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Neurobiological heterogeneity in schizophrenia is poorly understood and confounds current analyses. We investigated neuroana-

tomical subtypes in a multi-institutional multi-ethnic cohort, using novel semi-supervised machine learning methods designed to

discover patterns associated with disease rather than normal anatomical variation. Structural MRI and clinical measures in estab-

lished schizophrenia (n = 307) and healthy controls (n = 364) were analysed across three sites of PHENOM (Psychosis

Heterogeneity Evaluated via Dimensional Neuroimaging) consortium. Regional volumetric measures of grey matter, white matter,

and CSF were used to identify distinct and reproducible neuroanatomical subtypes of schizophrenia. Two distinct neuroanatomical

subtypes were found. Subtype 1 showed widespread lower grey matter volumes, most prominent in thalamus, nucleus accumbens,

medial temporal, medial prefrontal/frontal and insular cortices. Subtype 2 showed increased volume in the basal ganglia and in-

ternal capsule, and otherwise normal brain volumes. Grey matter volume correlated negatively with illness duration in Subtype 1

(r = –0.201, P = 0.016) but not in Subtype 2 (r = –0.045, P = 0.652), potentially indicating different underlying neuropathological

processes. The subtypes did not differ in age (t = –1.603, df = 305, P = 0.109), sex (chi-square = 0.013, df = 1, P = 0.910), illness

duration (t = –0.167, df = 277, P = 0.868), antipsychotic dose (t = –0.439, df = 210, P = 0.521), age of illness onset (t = –1.355,

df = 277, P = 0.177), positive symptoms (t = 0.249, df = 289, P = 0.803), negative symptoms (t = 0.151, df = 289, P = 0.879), or

antipsychotic type (chi-square = 6.670, df = 3, P = 0.083). Subtype 1 had lower educational attainment than Subtype 2 (chi-square

= 6.389, df = 2, P = 0.041). In conclusion, we discovered two distinct and highly reproducible neuroanatomical subtypes. Subtype

1 displayed widespread volume reduction correlating with illness duration, and worse premorbid functioning. Subtype 2 had nor-

mal and stable anatomy, except for larger basal ganglia and internal capsule, not explained by antipsychotic dose. These subtypes

challenge the notion that brain volume loss is a general feature of schizophrenia and suggest differential aetiologies. They can facili-

tate strategies for clinical trial enrichment and stratification, and precision diagnostics.
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Introduction
The diagnosis of schizophrenia encompasses individuals

with well-known variability in clinical presentation (Derks

et al., 2012), illness course (Carpenter and Kirkpatrick,

1988), treatment response (Palaniyappan et al., 2013), func-

tional outcome (Fett et al., 2011), and biomarker expression

(Arnedo et al., 2015; Clementz et al., 2016). It has long

been appreciated that such heterogeneity undermines the

precision of clinical treatment guidelines and obscures re-

search findings (Insel and Cuthbert, 2015). Still, research

attempting to dissect such heterogeneity using symptom sub-

typing (Koutsouleris et al., 2008; Voineskos et al., 2013;

Nenadic et al., 2015) has had little impact on research and

practice; indeed, diagnostic systems have removed most

symptom-based schizophrenia subtypes from classification

schemes (e.g. DSM-V). Direct stratification of biological

heterogeneity may have greater impact by objectively identi-

fying subtypes (Varol et al., 2017) using structural MRI

(Abi-Dargham and Horga, 2016).

Prior neuroimaging research has primarily used binary

case-control designs to investigate neuroanatomical abnor-

malities in schizophrenia. These analyses predominantly show

widespread, subtle brain volume decreases (Koutsouleris

et al., 2008; Gupta et al., 2015; Clementz et al., 2016). In

addition to distributed deficits, increased basal ganglia vol-

ume has been reported in large samples, including the

ENIGMA and COCORO consortia (Okada et al., 2016; van

Erp et al., 2016), and our own group (Rozycki et al., 2018).

It is unclear whether both of these alterations exist in the

same individuals or whether these effects are representative of

different underlying subtypes. Studies defining schizophrenia

subtypes based on symptoms have indicated that individuals

with more negative symptoms exhibit more widespread

cortical volume decreases compared to other subtypes

(Koutsouleris et al., 2008; Voineskos et al., 2013; Nenadic

et al., 2015; Zhang et al., 2015a), but the brain signatures

are overlapping and they do not clarify the volumetric

increases and decreases found in large studies.

Objectively defining biological subtypes based on neuro-

anatomical data is important for further progress. Prior ‘bio-

type’ research has examined other phenotypes, including

genes (Arnedo et al., 2015), functional MRI (Du et al.,
2015), or combinations of electrophysiology and cognition

(Clementz et al., 2016). Only two prior studies have sought

to directly parse neuroanatomical heterogeneity in schizo-

phrenia (Honnorat et al., 2017; Dwyer et al., 2018).

However, those investigations were limited by insufficient

sample diversity and small sample size, which hindered

rigorous reproducibility analyses of subtypes such as split-

sample reproducibility, leave-one-site-out validation, sex-spe-

cific evaluation, and sample restriction within 45 years of

age to minimize ageing effects. Although one of the studies

(Dwyer et al., 2018) benefitted from external validation set,

the method used in that study was not specifically designed

to identify the patient subtypes based on their variation

from healthy controls to capture the disease effects better.

Taken together, these factors might have led to less
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reproducible subtypes and overlapping subtype profiles that

impeded clear interpretation.

Progress in delineating schizophrenia brain subtypes

requires increased sample sizes, increased sample heterogen-

eity, and methodological advances that generalize across dis-

parate sites and ethnicities. To respond to this challenge, we

established a consortium spanning three continents called

PHENOM (‘Psychosis Heterogeneity Evaluated via

Dimensional Neuroimaging’). We then sought to identify

neuroanatomical subtypes by applying a recently developed

semi-supervised machine learning method termed HYDRA

(heterogeneity through discriminative analysis) (Varol et al.,

2017). HYDRA is fundamentally different from previous

clustering methods (Fair et al., 2012; Arnedo et al., 2015;

Du et al., 2015; Clementz et al., 2016) because it specifically

seeks to cluster illness effects by modelling differences from

healthy controls rather than clustering patients directly. This

approach helps identify true disease subtypes by limiting the

influence of confounding variations introduced by age, sex,

scanner, ethnicity, and other factors. This is the case because

all these confounding variations are already present in the

control group, while only differences between patients

and controls, presumably due to pathological processes,

are clustered. We hypothesized that this method would

objectively reveal distinct neuroanatomical subtypes that

were previously obscured in typical case-control designs,

and that were not explained by illness duration or anti-

psychotic dose.

Materials and methods

Study sample and image acquisition

This study investigated a PHENOM subsample collected from
three sites (Satterthwaite et al., 2010; Wolf et al., 2014; Zhang
et al., 2015a; Zhu et al., 2016; Zhuo et al., 2016) (US, German
and Chinese cohorts; see Supplementary material). We inten-
tionally selected samples from diverse imaging protocols, includ-
ing 1.5 T data from Germany, because this provides an
opportunity to generalize our subtypes across a wide range of
currently available MRI protocols. To ensure that the subtypes
were not site/protocol biased, we further validated the subtypes
by examining leave-one-site-out reproducibility. Images were
shared by respective investigators and analysed at the Center for
Biomedical Image Computing and Analytics of the University of
Pennsylvania. From an international cohort of 941 schizophre-
nia patients and controls, we restricted our analyses to subjects
of age 45 years or less to reduce ageing effects. Demographics
for the resultant sample (307 schizophrenia patients and 364
healthy controls) are presented in Table 1, which reflects the di-
versity of the consortium cohort and MRI scans.

Image preprocessing

Individuals’ T1 images were checked for quality (Supplementary
material) and a state-of-the-art multi-atlas segmentation (Doshi
et al., 2016) was used to obtain anatomical regions of interest
consisting of grey matter, white matter and CSF. Regional T
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volumetric maps (Davatzikos et al., 2001), which provide highly
localized voxel-wise patterns compared to region of interest-
based maps and have been used successfully to visualize group
differences (Zhang et al., 2015a; Dong et al., 2017), were gener-
ated for grey matter, white matter and CSF.

Inter-site image harmonization and
correction of covariates

Site-specific effects in the region of interest volumes were esti-
mated using a linear model from a subsample of healthy control
subjects, which contained an equal proportion of males and
females from each site [mean age (standard deviation, SD) years:
29.97 (7.13) in Penn, 29.39 (6.17) in Munich, 29.04 (7.54) in
Tianjin; P40.46], and were removed from all (including pa-
tient) data. After calibration for site effects, region of interest
volumes were adjusted for age and sex; thus, all clustering
results reported here are independent of site, age and sex. This
pooled healthy control-based harmonization and covariate ad-
justment procedure was also applied to voxel-wise volumetric
maps.

Subtyping schizophrenia with
HYDRA

We applied HYDRA (Varol et al., 2017) to region of interest
volume measures to identify subtypes. HYDRA compares
patients and controls to identify the subtypes within the
patients. Unlike fully supervised learning methods such as sup-
port vector machines and random forests, which cannot distin-
guish between the subtypes of patients, HYDRA performs
classification and clustering simultaneously. Classification is per-
formed through the separation of healthy controls from patients
by the polytope formed by linear maximum-margin classifiers.
Subtyping is carried out by clustering patients through their as-
sociation with different faces of the polytope known as hyper-
planes. In contrast to unsupervised clustering algorithms such as
k-means, which cluster patients based on their similarities, and
are vulnerable to confounding inter-individual variations irrele-
vant to disease (e.g. age or sex), HYDRA effectively clusters
patients based on their differences from controls. This method is
flexible in terms of evaluating higher number of subtypes by
varying the number of hyperplanes. HYDRA is described in the
Supplementary material.

Reproducibility analysis of
schizophrenia subtypes

Subtype reproducibility was extensively analysed using (i) per-
mutation tests (Nichols and Homes, 2001) to test statistical sig-
nificance; (ii) split-sample methods (Ben-Hur et al., 2002; Lange
et al., 2004) to evaluate whether the subtypes in each half ex-
hibit similar profiles; and (iii) leave-one-site-out validation
(Arlot and Celisse, 2010) to examine whether the subtypes
found using this method are consistent with the solution
obtained from taking all the sites together (see details in the
Supplementary material).

Voxel-wise analysis

We conducted voxel-wise volumetric analyses using regionally
linear multivariate discriminative statistical mapping (MIDAS)
(Varol et al., 2018) to explore the neuroanatomical alterations
of subtypes. MIDAS leverages the power of regional discrimin-
ant analysis and achieves relatively higher sensitivity and specifi-
city in detecting group differences compared to other
information-mapping methods (e.g. Searchlight). MIDAS is
detailed in the Supplementary material.

Clinical examination of
schizophrenia subtypes

Within each subtype, the relationship between total grey matter
volume and illness duration was assessed using Pearson’s
correlation. Two-sample t-tests were used to assess differences
between subtypes in age, illness duration, chlorpromazine-
equivalent dose (mg) per day (CPZ mg eq/day), age of illness
onset, positive symptoms, and negative symptoms (see details in
the Supplementary material). Sex, education (ordinal scale), and
antipsychotic type (first versus second-generation) were com-
pared using the chi-square test.

Data availability

The subtype memberships that support the findings of this study
are available upon reasonable request. The regions of interest
volumes for Site 1 (Penn, USA) and Site 3 (Tianjin, China) are
also available. The regions of interest volumes for Site 2
(Munich, Germany) will be shared following the European
regulations.

Results

HYDRA reveals two highly
reproducible subtypes

In the standard case-control comparison, both volume

decreases and increases are present (Supplementary Fig. 1),

but it is not clear whether some or all of these effects are

contributed by the entire population or by certain subgroups

of patients. HYDRA effectively addresses this issue, as pre-

sented below. We applied HYDRA to the volumes of ana-

tomical regions of interest (Supplementary Table 1) to

identify subtypes. We evaluated the consistency of clustering

assignment over multiple resolutions (two to eight clusters)

using the adjusted Rand Index (ARI) (Hubert and Arabie,

1985), which is relatively insensitive to the number of clus-

ters (K). The ARI at K = 1 is not meaningful as it corre-

sponds to the trivial solution of assigning all patients to the

same group by definition. However, if the sample is best

understood as homogenous (optimal K = 1) then low ARIs

should be found for other values of K. The maximum repro-

ducibility was found at K = 2 solution, with ARI = 0.616

(Supplementary Fig. 2). The ARIs for K = 3 to 8 were �0.4

and were lower than the ARI at K = 2. The distribution of

schizophrenia patients across K’s and sites is presented in
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the Supplementary Table 2. At K = 2, there are larger num-

ber of patients assigned to Subtype 1 in each site. To deter-

mine statistical significance of clusters, we compared the

ARI at each cluster to a null distribution that was generated

using permutation tests. The ARI at K = 2 was higher than

from null distribution (PFDR 5 10–3) (Fig. 1), but not at

K = 3. The ARIs for K = 4 to 8 were also higher than those

from null distribution; however, clustering into K = 3 or

more introduced sex, age or site differences among subtypes

(Supplementary Tables 2–9). The superior reproducibility of

K = 2 solution was also seen in the split-half comparisons

compared to other clustering solutions (Supplementary Fig.

3). The voxel-wise volumetric patterns were also reprodu-

cible between Split 1 and Split 2 at K = 2 but not for other

K’s (Supplementary Figs 4 and 5). Furthermore, the reprodu-

cibility analyses of the subtypes were carried out using the

leave-one-site-out approach (Supplementary Fig. 6). The pre-

dicted Subtype 1 and Subtype 2 assignments from all three

sites using leave-one-site-out were compared with the origin-

al assignments obtained by taking all the sites together

(Supplementary Table 2: K = 2). The percentage overlap of

patients that were assigned to the same subtype was 86.72%

(83.33% in Site 1, 86.21% in Site 2 and 90.63% in Site 3).

The two subtypes were also reproducible across the sites

(Supplementary Fig. 7). Given these convergent results, sub-

sequent analyses focused on the two highly reproducible

subtypes.

Subtypes exhibit divergent
neuroanatomical deficits

Subtypes showed marked differences in their voxel-wise

patterns of neuroanatomical deficits (Fig. 2). Subtype 1

showed a distributed pattern of grey matter deficits com-

pared to healthy controls (Fig. 2A) and Subtype 2

(Supplementary Fig. 8). Compared to healthy controls,

Subtype 1 abnormalities were most prominent in the thal-

amus, nucleus accumbens, medial temporal, medial pre-

frontal, and insular cortices. Additionally, Subtype 1

showed widespread reductions in white matter volumes

(Fig. 2C). In contrast, Subtype 2 had normal brain anat-

omy, except for exhibiting larger grey matter volumes of

the basal ganglia (pallidum, putamen and parts of caud-

ate) (Fig. 2B). White matter volume was also relatively

larger in deep structures, especially internal capsule, of

Subtype 2, when compared with healthy controls

(Fig. 2D). Compared to healthy controls, both subtypes

had mildly elevated CSF, mainly in third ventricle and

frontal inter-hemispheric fissure (Supplementary Fig. 9).

Subtype profiles show robust
reproducibility in the
leave-one-site-out validation

The predicted subtypes using the leave-one-site-out method

showed excellent reproducibility (Fig. 3) with the results

obtained by taking all the sites together (Fig. 2). Consistent

with the above results, Subtype 1 abnormalities were wide-

spread and most noticeable in the thalamus, nucleus accum-

bens, medial temporal, medial prefrontal, and insular

cortices (Fig. 3A) and Subtype 2 had larger volume in the

basal ganglia (Fig. 3B). Subtype 1 also showed a distributed

pattern of grey matter deficits compared to Subtype 2

(Supplementary Fig. 10), which was consistent with the

above results (Supplementary Fig. 8).

Sensitivity analyses provide
convergent results

Next, we conducted extensive sensitivity analyses to ensure

the above results were not driven by sample size, sex

Figure 1 Statistical significance of ARI obtained for different subtypes (K) via comparison with the null distribution obtained

from random permutations. *FDR-corrected P5 10–3 for comparison between Null and schizophrenia (SCZ). n.s. = not significant.
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differences, medication, disease chronicity, or tissue contrast.

First, to ensure these findings were not influenced by differ-

ences in sample sizes (Subtype 1: n = 192; Subtype 2:

n = 115), we repeated the analysis in a subset of Subtype 1

(n = 115) and found consistent patterns (Supplementary Fig.

11). Second, Subtype 1 abnormalities were widespread and

Subtype 2 had larger basal ganglia in both males and

females (Supplementary Fig. 12). Third, to assess the poten-

tial contributions of medication (Navari and Dazzan, 2009;

Ansell et al., 2015; Vita et al., 2015), we adjusted for anti-

psychotic dose (chlorpromazine equivalents, CPZ).

Consistent with the results shown in Fig. 2, subtype profiles

were still present after controlling for chlorpromazine

(Supplementary Figs 13 and 14), albeit the sample size and

corresponding statistical power was substantially lower in

this subsample with medication information. Fourth, we fur-

ther limited the analysis to schizophrenia samples with ill-

ness duration 4 2 years (�1/3 of total schizophrenia

samples; average illness duration 0.54 years) to attenuate the

effects of disease chronicity (Supplementary Figs 15–17).

Although we observed similarity between the full schizophre-

nia samples (Fig. 2) and the schizophrenia samples with ill-

ness duration 4 2 years (Supplementary Fig. 15), there were

some apparent differences in the spatial distribution of the

grey matter deficit, such as in insular cortex, in the early

phase group. Finally, we examined the sum of grey and

white matter volumes (i.e. total brain volume) to ensure the

findings were not driven by image-contrast variations that

Figure 2 Patterns of grey and white matter volumes identifying the two subtypes. Compared to healthy controls (HC), (A) schizo-

phrenia Subtype 1 (SCZ1) exhibits widespread patterns of smaller grey matter volumes especially in the thalamus, nucleus accumbens, medial

temporal, medial prefrontal/frontal and insular cortices, (B) schizophrenia Subtype 2 (SCZ2) exhibits larger grey matter volumes in the basal gan-

glia (pallidum, putamen, and parts of caudate), (C) schizophrenia Subtype 1 shows smaller white matter volumes, and (D) schizophrenia Subtype

2 shows larger white matter volumes, especially in the internal capsule. Effect size (Cohen’s d) maps were generated from regional volumetric

maps masked by the set of regions that showed statistically significant differences (PFDR 5 0.05) in the MIDAS analysis.
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affect grey/white matter segmentation. This analysis yielded

subtype patterns consistent with the primary analysis

(Supplementary Fig. 18).

Educational attainment is lower in
Subtype 1

Educational attainment was lower in Subtype 1 (chi-square

= 6.389, df = 2, P = 0.041), but the two subtypes did not

differ in age, sex, illness duration, antipsychotic dose, age of

illness onset, symptom severity, or antipsychotic type

(Table 2).

Grey matter volume negatively
correlated with illness duration in
Subtype 1

Grey matter volume was negatively correlated with illness

duration in Subtype 1 (r = –0.201; P = 0.016) but not in

Subtype 2 (r = –0.045; P = 0.652) (Fig. 4).

Discussion
We identified two markedly distinct neuroanatomical

subtypes of schizophrenia. Subtype 1 showed a common-

ly reported pattern of widespread reduced grey matter

relative to healthy controls (Koutsouleris et al., 2008;

Shenton et al., 2010; Gupta et al., 2015; Clementz et al.,
2016; Rozycki et al., 2018), whereas Subtype 2

demonstrated increased volume of the basal ganglia and

internal capsule against a background of normal grey and

white matter. The overall findings of this study are sum-

marized in Fig. 5.

The two subtypes were robust to permutation tests, split

sample experiments, leave-one-site-out experiments, sex-spe-

cific analyses, antipsychotic-dose adjustment, and restriction

to patients with less than 2 years of illness duration.

Critically, standard case-control comparisons obscured the

fact that average differences in schizophrenia are derived

from different neuroanatomical subtypes, with grey matter

decreases contributed only by approximately two-thirds of

the patient population, and subcortical increases contributed

only by approximately one-third of the patient population.

Recent studies using normative models (Wolfers et al., 2018)

also suggested that such average group differences in schizo-

phrenia disguise biological heterogeneity and objectively

defining biological subtypes is a logical next step. In line

with emerging recognition of neuroimaging heterogeneity

(Voineskos et al., 2019), our analysis revealed subtypes not

otherwise detectible by (relatively crude) clinical phenotyp-

ing, but which likely have yet-to-be-discovered clinical impli-

cations. Our findings thus challenge dominant views of

widespread brain volume reduction in schizophrenia, clarify

previous case-control findings, and for the first time suggest

a fundamental brain difference between subtypes of individ-

uals with schizophrenia that are not sharply defined by

chronicity or standard clinical measures. Below, we consider

key possibilities raised by our findings in the context of the

existing literature.

Figure 3 Reproducibility analysis. Patterns of grey matter volumes in the two subtypes using the leave-one-site-out validation: Compared to

healthy control (HC), (A) schizophrenia Subtype 1 (SCZ1) shows widespread smaller volumes prominently in the thalamus, nucleus accumbens,

medial temporal, medial prefrontal/frontal and insular cortices, and (B) Subtype 2 (SCZ2) shows larger volume in the basal ganglia. Effect size

maps were generated from regional volumetric maps masked by the set of regions that showed statistically significant differences (PFDR 5 0.05)

in the MIDAS analysis.
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Neuroanatomical patterns and
potential mechanisms

Since early pneumoencephalographic studies, a consensus

has formed that individuals diagnosed with schizophrenia

exhibit grey matter reductions and ventricular enlargement

(Shenton et al., 2010), which has been supported by recent

meta- and mega-analyses (Haijma et al., 2013; Gupta et al.,

2015). Our study clarifies that this ‘average schizophrenia’

pattern is only present in a percentage of the population

studied (e.g. �63% of this sample) that are contained within

Subtype 1. In this subtype, the observed grey matter decre-

ments are consistent with a mega-analysis reporting maximal

volume deficits in insula (Gupta et al., 2015), a multisite

study revealing atrophy in medial frontal, temporo-limbic

and peri-sylvian cortices (Rozycki et al., 2018), and the

ENIGMA and COCORO consortia showing reductions in

hippocampus, thalamus and nucleus accumbens (Okada

et al., 2016; van Erp et al., 2016). Our study also clarifies

previous reports of subcortical grey matter increases (Oertel-

Knöchel et al., 2012; Zhang et al., 2015b; Okada et al.,
2016; van Erp et al., 2016) and elevated inter-individual

variability in several structures including putamen (Brugger

and Howes, 2017). Here, we found that increased basal gan-

glia volume only occurs in a proportion of individuals

(�37% in this study) who show no cortical grey matter

reductions. These results challenge the conventional notion

that brain volume loss is a general feature of schizophrenia

(Shenton et al., 2010). This selective increase is notable given

the high concentration of dopamine and D2/3 receptors in

this region (Fusar-Poli and Meyer-Lindenberg, 2013;

Table 2 Comparison between patients with schizophrenia Subtypes 1 and 2 for demographic and clinical measures

SCZ1 SCZ2 SCZ1 versus SCZ2

n (%) 192 (62.54) 115 (37.46)

Age, mean years (SD) 30.41 (7.26) 31.79(7.38) t-stat = –1.603, df = 305, P = 0.109

Female, n (%) 68 (35.42) 40 (34.78) v2 stat = 0.013, df = 1, P = 0.910

Duration of illness, mean

years (SD), n

7.07 (7.41), 174 7.22 (7.42), 105 t-stat = –0.167, df = 277, P = 0.868

CPZ, mean (SD), n 409.78 (339.83), 125 441.35 (361.63), 87 t-stat = –0.439, df = 210, P = 0.521

Age of illness onset, mean
years (SD), n

23.42 (6.43), 174 24.53 (7.05), 105 t-stat = –1.355, df = 277, P = 0.177

Positive symptoms, mean (SD), n 17.45 (7.55), 180 17.23 (6.74), 111 t-stat = 0.249, df = 289, P = 0.803

Negative symptoms, mean (SD), n 19.66 (8.26), 180 19.50 (9.12), 111 t-stat = 0.151, df = 289, P = 0.879

Education, n [ordinal scale (%)] 144 [1 (19.44), 2 (38.89), 3 (41.67)] 75 [1 (13.33), 2 (29.33), 3 (57.34)] v2 stat = 6.389, df = 2, P = 0.041

Antipsychotic type, n 136 71 v2 stat = 6.670, df = 3, P = 0.083

FGAs, n (%) 26 (19.12) 17 (23.94)

SGAs, n (%) 82 (60.29) 42 (59.19)

FGAs + SGAs, n (%) 9 (6.62) 9 (12.68)

Neither FGAs nor SGAs, n (%) 19 (13.97) 3 (4.23)

FGAs = first generation antipsychotics; SCZ1 = schizophrenia Subtype 1; SCZ2 = schizophrenia Subtype 2; SGAs = second generation antipsychotics.

Figure 4 Associations between total grey matter volume and illness duration in the two subtypes. (A) Grey matter volume is cor-

related negatively with illness duration in schizophrenia Subtype 1 (SCZ1; r = –0.201 and PFDR = 0.016), but (B) grey matter volume is not signifi-

cantly correlated with illness duration in schizophrenia Subtype 2 (SCZ2; r = –0.045 and P = 0.652).
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Cannon, 2015) and increasing evidence in medication-naı̈ve,

clinical-risk, and genetic-risk psychosis populations indicates

striatal hyperdopaminergia and larger basal ganglia (Oertel-

Knöchel et al., 2012; Chemerinski et al., 2013; Zhang et al.,
2015b; Okada et al., 2018). Schizophrenia polygenic risk

and single risk alleles also associate with larger putamen in

non-clinical samples (Luo et al., 2019). Further, a recent

study found increased putamen volume in a transdiagnostic

medication-naı̈ve sample and unaffected family members

(Gong et al., 2019). In combination, our findings may sug-

gest a primary hyperdopaminergia schizophrenia subtype

that has not been previously detected. In contrast to the

restricted volume increase of Subtype 2, the widespread vol-

ume decreases in Subtype 1 are more consistent with mecha-

nisms associated with early neurodevelopmental disruption,

inflammation, and cortical dysfunction, where exaggerated

activity of the complement-microglia system can produce

synaptic over-pruning and impair interneuron migration

(Howes and McCutcheon, 2017; Allswede and Cannon,

2018). Interneuron dysfunction, and aberrant cortical devel-

opment more broadly, is also linked to hyperglutamatergia

(Howes et al., 2015) and disrupted excitatory/inhibitory bal-

ance in the cortex (Howes et al., 2015; Uhlhaas and Singer,

2015). While these mechanisms could result in secondary

dopaminergic disruption (Howes and Kapur, 2009), the ex-

istence of primary non-dopaminergic abnormalities could

render Subtype 1 patients less responsive to current dopa-

mine-blocking antipsychotics.

Relationship to clinical features and
to prior subtypes

While neuroanatomical heterogeneity has been investigated

before by determining subtypes on the basis of symptom

profiles rather than brain morphology, those studies com-

monly revealed overlapping patterns of grey matter reduc-

tions (Koutsouleris et al., 2008; Nenadic et al., 2010, 2015;

Voineskos et al., 2013) and did not clearly distinguish be-

tween grey matter increases and decreases in different sub-

types as we have done here. Our approach also overcomes

the limitations of the two other neuroanatomically-driven

subtyping studies (Honnorat et al., 2017; Dwyer et al.,

2018). Those studies were limited by insufficient sample di-

versity and small sample size, which impeded rigorous repro-

ducibility analyses of the clusters. Moreover, standard

clustering methods used in Dwyer et al. (2018) are con-

founded by heterogeneity introduced by demographic and

other disease-unrelated factors, rather than focusing on het-

erogeneity of disease effects. The present study sought to

overcome those limitations and detected highly reproducible

and distinguishable neuroanatomical subtypes. Clinically,

our Subtype 1 included individuals with lower premorbid

functioning (lower educational achievement) and in whom

longer illness duration was associated with larger grey matter

deficit. In previous comparisons of dichotomous subtypes

based on clinical phenotypes (e.g. deficit versus non-deficit

subtypes), negative symptom severity was associated with

widespread volume deficits (Koutsouleris et al., 2008;

Nenadic et al., 2010, 2015; Voineskos et al., 2013), progres-

sive volume loss (McKechanie et al., 2016), and worse longi-

tudinal outcomes (Gutierrez-Galve et al., 2015). However,

our results differ from this clinical phenotype in two import-

ant respects. First, �63% of our sample was classified as

belonging to Subtype 1, which is significantly higher than the

�15–25% prevalence expected for the deficit subtype

(Kirkpatrick et al., 2006). Second, we found no significant in-

crease of negative symptoms in the Subtype 1 group whereas

a prominent and persistent elevation in negative symptoms is

the defining feature of the deficit syndrome (Kirkpatrick and

Figure 5 Summary of schizophrenia Subtypes 1 (SCZ1) and 2 (SCZ2).
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Galderisi, 2008). Crow proposed that his type II syndrome

(broadly corresponding to deficit syndrome) and his type I

syndrome (non-deficit) reflected partly independent patho-

logical dimensions, and thus there should also be a mixed

population characterized by a combination of both types

(Crow, 1985). Our anatomical Subtype 1 may have captured

a large spectrum of patients who have this anatomical sub-

type to varying degrees, and only a subset of Subtype 1 may

have clinical features meeting the strict definition of deficit

syndrome. The Scale for the Assessment of Negative

Symptoms/Positive and Negative Syndrome Scale (SANS/

PANSS) negative symptom measures available here are not

selective for persistent primary negative symptoms but also

capture secondary negative symptoms; future work specifical-

ly examining deficit syndrome may find it is enriched in

Subtype 1. Importantly, patients included in Subtype 2, as in

Subtype 1, had a diagnosis of established schizophrenia,

experienced similar levels of symptoms, and were medicated

at the same dose, all despite a lack of widespread brain

abnormalities. Combined, these findings suggest that subtyp-

ing schizophrenia by using a priori diagnosis or clinical

symptoms is not sufficient to identify distinct neuroanatomic-

al subtypes. In contrast, neuroanatomically-based subtyping

can point to unique biological subtypes, which largely over-

lap with respect to standard clinical characteristics.

Potential influence of antipsychotic
medications and duration of illness

Previous cross-sectional and longitudinal studies have attrib-

uted findings of increased and decreased volumes to the ef-

fect of antipsychotic drugs (Navari and Dazzan, 2009;

Lawrie et al., 2011; Ansell et al., 2015; Vita et al., 2015). In

general, antipsychotic treatment has been associated with

reduced cortical and increased basal ganglia volume that

appears to be stronger with first-generation (‘typical’) com-

pared to second-generation (‘atypical’) antipsychotics

(Navari and Dazzan, 2009; Ansell et al., 2015; Vita et al.,

2015), and increases with cumulative exposure (Ho et al.,

2011). However, our subtypes did not differ with respect to

antipsychotic dose, the neuroanatomical comparisons

remained strong even after adjusting for CPZ mg eq/day,

and the patterns were evident in subjects with 52 years dur-

ation of illness. There is also robust evidence that cortical

reductions and basal ganglia enlargement also occur in

medication-naı̈ve populations with clinical and genetic risk

(Zhang et al., 2015b; Satterthwaite et al., 2016; Gong et al.,

2019; Luo et al., 2019). It is also possible that observed sub-

type differences may be influenced by differential consequen-

ces of antipsychotics such as greater treatment resistance

(Dazzan, 2014) in Subtype 1 than Subtype 2; however, treat-

ment resistance commonly affects �30% of individuals

(Mouchlianitis et al., 2016) rather than �63% reported

here, and subtypes did not differ in symptom severity or

antipsychotic dose which would likely be higher in treat-

ment-resistant individuals.

Limitations and future work

Our findings suggest several exciting avenues and challenges

for future research. This study was cross-sectional, and fu-

ture longitudinal studies will need to address if and how

these subtypes change over time and relate to change in clin-

ical phenotype over time. Second, while our large multisite

and multi-national sample is a strength, it also reduces the

depth of clinical phenotyping shared across the full sample,

and future studies should examine richer sets of aetiological

and clinical, cognitive, and functional outcome measures.

Third, despite the absence of antipsychotic effects observed

here, it remains possible that subtype-specific cumulative

medication effects or treatment resistance contributed to our

findings, and further work is needed in unmedicated groups

and in groups with precisely documented longitudinal medi-

cation data. Fourth, use of our method in much larger sam-

ples might result in a different clustering solution, and

should be a focus of future work. We consider it unlikely

that these two highly reproducible subtypes will not be iden-

tifiable in larger samples; more likely, other distinctions

within these subtypes may be discovered, resulting in more

fine-grained parsing of heterogeneity. Finally, these two re-

producible anatomical subtypes also have dimensional

aspects, and future work should explore how different

degrees of expression of these two patterns relate to other

features of the illness.

Conclusion
In summary, we uncovered two markedly distinct neuroana-

tomical subtypes of schizophrenia, thereby suggesting two

neuroanatomical axes of this illness. Subtype 1 had a wide-

spread pattern of lower grey matter volume relative to

healthy controls, while Subtype 2 had relatively larger basal

ganglia and internal capsule but normal cortical anatomy.

These two subtypes were not revealed in case-control studies

or clinical subtyping studies that did not directly account for

the underlying neuroanatomical heterogeneity. Future re-

search will provide a more detailed picture of these subtypes

in relation to other aspects of brain structure and function,

clinical features including cognitive performance, acute treat-

ment response, longitudinal progression, and aetiology.

These ‘subtype fingerprints’ will be traced in at-risk, subsyn-

dromal and epidemiological samples. With additional re-

search, these subtypes could contribute to precision clinical

care that accounts for biological heterogeneity in diagnosis,

prognosis, and treatment using widely used clinical brain

imaging methods.
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