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Background and Hypothesis: A sex difference in the clin-
ical presentation of schizophrenia is well known. Males 
have on average an earlier symptom onset, worse func-
tional capacity, and more negative symptoms. Studies 
on the neurobiological correlates of psychosis show that 
brain endocannabinoid system (ECS) is dysregulated in 
male patients with first-episode psychosis (FEP). We
now evaluated whether the brain ECS is also altered in
female patients with FEP.
Study Design: In this cross-sectional case–control study, 
brain CB1R availability was measured in 39 participants, 
including groups of male and female patients with FEP, 
and healthy control participants (HC) of similar age and 
sex (n = 8-11/group). Brain CB1R availability was mea-
sured with the selective CB1R radiotracer [18F]FMPEP-
d2 and positron emission tomography. Arterial input 
derived distribution volumes (VT ) were extracted from
regions of interest (ROI) representing the anterior cin-
gulate cortex, hippocampus, thalamus, and putamen.
Study Results: Within-subjects analyses showed a region-
ally differential effect of ROI∗sex∗group (ε = 0.77; 
F(2.31,80.85) = 4.31, P = .013). Simple effect analyses 
indicates that male FEP had significantly lower overall 
CB1R VT when compared to male HC (F(1,17) = 15.64, 
pFWER = 0.018), while female FEP VT did not differ 
from female HC (F(1,18) = 0.12, pFWER = 1). A regionally 
specific differ ence of VT between males and females
with FEP (F(3,48) = 3.43, P = .024) did not survive the
correction for multiple comparisons (pFWER = 0.14).
Conclusions: The availability of brain CB1R is differen-
tially altered in males and females with early psychosis. 
Sex-related neurobiological patterns including the ECS 

may offer new treatment strategies for alleviating the
core symptoms of psychotic disorders in male and
female patients.

Key words: sex difference; early psychosis; CB1-recept or.

Introduction 
Psychotic disorders form a group of common but severe 
psychiatric illnesses presenting with symptoms such as dis-
tortion of thought, and altered perceptions, emotions and 
language. The course of illness and treatment responses of 
psychotic disorders are individually variable, and sex dif-
ferences of the epidemiology, and clinical presentation of 
psychotic disorders have also been described previously.1 ,2 

Male patients with schizophrenia-spectrum psychoses have 
on average worse premorbid levels of functioning, a greater 
severity of negative symptoms, more cognitiv e dysfunction,
lower responses to antipsychotic medication, and they also
present with psychosis at an earlier age when compared to
females.1 ,3-5 Functional outcome is also somewhat depen-
dent on sex in patients with early psychosis.1 Characterizing
the causes of these sex differences could shed light on the
biological etiology of psychotic disorders.

Available pharmacological treatments targeting the 
dopaminergic system are effective in alleviating the dimen-
sion of positive symptoms, but negative symptoms remain 
resistant to treatment.6 ,7 Consistently, a dysregulation of 
midbrain dopaminergic pr ojections is thought to underlie
the formation of positive symptoms.8 This dysregulation
is present in samples containing both male and female
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patients, but with little evidence of any sex differences.9 ,10 

Dopamine transporter function has been suggested to be 
one of the possible sex-specific factors affecting the impact 
of dopamine dysregulation in psychosis.11 Sex differences 
are also pr esent in the endocannabinoid system (ECS), and
consequently it presents as a putative explanation for the sex
differences seen in psychotic disorders.12-15 

The ECS is a ubiquitous signaling system involved in 
regulating the immunology, glial cells and neural functions 
in the brain, and also immune, metabolic and endocrine 
functions in the periphery.16-22 The availability of brain type 
1 endocannabinoid receptor (CB1R) has been shown to be 
lower in male FEP patients compared to male HC irre-
spective of antipsychotic medication use.14 ,15 The increased 
in vivo binding of the selective CB1R radiotracer [18F]MK-
9470, in a combined sample of male and female patients 
with chronic schizophrenia, further suggests that the ECS 
is dysregulated in both males and females.23 Elevated cere-
brospinal fluid levels of the endocannabinoid anandamide 
in male and female psychosis patients also suggests an eti-
ological role for the ECS in schizophrenia of both sexes.24 

However, these prior studies have not accounted for the 
effects of sex, or the use of hormonal contraception, although 
these present as plausible confounders given that the ECS 
is regulated by gonadal hormones.22 ,25 Emerging evidence 
suggests that these factors could significantly affect mea-
surements of ECS function.26 ,27 The ECS also contributes to 
the effects of mesolimbic dopamine signaling, which sug-
gests an etiological contribution to the core symptomatology 
of psychoses, and several r eports suggest that the ECS is
indeed dysregulated in both first-episode and chronic psy-
chotic disorders.12-15 ,23 ,26 ,28-30 Consistently, the ECS has been
suggested to be a promising target for novel pharmacological
treatment strategies of psychotic disorders. For example, the
preventive effectiveness of cannabidiol in clinical high-risk
for psychosis states is under study in a multi-site randomized
trial.31 However, it is not currently known whether the ECS
is similarly affected by psychosis in both sexes. Insight into
the sources of variability in ECS function, such as due to sex,
is important for understanding the etiology of psychosis, as
well as for the design and interpretation of clinical trials.

We investigated whether a brain CB1R dysregulation is 
similarly present in male and female patients with first-
episode psychosis (FEP), when compared with healthy con-
trol (HC) groups of similar age and sex. Based on previous 
clinical and preclinical studies indicating sex differences in 
ECS funct ion,32 our primary hypothesis was that the changes
in CB1R availability in vivo are more robust in males com-
pared to females with FEP.

Methods 
In this study sex was defined as the sex assigned at birth. Sex 
was determined by interview and according to the Finnish 
national identification number. All participants were of 
Finnish ancestry. The study was approved by the ethics 

committee of Southwest Finland (ETMK 98/108/2013), and 
the Hospital Districts of Southwest Finland and Satakunta. 
Steps to ensure the confidential handling of data were 
approved by the ethics committee of Southwest Finland, 
and the Hospital Districts of Southwest Finland and
Satakunta. The capacity for consent of patient participants
was evaluated by the treating physician and first author. All
participants gave their written informed consent prior to any
study procedures. This study was conducted in accordance
with the principles of the Declaration of Helsinki.

Healthy control participants between 18 and 40 years of 
age were recruited via the national population registry, a 
local newspaper advertisement, and an advertisement in 
local educational institutions between 2013 and 2022. The 
somatic status of all participants was confirmed by medical 
examination, blood and urine tests, electrocardiography, and 
MRI. The presence of psychiatric disorders was evaluated 
using the structured clinical interview for the diagnostic and 
statistical manual of mental disorders 4th ed. (DSM-IV) axis 
I disorders. Lifetime substance use was documented, and 
current use was controlled with a urine screen prior to the 
positron emission tomography (PET) scan for brain CB1-
receptor availability. Exclusion criteria for the HCs were: 
(1) any lifetime Axis I-disorder, (2) lifetime general medical
disorder or injury affecting the brain, (3) illicit substance use
within 2 months prior to PET scanning, (4) pregnancy, and
(5) use of any oral hormonal contraception. Altogether 11
male and 10 female HCs and were included in the statistical
analyses. Results from the 11 male HCs have been previously
reported14 ,26 Table 1 .

First-episode psychosis patients between 18 and 40 years 
of age were recruited from psychiatric inpatient wards and 
outpatient clinics of Turku health services and the Hospital 
Districts of Southwest Finland and Satakunta. First-episode 
psychosis was defined as the presence of DSM-IV Axis I 
psychosis diagnosis with the onset of treatment for first 
episode of symptoms within 2 years of inclusion. Exclu-
sion criteria for the FEP patients were: (1) current Axis I 
substance dependency disorder, (2) lifetime general medical 
disorder or injury affecting the brain, (3) illicit substance
use within 2 months prior to PET scanning, (4) pregnancy,
and (5) use of any oral hormonal contraception. Altogether
8 male and 10 female FEP patients were included in the
statistical analyses. Results from 7 male FEP patients have
been previously reported14 Table 1 .

[18F]FMPEP-d2 was synthesized as described previously 
with slight modifications.33 The radiochemical purity was 
greater than 95% and the molar radioactivity greater than
500 GBq/μmol at the end of synthesis. 

CB1R availability was indexed by the VT of the selective 
radiotracer [18F]FMPEP-d2 and PET. Logan plot analy-
sis was used to model VT.34 For 36 participants a T1-
weighted MRI was acquired using the 3 Tesla Philips 
Ingenuity PET/MR scanner (Repetition time (TR) = 8.1 ms, 
Echo time (TE) = 3.7 ms, flip angle 7◦, Field of view
(FOV) = 256 × 256 × 176 mm3, voxel size 1 × 1 × 1 mm3).

2

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/52/3/sbag038/8667491 by Turku U

niversity Language C
entre user on 21 M

ay 2026



Schizophrenia Bulletin, 2026, Vol. 52, No. 3

Ta
bl

e
1.

D
em

og
ra

ph
ic

sa
nd

A
ux

ili
ar

y
In

fo
rm

at
io

n.
 

C
ha

ra
ct

er
is

tic
s

H
ea

lth
y 

vo
lu

nt
ee

rs
 

(m
;f )

Pa
tie

nt
sw

ith
FE

P
(m

;f)
 

Te
st

st
at

is
tic

 
FE

P
vs

.H
C

 
(m

; f
)

df
FE

P
vs

.H
C

 
(m

;f
 )

P-
va

lu
e

FE
P 

vs
.H

C
(m

;f
 )

Te
st

st
at

is
tic

 
FE

P
m

al
e

vs
. 

fe
m

al
e

df
FE

P 
m

al
e

vs
. 

fe
m

al
e

P-
va

lu
e 

FE
P

m
al

e 
vs

. f
em

al
e

n
11

;1
0

8;
10

N
A

;N
A

N
A

;N
A

N
A

;N
A

N
A

N
A

N
A

 
A

ge
,y

,m
ea

n
(S

D
)

27
.6

0
(5

.8
4)

; 
26

.7
5 

(8
.9

5)
26

.8
4

(3
.8

6)
; 

28
.7

6 
(5

.4
1)

W
=

46
; 

W
=

6 9
N

A
;N

A
.9

0;
.1

7
W

=
51

N
A

.3
6 

Ra
ce

/e
th

ni
ci

ty
,N

o.
w

hi
te

/o
th

er
11

/0
;1

0/
0

8/
0;

10
/0

N
A

;N
A

N
A

;N
A

N
A

;N
A

N
A

N
A

N
A

 
Ed

uc
at

io
na

la
tta

in
m

en
t,

y,
m

ea
n 

(S
D

) 
15

.7
3

(3
.1

7)
; 

15
.4

5 
(2

.6
3)

13
.2

9
(1

.3
8)

; 
15

.8
5 

(2
.9

8)
W

=
20

; 
W

=
5 4

N
A

;N
A

.1
0;

.7
9

W
=

56
.5

N
A

.0
4 

Fr
eq

ue
nc

y
of

al
co

ho
lu

se
,N

o.
, 

no
ne

/<
1

pe
rm

o/
2-

4
pe

rm
o/

2-
3

pe
r 

w
k/

≥4
 p

er
w

k

0/
3/

5/
2/

1;
 

0/
4/

5/
1/

0 
1/

5/
1/

1/
0;

 
1/

4/
4/

1/
0 

N
A

;N
A

N
A

;N
A

.2
4;

1.
00

N
A

N
A

.8
1 

C
ur

re
nt

to
ba

cc
o

us
e,

ye
s/

no
1/

10
;1

/9
4/

4;
4/

6
N

A
;N

A
N

A
;N

A
.1

1;
.3

0
N

A
N

A
1 

Li
fe

tim
e

ca
nn

ab
is

us
e,

N
o.

us
in

g 
0/

1-
5/

6-
10

/1
1-

50
/>

50
 jo

in
ts

3/
5/

2/
1/

0;
 

8/
2/

0/
0/

0 
4/

1/
0/

1/
2;

 
8/

1/
0/

1/
0 

N
A

;N
A

N
A

;N
A

.1
7;

1.
00

N
A

N
A

.6
0 

D
ia

gn
os

is
,N

o.
w

ith
 

no
n-

aff
ec

tiv
e/

aff
ec

tiv
e 

ps
yc

ho
si

s
N

A
5/

3;
 

8/
2 

N
A

;N
A

N
A

;N
A

N
A

;N
A

χ
2

=
0.

67
8

1
.4

1 

C
hl

or
pr

om
az

in
e

eq
ui

va
le

nt
do

se
, 

m
ea

n
(S

D
),

m
g/

da
 y

N
A

20
1.

25
(1

93
.7

9)
; 

30
4.

63
 (2

47
.4

4)
N

A
;N

A
N

A
;N

A
N

A
;N

A
t=

0.
96

6
16

.3
5 

BP
RS

su
m

sc
or

e,
m

ea
n

(S
D

)
N

A
59

.6
2

(1
6.

79
); 

43
.8

0 
(1

2.
11

)
N

A
;N

A
N

A
;N

A
N

A
;N

A
t=

2.
24

12
.3

7
.0

4 

BP
RS

po
si

tiv
e

sy
m

pt
om

su
m

(S
D

)
N

A
7.

88
(4

.0
5)

;4
.7

(1
.8

9)
N

A
;N

A
N

A
;N

A
N

A
;N

A
W

=
18

N
A

.0
5 

BP
RS

ne
ga

tiv
e

sy
m

pt
om

su
m

(S
D

) 
N

A
19

.3
8

(6
.2

6)
;1

4.
70

(3
.5

8)
 

N
A

;N
A

N
A

;N
A

N
A

;N
A

t=
1.

71
16

.1
1 

Be
ck

D
ep

re
ss

io
n

In
ve

nt
or

y
(B

D
I)

 
su

m
sc

or
e,

m
ea

n 
(S

D
)

1.
45

(1
.9

7)
; 

1.
00

 (1
.2

2)
14

.5
7

(8
.5

); 
17

.2
5 

(1
4.

73
)

W
=

75
.0

0;
 

W
=

 65
.5

0
N

A
;N

A
<

.0
1;

 <
.0

1
t=

0.
42

2
13

.6
8 

Be
ck

A
nx

ie
ty

In
ve

nt
or

y
(B

A
I)

su
m

 
sc

or
e,

m
ea

n 
(S

D
)

1.
82

(2
.8

9)
; 

2.
00

 (1
.7

3)
15

.0
0

(1
0.

49
); 

17
.1

1 
(1

6.
90

)
W

=
73

.0
0;

 
W

=
 73

.0
0

N
A

;N
A

<
.0

1;
 <

.0
1

W
=

33
N

A
.9

2 

BM
I,

kg
/m

2 ,m
ea

n
(S

D
)

25
.2

5
(3

.7
3)

; 
24

.4
6 

(2
.7

6)
28

.2
5

(6
.8

8)
; 

23
.3

2 
(2

.7
9)

W
=

50
.0

0;
 

W
=

3 4
N

A
;N

A
.6

6;
.2

4
W

=
19

N
A

.0
7 

In
je

ct
ed

do
se

,M
Bq

,m
ea

n
(S

D
)

19
9.

64
(1

3.
00

); 
20

3.
60

 (1
7.

28
)

20
3.

25
(8

.1
7)

; 
20

2.
9 

(9
.0

2)
t=

0.
74

; 
t=

 0.
11

16
.7

5;
 

13
.5

7 
.4

7;
 

.9
1 

t=
0.

08
6

15
.7

.9
3 

Va
lu

es
of

P
<

.0
5

in
bo

ld
.A

bb
re

vi
at

io
ns

:F
EP

,fi
rs

t-e
pi

so
de

ps
yc

ho
si

s;
H

C
,h

ea
lth

y
co

nt
ro

l;
SD

,;
BP

RS
,B

rie
fp

sy
ch

ia
tr

ic
ra

tin
g

sc
al

e.
 

3

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/52/3/sbag038/8667491 by Turku U

niversity Language C
entre user on 21 M

ay 2026



Schizophrenia Bulletin, 2026, Vol. 52, No. 3

For 3 female FEP participants the T1-weighted MRI was 
acquired using the GE Signa PET/MR scanner (TR = 8.5 ms, 
TE = 3.7 ms, flip angle 10◦, FOV = 256 × 256 × 200 mm3, 
voxel size 1 × 1 × 1  mm3). Cortical reconstruction and vol-
umetric segmentation were done with the Freesurfer image
analysis suite v. 6.0 (http://surfer.nmr.mgh.harvard.edu/). 
The rostral and caudal anterior cingulate cortex (ACC), 
hippocampus (HIPP), thalamus (THA), and putamen (PUT), 
as defined by the Desikan–Killiany atlas, were selected as 
regions of interest due to their putative involvement of the 
ECS within functionally interconnected circuits implicated 
in psychotic disorders, and to approximately replicate the 
regions analyzed in Borgan, Laurikainen et al.14 ,35 ,36 The 
synthesis of [18F]FMPEP-d2, MRI and PET procedures, 
analyses of radiometabolites, imaging and blood data
preprocessing, and modeling of VT were done as described
previously in Laurikainen et al.26 Brief psychiatric rating
scale (BPRS) positive symptom sub-scores were calculated by
summing individual positive symptom severity ratings.37 ,38 

The normality of regional VT data was assessed using 
Shapiro–Wilk normality tests. Possible outliers were iden-
tified using Rosner’s test with 1 or 2 assumed outliers. 
Main effects and within-subject interactions w ere tested
using repeated measures analysis of variance (rmANOVA).
Greenhouse–Geisser sphericity corrections were used when
applicable.

The following omnibus model was used to test the primary 
h ypothesis:

A. All participants: VT ∼ ROI∗sex∗group + Error (ID/ROI). 
The following secondary models were designed to 

examine the influence of specific simple effects [in brackets] 
underlying the interactions identified in Model A.:

B.1. Female participants: VT ∼ ROI∗group + Error (ID/ROI), 
[group, ROI∗gr oup];

B.2. Male participants: VT ∼ ROI∗group + Error (ID/ROI), 
[group, ROI∗gr oup];

B.3. First-episode psychosis patients: VT ∼ ROI∗sex + 
Error (ID/ROI), [se x, ROI∗sex].

Correction for multiple comparisons in test family B.1.– 
B.3., and in regional post-hoc tests, was done using Bonfer-
roni family-wise error rat e (FWER) correction. Corrected P-
values are reported as pFWER.

All statistical testing was done using R version 4.3.1 (2023-
06-16) “Beagle Scouts” and RStudio 2023.06.1+524 “Moun-
tain Hydrange a” release for macOS.

Results 

Basic Clinical Characteristics of the Study Samples 
The study sample consisted of male (n = 8)  and  female  
(n = 10) patients with FEP, and male (n = 11) and female 
(n = 10) HCs matched by age and sex. There were no 
significant differences of age, current cannabis use, BMI 
or injected [18F]FMPEP-d2 dose between the males and 
females in either the HC or FEP groups, or between the 
females in the HC and FEP groups. Male FEP patients had 
a significantly higher total BPRS sympt om sum score at the

time of PET imaging when compared to female FEP patients.
One male with FEP, and 2 females with FEP were not using
antipsychotic medications at the time of the PET study. There
were no differences in chlorpromazine equivalent defined
daily doses in males and females with FEP.39 

CB1 Receptor Availability in FEP and HC Groups 
The rmANOVA model including all available participants 
revealed statistically significant interactions of ROI∗sex∗
group (ε = 0.77; F(2.31,80.85) = 4.31, P = .013), and sex∗ 
group (F(1,35) = 4.30, P = .045). Covarying for the change 
in MRI scanner for 3 female FEP participants did not 
alter the results (P < .05). There were also statistically 
significant differences in [18F]FMPEP-d2 VT between FEP 
and HC groups (F(1,35) = 6.87, P = .013), and between 
regions (F(3,105) = 344.21, P < .001). Cross-validation tests 
showed that the main group effect and ROI∗sex∗group
interaction were not sensitive, and the sex∗group interaction
was sensitive to leaving out any one participant from the
sample (P < .05) Figure 1 .

Males with FEP had a significantly lower overall 
[18F]FMPEP-d2 VT compared to the male HC (group; 
F(1,17) = 15.65, pFWER = 0.018). This effect was significantly 
different between regions (ROI∗group; F(3,51) = 10.11, 
pFWER < 0.001). There were no differences of overall 
[18F]FMPEP-d2 V T between female FEP and female HC 
(group; F(1,18) = 0.12, pFWER = 1), and there was no regional 
interaction (ROI∗group; ε = 0.691; F(2.07,37.31) = 0.10, 
pFWER = 1). The rmANOVA with a subset of only FEP 
showed a regionally specific difference between males 
and females with FEP (ROI∗sex; F(3,48) = 3.43, P = .024), 
but it did not survive correction for multiple compar-
isons (pFWER = 0.14). Cross-validation tests also showed 
that this sex∗ROI interaction was sensitive to leaving 
out any one participant from the sample (P > .05). Post-
hoc estimated marginal means indicated a trend towards 
lower [18F]FMPEP-d2 VT in males compared to females 
with FEP in the ACC (Mfemale-Mmale = 3.76, pFWER = 0.072), 
but not in the PUT (Mfemale-Mmale = 2.80, pFWER = 0.28), 
THA (Mfemale-Mmale = 1.22, p FWER = 1) or HIPP (Mfemale-
Mmale = 1.18, pFWER = 1).

Histogram analysis and Shapiro–Wilk normality tests 
showed that the [18F]FMPEP-d2 VT of ACC, HIPP, PUT, 
and THA were normally distributed with no outliers. There 
were no significant differences between group or sex in an 
rmANOVA model of unchanged tracer fractions (fraction ∼ 
time∗sex∗group + Error (ID/ROI)). The area under curve 
of plasma [18F]FMPEP-d2 activity was significantly smaller 
in females when compared to males (P < .001), but not in 
FEP participants compared to HC (P = .194). The volume 
of the ACC ROI was on average 1442 mm3 smaller in FEP 
compared to HC (P = .006), and the volumes of ACC and 
THA ROIs were respectively on average 2442 mm3 (P < .001) 
and 1525 mm3 (P = .003) smaller in females when compared 
to males. There were no significant main effects of sex, group 
status, or sex∗group interaction in an ANOVA model for in-
scanner cumulative movement (P > .05).
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Figure 1. Regional differences of [18F]FMPEP-d2 VT in male and female FEP patients and HCs. Open circles represent values of individual 
observations (©). Bars indicate mean values. Whiskers indicate 95% confidence intervals. ACC, anterior cingulate cortex; FEP, first-episode 
psychosis; HC, healthy control; HIPP, hippocampus; PUT, putamen; THA, thalamus; VT, [18F]FMPEP-d2 distribution volume. 

BPRS Symptoms in the FEP Group 
Both male and female FEP patients had similarly low BPRS 
positive symptom severity scores (BPRSpositive). Females has 
significantly lower total BPRS scores. Female FEP patients 
had higher mean scores in self-report scales for depression 
and anxiety symptoms when compared the mean scores 
of male FEP patients, but the differences were not signifi-
cant. The female and male FEP groups had similar ratios of 
non-affective and affective psychotic disorders. Exploratory 
analysis results of the effects of BPRSpositive and BPRS total on
[18F]FMPEP-d2 VT can be found in the supplement Table 1 .

Discussion 
Our results indicate that the ECS is differentially involved 
in the etiology of psychotic disorders of males and females. 
Our findings extend the previous literature by showing that 
a robust ECS dysregulation is present in males, a signifi-
cant differ ence is not present between female FEP and HC 

participants, and that the availability of CB1R is regionally
different in males and females with FEP.14 ,15 ,23 

Patients with schizophrenia have been suggested to have 
an altered balance of excitatory and inhibitory neurotrans-
mission in the frontal cortex, the striatum, and the thala-
mus.40 In their article, Howes, Bukala, Beck40 review evi-
dence supporting a hypothesis according to which decreased 
inhibitory signaling in the cortex disinhibits cortical pro-
jections to midbrain dopamine neurons. Consequently, an 
uninhibited dopaminergic drive to striatal areas underlies 
the formation of positive symptoms. Multiple factors acting 
on the excitatory and inhibit ory control of cortical neurons 
in psychosis are likely, but not known in detail. For example, 
these factors could include neurodevelopmental insults lead-
ing to loss of synaptic spines, or the dysregulation of various 
neurotransmitter and -signaling systems, such as the ECS.

The endocannabinoids anandamide (AEA) and 2-
arachidonoylglycerol are synthesized on post-synaptic neu-
ronal membranes in response to activity. They act through
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the CB1R, one of the most numerous G-protein receptors in 
the brain, to retrogradely inhibit further neurotransmitter 
release of mainly glutamatergic and gamma-aminobutyric 
acid (GABA) synapses.17 The ECS has the capacity to mod-
ulate the information flow within cortico-striato-thalamic 
circuits either directly, or through cortical glutamatergic 
projections to the midbrain. In addition, the ECS contributes 
to regulation of gonado- and corticotropic endocrine axes, 
peripheral metabolism, central and peripheral immune 
functions, as well as functional coupling of neurons and 
neuroglia. Evidence of increased CSF AEA levels, altered 
brain CB1R availability, and associations of these measures 
to the core symptomatology of psychosis, indicates that 
ECS dysregulation has etiological significance in psychotic 
disorders.24 For example, dopaminergic dysregulation could 
partly stem from ECS modulation of cortical glutamatergic 
output.41-43 However, the result of no differences in regional 
CB1R availabilities between female FEP and HC suggests 
that midbrain dopamine dysregulation driven primarily 
by cortical ECS dysregulation is not by itself a sufficient 
etiological model for the emergence of positive symptoms. 
Notably, the ECS is also poised to modulate information 
processing downstream to the effects of striatal dopamine 
dysregulation. The ACC acts as an integrator of emotional 
and cognitive processing of stress, and its function is known 
to be modulated by g onadotropic hormones.44 ,45 Considering
that ECS function is regulated by gonadotropic hormone
systems, the dysregulation of the ECS can plausibly be
thought to be sex specific.22 ,25 

Although the study was underpowered to study the 
associations of symptoms to VT, introducing BPRStotal 
symptom scores as a covariate in to the model of CB1R 
VT of FEP participants did not alter the level of non-
corrected significance of this sex difference. This indi-
cates, that although males and females had different total 
symptom scores, the ECS differences betw een males and 
females are not explained by sampling bias. Also, females 
and males are known to present with slightly differing 
degrees of symptom sev erity, and fully matched symptom
severities would not reflect the characteristics of the study
population.

A sex related factor influencing the impact of dopamin-
ergic dysregulation may partially account for the sex differ-
ences in age of onset and level of functioning. However, it is 
also plausible to suggest, that the pathophysiological mecha-
nisms leading to dopaminergic dysregulation are multifacto-
rial in nature, and that this etiology seems to be differentially 
expressed in males and females. Ultimately, confirmatory 
replication with larger samples of male and female FEP is 
needed to ascertain whether the result of the direct com-
parison between FEP participants reflects a true property of 
the study population. The significance of elucidating the role 
of the ECS in FEP is highlighted by notions suggesting that 
pharmacological targeting of this non-dopaminergic signal-
ing pathway could potentially delay the onset of psychosis 
and/or mitigat e its core symptoms, regardless of the level of
its etiological contribution.31 

Strengths and Limitations 
We used state-of-art CB1R imaging methodology with 
metabolite and injection delay corrected arterial input 
functions as well as a validated kinetic model to obtain 
measures of CB1R availability.46 The volumes of ROI were 
smaller in females compared to males, but partial volume 
effects are not relevant given the size of the ROI compared to 
the high resolution research tomograph (HRRT) scanner 
spatial resolution of ∼2.7 mm.47 ,48 Cannabis and other 
substance use were controlled for as potential sources of 
bias. Female subjects were required to not use oral hormonal 
contraceptives, but the phase of individual hormonal cycles 
was not documented. All of the participants were of Finnish 
ancestry, and the results may not generalize across races. 
However, results of the male FEP and HC samples have been 
partly reported previously,14 indicating that male FEP ECS 
dysfunction was seen in both white and mixed-race samples. 
Also, we extended the male FEP sample reported previously 
by including one male FEP subject who previously suffered 
from cannabis dependence, but who had achieved remission 
before the PET study. The leave-one-out sensitivity analysis 
indicates that including or excluding this one subject from 
the study did not affect the main results. The proportion of 
non-affective to affective psychotic disorders were similar 
in the groups of males and females with FEP. However, 
despite the decent total study sample size and lack of obvious 
demographic differences between male and female patients, 
the modest subgroup sizes of this study could have affected 
our results. A significantly lower mean BPRS total symptom 
score in females with FEP, compared to males with FEP, 
could still be argued to be due to sampling bias. Since the 
availability of CB1R VT has been previously suggested to 
be inversely associated to positive symptoms, a difference 
between females with FEP and female HCs might be so 
small, that it is not detectable here. However, this would 
not negate the regionally specific effect of ROI∗sex∗group. 
Further, the replication design with independent patient 
and control samples in our previous study reduces the 
probability of sampling bias as an explanation of these 
results.14 Ultimately, this study was underpowered to fully 
ascertain or refute a significant difference in a direct
comparison between males and females with FEP. Also,
a minute difference between females with FEP and HC
might also be undetectable with this sample size. It is also
important to note, that PET imaging studies on FEP may
have limited generalizability due to well-known selection
bias.49 

Conclusions 
Brain cannabinoid receptor type 1 availability is significantly 
altered in vivo in male patients with FEP, but no significant 
alterations were found in female patients when compared 
to matched control subjects. Consequently, we found evi-
dence for a sex-specific and regionally selective change in 
regional CB1R availability. These results support the view
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that the neurobiology of neurotransmitter system networks 
is different in males and females with psychotic disorders. 
Characterizing this divergence further would deepen our 
understanding on the etiologies of psychotic disorders, and, 
importantly, facilitate the development of individualized and 
perhaps sex-specific treatment strategies.

Acknowledgements 
We thank the staff of the Turku PET Centre, T urku Univer-
sity Hospital, Turku, Finland.

Author Contributions 
H.L., L.T., A.K., O.S., M.H.-S. and J.H. designed the exper-
iments. H.L., R.-L.A., A.K., J.R. and M.N. performed the 
experiments. H.L., L.T., M.H.-S., O.S. and J.H. were involved 
in experimentation and data analysis. H.L. and J .H. wrote 
the manuscript. All authors read and approved the submitted 
versi on.

Supplementary Material 
Supplementary material is available at https://academic.oup. 
com/schizophreniabulletin. 

Funding 
This work was supported by the European Union under the 
7th Framework Programme (grant 602 478) and the T urku 
University Central Hospital (grant 11 336).

Conflicts of Interest 
None declared. 

References 
1. Giordano GM, Bucci P, Mucci A, Pezzella P, Galderisi S. Gender 

differences in clinical and psychosocial features among persons 
with schizophrenia: a mini review. Front Psychiatry. 2021;12:1-
10. https://doi.org/10.3389/fpsyt.2021.789179 

2. Menghini-Müller S, Studerus E, Ittig S, et al. Gender differ-
ences of patients at-risk for psychosis regarding symptoma-
tology, drug use, comorbidity and functioning—results from 
the EU-GEI study. Eur Psychiatry. 2019;59:52-59. https://doi. 
org/10.1016/j.eurpsy.2019.04.007 

3. Eranti SV, MacCabe JH, Bundy H, Murray RM. Gender 
difference in age at onset of schizophrenia: a meta-analysis. 
P sychol Med. 2012;43:155-167. https://doi.org/10.1017/ 
S003329171200089X 

4. Storosum BWC, Mattila T, Wohlfarth TD, et al. Gender differ-
ences in the response to antipsychotic medication in patients 
with schizophr enia: an individual patient data meta-analysis 
of placebo-controlled studies. Psychiatry Res. 2023;320:114997.
https://doi.org/10.1016/j.psychres.2022.114997 

5. Ferrara M, Curtarello EMA, Gentili E, et al. Sex differences 
in schizophrenia-spectrum diagnoses: results from a 30-year 
health record registry. Arch Womens Ment Health. 2023;27:11-
20. https://doi.org/10.1007/s00737-023-01371-8 

6. Fusar-Poli P, Papanastasiou E, Stahl D, et al. Treatments of 
negative symptoms in schizophrenia: meta-analysis of 168 ran-
domized placebo-controlled trials. Schizophr Bull. 2015;41:892-
899. https://doi.org/10.1093/schbul/sbu170 

7. Ceraso A, Lin JJ, Schneider-Thoma J, et al. Maintenance 
treatment with antipsychotic drugs in schizophr enia: a 
Cochrane systematic review and meta-analysis. Schizophr Bull .
2022;48:738-740. https://doi.org/10.1093/schbul/sbac041 

8. Howes OD, Kapur S. The dopamine hypothesis of schizophre-
nia: version III—the final common pathway. Schizophr Bull .
2009;35:549-562. https://doi.org/10.1093/schbul/sbp006 

9. Howes OD, Kambeitz J, Kim E, et al. The nature of 
dopamine dysfunction in schizophr enia and what this means 
for treatment. Arch Gen Psychiatry. 2012;69:776-786. https:// 
doi.org/10.1001/archgenpsychiatry.2012.169 

10. Kim E, Howes OD, Veronese M, et al. Presynaptic dopamine 
capacity in patients with treatment-resistant schizophrenia tak-
ing clozapine: an [18F]DOPA PET study. Neuropsychopharma-
cology. 2016;42:941-950. https://doi.org/10.1038/npp.2016.258 

11. Chen KC, Yang YK, Howes O, et al. Striatal dopamine trans-
porter availability in drug-naive patients with schizophrenia: 
a case-control SPECT study with [99mTc]-TRODAT-1 and 
a meta-analysis. Schizophr Bull. 2011;39:378-386. https://doi. 
org/10.1093/schbul/sbr163 

12. Van Laere K, Goffin K, Casteels C, et al. Gender-dependent 
increases with healthy aging of the human cer ebral 
cannabinoid-type 1 receptor binding using [(18)F]MK-9470 
PET. Neuroimage. 2008;39:1533-1541. https://doi.org/10.1016/ 
j.neuroimage.2007.10.053 

13. Radhakrishnan R, Worhunsky PD, Zheng M-Q, et al. Age, gen-
der and body-mass-index relationships with in vivo CB1 recep-
tor availability in healthy humans measured with [11C]OMAR 
PET. NeuroImage. 2022;264:119674. https://doi.org/10.1016/j. 
neuroimage.2022.119674 

14. Borgan F, Laurikainen H, Veronese M, et al. In vivo availability 
of cannabinoid 1 receptor levels in patients with first -episode 
psychosis. JAMA P sychiatry. 2019;76:1074-1084. https://doi. 
org/10.1001/jamapsychiatry.2019.1427 

15. Ranganathan M, Cortes-Briones J, Radhakrishnan R, et al. 
Reduced brain cannabinoid receptor availability in schizophr e-
nia. Biol Psychiatry. 2016;79:997-1005. https://doi.org/10.1016/ 
j.biopsych.2015.08.021 

16. Eraso-Pichot A, Pouvreau S, Olivera-Pinto A, Gomez-Sotres P, 
Skupio U, Marsicano G. Endocannabinoid signaling in astro-
cytes. Glia. 2023;71:44-59. https://doi.org/10.1002/glia.24246 

17. Lu H-C, Mackie K. An introduction to the endogenous 
cannabinoid system. Biol P sychiatry. 2016;79:516-525. https:// 
doi.org/10.1016/j.biopsych.2015.07.028 

18. Morena M, Patel S, Bains JS, Hill MN. Neurobiological 
interactions between str ess and the endocannabinoid sys-
tem. Neuropsychopharmacology. 2016;41:80-102. https://doi. 
org/10.1038/npp.2015.166 

19. Riebe CJN, Hill MN, Lee TTY, Hillard CJ, Gorzalka BB. 
Estrogenic regulation of limbic cannabinoid receptor bind-
ing. P sychoneuroendocrinology. 2010;35:1265-1269. https://doi. 
org/10.1016/j.psyneuen.2010.02.008 

20. González S, Bisogno T, Wenger T, et al. Sex steroid influence on 
cannabinoid CB1 receptor mRNA and endocannabinoid levels 
in the anterior pituitary gland. Biochem Biophys Res Commun .
2000;270:260-266. https://doi.org/10.1006/bbrc.2000.2406 

21. Micale V, Drago F. Endocannabinoid system, stress and 
HPA axis. Eur J Pharmacol. 2018;834:230-239. https://doi. 
org/10.1016/j.ejphar.2018.07.039 

7 

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/52/3/sbag038/8667491 by Turku U

niversity Language C
entre user on 21 M

ay 2026

https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbag038#supplementary-data
https://academic.oup.com/schizophreniabulletin
https://academic.oup.com/schizophreniabulletin
https://academic.oup.com/schizophreniabulletin
https://academic.oup.com/schizophreniabulletin
https://academic.oup.com/schizophreniabulletin
https://doi.org/10.3389/fpsyt.2021.789179
https://doi.org/10.3389/fpsyt.2021.789179
https://doi.org/10.3389/fpsyt.2021.789179
https://doi.org/10.3389/fpsyt.2021.789179
https://doi.org/10.1016/j.eurpsy.2019.04.007
https://doi.org/10.1016/j.eurpsy.2019.04.007
https://doi.org/10.1016/j.eurpsy.2019.04.007
https://doi.org/10.1016/j.eurpsy.2019.04.007
https://doi.org/10.1016/j.eurpsy.2019.04.007
https://doi.org/10.1017/S003329171200089X
https://doi.org/10.1017/S003329171200089X
https://doi.org/10.1017/S003329171200089X
https://doi.org/10.1017/S003329171200089X
https://doi.org/10.1017/S003329171200089X
https://doi.org/10.1016/j.psychres.2022.114997
https://doi.org/10.1016/j.psychres.2022.114997
https://doi.org/10.1016/j.psychres.2022.114997
https://doi.org/10.1016/j.psychres.2022.114997
https://doi.org/10.1016/j.psychres.2022.114997
https://doi.org/10.1007/s00737-023-01371-8
https://doi.org/10.1007/s00737-023-01371-8
https://doi.org/10.1007/s00737-023-01371-8
https://doi.org/10.1007/s00737-023-01371-8
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1093/schbul/sbac041
https://doi.org/10.1093/schbul/sbac041
https://doi.org/10.1093/schbul/sbac041
https://doi.org/10.1093/schbul/sbac041
https://doi.org/10.1093/schbul/sbac041
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1093/schbul/sbp006
https://doi.org/10.1001/archgenpsychiatry.2012.169
https://doi.org/10.1001/archgenpsychiatry.2012.169
https://doi.org/10.1001/archgenpsychiatry.2012.169
https://doi.org/10.1001/archgenpsychiatry.2012.169
https://doi.org/10.1038/npp.2016.258
https://doi.org/10.1038/npp.2016.258
https://doi.org/10.1038/npp.2016.258
https://doi.org/10.1038/npp.2016.258
https://doi.org/10.1093/schbul/sbr163
https://doi.org/10.1093/schbul/sbr163
https://doi.org/10.1093/schbul/sbr163
https://doi.org/10.1093/schbul/sbr163
https://doi.org/10.1093/schbul/sbr163
https://doi.org/10.1016/j.neuroimage.2007.10.053
https://doi.org/10.1016/j.neuroimage.2007.10.053
https://doi.org/10.1016/j.neuroimage.2007.10.053
https://doi.org/10.1016/j.neuroimage.2007.10.053
https://doi.org/10.1016/j.neuroimage.2007.10.053
https://doi.org/10.1016/j.neuroimage.2022.119674
https://doi.org/10.1016/j.neuroimage.2022.119674
https://doi.org/10.1016/j.neuroimage.2022.119674
https://doi.org/10.1016/j.neuroimage.2022.119674
https://doi.org/10.1016/j.neuroimage.2022.119674
https://doi.org/10.1001/jamapsychiatry.2019.1427
https://doi.org/10.1001/jamapsychiatry.2019.1427
https://doi.org/10.1001/jamapsychiatry.2019.1427
https://doi.org/10.1001/jamapsychiatry.2019.1427
https://doi.org/10.1016/j.biopsych.2015.08.021
https://doi.org/10.1016/j.biopsych.2015.08.021
https://doi.org/10.1016/j.biopsych.2015.08.021
https://doi.org/10.1016/j.biopsych.2015.08.021
https://doi.org/10.1016/j.biopsych.2015.08.021
https://doi.org/10.1002/glia.24246
https://doi.org/10.1002/glia.24246
https://doi.org/10.1002/glia.24246
https://doi.org/10.1002/glia.24246
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1016/j.biopsych.2015.07.028
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1016/j.psyneuen.2010.02.008
https://doi.org/10.1016/j.psyneuen.2010.02.008
https://doi.org/10.1016/j.psyneuen.2010.02.008
https://doi.org/10.1016/j.psyneuen.2010.02.008
https://doi.org/10.1016/j.psyneuen.2010.02.008
https://doi.org/10.1006/bbrc.2000.2406
https://doi.org/10.1006/bbrc.2000.2406
https://doi.org/10.1006/bbrc.2000.2406
https://doi.org/10.1006/bbrc.2000.2406
https://doi.org/10.1016/j.ejphar.2018.07.039
https://doi.org/10.1016/j.ejphar.2018.07.039
https://doi.org/10.1016/j.ejphar.2018.07.039
https://doi.org/10.1016/j.ejphar.2018.07.039
https://doi.org/10.1016/j.ejphar.2018.07.039


Schizophrenia Bulletin, 2026, Vol. 52, No. 3

22. Santoro A, Mele E, Marino M, Viggiano A, Nori SL, Mec-
cariello R. The complex interplay between endocannabinoid 
system and the estrogen system in central nervous system and 
periphery . Int J Mol Sci. 2021;22:972. https://doi.org/10.3390/ 
ijms22020972 

23. Ceccarini J, De Hert M, Van Winkel R, et al. Increased 
ventral striatal CB1 receptor binding is r elated to negative 
symptoms in drug-free patients with schizophrenia.
NeuroImage. 2013;79:304-312. https://doi.org/10.1016/j. 
neuroimage.2013.04.052 

24. Garani R, Watts JJ, Mizrahi R. Endocannabinoid system in 
psychotic and mood disorders, a review of human studies. 
Prog Neuropsychopharmacol Biol Psychiatry. 2021;106:110096.
https://doi.org/10.1016/j.pnpbp.2020.110096 

25. Gorzalka BB, Dang SS. Minireview: endocannabinoids and 
gonadal hormones: bidirectional interactions in physiology and 
behavior. Endocrinology Mar . 2012;153:1016-1024. https://doi. 
org/10.1210/en.2011-1643 

26. Laurikainen H, Tuominen L, Tikka M, et al. Sex 
difference in brain CB1 receptor availability in man. 
N euroimage. 2019;184:834-842. https://doi.org/10.1016/j. 
neuroimage.2018.10.013 

27. Amir Hamzah K, Toms L-M, Kucharski N, et al. Sex-
dimorphism in human serum endocannabinoid and n-acyl 
ethanolamine concentrations across the lifespan. Sci Rep.
2023;13:23059. https://doi.org/10.1038/s41598-023-50426-4 

28. Neumeister A, Normandin MD, Pietrzak RH, et al. Elevated 
brain cannabinoid CB1 receptor availability in post-traumatic 
str ess disorder: a positron emission tomography study. 
Mol Psychiatry. 2013;18:1034-1040. https://doi.org/10.1038/ 
mp.2013.61 

29. Normandin D, Zheng M-Q, Lin K-S, et al. Imaging the cannabi-
noid CB1 receptor in humans with [11C]OMAR: assessment of 
kinetic analysis methods, test-retest reproducibility, and gen-
der differ ences. J Cereb Blood Flow Metab. 2015;35:1313-1322.
https://doi.org/10.1038/jcbfm.2015.46 

30. Everett TJ, Gomez DM, Hamilton LR, Oleson EB. Endo-
cannabinoid modulation of dopamine release during reward 
seeking, interv al timing, and avoidance. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2021;104:110031. https://doi. 
org/10.1016/j.pnpbp.2020.110031 

31. Webster P, Healey N. Eleven clinical trials that will shape 
medicine in 2025. Nat Med. 2024;30:3384-3388. https://doi. 
org/10.1038/s41591-024-03383-y 

32. Viveros MP, Llorente R, Suarez J, Llorente-Berzal A, Lopez-
Gallardo M, de Fonseca FR. The endocannabinoid system in 
critical neur odevelopmental periods: sex differences and neu-
ropsychiatric implications. J Psychopharmacol. 2012;26:164-
176. https://doi.org/10.1177/0269881111408956 

33. Donohue SR, Krushinski JH, Pike VW, et al. Synthesis, ex vivo 
evaluation, and radiolabeling of potent 1,5-diphenylpyrrolidin-
2-one cannabinoid subtype-1 receptor ligands as candidates for 
in vivo imaging. J Med Chem . 2008;51:5833-5842. https://doi. 
org/10.1021/jm800416m 

34. Logan J, Fowler JS, Volkow ND, et al. Graphical analysis 
of reversible radioligand binding from time-activity measure-
ments applied to [N-11C-methyl]-(-)-cocaine PET studies in 
human subjects. J Cereb Blood Flow Metab. 1990;10:740-747.
https://doi.org/10.1038/jcbfm.1990.127 

35. Desikan RS, Ségonne F, Fischl B, et al. An automated labeling 
system for subdividing the human cerebral cortex on MRI scans 
into gyr al based regions of interest. N euroImage. 2006;31:968-
980. https://doi.org/10.1016/j.neuroimage.2006.01.021 

36. Volk DW, Lewis DA. The role of endocannabinoid Signal-
ing in cortical inhibitory neur on dysfunction in schizophre-
nia. Biol P sychiatry. 2016;79:595-603. https://doi.org/10.1016/j. 
biopsych.2015.06.015 

37. Sharma RP, Javaid JI, Pandey GN, Janicak PG, Davis JM. 
Behavioral and biochemical effects of methylphenidate in 
schizophrenic and nonschizophrenic patients. Biol Psychiatry.
1991;30:459-466. https://doi.org/10.1016/0006-3223(91 
)90307-8 

38. Nicholson IR, Chapman JE, Neufeld RWJ. Variability in BPRS 
definitions of positive and negative symptoms. Schizophr Res.
1995;17:177-185. https://doi.org/10.1016/0920-9964(94)00088-
P 

39. Leucht S, Samara M, Heres S, Davis JM. Dose equivalents 
for antipsychotic drugs: the DDD method. Schizophr Bull.
2016;42:S90-S94. https://doi.org/10.1093/schbul/sbv167 

40. Howes OD, Bukala BR, Beck K. Schizophrenia: from 
neurochemistry to circuits, symptoms and treatments. 
Nat Rev N eurol. 2023;20:22-35. https://doi.org/10.1038/ 
s41582-023-00904-0 

41. Jauhar S, McCutcheon R, Borgan F, et al. The relation-
ship between cortical glutamate and striatal dopamine in 
first-episode psychosis: a cross-sectional multimodal PET and 
magnetic resonance spectroscopy imaging study. Lancet Psy-
chiatry. 2018;5:816-823. https://doi.org/10.1016/S2215-0366(18 
)30268-2 

42. Aberg KC, Kramer EE, Schwartz S. Interplay between mid-
brain and dorsal anterior cingulate regions arbitrates lin-
gering reward effects on memory encoding . Nat Commun.
2020;11:1829. https://doi.org/10.1038/s41467-020-15542-z 

43. Guo B, Xi K, Mao H, et al. CB1R dysfunction of 
inhibitory synapses in the ACC drives chronic social 
isolation stress-induced social impairments in male mice.
Neuron. 2024;112:441-457.e6. https://doi.org/10.1016/j. 
neuron.2023.10.027 

44. Zhai ZW, Yip SW, Lacadie CM, Sinha R, Mayes LC, Potenza 
MN. Childhood trauma moderates inhibitory contr ol 
and anterior cingulate cortex activation during stress.
Neuroimage. 2019;185:111-118. https://doi.org/10.1016/j. 
neuroimage.2018.10.049 

45. Hidalgo-Lopez E, Noachtar I, Pletzer B. Hormonal contra-
ceptive exposure relates to changes in resting state func-
tional connectivity of anterior cingulate cortex and amygdala. 
F ront Endocrinol. 2023;14:1131995. https://doi.org/10.3389/ 
fendo.2023.1131995 

46. Zanotti-Fregonara P, Hirvonen J, Lyoo CH, et al. Population-
based input function modeling for [(18)F]FMPEP-d2, an 
inverse agonist radioligand for cannabinoid CB1 receptors: vali-
dation in clinical studies. PLoS One. 2013;8:e60231. https://doi. 
org/10.1371/journal.pone.0060231 

47. van Velden FHP, Kloet RW, van Berckel BNM, et al. HRRT ver-
sus HR+ human brain PET studies: an interscanner test–retest 
study. J Nucl Med. 2009;50:693-702. https://doi.org/10.2967/ 
jnumed.108.058628 

48. Azimi MS, Rahmim A, Arabi H, et al. Critical review of par-
tial volume correction methods in PET and SPE CT imaging: 
benefits, pitfalls, challenges, and future outlook. E ur J Nucl
Med Mol Imaging. 2025;53:2830-2861. https://doi.org/10.1007/ 
s00259-025-07612-5 

49. Walta M, Laurikainen H, Armio RL, et al. Selection bias in 
clinical studies of first-episode psychosis: a follow-up study. 
Schizophr Res. 2022;246:235-240. https://doi.org/10.1016/j. 
schres.2022.06.022 

© The Author(s) 2026. Published by Oxford University Press on behalf of the Maryland Psychiatric Research Center. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cite d. 
Schizophrenia Bulletin vol. 52 no. 3 pp. 1–8, 2026 
https://doi.org/10.1093/schbul/sbag038 
Regular Article 

8 

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article/52/3/sbag038/8667491 by Turku U

niversity Language C
entre user on 21 M

ay 2026

https://doi.org/10.3390/ijms22020972
https://doi.org/10.3390/ijms22020972
https://doi.org/10.3390/ijms22020972
https://doi.org/10.3390/ijms22020972
https://doi.org/10.1016/j.neuroimage.2013.04.052
https://doi.org/10.1016/j.neuroimage.2013.04.052
https://doi.org/10.1016/j.neuroimage.2013.04.052
https://doi.org/10.1016/j.neuroimage.2013.04.052
https://doi.org/10.1016/j.neuroimage.2013.04.052
https://doi.org/10.1016/j.pnpbp.2020.110096
https://doi.org/10.1016/j.pnpbp.2020.110096
https://doi.org/10.1016/j.pnpbp.2020.110096
https://doi.org/10.1016/j.pnpbp.2020.110096
https://doi.org/10.1016/j.pnpbp.2020.110096
https://doi.org/10.1210/en.2011-1643
https://doi.org/10.1210/en.2011-1643
https://doi.org/10.1210/en.2011-1643
https://doi.org/10.1210/en.2011-1643
https://doi.org/10.1016/j.neuroimage.2018.10.013
https://doi.org/10.1016/j.neuroimage.2018.10.013
https://doi.org/10.1016/j.neuroimage.2018.10.013
https://doi.org/10.1016/j.neuroimage.2018.10.013
https://doi.org/10.1016/j.neuroimage.2018.10.013
https://doi.org/10.1038/s41598-023-50426-4
https://doi.org/10.1038/s41598-023-50426-4
https://doi.org/10.1038/s41598-023-50426-4
https://doi.org/10.1038/s41598-023-50426-4
https://doi.org/10.1038/mp.2013.61
https://doi.org/10.1038/mp.2013.61
https://doi.org/10.1038/mp.2013.61
https://doi.org/10.1038/mp.2013.61
https://doi.org/10.1038/jcbfm.2015.46
https://doi.org/10.1038/jcbfm.2015.46
https://doi.org/10.1038/jcbfm.2015.46
https://doi.org/10.1038/jcbfm.2015.46
https://doi.org/10.1016/j.pnpbp.2020.110031
https://doi.org/10.1016/j.pnpbp.2020.110031
https://doi.org/10.1016/j.pnpbp.2020.110031
https://doi.org/10.1016/j.pnpbp.2020.110031
https://doi.org/10.1016/j.pnpbp.2020.110031
https://doi.org/10.1038/s41591-024-03383-y
https://doi.org/10.1038/s41591-024-03383-y
https://doi.org/10.1038/s41591-024-03383-y
https://doi.org/10.1038/s41591-024-03383-y
https://doi.org/10.1038/s41591-024-03383-y
https://doi.org/10.1177/0269881111408956
https://doi.org/10.1177/0269881111408956
https://doi.org/10.1177/0269881111408956
https://doi.org/10.1021/jm800416m
https://doi.org/10.1021/jm800416m
https://doi.org/10.1021/jm800416m
https://doi.org/10.1021/jm800416m
https://doi.org/10.1021/jm800416m
https://doi.org/10.1038/jcbfm.1990.127
https://doi.org/10.1038/jcbfm.1990.127
https://doi.org/10.1038/jcbfm.1990.127
https://doi.org/10.1038/jcbfm.1990.127
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.biopsych.2015.06.015
https://doi.org/10.1016/j.biopsych.2015.06.015
https://doi.org/10.1016/j.biopsych.2015.06.015
https://doi.org/10.1016/j.biopsych.2015.06.015
https://doi.org/10.1016/j.biopsych.2015.06.015
https://doi.org/10.1016/0006-3223(91)90307-8
https://doi.org/10.1016/0006-3223(91)90307-8
https://doi.org/10.1016/0006-3223(91)90307-8
https://doi.org/10.1016/0006-3223(91)90307-8
https://doi.org/10.1016/0006-3223(91)90307-8
https://doi.org/10.1016/0920-9964(94)00088-P
https://doi.org/10.1016/0920-9964(94)00088-P
https://doi.org/10.1016/0920-9964(94)00088-P
https://doi.org/10.1016/0920-9964(94)00088-P
https://doi.org/10.1016/0920-9964(94)00088-P
https://doi.org/10.1016/0920-9964(94)00088-P
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1093/schbul/sbv167
https://doi.org/10.1038/s41582-023-00904-0
https://doi.org/10.1038/s41582-023-00904-0
https://doi.org/10.1038/s41582-023-00904-0
https://doi.org/10.1038/s41582-023-00904-0
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1016/S2215-0366(18)30268-2
https://doi.org/10.1038/s41467-020-15542-z
https://doi.org/10.1038/s41467-020-15542-z
https://doi.org/10.1038/s41467-020-15542-z
https://doi.org/10.1038/s41467-020-15542-z
https://doi.org/10.1038/s41467-020-15542-z
https://doi.org/10.1016/j.neuron.2023.10.027
https://doi.org/10.1016/j.neuron.2023.10.027
https://doi.org/10.1016/j.neuron.2023.10.027
https://doi.org/10.1016/j.neuron.2023.10.027
https://doi.org/10.1016/j.neuron.2023.10.027
https://doi.org/10.1016/j.neuroimage.2018.10.049
https://doi.org/10.1016/j.neuroimage.2018.10.049
https://doi.org/10.1016/j.neuroimage.2018.10.049
https://doi.org/10.1016/j.neuroimage.2018.10.049
https://doi.org/10.1016/j.neuroimage.2018.10.049
https://doi.org/10.3389/fendo.2023.1131995
https://doi.org/10.3389/fendo.2023.1131995
https://doi.org/10.3389/fendo.2023.1131995
https://doi.org/10.3389/fendo.2023.1131995
https://doi.org/10.1371/journal.pone.0060231
https://doi.org/10.1371/journal.pone.0060231
https://doi.org/10.1371/journal.pone.0060231
https://doi.org/10.1371/journal.pone.0060231
https://doi.org/10.1371/journal.pone.0060231
https://doi.org/10.2967/jnumed.108.058628
https://doi.org/10.2967/jnumed.108.058628
https://doi.org/10.2967/jnumed.108.058628
https://doi.org/10.2967/jnumed.108.058628
https://doi.org/10.1007/s00259-025-07612-5
https://doi.org/10.1007/s00259-025-07612-5
https://doi.org/10.1007/s00259-025-07612-5
https://doi.org/10.1007/s00259-025-07612-5
https://doi.org/10.1016/j.schres.2022.06.022
https://doi.org/10.1016/j.schres.2022.06.022
https://doi.org/10.1016/j.schres.2022.06.022
https://doi.org/10.1016/j.schres.2022.06.022
https://doi.org/10.1016/j.schres.2022.06.022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/schbul/sbag038

	 The Brain Endocannabinoid System is Differentially Regulated in Male and Female Patients with First-Episode Psychosis
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	Author Contributions
	Supplementary Material
	Funding
	Conflicts of Interest
	References


