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Abstract

Purpose The brain noradrenaline (NA) system plays an im-
portant role in the central nervous control of energy balance
and is thus implicated in the pathogenesis of obesity. The
specific processes modulated by this neurotransmitter which
lead to obesity and overeating are still a matter of debate.
Methods We tested the hypothesis that in vivo NA transporter
(NAT) availability is changed in obesity by using positron
emission tomography (PET) and S,S-[!''C]O-
methylreboxetine (MRB) in twenty subjects comprising ten
highly obese (body mass index BMI>35 kg/m?),
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metabolically healthy, non-depressed individuals and ten
non-obese (BMI < 30 kg/m?) healthy controls.

Results Overall, we found no significant differences in bind-
ing potential (BPNp) values between obese and non-obese
individuals in the investigated brain regions, including the
NAT-rich thalamus (0.40+0.14 vs. 0.41 £0.18; p=0.84)
though additional discriminant analysis correctly identified
individual group affiliation based on regional BPyp in all
but one (control) case. Furthermore, inter-regional correlation
analyses indicated different BPyp patterns between both
groups but this did not survive testing for multiple
comparions.

Conclusions Our data do not find an overall involvement of
NAT changes in human obesity. However, preliminary sec-
ondary findings of distinct regional and associative patterns
warrant further investigation.

Keywords Noradrenaline - Noradrenaline transporter - PET -
PET imaging - Obesity

Introduction

Obesity has reached epidemic proportions yet no sustainable
non-surgical treatment is available. The mechanisms of
weight gain, in particular the biological underpinnings that
lead to overeating, are only partially understood. As potential
targets, the central biogenic amines have long been studied for
their effects on feeding behaviour, energy balance, and main-
tenance of body weight [1]. The appetite-suppressing drugs
amphetamine, methamphetamine and phentermine all possess
a monoaminergic mechanism of action; in particular they po-
tently cause release of noradrenaline (NA) from synaptic ves-
icles as well inhibiting/reversing extracellular NA reuptake by
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the NA transporter (NAT) at the synaptic cleft [2]. Evidence
for a direct involvement of NA in mediating food intake de-
rives mainly from pharmacological and lesioning studies per-
formed in animals. It has been shown in rats that NA acting in
the hypothalamic arcuate, ventromedial and paraventricular
nuclei stimulates feeding [3—5], whereas it inhibits feeding
in the lateral hypothalamic area [3] through - and (3-recep-
tors. Furthermore, ablating hindbrain noradrenergic neurons
which project to the hypothalamic arcuate and paraventricular
nuclei eliminates orexigenic [5] and potentiates anorexigenic
[6] actions of feeding hormones in rats, respectively. Also,
electrically silencing NA neurons of the locus coeruleus
(LC) reduces brown adipose tissue thermogenesis leading to
obesity in mice through reduced energy expenditure [7].
Critically, the NA system is a key substrate that mediates
stress and emotional eating downstream of the hypothalam-
ic—pituitary—adrenal (HPA) axis [8]. Thus, it can be speculated
that gradual changes in NA tone influences eating behaviour
and metabolism which may lead to obesity, but this has yet to
be formally investigated in vivo in humans.

Reuptake via the high-affinity NAT is the primary mecha-
nism by which noradrenergic synaptic transmission is termi-
nated. Due to the lack of suitable radiotracers, only one neu-
roimaging study has investigated the role of the NAT in obese
humans so far. Using NAT-specific (S,S)-[''C]O-
methylreboxetine ([''C]JMRB) and positron emission tomog-
raphy (PET), first findings in individuals with obesity sug-
gested that NAT is reduced in the thalamus and pulvinar [9].
However, these results have not been replicated thus far in
class II to III obesity (BMI >35 kg/m?* and BMI >40 kg/m?,
respectively). Replication is of particular interest since depres-
sion, although excluded in the study by a structured clinical
interview for DSM-IV Axis-I psychiatric disorder [9], may
occur on a sub-threshold level and this potentially interferes
with NAT [10].

Our study, therefore, aimed to investigate in an indepen-
dent, highly selective cohort of non-depressed, metabolically
healthy individuals whether those who are heavily obese
(BMI >35 kg/mz) or non-obese (BMI< 30 kg/mz) differ in
NAT availability as measured with [''C]MRB and PET. In
order to extend data analysis beyond simple ¢ statistics and
to analyse the PET data matrix as a whole, we additionally
applied discriminant analysis as well as correlative analysis of
NAT availability between different brain regions. The Beck
Depression Inventory (BDI) was used as a psychometric test
for screening of depression beyond clinical manifestation [11].

Materials and methods
This study was performed in accordance with the ICH

Guideline for Good Clinical Practice (GCP) and the declara-
tion of Helsinki, approved by the local ethics committee (IFB

PET K7-7, EC number 206-10-08032010) and the German
Bundesamt fiir Strahlenschutz/Federal Office for Radiation
Protection (number Z5-22461-2-2011-002). The study was
registered at the European clinical trial database (EudraCT
2012-000568-32) and the German Clinical Trials Register
(DRKS).

Participants

Twenty participants aged over 18 years were included.
Exclusion criteria were current or past neurological or psychi-
atric illness, i.e. depression (as assessed by a psychiatrist at the
first visit), head trauma or vascular encephalopathy, hyperten-
sion, diabetes or other medical conditions that may alter brain
function, the use of anorectic medication or other interven-
tions for weight loss, centrally acting medication, over-the-
counter medication or nutrition supplements over the last
8 weeks, past or present history of alcohol misuse and/or illicit
drug abuse, pregnancy and breast-feeding. Study participants
were free of any medication or illicit drugs and did not fulfil
criteria for binge eating disorder as assessed by structured
expert interview (Eating Disorder Examination; EDE) [12].
The amount of alcohol and/or nicotine consumption was re-
corded for both cohorts.

Structural magnetic resonance imaging (MRI) was ac-
quired using a 3-Tesla (T) Siemens scanner and a T1-
weighted three-dimensional (3D) magnetization-prepared rap-
id gradient echo (MP-RAGE) sequence (time of repetition
2300 ms, time of echo 2.98 ms, 176 slices, field of view
256 x 240 mm, voxel size 1 x 1 x 1 mm) for PET-MRI co-
registration and for exclusion of brain pathologies such as
diffuse or confluent white matter hyperintensities in T2-
weighted images, tumours, and stroke, but not malformation
without functional impairment. All study participants were
able to understand the protocol and gave written informed
consent.

After obtaining informed consent, screening for inclusion/
exclusion criteria, physical examination and MRI as described
above, eligible study participants underwent PET with
['"CIMRB. On the PET scanning day, they were encouraged
to have a light breakfast. Prior to scanning, all participants
received a general physical examination, including objective
weight and height measures for BMI calculation, and fulfilled
the BDI close to the PET imaging session.

PET imaging

Both the MRB standard and precursor were prepared follow-
ing previously described methods [13]; and [''C]MRB was
synthesized from [''C]methyliodide ([''C]CH;I) by using the
TRACERLab FXC automated synthesis module (GE
Healthcare, USA). [''C]methyliodide ([''C]CH;I) was pro-
duced from [''C]CO,. The final formulated product was
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98% radiochemically pure and the average injected mass was
0.027 +0.023 pg/kg (Table 1). Dynamic PET was performed
after intravenous bolus injection (90 s) of 359+ 11 MBq
["'C]MRB using the ECAT EXACT HR+ scanner in 3D ac-
quisition mode [Siemens, Erlangen, Germany; intrinsic reso-
Iution at the centre 4.3 mm (full-width at half maximum,
FWHM), axial resolution: 5-6 mm, field of view: 15.5 cm].
Emission scan duration was 120 min acquiring 26 frames
(4%x0.25,4%x1,5x%x2,5x5, 8% 10 min). We used a 10-min-
transmission scan (from three %3Ga sources), which was per-
formed prior to the emission scan, for attenuation correction
and iterative reconstruction (10 iterations, 16 subsets) in a
transverse image series (63 slices, 128 x 128 matrix, voxel
size 2.6 X 2.6 x 2.4 mm>) with a Hann filter (cut-off 4.9 mm)
for post-processing.

Imaging data processing and analysis

PET and MRI data processing were performed as recently
described [14]. In short, individual MRI data sets of the sub-
jects were spatially reoriented (according to the anterior com-
missure—posterior commissure line) onto a standard brain data
set similar to the Talairach space using the image processing
software PMOD version 3.3 (PMOD Technologies, Zurich,
Switzerland). Hereafter, volumes of interest (VOIs) were
drawn manually on consecutive transversal slices of the
reoriented individual MRI data sets. PET data were corrected
for head motion artifacts using SPM software (Statistical
Parametric Mapping; Wellcome Trust Centre for
Neuroimaging, London, UK) and then co-registered with the
individual MRI data, respective of the related VOI set, to
obtain via PMOD the corresponding tissue time activity
curves (TACs) from the dynamic PET data. The atlas-driven
registration of individual MR images was manually adjusted
to account for possible anatomical variability within or be-
tween the groups as suggested by morphometric studies in
obese vs. non-obese healthy control samples [15]. Kinetic
modelling of these regional brain TACs was performed using
the multilinear reference tissue model MRTM2 (two parame-
ters) with the occipital cortex and the caudate as reference
regions [16—18]. MRTM2 can be derived from the two-
tissue compartment model (2TCM) of a target region with rate
constants Ky, k, k3, k4 and the one-tissue compartment model
(1TCM) of the reference region (rate constants K, k) if the
non-displaceable distribution volume (DV) in both regions is
assumed to be equal. The calculated binding potential BPyp
depends linearly on the regional NAT availability and is con-
nected to the DV ratio (DVR) of the target and reference
region by BPyp = DVR - 1 [19, 20]. If not stated otherwise
results presented are computed with the occipital cortex as
reference (Fig. 1). Head movements of patients and controls
increased at the end of the scan (120 min); therefore, we only
used TACs up to 90 min (frames 4 to 23) for multi-linear
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regression analysis. Additionally, voxel-based correlation
analyses in SPM8 was then performed using BPyp maps with
age, sex, and smoking status as covariates. Analyses were
performed with p < 0.005 and p < 0.001, uncorrected and with
a minimum cluster size of 30 voxels.

Statistical analysis

All data were tested for normal distribution using the Shapiro—
Wilk test and the Levene test for homogeneity of variance. A ¢
test was used for group comparison between the PET mea-
sures of each VOI. To control for confounding effects of age
and BDI while comparing groups, an ANCOVA was applied.
All these analyses were performed using PASW/SPSS 20
(IBM Corp., Armonk, NY, US).

As secondary analysis to identify whether the NAT status
differs in both groups, linear discriminant analysis (LDA) and
inter-regional correlative analysis of the BPyp of each VOI
were applied. LDA was performed with group membership as
a dependent variable. Four discriminant models were
employed. First, BPyp values of all brain regions, age and
sex were used as independent variables in a stepwise inclusion
procedure based on the results of the Shapiro—Wilk test to
identify the relevant variables, i.e. brain regions (/"> 3.84 for
inclusion, F'<2.71 for exclusion). Second, based on the re-
sults of the forward selection process, three additional dis-
criminant models with the BPyp values of only three or two
brain regions as variables where constructed and characterized
by their reclassification performance using cross-validation
(leave-one-out technique). The quality of a discriminant mod-
el was further characterized by Wilk’s lambda, the ratio of the
sum of squares within and between groups. Wilk’s Lambda
ranges between 0 and 1, where lower values point out to a
better discrimination between the groups. The inter-regional
correlation analysis of VOI data separated for both groups was
performed using Pearson’s correlation coefficient.

Results

Characteristics of the study participants are summarized in
Table 1. All subjects completed both PET and MRI scans,
but one obese participant was removed from the MR scan
shortly before completion of the acquisition.

Overall, neither voxel- or atlas-derived VOI-based compar-
isons revealed significant BPyp differences between the
groups (Table 2). The data distribution between the groups
and within each group for distinct NAT-rich brain regions is
shown in Fig. 2. Correlative analyses revealed a significant
association between BPyp and BDI in the nucleus accumbens
(Table 3), which did not survive testing for multiple compar-
isons. There were no other significant correlations. An
ANCOVA correcting for age and BDI did not reveal any
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Table 1 Subject characteristics
Obese individuals Non-obese individuals P
(>35 kg/m?®) (<30 kg/m?) value®
Number of subjects 10 10
Sex (male/female) 6/4 6/4 1.00°
Age (years) 34.4 (9.0; 22-50) 33.3 (10.0; 21-50) 0.80
Body mass index (kg/m?) 42.4 (3.7;35.7-47.8) 23.9(2.5;21.7-28.7) <0.001
Ethnicity Caucasian
Smoking habits 7/1/0/2 5/1/0/4 0.8°
(zero/low/moderate/strong)
Alcohol consumption (drinks per 1(0-3.4) 3.5(1.1-10.1) 0.14¢
week)
Beck Depression Inventory 10.5 (10.7; 0-32) 5(6.7, 0-22) 0.20
Activity applied (MBq) 356.7 (14.2) 361.2 (6.6) 0.38
Injected mass (ng/kg) 0.03 (0.03) 0.02 (0.02) 0.50

2 ttest, except ® Chi-square test, © Fisher’s test, ¢ Mann-Whitney U test. Values denote numbers or means (standard
deviation; range). Bold values indicate statistical significance (p <0.05)

changes in group comparisons (Table 3). Correlative analyses
of inter-regional BPyp distribution revealed more significant
associations (n =52 uncorrected and n =23 Bonferroni-
corrected) in obese individuals compared with non-obese con-
trols (n =27 and n = 15; Fig. 3).

a

Fig. 1 Summed PET images (all frames of dynamic studies) (a) and
BPyp images (b) of [''C]MRB imaging data coregistered to the
corresponding MRI T1 image. The arrow depicts the noradrenaline
transporter-rich area of the locus coeruleus (middle row) and the occipital
cortex as a reference region (lower row) in the BPyp maps

There was significantly higher BPyp in the left putamen in
obese vs. non-obese individuals (p =0.028). Significance was
further increased (p < 0.001) when comparing hemispheric differ-
ences (Fig. 4). LDA with stepwise inclusion of variables identified
five brain regions as most relevant in the discrimination of the two
groups including the left putamen (most important), right puta-
men, raphe nuclei, pons/midbrain, and the LC (model 1; Table 4).
The demographic variables age and sex were not included in the
model in the selection process by the LDA, i.e. there were not
significant. These two variables also showed no significant group
difference in an unpaired ¢ test. Reclassification performance
using cross-validation (leave-one-out technique) of this
S-variable discriminant model was very high (Table 4) with 10
of 10 obese and 9 of 10 non-obese correctly classified (Wilk’s
lambda = 0.108; p < 0.00001). Based on these results, three more
discriminant models were constructed and optimal separation was
achieved using the left and right putamen, and the LC (Table 4).

We compared the occipital cortex and the caudate as refer-
ence regions. Mean BPyp values were in good agreement, e.g.
for non-obese subjects in the thalamus 0.41 =0.18 vs. 0.39 =
0.20, the LC 0.32+0.20 vs. 0.33+0.27, as well as in the
hypothalamus 0.46 +0.15 vs. 0.46 + 0.25 (Table 2). Also, on-
ly in one brain region, the left putamen, there was a signifi-
cantly different (higher) BPnp in obese vs. non-obese indivi-
duals (p = 0.016) if the caudate was used as a reference region.

Discussion

The brain LC-NA system, in particular, its presynaptically
located regulatory proteins for NA reuptake, the NATs, are
thought to be involved in weight control and contribute to
the pathogenesis of human obesity [21, 22]. However, only
one study thus far has addressed the question of whether
in vivo NAT availability is altered in obesity [9]. By applying
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Table 2 Noradrenaline

transporter binding potentials Region Obese subjects (n = 10) Non-obese controls (1 = 10) p value

(BPxp)
Medial prefrontal cortex 0.05 (0.09) 0.08 (0.06) 0.45
Orbito-frontal cortex 0.06 (0.12) 0.08 (0.14) 0.79
Dorsolateral prefrontal cortex 0.08 (0.09) 0.08 (0.06) 0.99
Anterior cingulate cortex 0.12 (0.12) 0.13 (0.07) 0.88
Insula 0.18 (0.10) 0.20 (0.08) 0.65
Hippocampus 0.01 (0.10) 0.03 (0.06) 0.63
Amygdala 0.04 (0.13) 0.07 (0.09) 0.61
Nucleus accumbens 0.11 (0.12) 0.13 (0.10) 0.73
Head of the caudate 0.02 (0.07) 0.03 (0.10) 0.67
Putamen 0.12 (0.12) 0.07 (0.08) 0.27
Thalamus 0.40 (0.14) 0.41 (0.18) 0.84
Pons/midbrain 0.01 (0.11) 0.06 (0.10) 0.17
Locus coeruleus 0.38 (0.22) 0.32 (0.20) 0.72
Hypothalamus 0.41 (0.18) 0.46 (0.15) 0.52

Data were given in mean (standard deviation; Note that for the one subject that did not obtain an MRI scan, the
regions of interest were drawn from an averaged normal MRI scan.).

PET imaging with [''C]MRB they found decreased thalamic
NAT availability in a sample of 17 moderately obese individ-
uals with a BMI of 34.7+2.6 kg/m” compared to 17 lean
individuals with a BMI of23.1+1.4 kg/mz, all of whom were
free of major medical illnesses including past or present neu-
rological and Axis-I psychiatric disorder. The aim of our study
was to replicate this initial finding with a second independent
European cohort of highly selected, highly obese individuals
with a BMI larger than 35 kg/m? compared to carefully
matched, non-obese controls. The study criteria here com-
prised an exclusion of depressive (and other mental) disorder
as well as physical conditions including metabolic diseases.
On a group level, we did not find any significant differ-
ences in NAT availability. This might be due to technical rea-
sons (i.e. the different scanners used in each study), that is

high-resolution research tomography (HRRT) vs. ECAT
EXACT HR+ or different radioactivities [(596 MBq [6]) and
low (359 MBq, this investigation)] of [''C]MRB adminis-
tered. Thus, time-activity curves were marginally less noisy
from injections of high radioactivity compared to those with
low radioactivity; however, the outcome measures with high
radioactivity were not evidently improved in a study in rhesus
monkeys (albeit both amounts of radioactivity were high
translated into humans) [23]. Nonetheless, the groups were
well-matched on important characteristics, including sex,
age, and injected mass with slightly but not significantly
higher BDI values in the obese. Since findings of the previous
NAT study were obtained in male participants alone [9], we
additionally checked whether there were differences in NAT
availability between obese and non-obese men and women in

Fig. 2 Individual binding Hypothalamus Locus coeruleus Thalamus
potential BPyp, values for
. . L 2
correlation coefficients 7 and — A
p values (see Tables 2 and 3) 1 ° A
06- °
® yvY Group
b Y o A ® @1 lean
5 04- @ Ay A A @ obese
o< AA A
@, a Gender
[ A ® female
K \
Z 02- 2 ® *A A male
0.0- >
A
ZIO 3‘0 4I0 2‘0 3‘0 4I0 2’0 3;0 4‘0
BMI [kg/m?]
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Table 3 Coefficients of

correlation between noradrenaline Region r: correlation r: correlation p (corrected p (corrected

transporter binding potentials with age with BDI for age) for BDI)

(BPnp) and age/Beck Depression

Inventory (BDI), and p values of Medial prefrontal cortex -0.20 -0.26 048 0.66

group comparisons of BPnp Orbito-frontal cortex —-0.15 -0.28 0.82 0.92

bet\fvc?en obese and non—'obese Dorsolateral prefrontal cortex -0.25 -0.25 0.94 0.72

individuals after correction for o

age or BDI Anterior cingulate cortex —0.42 —0.02 0.97 0.90
Insula —-0.36 -0.29 0.70 0.93
Hippocampus —0.13 -0.38 0.66 0.99
Amygdala 0.07 —-0.13 0.60 0.72
Nucleus accumbens -0.07 —0.46%* 0.62 0.94
Head of the caudate 0.33 -0.21 0.72 0.99
Putamen 0.36 —0.14 0.29 0.18
Thalamus —0.04 0.10 0.85 0.74
Pons/midbrain -0.19 -0.41 0.19 0.36
Locus coeruleus —0.08 -0.22 0.71 0.50
Hypothalamus —0.42 —0.06 0.56 0.56
*p <0.05

our sample of only four females and six males each. We found
very small differences ( test) between obese and non-obese in
males for the (left) prefrontal cortex (p =0.022 vs. p=0.38 in
women); and for females in the (left) cerebellar cortex
(p=0.017; male: p=0.21); however, we were not able to
reproduce a clear finding in males alone.

["'C]MRB is currently the most promising radiotracer for
imaging NAT availability. However, as pointed out previously,
its use has limitations [9]. These include low binding poten-
tial, which could artificially introduce between-group differ-
ences if between-group differences arise at the level of non-
displaceable binding, in particular in cortical areas or in the
striatum, that are all areas with low NAT densities in the cen-
tral nervous system (CNS). Additionally, the magnitudes of
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o
Pearson correlation coefficient

10 non-obese subjects (upper right triangle)
10 obese subjects (lower left triangle)

Fig. 3 Correlation matrix of inter-regional BPy, associations

changes in modulatory systems, to which the NA fibres be-
long, are also relatively low and, so, noise reduction is often
achieved at the expense of accuracy. Consequently, there is an
inherent limitation concerning the reproducibility of this tech-
nique: Combined with the relatively low resolution of the
applied scanner and the poor signal-to-noise ratio of the ad-
ministered NAT ligand, thus the interpretability in relevant
NA areas with relatively low NAT expression such as cortical
regions, the hippocampus, and the striatum shall be carefully
considered. Both studies used the occipital cortex as a region
low in NAT and, thus, for an estimate of non-displaceable

Difference between right and left putamen [BPND]

0.157
0.1F g
A
0.05}
A
A
0 [ ] A
A
A
-0.05} ®
°
[ ]
-0.1F .
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—— Mean
-0.25 . .
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p < 0.001

Fig.4 Difference of binding potential BPyp values between the right and
left putamen: Obese and non-obese individuals showed highly significant
differences of asymmetry between the right and the left putamen. This
explains the high discrimination power of only two variables (putamen
left and putamen right) in the discriminant analysis
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Table 4 Linear discriminant

analysis based on five brain Results of classification

regions (Model 1)

Group Predicted Total
Non-obese Obese
Reclassification of original cases (number/%) Non-obese 10/100.0 0/0.0 10/100.0
Obese 0/0.0 10/100.0 10/100.0
Reclassification by cross-validation® (number/%) Non-obese 9/90.0 1/10.0 10/100.0
Obese 0/0.0 10/100.0 10/100.0

a. Cross-validation was performed only for cases of this analysis. Herein, every case was classified by a function
which was derived from all other cases except the present one (leave-one-out technique)

Alternative models

Model 2 (left, right putamen, locus coeruleus)

Reclassification performance: 10 of 10 OB and 9 of 10 HCs were correctly classified yielding a sensitivity of
100% and specificity of 90% (Wilk’s lambda=0.261, p <0.0001). Same reclassification results by cross-
validation as in model 1. Correct reclassification rate of 95%

Model 3 (left, right putamen, pons/midbrain)

Reclassification performance using cross-validation: 8 of 10 obese subjects (OB) and 10 of 10 healthy controls
(HCs) were correctly classified yielding a sensitivity of 80% and specificity of 100% (Wilk’s lambda =0.258,
p<0.0001). Correct reclassification rate of 90%

Model 4 (left, right putamen)

Reclassification performance: 9 of 10 OB and 8 of 10 HCs were correctly classified yielding a sensitivity of 90%
and specificity of 80% (Wilk’s lambda =0.356, p <0.001). Correct reclassification rate of 85%

binding [17, 24]. The caudate region was likewise used as a
reference region when quantifying the NAT in patients with
attention deficit disorder using an '®F-labelled compound
[25]. In our analysis, the two reference regions, the occipital
cortex and caudate, showed very similar BPyp group means
and both identified equally only the left putamen as showing a
significant difference in obese and non-obese individuals’
transporter status. So, both brain regions can and are used as
reference regions for the quantification of NAT availability but
the much larger volume of the occipital cortex is favourable.
As in the study by Li et al. [9], we obtained here regionally
specific effects, which could in part be ascribed to a between-
group difference in non-displaceable binding. This might be
the case for the (left) putamen, a region that is regularly found
to be involved in the regulation of eating behaviour [13]. The
discriminant analysis revealed that it is BPyp in the left and
right putamen that correctly classifies 9 of 10 obese and 8 of
10 non-obese subjects (Table 4). This surprising result finds its
explanation in the observation that it is the BPyp difference
between the right and left putamen that is substantially differ-
ent (Fig. 4). If it is indeed a right/left hemispheric NAT differ-
ence in the putamen that distinguishes obese and non-obese
humans, this requires further investigations. Furthermore,
LDA based on the NAT-rich LC revealed a relatively high
power to distinguish obese from non-obese humans.
Together with this, correlative analyses point towards a dis-
tinctive regional distribution of NAT availability between
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obese and non-obese individuals with more robust associa-
tions in obese individuals as we have found also for serotonin
transporters [26]. This observational finding should be
discussed with other parameters of neural connectivity in the
near future to obtain specific group characteristics. Further
work on our sample in parallel with these data included asso-
ciative analyses with resting-state functional MRI data and
neuropsychological measures showing initial findings of
NAT-based interaction of neuronal and behavioural activity
[27]. Within this further data processing we showed that an
increased BMI is related to a lowered NAT availability in the
hypothalamus together with changes in a network mediating
emotional well-being. We did not, however, observe a signif-
icant between-group difference in NAT availability in the hy-
pothalamus. This is of interest, since the hypothalamus is the
metabolic centre and has been implicated in NA dysfunction
in association with obesity. Nevertheless, the initial study by
Li et al. also failed to identify NAT changes in the hypothal-
amus in obesity [9].

In the present study, there were strict restrictions on eating
or fasting periods although study participants were encour-
aged to have a light breakfast on the day prior to PET scan-
ning. This is in accordance with other PET studies investigat-
ing monoamine transporters in cases of obesity [28]. Although
the immediate effects on NA release or NA-associated net-
work changes associated with feeding state prior to scanning
cannot be excluded, we assume measuring transporters are
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insensitive to short-term fluctuations in neurotransmitter
levels, as has been shown for the serotonin transporter [29].

One further limitation of the current study is, although ad-
equate for a PET study, the sample size is relatively small.
Future studies employing a larger sample size might reveal
important individual differences or the influence of gender,
stress and genotypes that have been linked to important as-
pects of eating behaviours and obesity. This is particularly
important in light of recent studies on the brain monoaminer-
gic transporter system that also did not show an association
between BMI and transporter binding potential across the en-
tire sample [27, 30].

Conclusions

Although we failed to replicate the initial findings of de-
creased NAT availability in the NET-rich thalamus in obesity,
the NAT availability in other NAT-rich regions such as the
hypothalamus and the LC was similar between obese and
non-obese study participants consistent with the previous
study. Furthermore, preliminary secondary findings of distinct
regional and associative patterns of our study on NAT in high-
ly obese, non-depressed individuals warrant further investiga-
tion, including larger groups of obese individuals with specific
patterns of eating behaviour (e.g., an over-eating phenotype),
endocrine and neural parameters. Such data will help to over-
come the lack of a biological footing across a range of neuro-
psychological disorders including obesity with implications
for their future diagnostic, therapeutic and preventive
strategies.
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