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ARTICLE INFO ABSTRACT

Keywords: Positron emission tomography (PET) can be used for in vivo measurement of specific neuroreceptors and

MRI transporters using radioligands, while voxel-based morphometric analysis of magnetic resonance images al-

Neuroreceptors lows automated estimation of local grey matter densities. However, it is not known how regional neurore-
I;I;;rotransporters ceptor or transporter densities are reflected in grey matter densities. Here, we analyzed brain scans retro-

spectively from 328 subjects and compared grey matter density estimates with three different neurorecep-
tors and transporter availabilities. p-opioid receptors (MORs) were measured with [!!C]carfentanil (162
scans), dopamine D2 receptors with [!!C]raclopride (92 scans) and serotonin transporters (SERT) with
[M'CIMADAM (74 scans). The PET data were modelled with simplified reference tissue model. Voxel-wise
correlations between binding potential and grey matter density images were computed. Regional binding of
all the used radiotracers was associated with grey matter density in region and ligand-specific manner inde-
pendently of subjects’ age or sex. These data show that grey matter density and MOR and D2R neurorecep-
tor / SERT availability are correlated, with effect sizes (r?) ranging from 0.04 to 0.69. This suggests that fu-
ture studies comparing PET outcome measure different groups (such as patients and controls) should also
analyze interactive effects of grey matter density and PET outcome measures.

Voxel-based morphometry

1. Introduction (VBM) (Ashburner and Friston, 2000). This method is based on seg-

menting the T1-weighted magnetic resonance (MR) images into grey

Neuroreceptors constitute a major class of targets for pharmacolog-
ical treatments in psychiatric and neurological conditions. Positron
emission tomography (PET) allows in vivo measurement of neurorecep-
tors using radioactive tracer molecules that bind to their target recep-
tors or transporters (Heiss and Herholz, 2006). Accordingly, PET is
widely used for quantifying differences in neuroreceptor availabilities
across patient and control subjects to investigate pathophysiological
changes in specific neurotransmitter circuits (Gryglewski et al., 2014;
Volkow et al., 2009; Whone et al., 2003).

However, brain tissue composition related factors associated with
radiotracer binding in humans have remained poorly understood.
Mesoscopic changes in grey and white matter densities can be derived
from magnetic resonance imaging using voxel-based morphometry
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(GM) and white matter (WM), and comparing the normalized tissue
density maps across subject groups. It allows quantification of gross at-
rophy on the basis of the T1-weighted MR images, yet it yields molecu-
larly unspecific results and cannot pinpoint the neuroreceptor systems
involved in the tissue atrophy. The GM signal derived from structural
MRI's is assumed to reflect the gross density of neurons, as a large bulk
of cell bodies and neuropils (including glial cells, unmyelinated axons
and dendrites) are located in grey matter (Purves, 2018). Consequently,
it is possible that binding of PET receptor /transporter radioligands
could be associated with the underlying mesoscopic differences in grey
matter densities across subjects, as measured with VBM.

In line with this prediction, both molecular and structural neu-
roimaging studies have found spatially concordant alterations in the

Received 20 May 2020; Received in revised form 12 February 2021; Accepted 5 March 2021

1053-8119/© 2021


https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968
https://www.sciencedirect.com/science/journal/10538119
https://www.elsevier.com/locate/ynimg
mailto:saalma@utu.fi
https://doi.org/10.1016/j.neuroimage.2021.117968
https://doi.org/10.1016/j.neuroimage.2021.117968

S. Manninen et al.

brain across multiple conditions. First, GM density declines signifi-
cantly towards the old age (Resnick et al., 2003; Tang et al., 2001), and
paralleling effects are also observed in opioidergic (Kantonen et al.,
2020; Zubieta et al., 1999) and dopaminergic (Morgan, 1987) neuro-
transmitter systems, as measured with PET. Similarly, in conditions
such as morbid obesity where significant cerebral atrophy is found us-
ing VBM (Karlsson et al., 2013; Tuulari et al., 2016), PET studies show
downregulation of opioid (Karlsson et al., 2016; Karlsson et al., 2015)
and possibly also D2-like dopamine receptors (Wang et al., 2001). Nu-
merous psychiatric conditions including major depression are also asso-
ciated with significant cerebral atrophy (Goodkind et al., 2015) and
also regional downregulation of specific neurotransmitters, such as the
serotonergic (Gryglewski et al., 2014; Spies et al., 2015) and opioider-
gic (Kennedy et al., 2006; Nummenmaa et al., 2020) systems. Finally,
correlational studies linking brain scans with behavior also suggest
linkage between grey matter densities and radioligand binding. For ex-
ample, personality traits associated with pro-sociality are positively as-
sociated with both increased frontal cortical volumes (Lewis et al.,
2011; Manninen et al., 2017) and p-opioid receptor (MOR) availability
corresponding regions, as measured with PET (Nummenmaa et al.,
2015; Nummenmaa et al., 2016). Few previous studies have already
proved a positive correlation with grey matter density and receptor
availability with certain (dopamine- and serotonin) receptors (Kraus et
al., 2012; Woodward et al., 2009). These studies however investigated
single tracers with quite small sample sizes. Here, the focus is to reveal a
possible link between grey matter density and receptor availability in
whole brain area with 3 different tracers to reveal whether tracer up-
take and brain density are associated in receptor and transporter spe-
cific fashion.

1.1. The current study

The objective of the current study was to investigate the potential
links between availability of specific neuroreceptors and transporters
measured with PET and grey matter density (measured with VBM-and
MRI). We focused specifically on p-opioid and dopamine D2-like recep-
tors and serotonin transporters, as these systems have different and yet
partially overlapping distributions in the brain (Chalon et al., 2003;
Egerton et al., 2009; Frost et al., 1985). We pooled together data from
altogether 325 adults who had undergone a PET study with one radioli-
gand each, as well as structural MR imaging with a T1-weighted se-
quence. We computed voxel-wise as well as region-of-interest based as-
sociation between GM density and ligand-wise outcome measures. We
found that receptor and trasnporter availabilities were positively asso-
ciated with GM density in regionally specific fashion for each ligand,
and these effects were also independent of age and sex related changes.

2. Materials and methods
2.1. Subjects

The data were historical subjects studied at Turku PET Centre be-
tween 1998 and 2016. Altogether 328 subjects’ (154 females, age range
18-74 years, Myge = 35.8 years, SD,g = 13.9 years) scans were in-
cluded in the study, with a total of 162 [!!C]carfentanil, 74 [1!C]
MADAM, and 92 [!!C]raclopride scans (Table 1). The study was con-
ducted in accordance with the Helsinki Declaration. Because the study
was a retrospective, register based investigation of historical data, in-
formed consent was waived. The study protocol was reviewed by the
institutional review board of the Hospital District of South-Western
Finland. The subject-pool consisted primarily (82 %) of healthy con-
trols but included also patients, and this distribution varied slightly
across the three ligands. There proportion of controls / patients was
139 / 162 subjects for carfentanil (13 morbidly obese subjects), 48 / 74
subjects for MADAM (24 pathological gamblers and patients with
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Table 1
Subject characteristics for each radioligand used in the study.
PET camera n n Age *= Dose * n N
(males) (females) SD SD (1.5TMRI) (3TMRI)

HRRT

[''c] 38 46 42+9 468+59 45 39
carfentanil

[''CIMADAM 33 41 43+12 490+30 37 37

['ic] 35 0 24+2 299+62 7 28
raclopride

PET-CT

[''c] 10 14 36+14 252+10 14 10
carfentanil

[''c] 0 20 43+15 253%x17 20 0
raclopride

PET-MRI

[''c] 54 0 25+5 251+14 O 54
carfentanil

ECAT

[''c] 4 11 62+10 198+15 15 0
raclopride

HR+

[''c] 0 19 23+4 309+112 19 0
raclopride

GE-advance

['c] 0 3 54+8 182+ 4 3 0
raclopride

gambling addition) and 80 / 92 subjects for raclopride (11 patients
with Parkinson's disease or Alzheimer's disease). For the sake of brevity,
we included all eligible scans (controls and patients) in the dataset. To
rule out potential disease-related confounds in the results, patient ver-
sus control status was controlled for in the analyses.

2.2. MRI and PET data acquisition

Anatomical MR images (voxel size 1 mm3) were acquired with
Philips Gyroscan Intera 1.5T scanner or Philips Ingenuity 3T PET/MR
scanner using T1-weighted sequences. PET data were acquired with the
Philips Ingenuity PET/MR scanner, GE Healthcare Discovery 690 PET/
CT scanner (General Electric Medical Systems, Milwaukee, WI, USA),
GE Advance, CTI-Siemens ECAT EXACT HR+ , Siemens HR+ and
brain-dedicated high-resolution PET scanner (ECAT HRRT, Siemens
Medical Solutions in Turku PET Centre). MOR availability was mea-
sured with [11C] carfentanil, D2R availability with [1!C]raclopride and
SERT availability with [1IC]MADAM.

2.3. MRI data preprocessing for voxel-based morphometry

Prior to analysis, the image quality was checked visually and the
origo of each T1-weighted image was set to anterior commissure.
Structural images were analyzed with SPM12 (www .fil.ion.ucl.ac.uk/
spm/) software and its DARTEL pipeline that first creates a study-
specific template and for grey and white matter based on the normal-
ized subject-wise input data, and normalizes the subject-wise images
using these templates. Default parameter values were used in the DAR-
TEL analysis while preserving concentration. The DARTEL-normalized
GM images were resampled into 2 mm isotropic voxel size and
smoothed using a Gaussian kernel of 6 mm full width at half maximum
(FWHM).

2.4. PET data preprocessing

To correct for head motion, PET images were first realigned frame-
to-frame. Next, they were co-registered with the anatomical MR im-
ages. Tracer-wise reference regions (medial occipital cortex for [11C]
carfentanil and cerebellum for [''CIMADAM and [!'!C]raclopride)
were automatically defined using FreeSurfer parcellations from the
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anatomical MR images. The resulting parcellations for occipital and
cerebellar grey matter were slightly compressed to avoid spillover from
adjacent white matter and grey matter regions with specific binding
(Karjalainen et al., 2020). Neuroreceptor/-transporter availability was
expressed in terms of BPyp, which is the ratio of specific to non-
displaceable binding in brain. BPyp was calculated applying a basis
function method for each voxel using the simplified reference tissue
model (Gunn et al., 1997). BPyp is not confounded by differences in pe-
ripheral distribution or radiotracer metabolism. For the employed ra-
diotracers, the BPyp is traditionally interpreted by target molecule den-
sity (Bmax), €ven though [11C]carfentanil and [11C]raclopride are also
sensitive to endogenous neurotransmitter activation. Accordingly, the
BPyp for these radiotracers should be interpreted as availability of re-
ceptors, which in turn is an indirect index of density of available recep-
tors (Bayai))- Resulting subject-wise parametric BPyp images were then
spatially normalized using the individual flow fields derived from the
DARTEL analysis, resampled into 2mm isotropic voxel size to match
with the GM segments, and finally smoothed with a Gaussian kernel of
6 mm FWHM. Fig. 1 shows the mean BPyp distribution for each radioli-
gand.

2.5. Data analysis
We computed the associations between mean GM density and
BPyp‘s in selected a priori regions of interest (ROIs) including amyg-

dala, caudate, orbitofrontal cortex (OFC), putamen, thalamus and
ventral striatum (VS); see SI for complementary full-volume analysis.

['"Clraclopride

[1"C]carfentanil

[''CIMADAM

Fig. 1. Mean BPyp-map for each tracer shown over T1-weighted structural
MR template image.
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The ROIs were delineated manually on the mean tracer-specific grey
matter DARTEL templates. To control for the effect of potential con-
founders for the association between BPypand GMD (age, MRI scanner
and PET cameras and their interactions) the ROI analyses were per-
formed using linear mixed models (LMMs) with R statistical software
(https://cran.r-project.org) and Ime4 package. The model (BPyp ~ (1 |
PET scanner) + (1 | Patient/Control
group) + 1 + Age*GMD + GMD*MRI scanner) included scanners
and patient / control groups as random effect. Because all MADAM
data came from a single PET scanner, this term was dropped from the
corresponding analyses. Complementary full-volume analyses are de-
scribed in the SI file.

3. Results

Radioligand-specific regional BPyp and corresponding regional grey
matter densities are shown in Fig. 2. All [11C]MADAM data came from
a single PET camera, and BPyp estimates for [11C]carfentanil were
consistent across cameras, with largest variability in the amygdala.
Camera-wise estimates were also comparable for [11C]raclopride,
with the main exception being lower binding potentials in images
scanned with the ECAT camera.

The overall pattern of association between BPyp and GMD are
shown in Fig. 3 (see Figure S-3 for data factored by PET camera). As
different scanners yielded slightly different binding estimates (despite
using BPyp as the outcome measure), we used linear mixed model
(LMM) to predict regional BPND with GMD while accounting for age,
MRI scanner, PET camera and their interactions. This revealed that al-
though there were scanner disparities and age dependent effects on
BPyp, these did not account for the association between regional BPyp
and GMD (Table 2): For [11C]carfentanil, significant positive associa-
tions were found in amygdala, caudate, thalamus and ventral striatum.
Negative association was found in the OFC. For [11C]raclopride, posi-
tive association was found in all tested regions (caudate, putamen,
thalamus and ventral striatum). For [11C]raclopride, positive associa-
tion were found in amygdala, caudate, thalamus and ventral striatum,
while the association was negative in putamen. Restricting the sample
to include only the controls yielded comparable results (Table S-2).

Although the reference tissue model theoretically controls for differ-
ences across PET cameras, it has been established that comparable PET
scanning protocols yield different BPyp estimates across scanners, par-
ticularly for the HRTT camera used in our sample (van Velden et al.,
2015). In addition to modelling the effect of PET camera in the LMM
analyses, we thus conducted a separate analysis using a single-camera
dataset; HRRT was chosen for this purpose as it was used with all the
radioligands (and it was the only camera yielding [11C]MADAM
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Fig. 2. ROl-wise distributions of BPyp‘s (A) and mean grey matter densities (GMD) for subjects scanned with each tracer. [''Clraclopride does not have spe-
cific binding outside the striatum, but the mean values are shown for the sake of comparison. Note: these values are raw BPyp thus potential variation related

to confounders has not been partialed out.
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Fig. 3. Regional associations and least-squares regression lines between GM density and BPyp for all tracers. Note: plots visualize association between raw
BPyp / GMD, thus variation related to confounders has not been regressed out from the values.

data). This analysis (Table S-3) yielded estimates highly similar to
those obtained using the whole sample, suggesting that variability
across scanners does not explain the association between grey matter
density and binding potential. Due to volumetric differences the ROIs
also vary in signal-to-noise ratio as well as in how they suffer from par-
tial volume effect. Thus, we also computed correlations between the
ROI size (in voxels) and mean regional i) GM density, ii) BPyp and iii)
the GM density X BPyp association. The effects were in general nega-
tive (Table S-4), suggesting that both BPyp and GMD estimates were
highest in smallest ROIs, and that the association between BPyp and
GMD was also largest in the smallest region with highest signal.

4. Discussion

Our main finding was that there is a significant positive association
between GM density and BPyp with all tested radiotracers. With [11C]
raclopride the association was strongest in the striatum, and with [!'C]
carfentanil and [''C]MADAM in the striatum, thalamus and amyg-
dala. The effects remained essentially unchanged even when control-
ling for age and sex, which are known to influence both GM and the
neuroreceptor systems (Kantonen et al., 2020; Resnick et al., 2003). In
comparison with previous investigations on GM density and radio-
tracer uptake, we also observed effects with significantly larger num-
ber of regions likely due to improved statistical power (Kraus et al.,
2012; Woodward et al., 2009). In general, the association between
GMD and BPyp were of moderate magnitude. Effect sizes (r?) of grey
matter density on BPyp were in the rank of 0.1 for [11C]carfentanil,
0.2 for [11C]raclopride and 0.15 for [11C]JMADAM when the raw
BPyp and GMD were considered; the LMM yielded T-scores ranging
from 1.88 to 4.43. Although these effects were smaller when controlling
for other confounds, they are still considerable given that e.g. 10 % be-
tween-groups difference in neuroreceptor availability is already sub-
stantially large. Altogether these results suggest that availability of
these neuroreceptors and transporters, as measured with PET, is re-
flected in the density of the cerebral tissue as measured with MRI.

4.1. Effects of grey matter density on receptor availability

Because MRI-based GM estimate is unspecific with respect to the
neuroreceptor and transporter expressions in the neurons in the tissue,
we expected to see unique spatial distribution of the GM density and
BPyp associations for each radiotracer, and not simply significant cou-
pling for all radiotracers in regions with VBM tissue densities. This as-

sumption was confirmed by our data. We observed positive correlations
with BPyp and GM density with all tracers even though the spatial dis-
tribution of these effects varied from tracer to tracer. In line with our
predictions, mesoscopic variation in grey matter density was positively
associated with radioligand-specific BPyp (that can be presumed to re-
flect the amount of available receptors in the target tissue). The consis-
tency of these effects was validated in multiple ways, as they were
replicate i) when partial volume effects were controlled for (see SI file),
ii) in a sample consisting only of healthy controls and iii) in a sample
scanned with a single (HRRT) PET camera.

The most straightforward explanation for the effects is that GM
density correlated with receptor / tracer density, because higher grey
matter density has larger capacity for receptor / transporter expression.
However, one post mortem study found that striatal dopamine trans-
porter availability was not associated with the density of nigral neu-
ron, which project to the striatum (Saari et al., 2017). Neurotransmis-
sion system alterations are typically related to common degenerative
brain diseases: dopamine dysfunctions in nigral area and changes in
opioid receptor availability are involved in Parkinson's disease (Heiss
and Hilker, 2004; Piccini et al., 1997) and on the other hand, synaptic
loss and serotonergic dysfunction correlates with severity of the symp-
toms in Alzheimer's disease (Heiss and Herholz, 2006; Terry, 2000). Ac-
cordingly, it is possible that a functional neurotransmission is depen-
dent on available and functioning receptors on the neuron cell surface
and not solely the exact amount of the neurons. Furthermore, all neu-
rons don't necessarily express the same amount of different transmit-
ters’ receptors in central nervous system. Future studies resolving this
discrepancy would be important. If higher grey matter density simply
reflects larger capacity for receptor and transporter expression, PET
findings in longitudinal studies where grey matter loss is pronounced
would be deemed unspecific, as they might only reflect trivial changes
in grey matter atrophy. However, if receptor activity would actually
modulate brain morphology, the PET data would have high specificity
and would thus provide complementary information to the grey matter
densities.

We also unexpectedly observed negative associations between radi-
oligand binding and GM density in the putamen for [1!C]MADAM and
OFC for ['C] carfentanil. We have no clear explanation for this effect,
but it has been previously speculated that such effects may reflect re-
gional differences in the regional neurotransporter / receptor availabil-
ities, or the consistency of the segmentation of the T1-weightened im-
ages (Kraus et al., 2012; Woodward et al., 2009). Or, when the regional
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Table 2
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Results of linear mixed models where regional ligand-specific BPyp were predicted with age, GMD, MRI and PET scanners and their interactions when ap-
plicable. Effects whose SE:s do not overlap zero are shown in boldface. Note: Amygdala and orbitofrontal cortex are not analyzed for [!'C]raclopride due to

lack of specific binding in these regions.

['C] carfentanil [Y'C]raclopride [1'C] MADAM
Estimate SE T Estimate SE T Estimate SE T
Amygdala Age -0.09 0.02 -4.32 -0.01 0.02 -0.60
GMD 0.04 0.02 2.02 0.05 0.02 2.47
MRI scanner 1 0.19 0.04 5.10
MRI scanner 2
Age X GMD 0.00 0.01 0.27 -0.01 0.02 -0.39
GMD X MRI scanner 1 0.00 0.03 0.03
GMD X MRI scanner 2
Caudate Age 0.07 0.03 2.69 -0.09 0.03 -3.30 0.00 0.03 -0.04
GMD 0.12 0.03 4.35 0.18 0.03 5.92 0.09 0.03 2.78
MRI scanner 1 0.22 0.05 4.07 0.16 0.05 3.47
MRI scanner 2 0.07 0.13 0.51
Age X GMD -0.02 0.02 -0.73 -0.02 0.02 -1.27 0.02 0.03 0.48
GMD X MRI scanner 1 0.04 0.04 0.81 -0.10 0.04 -2.47
GMD X MRI scanner 2 -0.02 0.05 -0.30
OFC Age 0.06 0.02 2.39 0.02 0.03 0.55
GMD -0.04 0.02 -1.70 0.00 0.03 -0.04
MRI scanner 1 0.16 0.04 4.42
MRI scanner 2
Age X GMD 0.03 0.01 2.04 -0.03 0.02 -1.12
GMD X MRI scanner 1 0.03 0.03 0.90
GMD X MRI scanner 2
Putamen Age 0.04 0.02 2.03 -0.08 0.03 -2.52 0.00 0.02 0.06
GMD 0.02 0.04 0.45 0.09 0.04 2.26 0.05 0.02 -1.98
MRI scanner 1 0.22 0.05 4.43 0.08 0.06 1.43
MRI scanner 2 -0.11 0.13 -0.87
Age X GMD 0.02 0.02 0.76 0.02 0.03 0.89 0.01 0.03 -0.21
GMD X MRI scanner 1 0.00 0.05 0.08 -0.04 0.04 -0.93
GMD X MRI scanner 2 - - - -0.13 0.08 -1.66
Thalamus Age -0.05 0.02 -2.16 -0.09 0.06 -1.55 0.00 0.04 -0.10
GMD 0.04 0.02 1.82 0.29 0.07 4.40 0.08 0.03 2.24
MRI scanner 1 0.11 0.04 2.56 0.12 0.09 1.38
MRI scanner 2 -0.15 0.21 -0.74
Age X GMD 0.00 0.02 0.24 0.06 0.04 1.78 -0.03 0.04 -0.74
GMD X MRI scanner 1 0.05 0.03 1.36 -0.17 0.08 -2.05
GMD X MRI scanner 2 -0.32 0.09 -3.57
VS Age -0.03 0.02 -1.66 -0.05 0.03 -1.37 0.01 0.03 0.36
GMD 0.04 0.02 2.23 0.10 0.03 3.16 0.08 0.03 2.99
MRI scanner 1 0.19 0.04 4.93 0.02 0.05 0.48
MRI scanner 2 -0.31 0.14 -2.20
Age X GMD 0.00 0.02 -0.12 0.01 0.02 0.42 0.02 0.02 -0.80
GMD X MRI scanner 1 0.01 0.03 0.20 -0.04 0.04 -0.84
GMD X MRI scanner 2 -0.18 0.06 -2.95

GM density grows, there might be relatively more such neurons, that
don't express those neurotransmitter's receptors in question.

Finally, in some regions (such as caudate) we observed a positive as-
sociation with GM density and all BPyp, of all the radiotracers. This is
not unexpected, as VBM-based grey matter density indices the gross
number of cell bodies and neuropil (Purves, 2018)., and single GM voxel
may contain tens of thousands of glial cells and neurons with different
receptor expression profiles. It is well known that the VBM-based den-
sity metrics are difficult to interpret on their own (Zatorre et al., 2012)
and the present data shows that intersubject variability in neurorecep-
tor and transporter availability may influence these MR -driven metrics.
In any case, from methodological perspective these finding suggest that
mere (unspecific) grey matter differences might confound concomitant
neuro-receptor-level changes between, for example, patient and con-
trol groups. Hence, it would be advisable to statistically test the unique
effects of group membership and underlying grey matter atrophy in
neuroreceptor PET studies. Altogether these results thus suggest that
BPyp and GM densities are coupled: If someone has high grey matter
tissue density, he/she also likely has high tracer binding potentials (ex-
pect for in putamen for raclopride and MADAM). However, this associ-
ation can be manifested in both regions having high and low BPyp or

GM density, thus it not simply driven by high-binding areas in PET or
high-density areas in in MR. We also stress that this coupling is far from
complete, as the correlations between BPyp and GM densities vary from
0.22 to 0.83. The proportion of GMD not accounted a radiotracer's
BPyp likely reflects both error variance and presence of neurons operat-
ing with other neurotransmitters within each GMD voxel, yet these ef-
fects cannot be partialed out in the current design where each subject
was scanned with a single radioligand.

4.2. Effects of age on brain morphology and neuroreceptor level changes

Atrophy and synaptic loss are consistently observed in healthy ag-
ing brain (Gunning-Dixon et al., 2009; Peelle et al., 2012; Resnick et al.,
2003), but also contributing to degenerative late age pathologies such
as Alzheimer's and Parkinson's diseases (Alves et al., 2013; Bellucci et
al., 2016; Benson et al., 1988; Terry, 2000). Similarly, specific neuro-
transmitter systems show age-dependent alterations. While dopamine
D2 (Antonini et al., 1993; Rinne et al., 1993) and serotonin transporter
(van Dyck et al., 2000)densities decrease during aging, an opposite pat-
tern is observed for p-opioid receptors (Kantonen et al., 2020). Analysis
of the associations between ligand-specific BPyp and GM density re-
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vealed strong regional association that were, to some extent, modu-
lated by age and sex. However, the overall pattern of results (i.e. asso-
ciation between BPyp:s and GM densities) remained essentially un-
changed even when controlling for age and sex, thus the association
cannot be explained by age-dependent atrophy that would lower ra-
diotracer binding in general. Our subjects’ were primarily young and
middle-aged adults (mean age 35.8 years), and effects of age-
dependent atrophy on radiotracer uptake might be observed only in
significantly older subjects. Nevertheless the fusion analysis suggests
that joint analysis of cerebral atrophy (VBM) and receptor/transporter
systems could be useful in tracking the development of neurological
and psychiatric conditions: Regional volumetric brain changes are as-
sociated with specific neuropsychological symptoms, and also to spe-
cific neurotransmitter system alterations. The presently observed link-
age between transporter and receptor densities highlights that it is im-
perative to investigate how the linkage is manifested across neurologi-
cal and psychiatric pathologies.

4.3. Limitations

We combined retrospective data from several different studies per-
formed with different scanners, and the dataset was also heterogenous
with respect to subject age, sex and radiotracer dosage. However, cali-
brated PET scanners yield consistent data (Johansson et al., 2013) and
the employed outcome measure (BPyp) should theoretically control for
minor differences in scanner signal-to-noise ratios (Gunn et al., 1997) .
In line with this, the effects were significant even though we controlled
for scanner type. However there was still evidence for differential ef-
fects depending on the scanner. Despite this, even BPyp estimates are
known to vary between-scanner differences may be amplified depend-
ing on implemented PVEc (Schain et al., 2012). Thus, caution should be
warranted when combining data across PET cameras, and the depen-
dencies between camera types and independent variables (such as age,
sex, and patient status) should be taken into account and optimally
controlled for when building up the pooled sample. The scans for differ-
ent radioligands came from different subjects, so individual differences
in the tracer-specific samples might also confound the results. The
dataset also included patients, and proportion of patients varied across
ligands (12% for raclopride, 15% for carfentanil, 33% for MAMAD). Al-
though this might introduce confounds, we validated that results using
a controls-only sample yielded consistent results. The direct causal link-
age between the neuroreceptor and transporter availability and GM
density cannot be established using the current cross-sectional data,
thus we do not know if increase in the number of density of specific
neuroreceptors or transporters would yield increase in the GM signal in
MR. Future translational and animal imaging studies are needed for
elucidating this aspect. Finally, future studies could address the rela-
tionship between receptor and transporter density and other MRI-
derived metrics, such as grey matter density estimated with surface
analyses.

5. Conclusions

We conclude that regional binding of ['!C]carfentanil, ['C]raclo-
pride and ['!CIMADAM is associated with grey matter density at the
binding site. Grey matter density and tracer BPyp are associated in re-
gion and ligand-specific manner for ['C]carfentanil, [1C]raclopride
and ['!CIMADAM. These data thus suggest that VBM signal partially
reflects neuroreceptor and transporter levels, and also suggests that
when comparing any PET outcome measure across two groups, it is ad-
visable to consider GM density differences between the group as well.
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Data availability

Per current Finnish legislation and research permission the dataset
cannot be publicly shared.

Pre-processing of the PET data as well as its kinetic modelling were
done using Magia toolbox, for which the code is available in https://
github.com/tkkarjal/magia. Volumetric results files are available in
Neurovault at https://neurovault.org/collections/JOGHJBVA/. Ac-
cording to Finnish privacy protection legislation, individual partici-
pant-level study data cannot be made openly available for the scien-
tific community, even after pseudonymization. Specific consent from
the study subjects for any "further use” would be required. If needed,
coded participant-level data from our study can be made available to
the Journal and its reviewers, but this must be based on a confidential-
ity agreement
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