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A B S T R A C T   

Background: Reward processing deficits are a core feature of schizophrenia and are thought to underlie negative 
symptoms. Pre-clinical evidence suggests that opioid neurotransmission is linked to reward processing. However, 
the contribution of Mu Opioid Receptor (MOR) signalling to the reward processing abnormalities in schizo-
phrenia is unknown. Here, we examined the association between MOR availability and the neural processes 
underlying reward anticipation in patients with schizophrenia using multimodal neuroimaging. 
Method: 37 subjects (18 with Schizophrenia with moderate severity negative symptoms and 19 age and sex- 
matched healthy controls) underwent a functional MRI scan while performing the Monetary Incentive Delay 
(MID) task to measure the neural response to reward anticipation. Participants also had a [11C]-carfentanil PET 
scan to measure MOR availability. 
Results: Reward anticipation was associated with increased neural activation in a widespread network of brain 
regions including the striatum. Patients with schizophrenia had both significantly lower MOR availability in the 
striatum as well as striatal hypoactivation during reward anticipation. However, there was no association be-
tween MOR availability and striatal neural activity during reward anticipation in either patient or controls 
(Pearson’s Correlation, controls df = 17, r = 0.321, p = 0.18, patients df = 16, r = 0.295, p = 0.24). There was no 
association between anticipation-related neural activation and negative symptoms (r = –0.120, p = 0.14) or 
anhedonia severity (social r = –0.365, p = 0.14 physical r = –0.120, p = 0.63). 
Conclusions: Our data suggest reduced MOR availability in schizophrenia might not underlie striatal hypo-
activation during reward anticipation in patients with established illness. Therefore, other mechanisms, such as 
dopamine dysfunction, warrant further investigation as treatment targets for this aspect of the disorder.   
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1. Introduction 

Negative symptoms, including amotivation and anhedonia, are a 
major cause of functional impairment in schizophrenia (Galderisi et al., 
2018). Existing pharmacotherapies fail to target this symptom domain, 
highlighting the need to better understand their underlying neurobi-
ology (Kaar et al., 2020; Lobo et al., 2022). Reward processing deficits 
are extensively reported in schizophrenia, with impaired learning from 
reward shown in patients with high levels of negative symptoms 
(Deserno et al., 2017; Gold et al., 2012; Radua et al., 2015; Strauss et al., 
2014). 

Functional magnetic resonance imaging (fMRI) studies have local-
ised the circuitry involved in anticipatory and consummatory reward, 
with a recent meta-analysis of 45 studies showing reward anticipation is 
associated with activation in the ventral striatum, middle cingulate 
cortex/supplementary motor area and insula (Jauhar et al., 2021). The 
largest meta-analysis to date in patients with schizophrenia (patients n =
917), found that patients have significant hypoactivation of the ventral 
striatum during reward anticipation when compared to control subjects 
(Radua et al., 2015). More recent work meta-analysing monetary 
incentive delay task fMRI found that during reward anticipation 
schizophrenia patients had hypoactivation in the striatum, anterior 
cingulate cortex, median cingulate cortex, amygdala, precentral gyrus 
and superior temporal gyrus (Zeng et al., 2022). Of these regions, spe-
cifically greater degree of striatal hypoactivation was associated with 
greater negative symptom severity (Zeng et al., 2022). 

Another meta-analysis of fMRI studies that looked at consummatory 
reward tasks reported that during these tasks schizophrenia patients had 
significant hypoactivation in the cingulate cortex, orbitofrontal cortex, 
and basal ganglia (Zhang et al., 2016). More recent work has also shown 
reduced neural activation of the striatum during reward anticipation to 
be associated with measures of apathy in patients with schizophrenia 
(Kluge et al., 2018), together raising the question of the biological 
mechanisms underlying aberrant reward processing in schizophrenia. 

Historically, the opioid system has been repeatedly discussed in the 
context of schizophrenia pathophysiology (Bloom et al., 1976; Clark and 
Abi-Dargham, 2019; Comfort, 1977; Jacquet and Marks, 1976; Qued-
now et al., 2008; Schmauss and Emrich, 1985; Terenius et al., 1976). 
More recently, there has been growing evidence for a role of opioid- 
signalling specifically in reward processing. Preclinical studies have 
reported that dopamine-depleted rats can still acquire a morphine- 
conditioned place preference (Hnasko et al., 2005). Mu-opioid recep-
tor (MOR) knockout mice show reduced motivation to eat (Papaleo 
et al., 2007), reduced anticipation of food reward (Kas et al., 2004; 
Selleck and Baldo, 2017), and reduced maternal attachment (Moles 
et al., 2004). MOR knockout mice also have reduced reward responses to 
morphine (Contet et al., 2004; Hall et al., 2001; Norman and D’Souza, 
2017), as well as to cocaine and alcohol (Becker et al., 2002). Consistent 
with preclinical studies, human studies have reported that food reward 
processing in humans is mediated by MOR (Loseth et al., 2014; Num-
menmaa et al., 2018; Rabiner et al., 2011). Moreover, the administration 
of the opioid receptor antagonist, nalmefene, reduces BOLD response in 
the mesolimbic system during monetary reward anticipation (Quelch 
et al., 2017). 

Furthermore, we have shown that patients with schizophrenia have 
lower MOR availability in the striatum, as well as the hedonic brain 
network consisting of the insula, amygdala, anterior cingulate cortex, 
and orbitofrontal cortex (Ashok et al., 2019). The increasing evidence 
for the role of the MOR in regulating reward processing raises the 
question if reduced MOR might underlie reward deficits in 
schizophrenia. 

To test this, we selected patients with schizophrenia with negative 
symptoms. We hypothesized that we would identify striatal hypo-
activation during reward anticipation in these patients relative to con-
trols, in line with the fMRI findings that have been published previously 
(Leroy et al., 2020; Radua et al., 2015; Zeng et al., 2022), and set out to 

test whether reward anticipation-related activation in the striatum 
would be associated with MOR availability, which we have shown to be 
lower in patients in this region previously. We additionally tested 
whether activation of the striatum was associated with measures of 
anhedonia, consummatory and anticipatory pleasure and conducted 
exploratory analyses testing for BOLD-MOR relationships in extra- 
striatal hedonic regions (amygdala, insula, anterior cingulate and orbi-
tofrontal cortices), which had previously been shown to have reduced 
MOR density in patients with schizophrenia and have been implicated in 
fMRI studies of reward anticipation in schizophrenia. 

2. Methods 

The study was approved by the London - Camberwell St Giles 
Research Ethics Committee and the Administration of Radioactive 
Substances Advisory Committee (ARSAC, UK). After receiving a 
description of the study all participants provided written informed 
consent to participate. 

We recruited 20 patients with schizophrenia from secondary mental 
health services. PET data were not available in one subject as they 
dropped out of the study, another subject was excluded from the final 
analyses due to high motion during the fMRI scan and the final sample 
included 18 patients and 19 controls, PET data for these participants was 
included in Ashok et al., 2019. All patients met the DSM-5 criteria for 
schizophrenia. The inclusion criteria were a minimum score ≥ 4 on at 
least one item on the Positive and Negative Symptom Scale (PANSS) 
negative symptom sub-scale (Kay et al., 1987) or two or more negative 
symptoms with a score ≥ 3 on the PANSS negative symptom sub-scale to 
ensure current negative symptoms. All patients were on a stable dose of 
an antipsychotic for at least four weeks before the scan (supplementary 
table 1). Nineteen healthy volunteers were recruited from the same local 
catchment area through public advertisement. Inclusion criteria 
comprised no psychiatric morbidity as assessed by the Structured Clin-
ical Interview for DSM 5 (SCID) and no family history of psychosis. 
Exclusion criteria for all subjects were: history or current substance use 
disorder (other than tobacco) as assessed by clinical interview, history of 
head injury or neurological abnormality, present or recent (1 month) use 
of opiates, antidepressants or other psychoactive medications including 
antiepileptics, significant physical comorbidity (minor self-limiting ill-
nesses were permitted) as assessed by history and physical examination, 
and contraindications to PET or MRI scanning. 

Subjects underwent a screening assessment which included medical 
and psychiatric history as well as the history of alcohol, tobacco, and 
other substance use and a physical examination. In addition, the phys-
ical and social anhedonia rating scale, and temporal experience of 
pleasure scale (TEPS) were administered to assess anhedonia in both 
patients and controls (Gard et al., 2006). The Calgary depression scale 
was used to assess depressive symptoms (Addington et al., 1990). 

2.1. Magnetic resonance imaging acquisition 

Data were collected using a 3T Siemens Verio system running the 
syngo MR B17 software with a Siemens 32 channel receive-only phased- 
array head coil. At the start of each scanning session a high-resolution 
T1-weighted volume was acquired for the purpose of fMRI and PET 
coregistration using a Magnetization Prepared Rapid Gradient Echo 
(MPRAGE) sequence and parameters from the Alzheimer’s Disease 
Research Network (ADNI-GO; 160 slices × 240 × 256, TR = 2300 ms, 
TE = 2.98 ms, flip angle = 9◦, 1 mm isotropic voxels, bandwidth = 240 
Hz/pixel, parallel imaging (PI) factor = 2; Jack et al., 2008). Subsequent 
functional images were acquired using a multiband sequence based on 
the multiband EPI WIP v012b provided by the University of Minnesota 
(Auerbach et al., 2013; Cauley et al., 2014; Setsompop et al., 2012; Xu 
et al., 2013). This sequence featured 42 interleaved slices, with a TR of 
1200 ms, TE of 30 ms, 3 mm isotropic voxels in a 64x64 matrix, flip 
angle of 62◦, and bandwidth of 1906 Hz/pixel. To achieve the desired 

E. Shatalina et al.                                                                                                                                                                                                                               



NeuroImage: Clinical 39 (2023) 103481

3

resolution and repetition time, parallel imaging using Generalized 
Autocalibrating Partially Parallel Acquisition (GRAPPA) with an accel-
eration factor of 2 was conducted, and the multiband acceleration factor 
was also set to 2. The first six volumes of each functional run were 
discarded to allow for T1 saturation effects. These were not included in 
any number of volumes reported here. 

2.2. Monetary incentive delay task 

This task was designed to probe the neural correlates of reward 
anticipation (Knutson et al., 2000). The task contained two trial types 
(win trials and neutral trials) and participants could win money 
depending upon how quickly they reacted to a target stimulus. Each trial 
began with the presentation of the cue stimulus, which was either an 
orange (win trial) or blue (neutral trial) square, shown at the centre of 
the screen for 0.5 s. Following the cue, there was an anticipation period 
which varied randomly between 2, 3, and 4 s. The target stimulus (a 
white square) was then presented for a variable duration (see below), 
and participants were instructed to respond as fast as possible to this 
stimulus, by pressing a button using an MR-compatible button box. 
Following the target, feedback was presented. 

For the win trials, participants won £1 if they responded during the 
target stimulus presentation. In this case, the participant received the 
feedback message “Hit! You won £1”, in green text for 1000 ms. On 
neutral trials, participants neither won nor lost money. If the current 
trial was a neutral trial, and the subject responded successfully to the 
target, the feedback message was simply “Hit!” in green text for 1000 
ms. For both win and neutral trials, if the subject failed to respond 
during stimulus presentation the word “Miss” appeared at the centre of 
the screen in red text for 1000 ms. The additional message “Current 
Total = £XX” was always displayed below the feedback message, and 
showed the subject’s current total winnings during the task. All partic-
ipants watched a demo video of the task and fully understood the rules 
and cue outcomes before completing the task in the scanner. 

The duration of the target stimulus was dynamic in order to account 
for individual differences in response time and ensure a similar level of 
task difficulty for each subject. If the subject had missed a response, 
16.66 ms (one screen refresh, on a standard 60 Hz monitor) was added to 
the duration of the target stimulus on the next trial. If the subject 
responded successfully, 16.66 ms was subtracted from the target stim-
ulus’ duration on the next trial. The default duration of the target 
stimulus at the beginning of the task was 300 ms, and the duration 
increased up to a maximum of 400 ms, or down to a minimum of 200 ms. 
Time was also added or subtracted to the feedback stimulus propor-
tionately in order to ensure that the total duration of the target plus the 
feedback was always exactly 1300 ms. Following the feedback, an inter- 
trial interval consisting of a fixation point was presented, which varied 
randomly within the range 2.2 to 10.2 s in one-second increments, on an 
approximately Poisson distribution (Hagberg et al., 2001). The total task 
duration was 12 min (plus a 10-second buffer period in the end) or 608 
scanning volumes. In total there were 24 win trials and 48 neutral trials, 
the 2:1 ratio of win:neutral trials ensured win trials were perceived as 
more rewarding by participants and more money (£1) could be paid out 
per trial (Skumlien et al., 2023; Skumlien et al., 2022). All money won 
during the task was paid out to the participants at the end of the study. 

2.3. Functional magnetic resonance imaging analysis 

Image processing was performed using FSL version 6.0 (FMRIB’s 
Software Library; Oxford Centre for Functional Resonance Imaging of 
the Brain [FMRIB], https://www.fmrib.ox.ac.uk/fsl/). BET was used for 
brain extraction of the anatomical data and FSLanat was used for 
additional anatomical data pre-processing. Motion correction was per-
formed with FMRIB Linear Image Registration Tool (MCFLIRT), with 
spatial smoothing using a Gaussian kernel of full width at half maximum 
(FWHM) 6 mm. High motion for a subject was defined as a mean relative 

root-mean square displacement that exceeds 0.5 mm. For subjects with 
high motion, plots of their mean and relative displacement were visually 
inspected and if high motion affected over 30 consecutive volumes, they 
were excluded from the analyses. Temporal high-pass filtering was 
applied with a 100 s cut-off threshold. A two-step co-registration to the 
subject’s individual anatomical image and an anatomical template 
image in standard stereotactic space (MNI152) was performed, with no 
temporal filtering applied. 

First-level analyses were carried out in FSL’s FEAT module, data 
were combined using mixed effects (FLAME-1) models and analysed 
using the general linear model and FILM (FMRIB’s Improved Linear 
Model) pre-whitening. The blood-level oxygen dependent response was 
modelled with blocks of reward anticipation and neutral anticipation 
conditions as explanatory variables, with standard head motion re-
gressors (3 translations and 3 rotations). Task regressors were convo-
luted with a standard Gamma function (SD = 3 s, Mean lag = 6 s), with 
added temporal derivative and temporal filtering to match the pre- 
processing steps applied to the data. Contrasts were computed to 
model effects of reward anticipation > neutral anticipation. 

Second (group) level analyses were conducted using a whole-brain 
cluster-corrected significance threshold (cluster defining threshold of 
Z = 2.3, whole-brain family-wise error corrected p < 0.05). Our primary 
fMRI hypothesis concerned a group difference in the reward anticipa-
tion > neutral contrast, which we tested using a two sample t-tests, 
implemented in FSL’s FLAME-1 model. 

We extracted single subject reward > neutral anticipation contrast 
estimates from bilateral striatum using an a priori striatal region of in-
terest (ROI), which was defined using a mask derived from the CIC 
Neuroanatomical atlas (Tziortzi et al., 2011), to spatially match ROIs 
extracted from PET analyses. Data was extracted by back-projecting the 
ROI mask in individual subject space using FSL’s Featquery. 

2.4. PET acquisition 

[11C]-carfentanil, a selective MOR agonist, was synthesized 
following methods described previously by Ashok et al., 2019. 
Following a transmission CT scan, a maximum of 300 MBq of [11C]- 
carfentanil was administered. PET emission data were collected for 90 
min in 26 frames (8 × 15 s, 3 × 60 s, 5 × 120 s, 5 × 300 s and 5 × 600 s, 
to a total of 5400 s). PET scans were acquired on a Siemens HiRez 6 PET/ 
computed tomography scanner (Siemens Healthcare, Erlangen, Ger-
many). PET and fMRI data were acquired within the same week for most 
participants, maximum time between scans was within a month of each 
other. 

2.5. PET image analysis 

PET data presented in this study has been published previously in 
Ashok et al. (2019), and the present study uses an identical analysis 
pipeline for PET analysis. Image pre-processing and PET modelling were 
carried out using MIAKAT™ software (https://www.miakat.org). Dy-
namic PET data were corrected for attenuation and scatter correction, 
and for motion by frame-by-frame realignment to frame 16. Each scan 
was rigid-body coregistered to the structural MRI. Regions of interest 
(ROIs) were defined using the same neuroanatomical atlas as described 
above (Tziortzi et al., 2011), applied to the PET image by non-linear 
deformation parameters derived using unified segmentation of the 
structural MRI using statistical parametric mapping (SPM12) functions 
implemented in MIAKAT. The template and atlas fits were confirmed 
visually for each participant. [11C]-carfentanil binding potential (BPND) 
values were quantified using the simplified reference tissue model 
(SRTM) with occipital lobe grey matter as the reference (Colasanti et al., 
2012; Lammertsma and Hume, 1996). This approach shows good 
agreement on comparison with the arterial input function derived vol-
ume of distribution (Frost et al., 1985; Hirvonen et al., 2009), and the 
occipital cortex has negligible MOR availability (Hiller and Fan, 1996; 
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Mick et al., 2016; Mick et al., 2014; Rabiner et al., 2011; Turton et al., 
2018). 

2.6. Statistical analysis 

Statistical analyses of fMRI data included group-level analyses to 
confirm the effect of task in each group, followed by group-level ana-
lyses comparing patients and controls (both stages described above) and 
region of interest (ROI) analyses. Final statistical analyses were per-
formed with SPSS (version 27) and included a primary analysis that 
examined group differences in parameter estimates during reward 
anticipation in the striatum using a two sample t-test, as well as corre-
lations between PET and fMRI measures using Pearson’s correlation. A 
statistical threshold of p < 0.05 was applied to the primary analyses. 
Correlation coefficients were compared by transforming the r-co-
efficients for each group to z-scores using Fisher’s r to z transform, fol-
lowed by calculating the Zobserved value using the following formula: 
Zobserved = (z1 – z2) / (square root of [(1/N1 − 3) + (1/N2 − 3)]) (Hinkle 
et al., 1988). A p-value of p < 0.05 corresponding to the Zobserved was 
used to identify r-coefficients that we’re significantly different between 
group. Additional analyses included Pearson’s correlations to assess 
relationships between measures of anhedonia (physical and social 
anhedonia rating scale and temporal experience of pleasure scales) and 
striatal activation during reward anticipation. Further exploratory an-
alyses included examining group differences during reward anticipation 
in preselected ROIs spanning the hedonic network (amygdala, insula, 
anterior cingulate and orbitofrontal cortex) and correlations between 
PET and fMRI measures using Pearson’s correlation in these regions as 
well as in subdivisions of the striatum (nucleus accumbens, caudate, 
putamen, pallidum). Exploratory analyses were not corrected for mul-
tiple comparisons. All data are presented as mean ± SEM. 

3. Results 

For this study, one patient was excluded from the original sample 
published by Ashok et al. (2019) due to excessive motion during the 
fMRI scan. Demographic details for all participants are given in Table 1, 
with medication details provided in supplementary table 1. There was 
no significant difference between groups in age, sex, radioactive dose, 
and injected mass per body weight (µgm/kg) received. As expected, 
there was a significant group difference in anhedonia, with higher 
anhedonia ratings in patients (social anhedonia t(35) = 2.764, p =
0.009, physical anhedonia t(35) = 2.190, p = 0.035, two-sample t-test) 
and in BMI (Table 1). 

3.1. Behavioural measures 

There was no significant difference between groups in the reaction 
time in reward trials (Table 1). The reaction time difference between 
reward and neutral trials, which is a putative measure of motivational 
salience, also did not differ between group [patients vs controls (mean in 
s ± SEM): -0.0042 ± 0.004 vs − 0.005 ± 0.004 respectively, t(35) =
–1.508, p = 0.9, two sample t-test], there was no significant change in 
reaction time between neutral and reward trials in either controls (t(16) 
= –1.161, p = 0.26, paired t-test), patients (t(15) = –0.551, p = 0.59, 
paired t-test), or in the full sample (t(32) = –1.259, p = 0.22, paired t- 
test). There was no correlation between clinical measures and motiva-
tional salience in either group (p > 0.05, Pearson’s correlation coeffi-
cient). As shown in Table 1, patients with schizophrenia and control 
subjects had comparable scores on the anticipatory subscale of the TEPS 
(t(35) = –0.911, p = 0.36, two sample t-test) and patients had signifi-
cantly lower scores on the consummatory subscale of the TEPS (t(35) =
–2.289, p = 0.028, two sample t-test) than control subjects. Patients has 
significantly higher levels of anhedonia (Table 1), which included 
higher scores on revised social anhedonia scale (t(35) = 2.764, p = 0.009 
and revised physical anhedonia scale (t(35) = 2.190, p = 0.035, two- 

sample t-test), than control subjects. 

3.2. fMRI measures 

In both patients and controls, whole-brain analyses showed an effect 
of task in the reward > neutral anticipation condition across the frontal 
pole, superior, middle, inferior frontal gyrus, cingulate gyrus, striatum, 
temporal gyrus, insular cortex, amygdala, thalamus and occipital cortex 
in both patients and controls, as seen in Fig. 1 and supplementary Fig. 2. 
In patients with schizophrenia there was significant hypoactivation at 
the whole-brain level spanning parietal, occipital and cerebellar regions 
as well as the thalamus, caudate, putamen and amygdala relative to 
controls, as seen in supplementary Fig. 2. Patients did not show 
increased activation for reward > neutral anticipation in any brain re-
gion compared to healthy controls at the whole-brain level. Striatal 
activation during reward anticipation was significantly lower in patients 
with schizophrenia in the ROI analyses (t(35) = –2.084, p = 0.044, 
uncorrected, independent t-test), as seen in Fig. 2a. Exploratory ROI 
analyses showed that compared to controls patients had significantly 
lower activation during reward anticipation in the amygdala (t(35) =
–2.518, p = 0.017, uncorrected, independent t-test, supplementary 
figure 3) and orbitofrontal cortex (t(35) = –2.193, p = 0.035, uncor-
rected, independent t-test, supplementary figure 4) and comparable 
activation in the insular and anterior cingulate cortices (supplementary 
figures 5 and 6). 

3.3. Correlation between PET and fMRI measures 

We again report that our patient sample also had significantly lower 
MOR availability in the striatum relative to controls (Ashok et al., 2019), 
shown in Fig. 2b (t(35) = –2.422, p = 0.021, independent t-test). In the 
striatum, there was no association between MOR availability and the 
parameter estimate values during reward > neutral anticipation in 

Table 1 
Demographic details of subjects. BMI – body mass index, PANSS – Positive and 
Negative Symptom Scale, SANS – Scale for Assessment of Negative Symptoms.   

Schizophrenia 
patients (n ¼ 18) 
(mean ± SEM) 

Controls (n 
¼ 19) 

p- 
value 

Age (years) 35.6 ± 2.1 37.84 ± 2.6 0.51 
Gender 18/0 17/2 0.17 
Injected radioactivity (MBq) 203.0 ± 8 196.9 ± 10 0.65 
Injected mass per body weight 

(µgm/kg) 
0.023 ± 0.001 0.024 ±

0.001 
0.61 

BMI (kg/m2) 30.0 ± 0.80 25.2 ± 0.93 0.001* 
Mean age at onset (years) 22.89 ± 1.2 n/a n/a 
Mean duration of illness 

(years) 
11.7 ± 2.3 n/a n/a 

PANSS 
Positive 
Negative 
General 
Total  

14.5 ± 0.5 
21.4 ± 1.1 
26.7 ± 0.8 
62.6 ± 2.0 

n/a n/a 

SANS-25 55.7 ± 5 n/a n/a 
Revised social anhedonia scale 17.4 ± 2.0 10.2 ± 1.8 0.009* 
Revised physical anhedonia 

scale 
23.0 ± 2.9 13.7 ± 3 0.035* 

Temporal experience pleasure 
scale 
Anticipatory pleasure scale 
Consummatory pleasure scale  

37.1 ± 2.4 
28.0 ± 2.4  

42.5 ± 2 
34.8 ± 1.7  

0.36 
0.028* 

Calgary depression scale total 
score 

8.5 ± 1.7 n/a n/a 

Reaction time (s) 
Neutral trial 
Reward anticipation trial  

0.22 ± 0.01 
0.21 ± 0.01  

0.24 ± 0.01 
0.23 ± 0.01  

0.15 
0.11 

Accuracy in reward 
anticipation (fraction of 
total trial)  

0.57 ± 0.05   0.6 ± 0.13  0.62  
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either patients or controls, as shown in Fig. 2c (Pearson’s Correlation, 
controls df = 17, r = 0.321, p = 18, patients df = 16, r = –0.295, p =
0.24). Correlation coefficients in patients were significantly lower than 
in controls (Zobserved = 1.778, p = 0.038). There were no associations 
between MOR availability and the parameter estimate values during 
reward > neutral anticipation in any of the striatal subdivisions (nucleus 
accumbens, caudate, putamen, pallidum) in either group (supplemen-
tary table 4). There was no association between imaging measures (MOR 
availability/ fMRI parameter estimates) and the reaction-time-based 
measure of motivational salience in either group (Pearson’s coeffi-
cient, p > 0.05, Table 2). Exploratory analyses conducted on the 
amygdala, orbitofrontal, insular and anterior cingulate cortices all 
showed comparable MOR availability between patients and controls 
(amygdala t(35) = –1.557, orbitofrontal cortex t(35) = –1.956, insular 
cortex t(35) = –1.385, anterior cingulate cortex t(35) = –1.469, all p >
0.05, independent t-tests) and no association between MOR availability 
and parameter estimate values during reward > neutral anticipation in 
either patients or controls in any of the regions analysed (supplementary 
figures 3–6), with comparable correlation coefficients the two groups 
(All Zobserved < 1.5, p > 0.05). 

3.4. Correlation between behavioural measures and neuroimaging 
measures 

In our patient group, we found no associations between striatal MOR 
availability and negative symptoms as measured by the PANSS and 

SANS, and there were no associations between striatal activation during 
reward anticipation and negative symptoms (see Table 2). We found no 
relationships between striatal MOR availability and the anticipatory or 
consummatory temporal experience of pleasure scale in either patients 
or controls (Table 2). 

4. Discussion 

Our study shows that patients with schizophrenia with moderate 
negative symptoms that have significantly lower MOR availability in the 
striatum also have striatal hypoactivation during reward anticipation. 
We further show there is no association between MOR availability and 
striatal neural activity during reward anticipation in both patients and in 
healthy controls. While correlation coefficients for this relationship 
differed between groups, our results suggest mu-opioid receptor levels 
are unlikely to be a major determinant of neural activity during reward 
processing, which extends prior knowledge on the role of striatal opioid 
signalling during reward in both schizophrenia and the healthy brain. 

In the sample as a whole, reward anticipation was associated with 
neural activation in superior frontal gyrus, middle frontal gyrus, para-
central lobule, inferior temporal gyrus, left occipital gyrus, para-
hippocampal gyrus, insula, nucleus accumbens, caudate, putamen, 
thalamus, amygdala, and anterior cingulate cortex. The effect of task in 
our study is consistent with findings of a meta-analyses of data from 
subjects performing the monetary incentive delay task, which identified 
similar spatial patterns of activity related to reward anticipation (Jauhar 

Fig. 1. Group-level effects of reward anticipation during the monetary incentive delay task in control subjects (red) and patients with schizophrenia 
(blue). Images show statistical Z-maps (Gaussianised T/F) of brain regions showing significantl activation during reward anticipation (reward anticipation > neutral 
anticipation) in patients with schizophrenia (n = 18, shown in blue) and control subjects (n = 19, shown in red). Images thresholded at Z > 3.0 and a whole-brain 
corrected cluster significance threshold of p = 0.05, for Z > 2.3 see supplementary Fig. 2 Slices shown are z = -64––58 − 52––46 − 40––34; − 28––20 − 14––8 − 2 4; 10 
18 24 30 36 42; 48 54 62 68 74 80. 
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et al., 2021; Oldham et al., 2018; Wilson et al., 2018). We found 
hypoactivation of the striatum during reward anticipation in schizo-
phrenia patients compared to controls, consistent with previous findings 
of lower striatal response in schizophrenia during reward anticipation 
(Zeng et al., 2022). However, in our sample striatal hypoactivation was 

not associated with severity of negative symptoms, contrary to findings 
of a recent meta-analysis of the MID tasks in schizophrenia (Zeng et al., 
2022). A possible explanation for this is that our sample may lack the 
power to detect this association. 

Our findings in control subjects suggest that interindividual 

Fig. 2. Striatal reward anticipation 
related activation and mu opioid re-
ceptor (MOR) density in the striatum in 
patients with schizophrenia and 
respective controls: A) Lower Mean 
parameter estimate values during reward 
> neutral anticipation in the striatum in 
patients with schizophrenia (n = 18) 
compared to respective controls (n = 19) 
(p = 0.044, paired t-test). B) Mean MOR 
density measures as [11C]Cafentanil BPND 
in the striatum in patients with schizo-
phrenia and respective controls (p =

0.021, independent t-test). C) Plot relating 
[11C]Cafentanil BPND and parameter es-
timate values for the reward anticipation 
condition in the striatum patients with 
schizophrenia, shown in blue and respec-
tive control subjects shown in black. 
Trend lines indicate lack of significant 
association between MOR availability and 
activation in the striatum (Pearson’s Cor-
relation, controls r = 0.321, p > 0.05, 
patients r = 0.295, p > 0.05). * indicates 
p < 0.05.   

Table 2 
Associations between striatal activation during reward anticipation, striatal Mu Opioid Receptor (MOR) availability and measures of hedonic responses/ 
symptoms. BPND – binding potential, PANSS – positive and negative symptoms scale, SANS – scale for the assessment of negative symptoms, TEPS – temporal 
experience of pleasure scale.  

Measure Striatal Reward > neutral anticipation parameter estimate Striatal MOR BPND  

SCZ CTR SCZ CTR  

r p r p r p r p 

PANSS  − 0.196  0.43 n/a n/a  − 0.014  0.96 n/a n/a 
PANSS-positive  − 0.172  0.50 n/a n/a  0.081  0.75 n/a n/a 
PANSS-negative  − 0.120  0.63 n/a n/a  − 0.065  0.80 n/a n/a 
PANSS-general  − 0.216  0.39 n/a n/a  0.008  0.97 n/a n/a 
SANS-25  0.106  0.32 n/a n/a  − 0.166  0.51 n/a n/a 
Revised social anhedonia  − 0.365  0.14 0.299 0.21  0.334  0.16 0.379 0.11 
Revised physical anhedonia  − 0.231  0.36 0.281 0.24  0.197  0.43 0.281 0.24 
TEPS anticipatory pleasure scale  0.383  0.12 − 0.270 0.26  0.109  0.67 − 0.451 0.05 
TEPS consummatory pleasure scale  0.188  0.46 − 0.244 0.31  0.246  0.33 − 0.244 0.31 
Reaction time (neutral)  − 0.254  0.34 − 0.088 0.74  − 0.215  0.42 − 0.039 0.88 
Reaction time (anticipation)  − 0.139  0.61 − 0.286 0.27  − 0.198  0.46 − 0.284 0.27 
Accuracy in reward anticipation  − 0.08  0.77 0.309 0.23  − 0.102  0.71 − 0.088 0.74  
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differences in MOR availability do not underlie interindividual differ-
ences in striatal activation during monetary reward anticipation. How-
ever, previous multimodal neuroimaging studies suggest that the opioid 
system plays a key role in regulating reward function. This contrasts 
with findings of an inverse relationship between MOR availability in 
ventral striatum, amygdala and hypothalamus and activation of these 
regions during food reward processing (Nummenmaa et al., 2018). The 
difference between our finding with a monetary reward task and this 
finding with a food stimulus may suggest that monetary and food stimuli 
have differential neural regulation. Additionally, a lack of association 
between MOR availability in the striatum and reward activation, does 
not exclude the possibility that opioid release may play a role in 
modulating striatal reward function. For example, work by Saanijoki 
et al. (2018) showed that exercise-induced changes in MOR binding 
negatively correlated with the reward anticipation signal measured 
using fMRI for palatable food stimuli in orbitofrontal and cingulate 
cortices, insula, ventral striatum, amygdala, and thalamus (Saanijoki 
et al., 2018). Future studies examining the association of opioid release 
in schizophrenia and reward anticipation neural activity would extend 
our findings and understanding of the functional consequences of 
altered opioid signalling in schizophrenia. 

A consideration in our study is that patients were taking antipsy-
chotic medication, largely second-generation drugs. Evidence suggests 
that second generation antipsychotics may normalise reward-related 
striatal neural responses in patients with schizophrenia (Juckel et al., 
2006; Nielsen et al., 2018). For example, Juckel et al. reported a 
reduction in ventral striatal activation during reward anticipation in 
patients treated with first-generation antipsychotic but not in patients 
treated with second-generation antipsychotics (Juckel et al., 2006). 
Another study showed switching patients from first generation to 
second-generation antipsychotics (Schlagenhauf et al., 2008) and 
treatment of medication naïve first episode patients with second- 
generation antipsychotics normalized activation deficits in the stria-
tum (Nielsen et al., 2012). Other cross-sectional, studies have also re-
ported no difference in striatal activation during activation of monetary 
reward in patients treated with second-generation antipsychotics (Mucci 
et al., 2015; Walter et al., 2009) and a recent meta-analysis of MID fMRI 
studies found that striatal hypoactivation was positivity associated with 
the percentage of second-generation antipsychotic users (Zeng et al., 
2022). Whilst we cannot exclude the possibility that treatment had 
reduced the altered neural response to reward in the patients, we 
nevertheless found significantly lower activation in patients, suggesting 
that reward processing deficits persisted in our sample. 

Given the role of MOR in reward processing, a remaining question is 
whether MOR deficits may underlie dysfunction in consummatory 
reward, which is also reported in patients with schizophrenia. In our 
study, we found no association between reduced MOR availability and 
lower scores on the consummatory pleasure subscale of the Temporal 
Experience Pleasure Scale (TEPS). However, given that the fMRI task we 
used was not designed to probe the neural basis of consummatory 
reward, the relationship between MOR and consummatory reward 
dysfunction in schizophrenia remains a question for future research. 

Overall, our findings suggest that reward anticipation is not driven 
by MOR density in control subjects and that lower MOR availability in 
schizophrenia does not underlie striatal hypoactivation during reward 
anticipation in patients. One alternative biological mechanism that 
could drive striatal hypoactivity during reward anticipation in schizo-
phrenia may be dysfunctional dopaminergic signalling (Schott et al., 
2008). 

5. Conclusions 

To conclude, there is hypoactivation of the striatum in schizophrenia 
patients during reward anticipation, but this isn’t associated with lower 
striatal MOR availability in this patient group or in healthy controls, 
suggesting other neurochemical mechanisms underlie altered reward 

processing in schizophrenia. 
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Galduróz, J.C.F., Bowden-Jones, H., Clark, L., Nutt, D.J., Lingford-Hughes, A.R., 
2016. Blunted endogenous opioid release following an oral amphetamine challenge 
in pathological gamblers. Neuropsychopharmacology : Official Publication of the 
American College of Neuropsychopharmacology 41 (7), 1742–1750. 

Moles, A., Kieffer, B.L., D’Amato, F.R., 2004. Deficit in attachment behavior in mice 
lacking the mu-opioid receptor gene. Science 304, 1983–1986. 

Mucci, A., Dima, D., Soricelli, A., Volpe, U., Bucci, P., Frangou, S., Prinster, A., 
Salvatore, M., Galderisi, S., Maj, M., 2015. Is avolition in schizophrenia associated 
with a deficit of dorsal caudate activity? A functional magnetic resonance imaging 
study during reward anticipation and feedback. Psychol. Med. 45 (8), 1765–1778. 

Nielsen, M.O., Rostrup, E., Wulff, S., Bak, N., Broberg, B.V., Lublin, H., Kapur, S., 
Glenthoj, B., 2012. Improvement of brain reward abnormalities by antipsychotic 
monotherapy in schizophrenia. Arch. Gen. Psychiatry 69, 1195–1204. 

Nielsen, M.Ø., Rostrup, E., Broberg, B.V., Wulff, S., Glenthøj, B., 2018. Negative 
symptoms and reward disturbances in schizophrenia before and after antipsychotic 
monotherapy. Clin. EEG Neurosci. 49 (1), 36–45. 

Norman, H., D’Souza, M.S., 2017. Endogenous opioid system: a promising target for 
future smoking cessation medications. Psychopharmacology (Berl) 234 (9-10), 
1371–1394. 

Nummenmaa, L., Saanijoki, T., Tuominen, L., Hirvonen, J., Tuulari, J.J., Nuutila, P., 
Kalliokoski, K., 2018. mu-opioid receptor system mediates reward processing in 
humans. Nat. Commun. 9, 1500. 

Oldham, S., Murawski, C., Fornito, A., Youssef, G., Yücel, M., Lorenzetti, V., 2018. The 
anticipation and outcome phases of reward and loss processing: a neuroimaging 
meta-analysis of the monetary incentive delay task. Hum Brain Mapp 39 (8), 
3398–3418. 

Papaleo, F., Kieffer, B.L., Tabarin, A., Contarino, A., 2007. Decreased motivation to eat in 
mu-opioid receptor-deficient mice. Eur. J. Neurosci. 25, 3398–3405. 

Quednow, B.B., Csomor, P.A., Chmiel, J., Beck, T., Vollenweider, F.X., 2008. 
Sensorimotor gating and attentional set-shifting are improved by the μ-opioid 
receptor agonist morphine in healthy human volunteers. The International Journal 
of Neuropsychopharmacology 11, 655–669. 

Quelch, D.R., Mick, I., McGonigle, J., Ramos, A.C., Flechais, R.S.A., Bolstridge, M., 
Rabiner, E., Wall, M.B., Newbould, R.D., Steiniger-Brach, B., van den Berg, F., 
Boyce, M., Østergaard Nilausen, D., Breuning Sluth, L., Meulien, D., von der 
Goltz, C., Nutt, D., Lingford-Hughes, A., 2017. Nalmefene reduces reward 
anticipation in alcohol dependence: an experimental functional magnetic resonance 
imaging study. Biol. Psychiatry 81 (11), 941–948. 

Rabiner, E.A., Beaver, J., Makwana, A., Searle, G., Long, C., Nathan, P.J., Newbould, R. 
D., Howard, J., Miller, S.R., Bush, M.A., Hill, S., Reiley, R., Passchier, J., Gunn, R.N., 
Matthews, P.M., Bullmore, E.T., 2011. Pharmacological differentiation of opioid 
receptor antagonists by molecular and functional imaging of target occupancy and 
food reward-related brain activation in humans. Mol. Psychiatry 16 (8), 826–835. 

Radua, J., Schmidt, A., Borgwardt, S., Heinz, A., Schlagenhauf, F., McGuire, P., Fusar- 
Poli, P., 2015. Ventral striatal activation during reward processing in psychosis: a 
neurofunctional meta-analysis. JAMA Psychiat. 72, 1243–1251. 

Saanijoki, T., Nummenmaa, L., Tuulari, J.J., Tuominen, L., Arponen, E., Kalliokoski, K. 
K., Hirvonen, J., 2018. Aerobic exercise modulates anticipatory reward processing 
via the μ-opioid receptor system. Hum. Brain Mapp. 39 (10), 3972–3983. 

Schlagenhauf, F., Juckel, G., Koslowski, M., Kahnt, T., Knutson, B., Dembler, T., 
Kienast, T., Gallinat, J., Wrase, J., Heinz, A., 2008. Reward system activation in 
schizophrenic patients switched from typical neuroleptics to olanzapine. 
Psychopharmacology (Berl) 196 (4), 673–684. 

Schmauss, C., Emrich, H.M., 1985. Dopamine and the action of opiates: a reevaluation of 
the dopamine hypothesis of schizophrenia with special consideration of the role of 
endogenous opioids in the pathogenesis of schizophrenia. Biol. Psychiatry 20 (11), 
1211–1231. 

Schott, B.H., Minuzzi, L., Krebs, R.M., Elmenhorst, D., Lang, M., Winz, O.H., 
Seidenbecher, C.I., Coenen, H.H., Heinze, H.-J., Zilles, K., Düzel, E., Bauer, A., 2008. 
Mesolimbic functional magnetic resonance imaging activations during reward 
anticipation correlate with reward-related ventral striatal dopamine release. 
J. Neurosci. 28 (52), 14311–14319. 

Selleck, R.A., Baldo, B.A., 2017. Feeding-modulatory effects of mu-opioids in the medial 
prefrontal cortex: a review of recent findings and comparison to opioid actions in the 
nucleus accumbens. Psychopharmacology (Berl) 234 (9-10), 1439–1449. 

Skumlien, M., Mokrysz, C., Freeman, T.P., Wall, M.B., Bloomfield, M., Lees, R., 
Borissova, A., Petrilli, K., Carson, J., Coughlan, T., Ofori, S., Langley, C., Sahakian, B. 
J., Curran, H.V., Lawn, W., 2022. Neural responses to reward anticipation and 
feedback in adult and adolescent cannabis users and controls. 
Neuropsychopharmacology 47 (11), 1976–1983. 

Skumlien, M., Freeman, T.P., Hall, D., Mokrysz, C., Wall, M.B., Ofori, S., Petrilli, K., 
Trinci, K., Borissova, A., Fernandez-Vinson, N., Langley, C., Sahakian, B.J., 
Curran, H.V., Lawn, W., 2023. The effects of acute cannabis with and without 
cannabidiol on neural reward anticipation in adults and adolescents. Biological 
Psychiatry: Cognitive Neuroscience and Neuroimaging 8 (2), 219–229. 

Strauss, G.P., Waltz, J.A., Gold, J.M., 2014. A review of reward processing and 
motivational impairment in schizophrenia. Schizophr Bull 40 (Suppl 2), S107–S116. 

E. Shatalina et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2213-1582(23)00172-9/h0010
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0010
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0010
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0015
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0015
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0015
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0020
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0020
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0020
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0025
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0025
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0025
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0030
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0030
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0030
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0030
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0030
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0035
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0040
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0040
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0045
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0045
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0050
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0050
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0050
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0050
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0055
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0055
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0055
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0060
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0060
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0060
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0065
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0065
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0065
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0065
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0070
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0070
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0075
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0075
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0080
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0080
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0085
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0085
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0090
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0090
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0090
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0090
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0095
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0095
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0100
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0100
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0105
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0105
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0105
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0105
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0110
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0110
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0110
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0110
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0115
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0115
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0115
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0120
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0120
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0120
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0120
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0125
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0125
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0130
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0130
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0130
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0130
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0135
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0135
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0140
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0140
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0145
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0145
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0145
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0150
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0150
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0150
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0150
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0155
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0155
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0160
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0160
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0160
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0160
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0160
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0160
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0165
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0165
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0165
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0165
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0165
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0165
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0170
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0170
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0175
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0175
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0175
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0175
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0180
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0180
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0180
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0185
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0185
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0185
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0190
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0190
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0190
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0195
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0195
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0195
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0200
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0200
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0200
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0200
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0205
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0205
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0210
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0210
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0210
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0210
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0215
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0215
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0215
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0215
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0215
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0215
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0220
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0220
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0220
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0220
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0220
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0225
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0225
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0225
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0230
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0230
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0230
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0235
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0235
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0235
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0235
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0240
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0240
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0240
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0240
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0245
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0245
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0245
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0245
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0245
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0250
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0250
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0250
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0255
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0255
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0255
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0255
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0255
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0260
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0260
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0260
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0260
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0260
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0265
http://refhub.elsevier.com/S2213-1582(23)00172-9/h0265


NeuroImage: Clinical 39 (2023) 103481

9

Terenius, L., Wahlström, A., Lindström, L., Widerlöv, E., 1976. Increased CSF levels of 
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