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Depressive symptoms in Schizophrenia Spectrum Disorders (SSDs) negatively impact suicidality, prognosis, and quality of life.
Despite this, efficacious treatments are limited, largely because the neural mechanisms underlying depressive symptoms in SSDs
remain poorly understood. We conducted a systematic review to provide an overview of studies that investigated the neural
correlates of depressive symptoms in SSDs using neuroimaging techniques. We searched MEDLINE, PsycINFO, EMBASE, Web of
Science, and Cochrane Library databases from inception through June 19, 2023. Specifically, we focused on structural and
functional magnetic resonance imaging (MRI), encompassing: (1) T1-weighted imaging measuring brain morphology; (2) diffusion-
weighted imaging assessing white matter integrity; or (3) T2*-weighted imaging measures of brain function. Our search yielded 33
articles; 14 structural MRI studies, 18 functional (fMRI studies, and 1 multimodal fMRI/MRI study. Reviewed studies indicate
potential commonalities in the neurobiology of depressive symptoms between SSDs and major depressive disorders, particularly in
subcortical and frontal brain regions, though confidence in this interpretation is limited. The review underscores a notable
knowledge gap in our understanding of the neurobiology of depression in SSDs, marked by inconsistent approaches and few
studies examining imaging metrics of depressive symptoms. Inconsistencies across studies’ findings emphasize the necessity for
more direct and comprehensive research focusing on the neurobiology of depression in SSDs. Future studies should go beyond
“total score” depression metrics and adopt more nuanced assessment approaches considering distinct subdomains. This could
reveal unique neurobiological profiles and inform investigations of targeted treatments for depression in SSDs.
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INTRODUCTION

Depressive symptoms are highly prevalent in individuals with
schizophrenia spectrum disorders (SSDs)’, with as many as 80% of
patients experiencing a depressive episode at some point during
their course of illness>>. Depression and depressive symptoms in
SSDs are associated with poorer outcomes?, including reduced
quality of life>%, increased burden of disease’, and a higher
frequency of both self-harm’® and suicide®'°. Yet, our under-
standing and diagnosis of depression and depressive symptoms in
individuals with SSDs are limited, with therapeutic options
providing little efficacy’''3.

Diagnosing and treating depression in SSDs has posed a
challenge'. This complexity entails not only identifying general
depressive symptoms but also distinguishing them from comorbid
depressive disorders' as well as core symptom dimensions of
schizophrenia, namely negative symptoms'6~'8, While antidepres-
sant medications, the mainstay approach for treating major
depressive disorders (MDD), are often prescribed for depression
in SSDs'®, findings from recent reviews revealed minimal to
modest clinical improvements'"'2. Importantly, findings from the
Recovery After an Initial Schizophrenia Episode (RAISE) trial, an
early treatment program for first-episode psychosis, suggested
that less frequent antidepressant use may be linked to fewer side
effects’>.

Neuroimaging methods could enhance our comprehension of
the pathophysiological mechanisms linked to depression in

SSDs?°. For instance, in MDD, identifying neuroimaging correlates
of antidepressant treatment responses has enabled researchers to
gain insights into how antidepressants impact select brain regions,
perhaps leading to improved symptom outcomes®'. Moreover,
neuroimaging can serve as a tool to guide nonpharmacological
interventions, such as repetitive transcranial magnetic stimulation
(rTMS), allowing for more precise and individualized targeting of
symptom-related circuits that optimize treatment response??=2°, In
light of robust evidence that rTMS mitigate depressive symptoms
in MDD?® and preliminary support in SSDs?, further investigation
into neuroimaging correlates may inform the selection of
neurostimulation targets. While our knowledge regarding the
neural mechanisms underlying depression in SSDs is limited??,
gaining a deeper understanding has the potential to enhance
opportunities for effective intervention®.

To our knowledge, there has not been a comprehensive
synthesis of existing literature on the neurobiological under-
pinnings of depressive symptoms in SSDs. Therefore, we
conducted a systematic review to provide an overview of studies
that investigate the neural correlates of depressive symptoms in
SSDs using neuroimaging techniques. Specifically, we focused on
structural and functional magnetic resonance imaging (MRI),
encompassing T1-weighted imaging studies evaluating brain
morphology (e.g., volume or thickness), diffusion MRI (dMRI)
studies examining white matter metrics (e.g., fractional anisotropy

'Campbell Family Mental Health Research Institute, Toronto, ON, Canada. ?Institute of Medical Science, University of Toronto, Toronto, ON, Canada. *Department of Psychiatry,
University of Toronto, Toronto, ON, Canada. “These authors contributed equally: Aristotle N. Voineskos, Colin Hawco. ®email: colin.hawco@camh.ca

Published in partnership with the Schizophrenia International Research Society


http://crossmark.crossref.org/dialog/?doi=10.1038/s41537-024-00478-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41537-024-00478-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41537-024-00478-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41537-024-00478-w&domain=pdf
http://orcid.org/0000-0003-2163-7257
http://orcid.org/0000-0003-2163-7257
http://orcid.org/0000-0003-2163-7257
http://orcid.org/0000-0003-2163-7257
http://orcid.org/0000-0003-2163-7257
http://orcid.org/0000-0001-6220-519X
http://orcid.org/0000-0001-6220-519X
http://orcid.org/0000-0001-6220-519X
http://orcid.org/0000-0001-6220-519X
http://orcid.org/0000-0001-6220-519X
http://orcid.org/0000-0003-0156-0395
http://orcid.org/0000-0003-0156-0395
http://orcid.org/0000-0003-0156-0395
http://orcid.org/0000-0003-0156-0395
http://orcid.org/0000-0003-0156-0395
https://doi.org/10.1038/s41537-024-00478-w
mailto:colin.hawco@camh.ca

J. Gallucci et al.

(FA) or mean diffusivity (MD)), and T2*-weighted imaging studies
assessing brain function (e.g., activity or connectivity).

METHODS
Registration

This systematic review was conducted per the guidelines outlined
in the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA)?° and registered on the International Prospec-
tive Register of Systematic Reviews (PROSPERO: CRD42023433464).
Before registration and screening, a librarian from the Center for
Addiction and Mental Health (CAMH) in Toronto, Canada reviewed
the search strategy and protocol.

Information sources and search strategy

A systematic review of the literature was conducted using
MEDLINE (Ovid), PsycINFO (Ovid), EMBASE (Ovid), Web of Science,
and Cochrane Library electronic databases from inception through
June 19, 2023. Figure 1 outlines the detailed search strategy used
for MEDLINE; additional strategies tailored to other databases can
be found in the Supplemental Materials. In summary, our search
strategy encompassed Medical Subject Headings (MeSH) and
keywords related to three main search blocks: SSDs, neuroimaging
(structural and functional MRI, methodology of interest), and
depressive symptoms (primary outcome measure). Additionally,
we conducted backward and forward citation searches for all
eligible studies that met the inclusion criteria.

Eligibility criteria and study selection

Studies were included if they met the following criteria: (1) all
participants were adults aged 18 years or older; (2) inclusion of a
group with SSDs (i.e., schizophrenia, schizoaffective disorder,
schizophreniform disorder, delusional disorder, brief psychotic
disorder, schizotypal or schizoid personality disorder, or psychosis
not otherwise specified) or first episode psychosis based on
criteria from the Diagnostic and Statistical Manual of Mental
Disorders (DSM); (3) study assessed depressive symptoms using a
clinical rating measure (e.g., Calgary Depression Scale for

Schizophrenia Spectrum Disorders concept

2) exp schizophrenia/

Neuroimaging concept

3) (neuro-imag* or neuroimage*).ab,hw,kf ti.
4) exp neuroimaging/

5) magnetic resonance imaging.ab,hw kf ti.
6) MRIl.ab,hw kf ti.

7) fMRL.ab,hw,kf ti.

8) voxel-based morphometry.ab,hw,kf ti.

9) VBM.ab,hw,kf.ti.

10) cortical thickness.ab,hw kfti.

11) tractography.ab,hw,kf ti.

12) diffusion tensor imaging.ab,hw,kfti.

13) DTl.ab,hw,kf ti.

14) diffusion weighted imaging.ab,hw,kfti.

15) DWL.ab,hw;kf ti.

16) surface-based morphometry.ab,hw,kf.ti.

17) SBM.ab,hw,kf ti.

18) (resting-state or resting state).ab,hw,kf.ti.

19) (connectivity or functional connectivity).ab,hw kf,ti.

Depressive symptoms concept

20) (depress* or dysthymi* or mood).ab,hw,kfti.

1) schizo*.ab,hw,kf,ti. —

Schizophrenia (CDSS) or Hamilton Depression Rating Scale
(HAMD)); (4) study utilized one (or more) of the following
structural/functional MRl modalities: T1-weighted scans measuring
brain morphology (e.g., volume or thickness), diffusion-weighted
scans measuring white matter integrity (e.g., FA or MD), or T2*-
weighted scans measuring brain function (e.g. activity or
connectivity); and (5) study reported findings from an analysis
investigating the association between imaging measures and
depressive symptoms.

Studies were excluded if they: (1) included participants
diagnosed with a major neurological illness (e.g., stroke, Parkin-
son’s disease, epilepsy, multiple sclerosis, traumatic brain injury);
(2) reported on case studies or non-human subjects. Conference
abstracts, commentaries, opinion pieces, letters to the editor, and
reviews were also excluded. As we conducted the review, we
added an additional exclusion criterion to exclude transdiagnostic
studies in which SSDs did not constitute at least 75% of the
sample, and the effects in SSDs were not reported separately (i.e.,
the association between an imaging measure and depressive
symptoms was observed across multiple diagnoses and did not
specify SSDs).

Data selection

Following the removal of duplicate entries, studies identified
through electronic database searches underwent initial screening
based on their titles and abstracts. This screening was carried out
independently by two reviewers (JG and OC), who assessed the
studies for their relevance with regard to the study population,
condition, methodology, and outcomes of interest. Any discre-
pancies between assessments were resolved by a third reviewer
(LDO). Subsequently, a full-text review of studies included from
the initial screening stage was conducted independently by two
reviewers (JG and MTS). In cases where uncertainty regarding
eligibility arose, a third reviewer (TM) resolved the discrepancies. A
covidence reference management system was used throughout
the screening and selection process of the studies.

Combine concepts

21)1o0r2
22)3or4or50r6or7or8or9or10or11ori2or13
or14or150r 16 or17 or 18 or 19

23) 20 and 21 and 22

A 4

Restrict search

24) limit 23 to “review articles”
25) exp animals/ not humans.sh
26) 24 or 25

27) 23 not 26

Fig. 1 Search concepts. Medical Subject Headings (MeSH) and key terms adapted for MEDLINE (Ovid). Ab indicates abstract; hw, subject

heading word; kf, keyword heading word; ti, title.
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Data extraction

Data from studies that satisfied the inclusion criteria were
extracted and recorded in a database by 1 of 2 reviewers (JG
and OC) and subsequently cross-checked by the other. This
database encompassed details including bibliographic informa-
tion, study type, sample size, mean age of the groups, sex
distribution, medication usage details, diagnostic criteria or
assessment tools for SSDs evaluation, scales or assessments for
measuring depressive symptoms, imaging modality, imaging
analysis and processing approach, statistical analysis methods,
and a summary of study findings.

Quality assessment

For assessing the quality and risk of bias in the included articles, a
modified version of the Newcastle Ottawa Scale (NOS) for cohort
studies was utilized, performed by either JG or OC (see
Supplemental Table S1 for details). The questions regarding the
‘non-exposed’ cohort were removed, as we were only interested in
SSD-specific findings. Additionally, the scale was modified to
check the adequacy of the sample size per group, and a point was
given to studies with a sample size of 30 or greater3®3!. Since
medication usage is an important confounding factor in the link
between depressive symptom severity and brain metrics>>33, one
question was added to assess whether medication information
was acquired in the studies. A point was also given to studies that
had used a validated clinical scale when assessing depressive
symptoms. The modified NOS score ranged from 1 to 8, indicating
low to high quality. In summary, points were allocated to each
study and summed up to range from 0-8, with scores between 0-3
indicating poor quality; 4-5, moderate quality; and 6+, good
quality. Any uncertainties that arose during the assessment were
discussed between the two reviewers (JG and OC) until a
consensus was reached.

RESULTS

Overview of study characteristics

Our initial search identified 5,765 potentially relevant studies,
excluding duplicates. Following a review of titles and abstracts,
5570 studies were excluded, leaving 195 for full-text screening.
After this stage, 162 studies were excluded, resulting in a final
selection of 33 studies. Among these, 14 studies used T1-weighted
structural MRI (sMRI) or dMRI, 18 used fMRI, and one study used
both fMRI and sMRI (Fig. 2). Tables 1 and 2 present the
characteristics of the structural and functional neuroimaging
studies, respectively, including the number of participants, sex
distribution, mean age, and quality assessment scores. Across
included studies, sample sizes tended to be small (a group of less
than 30 participants in 15 out of 33 studies), yet exhibited a wide
variation (overall sample sizes ranged from 15 to 312 participants).
Most study participants were male (1293 of 2007; 64%) and had an
average age of 33.7 £ 11.2. Antipsychotic medication use was
reported in 21 studies, with 19 using chlorpromazine, one using
olanzapine, and one using haloperidol equivalents; two studies
specified that participants were drug or neuroleptic naive.
Additionally, six studies reported the use of antidepressant
medication. All studies used either DSM-IIl, DSM-IV, or DSM-5 for
SSDs diagnosis (details provided in Tables 1-2). Thirty-one studies
recruited patients with schizophrenia. Six studies included
patients with schizoaffective disorder and one with schizophreni-
form disorder. Four studies designated patients as first-episode
schizophrenia or psychosis. None of the studies included
individuals with comorbid depressive disorders.
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—
Records identified from:
o MEDLINE (Ovid) (n=1,148)
_g EMBASE (n = 3,468)
& PsycINFO (Ovid) (n = 1,038) p| Duplicate records removed
= Web of Science (n = 2,170) before screening (n = 2,274)
§ Cochrane Library (n = 215)
Total articles (n = 8,039)
S
—
Title or abstract screening > Records excluded:
= (n =5,765) (n=5,570)
i
5 I
@
o
8 Full-text screening > Records excluded: (n = 162)
(n=195) Not a primary paper (n = 46)
No depressive scale (n = 47)
— l No brain—depressive association (n
— =25)
. _ No SSDs specific association (n=13)
Total artlcl'es '(n =33) Participants <18 years old (n = 12)
s Structural findings (n = 14) No fMRI/MRI measure (n = 8)
= . 10 sMRI Diagnosis not based on DSM (n = 4)
8 . 4 dMRI Full text not available (n = 5)
= Functional findings (n = 18) Overlapping sample (n = 2)
E=]
= . 9 rs-fMRI
2 e 9task-MRI
= Multimodal findings (n = 1)
. 1 sMRI & rs-fMRI
S

Fig. 2 PRISMA flowchart illustrating the inclusion and exclusion
of records through different screening stages, leading to a final
compilation of articles for inclusion and subsequent data
extraction. DSM Diagnostic and Statistical Manual of Mental
Disorders, dMRI diffusion MRI, fMRI functional magnetic resonance
imaging, rs-fMRI resting-state fMRI, sMRI structural MRI, SSDs
schizophrenia spectrum disorders.

Quality assessment

One study received a low score (<4 points)**, 15 studies received a
moderate score (4-5 points)®**~*°, and 17 studies received a high
score (64 points)?’°°%> on the modified NOS. Validation of
diagnoses by independent sources was frequently unreported,
and additional points were lost relatively uniformly across the
other evaluation criteria.

Structural studies

Table 1 provides an overview of the included structural studies,
encompassing key details such as the main clinical measure of
depressive symptoms, the neuroimaging metric used, and a
summary of the study’s findings. Figure 3 summarizes frequently
implicated brain regions and white matter tracts.

Depressive symptom measures. The association between struc-
tural neuroimaging metrics with depressive symptoms was
assessed using scales such as the CDSS (n=4)?"3>3%64 the
depression-anxiety subscale or depressive factor score of the
Positive and Negative Syndrome Scale; PANSS (n = 3)363863
the depression-anxiety subscale or affect factor score of the Brief
Psychiatric Rating Scale; BPRS (n=3)3’79%2, the HAMD
(n=3)596165 and the Maryland Trait and State Depression Scale;
MTSD (n = 1)

sSMRI studies. Of the 14 structural studies, 10 employed metrics
derived from T1-weighted sMRI such as morphology measure-
ments related to volume, surface area, thickness, and
Size27,35—37,60—65'

Six of these studies associated depressive symptoms with brain
morphology using a regional-specific approach?’-36:37.61-63,
Regions of interest (ROIs) included areas within the prefrontal
cortex (namely, the dorsolateral prefrontal cortex (DLPFC) and
orbitofrontal cortex)?”®', the hippocampus%53, the amygdala®?,

Schizophrenia (2024) 59



J. Gallucci et al.

'syuaned ul poow passaidap aiow
2 UlIM P3]RID0SSE SeM SWN|OA |EIUOIJOUCIO JIOMOT

‘syuanied

4-7D5/ZDS dAleu-d1ndajoinau sjew uj d|edsqns
uoIssa1dap pue SILWLIDA 3Y} JO SWN|OA Y} UIMID]
punoj sem uoine2110d aAiebau Juedyiubis

'sjuaiied s34 ul uolssaidap-A1aixue
2J0w pue 3zis aunssy [edwedoddiy
pasealdoul uaamlaqg uoleldosse JuedyIubls

*ZDS Ul sawn|oA JejepbAwe Ya| pue
ybu y1oq yum paiejpiod Ajpanisod Ajpueoyiubis
a19m AjaIxue-uolssaidap o) $2103s SYdg

‘sndwedoddiy 1ybu
pue 13| 8Y3 Y10q JO SWN|OA PISEIIdUl Ue PIMOYS
91025 10108} UOISSIAap JOMO| B YlIM Sjudied

‘awn|oA snJAb
|eluoly Jouadns pue [ejuoly d|ppiw 1Ybu Yyl yum
‘|9AS] puaJl e 1e ‘pue ‘SWn|oA snIAB [eluoijollgio

1ybu pue |ejuouy souadns [eipaw 1ybu syl
YUM paileidosse A[9sIaAul sem 310ds uolssaidaqg

‘swoldwiAs aAIssaidap pigiowod yum suaied
$34 dAleu Bnup ul QWVH JO 9103s |10 By YUM
pairejauiod Apuedyiubis aiem a1enburd snwiyist
1J9] dY3 JO Swn|oA Ja1jew Aeib pue ease adepns
'swoydwAs

9AIssaidap piguowod Inoyim syuafed s34 oAleu
Bnip ueyl snaund b ay3 pue ‘sniAb |ersued
Jouadns 19| ay3 ‘Xa110d eNBUId SNWYISI Y|
9y} Ul eaJe adeyNs 191ealb ay) pamoys swoidwAs
aAIssaudap piguowod yum siuaned s34 aaleu bnig
'swoldwAs aAIssaIdap pIgiowod Inoyum siuaned
534 aAleu Bnup yum pasedwod xa110d d3e|nbuld
JouRisod 13| 9yl pue a1e|nbud snwiyist Y|

9Y31 Ul dwn|oA Janew Aeib 1sybiy pey swordwAs
anIssaidap piguowod yum siuaned s34 aareu bnig

‘dnoib

uofe|nwils diduUbewW [elueIdsUeRl) dANIRdI
9AI1DR 3Y) Ul 9J0DS [R10) SSOD Ul UoIdNpPa
UM pajeidosse Auesyiubis sem ssauddIyl x2110d
jeuouyaid |essrejosiop 1Bl Sy Ul dseasdul uy

'snuAB [enbuj pue ‘snaund ‘snikb |esusdesed
‘snuAB |esyuadaad 1s| 9y ul ssauydIyl ybiy pue
‘x91402 31e|NBUID pue snIAD [e1U01J03IIO [eIPSW
‘sijenqJo sied ‘x2110D |eulylolus ‘sniAb [esodwal
Jouadns 1ybu ay1 Ul SSBUXDIYL MOJ ‘SNaAe 1)
pue ¢/zyD pue ‘xiuioj 1ybu ‘saipoq Aejjiwuwew
|e191e|Iq dY3 JO SSWN|OA PIdNpPaJ Papn|dul
Awojeue [ed140d pue [edwedoddiy jo uisned sy
'suolbai [e21340D dY1dads Ul SsausdIYl MO| pue ybiy
yioq pue spjayqgns jedwedoddiy pasnpal yum
pajdnod swoldwAs aaissaidap 1amay usamiaq
suoneposse Jo wianed 434 oyads-ajewa

2qo| [euouaid
93U} JO SI0103S UIYHM SWN|OA [euoibay

win||9gaJad 3yl JO SWN|OA [euoibay

ainssy [edwedoddly jo azis [euoibay

ejepbAwe ay) Jo awnjoA jeuoibay

sndwedoddiy ay) Jo awnjoA [euoibay

SWIN|OA 31w
9UYm pue Janew Aelb uieig-s|joym

Answoydiow paseq
-90B}INS puUe Paseq-aWn|oA Uleld-dJoym

X9140> |ejuosyaud
|eI91e|0SIOp 3Y} JO SSAUNDIY) [euolbay

SSOUXDIY) puR SWN|OA paygqns
Jedwedoddiy pue |es1110> uieig-9|oym

AWvH

a|easqns
Aya1xue pue
uoissaidap-sydg
a|easqns

£f131xue pue
uoissaidap -SSNvd
a|easqns

£f121xue pue
uoissaidap-sydg

21035 1010k}
uolssaidap -SSNVd

§Sad>

dAVH

§Sad

SSad>

8 (6'9) £'8C

14 (69) €8T

S (6'v) 8T

L (LI'zL) sov

9 ©11) 6Ly

9 (2'6) L'Ly

(ool)

99z +dag
(€oL)

VA €6¢ —dog

(L)

08¢ weys
(€oL)

L L'LE d3ADY

(Tv)

S'vC Sewsq
(6°€)

S 6'€C 9le

(L°£S) 0L/0%

(0001)
0¢/0C

(8'8£) €€/9¢

(£'99) 69/9%

('€9) LL/SY

(€'89) vT/vL

(0o0L) LL
/LL +daq

(8'52)
Le/g8 —da@

(0'04) o¥
/8T Weys
el 1y
/0€ 3APY

(0°s4)
00lL/sL

A-WSd

NI-WSd

N-WSd

ANI-WSd

ANI-WSd

N-WSa

AI-WSd

A-WSd

A-WSd

Z2S 0L

4-Z3S
® ZDS 0C

S34 €€

ZDS 69

Z0S LL

Z0S T

L1l +dag
L —dog
S3d ¢

0ot weys
Ly Ay

avs
R ZDS €8

0C 9AI™YY
08 dAIdaYe

-UoN
d3d ool

160002
:_m 19 JnH

,£100C
“le 33 eAlwiyd|

0£€00T
“le 33 yuws

20l 10T
“le 19 oulsewoj

S10T “le 1
nssog

406102
“le 33 IppIS

0120
“le 32 19

1z qlLT0C
“le 19 SOY)S3UIOA

5£eCCOT
“le 1@ 3ang

19ws

Buipuy ureyy

(s)ainseaw Buibewioinau uley

(s)aanseaw
swoldwAs
aAIssaidap utepy

£(@s)

21035 YO ueaw ‘aby

(%)
"ON [e30L
/ON ‘3leW

Joo] dnsoubeig

sAsS J0 'ON

ERIaTe]S

‘I [e4n1dNIIS YUIM Sa1pNnls G| Ul swoldwAs SAIssaudap Jo so1e[a.i0d [einaN

‘L 9lqel

Published in partnership with the Schizophrenia International Research Society

Schizophrenia (2024) 59



J. Gallucci et al.

'9]eds woldwAs aAnebBaN pue 9ANISOd SSNYJ ‘9]edS uolssaida a31els pue el puelhiely gsLiv ‘©eds buney uoissaidag Bragsy-A1awobiuow sygyw ‘o1eds buney uoissaidaq uoliweH gwyH ‘eluaiydoziyds 1oy
9|eds uoissaidag A1ebjed §s@d ‘ajeds Buney duelydAsd Jalg sydg 19plosig wioguaiydoziyds 4-70s ‘eruaiydoziyds zHs Uaplosiqg SA1ID44e0ZIYDS gys ‘eluaiydoziyds aposid] 1sii4 §74 ‘SISsoYdAsd aposid] isii4 434
'sbuipuy ||NU Yam sa1pnis a1edipul smod Aesb
A[21e1edas (QYS) J9PIOSIP A1IRHROZIYDS pue (zDS) eluaiydoziyds 10y payiodal synsay “Aj@iesedas synsal [4N)-SI PUB (PAP|O]) [YINS S3eJISUOWSP O} S3|e} YI0q SSOIe UMOYS ‘lepowninw si Apnis,
‘(- |S) UoIEIP! [BPIDINS OU IO (+ |S) UOIIR3PI [BPIDINS O3UI O JO JJO IND 3I0DS WA dpPINS sSAD Ag djdwes sqss H|ds Apnis,

'swoidwAs (- daq) aAIssaudap mo Jo (+ daq) daissaidap ybBiH ol 81 Jo o N> AWVYH Aq d|dwes sgss Hds Apnis,
‘swoldwiAs (- daq) anissaudap ou Jo (+ daq) aaissaidap ojul Oz Jo 4o N> gWVH Aq ojdwes sass uds Apnis,
“(SWL4 weys 1o 9Ande) dnoib juswieasd Aq djdwes sgss H|ds Apnis,
xas Aq o|dwes sass uds Apnis,
'seiq JO ysu 423ealb e BuIdaRI $2103S JBMO| YMm ‘siulod g Sem 310dS YO winwixew ay3 |

'snIAB |eyuoly pue
lenbui| Y3 ur SwnjoA Ja1ew Aeub aAnisod yum

pajenosse Ajpanisod s19m $2105 SYAYIN ‘AVS Ul (€TL)  (£L€) veEL/ YEL AVS
'X91403 |ejuoly Jouajul €'9¢ avs 85 AVS 8/1 73S
pue e|nsul ay3 ul SwnjoA Janew Aeb aaiisod yum (0zL)  (£'69) 841 avs 61£C0C
pajepposse AjpAnisod a1am s3100s SYQYIN ‘ZDS Ul awnjon Janew Aeib ureig-sjoym SHAVYIN S S¥EZDS el ZDS A-WSaQ B ZDS CLE “le 33 buen
19N4-51 %8 [HNS
‘1oesy jeudiddo
-|ejuoly Jouadns pue ‘snindidse} [eulpnbuo|
Jouadns ‘uonelpes dlweley) ‘eleipes BUOIOD dy)
—s)oeJ) J9)1eW )YM Inoy Joj sanjea Adosjosiue
|euoidely pue sanjea Adosjosiue [euondely
abeiane uleig-3|0ym syl yum pajeidosse AjpAnisod Adouosiue (5°SS) payidads ocP10T
pue Apuedyiubis sem uoissaidap el 191ealn |euondel} Jspjew s1lym uleiq-sjoym asin 9 (€€l) 6'L€ 9C1/0/ 30U UOoISIdSA NS ZDS 9L “l|e 1@ yedderyd
'snjnddsey [euipniibuol
Jouadns 13| pue uoneipes diwejey} Jouisod
1J9| ‘ejelpel euoIOD Joudlsod |essie|iq ‘wnsojjed
sndiod ay1 Jo wniua|ds ayy ul ANAISNYIP uesw
J9MO| Se [[9M Se elelpes euolod JolR1sod |esale|iq
pue ejeipes euoiod Jouadns 13| ‘ejelpes BUOIOD
Jouaiue Y| ‘(wniuajds pue Apoq ‘nusb) wnsojjed (0°0S)
sndiod ay) ur Adonosiue jeuoridely 1aybly pamoys 8L/6 +1S 8L+IS
uoneapl [epINs Yum siusied S35 aY) ‘uoiiespl Aunisnyip uesw pue Adonosiue (6'9) 8'¥T + IS (9°59) St -IS 6£28L0C
[epidIns Inoyum syusned s34 yam pasedwiod |euoinidel} Janew a1lym uleiq-sjoym SSaj S (69) 9vT -IS Sy/ST -IS N-WSa S34 €9 “le 19 Buo
*ZDS dluoayd
yum sjuaned ui (3sai91ul Jo suolbal Xa3140d Jejnsul
Jou150d pue ‘I01IDUE-|eSIOP ‘IOLIDIUR-|RIIUDA
yum Buoje ‘x3110d |eruolyaid |elsle|-|esiop ‘X9110D X9140D Jejnsul pue
|e1UOJJO1CUO [RIPSW pUe |eJ3)R|) PaUIRICO SaNjeA  ‘elepbAwe ‘X3140D |eIUOIJ0UCIO ‘WNleLIS
A1IA1ID9UU0D Y1 Jo Aue pue ‘s10ds uolssaidap ‘eale [eJUBWG3) |RAIUSA BYL UIYUM 21023 (0'001) 268102
SSNVd UsaM1aq punoj sem Uolea1i0d oN susaied AlANDBUUOD JaNjEW SUYM  UOISSDICDP -SSNV 14 (6'2) O°LE 0€/0€ A-WSa 73S 0€  “|e 19 olpowy
's1591 9|dijnw J1oj uonda1I0d
91 SAIAINS 10U PIP YdIYM ‘SHYdg dY1 JO 210dS
uolssaidap-A1a1xue syl yum ajnsded [eulalxs Y| 9|easqgns
ay1 Jo Auaisnyip |eipes pue Adosjosiue jeuondely A1dixue pue 65LT0T
3y} Jo suoneosse a1am a1y} ‘dnoib 7ds sy u| Aydeiboydes ureig-3joym uolssaidap-sydd 9 (0'6) 0'9€  (S'vL) Ly/S€E S-NSa Z0S Ly “le 19 oof
14np
‘dnoif uoissaidap mo| 7dS a1 01 ((#2)] (0°09) o
pasedwod swnjoA aqo) |etjodwa} 1ybu paseasdul 6'6C +doa  /pz +de@ ov +dag
10J pua11 B pUB ‘Y3 BY) UO SWN|OA 3qO| |eiodwal (C9) (£'99) 6€ —dag 00p8661°1€ 19
aiow pey dnoub uoissaidap ybiy 7S ayL SWN|OA UlRIg-d[OYM AWVH 9 00€ -daa 6¢£/9z —do@ A/l -WSa Z2S 6L 191yoy
(s)a4nseaw (%)
swoldwAs £@s) ‘'ON |e10L
Buipuy utepy (s)aunsesaw Buibewioinau ulepy SAIssa1dap uley  ,3103s YO uesw ‘0by  /ON ‘S|ey  |0o] dnsoubelq  sQsSS JO ‘ON 924n0S

panunuod | ajqeL

Schizophrenia (2024) 59

Published in partnership with the Schizophrenia International Research Society



J. Gallucci et al.

‘swoldwAs A1a1xue pue uoissaidap Yiim paie[2.10d
Ajpuedyiubis a1am sanjea AdualdyYe FI0MIdU
leqo|6 pazesb3arul ‘ZDS yum spusied buowy
‘(ww 08-0f 96pa) sHIoMIUGNS SdURISIP

-piw jo Aouapyje |eqolb syl Yyum paie|aliod oq o}
panasqo asam swoldwAs A1aixue pue uoissaidag

"ZDS Ul 10108y dAIssa1dap SSNYd 4O
21025 3yl Yum pajejaniod Ajpanebau sem sjiomiau
|e1auedoluoiy 3| Y3 JO AUAIIDDUUOD UBS

'$21025 9|eds 34l| Jo Ayjenb pue sa10ds |€30} SSAD
US3MI3( pue ‘s2101S 8101 S5O pue AUAIDSUUOD
Jeuonduny wnpijed 1ybu Y1 ussmiag
suoljedosse aAleHau Huo.ys-0l-a1eIdapow

pue JuedyIubls pajeanas [9pow uonenba jeindnng

'swoldwAs uojssaidap

/A131XUB SYdg Ul $9100S J19amo| paldipaid [spow
93 ‘saunseaw A1IA11D9UUOD 3S3Y] JO AUk Ul 3sealdul
Hun Aue 104 'syIomiau K101 pne-10joWolewos
pue syiomiau abenbuel-adusijes UaaMIaq
AJIA1IDBUUOD 3Y) pue 3}I0MIBU 3DUSIes Sy}

4O AJAIIDBUUOD YIOMISU-UIYUM Sy} DI9M [Spowl
9y1 01 uonnqIuod edylubis Ajeonsnels e spew
1eY) s9|gelien buibewioinau ay] “eluasydoziyds
195U0-1UddBI Y3m syuanied ul A3iaaas wordwAs
SAISsa1dap Ul dUBLIEA 3} JO % | pauledxs
|opow uoissaibai ajdiynw asimdais 1599 ay L

"AHAIDSUUOD [euondUNy 3)els Bunsal papass-eale
Jeluawba) [enuaa/elbiu enuelsgns pue swoydwAs
SAISS2103p USIMIDQ PUNO) SEM UOIIR[DLI0D ON

*ZDS Ul $3102S 3[eISqNS 109448 YlIM PI)e[S1I0D
AjdA1nebau x31100 |euouyid |elpawouan
Y6 dY1 Ul AUAIIDSUUOD HIOMIBU dpow }neyed

*SYI0MIBU
JOJOWLIOSUSS puUB dpOoW }Nejop 3y} UdamMiaq
uol3elBalUl HIOMIDU-I9IUI Y} pue (WNeLls

pue snwejeyl ay1 buipnppul) suoibas [ea130dgns
pue s221310> |e1aliedojuoly Y3 ul paloydue
S3IOMIDUQCNS DAIINIDXD |BIIUDD JO SSDUDAISIYOD
Jeuollduny a3yl PaAjoAUl si01d1paid aanebau

£y 103d1paid aanisod jueriodwi 3sow 16uls

91 SeM >IOM]DU SPOW 1|N.JIP dY) JO SSIUIAISDLO0D
Jeusa1ul JaybiH ‘swoldwAs aaissaidap/snoixue
pue aanisod ul Juswanosdwi 0y Aenonted

pue ‘asuodsal [ed1ul]d 03 AJIAIIDSUUOD }IOMIBU
Jeuonouny Bupjull uoneleAod Jo apow buons

"9102S J10]DB) UOISSaIdap Ul 9sea1ddp ay} Jo
apnyubew ayy 0} pajejas AjpAanisod pue Apuedyiubis
sem sonoydAsdiue uonessusb-puodss Yyum
Juswieal) Jaye snIAb |eyuoly Jouadns oy jo uolbal
|eJa1ej0sIop By} Ul asealdul 44Ty Jo a169p ay |

(Aouaidyys lomiau

pue |eqo|b) souIPW 3}IoMidu
plrom-jjews uleig-sjoym

suomidu [elatiedoluoly
3y1 Jo A1AIId3UUOD |euondUN

3}IOMIBU ddUdIjeS

ay3 Jo AJAIIDAUUOD [eUOIIDUN

AIA1d3UUOD

Jeuoiduny paseq-3}10m1aN
eale [eluaWha) [eJIUDA
/eiBlu erpueisgns Jo AJIAIID3UUOD
JeuoiduNny paseq-pass

3I0MIDU dpow }neyp
ay3 Jo AJIAIID3UUOD [eUOIIDUN

AjIAndauuod

Jeuoiduny paseq-3}10m1aN

(447v) suoneniony Ad>uanbauy
-Mo| jo apnijdwe uleig-9|oym

9leasqns A1aIxue pue
uolssaidap -SSNVd

91025 10108}
uoissaidap -SSNvd

SSas

a|easqns A1aIxue pue
uoissaidap-sydg

21035 Jo1oey
uoissaidap -SSNVd

9|essqns 1oajje -SHdd

3jessqns A1aixue pue
uoissaidap-sydg

91025 10108}
uoissaidap -SSNVd

S (el v'8e  (6'vv) 6¥/CC AI-WSa ZD0S 6v

L (98) s'£€  (8'8Y) L¥/0T AI-WSa Z0S Ly

S (zol) €Ty (r'Ts) LT/LL ANI-WSd Z2S 1t

L (€2 T (€5L) S8/¥9 S-NSa ZDS S8

€ (0L 6veE  (T0L) ¥8/6S

(z'Te)
€7/T1 100d
(919 €C 100d
(0°£) €L€ 100d LE/9L POW L€ POW
(S'£) 8'LE PO (009) ST poos
9 (') 0'Ly pPOOD  GZ/SL pOoD ZDS 6L

A-WSA  dvs B ZDS ¥8

NI-WSd

L (02) 69T (0'SL) 94/LS S-WSa Z23S 9L

9 (€8) 88C  (Tev) 88/8¢€ AI-WSa ZDS 88

1»SLOZ “[e 19 NS

s/ 107" 33 uos

0y8L0Z “[e 33 BYO

»s810T “[e 13 337

4¢610T “le 32 nx

506107 “[e 19 997

50202
“le 32 323n0Q

,6ET0T “le 39 I
15ng-si

Buipuy urey

(s)ainseaw Buibewioinau uley

(s)2anseaw
swoidwAs
dAIssaidap utey

£(@s)
ueaw ‘aby

(%) ON [e30L 001

421035 YO /ON ‘SeW snsoubelq sdss Jo "oN

ERIaTe]S

‘TYW [euondUNy Yyum saipnis g1 ul swoldwAs aaissaidap jJo saie[a.i0d [eIindN  *7 djqel

Published in partnership with the Schizophrenia International Research Society

Schizophrenia (2024) 59



J. Gallucci et al.

"'SHNVH JO S159)49

9y} Joj buijjosuod ‘uondadiad 1a(qo Huunp
snIAB |euibieweidns Ya| pue ‘snaundaid ybu
‘sniAB sulied|ed [e43]e|Ig SY) Ul UOIIBAIDE Pasealdul
YlIM P31RIDOSSE 8¢ 01 PUNO) SeM 210S |10} SSAD
'SHNVH pue ssad yum

pajeosse AjpAnisod sem uondadiad 133(qo bulinp
snJAB [eudidd0 ajppiw Y6l By} Ul UOIBAIDY

0121paid Juedyiubis Ajuo sy) sem 3101s 1094e 1ey
leqolb SNVS “apuab pue abe ‘9duabijj@iul [eqiaA
‘ssau||l JO uoneInp ‘2103s 1les) A10JUSAUI-A1BIXUY
-Jel]-a1e1S ‘|dg "2100s 10344e Jeyy [eqolb (SNVS)
swoldwAs aAebHIU JO JUBWISSISSE 10} D|edS AY)
Aq uoissaidxa [eldey palejal-1ealy) 03 asuodsal ul
s191sn> ejepbAwe 13| pue 1ybu Jo uoieAllde uesw
ay1 bunoipaid sisAjeue uoissaibal ajdiynw e uj

‘uolssaldap pjiw pue ‘jewluiw/ou 0}
aAnea) ‘dnoibgns uoissaidap 219A95-01-91eI9pOW
2y ul s1a1sn|d snIAB [eluoly Jouadns pue dlweleyl

ay3 ssoude Alande Jaybiy Ajpuedylubis sem aisy
‘UAB d1e|nBUId JoudUE 13| pue ‘|esjuddaid

1J9] ‘|eluoly [elpaw/3|ppiw ay3 0} buipualxd
snIAB |ejuoly Jouadns 1ybu syy ul suoissaidxs
(jeanau < |nyesy) ensu yum pasedwod

uaym suolssaldxa [nyiesy 10y AJAIDE YUM
Al@Anisod Ajpuesyiubis paje[a110d osje $310s ||-|dd
'snAB |ejuouy

d|pplw-Ioua4ul pue ‘ejnsul ‘sniAb euibieweidns
‘snpljjed snqojb-uaweind ‘snuAb |esusd-aid-1sod
esed ay1 01 BuUIPUIXS snwejeyl Y| Y1 Ul (dde)
Ou < |nyledy) suolssaidxa [nyeay buunp Alanoe
yum Apanisod Ajpuedyiubis pare|aaiod sa100s ||-|ag
"ZDS YUM sjenplAlpul ul punoy

sem yse] Aejag aAnuadu| A1eysuoly e bulwioysd
9|iym uonedinue piemas Buunp uoneande
winjeuls [eJjusA 13| pue 210ds |e10) SSAD
U29M13( UOI1e|9.110D 3lelieAlq dAnIsod juedyiubis e
‘sa|qelien Buipunojuod [enualod je Bupoo| uaym

*dsSS Ul s2103s uolssaidap

1el) Yam parejaaiod Ajasiaaul pue Ajpuedsyiubls
UOI1BAIIDE J31SN|D X2140D 91e|NBUId JOLIIUR [eIIUSA
paonpul-ysel spoys-apjue Aq ssais Aiojedpnuy

‘swoldwAs
9AI1D3YJe pue dsel buissadoid [euonows ue buunp
snaundaid 1| pue ‘sniAb |eyuouy s|ppiw Y| ‘sniAb

91eNBUI> URIPAW 13| BY] JO SUOIBALDE Ulelq
U29M19q PAAIDSO SEM UOIIR|2110d Juedyiubis oN

;uolissaidap, wal
9D 3yl Yyum uedylubis A|uo punoy sem uole[3110d>
aAIebaU By} 1eY) pajeanal sway ABojoyredoydAsyd

|eJ9UID-SSNYd YHM Siskjeue awes ay]

*9102s 3easqns AbojoyiedoydAsd |eIaUID-SSNYJ
UM UOI1R|2410D dA13B63U B pIemo) pual) e pamoys
J31SN[> winjeuis Y| Yy Jo AUAIIDSUUOD |euolIdUN

AuAnDe [eUODUNY UIRIG-D]OYM

|es3uaA 3y3 Jo AlIAnDe [euoldUNS

AjIAIdR [RUOIIdUNY UIRIG-D]OYM

AuAIDE [RUOIDUNY UIRIG-D]OYM

3I0M1DU ddUdI|es 3y} Jo Yibuans

suolbai uleiq paiejal

-uoisiA Jo AjAnde [euondUNy Ssad

AJIAIIDE [RUOIDUNY UIRIG-3]OYM 1ag

I-1ag

wnieuls
SSas>

ads1w

9ledsgns AaIxue pue
uolssaidap -SSNVd

Spow jjnejop pue
(wsa1l 99) 3jedsqns

ANAIIDRUUOD IOMIDU-BIU| |es2uab-SSNYd

S

(S'LL) 6'6€

(0'8) 9°0€

(901)

9'6€ daQg AsS
(t4:)]

8've dog pIIwW
(8'6)

¥'6€ dag uIN

(1'2) 6'LE

(L€1) gov

V/N + 84S
V/N -9S

(6'8) 9'S€

(0°09) oz/TL

(6°€9) 9¢/€T

(£'99) LT/l
daq nss
(9°02) LL/TL
da@ piw
(0'08) ST
/0T dag uiy

(£'99) LT/81

(9°5S) 81/01

(0°06)
0z/81 +4S
(£'s8)
y/9€ -9S

(6'92) 9t/0T

ANI-WSa

ANI-WSa

AI-WSa

A-WSd

AIFNSA  sdss ® avs 8l

S-WSa

AI-WSd

+910¢C
ZDS 0 “|e 1@ onQ-ueydsis

059107

ZDS 9¢ “le 39 J3upun

Lz daqg Ass
L1 da@ plIwW
gz dag uiyy

avs ® zosS €9

124 5910¢C
“le 19 Llewny|

910T"[e 19

205 Lt JuydsIy

payidads jou
251 T0T “[2 33 eLIRAY

oz +4s
o -as
Z2S 29

15 qlLC0C
“le 1@ noisseueyly

1444501

ZDS 9T ,c€10T “|e 19 Jelo

Buipuy utepy

(s)ainseaw Buibewioinau uley

(s)ainseaw
swoydwAs
dAIssaidap urepy

421035 YO

(e
ueaw ‘aby

(%) ON [e30L
/ON ‘S|el

|00]
Jnsoubeiq

sdss 4o 'ON ERIpTe]S

panunuod g ajqeL

Schizophrenia (2024) 59

Published in partnership with the Schizophrenia International Research Society



J. Gallucci et al.

'31e55 wordwAS aAneBaN pue dARISOd SSNVJ ‘@|eds uoissaidaq a1e1s pue yel] puejkiep gsi ‘9jeds buney uoissaidaq biaqgsy-A1swobiuopy
SYayw ‘etuaiydoziyds Joj ajeds uolssaidaq Aiebjed ssgd ‘oleds Buiey duielydAsd Jo1g SYJg ‘A103uanul uoissaidaq s)I9g [I-/gg/iag ‘eua1ydoziyds 7S ‘ISpIosIp SAIDBYROZIYDS JVS

'sbuipuy [Inu yum

sa1pnis aedipul smol Aelb *Aj91eiedas 19pIosip dAIDRYeOZIYdS pue eluaiydoziyds 1oy pariodal synsay *A|91eiedas synsai (pap|og) [YINS-SI pue [YS 91elIsuowap 0 sajgel Ylog SSode UMoys jepowninw si Apnis,
"s1oe pajeiul-j|as ised Aue uo paseq ‘dnoib (-HS) WIeY-I3s ou 4O (+HS) wiey-yas oul djdwes sass H|ds Apnis,

"*9A0Qe 10 07 2J0dS UOISs1dap 919A3S-03-91RISPOW ‘6L —t| 9103S UOISSAIdIP pliw ‘E1—-0 Uolssaidap |ewiuiw/ou :Jond [|-|ag Aq ajdwes sgss Hds Apnis,
*(-gS) Jo1aeyaq [epidins ised ou ‘s (+gS) Joineyaq |epidins ised jo adussald ay3 ‘Bjeds buney AIeAss spdIng elquinjod Aq ajdwes sass H|ds Apnis,
*(2#<) @wo21no Jood pue ‘(LH-Z€) dW0IN0 deIdapow ‘(LE-8L) dwod1no poob Jo sdnoib ojul sa10ds |e10) 8L-SHdG Aq o|dwes sgss uds Apnis,

seiq 4o dsu 191ealb e Bundayal $3102s JIMO| YUMm ‘sutod g sem 31005 YD WinWiIxew ayi,

'snuAb |ejuoly pue [enbull Sy1 Ul 447v) Yum (L)
pajeosse AjpAnisod a1am $2103s SYAVIN ‘AYS Ul (447v4) suonenidnyy vEL/ 85 AVS vEL avs
'sndwedoddiy pue snwejeys a3y ul 447v) Yum A>uanbaiy-moj jo apnyjdwe (€TL) €9€ AVs (£'69) 8/1 705 6 2EC0T
paieposse AjaAnisod a1am $3103s SYAYIW ‘ZDS Ul [UONDRI UIRIG-DIOYM SYavn S (07L) SvEZDS  8LL/vTL ZDS ANFWSA  avs %8 ZDS TLE “le 33 Buer
1945178 14N
'SSAD pue
sse} Aejap AU Ul Alelduow e Bujwiopad ajiym
piemal e jo 1d1adas ayy buunp eluaiydoziydss yum winieus
sjusnled Ul UOINBAIIDE WNJRLIS [RJIUDA USIMISQ  [BJIUSA pUB X31I0D |BIUOLJ0NUQIO
punoj sem uone|e.1I0d dAebau Juedyubis v [e1paw 4o AuAnde [euolduny Ssad S (r's) €92 (£'99) SL/0L AFWSA  AVs 8 ZDS SL g,0L0T"[e 32 uowis
‘dnoub juaned
wley-J|9s-uou 3y} ul Juedyiubis aq 03 punoj jou (£'S8)
SeM UOI1eIDOSSe SIY| "S210DS SSAD YUM pale|aliod (€11) vL/TL +HS 1+ HS
AjPAnebau sem xa310d a1enbuld Joualsod 9ty + HS (9'82) vl -HS
13| Y3 ul Ayanoe ‘dnosb Jusned wiey-yas dyi Ul ANIANDE [eUONDUNY UIRIG-D|OYM $Sad v (€4) 6'8€ -HS PL/LL —HS AN-Wsa 705 8T 4,pSLOT “[2 39 937
‘dno.b
ZDS 941 ul punoj sem uonedidnue piemas buunp
AJAIIOR WINJRLIS [RJIUSA pUE (4005 |gg) uolssaldap 0,5 10T
J0 A1anss a3 UIdIMID] UONERII0D dANRBAU Y AlIAIDE [euoldUNY UIRIG-DJOYM 1ag S (90 LrTe  '98) Te/6l AFNSa 705 TC “le 19 opuouy
(S)2ansesw
swoidwAs £'@s) (%) ON [e0L |ooL
Buipuy utely  (s)ainsesw Huibewioinau ulepy dAIssaIdap utely 3103 YO ueaw ‘aby /'ON ‘9Jey Jnsoubelq sdss Jo "ON EnJlalelN

panunuod g ajqeL

Published in partnership with the Schizophrenia International Research Society

Schizophrenia (2024) 59



J. Gallucci et al.

cC

n=2

A.
P, S
n=11
B. Higher depressive symptoms C.

sFOF

A
.

Lower depressive symptoms

$99U911N290 JO JaquinN
BB -

SLF

Fig. 3 Summary of brain regions and white matter tracts most frequently associated with depressive symptoms in SSDs, based on 11 T1-
weighted sMRI and 4 dMRI studies. The color scale corresponds to the frequency of the region or tract reported. A A schematic illustration of
regions implicated in depressive symptoms in SSDs. Subcortical regions are shown through a glass brain, and cortical regions are displayed on
the cerebral cortex, as per the Desikan-Killiany Cortical Atlas parcellation. Top regions include the bilateral hippocampus, as well as the right
frontal areas. Implicated regions are further subdivided into positive (B) and negative (C) associations with depressive symptoms. D A
schematic illustration of tracts implicated in depressive symptoms in SSDs. Tracts are shown overlaid on a glass brain, as per the O'Donnell
Research Group Fiber Clustering White Matter Atlas parcellation. CC Corpus Callosum, CR Corona Radiata, sFOF Superior Fronto-Occipital
Fasciculus, SLF Superior Longitudinal Fasciculus and ThalR Thalamic Radiation. Top tracts include CR, ThalR, and SLF. Note that association and
projection tracts are displayed in the left hemisphere, and only the genus of the CC is shown for clarity. Both dMRI studies found positive
correlations between white matter tract integrity and depressive symptoms.

and the cerebellum®’. A negative correlation emerged between
the severity of depressive symptoms and both volume®' and
thickness?” within the prefrontal cortex. In the hippocampus,
Bossu et al. found a negative association between the severity of
depressive symptoms and volume®®, while Smith et al. reported a
positive correlation between depression scores and fissure size; a
measure suggestive of abnormal neurodevelopment®®. In the
remaining studies, depression scores were positively associated
with amygdalar volume®?, and negatively associated with
cerebellar volume®’.

Four sMRI studies investigated the relationship between
depressive symptoms and brain morphology using a whole-
brain approach3>06465  Kohler et al. reported increased left
temporal lobe volume in patients with high depressive symptoms
compared to those with low depressive symptoms®®, whereas an

Published in partnership with the Schizophrenia International Research Society

association of lower volume in the superior frontal and
orbitofrontal gyrus with higher depression scores was identified
by Siddi et al.®%. In a multivariate brain-behavior analysis, Buck
et al. found specific patterns in females with SSDs, where fewer
depressive symptoms were associated with changes in hippo-
campal subfields and varying thickness in specific cortical regions;
such as lower thickness in the right superior temporal gyrus,
entorhinal cortex, pars orbitalis, medial orbitofrontal gyrus and
cingulate cortex, and high thickness in the left precentral gyrus,
paracentral gyrus, cuneus, and lingual gyrus3>. Notably, this brain-
behavior pattern also correlated with fewer negative symptoms,
though to a lesser extent. Finally, Wei et al. found that individuals
with comorbid depressive symptoms had significantly greater
gray matter volume in the left isthmus cingulate and posterior
cingulate cortex, as well as increased surface area in the left
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isthmus cingulate, left superior parietal gyrus, and right cuneus
compared to those without depressive symptoms®°.

dMRI studies. Four studies used dMRI to assess the relationships
between white matter tract integrity measures (i.e., FA, MD, radial
diffusivity (RD), or white matter connectivity) and depressive
symptoms in SSDs. Analytical methods across studies were highly
heterogeneous. Chiappelli et al. used voxel-wise tract-based
spatial statistics (TBSS)°®, Amodio et al. used probabilistic
tractography>®, Long et al. used both voxel-wise TBSS and ROI
probabilistic tractography®® and Joo et al. used whole-brain
tractography>°. Two of the four studies that used tractography did
not find significant associations between alterations in white
matter integrity and depressive symptoms in SSDs3%>°, However,
Chiappelli et al. found that greater experience of depression,
termed ‘trait depression’, was positively linked to both the overall
average FA values throughout the brain and FA values specific to
four white matter pathways: the corona radiata, thalamic
radiation, superior longitudinal fasciculus, and superior frontal-
occipital tract®®. Similarly, Long et al. found that patients with
suicidal ideation exhibited elevated FA in several white matter
tracts, including the corpus callosum, left anterior corona radiata,
left superior corona radiata, and bilateral posterior corona radiata,
as well as decreased MD in the splenium of the corpus callosum,
bilateral posterior corona radiata, left posterior thalamic radiation
and left superior longitudinal fasciculus®®. However, this finding
should be interpreted with caution, as suicidal ideation in
psychosis could have multiple etiologies (i.e., delusion content,
auditory verbal hallucination) despite being measured using
the CDSS.

Functional studies

Table 2 provides an overview of the included functional studies,
encompassing key details such as the main clinical measure of
depressive symptoms, the neuroimaging metric used, and a
summary of the study’s findings. Figure 4 summarizes frequently
implicated brain regions and networks, while Supplementary Fig.
S5 provides a breakdown based on whether the findings are from
resting-state or task-based analyses.

Depressive symptom measures. The association between func-
tional neuroimaging metrics with depressive symptoms was
assessed using scales such as the depression-anxiety subscale or
depressive factor score of PANSS (n=6)3*41>1-5357 the CDSS
(n = 5)10434547.48 the depression-anxiety subscale or affect factor
of BPRS (n=3)>*>%, the Beck’s Depression Inventory; BDI/BDI-II
(n = 3)*4630 the MTSD (n = 1)*2

rs-fMRI studies. Nine fMRI studies utilized metrics derived from
resting-state fMRI (rs-fMRI) data, such as functional connectiv-
ity344052-56 amplitude of low-frequency fluctuations (ALFF)*’, and
global/network efficiency®'.

Five of these studies investigated associations of depressive
symptoms with brain function using a specific seed- or a-priori
network-based approach. In a lower-quality ROI-based analysis of
resting state functional connectivity, Xu et al. found no significant
correlation between depressive symptoms and the substantia
nigra/ventral tegmental area®*. However, in analyses of resting
state functional connectivity based on specific networks of
interest, depressive symptoms were linked to the default mode
network (DMN)>°, salience network?®>2, and frontoparietal net-
work (FPN)>3 (often synonymous with the central executive
network; CEN).

The remaining four studies used a whole-brain regional or
network-level approach?>#56>7  Apalytical methods and findings
across studies were variable. Li et al. demonstrated that an
increase in ALFF, which quantifies the strength of low-frequency
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brain activity fluctuations, in the dorsolateral region of the
superior frontal gyrus was significantly linked to a greater
reduction in depression scores®’. Doucet et al. showed a robust
pattern of functional network connectivity strongly correlated
with improvements in depressive symptoms, with higher within-
DMN connectivity being a significant positive predictor, while
reduced within-CEN and diminished connectivity between DMN
and sensorimotor networks acted as important negative pre-
dictors®®. Notably, this connectivity pattern also correlated with
improvements in positive symptoms. Moreover, Lee et al. found
the variance in depressive symptom severity can be explained by
within-network connectivity of the salience network and con-
nectivity between salience-language networks and somatomotor-
auditory networks®®. Lastly, Su et al. used graph theoretical
analysis of networks to show depression symptoms were
significantly correlated with the overall efficiency of brain network
information processing*'.

task-fMRI studies. Nine studies employed task-based fMRI to
evaluate the relationship between functional brain activity and
depressive symptoms in SSDs*2#85051. three of which investi-
gated specific ROIs. Significant positive associations were found
between functional activity in the ventral striatum during a
monetary incentive delay task measuring reward processing®*%,
and visual-related regions during an object perception task® with
depressive symptoms.

The remaining six studies used a  whole-brain
approach#24446475051 " Two of the studies did not find any
significant associations between brain activation and depressive
symptoms>®°1. Conversely, Lee et al. found that activity in the left
posterior cingulate cortex was inversely correlated with overall
depression scores?”. Arrondo et al. demonstrated a negative
correlation between depression severity and ventral striatum
activity during reward anticipation*®, Kumari et al. highlighted
significant positive correlations between depression scores and
brain activity in several regions while processing fearful expressions,
including the left thalamus, para post-pre-central gyrus, putamen-
globus pallidus, supramarginal gyrus, insula, inferior-middle frontal
gyrus, and right superior frontal gyrus, extending to other frontal
and cingulate gyri**. Moreover, higher activity was noted in
thalamic and superior frontal gyrus clusters among patients with
moderate-to-severe depression compared to those with milder
levels of depression. Lastly, Kvarta et al. found a significant inverse
correlation between anticipatory threat-induced ventral anterior
cingulate cortex cluster activation and trait depression*2.

Multimodal study

A study with the largest sample size (n=312) by Liang et al,
employed a multimodal approach investigating both whole-brain
fractional ALFF (fALFF) and gray matter volume in relation to
depressive symptoms, assessed using the Montgomery-Asberg
Depression Rating Scale (MADRS) (42). The authors investigated
associations in schizophrenia and schizoaffective disorder groups
separately and identified distinctions. In schizophrenia, elevated
depression scores were linked to increased fALFF in the thalamus
and hippocampus, as well as heightened gray matter volume in
the insula and inferior frontal cortex. In schizoaffective disorder,
higher depression scores were associated with increased fALFF
and greater gray matter volume in the lingual and frontal gyrus.

DISCUSSION

We conducted a systematic review of 33 studies, comprising
14 structural MRI studies (10 sMRI and four dMRI), 18 fMRI studies,
and one study analyzing both sMRI and fMRI, aiming to provide a
comprehensive summary of the current neuroimaging research
regarding depressive symptoms in individuals with SSDs. Our
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Fig. 4 Summary of brain networks and regions most frequently associated with depressive symptoms in SSDs, based on 19 studies
with fMRI. The color scale corresponds to the frequency of the region or network reported. A A schematic illustration of regions implicated in
depressive symptoms in SSDs. Subcortical regions are shown through a glass brain, and cortical regions are displayed on the cerebral cortex,
as per the Surface-Based Multimodal parcellation. Top regions include the left caudate and putamen and bilateral frontal area. Note that some
studies investigated specific regions of interest (ROls), and did not use a whole-brain approach. Implicated regions are further subdivided into
positive (B) and negative (C) associations with depressive symptoms. D A schematic illustration of networks implicated in depressive
symptoms in SSDs. Networks are displayed on the cerebral cortex, as per the Cole-Anticevic Brain-wide Network Partition, AUD Auditory
Network, DMN Default Mode Network, FPN Frontoparietal Network, LAN Language Network, SMN Somatomotor Network, SN Salience
Network. Networks were reported bilaterally but are displayed on the left hemisphere for clarity. Top network connections include within-
DMN, FPN, and SN. All studies found negative correlations between network-based functional connectivity and depressive symptoms. One
study identified both negative and positive associations with depressive symptoms (positive association found within-FPN, and between
DMN-SMN).

review underscored a notable gap in the literature, revealing a biases. Nevertheless, findings delineated subcortical regions,
substantial lack of studies investigating the neurobiology of specifically the striatum, thalamus, and hippocampus, as well as
depression in SSDs. The relatively few studies that did explore frontal regions as potentially implicated in the manifestation of
imaging metrics of depressive symptoms demonstrated high depressive symptoms in SSDs. Notably, many of these correlates
variability and limited consistency across implicated neural showed contrasting associations with depression across studies,
correlates. These studies employed a diverse range of scales or which may be attributed to studies focusing on larger-scale brain
assessments to measure depressive symptoms, an array of areas, potentially overlooking nuances of sub-regions.

imaging modalities, and variable approaches to imaging analysis The subcortical and frontal areas highlighted in this review align
and statistical methods, posing a challenge for interpretation. For with the results of several fMRI/MRI studies of MDD, consistently
instance, regions that appeared more prominently in task-based noting atypical morphology and functioning of such regions®®. It
fMRI studies versus resting-state (e.g., striatum) likely reflect the has been suggested that these regions may be acting as central
influence of emotional stimuli, activating areas involved in brain “hubs”, where impairments could lead to key symptomatol-
processing affective information, thus introducing potential ogy as observed in MDD (see Zhang et al. 2018, for an in-depth
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review)®. The involvement of the cortico-striatal-thalamo-cortical
circuit in both SSDs®”® and severe mood disorders, including
MDD®, supports the notion that common abnormalities in these
regions could reflect an overlapping feature of mood-related
symptoms across diagnoses’®. However, confidence in this shared
neurobiology is constrained by methodological limitations in the
literature.

A major challenge arises from the variation in scales and
inclusion criteria used across studies to either identify patients
with depressive symptoms or report on the severity of depression
symptoms in SSDs. The studies identified in this review used a
variety of tools to assess depressive symptoms in SSDs, with some
originally developed for MDD and others for SSDs. A few studies
classified patients as having depression with symptoms above a
specified symptom scale cut-off, while no studies included or
reported information regarding comorbid depressive disorders.
When reporting depression severity, all studies reported an
average total depression score and did not take into account
specific symptoms that might be more relevant to SSDs. Prior
work has suggested depressive symptoms in SSDs can be broken
down into two dimensions: depression-hopelessness and patho-
logical guilt’’ which may have distinctive neural circuitry and
treatment outcomes (Gallucci et al., accepted). Differentiation of
these factors could unveil more consistent and clinically mean-
ingful distinctions, emphasizing the importance of future research
considering these separate dimensions rather than focusing on
total depression scores. This approach could also provide insight
into more general depressive symptoms in individuals with SSDs
who might not fulfill the criteria for depressive disorders like MDD.

Another knowledge gap lies in understanding the extent to
which negative symptoms may contribute to the overall picture of
depressive symptoms. Many of the brain regions associated with
depressive symptoms in our review have also been implicated in
negative symptoms of SSD, such as structural brain abnormalities
in the frontal and subcortical areas, along with functional
alterations concentrated in the thalamocortical circuits’?. Lako
et al. have argued that depression scales designed for MDD may
not effectively distinguish depressive symptoms from negative
symptoms in SSDs, limiting our ability to adequately characterize
these clinical phenotypes’®. This conceptual overlap may con-
tribute to heterogeneity seen across studies’ findings''”4. Our
recent work, employing an advanced multivariate correlation
approach, demonstrated distinct neural circuitry underlying
depressive and negative symptoms (Gallucci et al., accepted). This
provides evidence that these symptoms are separable constructs
with differing neurobiological underpinnings. Further, brain
stimulation treatments, such as rTMS targeting the DLPFC, have
yielded substantial effects in mitigating depressive symptoms in
MDD?%, and preliminary support in SSDs?’. This intervention has
also demonstrated promising yet inconsistent efficacy in amelior-
ating negative symptoms in SSDs, suggesting potentially shared
yet distinct pathophysiological mechanisms’>7¢.

Further limitations in the literature which significantly impacted
interpretability should be acknowledged. There were considerable
variations in the samples being studied, such as age, sex ratio,
medication usage, and stage of illness (i.e., chronic versus first-
episode). Greater attention should be devoted to examining
subgroups within SSDs, such as first-episode patients or those
who are drug-naive. A critical constraint across nearly all studies
was the insufficient consideration for potential confounding
factors, i.e., negative symptoms, as alluded to above. Notably, a
large portion of relevant studies (23 out of 34) investigated
depressive symptoms as secondary exploratory or post hoc
analyses, lacking an SSD sample prospectively enriched with
individuals experiencing depressive symptoms. This emphasizes
the pressing need for more direct studies prioritizing the
recruitment of such individuals, enabling a more nuanced
examination of the underlying neurobiology.
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CONCLUSION AND FUTURE DIRECTIONS

In our systematic review, we identified 33 studies focusing on
neuroimaging research related to depressive symptoms in
individuals with SSDs. We noted considerable variability and a
lack of consistency amongst neural correlates. This heterogeneity
may derive from assessment scales that fail to adequately
distinguish between subdimensions of depressive symptoms.
Our findings also suggest potential shared neurobiological
underpinnings among depressive symptoms in SSDs and MDD.
Given the relative scarcity of neuroimaging studies on depressive
symptoms in SSDs and their inconsistent results, there is a clear
need for research focused on directly investigating the neurobiol-
ogy of depression in SSDs. Future studies may benefit from
considering a more fine-grained and disorder-specific assessment
of depressive symptoms in SSDs, rather than ‘total depression’
summary scores. Lastly, in light of preliminary evidence suggest-
ing some neurobiological overlap between depressive symptoms
in SSDs and MDD, a potential future direction may be to examine
both unique and shared neural correlates across the two
disorders. Exploring the neurobiology of individuals with SSDs
and comorbid MDD is a severely understudied yet valuable
avenue of research. While prior studies on MDD have noted
irregularities in white matter tracts”” and brain networks’8, we lack
sufficient evidence to comment on how these abnormalities may
relate to depressive symptoms in SSDs. The limited availability of
studies using dMRI metrics or examining brain function at the
network level underscores the necessity for further investigation.
A better understanding of the neural correlates linked to
depressive symptoms in SSDs could have pronounced implica-
tions, informing innovative treatment strategies tailored to
alleviating depression specifically within SSDs, in contrast to the
conventional but ineffective methods that were developed for
MDDH*'B.
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