Comparison  d° MP SD Comparison  d°

group to HC® to HC®
F(3,378)=14.82,
p<.001

SupraMarginal LH: CIQ 261 14 <HC -5% o1 14 <HC -5F
F(3,378)=3.65,  DIQ 264 10 =HC -34 263 -10 <HC -52
0=.01 PIQ g5 17 =HC -.20 s63 17 <HC -.40
RH: HC 268 13 - 269 18 -

F(3,378)=7.06
p<.001

Frontal Pole RH: CIQ 290 -27 - 284 27 <HC -42
F(3,378)=4.56,  DIQ 296 30 - sg7 30 =HC -.28
p=.004 PIQ 288 26 - 2g3 26 <HC -.46

HC 296 26 - 595 26

Temporal Pole LH: CIQ 355 34 <HC -.52 366 34 <HC&DIQ -7%F
F(3,378)=5.28,  DIQ 368 30 <HC -7 379 30 <HC -32
p=.001 PIQ 361 34 <HC -.36 374 34 <HC -46
RH: HC 374 -39 - 388 26 -

F(3,378)=7.85,
p<.001

Transverse Temporal  RH: CIQ 241 21 - -.13 243 21 =HC -.25
F(3,378)=4.33,  DIQ 238 20 - -26 242 20 <HC -.30
0=.005 PIQ ,38 17 - .27 )39 17 <HC 46

HC 244 28 - 049 26 -

Insula LH: ClQ 3.03 14 <HC -4 300 -21 <HC -.57
F(3,378)=12.28, DIQ 3.06 20 <HC -42 302 20 <HC .47
p<.001 PIQ 302 17 <HC -73 300 17 <HC -.66
RH: HC 313 13 - 3.10 .13 -




LH RH

Region ANCOVA? Sub-  MP SD Comparison  d° MP SD Comparison  d°
group to HC® to HC®

F(3,378)=8.86,
p<.001

2All pOs thresholded at a False Discovery Rate of 5%.
® All values are adjusted for age, gender, site

°If a comparison is not reported, it did soirvive posthoc comparison correctiors HC (healthy controls) implies no significant difference to HCs; <
HC implies significant reductions relative to HCs

9d = CohenOs d effect sifespatientcontrol comparisons.
®represents qualitatively largeomtrolpatient effect sizes in Compromised patients.

Abbreviations:CIQ=Compromised patients; DIQ = Deteriorated schizophrenia patients;deit@tvelyPreserved schizophrenia patieritsl left
hemisphere; RH = right hemisphere
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Figure 1. Mean differences iGlobal brain measures that survived FDR correaitnoss healthgontrols (HC), Compromised patients (CIQ), Deteriorated
patients (DIQ) and Preserved patients (P1Q). LH=left hemisphere; RH=right hemjsgblererolume;~TBV co-varying forlCV; Error bars represent
standard errors. Global volume analyses adjustedfdy &ge, gender and site. Thickness analyses adjusted for age, gender and site

2 different toHC (p<.05 FDR corrected)
b CIQ different toDIQ only (p<.05 FDR corrected
¢ CIQ different to DIQandPIQ (p<.05 FDR corrected)



Figure 2. Patientcontrol effect size differences for regions surviving FDR correciamel A: egional cortical volumePanel B: regional cortical
thicknessj) Compromised cognitive subgrou@l(Q); ii) Deteriorated cognitive subgro@pIQ); iii) Preserved cognitive subgrouplQ). Note that the
left of each panet left hemisphere, right right hemispherdpp = lateral view, bottom = medial viewDR correction at p<.05 was appliedaetween
groups comparisorfer each modality foleft and right hemispheres separately (34 comparison per hemisphere per méaiy)yc pairwise
comparison®f each region surviving thgetweergroupscorrection were also corrected. Regions thahdidsurviwe correctionwereassigned a value of
0. Colour bar represents CohenOs d values, with all subgroups showing reductions in volume or thickness compared to controls.
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Supplementary material

Participant characterisation

Neuroimaging data from 220 patiemtgh schizophrenia/schizoaffective
disorder and 168 healthy controls ageebb8vas obtained from the Australian
Schizophrenia Research Bank (ASRB), a register of research data collected by
scientific collaborators across five Australian sites. ASRB axatucriteria for
participants included: i) a history of organic brain disorder, ii) electroconvulsive
therapy in the previous 6 months, iii) current substance dependence, iv) movement
disorders, v) brain injury with postaumatic amnesia or vi) an IQ €.Healthy
controls with a personal or family history of psychosis or bipolar | disorder were also
excluded. Detailed information regarding the consent procedures are available
elsewheré. The Diagnostic Interview for Psychodiwas used to obtain clinical
symptom ratings and confirm patient diagnoses according telCér DSMIV
criteria. The Scale for the Assessment of Negative Symptovas used to assess
negative symptoms.

Freesurfer processing

Image processing was conducted using the Freesurfer software package (version
5.1.0, http://surfer.nmr.mgh.harvard.eguivhich consists of a volurdeased and a
surfacebased stream. The automated volurdeased stream was used to extract
mean volume estimates for IC\égstimate based on the talairach transforirgV
(brain segmentatiowolume without ventricles) and subcortical and cortical areas
across the whole brain.The surfacébased pipeline was used extract cortical
thickness and surface area measurements through the reconstruction of-a three
dimensional cortical surface model. This includes segmentation of the pial surface and
the grey/white matter boundaries for each hemisphere, using imagetyntms
continuity information from the MRI volume. Surfaces were initially inspected for
skull stripping and surface boundary defects. Inaccuracies in outlining cortical
surfaces and brain structures were manually corrected with FreesurferOs editing tools
in accordance with an internal, standardized quality control and editing protocol.
Edited images were then reprocessed through the Freesurfer pipeline and the output
visually inspected again. This process was repeated until all surface errors were
correced, and any images that failed this process were excluded from arabysis.
trained raters performed the Freesurfer processing and manual correction, blind to
participant diagnosis. Inteater reliability of the final volume estimates (after




correction) was calculated for 34 brain regions from a subset of 20 volumes. The
intra-class coefficient (ICC) was >.90 for all regions except for the left (0.72) and
right (0.59) temporal pole and the left (0.81) and right (0.82) frontal pole.

Thickness measures were obtained by calculating the shortest distance
between the grey/white matter boundary and the pial surface at vertices on a uniform
triangular grid with Imm spacing across the cortex. The surface area was obtained
using the shortest distance between vertices on the white surface. All global,
subcortical and cortical measurements were extracted using Freesurfer version 5.3 due
to the ‘BrainSegNotVent’ (TBV measure) not being provided with version 5.1. All
regional cortical measurements were obtained using the Desikan-Killiany brain atlas’.
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eFigure 1. Premorbid and current cognitive functioning in controls and patients of the three cognitive subgroups in the imaging sample.

CIQ=Compromised patients; DIQ = Deteriorated patients; PIQ= putatively Preserved patients; HC= healthy controls. Z scores are standardised
against control means and standard deviations (M=0, SD=1)



Supplementaryfable 1.Comparisons ofiCV, TBV and ICV adjusted for TBV as wellgdgbal brain structural volume and thickness estimates

for regions surviving FDR correction

Measure ANCOVA Sub-group M SD T Comparison
Icv? F(3,378)=.64, p>.05 cIo 1591372.09 12525767 —oT -
DIQ 161117857 123211.70 -.05 -
PIQ 1600990.95 122396.35 -13 -
HC 1617294.57 12548118
TBV F(3,378)=2.48, p>.05 cIo 1147212.93 96778.72 -.41° ]
DIQ 1168923.01 2917510 -19 ;
PIQ 1161794.74 9499025 -.26 ;
HC 1186722.47 26928.10
TBV (adjusted for ICV)  F(3,378)=4.31, p=.005 CclQ 115977803 43210.01 70 <HC
DIQ 1167069.29 42195.70 -.48 <HC
PIQ 1167650.56 4238248 -.46 <HC
HC 1181409.03 432408 .
LH Cortex Volume F(3,377)=11.14, p<.001 CIQ 23885013 11330.24 -.91¢ <HC&DIQ&PIQ
DIQ 244718.10 11128.30 -.39 <HC
PIQ 243795.41 11111.56 -.48 <HC
HC 24913970 11342.72 -
RH Cortex Volume F(3,377)=11.02, p<.001 CIQ 239589.31 11604.56 -.91° <HC&DIQ&PIQ
DIQ 245578.35 11397.80 -.40 <HC
PIQ 245082.65 11380.66 -.44 <HC
HC 250180.09 11617.34 -
Total Cortex Vol F(3,377)=11.24, p<.001 CIQ 478439 45 22763.99 -9 <HC&DIQ&PIQ
22358.30 -.40 <HC

DIQ

490296.45




Measure ANCOVA Sub-group M SD d° Comparison

PIO 18887807 2232467 ~46 <HC
HC 499319.78 2278899 d -
Total Gray Matter Vol F(3,377)=7.89, p<.001 CIQ 67670032 28673.55 -75 <HC&DIQ
DIQ 68795434 2816250 -36 <HC
PIQ 63676235 2812008 -40 <HC
HC 698258.27 28704.97 -
d
RH Thicknes< F(3,378)=14.47, p<.001 CIQ g7.70 315 -85 <HC
DIQ egs] 310 -61 <HC
HC 90.43 324 ) -
LH Thickness® F(3,378)=15.55, p<.001 CIQ g7.19 308 -88 <HC
DIQ ¢g03 310 -61 <HC
PIQ g770 307 72 <HC
HC 89.92 311 -
d
Total Thicknesg F(3,378)=14.62, p<.001 CIQ 174.89 617 -88 <HC
DIO 17655 600 -62 <HC
PIQ 176,03 606 -70 <HC
HC 180.35 022 -

“TBV and absolute did not survive FDR correction. All other p’s significant when thresholded using a False Discovery Rate of 5%;
® Adjusted for age, gender, site. All other values adjusted for age, gender, site and ICV

¢ Patient-control effect sizes in Cohen’s d

4 Qualitatively, CIQ show the greatest reductions relative to HC

Abbreviations: CIQ=Compromised schizophrenia patients; DIQ = Deteriorated schizophrenia patients; PIQ=Preserved schizophrenia patients



Supplementaryable 2.Comparisons of ICV, TBV and ICV adjusted for TBV using Voxel Based Morphg®eénated values.

Effect Sub- M SD d°

group

ICV F(3,376=.59, p>.05 CIQ 1452.27 111.18 -.20°
DIQ 1470.94 108.80 -.04
PIQ 1462.62 108.12 -11
HC 1474.93 110.16

TBV F(3,376)=1.40, p>.05 CIQ 1220.90 102.00 -.31°
DIQ 1240.74 99.80 -.12
PIQ 1233.77 99.15 -.19
HC 1252.73 101.09

TBV (adjusted for F(3,375)=3.21, p>.05 CIQ 1235.53 28.77 - AT

ICV) DIQ 1238.93 28.10 -.30
PIQ 1239.28 27.93 -.29
HC 1247.40 28.51

#Uncorrected valuaassignificantat p<.05 No measures survide=DR correction (5% threshold)
® Patientcontrol effect sies in CohenOs d
Qualitatively, CIQ show the greatest reductions relative to HC

Abbreviations: CIQ=Compromised schizophrenia patients; DIQ = Deteriorated schizophrenia patients; PIQ=Preserved sclpatiphtenia
d= patientcontrol effect sizes in CamOs d.
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