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IMPORTANCE Between-individual variability in brain structure is determined by

gene-environment interactions, possibly reflecting differential sensitivity to environmental

and genetic perturbations. Magnetic resonance imaging (MRI) studies have revealed thinner

cortices and smaller subcortical volumes in patients with schizophrenia. However, group-level

comparisons maymask considerable within-group heterogeneity, which has largely remained

unnoticed in the literature.

OBJECTIVES To compare brain structural variability between individuals with schizophrenia

and healthy controls and to test whether respective variability reflects the polygenic risk

score (PRS) for schizophrenia in an independent sample of healthy controls.

DESIGN, SETTING, AND PARTICIPANTS This case-control and polygenic risk analysis compared

MRI-derived cortical thickness and subcortical volumes between healthy controls and

patients with schizophrenia across 16 cohorts and tested for associations between PRS and

MRI features in a control cohort from the UK Biobank. Data were collected fromOctober 27,

2004, through April 12, 2018, and analyzed fromDecember 3, 2017, through August 1, 2018.

MAIN OUTCOMES ANDMEASURES Mean and dispersion parameters were estimated using

double generalized linear models. Vertex-wise analysis was used to assess cortical thickness,

and regions-of-interest analyses were used to assess total cortical volume, total surface area,

and white matter, subcortical, and hippocampal subfield volumes. Follow-up analyses

included within-sample analysis, test of robustness of the PRS threshold, population

covariates, outlier removal, and control for image quality.

RESULTS Acomparison of 1151 patientswith schizophrenia (mean [SD] age, 33.8 [10.6] years;

68.6%male [n = 790] and31.4% female [n = 361])with 2010healthy controls (mean [SD] age,

32.6 [10.4] years; 56.0%male [n = 1126] and44.0% female [n = 884]) revealed higher

heterogeneity in schizophrenia for cortical thickness and area (t=3.34), cortical (t = 3.24) and

ventricle (t range, 3.15-5.78) volumes, andhippocampal subfields (t range, 2.32-3.55). In theUK

Biobank sample of 12 490participants (mean [SD] age, 55.9 [7.5] years; 48.2%male [n = 6025]

and51.8% female [n = 6465]), higher PRSwas associatedwith thinner frontal and temporal

cortices and smaller left CA2/3 (t = −3.00) butwas not significantly associatedwith dispersion.

CONCLUSIONS AND RELEVANCE This study suggests that schizophrenia is associated with

substantial brain structural heterogeneity beyond themean differences. These findings may

reflect higher sensitivity to environmental and genetic perturbations in patients, supporting

the heterogeneous nature of schizophrenia. A higher PRS was associated with thinner

frontotemporal cortices and smaller hippocampal subfield volume, but not heterogeneity.

This finding suggests that brain variability in schizophrenia results from interactions between

environmental and genetic factors that are not captured by the PRS. Factors contributing

to heterogeneity in frontotemporal cortices and hippocampus are key to furthering our

understanding of how genetic and environmental factors shape brain biology in schizophrenia.
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S
chizophrenia is a severe psychiatric disorderwith a life-

timeprevalenceof about 1%, rendering it a leadingcause

ofdisabilityworldwide,with26millionpeopleaffected.1

Although genetic and environmental factors contributing to

disease risk havebeen identified, thepathophysiological pro-

cess remains elusive.2,3 Patients diagnosed with schizophre-

nia display substantial heterogeneity in terms of their clinical

characteristicsandsymptoms,4 treatment response,5and long-

term prognosis.6 The notion that the observed heterogeneity

stems at least partially fromdistinct subtypes of patientswith

differentially affected neurobiology and clinical and cogni-

tive profiles7-9 has not been fully confirmed to date.10Hence,

whether a singleunifyingpathophysiologicalprocess is shared

across patients or a multitude of partly independent disease

processes lead to a similar clinical syndrome remains salient.11

Schizophrenia is associatedwithwidespread brain abnor-

malities,with themost robust group-levelmeanstructural dif-

ferences being ventricle enlargement, reduced thickness and

areaof frontotemporal cortices, and reducedhippocampal and

amygdala volumes.12-14However, substantial variability exists

betweenpatients,7,8,15presentingamajor challenge for achiev-

ing imaging-baseddiagnosticpredictions (ie, achieving thegoal

ofprecisionmedicine inpsychiatry, andusingbrain imagingas

a clinical tool to guide diagnosis and treatment)with any clini-

cal utility.16-18Rather than simply reflectingnoise, this interin-

dividual variability in brain structure may possibly carry rel-

evant information regarding gene-environment interactions

related to the individual sensitivity to environmental and ge-

neticperturbation.Onlyafewstudieshaveinvestigatedwhether

heterogeneity differs between healthy participants and pa-

tients with schizophrenia. One functional imaging study19

reported increased heterogeneity in connectivity and spatial

extent of functional brain networks in schizophrenia. Regions

with altered spatial variance in functional networks included

areaspreviously implicated in schizophrenia, suchas auditory

and sensorimotor cortices and basal ganglia, and networks

showing increasedheterogeneityoverlappedwith those show-

ingmeanvolumedifferences, implying that themeanandvari-

ance measures provide complementary but converging

results.20A recentmeta-analysis15 reported increased interin-

dividual volumetric variability in several cortical and subcor-

tical structures, including the temporal lobe, thalamus, hippo-

campus, and amygdala in schizophrenia, and lower variability

in the anterior cingulate cortex. These results point to the im-

portance of modeling heterogeneity as well as mean changes.

Detecting brain regions that aremore homogenous in patients

couldpoint toaprimaryrole inasharedunderlyingpathophysi-

ological process of schizophrenia, whereas regions of in-

creased heterogeneity might be informative of putative sub-

typesofdiseaseor reflect regionaldifferences in the sensitivity

to genetic and environmental perturbations.

Schizophrenia is highly heritable,21motivating the ongo-

ing efforts to identify intermediate brain phenotypes associ-

atedwithdisease liability to elucidate thepathway fromgenes

to illnessmanifestation.Several risk loci for schizophreniahave

been identified,22but the individual contributionof each iden-

tifiedvariant isweak, andatpresentnocommonvariantshave

beenconclusively linkedtothedisease.Thepolygenic riskscore

(PRS) for schizophrenia, which represents a weighted sum of

common genetic schizophrenia risk alleles, has been pro-

posed to account for thepolygenicnatureofdisease risk.23Be-

yondbeingassociatedwithcase-control status,22PRShasbeen

associated with negative symptoms, anxiety, and lower cog-

nitive ability in adolescents.24Polygenic burdenhas also been

linked to a thinner cortex and to prefrontalworkingmemory–

andhippocampal encoding–related activation and connectiv-

ity in patients and healthy participants.25-28 This linkage is in

line with findings implicating the frontal cortex and hippo-

campus as core regions in the pathophysiological process of

schizophrenia.29Polygenic risk for schizophrenia, however, is

onlyweaklyassociatedwithsubcorticalvolumes.30Riskalleles

could also exert their effect by influencing the environmen-

tal sensitivity,which couldbe reflected in thephenotypic vari-

ability between individuals.31

Thus,revealingbrainstructureswithhigheror lowerhetero-

geneity in schizophrenia could facilitate discovery of interme-

diate brain phenotypes that may serve to identify putative

subtypes8,32of thedisease andphenotypes that are primaryor

common in the neurobiology of schizophrenia.15 Further, in-

vestigating how the genetic architecture of disease risk is re-

lated to brain heterogeneity could reveal regions in which the

cumulative burden of common risk alleles influence the phe-

notypic variance.33 To this end, we directly compared within-

groupdispersion inseveralkeybrainstructuralphenotypes, in-

cluding cortical thickness, as well as cortical, subcortical, and

hippocampal subfield volumes between 1151 patients with

schizophreniaand2010healthycontrols.Next, to testwhether

between-individual variability is associated with the cumula-

tivepolygenic risk for schizophrenia inabsenceofaclinical syn-

drome, we tested for associations between dispersion in the

samebrain featuresandPRSforschizophrenia in12490healthy

individuals from the UK Biobank.

Methods

Samples

Data were collected fromOctober 27, 2004, through April 12,

2018.Demographic characteristics andclinical informationare

Key Points

Question Are schizophrenia and its polygenic risk associated

with brain structural heterogeneity in addition tomean changes?

Findings In this case-control analysis of 1151 patients and 2010

controls, schizophrenia was associated with increased

heterogeneity in frontotemporal thickness and area and cortical,

ventricle, and hippocampal volumes, as well as robust reductions

in mean estimates. In an independent sample of 12 490 healthy

controls, polygenic risk for schizophrenia was associated with

thinner frontotemporal cortices and smaller CA2/3 volume of

the left hippocampus, but not with heterogeneity.

Meaning Schizophrenia appears to be associated with increased

interindividual differences in brain structure, possibly reflecting

clinical heterogeneity, gene-environment interactions, or

secondary disease factors.
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presented in eTables 1 and 2 in the Supplement, respectively.

Thedatahavebeenused inpreviouspublications.Details and

references are presented in eMethods and eTable 3 in the

Supplement, and MRI protocols appear in eTable 4 in the

Supplement. Data collection was performed with each par-

ticipant’s written informed consent andwith approval by the

respective local institutional review boards.

Image Preprocessing and Genetic Data

We processed T1-weighted MRI images using FreeSurfer

(version 5.3.0) for cortical reconstruction and volumetric

segmentation,34-37 andFreeSurfer (version6.0) forhippocam-

pus subfield segmentation38 (eMethods in the Supplement).

We calculated PRS using PRSice (version 1.25),39 based on the

EuropeanCaucasian subset of the 2014 Psychiatric Genomics

Consortium2schizophreniagenome-wideassociationstudy22

(eFigure 1 and eMethods in the Supplement). The PRS based

on a threshold of P < .05 was used for the main analysis be-

cause this threshold has been reported as optimal in terms of

explaining case-control differences.22

Statistical Analysis

Data were analyzed from December 3, 2017, through August

1, 2018. For all included measures in the case-control sample,

we used vertex- or volume-wise generalized additive models

to regress out scanner effects while accounting for age, sex,

and diagnosis (eMethods in the Supplement). For the case-

control comparison and the PRS analysis, we modeled

vertex- or volume-wise mean and dispersion using double

generalized linear models, which iteratively fit a generalized

linear model of the mean parameter and a second general-

ized linear model of the dispersion parameter on the devi-

ances of the first model (eMethods in the Supplement). We

permuted diagnostic labels for the case-control comparison

and the PRS UK Biobank analysis by recalculating the mean

and dispersion parameters for each iteration. For cortical

thickness, the true and permuted statistical maps (t maps)

were submitted to the permutation analysis of linear models

tool40 to correct for multiple comparisons using threshold-

free cluster enhancement and tail approximation41 (600 per-

mutations; eMethods in the Supplement). For the region of

interest–based measures (eMethods in the Supplement), we

performed 5000 permutations per volume and extracted the

maximum t value across regions of interest to calculate fami-

lywise error.42 Significance threshold was set at 2-tailed

P < .05 for all analyses. We also performed a meta-analysis of

the multiscanner thickness data. We conducted analyses

with and without covarying for estimated intracranial vol-

ume (eTIV) for the volumetric measures. We performed

follow-up analyses with more stringent exclusion criteria

as well, with adding the Euler number as a covariate43

(eMethods in the Supplement). To assess the robustness to

the PRS P value threshold, we performed analyses with PRS

threshold selection of 2-sided P < .001, the first component

from a principal component analysis on PRS (PRS-PC1) calcu-

lated across thresholds (eMethods in the Supplement), and

exploratory analysis of the second and third components of

the principal component analysis (PC2 and PC3) based on

their opposite gradient pattern with regard to PRS P value

threshold.

Results

Study Samples

The case-control comparison included 1151 patients with

schizophrenia (mean [SD] age, 33.8 [10.6] years; 790 male

[68.6%] and 361 female [31.4%]) and 2010 healthy controls

(mean [SD] age, 32.6 [10.4] years; 1126male [56.0%] and 884

female [44.0%]).ThePRSanalysis included12490healthypar-

ticipants fromtheUKBiobank (mean [SD] age, 55.9 [7.5] years;

6025 male [48.2%] and 6465 female [51.8%]).

Vertex-Wise Thickness

Schizophreniawasassociatedwiththinnercortexglobally,with

the exception of the visual cortex, as well as globally higher

thickness dispersion (Figure 1A and B, Figure 2A, and eFig-

ure 2 in the Supplement). Meta-analysis of within-sample ef-

fects withmore stringent exclusion criteria also revealed and

confirmed significantly higher heterogeneity in schizophre-

nia (lefthemisphere,β=0.31 [95%CI,0.16-0.46;P< .001]; right

hemisphere, β = 0.33 [95%CI, 0.18-0.48; P < .001]) (eFigure 3

intheSupplement), andfollow-upmultisiteanalysis (eMethods

in the Supplement) did not reveal major interactions be-

tween age, sex, or diagnosis and site, indicating that disper-

sion effects are not simply explained by multisite variability,

sitebydemographic interactions, or a fewextremevalues.The

PRSwas associatedwith lowermean thickness in the right in-

ferior frontal gyrus, the right lateral orbitofrontal cortex, the

right precentral gyrus, the right medial temporal cortex, and

bilaterally in themiddleandsuperior temporalcortex (Figure1C

and D and eFigure 4 in the Supplement). Converging results

were obtained on reanalysis with the addition of the first 4

populationcomponents addedas covariates (eFigure5A in the

Supplement) or with more stringent exclusion criteria (eFig-

ure 5B in the Supplement). Follow-up analysis using the PRS-

PC1 gave close to an identical pattern as the PRSmodel based

ona thresholdofP< .05 (eFigure5C in theSupplement; vertex-

wise r = 0.91), whereas a PRS threshold of P < .001 showed

weaker association with mean thickness (eFigure 5D in the

Supplement).WefoundnosignificantassociationbetweenPRS

and thicknessdispersion, or betweenPRS-PC2orPRS-PC3and

meanordispersionof cortical thickness. Effects of age and sex

areshownineFigure6 in theSupplement forcase-control com-

parisons and eFigure 7 in the Supplement for PRS analysis.

Cortical and Subcortical Volumes

Schizophrenia was associated with lower mean cortical vol-

ume (t = −17.05), mean cortical area (t = −9.35), supratento-

rial volume (t = −11.43), total (t = −18.04) and subcortical

(t = −4.63) gray volume, cerebellar cortical volume (left,

t = −11.69; right, t = −10.69), as well as brain stem (t = −9.64),

amygdala (left, t = −8.82; right, t = −6.16), thalamus (left,

t = −7.53; right, t = −8.35), and nucleus accumbens (left,

t = −3.26; right, t = −5.78), and several white matter volumes,

as well as increased ventricle (t range, 2.29-12.24), caudate
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nucleus (left, t = 4.00; right, t = 2.16), pallidum (left, t = 9.57;

right, t = 9.55), and putamen (left, t = 5.48; right, t = 6.44)

volumes. Schizophrenia was further associated with higher

dispersion in mean cortical volume (t = 3.24), mean cortical

area (t = 3.34), total gray volume (t = 3.41), and ventricle vol-

umes (t range, 3.18-5.78) (Figure 2B and Figure 3). Models

without eTIV (eFigure 8A in the Supplement) revealed no

significant differences in the mean volumes of caudate

nucleus and left putamen and resulted in an additional sig-

nificant association with dispersion in supratentorial volume

(t = 2.92). Reanalysis of mean and dispersion models with

more stringent exclusion criteria showed converging results

(eTable 5 in the Supplement). The PRS was not associated

with the mean or the dispersion in any of the subcortical vol-

umes (Figure 3B), which was also true for models without

adjustment for eTIV (eFigure 8B in the Supplement).

Hippocampal Subfields

Patients with schizophrenia had lower mean volume in the

left (t = −12.68) and right (t = −13.24) whole hippocampus

and in all hippocampal subfields, accompanied with larger

right hippocampal fissures. We found higher dispersion in

schizophrenia in the left (t = 3.54) and right (t = 2.32) whole

hippocampus and in the left molecular layer (t = 3.55), left

CA1 (cornu ammonis 1) (t = 2.32), left granule cell layer of the

dentate gyrus (t = 3.23), left CA4 (t = 3.10), and left presu-

biculum (t = 2.52) (Figure 4A). Models without adjustment

for eTIV gave the same results for mean volumes with the

exception for the left hippocampal fissure, which did not

survive correction, and for dispersion with the exception for

the left presubiculum (eFigure 9A in the Supplement). When

reanalyzing schizophrenia mean and dispersion models

with more stringent exclusion criteria, we obtained similar

results (eTable 6 in the Supplement). The PRS was associated

with smaller left CA2/3 (t = −3.00). None of the subfields

showed an association between dispersion and PRS

(Figure 4B). Models without adjustment for eTIV revealed

smaller left and right CA2/3 (t = −3.70), left granule cell layer

of the dentate gyrus (t = −3.20), and left CA4 (t = −2.88)

(eFigure 9B in the Supplement) in patients with schizophre-

nia. Reanalysis with population covariates added to the

models, reanalysis with stricter exclusion criteria, and mod-

eling PRS using PRS-PC1 did not alter conclusions (eTable 7

in the Supplement).

Figure 1. Mean and Dispersion of Cortical Thickness

Schizophrenia mean modelA

Schizophrenia dispersion modelB

Polygenic risk mean modelC

Polygenic risk dispersion modelD

10
t

–10

–1

3.5
t

–3.5

–1

4
t

–4

–1.5

All maps were thresholded using permutation testing, threshold-free cluster

enhancement, and fitting the tail of the permutation distribution to a

generalized Pareto distribution (500 permutations; P < .05, familywise error).

A, In the tmap for the schizophrenia meanmodel, blue shades represent areas

with decreasedmean thickness in schizophrenia compared with healthy

controls. Schizophrenia was associated with decreased thickness globally, with

the exception of the visual cortex, and with strongest effects in frontal and

temporal regions, compared with healthy controls. B, In the tmap for the

schizophrenia dispersionmodel, orange and yellow shades represent areas with

increased heterogeneity in schizophrenia compared with healthy controls.

Interindividual variability in cortical thickness showed a spatially global increase

for the schizophrenia group compared with healthy controls. C, In an

independent sample of healthy adults, the meanmodel showed that higher

polygenic risk for schizophrenia was associated with lower cortical thickness,

represented by blue shades, in frontal and temporal cortices. D, Polygenic risk

was not associated with cortical thickness heterogeneity in any region.
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Discussion

In the present study we found that schizophrenia is associ-

atedwithhigher brainheterogeneity in cortical thickness and

area and cortical, lateral and third ventricle, and hippocam-

pal volumes. The findings, basedonharmonizedanalysis pro-

tocols for all included data sets, were robust to strict proce-

dures for removing outliers and quality assessment, and

follow-up meta-analysis confirmed that multisite case-

controldifferencescannotbeexplainedbyscanningsite.These

findingsare largely in linewith thoseofa recentmeta-analysis15

showinghighervolumetricheterogeneity in the temporal lobe

and lateral and third ventricles. Our findings also extend this

meta-analysis by showing higher heterogeneity in cortical

thickness and area as well as in specific hippocampal sub-

fields. Further, higher PRS in healthy individuals was associ-

ated with thinner frontal and temporal regions and reduced

volume of the left CA2/3, but not with thickness dispersion.

We found widespread reductions in cortical thickness in

patientswith schizophrenia,with the characteristic patternof

stronger frontotemporal effects, as well as global reductions

in cortical volume.13 In addition to thesemeandifferences,we

found that schizophrenia is also associatedwith higher thick-

nessheterogeneitycomparedwithhealthyparticipants.Nocor-

tical region showed the opposite pattern of higher homoge-

neity amongpatients. In linewith previous studies,we found

mean reductions in several brain volumes, with the most ro-

bust effects for cortical volume, cerebellum, and hippocam-

pus, aswell as ventricle enlargement. These regions addition-

ally showed higher heterogeneity in patients compared with

controls, and again no region showedhigher homogeneity, as

might result if a particular region was similarly affected by a

common pathophysiological mechanism.15 Instead, the re-

Figure 2. Shift Function Plots
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Top graphs, Marginal distributions for patients with schizophrenia and healthy

controls. Lines show the amount of shift between the 2 distributions. Orange

lines and boxes indicate that corresponding deciles are lower in schizophrenia

compared with healthy control groups (purple shows the reverse). Bottom

graphs, Themagnitude of the group difference is plotted as a function of the

distribution among healthy controls. A sloped line indicates a difference in the

distributions between the groups. Error bars represent bootstrapped 95% CIs.

A, Vertex values were extracted bymasking the images by the schizophrenia

dispersion significancemap, and themean was calculated across vertices and

hemispheres and residualized for scanner, sex, and age. Schizophrenia was

associated with reduced thickness, with larger differences between groups in

the lower deciles. B, Values were residualized for scanner, sex, age, and

estimated intracranial volume (eTIV). Schizophrenia was associated with larger

volumes compared with controls, with the largest difference between groups

in the upper deciles. C and D, Values were residualized for scanner, sex, age,

and eTIV. Schizophrenia was associated with smaller volumes compared with

controls, with the largest difference between groups in the upper deciles.
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sults are in line with previous studies suggesting substantial

neurobiological heterogeneity in schizophrenia18 andmay re-

flect putative subtypes32 and symptomprofiles.44Results are

mostly in line with a recent report15 of higher volumetric

heterogeneity in schizophrenia but contrasts with the find-

ing of higher homogeneity for the anterior cingulate cortex in

schizophrenia.Onepossibleexplanation isdiffering sample in-

clusioncriteria, because theprevious study15 includedonlypa-

tientswith first-episodepsychosis.Anearlierdiseasestagemay

offer a more direct window into core aspects of the patho-

physiological processes,which later shift toward increased in-

terindividual variability as patients vary across different ill-

ness stages and degrees of severity, as well as differences in

treatment andmedication status.

The PRS reflects cumulative risk across multiple genetic

loci, and the PRS for schizophrenia has been associated with

severalphenotypic traits, including liability forpsychiatricdis-

easesuchasbipolardisorderandschizoaffectivedisorder,nega-

tive symptoms, IQ,workingmemory performance, and brain

activation.25,45,46ThePRShasbeenassociatedwithcortical gy-

rification in healthy participants47 and with global cortical

thickness.27Our results showthat ahigherPRS inhealthy con-

trols is associated with a mean decrease in thickness in fron-

totemporal cortex.These shifts inmean thicknesswerenot as-

Figure 3. Mean and Dispersion Values of Cortical and Subcortical Volumes
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sociated with brain heterogeneity, as was found for patients,

pointing to differential genetic effects onmean thickness and

heterogeneity.48Risk for schizophrenia is also associatedwith

socioeconomic status and family history of psychiatric disor-

ders,with the latterbeingpartiallymediatedby thePRS.49This

finding underscores the importance of investigating environ-

mental risk factors, aswell as gene-environment interplay, and

their role in explaining the observed clinical and neurobio-

logical heterogeneity.

Withregardtohippocampalvolumes,wefoundthatahigher

PRSwasassociatedwithsmallervolumesofthe leftCA2/3, inthe

absenceofaneffectontotalhippocampalvolumeandafter cor-

recting for total intracranialvolume, suggestingaspecificeffect

ofgeneticriskonthisregion.Thehippocampushasbeenhypoth-

esizedtoplayaprimaryrole inthepathophysiologicalprocesses

of schizophrenia, throughprogressive changes to itsneural cir-

cuits as the disease evolves.29Our results also complement re-

centstudies reportingthatpolygenic risk forschizophrenia isas-

sociatedwithhippocampalactivationduringmemoryencoding28

andofpolygenicoverlapbetweenschizophreniaandhippocam-

pusvolume,50withpossiblesubfieldspecificity.51Also,although

the patients showed higher hippocampal heterogeneity, only

meanvolumeswereassociatedwiththePRS,mirroringthefind-

ingsoncortical thickness.Thus, theCA2/3emergeaskeyregions

for themanifestation of and the genetic risk for schizophrenia

andarepotentially informative for theclassificationofsubtypes

and degrees of severity.

Despite reliable associations between schizophrenia and

brainmorphometry,14 thePRSwasonlyweaklyassociatedwith

subcortical volumes.The lackof associationsbetweenPRSand

subcortical volumes in the present study is in line with most

previous reports of PRS30; however, a recent study50 found

polygenic overlap between schizophrenia and hippocampal,

putamen, and intracranial volumes.

Limitations

An important source of heterogeneity in the present case-

control sample could be related to different scanning sites.

However, in addition to residualizing for scanner site in the

main analysis,we also performedwithin-sample analysis and

ran a meta-analysis, which ruled out the scanner as a major

contributor. A multivariate approach, such as partial least

squares,52 might be more sensitive to dispersion, and better

capture site-related variance.

Heterogeneity could be associated with differences in

medicationstatusanddurationof illness. Investigationof such

effects requires carefully controlled settings and is therefore

difficult toaddress in large-scalemultisitestudies.Anotherpos-

sible explanation is that the increased variability is caused by

movement artifacts, which are typically greater in clinical

populations53; however, running the analysis in a subsetwith

stricter criteria for data set exclusion did not alter the conclu-

sions, and the resultswere robust to correction for imagequal-

ity using the Euler number.43

Figure 4. Mean and Dispersion of Hippocampus Subfield Volumes
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was associated with mean reductions
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In addition to the concern that clinically defineddiagnos-

tic categories donotnecessarily complywithbiology,18 an im-

portant consideration for case-control studies in general is the

possibility that healthy controls are higher functioning com-

paredwith the general healthy population owing to selection

bias and strict exclusion criteria.54 Jointly, these concernsun-

derscore the importance of studying the full range of pheno-

typic variability in the population.

Further, the validity of choosing a given P value thresh-

old among several possible thresholds when calculating PRS

isuncertain.Weaddressed this byperformingaprincipal com-

ponents analysis across PRS calculated across awide range of

thresholds, toderiveamoregeneralPRS.Thisapproachyielded

results convergingwith themain analysis using a threshold of

P < .05. The lackof associationbetweenPRSandbrainhetero-

geneity suggests that the current PRS does not strongly re-

flect variance-controlling variants. However, the PRS might

havenonlinear andgene-environment effects that are not de-

tectable in a healthy sample.

Asacomposite score,PRS likelyalsohidesa substantial ge-

neticheterogeneity.APRScalculatedusingavariance-controlling

trait loci approachwould likely bemore sensitive in detecting

such effects. Parsing the genetic and clinical contributions to

heterogeneity inschizophrenia isanimportant follow-up,which

wasnotpossiblehereinowingto lackofavailabilityof suchdata

for several of the samples (eTable 2 in the Supplement).

Theextentof image smoothingaffects sensitivity andana-

tomical specificity of results,55 and future studies are needed

to determine the influence of analysis pipeline on dispersion

effects.Last, schizophrenia is increasinglyunderstoodasaneu-

rodevelopmental disorder,56 anddisentangling the sources of

heterogeneity in the adult patient population likely requires

investigation of the life-span trajectories and aberrant devel-

opmental paths.57,58

Conclusions

Ongoing efforts are attempting to account for neurobiologi-

cal and brain heterogeneity by means of delineating patient

subtypes,8,59 aswell as characterizing patients by their differ-

ential degree of affectedness along one or multiple clinical

domains.11,60Herein we report that schizophrenia appears to

beassociatedwithwidespreadand increasedheterogeneity in

cortical thickness and cortical andhippocampal volumes, be-

yond the known mean differences, compared with controls.

The results seem to support the notion that schizophrenia is

a highly heterogeneous disorder and suggest that important

informationmaybeoverlookedwhenonlyassessingmeandif-

ferences between cases and controls.18 In healthy adults, the

PRS was associated with mean differences in brain areas

implicated in schizophrenia, but not with brain heteroge-

neity.Together these findingswarrant future longitudinal stud-

ies that can disentangle the genetic and environmental fac-

tors contributing todiverging trajectories andneurobiological

heterogeneity.
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