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Neurotransmitter receptors guide the propagation of signals between brain regions. Mapping receptor
distributions in the brain is therefore necessary for understanding how neurotransmitter systems sup-
port brain structure and function. Normative receptor expression can be estimated using group aver-
ages from Positron Emission Tomography (PET) imaging. However, the generalizability and reliability
of group-average receptor maps depends on the inter-individual variability of receptor density, which
is currently unknown. Here we collect group standard deviation brain maps of PET-estimated protein
abundance for 12 different neurotransmitter receptors and transporters across 7 neurotransmitter sys-
tems, including dopamine, serotonin, acetylcholine, glutamate, GABA, cannabinoid, and opioid. We
illustrate how cortical and subcortical inter-individual variability of receptor and transporter density
varies across brain regions and across neurotransmitter systems. We complement inter-individual vari-
ability with inter-regional variability, and show that receptors that vary more across brain regions than
across individuals also demonstrate greater out-of-sample spatial consistency. Altogether, this work
quantifies how receptor systems vary in healthy individuals, and provides a means of assessing the
generalizability of PET-derived receptor density quantification.

INTRODUCTION

Neurotransmitter receptors modulate neuronal activity,
guide synaptic wiring, and influence brain-wide com-
munication. Mapping neurotransmitter receptor distri-
butions in the brain is therefore necessary for under-
standing how chemoarchitecture shapes brain structure
and function. We recently collated a Positron Emission
Tomography (PET) atlas of in vivo whole-brain neuro-
transmitter receptor and transporter densities across 19
unique receptors and transporters and 9 neurotransmit-
ter systems [20, 34]. This atlas is widely used for study-
ing chemoarchitectonic mechanisms underlying, for ex-
ample, neural rhythms [53], pharmacological perturba-
tions [31, 59], energy metabolism [11], cognition [63],
and multiple diseases and disorders [21, 24, 38, 47, 62].
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Nevertheless, brain anatomy and function vary across
individuals, manifesting as individual differences in cog-
nition and behaviour [9, 40, 52]. In addition, brain
regions and systems develop at different rates, and are
differentially subjected to influence by the environment
(e.g. via sensory stimuli) and transcriptomic programs
[10, 56]. Receptor density may therefore vary more
in certain brain regions than others. Some inferences
on the inter-individual variability of receptor density
can be made from group-average receptor density maps
alone: group receptor density brain maps can be com-
pared across sites, PET tracers, imaging modalities, and
even across biological features (e.g. receptor density ver-
sus protein-coding gene expression) [8, 19, 20, 41, 42].
However, these strategies can only assess the spatial sim-
ilarity of brain maps rather than the inter-individual vari-
ability of regional receptor density.

To better understand how receptor abundance varies
across individuals, we collate group standard deviation
maps for 12 neurotransmitter receptors and transporters
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Figure 1. Inter-individual coefficient of variation of receptor/transporter density in the cortex | Inter-individual coefficient
of variation is defined as the population standard deviation of tracer uptake normalized by population mean, and is calculated
for every cortical region. Each coefficient of variation brain map is min-max scaled to showcase the spatial organization of inter-
individual variability of neurotransmitter systems. Grey colours reflect regions that have been omitted due to either unstable
coefficient of variation or tracer uptake quantification reference regions (see Methods for details). Two tracers that map 5-HTT
were included; tracer names are written in parentheses. GABA, receptors were mapped according to two different subunits (o
and «as) as well as the benzodiazepine binding site (8z). D2 [*!C]Raclopride tracer data is not shown due to non-specific binding

in the cortex.

across 7 neurotransmitter systems and nearly 700 indi-
viduals. We show cortical and subcortical brain maps
of inter-individual receptor abundance variability, and
benchmark receptor variability across PET tracers. We
then compare inter-individual and inter-regional vari-
ability. By interpreting the present findings alongside
previous work comparing spatial distributions of recep-
tors, we provide receptor-specific hypotheses for sources
of variability. Altogether, this work serves as a refer-
ence point for assessing receptor and transporter mea-
surement generalizability in the human brain.

RESULTS

We collated group standard deviation maps of PET-
derived neurotransmitter receptor and transporter den-
sities from a total of 12 different receptors/transporters
across 7 neurotransmitter systems, including dopamine,
serotonin, acetylcholine, glutamate, GABA, cannabinoid,
and opioid (Table 1). All mean and standard deviation
maps are parcellated according to 100 cortical regions
[50] and 54 subcortical regions [58]. Given that stan-
dard deviations scale with the mean (Fig. S1, S2), we
normalize standard deviation by the mean, resulting in
a brain map of the within-region inter-individual coeffi-
cient of variation for each neurotransmitter receptor and
transporter (Fig. 1, Fig. 2). In both cortex and subcor-
tex, inter-individual coefficient of variation is heteroge-
neously distributed and highly organized across brain re-
gions. For many receptors and transporters, cortical co-

efficient of variation appears greatest in unimodal brain
regions, including primary somatomotor and somatosen-
sory cortex as well as primary visual cortex (Fig. 1).
Meanwhile, subcortical coefficient of variation is often
greatest in ventral structures as well as the caudate
(Fig. 2).

In Fig. 3 we show the distribution of cortical and
subcortical coefficients of variation for each neurotrans-
mitter receptor and transporter. Density measurements
in subcortical structures often vary more than in corti-
cal structures. Within the cortex, inter-individual coef-
ficient of variation is generally low (around 0.2), with
some receptors/transporters showing moderate variation
(around 0.4, e.g. MOR, CB;), and some high variation
(> 0.5, e.g. NMDA, GABA, «; and a5 subunits). We
confirm that the D, tracer ['!C]Raclopride, which is only
sensitive to D, abundance in the striatum [13], shows
greatest variation outside of the striatum, as a result of
increased measurement noise (Fig. S3). In addition, we
find that different tracers that bind to the same protein
can show different amounts of inter-individual variability
(e.g. 5-HTT ['!C]MADAM tracer binding is more vari-
able than 5-HTT [''C]DASB tracer binding within the
cortex).

Inter-individual variance of a regional measurement is
better interpreted in light of the receptor/transporter’s
measurement variability across brain regions. To develop
this point further, consider a group-averaged measure-
ment with low variation across brain regions (i.e. is ap-
proximately homogeneously expressed in the brain) but
high variation across individuals. This measurement will



o
>
@™
>

serotonin acetylcholine glutamate dopamine

5-HT1a
5.HT4
VAChT
%9
NMDA
GABAa/al
D2 (raclopride)

cannabinoid

5-HTT (dasb)
CB1
Y
mGIuR5
GABAa/a5

opioid

$4399¢
399 99

lateral

5-HT2a

24 29 29
$9 $4 94

5-HTT (madam)
mGIluR5

23 38 28
$9 39 94

GABAa/bz

29 29 99
99 94 99

D2 (fallypride)

29 23 49
$9 39 94
$9 $2 44

99

S

left right

min max
coefficient of variation

medial

Figure 2. Inter-individual coefficient of variation of receptor/transporter density in the subcortex | Inter-individual coefficient
of variation is defined as the population standard deviation of tracer uptake normalized by population mean, and is calculated
for every subcortical region. Each coefficient of variation brain map is min-max scaled to showcase the spatial organization
of inter-individual variability of neurotransmitter systems. Grey colours reflect regions that have been omitted due to either
unstable coefficient of variation (see Methods for details). Two tracers that map 5-HTT were included; tracer names are written in
parentheses. GABA4 receptors were mapped according to two different subunits («; and as) as well as the benzodiazepine binding
site (Bz). Note that D> [*'C]Raclopride tracer is only sensitive within the striatum.

have a highly variable spatial profile (i.e. brain map)  low regional-to-population coefficient of variation ratio.
from one individual to the next. On the other hand,
if a measurement varies more across regions than indi-

viduals, the regional rank order of protein density will DISCUSSION

remain similar in all individuals; that is, this measure-

ment will be consistently spatially expressed across in-  In the present report, we estimate standard deviation
dividuals. To quantify measurement variability across  maps for 12 unique neurotransmitter receptors and
regions, we calculate inter-regional coefficient of varia-  transporters to better understand how receptor and
tion: the standard deviation of group-averaged recep-  transporter density varies across individuals. We show

tor/transporter density across brain regions normalized  that receptor and transporter variability is heteroge-
by the mean (Fig. 3 dashed vertical lines; see also  neous across brain regions and systems. Subcortical
schematics in Fig. 4a-c). We find that, within the sub-  receptor/transporter density typically varies less across
cortex, receptor/transporter density often varies more  jindividuals than across regions, while cortical recep-
across regions than across individuals. In the cortex  tor/transporter density typically varies more across in-
however, many receptors/transporters show similar or  djviduals than across brain regions. Finally, we show
greater Variability across indiVidualS than regions. ThlS that receptors/transporters that vary more across re-
suggests that, although population variance is generally  gjons than individuals are also more consistently spa-
greater in subcortex than in cortex (Fig. 3 yellow bars),  tially mapped.

subcortical receptor/transporter expression is likely to be The recent proliferation of group-averaged “reference”
stably spatially expressed. Indeed, we find that the ratio  brain maps make it possible to spatially relate diverse
of spatial variation to population variation is positively brain phenotypes with one another [20, 34]. How-
correlated with the out-of-sample consistency of a re-  ever, the interpretation of such associations is depen-
ceptor/transporter’s spatial distribution (i.e. mean pair-  dent on the generalizability and reliability of these ref-
wise Spearman correlation of receptor/transporter brain erence maps, which are rarely accompanied by estimates
maps from different cohorts. r = 0.49, p = 0.057 within  of inter-individual variability [52]. Here we aim to rec-
cortex; v = 0.77, p ~ 0 within subcortex; Fig. 4). In the  tjfy this limitation by retroactively compiling standard
cortex, some exceptions to this relationship include glu-  deviation maps for previously shared mean receptor den-
tamatergic mGIluR5; and endocannabinoid CB;, both of sity brain maps (see Hansen et al. [20]). We find that
which demonstrate highly replicable spatial patterns but  jnter-individual variability of regional receptor density
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Figure 3. Distributions of inter-individual coefficient of variation | For each receptor and transporter (rows), the distribution of
within-region inter-individual coefficient of variation is shown in orange for (a) cortical regions and (b) subcortical regions. These
are the same data as shown in Fig. 1 and Fig. 2, without scaling. A kernel density is estimated for each distribution (solid purple
line). The dashed purple line represents the inter-regional coefficient of variation. Coefficient of variation below 0.2 is considered
low variability, around 0.5 is moderate variability, and around or above 1 is considered high variability.

is organized along specific anatomical landmarks, such
that some brain areas vary more across people than oth-
ers. Surprisingly, while multiple structural and func-
tional cortical features vary more in transmodal cortex
and less in unimodal cortex [12, 22, 28, 40, 46], we
find that the opposite is true for many neurotransmit-
ter receptors and transporters (Fig. 1). As brain maps

of inter-individual variability are generated and shared
[28, 37, 56], we will better understand how variability
varies across brain regions and biological systems.

By combining evidence from multiple lines of analy-
sis, we are able to generate hypotheses regarding the
source of variability (e.g. measurement or biological)
of different receptors’ expression. In this manuscript,
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Figure 4. Comparing inter-regional and inter-individual variation of receptor/transporter density | A schematic illustrating
three perspectives of variability: (a) inter-individual coefficient of variation quantifies within-region measurement variability across
participants; (b) inter-regional coefficient of variation quantifies variability of group-averaged measurements across brain regions;
and (c) spatial consistency quantifies the similarity of group-averaged measurements of the same receptor/transporter. For (d)
cortex and (e) subcortex, regional-to-population coefficient of variation ratio (y-axis) is defined as the inter-regional coefficient of
variation (dashed purple line in Fig. 3) normalized by the mean inter-individual coefficient of variation (mean of orange bars in
Fig. 3). Values above 1 represent receptors/transporters that vary more across regions than across individuals, and vice versa for
values below 1. Note that y-axis limits are different in panels (d) and (e). Next, mean spatial consistency is defined as the mean
pairwise spatial Spearman’s correlation of group-average tracer images of the same receptor/transporter. Tracers used for each

out-of-sample comparison are detailed in Table S1.

we consider inter-individual variability of regional re-
ceptor density measurements as well as out-of-sample
spatial consistency in other PET imaging cohorts. How-
ever, we can augment our interpretation with reported
findings that test out-of-sample spatial replicability us-
ing other measurements techniques (e.g. autoradiogra-
phy, as shown in [8, 19, 42]) and proxies of receptor
abundance (e.g. gene expression, as shown in [19, 41]).
Take for example serotonergic 5-HT, density: this re-
ceptor is stably expressed across both brain regions and
individuals (coefficient of variation around 0.2), spatially
replicable across both PET (r > 0.9) and autoradiog-
raphy (r > 0.6) cohorts, and strongly correlated with
its protein-coding gene (r = 0.88), indicating a protein
with approximately the same regional receptor abun-
dance in any brain (i.e. low biological variability, low

measurement variability, and conserved spatial expres-
sion) [8, 19, 20, 41]. Similarly, the endocannabinoid re-
ceptor CB; and opioid receptor MOR demonstrate spatial
consistency (mean r > 0.75) and high coexpression with
their protein-coding genes (CNR1 (r = 0.74) and OPRM1
(r = 0.84) respectively, as reported in [19]). However,
their regional receptor abundance is variable across peo-
ple (coefficient of variation around 0.4). This suggests
that, while the spatial patterning of these proteins are
consistent, they may exhibit an individual-specific base-
line shift (i.e. high biological variability, low measure-
ment variability, and conserved spatial expression). Fi-
nally, there are receptors that are systematically incon-
sistently expressed. Ionotropic receptors GABA, («; and
a5 subunits) and NMDA show high population variability
in regional receptor abundance (coefficient of variation



0.5——1.0) and GABA,’s spatial patterning is only moder-
ately replicable in separate PET (r ~ 0.5) and autoradio-
graphy (r = 0.20) cohorts. Such inconsistent measure-
ments may reflect noise [51], individual-specific expres-
sion [4, 26, 39], or protein turnover rate (i.e. temporal
variability).

We end with a note on interpretation. First, while we
show brain maps of inter-individual coefficient of varia-
tion in the cortex and subcortex (Fig. 1, 2), these maps
are min-max scaled and in many cases (e.g. the seroton-
ergic receptors), the inter-individual coefficient of vari-
ation is consistently very low. Fig. 3 should be used to
compare the individual variation across different tracers.
Second, our measurement of inter-individual variability
is agnostic to whether the source of variability is individ-
ual differences or measurement noise. To better assess
the generalizability and replicability of receptor brain
maps, we apply our own out-of-sample comparisons and
we draw on our earlier work comparing alternative PET
tracers, imaging modalities, and protein-coding gene ex-
pression [19, 20]. Third, due to ethical restrictions in
sharing individual data, we are unable to test whether
receptor binding is normally distributed across individu-
als. Individual outliers may therefore skew the standard
deviation.

In summary, we assemble an atlas of neurotransmitter
receptor and transporter variability. This atlas comple-
ments our previously published atlas of whole-brain re-
ceptor/transporter densities [20]. Our work sheds light
on how receptor systems vary in healthy individuals, and
provides a means of assessing the generalizability of PET-
derived receptor density quantification.

METHODS

All code and data used to conduct the analyses are
available at https://github.com/netneurolab/hansen
receptorvar.

PET data acquisition

Our group had previously assembled group-averaged
PET tracer images for 19 neurotransmitter receptors and
transporters from research groups and PET imaging cen-
ters globally [20]. In an effort to better understand how
these measurements vary across individuals, we recon-
tacted all collaborators who had contributed mean re-
ceptor maps and asked whether they would be interested
in providing group mean and standard deviation images
for each tracer. Altogether we compiled 18 tracer mean
and standard deviation images, encompassing 12 unique
neurotransmitter receptors and transporters, and 7 neu-
rotransmitter systems. Each study, the associated recep-
tor/transporter, tracer, number of healthy participants,
age, and reference with full methodological details of
data acquisition can be found in Table 1. In all cases, only

6

scans from healthy participants were included. Group
mean and standard deviation images were registered to
MNI152NLin6Asym space, then parcellated according to
100 cortical regions as defined by the Schaefer parcel-
lation [50] and 54 subcortical regions as defined by the
Melbourne Subcortex Atlas S4 [58].

We note some tracer-specific special cases: (1) while
tracer uptake for most neurotransmitter receptors is es-
timated using the cerebellum as the reference region,
the mu-opioid receptor (MOR) is measured using the
occipital cortex as the reference region. We there-
fore set all regions in the occipital cortex to NaN. (2)
Three dopaminergic Dy images were shared, two mea-
sured with the tracer [''C]Raclopride and one measured
with the tracer ['8F]Fallypride. [''C]Raclopride but not
['8F]Fallypride demonstrates non-specific binding out-
side of the striatum [44]. [*!C]Raclopride measurements
outside of the striatum are therefore expected to demon-
strate large variation across participants. (3) Two sero-
tonergic 5-HTT images acquired using different tracers
(["1CIDASB and [!!C]MADAM) were shared. We in-
clude both for comparison. (4) Two subunits (a; and
as) of the GABA, receptor can be mapped using a sin-
gle PET tracer [''C]RO154513 by way of spectral anal-
ysis [36]; we include both for comparison. We also in-
clude [''C]Flumazenil, a tracer that binds to the benzo-
diazepine (Bz) binding site of GABA4 receptors [42]. (5)
Two mGIuR; images were shared, both measured using
[''C]ABP688; we include both for comparison.

Finally, to estimate the spatial consistency of recep-
tor/transporter density maps, we calculate the average
spatial correlation between a receptor’s mean tracer im-
age with any other mean tracer image for this receptor,
both from within the set of maps analyzed here, and
from out-of-sample mean tracer images from the previ-
ously mentioned PET receptor atlas [20]. Note that out-
of-sample mean receptor density maps are not accompa-
nied by standard deviation maps, and they may be col-
lected using a different PET tracer. Furthermore, all MOR
['!C]Carfentanil images were collected at the same PET
centre and group maps may not be independent. Mean
spatial consistency for MOR is therefore likely inflated.
Details on each tracer image are provided in Table S1.

Coefficient of variation

In biological systems, the standard deviation of a distri-
bution of measurements typically scales with the mean
[15] (see also Fig. S1 and Fig. S2). Therefore, rather
than directly analyzing standard deviation values, we
normalized the standard deviation by the mean. This ra-
tio is called the coefficient of variation. In this work, we
consider the coefficient of variation of tracer uptake mea-
surements (i.e. neurotransmitter receptor/transporter
densities) both across individuals (“inter-indivudal”) and
across regions (“inter-regional”). When calculated across
individuals, there is one coefficient of variation value
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Receptor/ Neurotransmitter Tracer Measure N Age References
transporter

5-HT1a serotonin [*'cJcuMI-101 Bunax 8 (5) 28.44+8.8 [8]

5-HT1s serotonin [*'C]AZ10419369 Bpax 36 (12) 27.84+6.9 [8]

5-HT2a serotonin [*!C]Cimbi-36 Brmax 29 (14) 226+27 [8]

5-HT, serotonin [*'C]SB207145 Bunax 59 (18) 259453 [8]

5-HTT* serotonin [*!C]DASB Bunax 100 (71) 25.1+5.8 [8]

5-HTT* serotonin [''CIMADAM BPxp 49 (24) 39.3+6.4 [33,60]
CB; cannabinoid [*®*F]FMPEP-d, Vr 20 (0) 24.4+3.0 [45]
Do dopamine [*!CJRaclopride ~ BPnp 16 (7) 32.7+£88 [?]
D, dopamine [**C]Raclopride BPnp 47 (0) 23.5+25 [2,5,6]
Do dopamine [*®F]Fallypride BPwp 49 (33) 18.4+0.6 [23]
GABAna,  GABA [''C]Ro154513 Vg 27 [36]
GABAa;,  GABA [''C]R0154513  Vr 27 [36]
GABAp/Bz GABA ["'C]Flumazenil  Bax 16 (9) 26.6 + 8 [42]
NMDA glutamate [*F]1GE-179 Vr 29 (8) 40.9+12.7 [17,18,35]
mGluR; glutamate [*'C]ABP68S BPwp 27 (12) 54.64+13.4 [14]
mGluR; glutamate [''C]ABP68S BPwp 73 (48) 19.9+£3.0 [54]
MOR opioid [*!'C]Carfentanil ~ BPyp 86 (42) 35.649.9 [25,29, 32, 60]
VAChT* acetylcholine ['®F]FEOBV SUVR 25 (8) 36.6+9.7 [?]

TABLE 1.

Neurotransmitter receptors and transporters included in analyses | BPxp = non-displaceable binding potential;

Vr = tracer distribution volume; Bmax = density (pmol/ml) converted from binding potential using autoradiography-derived
densities; SUVR = standard uptake value ratio. Values in parentheses (under N) indicate number of females. Asterisks indicate

transporters.

per region, representing inter-individual variability of
within-region receptor/transporter density. The coeffi-
cient of variation can be unstable when the mean (de-
nominator) approaches 0. Therefore, when calculating
coefficient of variation, we omit the regions whose mean
tracer uptake is in the bottom fifth percentile, if tracer
uptake values are below 0.1.

Likewise, when calculated across regions rather than
individuals, there is one inter-regional coefficient of vari-
ation value per brain map, representing how much recep-
tor/transporter density varies across brain regions. More
specifically, the standard deviation of mean tracer up-
take across brain regions (for cortex and subcortex sepa-
rately) is divided by the mean tracer uptake across brain
regions. Finally, the regional-to-population coefficient of
variation ratio is calculated as the inter-regional coeffi-
cient of variation divided by the mean inter-individual

coefficient of variation. Values above 1 reflect neuro-
transmitter receptors/transporters that vary more across
brain regions than across individuals, and values below 1
reflect neurotransmitter receptors/transporters that vary
more across individuals than brain regions.
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Figure S1. Correlation between mean and standard deviation of receptor/transporter density within cortex | Mean tracer
uptake (z-axis) is correlated with standard deviation of tracer uptake (y-axis) across individuals. Each circle is a cortical region
(n = 100). Circle colour represents inter-individual coefficient of variation (as shown in Fig. 1).
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Figure S3. Subcortical distributions of inter-individual coefficient of variation for D, [''C]Raclopride tracer | We show
the distribution of subcortical inter-individual coefficient of variation (orange) and striatal inter-individual coefficient of variation
(green). A kernel density is estimated for each distribution (solid lines). The dashed purple line represents the inter-regional
coefficient of variation across all subcortical structures, and the dashed green line represents inter-regional coefficient of variation
across all striatal regions. Notably, variability is considerably lower in the striatum where [*!C]Raclopride tracer is sensitive to Do
receptor abundance. Data from [? ] (IV = 16) is shown on the top and data from [2, 5, 6] (N = 47) is shown on the bottom.
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TABLE S1. Out-of-sample group-average receptor/transporter density maps | To calculate mean spatial consistency in Fig. 4,
we correlate each receptor and transporter’s mean tracer image (“original map”) with any other available mean tracer image for
this receptor/transporter (“other map(s)”), both from within the set of maps analyzed here, and from out-of-sample mean tracer
images from the PET receptor atlas introduced in Hansen et al. [20]. Note that MOR [*!C]Carfentanil maps were pulled from the
same centre and therefore group maps are not necessarily independent.
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