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Background: Several cross-sectional studies report brain structure differences between
healthy volunteers and subjects at genetic or clinical high risk of developing
schizophrenia. However, longitudinal studies are important to determine whether altered
trajectories of brain development precede psychosis onset.

Methods: We conducted a systematic review to determine if brain trajectories differ
between () those with psychotic experiences (PE), genetic (GHR) or clinical high risk
(CHR), compared to healthy volunteers, and (i) those who transition to psychosis
compared to those who do not.

Results: Thirty-eight studies measured gray matter and 18 studies measured white
matter in 2,473 high risk subjects and 990 healthy volunteers. GHR, CHR, and PE
subjects show an accelerated decline in gray matter primarily in temporal, and also
frontal, cingulate and parietal cortex. In those who remain symptomatic or transition to
psychosis, gray matter loss is more pronounced in these brain regions. White matter
volume and fractional anisotropy, which typically increase until early adulthood, did not
change or reduced in high risk subjects in the cingulum, thalamic radiation, cerebellum,
retrolenticular part of internal capsule, and hippocampal-thalamic tracts. In those who
transitioned, white matter volume and fractional anisotropy reduced over time in the
inferior and superior fronto-occipital fasciculus, corpus callosum, anterior limb of the
internal capsule, superior corona radiate, and calcarine cortex.

Conclusion: High risk subjects show deficits in white matter maturation and an
accelerated decline in gray matter. Gray matter loss is more pronounced in those who
transition to psychosis, but may normalize by early adulthood in remitters.

Keywords: high risk psychosis, MRI, DTI, neuroimaging, clinical high risk (CHR), ultra high risk (UHR), psychotic
like experiences, genetic high risk for psychosis

INTRODUCTION

Schizophrenia is posited to be a neurodevelopmental disorder, in which genetic and environmental
factors interplay (1). A better understanding of the neurobiological changes that occur prior to
the onset of disorder could identify new treatment targets to prevent transition to schizophrenia.
With this aim, numerous studies have reported cross-sectional differences in brain structure
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between subjects at high risk of developing schizophrenia and
healthy volunteers. Such studies typically involve young persons
ranging from adolescence to early adulthood, at a time of
dynamic brain maturation. In order to fully recognize how
brain development is altered in the run up to schizophrenia,
it is key to conduct longitudinal studies in the prodrome.
Therefore, we aimed to summarize longitudinal studies that track
neuroimaging measures over time in individuals at genetic or
clinical high risk of developing schizophrenia, and those in the
general population who experience psychotic symptoms.

In general, neuroimaging studies examine three types of
high risk cohorts; (i) help-seeking individuals who exhibit
a reduction in functioning as well as attenuated psychotic
symptoms or genetic risk for schizophrenia (clinical high risk;
CHR, also known as an ultra-high risk of developing psychosis;
UHR, or at-risk mental state; ARMS), (ii) individuals who
exhibit attenuated psychotic symptoms and are not help seeking
(psychotic experiences group; PE), and (iii) those with at least one
relative diagnosed with schizophrenia (genetic high risk group;
GHR) (2). The highest rate of transition is seen in the CHR
group (36% after 3 years) (3), whereas transition rates are lower
in the GHR (10-15%) (4) and PE groups (10%) (5). A meta-
analysis of 14 cross-sectional voxel-based morphometry studies
reported reduced gray matter in the anterior cingulate, middle
frontal and temporal cortex in UHR subjects compared to healthy
volunteers, and gray matter reductions were [more pronounced
in schizophrenia] (6). A recent meta-analysis also reported
decreased gray matter in frontal brain regions but increased gray
matter volume in cingulate, right thalamus, left superior temporal
gyrus and right fusiform gyrus (7), and it has been proposed that
consequent volume reductions may occur with psychosis onset
(8). In normal development, gray matter volume falls relative
to total brain volume during adolescence and plateaus in the
twenties (9). It is unclear from cross-sectional studies whether
high risk subjects have a stable trait of lower gray matter, whether
these differences emerge during brain maturation, or emerge
following the onset of psychosis.

White matter development is more extended over the
lifespan relative to gray matter. White matter volume increases
over childhood and adolescence to reach peak levels in mid-
adulthood, which coincides with the average age of schizophrenia
onset. During this time the connectome is strengthened by
increasing axonal diameter and myelination of white matter
tracts (10). Fractional anisotropy (FA) values from diffusion
tensor imaging (DTI) are sensitive to these changes in white
matter microstructure. Cross-sectional studies report reduced FA
in subjects at genetic and clinical high risk compared to healthy
volunteers (11). As FA typically increases until mid-adulthood, it
is not clear whether high risk groups have altered white matter
trajectories or a stable deficit over time, or whether they recover
from this deficit.

Longitudinal studies can also determine whether brain
trajectories differ in high risk subjects who go on to transition
to schizophrenia, compared to those who do not. A number
of clinical services are now specialized to identify CHR
individuals, however two-thirds of CHR individuals do not go
on to develop psychosis, and it is not currently possible to

predict who will transition (3). A meta-analysis of 25 cross-
sectional studies found decreased prefrontal, cingulate, insular
and cerebellar gray matter volume in subjects who went on to
transition to psychosis compared to those who did not (12).
Moreover, a large multisite study found less parahippocampal
gray matter volume in those who later developed psychosis
(13). Machine learning of brain structure measures alone seem
to be insufficient for individual outcome prediction, although
the addition of clinical measures increases prediction accuracy
(14). Longitudinal measures may offer more sensitivity to detect
differences between transition groups, partly by taking into
account individual differences but also by revealing trajectories
which may aid better prediction models.

In this systematic review, we included longitudinal structural
and diffusion weighted Magnetic Resonance Imaging (MRI)
studies examining participants at an enhanced risk of
developing schizophrenia. We aimed to examine whether
neurodevelopmental trajectories differ between (i) those
with either psychotic experiences (PE), genetic (GHR) or
clinical high risk (CHR, also known as UHR), compared to
healthy volunteers, and (ii) those who transition compared to
those who do not transition to psychosis. We hypothesized,
first, that altered neurodevelopmental trajectories would be
present in high risk populations (PE, GHR, and CHR) in
comparison to healthy volunteers. Secondly, we predicted
that these patterns of altered brain development would be
more pronounced in subjects who remain symptomatic or
transition to psychosis, compared to those who remit or do
not transition.

METHODS

The systematic review was pre-registered on PROSPERO
(CRD42020199065), and adhered to PRISMA guidelines.
PubMed (including MEDLINE) and PsychInfo databases
were searched to identify journal articles published from
inception until 6 June 2020, to search titles and abstracts using
the following search terms: (mri OR fmri OR dti OR brain
OR “grey matter” OR “gray matter” OR “white matter” OR
neuroimaging OR fa OR “fractional anisotropy” OR myelin OR
magnetic resonance imaging OR diffusion tensor imaging OR
“resting state” OR structural OR connectivity OR “diffusion
weighted” OR “DW MRI” OR “Brain development”) AND
(“Psychosis risk” OR UHR OR CHR OR “clinical High Risk”
OR “at risk mental state” or GHR or “psychotic experience”
or “psychosis spectrum” or “clinical risk® OR [“genetic risk”
and (psychosis or schizophrenia)] OR [“ultra high risk”
and (psychosis or schizophrenia)] OR [“ultra-high risk” and
(psychosis or schizophrenia)] OR [“high risk” and (psychosis
or schizophrenia)] OR “risk” and (psychosis or schizophrenia)
OR (emerging and psychosis) OR (psychopathology and
youth) OR (prodromal and psychosis) OR (subthreshold and
psychosis)) AND (follow* OR longitudinal* OR prospective OR
“birth cohort” or development or trajectory OR progressive).
References of previous reviews were also searched. All
longitudinal studies reporting structural MRI measures in
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a high risk group with a comparison group (either healthy
volunteers, or comparisons between transition and non-
transition high risk groups), or exploring an association
with psychotic symptom scores or polygenic risk score for
schizophrenia were included in the systematic review. Studies
using overlapping samples were included, providing different
MRI analyses had been applied. Study quality was assessed

by the following criteria: (i) blinded groups at the analysis
stage, (ii) participant drop out reported, and (iii) correction for
multiple comparisons.

Clinical high risk subjects, also defined as ultra high risk or
individuals meeting an at risk mental state, are referred to as
“CHR” in this review. CHR, GHR, and PE subjects are referred
to collectively as high risk subjects (HR).

M
c
.g Records identified through Additional records identified
_g database searching through other sources
% (n=12,422) (n=20)
o
S
v v
_ Records after studies not in humans
removed and MRI filter applied
(n=1,309)
0o
=
c
o v
S Records excluded
2 Abstracts assessed for (n = 805)
eligibility >
—_ (n=1,309)

M) v

Full-text articles excluded;

cross-sectional examines

FIGURE 1 | PRISMA diagram.

Full-text articles assessed age (n=8), C.ros.s-sectional
Z for eligibility polygenic risk for
% (n =504) schizophrenia (n = 23),
& Cross-sectional in
= psychosis risk (n = 268),
A Longitudinal not in
__ Studies included in psychqsis (.“ = '10):
qualitative analysis Longitudinal in
( ) (n = 85) schizophrenia (n = 15),
Predict clinical outcome (n
= 54), Reviews (n = 41)
]
] Y
3
= Included in final Studies excluded; 22q (n =
- multicentre analysis 7), Sample overlap with
= ame method (n = 3),
(n=50) Same MRI method (n = 3)
__ Preterm/bipolar/

depression (n =11),
Functional MRI (n=9),
Other (n =5; no follow-up,
HR combined with SZ)

Frontiers in Psychiatry | www.frontiersin.org

February 2021 | Volume 12 | Article 620401


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

B10"UISIONUOI MMM | AljeIYOASH Ul SI8lu0l

L0¥029 eIy | 21 ewn|oA | 120z Areniged

TABLE 1 | Studies of gray matter indices included in the systematic review, with summary statistics on the final row.

Cohort References CHR=1, HV(n) HR () HR-T(n) HR-NT HR-S(n) HR-NS Age of Follow AP naive Cortical Volume Surface Quality:
GHR =2, (n) (n) HR (yrs) up (yrs) thick- area B/DO/CMC
PE=3 ness
Toho University Katagiri et al. (15) 1 16 42 5 37 22.3 1 X v XXX
ADAPT Damme et al. (16) 1 38 81 19 1 X v XXv
NAPLS Cannon et al. (17) 1 135 274 35 239 19.3 1 X v Xvv
Chung et al. (18) 1 135 274 35 239 19.3 1 X v XXv
Chung et al. (19) 1 132 267 37 230 19.3 2 X v XXv
Singapore Ho et al. (20) 1 54 93 41 52 21.4 2 v v XXv
NIMH COS Study Gogtay et al. (21) 2 52 52 16.2 10 v v Xvv
Mattai et al. (22) 2 86 43 13.4 6 v v Xvv
Zalesky et al. (23) 2 102 86 18 10 v v XXv
Greenstein et al. (24) 2 110 80 14.9 10 v v VXX
Mattai et al. (25) 2 79 78 14.9 10 v v XXX
Sibling pair, Utrecht ~ Brans et al. (26) 2 33 11 41.2 5 v v XXX
Twin pair, Utrecht Hedman et al. (27) 2 54 19 38.7 5 v v v Xvv
Dutch Prediction of ~ Ziermans et al. (28) 1 30 43 8 35 16.1 2 X v v WY
Psychosis de Wit et al. (29) 1 24 35 18 17 15.4 6 X v v v WX
Edinburgh High Risk Lawrie et al. (30) 2 20 66 19 47 231 2 v v XXX
Study Job et al. (31) 2 19 65 18 47 21.4 2 v v X
Mcintosh et al. (32) 2 36 146 17 72 57 21.2 10 v v X
Bois et al. (33) 2 36 142 17 68 57 21 2 v v v VXV
Bois et al. (34) 2 36 142 17 68 57 21 2 v v Xv-
Edinburgh Study of Moorhead et al. (35) 3 45 53 15.9 1.5 v v Xvv
Comorbidity McKechanig etal. 3 NA 43 16.2 6 X v Xw
(36)
FEPSY project Walter et al. (37) 1 NA 23 10 13 24.2 5 X v vX-
Walter et al. (38) 1 NA 18 8 10 25.7 5 X v vX-
Borgwardt et al. (39) 1 NA 20 10 10 24.7 4 X v XXv
OASIS Fusar-Poli et al. (40) 1 14 22 5 17 24.5 2 X v Xvv
PACE Pantelis et al. (41) 1 NA 21 10 1 19.7 3 X v XvX
Sun et al. (42) 1 NA 35 12 23 19.9 4 X v VXV
Takahashi et al. (43) 1 22 35 12 23 19.9 4 X v VXX
Takahashi et al. (44) 1 20 31 11 20 19.9 4 X v -
Ludwig Maximilians ~ Koutsouleris et al. 1 28 25 12 13 23.2 4 X v Xvv
(45)
Western Psychiatric  Bhojraj et al. (46) 2 36 56 15.4 1 v v v vX-
Institute and Clinic  Bhojraj et al. (47) 2 27 23 15.4 1 v v VXX
Prasad et al. (48) 2 33 31 16.3 1 v v v v XvX
(Continued)
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GHR, Genetic high risk; CHR, Clinical high risk; T, transition; NT, no transition; S, symptomatic; NS, no symptoms; HR, high risk; HV, Healthy Volunteers; PE, psychotic experiences; AR, antipsychotic medication; NA, Not Applicable;

Quality, Blind/Drop-Out Reported/Correct for Multiple Comparisons.

RESULTS

The literature search identified 50 studies from 22 high risk (HR)
cohorts, including 2,473 HR subjects and 990 healthy volunteers
(HV) (Figure 1, PRISMA diagram). Twenty-six studies examined
CHR subjects (also defined as ultra high risk or individuals
meeting an at risk mental state), 19 studies examined GHR
subjects, and 5 studies examined individuals with PE. Thirty-
eight studies examined gray matter (Table 1) and 18 examined
white matter (Table 2). The average age of the HR group was
21.4 years (SD 9.7) at baseline, with the follow-up scan occurring
on average 3.4 years later (SD 2.7). CHR groups were assessed
by the Comprehensive Assessment of At Risk Mental State,
the Structured Interview for Prodromal Syndromes, the Basel
Screening Instrument for Psychosis, and the Bonn Scale for
the Assessment of Basic Symptoms. Four cohorts assess PE;
(1) The Edinburgh Study of Comorbidity examines adolescents
with cognitive impairment and schizotypal features which have
been classified as PE in this review, assessed via the Structured
Interview for Schizotypy, (2) The IMAGEN study used the
Community Assessment of Psychic Experiences (CAPE) which
takes into account frequency and distress of symptoms, (3)
Calvo et al., used the SOCRATES template, which documents
the presence of perceptual abnormalities and unusual thought
content with no frequency or duration criteria, (4) The PNC
cohort used the Scale of Prodromal Symptoms, and individuals
were required to possess significant sub-threshold symptoms that
persisted for at least two clinical assessments (on average 20
months apart). Detailed summaries of each study can be found
in the Supplementary Tables 1, 2.

Longitudinal Brain Trajectories in High Risk

Subjects Compared to Healthy Volunteers
For studies of gray matter comparing HR groups to healthy
volunteers (HV), 20 out of 24 studies measuring brain volume,
cortical thickness, or surface morphology, reported altered
gray matter trajectories in HR (Table 3). Altered gray matter
development is seen regardless of the type of HR group examined;
a significant change over time compared to HV was reported in
13 out of 16 studies of GHR, 4 out of 5 studies in CHR, and 3
out of 3 studies of PE. Significant results were primarily in the
temporal (16 studies), frontal (9 studies), parietal lobe (6 studies),
cingulate cortex (6 studies), and whole brain (6 studies).

In the temporal cortex, the majority of studies (13 studies)
found a reduction in cortical thickness or volume over time in
HR subjects, whereas 2 studies reported no change over time
in HR, but a decrease (48) or an increase in HV (34). One
study did not detect changes over time but instead found lower
hippocampal volume at both timepoints in HR (50). In the frontal
cortex and cingulate, gray matter volume, cortical thickness and
surface morphology reduced over time in HR in the majority
of studies, with the exception of two studies. One study found
increased gray matter in the right inferior frontal gyrus and
anterior cingulate, but reduced in bilateral superior frontal gyrus,
although an interaction between group and time was not assessed
(40). One study found less steep decreases in surface area over
time in CHR in frontal and parietal areas (29). In the parietal

Frontiers in Psychiatry | www.frontiersin.org

February 2021 | Volume 12 | Article 620401


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

B10"UISIONUOI MMM | AljeIYOASH Ul SI8lu0l

L0¥029 eIy | 21 ewn|oA | 120z Areniged

TABLE 2 | Studies of white matter indices included in the systematic review, with summary statistics on the bottom row.

Cohort References CHR=1, HV(n) HR (n) HR-T (n) HR-NT Age of Follow AP naive MRI analysis Quality:
GHR = 2, (n) HR (yrs) up (yrs) blind/drop-
PE=3 out/correct for
multiple
comparisons
Sibling pair cohort Brans et al. (26) 2 33 11 41.2 Struct: Volume XvX
Dutch Prediction of Ziermans et al. (28) 1 30 43 8 35 16.1 X Struct: Semiautomated volume + Y
Psychosis VBM
de Wit et al. (29) 1 24 35 18 17 15.4 6 Struct: Volume VX
Edinburgh Study of Moorhead et al. (35) 3 45 53 15.9 15 Struct: TBM VX
Comorbidity
Ludwig-Maximilians Koutsouleris et al. 1 28 25 12 13 23.2 4 X Struct: VBM Multivariate Xvv
(45)
PACE Walterfang et al. (53) 1 NA 21 10 11 20.5 1.3 X Struct: VBM Xvv
NIMH COS study Gogtay et al. (54) 2 57 49 16.1 Struct: TBM XXv
LBC1936 birth Alloza et al. (55) NA NA 488 76.4 v DTI: Tractometry and connectomic Xvv
cohort
Toho University Katagiri et al. (56) 1 16 42 5 37 22.3 1 X Struct: ROl volume (Corpus XXX
Callosum)
Saito et al. (57) 1 16 46 7 39 22.9 1 DTI: Tractometry (Corpus Callosum) XvX
Katagiri et al. (58) 1 16 41 7 34 22.8 1 DTI: cross-sectional whole-brain Xvv
TBSS followed by longitudinal ROI
analysis
Copenhagen Krakauer et al. (59) 1 23 30 241 1 DTI: Whole-brain TBSS Xvv
ADAPT Bernard et al. (60) 1 21 26 18.7 1 DTI: Tractometry XX-
(hippocampal-thalamic)
Mittal et al. (61) 1 15 15 18.5 1 X DTI: Atlas-based TBSS ROI analysis V-
(Superior Cerebella Peduncles)
Bernard et al. (62) 1 24 26 18.7 1 X DTI: Tractometry Xvv
(Cerebello-thalamo-cortical)
Genetic Risk and Domen et al. (63) 2 49 55 30.9 3 v DTI: Atlas-based TBSS ROl analysis Xvv
Outcome of (2x19 regions)
Psychosis
OASIS Carletti et al. (64) 1 32 22 5 17 23.4 2 X DTI: Cluster-level suprathreshold Xvv
voxel analysis
PNC Roalf et al. (65) 3 89 38 15.5 2 X DTI: Whole-brain TBSS followed by Xvv
Atlas-based ROI analysis
Totals: 3 GHR, 518 1,066 72 203 Mean Mean 2.3 5 8 Structural, 3 Tractometry, 1 Mean 1.7/3
12 CHR, 24.6 Connectomic, 2 Whole-brain-TBSS,
2 PE, 1 3 ROI-TBSS, 1 Cluster-level DTI
Older
adults

GHR, Genetic high risk; CHR, Clinical high risk; T, transition; NT, no transition; S, symptomatic, NS, no symptoms, HR, high risk; HV, Healthy Volunteers; PE, psychotic experiences; AP, antipsychotic medication; NA, Not Applicable.
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TABLE 3 | List of studies examining gray matter indices, indicating significant differences between groups either at baseline (BL) or a significant group x time interaction.

Dataset References BL: HR Time: Time: BL: Significant brain regions for HR vs. HV over time Significant brain regions for CHR-T vs. CHR-NT
vs.HV HRvs. CHR-T Predict over time
HV VS. Transition »
CHR-NT 8
E-}
£
8 3
£ D E £ Q £
5 T - 5 2 § & 2 o § T -5 & 2 o
B s & £ E ©W 9 B 3 K] e & 5 3 28 3
2 B2 a B S g 5 7 2 t 2 2 = e B s o =2 i
e § o £ € % § 2 & & £ 2 % 3 9 g £ § v 2 £
< S O S © o = £ © @ s = [ a O S & o E] ] 5
2 & <« £ o O FF « m O > =2 &L £ <« B o O ZzZ O >
Toho Katagiriet al. (15)  NA NA NA X
University
ADAPT Damme et al. (16) v X NA NA
NAPLS Cannonetal. (17)  NA NA v X JCT 4 Vol
Chung et al. (18) NA NA NA NA
Chung et al. (19) NA NA NA NA
Singapore  Ho et al. (20) NA NA v X | Vol
NIMH COS Gogtay etal. (21) X v NA NA J CT JCT | CT
Study
Mattai et al. (22) X v NA NA } CT J CT | CT
Zalesky et al. (23) NA v NA NA 1 1
Con Con
Greenstein et al. (24) v NA NA J Vol
Mattai (25) X NA NA
Sibling pair, Brans et al. (26) NA NA NA
Utrecht
Twin pair, Hedman et al. (27) NA v NA NA 1 CT J CT
Utrecht
Dutch Ziermans et al. (28) X v v X J CT J Vol JCT | CT | CT | CT
Prediction
Psychosis
deWitetal. (29)  NA v v NA < SA-SA LVol < SA|SA | Vol | CT* | 1 1 Vol | 1 1+ Vol
AVol SA | CT |Gl |Gl Vol SA* \ol* | Vol | CT*Vol* |, Vol*
1 Vol CcT* 1 Gl < CTCT"
{
SA
Edinburgh  Lawrie et al. (30) v X v NA J Vol
High Risk
Study
Job et al. (31) NA Effect of Effect of NA J Vol | Vol | Vol J Vol
time time
(Continued)
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TABLE 3 | Continued

Dataset References BL: HR Time: Time: BL: Significant brain regions for HR vs. HV over time Significant brain regions for CHR-T vs. CHR-NT
vs.HV HRvs. CHR-T Predict over time
HV VS. Transition ")
CHR-NT 3
o
£
8 3
f= = f=
g © ® g 3 g ‘_-E, ] g ® T < ‘_-E, ]
-ﬂ © ° © s o T o e -— = - 2] = -
= o ‘= Q © o = c & o > = Q o = c
s £ 2 & &§ 8§ £ £ &8 8 g s &£ 2 8 & & 8§ 2 8 2
Mcintosh et al. (32) v v X J Vol | Vol J Vol J Vol
Bois et al. (33) X v X v J CT, | CT | CT < CT
< SA
Bois et al. (34) NA v X NA < Vol
Edinburgh  Moorhead et al. (35) NA v NA NA | Vol J Vol
Study of
Comorbidity
McKechanie et al. ~ NA NA NA NA
(36)
FEPSY Walter et al. (37) NA NA X v
project
Walter et al. (38) NA NA X NA
Borgwardt et al. (39) NA NA v v J Vol J Vol | Vol J Vol
OASIS Fusar-Poli et al. (40) v Effect of Effectof v 4 1 \Vol J Vol 1 Vol | Vol
time time Vol
PACE Pantelis et al. (41)  NA NA Effect of v J Vol J Vol | Vol 4 Vol | Vol
time
Sun et al. (42) NA NA v NA J SA
Takahashi et al. (43) NA NA v X J Vol
Takahashi et al. (44) NA NA v v J Vol
Ludwig Koutsouleris etal. ~ NA v v v J Vol | Vol | Vol | Vol | Vol J Vol | Vol 4 Vol J Vol J Vol 4 Vol
Maximilians ~ (45)
Western Bhojraj et al. (46) NA v NA NA | SA
Psychiatric
Institute and
Clinic
Bhojraj et al. (47) v v NA v 1 Vol | Vol | Vol
Prasad et al. (48) v v NA NA 1 SA | SA, 1 \Vol, | Vol, | SA,
1 Vol, +CT 4 CT | Vol
4+ CT
IMAGEN Yu et al. (49) NA v NA NA < Vol
(Continued)
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TABLE 3 | Continued

Dataset References BL: HR Time: Time: BL: Significant brain regions for HR vs. HV over time Significant brain regions for CHR-T vs. CHR-NT
vs.HV HRvs. CHR-T Predict over time
HV VS. Transition »
CHR-NT 8
o
s g
£ © £ 5] £
g T _ 5 %2 § 8§ 2 o § T . 0F & 2 o
e 3 . 2 3 £ 5% ¢ 8¢ 23 s .38 % 5 2 8%
Dublin & Calvo et al. (50) v Effect of NA NA J Vol*
Kildare group
Barcelona  Sugranyes et al. (51) v v NA NA < SA
Sugranyes et al. (52) NA NA v v JCT 1 CT
| SA*
NT
vs. HV:
<>
SA+Vol
TOTAL: 9/14 20/24 15/19 9/15 6 9 6 16 6 4 1 1 2 4 2 3 6 1 4 9 4 3 1 3 3
192
3
s g
5 _ e o 2 E 5 _ g «
E ol g © E g (_'g 8 % % S T g < E 3 % %
g £ g 22 § 5 2% ¢t s 8 £ $ g g g g ¢ o:
) ) L= o o ] o c IS I o) 5] < o @ @) ] ] S o] )
BL: Time: HR Time: BL:PredictE & < ©® 4 O F < o O =2 =2 & £ < & a2 o =z o =
HR vs. HVvs. HV CHR-T vs. Transition
CHR-NT

Arrows indicate altered trajectories between groups in specified brain region, |, indicate a decrease in the HR or CHR-T group compared to HV or CHR-NT respectively, 1 indicate an increase and < indicate no change over time in
HR whereas an increase/decrease is seen in HV. HR, high risk; HV, healthy volunteer; CHR-T, clinical high risk transition; CHR-NT, no transition; ACC, Anterior cingulate cortex; NA, Not Applicable (for example studies examine other
contrasts such as medicated vs. unmedicated),; CT, cortical thickness; Vol, gray matter volume; Conn, structural connectivity; SA, surface area; Gl, gyrification. *volume was lower in HR vs. HV at both timepoints but there was no group
x time interaction.
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lobe, the majority of studies reported reduced gray matter volume
and cortical thickness over time in HR, bar the aforementioned
study (29) and another study which found increased cortical
thickness but reduced volume over time (48). For whole brain,
differences were found in cortical surface area and gray matter. A
number of studies found smaller longitudinal decreases in global
surface area in HR compared to healthy volunteers (29, 33, 51),
although one study found a reduction in GHR (48). For whole
brain gray matter, greater reductions over time in GHR compared
to HV were reported (32), and more pronounced global cortical
thinning in discordant twin pairs compared with healthy control
twin pairs, although no difference in surface area was observed in
this study (27).

For studies of white matter comparing HR groups to HV, 9
out of 13 studies reported altered trajectories in HR groups (5/7
studies in CHR, 2/3 studies in GHR, 1/2 in PE, 1 in subjects with
polygenic risk scores for schizophrenia). Altered trajectories were
reported principally in whole brain, in the cingulum and in the
thalamic radiation (3 studies) amongst other regions (Table 4).
Studies measuring white matter volume found reduced volume
over time or showed smaller increases compared to HV, in the
whole brain, parietal lobes and in the corpus callosum of HR
subjects (3 out of 5 volume studies). Slower white matter growth
in the parietal lobe normalized by age 14 in GHR subjects (54).

Most tract-based spatial statistics (TBSS) and tractography
studies focused their analysis on regions of interest (ROI) rather
than on the whole brain, finding a reduction or no change
in FA in HR groups, whereas FA increased over time in HV;
2 studies examined the cerebellar tracts (61, 62), and 1 study
measured tracts connecting the thalamus and hippocampus (60).
For whole brain TBSS analyses, mean FA values reduced over
time in GHR but increased for HV in the whole brain, the
right cingulum, and the left posterior thalamic radiation, with a
smaller increase in the right retrolenticular part of the internal
capsule (63). Two whole brain TBSS studies did not find altered
neurodevelopmental trajectories in HR, but instead found lower
FA at baseline (59) or through both timepoints (65). Of these,
Krakauer et al. (59) reported reduced FA in the right anterior
thalamic radiation (ATR), left corticospinal tract (CST) and
left superior longitudinal fasciculus (SLF), and Roalf et al. (65)
reported lower FA in the CST and in the cingulum bundle of
the hippocampus (CGH). Lower FA at baseline in the SLF may
normalize over time, as another TBSS study found that FA in this
tract increased over the course of 1 year in UHR subjects (59).
A study in an older age cohort (mean age 76 years) found that
polygenic risk score for schizophrenia correlated with increased
mean diffusivity over time in the splenium, arcuate, ATR and
cingulum, which may reflect reduced neuropil or increases in
cerebrospinal fluid (55).

Longitudinal Brain Trajectories in Subjects

That Transition to Psychosis

For studies of gray matter comparing HR groups based on
transition status (pre vs. post), 15 out of 19 studies report
altered gray matter trajectories in those whose symptoms
persist or transition to psychosis compared to those whose

symptoms remit or those who do not transition to psychosis.
Significant findings centered on the temporal (9 studies) and
frontal cortex (6 studies), with fewer findings in the parietal
lobe and anterior cingulate cortex (4 studies) (Table 3). Studies
consistently reported greater reductions in gray matter volume,
cortical thickness and surface area over time in those who
remained symptomatic or transitioned to psychosis, with the
exception of one study (29). In this study both resilient and non-
resilient CHR individuals showed decreased cortical thickness
over time in the superior temporal cortex and posterior cingulate
gyrus, which started out lower in non-resilient subjects, however,
the non-resilient group showed a slower rate of change than
the resilient group. Furthermore, in the anterior cingulate cortex
the study reported greater volume reductions over time in the
non-resilient CHR group but an increase in gyrification over
time. In general, studies comparing transition and non-transition
groups alongside HV found greater cortical thinning in frontal
and temporal lobes, as well as the caudate and insula, which
were not apparent in the non-transition group when compared
to HV (17, 20, 28, 32, 43, 44, 52).

For studies in CHR (rather than GHR), 11 out of 13 studies
report altered trajectories in subjects who were most unwell.
No studies in subjects with PE examined transitioned patients,
although one study subtyped PE subjects based on negative
symptom severity, finding widespread gray matter loss in those
with more severe negative symptoms (36). In GHR 4 out of 6
studies found significant longitudinal changes based on clinical
presentation (5 studies from the Edinburgh High-Risk cohort).
Differing results in GHR subjects from the Edinburgh High-Risk
cohort depend on the applied MRI analysis method. The most
reliable results are described by Bois et al. (33), which was one
of two studies in this cohort to apply correction for multiple
comparisons. In this study, cortical thickness did not change over
time according to clinical status, but differed in the whole GHR
group compared to HV. As GHR subjects were split into three
clinical groups; well, symptomatic and transitioned, this cohort
may have been under-powered to detect differences between
groups, and only a small proportion of participants transitioned
in this cohort (n = 8).

For white matter, only 5 studies examined whether brain
development differs in those who transition to psychosis and
those who do not (Table 4), and all found greater reductions
in white matter volume or FA in the former group, principally
in the corpus callosum (3 studies) and in white matter regions
near the superior fronto-occipital fasciculus (SFOF) (2 studies).
One study used DTT methods and found reduced FA over time
in transitioned subjects in a cluster of voxels in the anterior
limb of the left internal capsule (left ALIC), the body of the
corpus callosum (bCC), left superior corona radiata (SCR), and
left SFOF (64), with an increase over time in non-transitioned
subjects. Four studies measured white matter volume; 3 studies
found reduced volume over time in the corpus callosum, left
inferior frontal occipital fasciculus (IFOF), calcarine cortex, and
whole brain of transitioned subjects (28, 45, 53). The other study
of white matter found that corpus callosum volume reduced
over time in all groups (healthy volunteers, resilient and non-
resilient UHR) but that corpus callosum volume was highest in
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TABLE 4 | List of studies examining white matter, ticks indicate significant differences between groups either at baseline (BL) or a significant group x time interaction.

Dataset References BL: HR Time: HR Time: BL: Predict
vs.HV vs.HV CHR-T Transition

Significant brain regions for HR vs. HV over time

Significant brain regions for CHR-T

vs. CHR-NT over time

vs. ")
CHR-NT ” _ 2 w
5 3 k] 5
S b S ® ]
L2 1<) s 2 2
2 9 @ = £ 2
8 8 g g 3 e e e
= 2 = h X
2 3 g 28 % s 5 3 : 2 3 s 3
2 < ° H» £ g = © 0o 2 o 2 & o9
5 g E % g g T § g 5§ 3 § § E ° § % 3
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s 2 £ 333 ¢85 :EETEEofs 3 FORoEog
g 25§ 3 s sy gz S EE 5Lk
£ 6 & 6 8§ & » 2 £E @ E £ E & 3 8 = &£ &8 E & &
Sibling pair  Bransetal. NA X NA NA
cohort (26)
Dutch Ziermans X v v X <~ | Vol
Prediction etal. (28) Vol
Psychosis
De Witetal. NA X v NA 1
(29) Vol*
Edinburgh Moorhead NA X NA NA
Study et al. (35)
Co-morbidity
Ludwig- Koutsouleris  NA v v NA J Vol J Vol
Maximilians et al. (45)
PACE Walterfang ~ NA NA v v | Vol 1 Vol | Vol
et al. (53)
NIMH COS  Gogtay et al. X v NA NA <
study (54) Vol
LBC1936 Allozaetal. X v NA NA 4+ MD 4+ MD 4 MD 4t MD
birth cohort ~ (55)
Toho Katagiri et al. NA NA NA NA
University (56)
Saitoetal. v NA NA v
(57)
Katagirietal. v NA NA X
(58)
Copenhagen Krakauer v Effect of NA NA + FA
et al. (59) time
ADAPT Bernard et al. NA v NA v l <
(60) FA
Mittal etal. X v NA NA J FA
(61)
(Continued)
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TABLE 4 | Continued

Dataset References BL: HR Time: HRTime: BL: Predict Significant brain regions for HR vs. HV over time Significant brain regions for CHR-T
vs.HV vs.HV CHR-T Transition vs. CHR-NT over time
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Arrows indicate significant difference between groups over time in specified brain region, |, indicate a decrease in the HR or CHR-T group compared to HV or CHR-NT respectively, 1 indicate an increase and < indicate no change over
time in HR whereas an increase is seen in HV. HR, high risk; HV, healthy volunteer; CHR-T, clinical high risk transition; CHR-NT, no transition; NA, Not Applicable; Vol, white matter volume; MD, mean diffusivity; FA, fractional anisotropy;
SLF, superior longitudinal fasciculus; FA*, lower in HR vs. HV at both timepoints but no group x time interaction.
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resilient UHR, intermediate in HV and lowest in non-resilient
UHR (29). This contrasts with 2 studies reporting that the level
of reduced white matter volume over time was intermediate
in non-transitioned subjects between that seen in HV and
transitioned subjects (28, 45), although no studies using DTI
methods compared clinical subgroup trajectories to HV.

Cross-Sectional MRI Differences at

Baseline

Since the majority of studies find that “brain development” differs
in HR groups compared to HV, with the most pronounced
changes seen in subjects that transition to psychosis, this leaves
open the question of whether differences are present cross-
sectionally at the baseline timepoint. At baseline, 9 out of 14
studies report lower gray matter volume, cortical thickness, and
surface area in HR subjects compared to HV in the frontal
(5 studies), temporal (4 studies) and parietal lobe (4 studies)
(Table 3). As more studies report longitudinal differences (20 out
of 24), this suggests that longitudinal studies may have greater
sensitivity to detect differences in gray matter. For white matter,
a similar trend is seen, with 3 out of 9 studies finding lower
fractional anisotropy at baseline between HR and HYV, in the
corpus callosum, CST, SLE and ATR (Table 4), whereas 9 out of
13 studies detected longitudinal differences.

It is of interest whether baseline structural measures can
predict clinical outcome in HR, as this could guide clinical
interventions. At baseline, 9 out of 15 studies found lower gray
matter volumes in those who went on to transition compared
to those who did not, in the frontal (5 studies), parietal (4
studies), insula, and temporal lobe (3 studies). This is lower than
the proportion of studies that detected longitudinal differences
between clinical subgroups (15 out of 19 studies). For baseline
measures of white matter, 3 out of 6 studies found higher
white matter volume or FA in those who went on to transition
compared to those who did not, with higher volume in the
SLF and SFOF (53) and higher FA in the corpus callosum (57).
Also in CHR higher FA in hippocampal-thalamic tracts was
associated with more severe positive symptoms 12 months later
(60). Taken together with the longitudinal findings in the left
SFOF of transitioned subjects, it appears that those with higher
FA values and white matter volume at baseline show the largest
reductions over time. The proportion of studies finding white
matter differences at baseline is lower than the proportion of
studies that detected longitudinal differences between transition
and non-transition groups (5 out of 5 studies).

DISCUSSION

The aim of this systematic review was to examine whether
neurodevelopmental trajectories differ between (i) high risk
subjects (HR) compared to healthy volunteers (HV), and (ii)
those who transition to psychosis compared to those who do not.
HR subjects, regardless of subtype (CHR, GHR, and PE), show
an accelerated decline in gray matter primarily in the temporal
cortex, and also the frontal, cingulate and parietal cortex. In
those who remain symptomatic or transition to psychosis, there

70000

60000

Grey Matter

50000

40000

25 30

== Typical Development == High Risk Remitted == High Risk Transition

FIGURE 2 | Hypothetical trajectories of whole brain gray matter. In typical
development, gray matter volume and thickness reduce in late childhood, and
plateau in mid adulthood [blue line, based on (9)]. In high risk subjects, gray
matter volume and thickness is lower than healthy volunteers. In those whose
symptoms improve this deficit may persist (dashed green line) or recover (solid
green line). In those who transition to psychosis, lower gray matter is found at
baseline and longitudinally compared to non-transition subjects (red line).

was a greater reduction in these same brain regions. Altered
gray matter trajectories may normalize by early adulthood in HR
cohorts whose sub-threshold symptoms resolve, whereas brain
abnormalities progress in those whose symptoms do not remit.
White matter volume and diffusion anisotropy, which usually
increase until early adulthood, did not change or were reduced in
HR subjects, principally in the cingulum and thalamic radiation
amongst other regions including the cerebellum, retrolenticular
part of internal capsule, and tracts connecting the hippocampus
and thalamus. In subjects who transitioned to psychosis, there
was reduced FA or volume principally in the superior and inferior
fronto-occipital fasciculus and the corpus callosum, as well as the
anterior limb of the left internal capsule, superior corona radiata
and calcarine cortex.

In normal development, gray matter volume reduces from
late childhood until the early twenties as a result of synaptic
pruning and increased intra-cortical myelination (9, 66). Gray
matter declines first in somatosensory areas, and last in higher-
order association areas such as the dorsolateral prefrontal cortex,
inferior parietal, and superior temporal gyrus (67, 68). This
review suggests that latent vulnerability to schizophrenia is
associated with premature gray matter loss in multiple higher-
order brain regions. Diverging gray matter trajectories in the
frontal and temporal cortex of HR populations are consistent
with gray matter changes seen in schizophrenia (69, 70). In
studies which include a patient group, reduced gray matter in HR
appear to be intermediate between changes seen in schizophrenia
and HV (23, 24), although one study reports a similar decline
in cortical thickness in both patients and their healthy co-twins
(27) and one study reports reduced hippocampal volume in
schizophrenia patients but not GHR subjects (25).
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Brain development differs in those who go on to transition
from those who do not. Although greater reductions in temporal,
frontal, cingulate, and parietal lobe gray matter are observed in
HR subjects as a whole, more pronounced changes in these same
regions are observed in those who transition to schizophrenia,
particularly in the temporal cortex. A number of hypothetical
neurodevelopmental models may explain the diverging gray
matter trajectories in HR subjects depending on clinical outcome
(Figure 2). For HR subjects that do not transition, gray matter
volume may initially be lower than HV, but during adolescence
non-transition subjects have a slower trajectory of typical gray
matter loss, allowing typically developing subjects to “catch up”
to the same level of gray matter volume, as shown in the NIMH
cohort and the Barcelona cohort (21, 52). This infers premature
gray matter loss in HR or a neurodevelopmental deficit in gray
matter volume, which no longer differs from HV later on in
development. Alternatively, remitted HR subjects may retain this
deficit in gray matter volume, but to a lesser extent than that seen
in subjects who transition to psychosis. The former is most likely,
as studies generally do not find an intermediate level of gray
matter loss in remitted subjects compared to HV and transitioned
subjects (17, 20, 28, 43, 44, 52). Cognition may be affected in
HR subjects whose brain trajectories later “normalize,” as initial
gray matter deficits alongside protracted loss are associated with
poor intelligence (71), which is reported to be lower in GHR
groups (72).

Gray and white matter differences between transition and
non-transition subjects were more likely to be detected using
longitudinal measures than baseline measures, and thus may
offer predictive value to guide clinicians’ care. Recent studies infer
that cross-sectional brain structure measures offer additional
predictive value to using clinical ratings alone (14, 73).
Moreover, machine learning of “brain age,” the deviation
between chronological and neuroanatomical age, has successfully
identified CHR subjects from HV (74), further supporting the
presence of accelerated brain aging in these subjects. To date,
these multivariate models have not included cross-sectional or
longitudinal DTI measures or longitudinal measures of gray
matter. This review indicates that longitudinal studies better
capture subtle changes in brain maturation, and so these
measures may offer a higher degree of prediction accuracy.

White matter volume and diffusion anisotropy (measured
by FA) typically increase until early adulthood, however in
HR these measures did not change, reduced over time or
showed smaller increases compared to HV. ROI analyses in HR
reported reduced FA over time in the cerebellum and tracts
connecting the thalamus and hippocampus (60-62), whereas
whole brain analyses most commonly found reduced FA in
the thalamic radiation and cingulum in HR subjects compared
to HV (55, 63, 65). Some studies did not find an interaction
between group and time, and instead report lower FA at
both timepoints in the SLF, ATR, corticospinal tracts, and the
cingulum (59, 65). The absence of an interaction may occur
when FA values stabilize in HV in mid-adulthood. Reduced FA is
consistent with findings in schizophrenia, which are widespread
throughout the brain, with the strongest effect in the anterior
corona radiata and corpus callosum (75, 76). When psychotic

disorder patients were examined alongside HR groups, baseline
FA was lowest in patients, intermediate in CHR and highest
in controls (64). Psychotic disorder patients had lower whole-
brain mean FA at both timepoints, whereas FA reduced over
time in GHR and slightly increased in HV (63). This suggests
accelerated aging begins in prodromal individuals, which creates
a later deficit when psychosis emerges. Depending on age,
lower FA may represent delayed neurodevelopment (before mid-
adulthood) or premature aging (after mid-adulthood) (Figure 3).
Another possible interpretation would be an overdevelopment of
secondary white matter pathways in HR, causing reduced FA in
regions with increased crossing fibers.

It is unclear whether altered white matter development
“recovers” in HR, as although one study found that slower
white matter growth normalized by age 14 (54), the majority
of studies detected reduced FA and volume after this age.
Instead the level of white matter volume reduction may
be intermediate in non-transitioned subjects between that of
transitioned subjects and HV (28, 45), meaning that non-
transitioned subjects show a neurodevelopmental deficit which
may not recover. Alternatively, white matter volume or FA
may increase in non-transitioned subjects as a compensatory
process; one study found that FA increased over time in
these subjects but reduced in those who transitioned (64),
and one study reported that corpus callosum volume reduced
over time in all groups, but was consistently larger in
resilient UHR, intermediate in HV and lowest
resilient UHR groups (29). Therefore, further work is needed
to establish whether low FA in HR represents a stable
deficit, accelerated aging or a neurodevelopmental delay
which recovers.

In those who transition, reduced volume or FA over time
was principally reported in the IFOF, the SFOF and the corpus
callosum, as well as the anterior limb of the internal capsule
and superior corona radiata, which are white matter regions
showing the strongest alterations in schizophrenia (76). Cross-
sectional studies report higher white matter volume and FA at
baseline in those who went on to transition compared to those
who did not, in a number of brain regions (57, 60) including
the SFOF (53). If white matter integrity then reduces over time,
this could suggest premature development and aging of white
matter in transitioned subjects. Although longitudinal studies
assessed here generally found higher FA at baseline, this is in
contrast with the wider cross-sectional literature (11). Further
studies in those who go on to transition are needed to conclude
whether FA is initially higher (premature development) or lower
(neurodevelopmental deficit), which then progressively reduces
beyond that seen in non-transition subjects (neurodegenerative)
(Figure 3).

There are significantly fewer longitudinal studies investigating
white matter compared to gray matter in HR, in particular
those examining white matter in transition and non-transition
subjects, which were limited to small sample sizes (ranging
from n = 5 to n 18). Eight studies measured white
matter volume, which (a) has less anatomical specificity than
tractography and (b) are inherently coarser measures than
the microstructural metrics offered by DTI. Ten studies used

in non-
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FIGURE 3 | Hypothetical trajectories of whole brain white matter. For typical white matter development, fractional anisotropy values peak in mid adulthood, and
reduce around age 40, with a steep decline after age 60 [blue line, based on (77)]. Lower FA values are observed in high risk subjects; which may be stable over time
(green line), or reflect a neurodevelopmental delay which recovers over time (dashed green line). In patients who transition, pre-mature development and aging may
occur (red line), as some studies find higher FA levels in CHR-T subjects at baseline and a greater reduction over time. Alternatively those who go on to transition may
possess initial deficits which later progress further than non-transition subjects (red dashed line).

DTI, half of which focused on ROI or specific tract analyses  than those seen in schizophrenia, it is recommended that
rather than whole-brain approaches, which may not provide a  future studies use a priori small volume correction (SVC) in
complete picture of white matter differences between groups.  regions of interest, such as the medial temporal lobe. For
The specificity of the observed white-matter changes is limited,  example, one study detected gray matter loss in those with
even with DTI, as they are often reported in regions of  psychotic experiences compared to those without, but only when
overlapping tracts and complex white matter microstructure. =~ SVC was applied in the temporal lobe (35). Brain differences
For example, the reported alterations in transitioned subjects in HR are not global, or localized to discrete regions, but
point toward areas of crossing or overlapping fibers in the instead appear to affect certain networks such as the fronto-
frontal lobe, which these studies have referred to as the  parietal, and limbic-temporal networks. Although SVC will
SFOF. The existence of the SFOF in humans has been increase the power to detect subtle changes, these must be
disputed (78-80), and the results from these studies may  complemented with whole brain and network based approaches.
instead refer to corticostriatal and thalamic peduncle fibers Lastly, an important issue in the reporting of MRI studies
interconnecting the cortex with the striatum and the thalamus.  is publication bias, which cannot be formally assessed by
More advanced diffusion-weighted MRI techniques based on  a systematic review. A number of studies examined brain
multi-shell MRI acquisition sequences can derive more detailed  changes over time in HR and HV groups separately, whereas
measures of the cellular environment, and will help to future studies should report interaction analyses between group
disentangle which specific tracts underlie the white matter  and time.
changes (81). In conclusion, HR subjects show accelerated gray matter
The studies included in the systematic review have a  loss in the temporal, frontal, cingulate and parietal cortex.
number of limitations. Firstly, the majority of studies include  This is alongside reduced white matter volume and reduced
participants who are taking antipsychotic medication. Treatment =~ FA over time in the thalamic radiation and cingulum, which
with antipsychotics is associated with reductions in global may reflect a neurodevelopmental deficit in white matter
gray matter volume and enlarged lateral ventricles (82). This  maturation or premature aging. Over time gray matter
can bias results, particularly if the majority of the transition  trajectories may converge between HR and HV groups,
group are medicated whereas the non-transition group are  but not in those who remain symptomatic or transition
not (41). However, in the largest study to date, reductions to disease. Transitioned subjects show progressive gray
in cortical thickness in those who transitioned remained  matter reductions in the temporal and frontal lobes, and
significant when analyses were restricted to unmedicated reduced white matter in the SFOE IFOF corpus callosum,
subjects (17), whilst another study found trend-level associations ~ and corona radiata, on a continuum with that seen in
after excluding medicated subjects (52). Future studies could  schizophrenia. Longitudinal gray and white matter measures
make use of sampling psychotic experiences in the general — were more likely to detect differences between transition
population, which were examined by 5 studies in this review.  and non-transition subjects than baseline measures, and
These samples are not help seeking, and thus rarely receive  thus may offer predictive value to guide clinicians’ care.
antipsychotic medication. The availability of advanced neuroimaging technologies will
The majority of studies were of low to medium quality, allow future studies to better track white matter changes
and a third of studies examining gray matter did not correct in the prodrome, which may offer promising markers of
for multiple comparisons. As changes in HR are more subtle clinical outcome.

Frontiers in Psychiatry | www.frontiersin.org 15 February 2021 | Volume 12 | Article 620401


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Merritt et al.

Longitudinal MRI in High-Risk Psychosis

DATA AVAILABILITY STATEMENT

The original contributions generated in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

KM, PL, and AL extracted data. KM, PL, and AD: wrote the
manuscript. All authors: contributed to the article and approved
the submitted version.

REFERENCES

1. Davis J, Eyre H, Jacka FN, Dodd S, Dean O, McEwen S, et al.
A of vulnerability schizophrenia:  beyond
the two hit hypothesis. Neurosci Biobehav Rev. (2016) 65:185-94.
doi: 10.1016/j.neubiorev.2016.03.017

2. Seiler N, Nguyen T, Yung A, O’Donoghue B. Terminology and assessment
tools of psychosis: a systematic narrative review. Psychiatry Clin Neurosci.
(2020) 74:226-46. doi: 10.1111/pcn.12966

3. Fusar-Poli P, Bonoldi I, Yung AR, Borgwardt S, Kempton MJ, Valmaggia
L, et al. Predicting psychosis: meta-analysis of transition outcomes in
individuals at high clinical risk. Arch Gen Psychiatry. (2012) 69:220-9.
doi: 10.1001/archgenpsychiatry.2011.1472

4. Johnstone EC, Abukmeil SS, Byrne M, Clafferty R, Grant E, Hodges A,
et al. Edinburgh high risk study—Findings after four years: demographic,
attainment and psychopathological issues. Schizophr Res. (2000) 46:1-15.
doi: 10.1016/50920-9964(99)00225-X

5. Sullivan SA, Kounali D, Cannon M, David AS, Fletcher PC, Holmans
P, et al. A population-based cohort study examining the incidence
and impact of psychotic experiences from childhood to adulthood, and
prediction of psychotic disorder. Am ] Psychiatry. (2020) 177:308-17.
doi: 10.1176/appi.ajp.2019.19060654

6. Fusar-Poli P, Radua J, McGuire P, Borgwardt S. Neuroanatomical maps
of psychosis onset: voxel-wise meta-analysis of antipsychotic-naive VBM
studies. Schizophr Bull. (2012) 38:1297-307. doi: 10.1093/schbul/sbr134

7. Ding Y, Ou Y, Pan P, Shan X, Chen J, Liu F et al. Brain structural
abnormalities as potential markers for detecting individuals with ultra-high
risk for psychosis: a systematic review and meta-analysis. Schizophr Res. (2019)
209:22-31. doi: 10.1016/j.schres.2019.05.015

8. Palaniyappan L. Progressive cortical reorganisation: a framework for
investigating structural changes in schizophrenia. Neurosci Biobehav Rev.
(2017) 79:1-13. doi: 10.1016/j.neubiorev.2017.04.028

9. Mills KL, Goddings AL, Herting MM, Meuwese R, Blakemore SJ, Crone

EA, et al. Structural brain development between childhood and adulthood:

convergence across four longitudinal samples. Neuroimage. (2016) 141:273-

81. doi: 10.1016/j.neuroimage.2016.07.044

Hagmann P, Sporns O, Madan N, Cammoun L, Pienaar R, Wedeen V],

et al. White matter maturation reshapes structural connectivity in the late

developing human brain. Proc Natl Acad Sci U S A. (2010) 107:19067-72.

doi: 10.1073/pnas.1009073107

Karlsgodt HK, Jacobson CS, Seal M, Fusar-Poli P. The relationship of

developmental changes in white matter to the onset of psychosis. Curr Pharm

Des. (2012) 18:422-33. doi: 10.2174/138161212799316073

Smieskova R, Fusar-Poli P, Allen P, Bendfeldt K, Stieglitz RD, Drewe

J, et al. Neuroimaging predictors of transition to psychosis—a systematic

review and meta-analysis. Neurosci Biobehav Rev. (2010) 34:1207-22.

doi: 10.1016/j.neubiorev.2010.01.016

Mechelli A, Riecher-Rossler A, Meisenzahl EM, Tognin S, Wood §J,

Borgwardt SJ, et al. Neuroanatomical abnormalities that predate the onset

of psychosis: a multicenter study. Arch Gen Psychiatry. (2011) 68:489-95.

doi: 10.1001/archgenpsychiatry.2011.42

review and risks for

10.

11.

12.

13.

FUNDING

This work was
Reference MR/S003436/1.

supported by  MRC  Grant

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2021.620401/full#supplementary-material

. Koutsouleris N, Kambeitz-Ilankovic L, Ruhrmann S, Rosen M, Ruef
A, Dwyer DB, et al. Prediction models of functional outcomes for
individuals in the clinical high-risk state for psychosis or with recent-onset
depression. JAMA Psychiatry. (2018) 75:1156. doi: 10.1001/jamapsychiatry.20
18.2165

. Katagiri N, Pantelis C, Nemoto T, Tsujino N, Saito ], Hori M, et al.
Longitudinal changes in striatum and sub-threshold positive symptoms
in individuals with an ’at risk mental state’ (ARMS). Psychiatry Res
Neuroimaging. (2019) 285:25-30. doi: 10.1016/j.pscychresns.2019.01.008

. Damme KSE, Gupta T, Nusslock R, Bernard JA, Orr JM, Mittal VA. Cortical
morphometry in the psychosis risk period: a comprehensive perspective of
surface features. Biol Psychiatry Cogn Neurosci Neuroimaging. (2019) 4:434-
43. doi: 10.1016/j.bpsc.2018.01.003

. Cannon TD, Chung Y, He G, Sun D, Jacobson A, Van Erp TGM, et al.
Progressive reduction in cortical thickness as psychosis develops: a multisite
longitudinal neuroimaging study of youth at elevated clinical risk. Biol
Psychiatry. (2015) 77:147-57. doi: 10.1016/j.biopsych.2014.05.023

. Chung Y, Jacobson A, He G, van Erp TGM, McEwen S, Addington
J, et al. Prodromal symptom severity predicts accelerated gray matter
reduction and third ventricle expansion among clinically high-risk youth
developing psychotic disorders. Mol Neuropsychiatry. (2015) 1:13-22.
doi: 10.1159/000371887

. Chung Y, Haut KM, He G, van Erp TGM, McEwen S, Addington J, et al.

Ventricular enlargement and progressive reduction of cortical gray matter

are linked in prodromal youth who develop psychosis. Schizophr Res. (2017)

189:169-74. doi: 10.1016/j.schres.2017.02.014

Ho NE Holt DJ, Cheung M, Iglesias JE, Goh A, Wang M, et al. Progressive

decline in hippocampal CA1l volume in individuals at ultra-high-risk for

psychosis who do not remit: findings from the longitudinal youth at risk study.

Neuropsychopharmacology. (2017) 42:1361-70. doi: 10.1038/npp.2017.5

Gogtay N, Greenstein D, Lenane M, Clasen L, Sharp W, Gochman P,

et al. Cortical brain development in nonpsychotic siblings of patients

with childhood-onset schizophrenia. Arch Gen Psychiatry. (2007) 64:772-80.

doi: 10.1001/archpsyc.64.7.772

Mattai AA, Weisinger B, Greenstein D, Stidd R, Clasen L, Miller R,

et al. Normalization of cortical gray matter deficits in nonpsychotic

siblings of patients with childhood-onset schizophrenia. | Am Acad

Child Adolesc  Psychiatry. (2011) 50:697-704. doi: 10.1016/j.jaac.2011.

03.016

Zalesky A, Pantelis C, Cropley V, Fornito A, Cocchi L, McAdams H,

et al. Delayed development of brain connectivity in adolescents with

schizophrenia and their unaffected siblings. JAMA Psychiatry. (2015) 72:900-

8. doi: 10.1001/jamapsychiatry.2015.0226

Greenstein D, Lenroot R, Clausen L, Chavez A, Vaituzis AC, Tran

L, et al. Cerebellar development in childhood onset schizophrenia and

non-psychotic siblings. Psychiatry Res Neuroimaging. (2011) 193:131-7.

doi: 10.1016/j.pscychresns.2011.02.010

Mattai A, Hosanagar A, Weisinger B, Greenstein D, Stidd R, Clasen

L, et al. Hippocampal volume development in healthy siblings of

childhood-onset schizophrenia patients. Am J Psychiatry. (2011) 168:427-35.

doi: 10.1176/appi.ajp.2010.10050681

20.

21.

22.

23.

24.

25.

Frontiers in Psychiatry | www.frontiersin.org

16

February 2021 | Volume 12 | Article 620401


https://www.frontiersin.org/articles/10.3389/fpsyt.2021.620401/full#supplementary-material
https://doi.org/10.1016/j.neubiorev.2016.03.017
https://doi.org/10.1111/pcn.12966
https://doi.org/10.1001/archgenpsychiatry.2011.1472
https://doi.org/10.1016/S0920-9964(99)00225-X
https://doi.org/10.1176/appi.ajp.2019.19060654
https://doi.org/10.1093/schbul/sbr134
https://doi.org/10.1016/j.schres.2019.05.015
https://doi.org/10.1016/j.neubiorev.2017.04.028
https://doi.org/10.1016/j.neuroimage.2016.07.044
https://doi.org/10.1073/pnas.1009073107
https://doi.org/10.2174/138161212799316073
https://doi.org/10.1016/j.neubiorev.2010.01.016
https://doi.org/10.1001/archgenpsychiatry.2011.42
https://doi.org/10.1001/jamapsychiatry.2018.2165
https://doi.org/10.1016/j.pscychresns.2019.01.008
https://doi.org/10.1016/j.bpsc.2018.01.003
https://doi.org/10.1016/j.biopsych.2014.05.023
https://doi.org/10.1159/000371887
https://doi.org/10.1016/j.schres.2017.02.014
https://doi.org/10.1038/npp.2017.5
https://doi.org/10.1001/archpsyc.64.7.772
https://doi.org/10.1016/j.jaac.2011.03.016
https://doi.org/10.1001/jamapsychiatry.2015.0226
https://doi.org/10.1016/j.pscychresns.2011.02.010
https://doi.org/10.1176/appi.ajp.2010.10050681
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Merritt et al.

Longitudinal MRI in High-Risk Psychosis

26. Brans RGH, Van Haren NEM, Van Baal GCM, Staal WG, Schnack HG, Kahn 44. Takahashi T, Wood S], Yung AR, Phillips LJ, Soulsby B, McGorry
RS, et al. Longitudinal MRI study in schizophrenia patients and their healthy PD, et al. Insular cortex gray matter changes in individuals at ultra-
siblings. Br ] Psychiatry. (2008) 193:422-3. doi: 10.1192/bjp.bp.107.041467 high-risk of developing psychosis. Schizophr Res. (2009) 111:94-102.

27. Hedman AM, van Haren NEM, van Baal GCM, Brouwer RM, Brans RGH, doi: 10.1016/j.schres.2009.03.024
Schnack HG, et al. Heritability of cortical thickness changes over time in 45. Koutsouleris N, Gaser C, Bottlender R, Davatzikos C, Decker P, Jiger M,
twin pairs discordant for schizophrenia. Schizophr Res. (2016) 173:192-9. et al. Use of neuroanatomical pattern regression to predict the structural brain
doi: 10.1016/j.schres.2015.06.021 dynamics of vulnerability and transition to psychosis. Schizophr Res. (2010)

28. Ziermans TB, Schothorst PE Schnack HG, Koolschijn CMPP, Kahn RS, van 123:175-87. doi: 10.1016/j.schres.2010.08.032
Engeland H, et al. Progressive structural brain changes during development 46. Bhojraj TS, Sweeney JA, Prasad KM, Eack S, Rajarethinam R, Francis AN,
of psychosis. Schizophr Bull. (2012) 38:519-30. doi: 10.1093/schbul/sbq113 et al. Progressive alterations of the auditory association areas in young non-

29. de Wit S, Wierenga LM, Oranje B, Ziermans TB, Schothorst PE, van Engeland psychotic offspring of schizophrenia patients. J Psychiatr Res. (2011) 45:205-
H, et al. Brain development in adolescents at ultra-high risk for psychosis: 12. doi: 10.1016/j.jpsychires.2010.05.018
longitudinal changes related to resilience. NeuroImage Clin. (2016) 12:542-9. 47. Bhojraj TS, Sweeney JA, Prasad KM, Eack SM, Francis AN, Miewald JM,
doi: 10.1016/j.nicl.2016.08.013 et al. Gray matter loss in young relatives at risk for schizophrenia: relation

30. Lawrie SM, Whalley H, Abukmeil SS, Kestelman JN, Miller P, Best with prodromal psychopathology. Neuroimage. (2011) 54(Suppl. 1):5272-9.
JJK, et al. Temporal lobe volume changes in people at high risk of doi: 10.1016/j.neuroimage.2010.04.257
schizophrenia with psychotic symptoms. Br ] Psychiatry. (2002) 181:138-43. 48. Prasad KM, Goradia D, Eack S, Rajagopalan M, Nutche J, Magge T, et al.
doi: 10.1017/S0007125000161860 Cortical surface characteristics among offspring of schizophrenia subjects.

31. Job DE, Whalley HC, Johnstone EC, Lawrie SM. Grey matter changes over Schizophr Res. (2010) 116:143-51. doi: 10.1016/j.schres.2009.11.003
time in high risk subjects developing schizophrenia. Neuroimage. (2005) 49. Yu T, Jia T, Zhu L, Desrivieres S, Macare C, Bi Y, et al. Cannabis-associated
25:1023-30. doi: 10.1016/j.neuroimage.2005.01.006 psychotic-like experiences are mediated by developmental changes in the

32. Mcintosh AM, Owens DC, Moorhead W], Whalley HC, Stanfield AC, Hall Parahippocampal gyrus. ] Am Acad Child Adolesc Psychiatry. (2020) 59:642-9.
], et al. Longitudinal volume reductions in people at high genetic risk of doi: 10.1016/j.jaac.2019.05.034
schizophrenia as they develop psychosis. Biol Psychiatry. (2011) 69:953-8. 50. Calvo A, Roddy DW, Coughlan H, Kelleher I, Healy C, Harley M, et al.
doi: 10.1016/j.biopsych.2010.11.003 Reduced hippocampal volume in adolescents with psychotic experiences:

33. Bois C, Ronan L, Levita L, Whalley HC, Giles S, McIntosh AM, a longitudinal population-based study. PLoS ONE. (2020) 15:€0233670.
et al. Cortical surface area differentiates familial high risk individuals doi: 10.1371/journal.pone.0233670
who go on to develop schizophrenia. Biol Psychiatry. (2015) 78:413-20. 51. Sugranyes G, Solé-Padullés C, de la Serna E, Borras R, Romero S, Sanchez-
doi: 10.1016/j.biopsych.2014.12.030 Gistau V; et al. Cortical morphology characteristics of young offspring of

34. Bois C, Levita L, Ripp I, Owens DCG, Johnstone EC, Whalley HC, patients with schizophrenia or bipolar disorder. ] Am Acad Child Adolesc
et al. Longitudinal changes in hippocampal volume in the Edinburgh Psychiatry. (2017) 56:79-88. doi: 10.1016/.jaac.2016.09.516
High Risk Study of Schizophrenia. Schizophr Res. (2016) 173:146-51. 52. Sugranyes G, de la Serna E, Ilzarbe D, Pariente JC, Borras R, Romero S,
doi: 10.1016/j.schres.2014.12.003 et al. Brain structural trajectories in youth at familial risk for schizophrenia or

35. Moorhead TWJ, Stanfield A, Spencer M, Hall ], McIntosh A, Owens DC, et al. bipolar disorder according to development of psychosis spectrum symptoms.
Progressive temporal lobe grey matter loss in adolescents with schizotypal ] Child Psychol Psychiatry Allied Discip. (2020) doi: 10.1111/jcpp.13321. [Epub
traits and mild intellectual impairment. Psychiatry Res Neuroimaging. (2009) ahead of print].

174:105-9. doi: 10.1016/j.pscychresns.2009.04.003 53. Walterfang M, McGuire PK, Yung AR, Phillips L], Velakoulis D, Wood §J,

36. McKechanie AG, Moorhead TWJ, Stanfield AC, Whalley HC, Johnstone EC, et al. White matter volume changes in people who develop psychosis. Br |
Lawrie SM, et al. Negative symptoms and longitudinal grey matter tissue loss Psychiatry. (2008) 193:210-5. doi: 10.1192/bjp.bp.107.043463
in adolescents at risk of psychosis: preliminary findings from a 6-year follow- 54. Gogtay N, Hua X, Stidd R, Boyle CP, Lee S, Weisinger B, et al. Delayed
up study. Br ] Psychiatry. (2016) 208:565-70. doi: 10.1192/bjp.bp.114.154526 white matter growth trajectory in young nonpsychotic siblings of patients

37. Walter A, Studerus E, Smieskova R, Tamagni C, Rapp C, Borgwardt SJ, et al. with childhood-onset schizophrenia. Arch Gen Psychiatry. (2012) 69:875-84.
Pituitary gland volume in at-risk mental state for psychosis: a longitudinal doi: 10.1001/archgenpsychiatry.2011.2084
MRI analysis. CNS Spectr. (2015) 20:122-9. doi: 10.1017/5109285291400011X 55. Alloza C, Cox SR, Blesa Cébez M, Redmond P, Whalley HC, Ritchie SJ, et al.

38. Walter A, Studerus E, Smieskova R, Kuster P, Aston ], Lang UE, et al. Polygenic risk score for schizophrenia and structural brain connectivity in
Hippocampal volume in subjects at high risk of psychosis: a longitudinal MRI older age: a longitudinal connectome and tractography study. Neuroimage.
study. Schizophr Res. (2012) 142:217-22. doi: 10.1016/j.schres.2012.10.013 (2018) 183:884-96. doi: 10.1016/j.neuroimage.2018.08.075

39. Borgwardt S], McGuire PK, Aston ], Gschwandtner U, Pfliiger MO, 56. Katagiri N, Pantelis C, Nemoto T, Tsujino N, Saito J, Hori M, et al. Symptom
Stieglitz RD, et al. Reductions in frontal, temporal and parietal volume recovery and relationship to structure of corpus callosum in individuals
associated with the onset of psychosis. Schizophr Res. (2008) 106:108-14. with an ‘at risk mental state.” Psychiatry Res Neuroimaging. (2018) 272:1-6.
doi: 10.1016/j.schres.2008.08.007 doi: 10.1016/j.pscychresns.2017.11.016

40. Fusar-Poli P, Crossley N, Woolley J, Carletti F, Perez-Iglesias R, Broome M, 57. Saito J, Hori M, Nemoto T, Katagiri N, Shimoji K, Ito S, et al. Longitudinal
et al. Gray matter alterations related to P300 abnormalities in subjects at study examining abnormal white matter integrity using a tract-specific
high risk for psychosis: longitudinal MRI-EEG study. Neuroimage. (2011) analysis in individuals with a high risk for psychosis. Psychiatry Clin Neurosci.
55:320-8. doi: 10.1016/j.neuroimage.2010.11.075 (2017) 71:530-41. doi: 10.1111/pcn.12515

41. Pantelis C, Velakoulis D, McGorry PD, Wood SJ, Suckling J, Phillips LJ, 58. Katagiri N, Pantelis C, Nemoto T, Zalesky A, Hori M, Shimoji K, et al. A
et al. Neuroanatomical abnormalities before and after onset of psychosis: a longitudinal study investigating sub-threshold symptoms and white matter
cross-sectional and longitudinal MRI comparison. Lancet. (2003) 361:281-8. changes in individuals with an “at risk mental state” (ARMS). Schizophr Res.
doi: 10.1016/S0140-6736(03)12323-9 (2015) 162:7-13. doi: 10.1016/j.schres.2015.01.002

42. Sun D, Phillips L, Velakoulis D, Yung A, McGorry PD, Wood ], 59. Krakauer K, Nordentoft M, Glenthgj BY, Raghava JM, Nordholm D,
et al. Progressive brain structural changes mapped as psychosis Randers L, et al. White matter maturation during 12 months in individuals
develops in “at risk” individuals. Schizophr Res. (2009) 108:85-92. at ultra-high-risk for psychosis. Acta Psychiatr Scand. (2018) 137:65-78.
doi: 10.1016/j.schres.2008.11.026 doi: 10.1111/acps.12835

43. Takahashi T, Wood SJ, Yung AR, Soulsby B, McGorry PD, Suzuki M, 60. Bernard JA, Orr JM, Mittal VA. Abnormal hippocampal-thalamic
et al. Progressive gray matter reduction of the superior temporal gyrus white matter tract development and positive symptom course in
during transition to psychosis. Arch Gen Psychiatry. (2009) 66:366-76. individuals at ultra-high risk for psychosis. NPJ Schizophr. (2015) 1:15009.
doi: 10.1001/archgenpsychiatry.2009.12 doi: 10.1038/npjschz.2015.9

Frontiers in Psychiatry | www.frontiersin.org 17 February 2021 | Volume 12 | Article 620401


https://doi.org/10.1192/bjp.bp.107.041467
https://doi.org/10.1016/j.schres.2015.06.021
https://doi.org/10.1093/schbul/sbq113
https://doi.org/10.1016/j.nicl.2016.08.013
https://doi.org/10.1017/S0007125000161860
https://doi.org/10.1016/j.neuroimage.2005.01.006
https://doi.org/10.1016/j.biopsych.2010.11.003
https://doi.org/10.1016/j.biopsych.2014.12.030
https://doi.org/10.1016/j.schres.2014.12.003
https://doi.org/10.1016/j.pscychresns.2009.04.003
https://doi.org/10.1192/bjp.bp.114.154526
https://doi.org/10.1017/S109285291400011X
https://doi.org/10.1016/j.schres.2012.10.013
https://doi.org/10.1016/j.schres.2008.08.007
https://doi.org/10.1016/j.neuroimage.2010.11.075
https://doi.org/10.1016/S0140-6736(03)12323-9
https://doi.org/10.1016/j.schres.2008.11.026
https://doi.org/10.1001/archgenpsychiatry.2009.12
https://doi.org/10.1016/j.schres.2009.03.024
https://doi.org/10.1016/j.schres.2010.08.032
https://doi.org/10.1016/j.jpsychires.2010.05.018
https://doi.org/10.1016/j.neuroimage.2010.04.257
https://doi.org/10.1016/j.schres.2009.11.003
https://doi.org/10.1016/j.jaac.2019.05.034
https://doi.org/10.1371/journal.pone.0233670
https://doi.org/10.1016/j.jaac.2016.09.516
https://doi.org/10.1111/jcpp.13321
https://doi.org/10.1192/bjp.bp.107.043463
https://doi.org/10.1001/archgenpsychiatry.2011.2084
https://doi.org/10.1016/j.neuroimage.2018.08.075
https://doi.org/10.1016/j.pscychresns.2017.11.016
https://doi.org/10.1111/pcn.12515
https://doi.org/10.1016/j.schres.2015.01.002
https://doi.org/10.1111/acps.12835
https://doi.org/10.1038/npjschz.2015.9
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Merritt et al.

Longitudinal MRI in High-Risk Psychosis

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mittal VA, Dean DJ, Bernard JA, Orr JM, Pelletier-Baldelli A, Carol
EE, et al. Neurological soft signs predict abnormal cerebellar-thalamic
tract development and negative symptoms in adolescents at high risk for
psychosis: a longitudinal perspective. Schizophr Bull. (2014) 40:1204-15.
doi: 10.1093/schbul/sbt199

Bernard JA, Orr JM, Mittal VA. Cerebello-thalamo-cortical networks predict
positive symptom progression in individuals at ultra-high risk for psychosis.
Neurolmage Clin. (2017) 14:622-8. doi: 10.1016/j.nicl.2017.03.001

Domen P, Peeters S, Michielse S, Gronenschild E, Viechtbauer W, Roebroeck
A, et al. Differential time course of microstructural white matter in patients
with psychotic disorder and individuals at risk: a 3-year follow-up study.
Schizophr Bull. (2017) 43:160-70. doi: 10.1093/schbul/sbw061

Carletti £, Woolley JB, Bhattacharyya S, Perez-Iglesias R, Fusar Poli P,
Valmaggia L, et al. Alterations in white matter evident before the onset of
psychosis. Schizophr Bull. (2012) 38:1170-9. doi: 10.1093/schbul/sbs053
Roalf DR, de la Garza AG, Rosen A, Calkins ME, Moore TM, Quarmley
M, et al. Alterations in white matter microstructure in individuals
at persistent risk for psychosis. Mol Psychiatry. (2019) 25:2441-54.
doi: 10.1038/s41380-019-0360-1

Paus T. Mapping brain maturation and cognitive development during
adolescence. Trends Cogn Sci. (2005) 9:60-8. doi: 10.1016/j.tics.2004.12.008
Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC,
et al. Dynamic mapping of human cortical development during childhood
through early adulthood. Proc Natl Acad Sci USA. (2004) 101:8174-9.
doi: 10.1073/pnas.0402680101

Giedd JN. Structural magnetic resonance imaging of the adolescent brain. Ann
NY Acad Sci. (2004) 1021:77-85. doi: 10.1196/annals.1308.009

Hulshoff Pol HE, Kahn RS. What happens after the first episode? A review
of progressive brain changes in chronically ill patients with schizophrenia.
Schizophr Bull. (2008) 34:354-66. doi: 10.1093/schbul/sbm168

van Erp TGM, Walton E, Hibar DP, Schmaal L, Jiang W, Glahn DC, et al.
Cortical brain abnormalities in 4474 individuals with schizophrenia and
5098 control subjects via the enhancing neuro imaging genetics through
meta analysis (ENIGMA) consortium. Biol Psychiatry. (2018) 84:644-54.
doi: 10.1016/j.biopsych.2018.04.023

Shaw P, Greenstein D, Lerch J, Clasen L, Lenroot R, Gogtay N, et al. Intellectual
ability and cortical development in children and adolescents. Nature. (2006)
440:676-9. doi: 10.1038/nature04513

Gochman PA, Greenstein D, Sporn A, Gogtay N, Nicolson R, Keller A, et al.
Childhood onset schizophrenia: familial neurocognitive measures. Schizophr
Res. (2004) 71:43-7. doi: 10.1016/j.schres.2004.01.012

Schmidt A, Cappucciati M, Radua ], Rutigliano G, Rocchetti M, Dell'Osso
L, et al. Improving prognostic accuracy in subjects at clinical high
risk for psychosis: systematic review of predictive models and meta-
analytical sequential testing simulation. Schizophr Bull. (2017) 43:375-88.
doi: 10.1093/schbul/sbw098

74.

75.

76.

77.

78.

79.

80.

81.

82.

Koutsouleris N, Davatzikos C, Borgwardt S, Gaser C, Bottlender R,
Frodl T, et al. Accelerated brain aging in schizophrenia and beyond: a
neuroanatomical marker of psychiatric disorders. Schizophr Bull. (2014)
40:1140-53. doi: 10.1093/schbul/sbt142

Kochunov P, Hong LE. Neurodevelopmental and neurodegenerative models
of schizophrenia: white matter at the center stage. Schizophr Bull. (2014)
40:721-8. doi: 10.1093/schbul/sbu070

Kelly S, Jahanshad N, Zalesky A, Kochunov P, Agartz I, Alloza C, et al.
Widespread white matter microstructural differences in schizophrenia across
4322 individuals: results from the ENIGMA Schizophrenia DTI Working
Group. Mol Psychiatry. (2018) 23:1261-9. doi: 10.1038/mp.2017.170

Westlye LT, Walhovd KB, Dale AM, Bjornerud A, Due-Tonnessen P, Engvig
A, et al. Life-span changes of the human brain white matter: diffusion
tensor imaging (DTI) and volumetry. Cereb Cortex. (2010) 20:2055-68.
doi: 10.1093/cercor/bhp280

Bao Y, Wang Y, Wang W, Wang Y. The superior fronto-occipital fasciculus
in the human brain revealed by diffusion spectrum imaging tractography:
an anatomical reality or a methodological artifact? Front Neuroanat. (2017)
11:119. doi: 10.3389/fnana.2017.00119

Meola A, Comert A, Yeh FC, Stefaneanu L, Fernandez-Miranda JC. The
controversial existence of the human superior fronto-occipital fasciculus:
connectome-based tractographic study with microdissection validation. Hum
Brain Mapp. (2015) 36:4964-71. doi: 10.1002/hbm.22990

Liu X, Kinoshita M, Shinohara H, Hori O, Ozaki N, Nakada M. Does the
superior fronto-occipital fascicle exist in the human brain? Fiber dissection
and brain functional mapping in 90 patients with gliomas. NeuroImage Clin.
(2020) 25:102192. doi: 10.1016/j.nicl.2020.102192

Novikov DS, Fieremans E, Jespersen SN, Kiselev VG. Quantifying brain
microstructure with diffusion MRI: theory and parameter estimation. NMR
Biomed. (2019) 32:3998. doi: 10.1002/nbm.3998

Fusar-Poli P, Smieskova R, Kempton MJ, Ho BC, Andreasen NC, Borgwardt
S. Progressive brain changes in schizophrenia related to antipsychotic
treatment? A meta-analysis of longitudinal MRI studies. Neurosci Biobehav
Rev. (2013) 37:1680-91. doi: 10.1016/j.neubiorev.2013.06.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Merritt, Luque Laguna, Irfan and David. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

18

February 2021 | Volume 12 | Article 620401


https://doi.org/10.1093/schbul/sbt199
https://doi.org/10.1016/j.nicl.2017.03.001
https://doi.org/10.1093/schbul/sbw061
https://doi.org/10.1093/schbul/sbs053
https://doi.org/10.1038/s41380-019-0360-1
https://doi.org/10.1016/j.tics.2004.12.008
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1196/annals.1308.009
https://doi.org/10.1093/schbul/sbm168
https://doi.org/10.1016/j.biopsych.2018.04.023
https://doi.org/10.1038/nature04513
https://doi.org/10.1016/j.schres.2004.01.012
https://doi.org/10.1093/schbul/sbw098
https://doi.org/10.1093/schbul/sbt142
https://doi.org/10.1093/schbul/sbu070
https://doi.org/10.1038/mp.2017.170
https://doi.org/10.1093/cercor/bhp280
https://doi.org/10.3389/fnana.2017.00119
https://doi.org/10.1002/hbm.22990
https://doi.org/10.1016/j.nicl.2020.102192
https://doi.org/10.1002/nbm.3998
https://doi.org/10.1016/j.neubiorev.2013.06.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Longitudinal Structural MRI Findings in Individuals at Genetic and Clinical High Risk for Psychosis: A Systematic Review
	Introduction
	Methods
	Results
	Longitudinal Brain Trajectories in High Risk Subjects Compared to Healthy Volunteers
	Longitudinal Brain Trajectories in Subjects That Transition to Psychosis
	Cross-Sectional MRI Differences at Baseline

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


