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ABSTRACT

['8F]F-DOPA PET is an established in-vivo method for investigating striatal dopamine synthesis capacity (DSC)
and has demonstrated abnormalities in striatal DSC in schizophrenia. Neuromelanin-sensitive MRI (NM-MRI) is a
promising, more accessible, tool that indirectly assesses dopaminergic functioning in the substantia nigra (SN).
However, how ['®F]F-DOPA PET and NM-MRI, as measures of nigrostriatal dopaminergic functioning, interrelate
is still unknown. We hypothesize that NM-MRI signal in the SN is positively correlated with striatal DSC in pa-
tients with a schizophrenia spectrum disorder (SSD) and healthy controls (HC). We acquired NM-MRI and dy-
namic [*®F]F-DOPA PET scans in 12 patients with SSD and 16 HC. In both groups, we assessed the correlation
between nigral NM-MRI signal and DSC in the whole, associative, limbic, and sensorimotor striatum using vox-
elwise analyses within the SN. In HC, we found subsets of voxels within the SN where NM-MRI signal correlated
negatively with DSC in the whole and limbic striatum. There were no significant associations between NM-MRI
and DSC in the associative or sensorimotor striatum in HC and no significant associations in patients. These results
show that NM-MRI signal and striatal DSC are negatively related in HC, but not in patients. Our results indicate
that ['®F]F-DOPA PET and NM-MRI reflect different aspects of dopaminergic functioning. The negative correla-
tion in HC might be explained by vesicular monoamine transporter-2 (VMAT-2) functioning. A lack of a corre-
lation in patients might be due to the small sample size, effects of symptom severity or antipsychotic medication.

1. Introduction

and expensive. Therefore, new imaging methods have been developed
to assess the dopaminergic system.

[*8F]F-DOPA positron emission tomography (PET) is a well-
established method for investigating striatal dopamine synthesis capac-
ity (DSQ). [*8F]F-DOPA PET studies have repeatedly demonstrated
elevated striatal DSC (i.e. indicating striatal hyperdopaminergia), spe-
cifically in the associative striatum of patients with schizophrenia
(Brugger et al., 2020; McCutcheon et al., 2018). PET imaging leads to
(limited) radiation exposure to the patient and can be time-consuming

One promising tool that indirectly assesses dopaminergic functioning
in the substantia nigra (SN) is neuromelanin-sensitive MRI (NM-MRI)
(Cassidy et al., 2019). Neuromelanin is a black, insoluble pigment, that
primarily accumulates in the dopaminergic neurons of the SN pars
compacta (SNc) (Zecca et al., 2008). The deposition of neuromelanin
depends on the amount of excess cytosolic dopamine that has not been
transferred into synaptic vesicles (Sulzer et al., 2000; Zecca et al., 2008).
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As a result of paramagnetic properties and magnetization transfer (MT)
effects, neuromelanin-iron complexes cause T1-shortening (Trujillo et al.,
2017). This creates a notable contrast in NM-MRI signal between the SN
and the surrounding brain tissue. Multiple NM-MRI studies have
demonstrated elevated neuromelanin concentration in the SN of patients
with schizophrenia compared to healthy controls (HC) (Wieland et al.,
2021).

The findings of elevated striatal DSC and neuromelanin concentration
in the SN of patients with schizophrenia suggest that these measures
might relate positively to each other. This is supported by the observation
that NM-MRI signal in the SN is positively associated with amphetamine-
induced dopamine release (i.e. another indicator of striatal hyper-
dopaminergia) in the whole striatum, as assessed with [HC]raclopride
PET, across patients with schizophrenia and HC (Cassidy et al., 2019). It
is unknown though how striatal DSC and NM-MRI signal in the SN, as
measures of nigrostriatal functioning, are interrelated. Therefore, we
investigated the association between NM-MRI signal in the SN and DSC
in the whole, associative, limbic, and sensorimotor striatum in HC and
patients with a schizophrenia spectrum disorder (SSD). In addition, we
explored the association between nigral DSC and NM-MRI signal in the
SN of patients and HC. We hypothesized that NM-MRI signal in the SN is
positively correlated with striatal DSC in both groups. We assessed the
relation between NM-MRI signal and striatal DSC in separate groups
since meta-analytic evidence shows that both measures are altered in
patients with schizophrenia compared to controls (Brugger et al., 2020;
McCutcheon et al., 2018; Wieland et al., 2021), and more importantly,
striatal DSC seems to fluctuate with psychotic symptom severity and
medication status in patients, (Griinder et al., 2003; Jauhar et al., 2017,
2018; Vernaleken et al., 2006), whereas there are indications that this is
not the case for NM-MRI (unpublished data).

2. Material and methods

This study combines data from two patient and two HC cohorts,
collected in the context of three Dutch studies approved by the Medical
Ethical Committees of Leiden, The Hague, and Delft (NL72218.058.20),
Amsterdam UMC, University of Amsterdam (NL63410.018.17), and the
East Netherlands (NL72675.091.20). All participants gave written
informed consent. PET data of all subjects have not been previously
published. NM-MRI data of 9 patients are included in the analysis of
another article (van der Pluijm et al., 2023).

2.1. Participants

For this study, early psychosis patients who recently experienced an
episode of psychosis were recruited via two Dutch mental health in-
stitutes (details are explained in Methods S1). All patients were under-
going treatment and were diagnosed with SSD. Diagnoses were
confirmed with the semi-structured Comprehensive Assessment of
Symptoms and History (CASH) interview (Andreasen, 1987). In addition,
HC matched for age, gender, smoking status, and educational level were
recruited via social media. Patients and HC were both aged between 18
and 50 years. Exclusion criteria for patients included onset of first psy-
chotic episode longer than five years ago and previous antipsychotic use
longer than one year. Additional exclusion criteria are explained in
Methods S1.

2.2. Design and procedures

Participants were assessed on 1 to 3 testing days. The study procedure
consisted of: 1) screening for in- and exclusion criteria and completing
measures on medication use (Methods S2) and symptom severity by use
of the Positive and Negative Syndrome Scale (PANSS; patients only) (Kay
et al., 1987) and the Beck Depression Inventory (BDI-II) (Beck et al.,
1996; Van der Does, 2002); 2) MRI scan including the NM-MRI; and 3)
['8F]F-DOPA PET scan. Data collection occurred between March 11,
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2019 and September 14, 2022.
2.3. NM-MRI acquisition

All participants were instructed to refrain from alcohol and cannabis
24 h before the MRI scan. MRI images were acquired on a 3T scanner
(Phillips, Ingenia Elition X, Best, The Netherlands) with a 32-channel
head coil at the Amsterdam UMC, the Netherlands. Structural whole-
brain T1-weighted volumetric images were acquired for NM-MRI slice
placement. NM-MRI was acquired with a T1-weighted 2D gradient echo
sequence with MT pulse (TR = 260 ms; TE = 3.9 ms; 8 slices; FOV = 162
x 199 mm; in-plane resolution = 0.39 x 0.39 mmz; slice thickness = 2.5
mm; number of signal averages = 2; FA = 40°; MT frequency offset =
1200 Hz; MT duration = 15.6 ms) (details of scan sequences are
described in Methods S3).

2.4. NM-MRI pre-processing

The NM-MRI scans were pre-processed with a Matlab (MathWorks,
Natrick, MA) pipeline (Wengler et al., 2020), which is extensively
described in Methods S4. In short, NM-MRI images were coregistered to
the T1-weighted images. Brain-extracted T1-weighted images were
spatially normalized to Montreal Neurological Imaging (MNI) space.
Next, the coregistered NM-MRI images were spatially normalized to MNI
space using the warping parameters that were used for the normalization
of the T1-weighted images. Afterwards, the normalized NM-MRI images
were smoothed with a 1-mm full-width-at-half-maximum (FWHM)
Gaussian kernel. The NM-MRI signal in the SN was calculated as a
contrast-to-noise ratio (CNR) with the crus cerebri (CC) as the reference
region, using SN and CC template masks (Fig. 1). For each participant, the
CNR at each voxel v in the SN was calculated as the percent NM-MRI
signal difference between a given voxel in the SN mask (Iy) and the
mode of the signal intensity in the CC (I¢¢) (Equation (1)). The mode of
the signal intensity in the CC (I¢¢) was calculated from a kernel distri-
bution that was fitted to a histogram consisting of the NM-MRI signal
values of all voxels within the CC mask.

CNRy = {%?;C(CI)CC)]}*IOO (Equation 1)

2.5. PET acquisition

All participants were asked to refrain from alcohol and cannabis 24 h,
eating and drinking (except water) 6 h, and smoking 2 or 3 h before PET
imaging. One hour before the PET scan, all participants received 150 mg
carbidopa and 400 mg entacapone to block peripheral metabolization of
['8F]F-DOPA (Hoffman et al., 1992; Sawle et al., 1994). Before PET
acquisition, a low-dose computed tomography (CT) scan of the brain was
acquired for attenuation correction purposes. Subsequently, approxi-
mately 185 MBq ['®F]F-DOPA was administered as a single intravenous
bolus injection. Immediately thereafter a 90-min dynamic PET acquisi-
tion started. PET data were acquired on a Siemens PET/CT system
(Biograph mCT FlowTrue-V-128) (FOV = 256 x 256 mm; slice thickness
= 2 mm; pixel spacing = 1.59 x 1.59 mm) and binned in 25 frames (5 x
1,3 x 2,3 x 3, and 14 x 5 min[s]) (Methods S5).

2.6. PET pre-processing

Details of the PET pre-processing are described in Methods S6. In
short, participants who moved >7.5 mm during the data acquisition were
excluded from further analyses, as attenuation correction might no
longer be reliable. Structural T1-weighted and PET images were co-
registered to a single PET frame acquired 7 min post-injection. Next,
the T1-weighted images were segmented into white matter (WM), grey
matter (GM), and cerebral spinal fluid (CSF). The volumes of interest (i.e.
striatum and cerebellum) were generated based on Hammers’ maximum



C.F.M. van Hooijdonk et al.

Transversal

Transversal

Fig. 1. Template masks of the substantia nigra and the crus cerebri

Coronal

Superior

Superior

re

Neuroscience Applied 2 (2023) 101134

Sagittal

Inferior

A\ J
z=-13

AT P [

Coronal

Sagittal

Inferior

\alJ
=-13

=-18 =-19

A. Average image of spatially normalized NM-MRI images from 28 participants included in the primary analyses. The SN is visible as a hyperintense area. B. Template
masks of the SN (in green) and CC (in blue) in MNI space were created by manually tracing the regions on the average NM-MRI image. The template masks were used
for calculating the contrast-to-noise ratio in all subjects. Abbreviations: CC, crus cerebri; MNI, Montreal Neurological Imaging; NM-MRI, neuromelanin-sensitive
magnetic resonance imaging; SN, substantia nigra. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

probability atlas (Hammers et al., 2003). Afterwards, Patlak graphical
analysis (Patlak and Blasberg, 1985) was used to calculate the influx
constant kf°* (min~"; from here on labelled as k§") as a measure of DSC
with the GM of the cerebellum as reference region. Linear fitting was
conducted on the PET images acquired between 25 and 90 min to acquire
a whole-brain parametric image (Fig. 2A/B). The k{*" of the GM striatum
was extracted from this parametric image.

A standard MNI brain template was warped with a non-linear affine
transformation to the subject's MRI. Thereafter, the same transformation
matrix was applied to warp the striatal subdivisions (i.e. associative,
limbic, and sensorimotor striatum), as defined in the Oxford-GSK-
Imanova brain atlas (Tziortzi et al., 2014), from MNI to subject space.
Subsequently, the GM k{' for voxels with >90% probability of belonging
to the striatal subdivision was extracted from the whole-brain parametric
image. k{*' in the SN was calculated with a similar method (Methods S6).

2.7. NM-MRI and PET analyses

In line with previous work, our primary analysis consisted of voxel-
wise analyses conducted in MATLAB (Cassidy et al., 2019, 2020). We
chose voxelwise analyses to reduce statistical circularity in defining the
SN region via signal-intensity thresholding and because the SN is a
topographically heterogeneous region that comprises distinct tiers with
differential projections and functional properties, for which there are no
standard ROIs available yet. Age was used as a covariate in all analyses,
as neuromelanin accumulation is known to be age-related (Xing et al.,
2018). For the primary analysis, we examined the association between
striatal DSC and nigral NM-MRI signal in both groups separately using a
voxelwise robust linear regression with CNR as dependent variable and
mean k" values (for whole, associative, limbic, and sensorimotor stria-
tum regions of interest [ROIs]) and age as independent variables
(Methods S8). The voxelwise robust linear regression was performed for
every voxel within the SN mask (i.e. 1480 voxels). To correct for multiple

comparisons, significance testing was determined by use of a permuta-
tion test in which mean k{* values of the striatal ROI were randomly
shuffled, 10,000 times, with respect to the individual maps of the
NM-MRI signal in the SN. This resulted in a null distribution of the
number of SN voxels that exceeded a threshold of p < 0.050. The per-
mutation test corrects for multiple comparisons by deciding whether the
effect's spatial extent (number of voxels showing an association with
ki®®") is larger compared to chance (corrected p < 0.050). In case of
significant results, we subsequently performed post-hoc partial Spear-
man's rank-order correlation coefficient tests to address the strength of
the correlation (i.e. Spearman's rho) between the mean ki“®" of the striatal
ROI and the mean CNR of the significant voxels as determined by the
voxelwise analysis, with age as covariate. We calculated the 95%-confi-
dence interval of Spearman's rho by use of the Fisher z-transformation.
We performed the Spearman's tests with mean CNR values uncorrected
and corrected for voxel selection (i.e. obtained by a leave-one-subject-out
analysis to get an unbiased effect size). In the leave-one-out analysis,
significant voxels for each HC were identified in a voxelwise analysis
including the complete HC sample except the left-out subject. The sig-
nificant voxels were used to extract the mean CNR for the left-out subject
(i.e. corrected mean CNR). We explored the association between nigral
DSC and NM-MRI signal in the SN with a similar voxel-based method.
Group differences and associations between imaging and clinical vari-
ables were assessed as described in Methods S8.

3. Results
3.1. Sample characteristics

Eighteen patients with SSD and 24 HC completed the study. For
various reasons, we were unable to use the data of 14 participants (n = 6

patients, n = 8 HC; Results S2). The final sample included 12 patients and
16 HC. Average head movement during the PET scan was comparable in
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Fig. 2. Results of voxelwise analysis in the substantia nigra
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(A) Average k{®" in voxels throughout the brain of 16 healthy controls (HC) without and (B) with a mask of the limbic striatum (shown in white). The parametric image
of each HC was converted to MNI space for visualization purposes. (C) Map of voxels (shown in blue) in which HC exhibit a negative correlation between NM-MRI
contrast-to-noise ratio (CNR) and mean k{* values in the whole striatum (WS), i.e. SN-striatum voxels. (D) Map of voxels (shown in green) in which HC exhibit a
negative correlation between CNR and mean k{* values in the limbic striatum (LST), i.e. SN-limbic voxels. (E) Scatterplot displaying the correlation between mean

uncorrected and corrected for voxel selection CNR values in SN-striatum voxels and mean k{*" value in the WS in HC (uncorrected: tho = —0.853, 95%-confidence
interval (CI): (—0.560, —0.956), p < 0.001; corrected: rho = —0.445, 95%-CIL: (—0.781, 0.091), p = 0.097). (F) Scatterplot displaying the correlation between mean
uncorrected and corrected for voxel selection CNR values in SN-limbic voxels and mean k{*" value in the LST in HC (uncorrected: rho = —0.840, 95%-CI: (—0.529,

—0.952), p < 0.001; corrected: tho = —0.616, 95%-CI: (—0.125, —0.865), p = 0.015). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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these groups (patients: 2.39 mm, SD = 1.20; HC: 2.10 mm, SD = 1.20;
Methods S9). There were no between-group differences in sex, age,
current nicotine use, ethnicity, educational level, or injected [18F]F—
DOPA dose (Table 1). However, patients had significantly higher BDI
scores compared to HC (U = 6.000, p < 0.001) and more lifetime
cannabis use (i.e. <5 versus >5 times; p = 0.047). The voxelwise analysis
to address group differences in CNR signal in the SN revealed no voxels
with significant differences between groups (robust linear regression
controlling for age, CNR patients > CNR HC corrected p = 0.377, CNR
HC > CNR patients corrected p = 0.760, permutation test). We found no
significant group differences for mean k{* values in the whole, associa-
tive, or limbic striatum, or the SN. Patients exhibited lower mean k{*"
values in the sensorimotor striatum than HC (U = 45.000; p = 0.018).
This was no longer the case when using GM k{*" of voxels with >60%
instead of >90% probability of belonging to the sensorimotor striatum
(Methods S7; Results S3). Non-specific uptake of [*8F]F-DOPA in the
cerebellum was not significantly different in patients and HC (Fig. S1;
Results S4).

3.2. Voxelwise and post-hoc analyses of the relationship between
neuromelanin and DSC

We found a significant negative association in HC between mean k{*’
values in the whole striatum and CNR in a subset of voxels in the SN
(hereafter called SN-striatum voxels; 218 of 1480 voxels at p < 0.050,
robust linear regression controlling for age; corrected p = 0.033, per-
mutation test; peak voxel MNI coordinates [x, y, z]: —5, —12, —9 mm;
Fig. 2C). Similarly, we found a subset of voxels in the SN of HC (hereafter
called SN-limbic voxels) that demonstrated a significant negative asso-
ciation between CNR and mean k{ values in the limbic striatum (333 of
1480 voxels at p < 0.050, robust linear regression controlling for age;
corrected p = 0.005, permutation test; peak voxel MNI coordinates [X, y,
z]: —6, —19, —13 mm; Fig. 2D). As previous research found a strong
correlation between mean striatal k{" values for data from a 95-min and
60-min acquisition (Veronese et al., 2021), we performed a sensitivity
analysis in which we repeated the voxelwise analysis for the whole and
limbic striatum with four additional HC who were excluded due to
movement. We applied linear fitting on the PET images of these four HC
acquired between 25 min and the start of substantial (>7.5 mm) move-
ment. Similarly to the previous findings, we found largely overlapping
voxels within the SN where CNR significantly negatively correlated with
kf®" values in the whole and limbic striatum (whole striatum: p = 0.021;
limbic striatum: p = 0.015; Results S5). We performed an additional
sensitivity analysis in which we repeated the voxelwise analysis for the
whole and limbic striatum without five HC who fasted for two instead of
6 h. This resulted in a borderline significant negative association between
mean k{" values in the limbic striatum and CNR in a smaller (compared
to the primary analysis) subset of voxels in the SN (p = 0.051; Results S6).
The results for the whole striatum were no longer significant (p = 0.167).

There were no significant associations between CNR in the SN and
mean ki values in the associative and sensorimotor striatum in HC and
no significant associations between CNR in the SN and mean k{®' values
in any of the striatal ROIs in patients (Results S7). We repeated the
voxelwise analysis in patients for the whole and limbic striatum with
three additional patients who were excluded due to movement. This

resulted in non-significant findings (Results S5). The results of the striatal
subdivisions did not change when using the mean k{*" values with >60%
instead of >90% probability of belonging to the striatal subdivision
(Results S8). Our exploratory analyses revealed no subsets of voxels
within the SN where CNR correlated significantly with mean k{*' values
in the SN in patients or HC (Results S9).

The post-hoc analyses revealed a significant negative correlation be-
tween the mean CNR in SN-striatum voxels and mean k{*" values in the
whole striatum of HC (controlling for age; uncorrected for voxel selec-
tion, rho = —0.853, 95%-CI: (—0.560, —0.956), p < 0.001; corrected for
voxel selection, rho = —0.445, 95%-CI: (—0.781, 0.091), p = 0.097;
Fig. 2E). In addition, we found a negative correlation between the mean
CNR in SN-limbic voxels and mean k" values in the limbic striatum of
HC (controlling for age; uncorrected for voxel selection, rho = —0.840,
95%-CL: (—0.529, —0.952), p < 0.001; corrected for voxel selection, rho
= —0.616, 95%-CL: (—0.125, —0.865), p = 0.015; Fig. 2F). For
completeness, we also assessed the association between mean CNR
within the whole SN mask and mean k{" values in the different ROIs with
age as covariate (Results S10; Fig. S2). We found no significant associa-
tions. Exploratory findings of the relationships between imaging and
clinical variables are described in Results S11-S14.

4. Discussion

We used NM-MRI and ['®F]F-DOPA PET imaging to investigate the
association between NM-MRI signal in the SN and DSC in the striatum
and SN of patients with SSD and HC. Contrary to our expectations, we
found voxels within the SN of HC where NM-MRI signal correlated
negatively with DSC in the whole and/or limbic striatum. The negative
associations in the limbic subdivision of the striatum of HC were largely
confirmed in post-hoc and sensitivity analyses and not found in patients.
Our exploratory analysis did not reveal any significant association be-
tween DSC in the SN and NM-MRI signal, which is in line with earlier
findings in HC (Ito et al., 2017).

Our finding of a negative correlation between NM-MRI and [*8F]F-
DOPA measures in HC is surprising given that the accumulation of neu-
romelanin is mostly determined by the amount of excessive cytosolic
dopamine (Sulzer et al., 2000). The negative correlation in HC might be
explained by functioning of the vesicular monoamine transporter-2
(VMAT-2), which transports cytosolic dopamine into synaptic vesicles.
VMAT-2 levels were found to be positively associated with tyrosine hy-
droxylase levels (i.e. the rate-limiting enzyme for dopamine synthesis,
which synthesizes L-DOPA from tyrosine) and negatively associated with
neuromelanin pigment in the ventral SN of post-mortem human brains
(Liang et al., 2004). It might therefore be that dopaminergic neurons in
the midbrain of HC with greater amounts of dopamine synthesis have
more vesicular storage capacity and consequently less neuromelanin
deposition in the SN. This is in line with the finding of Sulzer et al. (2000)
who found that neuromelanin synthesis is inhibited by
adenoviral-mediated overexpression of VMAT-2. In addition, in rat
striata, VMAT-2 functionally and physically interacts with the enzymes
tyrosine and aromatic acid decarboxylase (which synthesizes dopamine
from L-DOPA) (Cartier et al., 2010), indicating that these components of
the dopamine system are directly linked to each other. The negative as-
sociation in HC suggests that NM-MRI and [*8F]F-DOPA PET reflect
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Table 1
Sample characteristics.
Patients (n Healthy p-value
=12) controls (n =
16)

Demographics and clinical characteristics

Sex (F/M) 2/10 4/12 0.673°

Age in years, mean (SD) 20.8 (2.7) 24.5 (6.2) 0.129"

Current nicotine use® (Yes/No) 4/8 3/16 0.418"

Lifetime cannabis use (<5 versus/>5 4/8 10/3¢ 0.047¢
times)

Education, No. - - 0.125%
Secondary vocational education/ 9 6 -
Senior general secondary education/

Pre-university education

Higher professional education/ 3 9 -
University education (Bachelor's

degree)

University education (Master's 0 1 -
degree)

Ethnicity, No. (White/Other) 10/2 15/1 0.560"

Injected [*®F]F-DOPA dose in MBq, 180.6 179.1 (15.5) 0.963"
mean (SD) (13.8)

Number of days between ['®F]F-DOPA  14.8 5.4 (0-71) 0.001"
PET and NM-MRI, mean (range) (0-33)

PANSS at study enrollment - - -
Positive score, mean (SD) 12.2 (5.0) NA NA
Negative score, mean (SD) 12.9 (6.2) NA NA
General score, mean (SD) 25.1 (8.7) NA NA
Total score, mean (SD) 50.2 (14.3) NA NA

BDI, mean (SD) 12.8 (8.0) 1.8 (2.1) <0.001°

Current 100 mg CPZ-equivalent dose in ~ 398.6 NA NA
mg, mean (SD)° (222.0)

Total days on antipsychotic medication, 122.1 NA NA
mean (SD)® (98.0)

CPZ dose-years, mean (SD)° 0.078 NA NA

(0.088)
Diagnosis, No. - - -
Schizophrenia 5 NA NA
Schizoaffective disorder 2 NA NA
Schizophreniform disorder 3 NA NA
Unspecified schizophrenia spectrum 1 NA NA
and other psychotic disorder
Other specified schizophrenia 1 NA NA
spectrum and other psychotic
disorder
NM-MRI and [wF] F-DOPA PET outcome parameters
CNR, mean (SD)’ 153 (1.0)  15.0(1.6) 0.889"
ki°®" WS, mean (SD) 0.0159 0.0164 0.227°
(0.0024) (0.0011)

ki LST (0.9 threshold), mean (SD) 0.0173 0.0179 0.163°
(0.0021) (0.0012)

ki®" AST (0.9 threshold), mean (SD) 0.0189 0.0194 0.486"
(0.0026) (0.0014)

ki®®" SMST (0.9 threshold), mean (SD) 0.0196 0.0216 0.018°
(0.0037) (0.0019)

ki°" SN, mean (SD) 0.0099 0.0099 0.329"
(0.0014) (0.0011)

Abbreviations: AST, associative striatum; BDI, Beck Depression Inventory; CNR,
contrast-to-noise ratio; CPZ, chlorpromazine; F, female; LST, limbic striatum; M,
male; MBq, megabecquerel; NA, not applicable; NM-MRI, neuromelanin-sensi-
tive magnetic resonance imaging; PANSS, positive and negative symptom scale;
PET, positron emission tomography; SD, standard deviation; SN, substantia
nigra; SMST, sensorimotor striatum; WS, whole striatum. Significant results are
bold.

2 Group differences were assessed with Fisher's exact test.

b Group differences were assessed with the Mann-Whitney U test.

¢ Current nicotine use is defined as having used nicotine daily for at least one
month in the past twelve months.

4 Data on cannabis lifetime use of three healthy controls was missing, although
they did not report any cannabis use in the six months before participation.

¢ During the first scan.

f Based on average for the whole SN mask (i.e. not the voxelwise analysis).
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different components of the dopamine system. This is also supported by
the fact that striatal [18F]F—DOPA signal decreases with age (Kumakura
et al., 2005), while NM-MRI signal increases with age (Xing et al., 2018).

We most consistently found a negative association between NM-MRI
and ['8F]F-DOPA measures in HC for the limbic striatum. The significant
findings in the whole striatum might therefore be driven by the associ-
ation present in the limbic striatum. The voxels in the SN where NM-MRI
signal correlated negatively with DSC in the limbic striatum (Fig. 2D)
largely overlap with the medial SN, which is found to be connected to the
ventral striatum (i.e. the anatomical subregion of the striatum previously
classified as belonging to the limbic functional subdivision of the stria-
tum) (Martinez et al., 2003; Zhang et al., 2017). In addition, the medial
SN is anatomically adjacent to the ventral tegmental area (VTA) (Peter-
son et al., 2017), which innervates the nucleus accumbens and ventro-
medial striatum (i.e. mesolimbic dopaminergic pathway). The reason
why the association with the limbic striatum is strongest is still unclear,
although it is also known that VMAT-2 levels are lower in the more
lateral parts of the ventral SN than in the medial parts of the SN (Liang
et al., 2004).

The lack of a correlation in patients might be explained by the small
sample size. Additionally, striatal DSC might fluctuate more over time in
patients compared to HC, as striatal DSC is associated with psychotic
symptom severity in patients (Jauhar et al., 2017, 2018). We did not find
significant associations between symptom severity and striatal DSC in
our sample, which might be due to the relatively low symptom severity in
our patients. Illness severity, duration of illness, and antipsychotic
medication might affect striatal DSC (Griinder et al., 2003; Vernaleken
et al., 2006), whereas no changes in NM-MRI signal have been found
after six months of antipsychotic treatment in patients with schizo-
phrenia (unpublished data). This suggests that [\®F]JF-DOPA PET might
be a dynamic measure of DSC (i.e. state-like feature of schizophrenia),
while as neuromelanin is a deposit, NM-MRI signal in the SN might
reflect more chronic changes in dopamine synthesis (i.e. trait-like feature
of schizophrenia). Moreover, in patients, the relationship between
striatal DSC and VMAT-2 functioning might be dysfunctional. Although
VMAT-2 function is unchanged in the striatum (Taylor et al., 2000) and
VMAT-2 binding in the ventral brainstem has been found to be elevated
in patients with schizophrenia compared to HC (Zubieta et al., 2001), a
post-mortem study found decreased VMAT-2 mRNA levels in the SN of
patients with schizophrenia (Purves-Tyson et al., 2017). This might
indicate that in a subgroup of patients, increased DSC, which is suggested
to be a core feature of the illness (Brugger et al., 2020), might not be
accompanied by an increase in VMAT-2 functioning, which would
consequently result in more cytosolic dopamine and thereby more
deposition of neuromelanin. Finally, besides elevated striatal ['8F]
F-DOPA utilization (i.e. the net blood-brain clearance), patients with
schizophrenia also demonstrated reduced storage or retention of
['8F]-fluorodopamine within synaptic vesicles compared to HC (Kuma-
kura et al., 2007). This would be in line with reduced VMAT-2 func-
tioning in patients. Future studies should address ['8F]F-DOPA, VMAT-2,
and NM-MRI measures in a large cohort of patients and HC to further
elucidate the underlying relationships and their time-courses across the
lifespan, while taking into account factors such as illness duration,
symptom severity, antipsychotic medication, and seasonal effects
(Eisenberg et al., 2010).

Previous studies reported elevated striatal DSC in patients with
schizophrenia (Brugger et al., 2020). In contrast, we found a significantly
lower mean DSC in the sensorimotor striatum and no differences in the
other striatal ROIs in patients compared to HC. These inconsistencies
might be due to remission of psychosis in some patients, as lower DSC has
been reported in the whole, associative, and sensorimotor striatum of
patients in psychotic remission (Avram et al., 2019; Brandl et al., 2022).
The group difference in the sensorimotor striatum did not remain sig-
nificant when using GM k{®" of voxels with >60% instead of >90%
probability of belonging to the sensorimotor striatum. This finding might
therefore be an incidental finding. In addition, we found no significant
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group differences for NM-MRI signal in the SN. This might be due to the
small sample size or heterogeneity, as schizophrenia is a heterogeneous
disorder and the existence of multiple subgroups of patients with varying
neurobiology has been suggested (Howes and Kapur, 2014). Moreover,
the conversion of dopamine to neuromelanin is promoted by iron. Pre-
vious research has demonstrated that the iron chelator desferrioxamine
blocks the synthesis of neuromelanin (Sulzer et al., 2000) and others
reported lower iron concentrations in subcortical brain regions of pa-
tients with SSD compared to controls (Sui et al., 2022; Xu et al., 2021).
Consequently, changes in iron levels within the SN might also affect the
formation of neuromelanin complexes.

A major strength of this study is that we are the first to combine NM-
MRI and ['8F]F-DOPA PET in HC and patients with SSD. However, some
limitations have to be taken into account. First, due to the difficulty in
recruiting this study population, the sample size of our final sample is
limited. To increase our sample size, we aggregated data from three
studies with similar selection criteria that used the same NM-MRI and
['®F]F-DOPA PET protocols, except for the length of the fasting time. As
[*8F]F-DOPA competes with other substrates for transport across the
blood-brain barrier, this might have influenced the ['8F]F-DOPA PET
results. The sensitivity analysis, without five HC that fasted for two
instead of 6 h, remained borderline significant in the LST and was no
longer significant for the whole striatum (Results S6), which is likely due
to a lack of power. Second, [*8F]F-DOPA PET measures a combination of
cellular processes (i.e. uptake and conversion of [*8F] F-DOPA, as well as,
storage of [18F]—ﬂuorodopamine). Therefore, additional research needs
to investigate which specific aspects of striatal DSC are associated with
NM-MRI signal in the SN. This might be done with compartmental
modelling in combination with arterial blood sampling during data
collection, or by use of other PET tracers, such as 6-['8F]Fluoro-1-m-
tyrosine, which is not, unlike DOPA ligands, subject to transport into
vesicles and post-release processes (Endres et al., 1997). Finally, some
participants were regular smokers and/or recreationally used drugs
(mainly cannabis). We included these subjects, as a substantial part of
patients with SSD uses nicotine, alcohol, and cannabis, and excluding
these subject will therefore make recruitment even more difficult and
result in a non-representative sample. To limit the potential effect of
cannabis use on our results, we did not include people who met criteria
for a past or present cannabis use disorder. Participants that had used
cannabis <6 times in a lifetime (n = 14) did not differ from participants
that had used cannabis >6 times in a lifetime (n = 11; data of 3 HC was
missing) with regard to mean ki“®" values in the striatal ROIs or mean
CNR in the SN. Moreover, we found no association between the number
of cigarettes or cigars daily smoked by the tobacco users in our sample (4
patients; 2 HGC; i.e. during the period when the subject used the most in
the 12 months before study participation) and mean CNR in the SN or
mean ki’ values in the whole, associative, limbic, and sensorimotor
striatum or SN. Although acute effects of smoking on our imaging mea-
sures were likely to be small as the majority of subjects were nonsmokers
and others were instructed to refrain from smoking 2 or 3 h before the
[18F]F-DOPA PET scan, effects of smoking on striatal DSC are not yet
completely understood and studies have reported higher (Salokangas
et al., 2000), lower (Rademacher et al., 2016) and unchanged striatal
DSC in smokers compared to nonsmokers (Bloomfield et al., 2014a).
Further studies are needed to examine the short- and long-term effects of
smoking on striatal DSC. Katthagen et al. (2020) demonstrated that pa-
tients with schizophrenia and without comorbid alcohol abuse (n = 10)
have increased DSC in the left sensorimotor striatum compared to pa-
tients with schizophrenia and alcohol abuse (ICD-10 criteria; n = 7). To
constrain the short-term effect of alcohol use on the imaging measures,
all participants were instructed to refrain from alcohol 24 h before the
MRI and PET scans. Moreover, none of the subjects reported drinking
behaviour that would meet ICD-10 criteria for alcohol abuse and,
therefore, lower sDSC in the sensorimotor striatum of patients seems
unrelated to the drinking behaviour of these patients. Finally, we expect
that previous recreational drug use had little effect on our outcome
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measures, as we selected participants with little to no drug use, who were
not dependent on any substance (Bloomfield et al., 2014b).

5. Conclusions

NM-MRI and ['®F]F-DOPA PET are negatively related to each other in
HC, but not significantly in patients with SSD. These results indicate that
['8F]F-DOPA PET and NM-MRI are measures that reflect different aspects
of dopaminergic functioning. We hypothesize that the negative correla-
tion between neuromelanin and striatal DSC in HC might be explained by
VMAT-2 functioning. A lack of a correlation in patients might be due to
the small sample size or might be explained by effects of symptom
severity or antipsychotic medication. In addition, striatal [!®F]F-DOPA
PET might reflect a dynamic, state-like, aspect of dopaminergic func-
tioning, while NM-MRI signal in the SN might reflect a chronic, trait-like,
aspect of dopaminergic functioning. Future studies should assess the
interrelationships between DSC, neuromelanin, VMAT-2, and related
processes in larger homogeneous cohorts. As NM-MRI is more accessible
than PET imaging, this might eventually enable clinicians and re-
searchers to study specific aspects of the dopaminergic system of humans
more efficiently and at lower costs.
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